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Abstract

Solid electrolytes play a crucial role in facilitating 1on transport in various clec-
trochemical encrgy devices. This work focuses i particular on solid clectrolyvtes
for applications i all-solid-state sodinm-ion batteries (NIBs) and solid oxide fucl
cells (SOFCs). In this context, Chapter 1 mtroduces different electrochemical
encrgy devices, followed by an overview of state-of-the-art Na*-1on and oxide-ion
conductors for sodimm-ion batteries and intermediate-temperature SOFCs. More-
over, this chapter discusses the [actors governing the ion-conduction mechanism
in clectrolytes and strategics to improve their performance. Chapler 2 discusses
various characterization methods employed to investigate structural (XRD, ND),
microstructural (SEM/EDX), local structural (NMR, PALS, EXAFS), thermal
(DSC), and electrochemical (EIS, CV, GCD, L5V, DC polarization) propertics of
the synthesized compositions, It also explains the sample synthesis procedures.
This thesis emphasizes three solid electrolyte systems, e, NASICON-based
ceramic clectrolytes, PEO-NASICON-based polymer-ceramic composite clec-
trolytes, and BipOg-based ceramic electrolytes. The results on the structural, mi-
crostructural, and electrochemical properties of NASICON-type: NagZraS5i:POg 2
(parent ), Nag 4ZraSiz4PogO1z (8i/P-modified), and Nag 4Zry s8¢n25122P 55012 (Se-
doped and Si/P-modified) compositions are presented in Chapter 5. Herein, the
effect of Si/P ratio, Se substitution, and synthesis conditions on the bulk and
grain boundary conductivity is discussed. The Nag 2y g5¢g 2515 2Py 042 sample
exhibits the highest conductivity of 3.2mS /em at RT, and the clectrochemical eell
made with this composition revealed stable performance against sodium metal.

“hapter 4 outlines the synthesis and in-depth characterization of three optimized
NASICON ceramic fillers and the fabrication of (PEQ);-NaNOg-z wt% NASE-
CON composite films using these fillers. In this work, a maximum RT condue-
tivity of ~ 107" §/cm was achieved using a composite prepared with 60 wt%
Nag 4 Zr 9Zng 18i22Pps052 ceramic filler. This high conductivity was primarily at-
tributed to an increased amorphous phase fraction of PEQO, along with enhanced
bulk conductivity of the filler. The cell performance of this flm was also tested,
which demonstrated good cyeling stability. Chapter 5 presents an extensive study
of the structural, microstructural, and clectrochemical properties of V and V,
Sr/Ca co-doped BigOy-based SOFC materials. In this work, Bi; V.0, 5, com-
positions with = — (L.084-0.148 were prepared and characterized. Structural anal-
ysis revealed the formation of a rhombohedral phase in low V-doped (0.084-0.09)
compogitions, whereas a monoclinie phase at high V-doped (x-0.148) compo-

sition. All compositions with lower V-concentration exhibited promisingly high



conductivity ~ 107" §/cm at 500°C. V- and Sr/Ca- co-doped compositions were
also prepared, showing conductivity comparable to those with low V-content. Fur-
thermore, the phenomenon of aging was also investigated in this system, whoerein
excellent aging resistance was observed in V| 8r/Ca co-doped samples relative to
single V-doped compositions. The effect of varying 5r content on the proper-
ties of these compositions was also explored. Besides, an understanding of the
ion-conduction mechanisms has been developed for each of the above systems.
Chapters 6 and 7 of this thesis present the summary and future scope of this

work, respectively.
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CHAPTER 1
Introduction

1.1 Electrochemical Energy Storage and Conver-
sion Devices

Recently, energy harvesting from renewable energy resources has become an arca
of major resecarch for achieving environmentally friendly and sustainable encrgy
generation. However, compared to the existing conventional energy syvstems, these
resources are inherently intermittent and geographically constrained. Therefore,
to ensure rehable cnergy supply from these resources despite their imitations,
clectrochemical energy storage and conversion devices (ESDs) have emerped as an
effective solution for efficient storage and utilization of harvested energy[1], |2]
Among the various cnergy storage technologies, electrochemical encrgy storage is
regarded as an optimal choice, due to its high energy density, conversion cticiency,

and rapid response times.[2], [3]

1.1.1 Role of Solid Electrolytes in ESDs

In ESDs, an clectrolyte plays a erucial role by facilitating charge transfer and ionic
balance between two clectrodes separated by a medium. Thus, it can directly
affect the charge storage performance of an ESD and is therefore considered an
indispensable component.[4] The desired propertics of electrolytes depend on the
principles and purposes of ESDs.[5], [6] For an enhanced performance in ESD, an

clectrolyte should meet following requirements: (1) wide electrochemical windows;
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(2) high ionic conductivity; (3) high chemical and thermal stability; (4) chemical
inertness to other cell components such as the separator, clectrode substrates and
cell packaging materials; (5) safe, non-toxic, and cconomically affordable. |6

In ESDs, liguid clectrolytes (specifically based on organic solvents like propy-
lene carbonate (PC), ethylene carbonate (EC)) are commercially sought, be-
cause of their lavorable bulk and interfacial properties like high ionic conductivity
(107*-107% S/em)|7] and the ability to form stable contact with electrodes.[4], [5]
However, these clectrolytes present safety concerns particularly associated with
flammability, leakage and dendrite formation.|4], |8] In this aspect, solid-state
clectrolytes (55Es) offer enhanced safety, high energy density, improved thermal
stability and superior cleetrochemical performance under diverse operational con-
ditions.|4], |5]

solid electrolytes are gencrally fast ionie conductors that can attain ionic con-
ductivity comparable to liguids, often several orders of magnitude greater than
that of typical solids.[9], [10]. This high conductivity originates from multiscale
nature of ionic transport, ranging from atomic scale to the deviee seale, with cach
contribution adding to the overall conductivity.[11]

At the atomic scale {Jat}, ionic diffusion in solids is best understood based on the
classical diffusion model, which deseribes onie transport as the hopping of in-
dividual ions from one lattice site to another through inter-connected diffusion
channels within the erystal framework.[10], [11] In an ideal erystal, at absolute
zoro, the free energy is dominated by potential energy and is minimized for the
perfeetly ordered arrangement of ions. This leaves negligible free space for ionic
diffusion, allowing only wibrations about their equilibrinvm positions.  However,
at finite temperatures, the entropy contributes significantly to the free encrgy,
thereby supporting defect formation. These defects (vacancies and interstitials)
prowvide necessary sites for ion movement and thus play an important role in hop-
ping mechanism.[12] According to the theory of random-walk for defect transport

by isolated jumps, the average diffusion coefficient D, can be expressed as,[13]
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e = mfzunﬂr:(%}r(_%*} (1)

Where, @ is a geometrie factor, d the distance moved during a single jump, vy is
the attempt frequency and O is the probability of defect species being present at
a lattice site. The AS,, and AH,, terms correspond to entropy and enthalpy of
migration, respectively and represent the probability of successful ion jump.

In iomic transport, © can be defined as the fraction of defect species that are

mohile and can be writton as,

6= % = ﬂ{_;ﬁi)ﬂ(_%{"] (2)

Where, n is the mobile ion density, €' is the atomic density and AS; and AH are
the entropy and enthalpy changes for formation of an ionic defect pair (representing
the change from perfect to imperfect erystal).[13] Therefore, the mobile ion density

can be further simplified as,
n=N ﬂ_i";{(

Where, N is the total onic defect density

The factor 1/2 in the above exprossions shows that when ion is displaced from
a lattice site, a defect is created in pair that maintains the clectrical neutrality
of the erystal. Thus, after combining equations 1 and 2, the average diffusion

coctiicient 15 of the form,

(-ﬁ-.‘?ﬂl .ﬁ.":'! ) _(&HN. 1.1‘3]!! )
Doyye = ad’vye " i v

Or,

£

Dav!:; = Dﬂf=_ iyt [3}

Where, Dy is the froquency factor and E, is the activation energy
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The activation energy is the sum of migration and formation energics associated
with a mobile ion. Therefore, assuming that the charge and mass are transported
by the same mobile species, the ionic conductivity can be expressed in terms of
particle diffusion coefficient, using Nernst-Einstein relation as,[13]

& Daue N

fI=kH—T H)

Where, e 15 the elementary charge. Upon combining the equations 3 and 4, the
temperature dependent conductivity is given by, [13], [14], [15]

My —fEa
= ,.E{I {EHT'}

This expression indicates that the ionic conductivity at atomic scale is inHuenced
by several koy factors: the concentration of charge carriers, temperature, the avail-
ability of vacant-accessible sites (depends on defect density), and the activation
energy, which controls the ease of 1on migration between lattice sites.[12]

It 15 also clear that ionie conduction is a thermally activated proeess and varies
across temperature regimes, depending on the underlying defect processes. In
intrinsic regime (clevated temperatures), the conduetivity is governed by the in-
trinsic defects (Schottky and Frenkel) by virtue of its activation energy, which
includes both, the enthalpy of migration and defect formation. In contrast, at
moderate or low temperatures (extrinsic regime), conductivity is dominated by
extrinsic defects (introduced by dopants) which are present in much higher con-
centration than intrinsic defects. Therefore, the corresponding activation encrgy
reflects only the energy of migration.|11], [16], [17]

Furthermore, in certain crystal structures under extrinsie conditions, if the defect
concentration exceeds the number of available ground state sites, excess ions can

be forced to ocenpy metastable positions. This can facilitate collective migration
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of multiple ions through concerted migration and further reduce the activation
energy.[11] Figure 1.1 depicts the single-ion and multi-ion migration and its effect

on ion transport encrgy barrier.

Singla=ion Muilti-ion
migration concerted migration

Energy barrier

Migration path

Figure 1.1: Effect of single ion and concerted migration on the activation encrgy
barrier [10]

At the microseale, the ionic conductivity arises as a result of ion dynamics within
the bulk and across the microstructural defects, which can affect the macroscopic
ion transport in cither beneficial or detrimental manner. |18}, [19], [20] The mi-
crostructural defects include features like grain boundaries, cracks, pores, and
sccondary phase inclusions.[19], [20] In most cases, grain boundaries have been
shown to increase the resistance for ion migration, making them undesirable in
macroscopic samples.|20| Strategics to mitigate such defects, often involve opti-
mizing the synthesis process, especially by carchul control of sintering temperature.
In the case of grain boundarics, sintering can promote grain growth and enhance

densification, conseguently reducing the gram boundary volume fraction and its

contribution to the total conduetivity.|21]
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1.1.2 Types of Electrochemical Energy Devices

Electrochemical encrgy storage and conversion system (ESDs) are devices that
convert or store cnergy using clectrochemical (redox) reactions. On the basis
of their operational principles and targeted applications, these electrochemical
devices are broadly classified into batteries, fuel cells, and supercapacitors.|3],
[22], |23] The targeted application of ESDs can be understood from the schematic
plot shown in Figure 1.2 which compares the performance of energy deviees in
terms of energy density and power density.

1|],"_._ i i i i

' 4

]

Wokg!
2
i

Power Density |
.

i’ I; ] |I1‘ 1;' 1;1’ 1
Energy Density [ Wh kg !

Figure 1.2: Ragone plot showing a comparison between various energy storage
devices [24]

Encrgy density (Wh/kg) is the measure of energy that can be stored in a given
mass and is important for applications that require long-term energy storage (1.c.
long distance transportation and backup power). On the other hand, power density
(W /kg), reflects the rate of energy delivery and is erucial for applications that
need rapid bursts of energy (i.c., in emergeney power supplies) [25], [26] From the
Ragone plot in Figure 1.2, it is evident that ecapacitors exhibit high power density
but low energy density, whereas, fuel eclls and batteries are characterized by high
energy density but relatively low power density. The supercapacitors lie in region
between the conventional eapacitors and batteries on the Rapgone plot, and thus
bridge the gap between them. Therefore, there is a tradeoff between the encergy

and power density among these devices, and the choice of the technology is hased
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on specific requirement of the application. In the current thesis work, we choose
to foeus on the long encrgy storage aspect of the application with cmphasis on
batteries and fuel cells.[25], [26]

1.1.2.1 Solids State Batteries (SSBs)

A battery is an clectrochemical energy device that stores electricity in the form of
chemical energy. Conventional liquid electrolyte batteries, generally consist of four
components: cathode, anode, electrolyte, and a separator (to keep the electrodes
apart). In case of solid-state battery, however, the clectrolyte serves the dual pur-
pose of an electrolyte and separator simultanconsly.[27] In addition to the state of
art Lit-ion and currently developing Na*-ion solid state battery, alternative tech-
nologics based on clements like Potassium (K), magnesium (Mg), calcium (Ca),
zine (Zn), and aluminium (Al), also exists as a viable option, offering advantages
in terms of cost, availability and multivalent charge storage capability.|28]

A working prineiple of a solid state battery for Na™-ion based system is illustrated

in Figure 1.3.

Current Collector

Current Collector

Figure 1.3: Schematic diagram of ASSB of Na*-ion [29], [30]

The principle of operation of a sodinm-ion based solid state battery (S8B) depends
on the reversible migration of sodium ions between the positive (cathode) and
negative (anode) clectrodes, resulting in storage and release of energy.[30] For

the working of the battery, material of both clectrodes need to have at least one

7
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redox pair and the redox potential of the positive clectrode higher than that of
the negative electrode.|27]

During the charging of the battery, the positive electrode undergoes an axadation
reaction, while the negative electrode undergoes a reduction reaction. The sodium
ions released during the oxidation of the positive electrode migrates through the
clectrolyte and enters the negative electrode. Simultancously, the clectrons re-
leased from the positive clectrode move to the negative clectrode through the
external circuit, ensuring charge balance. Durning the discharge, this process is
reversed. The Nat ions revert from the negative to the positive clectrode, while
the electrons travel through external cireuit, delivering power to the load.[27], [30]
solid clectrolytes play an important role in battery operation and are expected to
exhibit attributes like high ionie conductivity, broad ESW, chemical compatibility
with electrodes and good interfacial contact with electrodes for a superior battery

performance.|31]

1.1.2.2 Solid Oxide Fuel cell (SOFCs)

Fuel eells are electrochemical devices that convert the chemical energy from reac-
tion of hydrogen and oxypen into clectrical eneregy with heat and water as byprod-
uets.[32] Similar to the batteries, they consist of an anode, a cathode and an
clectrolyte that facilitates ion transport between the clectrodes. Howoever, unlike
batteries, fuel eells do not store reactants internally, instead, fuel and oxidant are
supplied continmously from an external sourece.[26], [32]

Fuel cells are elassificd based on their operating temperature and electrolvte type.
Among different types of fuel cells, Solid oxide fuel cell (SOFCs), belonging to the
class of high temperature fuel cells have gathered prominent interest. [33] Because
of its elevated temperature of operation, SOFCs exhibit highest electrical eonver-
sion efficiency among all fuel cell (up to 90% when waste heat is used by cogen-
eration).[34] Other advantages include fuel flexibility (hydrogen, carbon dioxide,

methane, and other hydrocarbons), superior tolerance to fuel impurities, low emis-
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sions, relatively low cost, and high scalability.|34] The basic working mechanism

of solid oxade fuel cell is depicted in Figure 1.4,

Elactng curment
=
{—“N'v
Fuel in @ Adr bn
i I & =
i «—0'—|e
s 5
V| 0= I
Excess fuel (o] Depisted
and watar | = air out
= L -

Anode  Electrolyte Cathode
Figure 1.4: Schematie diagram of SOFC operation [35]

In SOFC, fuel (Hy) is supplied at the anode, where it undergoes oxidation, while
oxidant (oxygen) is introduced at cathode, where it undergoes reduction. The
resulting oxide ions ((0*7) at the cathode end are then transported through the
clectrolyte to the anode. At the anode, when the fuel is supplied, it disperses
to electrolyte interface and reacts catalytically with these oxide ions, releasing
clectrons. These electrons How through the external cireuit to generate electrical
power. Meanwhile, at the cathode, oxygen is distributed at clectrolyte interface
and is reduced by the electrons arriving from the external cirenit, producing oxide
ions.[36] These oxide ions again diffuse to the anode and complete the reaction,
forming H,() as a hyproduet.

SOFCs typically operate in the temperature range of 800-1000°C, depending on
the characteristics of component materials.[35] This elevated deviee operating tem-
perature promotes high conductivity of the clectrolvte and a higher rate of elee-
trode reactions. leading to better performance of the fuel cell. However, these con-
ditions also introduce challenges. including material degradation, inereased cost
and reduced device lifetime. To address these imitations, strategics are pursued,

to reduee working temperature of SOFC to intermediate range (500-700°C).[37]
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Operation within this range can case requirements related to high temperature
operation, while still retaining fuel Hexability.|37]

Concurrently, rescarch for solid clectrolytes material snitable for IT-SOFC is also
active. Suitable attributes for such electrolyte are high ion conductivities (and
negligible electronie conductivities) at lower temperatures, together with good

chemical stability and sinterability for fabrication.[35]

1.2 Sodium-Ion Based Solid Electrolytes

Currently, Li-ion based batteries dominate the commercial market for applications
like portable electronics, electric vehicles and stationary storage systems due to
their high energy density, long eycle life, and high output voltage.[31], [38] How-
ever, scarcity of hithium resources (0.065% of the carth’s crust), its uneven global
distribution, higher costs, and inherent safety issues have driven the scarch for
alternative technologics to meet the rising encrgy demand.[31], |38] In this regard,
sodinm has emerged as a viable candidate, because of its natural abundance (2.75%
of earth’s erust), relatively even global distribution, cheaper starting materials and
a potential for reduced production costs due to similarity in mamifacturing process
to that of lithinm-ion batteries.[38| Incorporating solid electrolytes with sodinm
ion batterics can provide additional benefits in terms of safety and encrgy density,
paving way for high-performance all-solid-state sodium ion batteries.[38], [39] Ae-
cordingly, the following secetion highlights the types of solid Nat-ion electrolvtes
commonly employed in allsolid-state sodium ion batteries (ASSSBs).

(On basis of their structural state, solid clectrolyvtes developed so far, can be broadly
classified into inorganic ceramic,/glass ceramic electrolytes, organic polymer elec-

trolytes, and ceramic-polymer composite electrolytes.|27], [38]
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1.2.1 Na'-ion-based inorganic solid electrolytes

Commonly known classes of inorganic solid clectrolytes include sulfide, oxdde,
halide, complex hydride, and anti-perovskite types.|38] Sulfide-based clectrolytes
exhibit fast Na*-ion conduction at room temperature and can be synthesized at
relatively lower temperatures. Owing to their ductile nature, these electrolytes ean
achicve good interfacial contact with even a simple cold pressing treatment. [27],
[40] In addition, the soft texture of sulfide also helps in reducing the grain bound-
ary resistance significantly.[41] NasPS, is one of the most studied sulfide based
electrolytes. In its cubic form (f aﬁm], Na,P5, plass-ceramic clectrolytes exhibits
conduetivity of 2x 1071 S/em at room temperature. Later, NagPS,; with improved
cryvstallinity of its cubic phase, was reported to have increased conductivity of
4.6 x 1071]27], [42] This high conductivity was a result of efficient Na™ migration
pathways present in this phase.[43] Further enhancement in conductivity has been
achieved using aliovalent dopants at P site (Si, Se, Sn and Ge) or partial substi-
tution of $*~ with heterovalent anions (F—, C1—, Br—).[38], [43] The ionic doping
was employed as a means to generate vacancies in the NagPS, crystal framework
required to support fast sodinm ion transport.[44] Another well-known variant of
Na4P5; is NagP5hy, which in its cubie phase is reported to have ionie conductivity
of 2.8mS5/cm [39] Cationic doping (Mn, W, and Mo) was also employed in this
system, with W-substituted Nag saShg ss Wo 1254[45] exhibiting exceptionally high
ionic conductivity of (L0325 /em, one of the highest values reported for sulfide-
based electrolytes.[43] Despite its superior conductivity, suliide-based electrolytes
are often unstable in air and react with moisture to release toxic HoS gas.[27],
[44] In addition, they also have narrow electrochemical stability which limits the
choice of cathode materials, and are also reactive against the sodinm metal an-
ode.[46] Therefore, improvement, in stability of sulfide clectrolytes is required for
their practical application.[27]

Complex hydrides are another elass of sodium ion conductors with general for-

mula M(XH,,),,, where M represents a metal cation like Na and X is a metal-
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lic/nonmetallic clement that can form a relatively large anion, e.g., [BH4|™,
|AIH4|~, and |AIHg[*~.|27] The inherent propertics of complex hydrides include,
low grain boundary resistance, ion sclectivity, reduction stability, casc of deviee
integration, mechanical Hexibility and cost-effective manufacturing. However, it is
constrained by its relatively low ionic conductivity.[27] Complex hydride solid elee-
trolytes of NaAlHy and Nag AlHg were first reported by Oguchi ef al.[47] with Na®
transference numbers close to one, but RT ionic conductivitics of 2.1 x 107" §/em
and 6.4 x 1077 §/em, respectively.[43] To improve conductivity, Na' ion based
complex hydride of NagB,;Hys (family of closo-borates) was introduced. However,
NayB3,2H;, exhibited high superionic conductivity, > (.15/em only in its disor-
dered enbie phase, which existed above its phase transition temperature of 256 °C.
|27], [38], [43] This prevented their application in ambient temperature solid state
batteries. Therefore, strategies were explored to reduce/climinate the phase tran-
sition temperature.[43] Techniques like anion modification, by replacing B with C
in the closo-borate anions, were reported to be effective in lowering the phase tran-
sition temperature of NaCB;Hyz to 107°C and improving its ionic conductivity to
0.125/em at 110°C.|27] Another method, imvolved mixing of poly-borate anions,
as in case of Nay(CBgH)(CByHy,) electrolyte, which shows a stable disordered
structure at room temperature with an ionic conductivity of 7 x 1072 8 Jem at
RT |43

In oxide based solid clectrolyvtes, two well-known systems are G-alumina and NA-
SICON materials. [38]

The F-alumina family of solid clectrolvtes is recognized as a promising type of ion
condunctor, by virtne of its high ionic conductivity, negligible electronic eonduetiv-
ity of ~ 107" §/cm and casy availability.[48] The f-alumina has general formula
of NapO.nAlyOy (n-—5-11) and its structure is classified into 4 -Ala Q) (NagQ.(5-
T)ALO3) and F-AlO3 (NagO.(8-11)AlO3), on basis of sodinm-to-aluminum ra-
tio.[38] The unit cells of both §-Al,0y (hexagonal, P6y/mme) and A-Al O,

(rhomhohedral, Bdm) have a layered structure of non-conducting slabs (constitut-
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ing Al-based tetrahedra and octahedra) and adjacent conduction planes (consti-
tuting loosely packed (*~ and mobile Na™). However, they differ in terms stacking
sequence of these two planes.[48] Due to the layered nature of its erystal structure,
the Na* ion migration oceurs only in the 2D conduction planes, while it 15 blocked
along e-axis by the non-conducting spinel block. Therefore, the conductivity in
fA-alumina compounds is strongly anisotropie.[48] Although in single crystal strue-
ture, F-Al0y and ,."3'"—1“&]-303 could reach conductivity as high as 0.15/cm at RT,
in the polycrystalline form, it is lowered to 2mS/em corresponding to the com-
bined effect of anisotropic conduction and grain boundary resistance. [48] Among
the two, A -Al,0, displays higher conductivity due to its larger cell volume and
higher concentration of Na® ions in the conduction planes.[48] However, 5 -Aly()y
is thermodynamically unstable and partially decomposes to give stable 3-Alz0y
phase and NaAlO; impurity.[48] In addition, synthesis of pure 5" -AlyOy is also very
challenging and often yields a phase fraction of 5-AlLO, and 57-AL O, along with
other impurities.[48] Thercfore, efforts to improve conductivity were attempted
by enhancing 4"/ phase ratio. Several cations with radii less than 0.97A (Lit,
Mg, Ni**, Mn™*, Ti'* and Ta™") were employed to enter the spinel block (non-
conducting plane) and stabilize the 57-Al, (), phase. |[48] Among these, cations with
charge lower than AI* in the spinel block can also simultancously enhance the
Na*-ion concentration. The Mgt doped composition of Nay grMgp ez Al a3Oq7 is
known to exhibit ionic conductivity of 0.35/em at 300°C.[44], [48] Incorporating
Mg as dopant in synthesis of polyerystalline 8" -Alz04 has been reported to have
multiple benefits like, stabilization of up to 95% of A" phase after high temperature
treatment and formation of MgAl(), at the grain boundaries which can reduce
porosity.]42] Apart from the tuning of 3 -phase, increasing Na® content in the
conduction plane is another effective method of improving the conductivity. 48]
This is achicved cither by reducing sodium loss by reducing sintering tempoer-
ature or using excess sodinm during synthesis.[48] With 6% excess NayO, high

A -Aly 04 phase and ionic conductivity of 0.175/cm at 300 °C was reported by Li

13



Chapter 1: Introduction

et al |49 Despite these advancements, issues like humidity sensitivity and use of
cncrgy-intensive synthesis processes like sintering at temperatures above 1497 °C
persist.[43] Moreover, achicving phase pure 4 -Alz05 with high vield, low cost, and
precise control of microstructure is difficult to accomplish. [38] Furthermore, carcful
optimization is also needed to balanee ionic conductivity and mechanical strength
which hinders its practical application.[40], [50] In these context, NASICON type
clectrolytes emerge as competent rival to traditional F-alumina, offering high ionic

conductivities and robust structural properties as their key advantages.[10], [43]

1.2.1.1 NASICON-Type Electrolytes for SIB

Among various classcs of solid clectrolytes, oxides are considered highly prac-
tical, due to factors like electrochemical/thermal/chemical stability, mechanical
strength, and ionic conductivity.[51] Spectfically, NASICON as a class of oxide-
based clectrolytes is an promising choice because of its highly reversible Na® ion
migration, low thermal coetlicient, wide clectrochemical stability window, good air
stability, and low electronic conductivity.[51]

Figure 1.5 (a) illustrates the relationship of oxides with other well-known classes of
solid inorganic electrolytes in the form of radar plot, while Figure 1.5 (b) depicts
Arrhenius plot that underscores the potential of NASICON with respect to other
well-known Na™ ion conductors.

NASICON (Sodium superionic conductor) was first proposed by Goode-
nough|35] and Hong|56] in 1976 and is represented by the general formula
Nay  Zra8i, Py .0, (0 < 2 < 3).[537] It was originally derived from the parent
componnd of NaZraP3042 by partially substitution of P™* with Hi“‘.[ﬁﬁL [56] The
NASICON crystal structure is three-dimensional framework consisting of intercon-
nected corner-sharing 5104 /POy tetrahedra and ZrQy octahedra (Figure 1.6). This
interconnected network creates interstitial sites that are oceupied by Nat-ions, fa-
cilitating three dimensional isotropic conduction.[48] Depending on composition

and ambient temperature, Nap, . Zra8i.Py Oy typically exhibits two polymor-
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Figure 1.5: (a) Radar plot comparison of properties of oxides, sulfides and
hydrides [48] and (b) Arrhenius plot of Nat-ion solid morganic electrolytes.[52],
[53], [54]
phic forms corresponding to monoclinic phase (space group C2/¢) in the z range
of 1.8 < 7 < 2.2 and rhombohedral (space group, R3e) phase for the rest of the x
range.|44], [48], [58] In the rhombohedral erystal structure, Nab ion can reside in
two different sites , My and My sites in Figure 1.6 (a), where M, is a low-cnergy
site and M3 is a high-cnerpy site. However, in the 1.8 < ¢ < 2.2 range. it un-
dergoes slight rotational distortion to the monoclinic phase. This distortion, is
accompanied by splitting of high-cnergy M; site into two new oceupied sites (Mg

and MJ') [27], [59], as shown in Figure 1.6 (c).

Ton conduction mechanism in NASICON involves, Na™-ion migration through the
interconnected channels via hopping between the Na(1)-Na(2) sites in rhombohe-
dral phase or to Na(1)-Na(2)/Na(3) sites in monoclinic phase.[43], [60] To realize
ion transport, the Na*-ions needs to pass through the triangular bottlencck ar-
cas formed by the three oxygen atoms shared between the (Si/P)(0); tetrahedron
and Zr()y octahedron pockets.[58], [60] To achicve unhindered Na™ ion movement,
the smallest diameter of these bottlenecks must exceed the sum of Na*-ion and
framework 0%~ ion, which is 2.35 A.[48] The corresponding bottlenecks between
the conduction channels in rhombohedral and monoclinie erystals structures are

shown in Figure 1.6 (b, d), respectively.
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Figure 1.6: Conventional unit cells of NASICON in (a,c) Rhombohedral (R3c)
and Monoclinie ((C2/c) crystal structures and (b,d) Bottlenecks for Na® ion
pathways in thombohedral and monoclinic structure [27], [59]

In the NASICON structure, the long-range Na™® transport is assisted by correlated
migration mechanism.|48] An optimal concentration of Na* jons participating in
correlated migration helps to promote the ocenpancy of high-encrgy sites, which
can induce columbic repulsion between mobile ions and lower the activation en-
crgy. However, excess Na© concentration reduces the vacancies available for ion
transport, therchy leading to lower conductivity. Therefore, optimum concentra-
tion of Nat-ions and vacancics is cssential.[48] In this context, among the two
polymeorphs, the distorted monoclinie structure cxhibits lower activation energy
due to the presence of extra high-cnergy sites and an additional migration pathway
leading to higher ionic conductivity.[43], [18] Notably, the monoclinic composition
of NazZraSiaP(h2 (- 2) has been reported to have the highest ionic conductivity

of 6.7 x 10~ §/cm at room temperature and 2 x 10~ §/cm at 300°C.[43]
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1.2.1.2 Limitations and Challenges

A major obstacle to the achieving enhanced conductivity in NASICON composi-
tion arises from the interplay of bulk (R,) and grain boundary resistances (Ryg,)
in a polycrystalline sample. 61| The bulk resistance is an intrinsic property deter-
mined by the underlying ion transport mechanism in a material.[61] Conseguently,
it is dominated by the Na™-ion mobility and concentration.[48] On the other hand,
grain boundary resistance heavily relies on complex parameters such as the pres-
cnce of insulating secondary phases, defects, voids, dislocations, and inadeguate
grain-to-grain contact, which can seriously obstruet ion migration.[61] In NASI-
CON structure, the grain boundary resistance predominates the total conductivity
due to the thermal expansion anisotropy.[61], [62] This manifests due to different
thermal expansion cocflicients along different lattice parameter directions (promi-
nent in lower symmetry structures), resulting in anisotropic contact degradation
between grains after sintering, [61] Additionally, the grain boundary resistance also
depends on the mierostructural feature of the material, such as the grain size distri-
bution. When the sintered grains size results in higher volumetrie grain boundary
to grain ratio, its effect can beeome particularly prevalent.[62] Ionie conductivity is
also affected by the synthesis proeess and sintering conditions. [63] Among various
preparation methods, solid-state reaction (SSR) is the most reliable for synthe-
sis of NASICON cleetrolytes for industrial scale applications.[48] The solid-state
reaction generally involves two thermal steps, including calcination and sintering
for densification. However, highor sintering temperature is often known to cause
volatilization of sodinm source, formation of impurity phases and abnormal grain
growth, whereas lower sintering temperature can hinder densification. [48] Conse-

guently, precise optimization of sintering condition is also very challenging.

1.2.1.3 Strategies for Improvement of conductivity

For high ionic conductivity, NASICON composition should have optimal Na™-ion

concentration, enlarged bottleneck size, phase purity and minimal prain boundary
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defects.  Accordingly, several strategics have been adopted including aliovalent
substitution and alteration of synthesis conditions. [48]

Although, NagZraSiaPOy2 (NZSP) has been widely known, its ionie conductivity
is still insufficient for practical application.[64] As a result, it is commonly used
as a prototype system for developing strategies to improve conductivity.[64] In
NASICON compositions, aliovalent substitution at Zr'* /P™F site can effectively
increase Nat concentration through charge compensation, while also adjusting the
bottleneck size using dopants of suitable radii.[48] Several dopants (Mg*t, Ca®**,
Sr2* and Ba®*) have been used to partially replace Zr'™* site to achieve this effect.
Mg** doped composition of Nay,Zr; gsMeg psS8i, PO, 2 was reported to have high
RT conductivity of 3.5 mS/cm, resulting from enlarged bottleneck size.[52] From
further investigations, an optimum dopant ionie radii of 0.72 A was identified for
substitution at Zr site, in order to achieve an optimized bottleneck size. 48], [52]
Substitution of P site with dopants like Ge'™, As™ ete., or altering of 81/P ratio,
could also help in improvement of conductivity.[48] In addition to bottleneck size,
tuning of sodinm content is also essential. Guin ef al |65] reported the optimal
Na content as 3.3-3.55 mol per formula unit to ensure sufficient vacancics for
correlated migration and high ionic conductivity.[48] In NZSP composition, low
conductivity is often cansed by impurities like Zr(), which emerge due to the loss
of Na/P during high-temperature synthesis.[64] In such a case, introducing an
exerss sodinm source can compensate for the sodinm loss, while also providing
additional mobile charge carriers.[48], [58] For instance, Nagash et al. reported
NZSF synthesized with exeess sodium source to have improved BT conductivity
of L6mS/em.[66] All these strategies emphasize approaches to enhance the bulk
ionic conductivity of NZSP and related compositions; however, improving grain
boundary conductivity is equally essential.[48]

Typically, optimized synthesis conditions can control or eliminate the microstrue-
tural defects like grain boundaries, pores and micro cracks.[48] To mitigate the ef-

feet of these defects in solid state synthesis, sintering aids or inter-granular phases
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arc often employed.[48] The introduction of low-melting-point sintering aid (eg.
oxides,|67] Huoride,|68] silicates,[69] cte.) is known to fill the grain boundaries
through capillarity force, thereby enhancing density at reduced sintering temper-
ature.[48] Furthermore, clevated packing density can also be achieved using ad-
vanced sintering technologies like hot-pressing sintering (HPS) and spark plasma
sintering (SPS).[60] Both HPS and SPS methods involves simultancous use of high
temperature and pressure to mold and sinter the sample, resulting in higher pack-
ing density. For example, NZSP composition prepared via SPS, exhibited high RT
conductivity of 1.8 mS/em compared to (.52mS/cm in conventional method, due
to its higher density.[70] In addition, the density of NZSP is also influenced by the
particle size of the NASICON powder. Smaller particle powders possess higher
surface energy, which promotes densification by providing stronger driving foree
for grain growth. Accordingly, an NZSF composition preparcd using nano-particle
preenrsors has been reported to exhibit RT conductivity of 1.16 mS /em, which is
higher than that obtained from macro-particle precursors.|71]

Grain boundary modification represents another effective approach, wherein ad-
ditives that form sccondary phases can reinforee inter-grain contact in NASI-
CON, thereby reducing the grain boundary resistance.[61)], [62] For example, the
Nag 4 Zr351y 1 Pp g2 modified with 2.5 mol% of NayLaP;05 exhibits total RT con-
ductivity of 7.2 mS /em|62] whereas, LaNb(y modified composition can achieve up
to 9.1 mS/cm|61].

Additionally, employing liquid-based methods for NASICON synthesis, can sup-
press formation of impurity phases like ZrQ),, which is very dithenlt to avoid
in solid-state synthesis. Due to its convenience, low-cost, and scalability, the
solution-assisted solid-state reaction method is well suited for synthesis of NASI-
CON compositions. This method has also been reported to yvield high purity NZSP
composition with RT conductivity of 1 mS/em, making it a strong alternative for
solid-state reaction method.|72] NASICON compositions of Nag 1Scp 4Zr; §512P05

and Nag o7y gNby 1515 4Pp 402 svothesized using this method, have been reported
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to achieve a high RT conductivity of 4mS/cm and 5.5 mS/em, respectively.|73],
[74]

Integration of the above mentioned strategics can boost the bulk and the grain
boundary conductivities simultancously, effectively inereasing the overall ionic con-

ductivity.

1.2.1.4 Strategies to reduce Interfacial resistance

Although, the inorganie solid electrolyte like NASICON addresses the safety issues,
its electrochemical performance is limited by the high interfacial resistance that
it encounters at the solid-solid interface. Due to its ngid nature, solid electrolytes
cannot form tight interfacial contact with the electrode. This can lead to higher
interfacial resistance as well as mechanical degradation of the electrolyte during
eyveling, ultimately degrading its clectrochemical performance.[38]

strategies to improve the interfacial contact include introduction of inter-layers
between electrode and electrolyte to accommodate volume changes. [38] Other ap-
proaches involve, ion doping for interfacial regulation, co-sintering of clectrode and
clectrolyte and use of liguid based wetting agents.|75] Among these, incorporating
flexible polyvmer electrolyte to form a composite solid eleetrolyte is particularly
cffective as it combines mechanical compliance of polymer with high ionie conduce-

tivity of NASICON.|38]

1.2.2 Polymer-Ceramic Composite Electrolytes

Solid polymer eleetrolytes (SPEs), featuring a polymer matrix with a sodinm salt
dispersed within it, can help to alleviate the interfacial issues of ceramic electrolyte,
due to their exeellent Hexibility, easy processability, good interfacial adhesion and
compatibility with electrodes.[76], [T7] The comparison of performance of a typical
solid composite electrolvte wort inorganic coramic and solid polvmer clectrolyte
is shown in Radar plot of Figure 1.7 (a).

Typically in a SPEs, sodium salts like NaPFg, NaBF,, NaCl(), cte., are dissolved
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within a polyvmer host. Polymer matrix solvates these low lattice-encrgy salts
by {orming stable ion-polymer complexes. Movement of the ions then proceeds
through hopping mechanism, wherein the Na® ions migrate between successive
coordination sites along the polymer chains [77], |[78] Effective salt solvation re-
quires the polymer host to have polar functional groups (ether (-0-), carbonyl
(C-0), and cyano (C-N) in order to interact with mobile Na® ions.|31], [40],
|78] However, the strength of these interactions needs to be optimally balanced for
cthicient ion hopping within the polymer. This indicates the interdependence of
salt solvation and ion transport processes. [78] Morcover, the ion hopping is closely
coupled with structural relaxation of polymer segments (also known as polymer
segmental motion) for long-range ionic transport. Increased Hexibility of polymer
chains enhances the segmental motion and facilitates faster ion transport.|31],
| 78] Consequently, amorphous regions of the polymer matrix, especially above the
glass transition temperature (T,), offer such fexible pathways and thus promote
efficient Na™ ion transport.|31] The illustration of ion hopping mechanism within

solid polymer electrolyte is depicted in Figure 1.7 (b).
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Figure 1.7: (a) Comparison of performance of ceramic, solid polymer (SPEs) and
compaosite polymer clectrolytes (CSEs)|79] and (b) Ion conduction in amorphous
region of SPE[S0]|
Among SPE, poly(ethylene axide) (PEQ) is the earliest and most promising poly-

mer host, because of its relatively good viscoelasticity, high ion dissociation capac-
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ity and good mechanical properties.|40], |77] To date, several PEOQ-based polymer
clectrolytes have been developed using different polymer to sodinm ratios (E(/Na)
and anionic moietics of sodium salt, such as NaPFg, |81] NaClOs, [82] NaCF550;,
[83] NaFSI, [84] and NaTFSI [85].

In general, the PEO complexed with sodium salts, exhibits ionie conductivitios of
10751077 S/em at RT. This low value of conductivity primarily stems from the
high erystallimity of PEQ at room temperature, which immaobilizes a signiheant
portion of polymer chains and confines ion transport to amorphous regions.|31],
|77], [86] To increase conductivity, strategics aim at disrupting the erystallinity
of PEO and increasing the fraction of high-conducting amorphous phase.[31] In
this regard, use of additives like polymer blends (Polyvinylpyrrolidone, PVP),
plasticizers (succinonitrile, SN) and inorganic ceramic fillers is known to suppress
erystallinity of the polymeric PEQO.[40]

sSpecifically, the incorporation of fillers to form composite polymer-ceramic clee-
trolytes (CSEs) has emerged as an effeetive approach to obtain enhanced condue-
tivity while preserving the mechanical strength.|77], [86] Inorganic ceramic fillers
can be divided into two groups, iLe., inert and active fillers, depending on their
ability to conduct mobile ions. Incrt fillers include 5i0,, Zr0), and Al while
Na' ion conductors like garnet, perovskite, sulfide and NASICON-type belong
to the class of active fillers.[87] Inert fillers influence conductivity by disrupting
the local erystallization behavior of the polymer matrix, thereby enabling chain
mobility.[86] In contrast, active fillers serve dual purpose. Apart from acting
as plasticizers, these fillers also provide supplementary ion transport pathways,
both at the polymer-ceramic interface and within the filler itsclf.[87] As a result,
composite with active fillers typically show higher conductivity and mobile ion

transference number relative to inert fillers. [86]
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1.3 Biy03-Based and Other Electrolytes reported

for SOFCs

Lowering the operating temperature of SOFC is essential to ensure its long-term
stability and has therefore become developing trend in current rescarch. Achieving
cHicient operation at intermediate operating temperature requires minimization
of electrolyte ohmic resistance as well as the polarization resistance at the clec-
trodes, while maintaining the mechanical and chemieal stability. [88] Accordingly,
many axide-ion based systems have been explored for application in intermediate
temperature SOFCs (IT-SOFC). Typically, an ideal SOFC clectrolyte is expected
to fulfill eritena like high ionic conductivity, low clectronic conductivity, chemical
and physical stability under reducing and oxidizing atmospheres, case of prepara-
tion and cost-cffectivencss.[89] The following section highlights few of such solid
oxide ion conductor commonly employed in Solid oxide fuel cells (SOFCs).

Fluorite-type oxides are presently the most widely used electrolytes for SOFCs.[8§]
These oxides possess face-centered cubie arrangement of cations with anions oc-
eupying all the tetrahedral sites. In order to gencrate vacancics to support oxade
ion conduction, these are often doped with lower valence cations.[88] The best-
known fluorite type oxide is the acceptor-doped Zr()3.]35] Pure Zr(); is not a good
oxide ion conductor and, it adopts its cubic Huorite phase only above 2370°C.
Partial substitution of ZrQ, with cations like Ca®*, Y** Er*" stabilizes cubic
phase over a wide range of temperatures, while introducing oxygen vacancics into
its structure.|[35], [88] Among its varions substituted compositions, YSZ (Yttria
stabilized zirconia) is the most well-known oxide clectrolyte; however, its high
working temperature (typically 800-1000 °C) makes unfeasible for IT-SOFC appli-
cation.[35] Se-doped ZrO; (SeSZ) has been reported with high ionie conduetivity
of 0.0035/em at 500°C, but its nse is limited beeause of scarcity of Se source.
Doped CeQg is another Auorite-tvpe oxdde. Similar to Zr()s, pure Ce()s is also not

a good ion conductor due to negligible oxygen vacancies, although it has stable
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cubic phase from RT to its melting point. [88] Thus, trivalent or divalent cations
such as Gd™, Sm™, Y, La™ or Ca®" have been used to improve its conductiv-
ity at intermediate temperatures.[35] Typically, ionic conductivity of Sm- and Gd-
doped Ce()y can surpass that of YSZ, particularly at intermediate temperature
range (500-7002C).[35] However, it exhibits substantial amount of electronic con-
ductivity at low oxygen partial pressures and elevated temperatures (< 600°C),
caused by reduction of Ce'* to Ce* |35], [88]

LaGaOg-based perovskite-type  clectrolytes 15 another well explored  sys-
tem  for application in  IT-SOFCs.|88] Doped LaGaQy composition of
Lag 51 2Gag sMgg 2045 (LSGM) has been reported to exhibit high oxide ion con-
ductivity, comparable to doped CeQ); electrolyte at intermediate temperatures. |88]
However, its widespread use is hampered by issuces like phase purity, densification,
the volatile nature of gallium at high temperatures and high reactivity with Ni
metal which is typically used in anodes.[35], [88]

LazMopOg (LAMOX) represents another class of fast oxide ion conductors.[35]
This compound exhibits two polymorphs, the non-conductive monoclinie phase
and the highly conductive cubic phase. In its eubic phase, it shows ionic condue-
tivity of 6 x 1072 S/em at 300°C, but this phase exists only above 580°C.[35],
[90] The challenge associated with this phase transition is resolved by doping al-
kaline (c.g., K and Rb) and alkaline-carth (e.g., Ca, Sr and Ba) cations on the
La site, which are known to stabilize the cubic phase at room temperature while
maintaining its conductivity. Another limitation is the low chemical stability of
La;Mo,Oy in low oxygen pressure, which gives rise to mixed valent Mo™ /Mo%
phase of La;MogQyy, followed by decomposition of the electrolyte.|35]
Lanthanum silicates and gpermanates with apatite-type strueture are also an-
other catepory of promising candidates.  Apatite-type oxides have formula of
M1(X04)602 4, where M is a rarc-earth or alkaline-carth cation, X is a p-block
clement such as P, Si or Ge.|35] The highest conductivities have been reported in

germaninm-based analogues. However, these systems are hindered by the issue of
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germanium volatility.[35], [91]

d-Biz()3 1s another important fast oxide-ion conductor with a Huorite-based struc-
ture. Among all solid oxide-ion conductors, the face-centered cubic (fec) phase
of bismuth cxide (8-BizO4) is reported to have highest known oxygen ion con-
ductivity.[92] As a result, it has garnered significant attention for application in
IT-S0FCs. For reference, Figure 1.8 compares the Arrhenius plots of well-known

oxide ion conductors with that of BizOs based clectrolyte.|89).

T{a{:j
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Figure 1.8: Comparison of Arrhenius plots for well-known oxide ion
conductors.|35], [93]

1.3.1 Structure of Bi;O3 electrolyte

The high conducting nature of bismuth oxide (§-BizO3) and its aliovalent metal-
doped variants was first reported by Takahashi and his group in 1972.]94] The
pristine Bis0y exhibits several polymorphs, among which the monoclinic o phase
is the stable phase at room temperature. At 729°C, this phase undergoes a tran-
sition to the high-temperature fee phase (4-BizQ)y), which remains stable up to
its mclting point at 824°C. Upon cooling, d-phase typically transitions to the

o-phase through intermediate metastable polymorphs of tetragonal 5 or bee +
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phases. However, in some cases, the v-phase 15 also found to persist at room
temperature.[92] Among all its polymorphs, d-phase exhibits exceptionally high
ionic conductivity of 15/em at 750°C.|95] The transitions of polymorphic phascs
alongside their order of conductivity and transition temperatures are depicted in

Figure 1.9 (a).

i #
& - .

Figure 1.9: (a) Conduetivity of oy, 3, v and § polymorphs of BizOy |96] and (b,
¢) Unit eell of §-Biy(y (oxygen vacancy denoted by O,) by Harwig |97] and
Battle Model|98], respectively

The structure of the §-Biz()y is highly disordered due to the large transition en-
thalpy associated with the o — 4 transition, which is nearly three times higher
than the heat of melting.[96], [99] This high conducting 4-Bip(O)y phase, adopts a
defective fluorite erystal structure (BiO; 50, 5), deseribed by eubie close packed
(fee) lattice of Bi** ions (4a sites), with O* ions disordered over 6/8 of the tetra-
hedral sites (8¢ sites).[100], [101]. This structure is illustrated in the Figure 1.9 (b)
and describes the earliest model of 4-BizO4. However, this model was later refined
by Battle ef al|98], wherein oxides ions were shown to oceupy two sites within
the Fm3m structure. In this Battle model, about 43% of 8¢ (1/4, 1/4, 1/4) sites
are randomly oceapied, while the remaining the 1.28 oxide anions por munit cell are
displaced along <1112 direction from regular 8c to interstitial 32f site. (0.354,
0354, 0.354) as depicted in Figure 1.9 (¢).]99]

Thus, exceptionally high ionic conductivity of 4-BizQ)y, stems from the high po-
larizability of the bismuth framework, highly disordered anion network, presence
of 25% intrinsic vacancics, and large ability of bismuth cations to dynamically ac-

commodate asymmetric surronndings. [99], [100] However, despite its superior onic
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conductivity, the phase stability of 4-Biz 05 15 only within the narrow temperature
range of 7T30-825°C. This limited stability range, along with the associated me-
chanical stress due to the volume change during the phase transitions, results in
pure BizOs being unsuitable for practical applications. Consequently, consider-
able efforts have been spared to stabilize the high conducting 4-Biy 05 at room

temperature using various cation doping strategics.[99]

1.3.2 Challenges and strategies for performance enhance-

ment

A wide varicty of isovalent and aliovalent dopants have been substituted at Bitt
site to retain the highly conductively form of 4-BixOy at intermediate tempera-
tures. These includes oxides of the form Mz0Oy (M: La, Y, Fe, Sb, and rare carth
clement), Mz0j5 (M: Ta, Nb, Sb, and V), MO, (M: Zr, Sn, Te, Ti, and W), and MO
(M: Ca, Sr, Ba, and Ph).[102] It has been reported that dopants with ionie radii
smaller than Bi** (1.03 J'Et} promotes stabilization of eubic phase, by inducing con-
traction of its open erystal structure. In contrast, introduction of relatively larger
cations (La, Nd, Sm, and Gd) tends to form rhombohedral structure in BiaO3.[102]
Both these phases exhibit appreciable oxygen-ion conductivities due to the high
concentration of oxygen vacancies in their erystal structure.[103] However, their
conductivity is typically an order of magnitude lower relative to pure d-phase. This
may be a result of partial cation substitution which may reduce the polarization
strength of host Bi* ion.[101]

Prior studies were mainly based on rare-carth (RE) stabilized BizOs, which gen-
crally have lower ionic radius attributing to reduced lattice constant and there-
fore, required lower doping content for stabilization. For example, Er*t doped
(BizO4s)p.s0( Era0s)ps0 was able to effectively stabilize the d-phase with the least
amount of doping (15-20 mol% ), giving conductivity of the order of 0.023 5 /em at
500°C.[104], [105] However, recent studies have shifted foens on stabilization using

transition metal oxide such as Mo, Cr, W, Nb, and Ta, resulting in Huorite-type
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superstructures with local ordering of oxide-ion around the transition metals. [104]
The Nb-doped composition of (BizOs)o.ss(Nba05)a15 has been reported to have
ionic conductivity of 0.0118/cm at 500 °C.[106]

Despite extensive cfforts to stabilize the #8-BigOy through doping, the phase re-
mains metastable and leads to rapid decline in conductivity upon annealing below
~ 650°C.[104] This decline was attributed to two different mechanisms. In cer-
tain doped 4-BizQj, slow phase transformation from high conducting cubic to a
lower conducting rhombohedral phase was observed within the intermediate tem-
perature range of 600-650°C. However, at temperatures below ~ 600°C, another
seenario persisted, which was due oxygen sub-lattice undergoing both occupancy
and positional ordering, resulting in a deerease in conductivity as well as change in
activation energy.[104] This phenomenon is commonly referred to as aging effect
and occurs when the phase-stabilized composition is annealed at temperatures
below 600 °C. The comparison of phase transformation with aging effect is shown

in Figure 1.10 for Y-doped Bia()y.

ey
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Figure 1.10: Comparison of conductivity decay in (BizQOg)o.75( Y203 )p.2s at 500°C
due to aging and 650°C due to phase transformation [103]

Figure 1.10 shows that the rate of conductivity decay due to aging is faster and
distinet relative to that of phase transformation.[103], [104] Both these issues imply
that single dopant substitution only quenches the high conducting phase; however,

its long term stability is still at risk.[104]
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Systematic research has been done to study these effects in rare-carth doped (Lo
Dy, Ho, Er, Tm, and Yb) Bi;Q3, wherein rate of conductivity degradation was
found to be dependent on the ionie radii and concentration of the dopant.[103]
For higher iomic conductivity, higher disorder of the oxygen sub-lattice is neces-
sary, However, for the fixed concentration of RE dopant, the fec phase stability
and structural stability (pertaining to disordered network) exhibit opposing trends
with regards to the cationic radii.[103] Therefore, to ensure both phase and strue-
tural stability, it is necessary to understand the factors affecting these phenomena.,
Both the phenomena, cubie to thombohedral transformation and ordering of O~
sub-lattice, are governed by cation diffusion, with their different kinetics arising
from differences in characteristic diffusion distances involved. [99]
Aging phenomena observes time-dependent conductivity decay, with stability of
disordered structure directly governed by ionic radii (via polarizability) and con-
centration of the dopant. However, lattice parameter plays an indirect role in
structure stability, not through the size of unit cell but by its effeet on formation
of dopant-oxygen associates.[103] In substitutions, with stronger dopant-O bond
strength compared to Bi-O bond, such an association can exist and restrict either
the mobility of anion vacancies or the concentration of mobile oxide ions. [103]
Typically, dopants with large ionic radii, by virtue of their polarizability, can
reduce the tendency of oxygen-vacancies to associate with the Bi*t cation (or-
dering).|92] But, for the cubic BiaOy phase stabilization, smaller iomie radii of
the dopants is essential. In such as case, a co-doping strategy involving a both
a large radii dopant to minimize ordering and small radii dopant to stabilize the
cubie phase can serve the purpose. Moreover, this can also inercase entropy of the
co-doped system, leading to higher disorder in the anion sub-lattice resulting in
enhanced conductivity. [92]
Even in cubie to rhombohedral phase transformation (600 to 650°C), co-doping
can play a major role in preserving the isotropic bonding between Bi*t and (02—,

which is a requisite of cubic phase, thereby suppressing transformation. [104] An
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effective example of this approach involves isovalent co-dopants of Er'*™ and Y*+,
which have been shown to stabilize the cubic phase even at low doping concen-
tration. In contrast, for single dopant systems, the same effect can be achieved
by introducing aliovalent dopant like Zr'™t, which can increase the effective coor-
dination number of Bi*", resulting in retention of isotropic bonding and increased
energy barrier for phase transition.|104]

So far, several combinations of co-dopants, including Y-Ln (Ln — Er, Gd, Sm,
Pr, Nb, Zr), Te-Ln (Ln— La, Sm, Gd, Er), Ca-W, Dy-W, Nb-Ho, and Er-Nb
oxides have been studied for stabilization of 6-Biy(),.]103] Recent report by Jung
et al. studying Bi; ()4 doped with strong polarizable W and Dy dopants, achieved
highest conductivity of 0.575/em at 700°C and 0.098 5 /em at 500°C.[107]
Another recent method of conductivity enhancement includes high entropy BizOy
systems, wherein a composition of (Bigs(YozErp2Zrp2GdazDyoa)nz)2054s has
been reported with conduetivity 1.32 x 1077 to 1.09 x 10~ 8/em in 300-550°C,
almost 5.7 times higher than single RE doped Bi2O; ceramic. This enhancement is
attributed to the random distribution of multiple cations with various ionic radii,
which induces lattice distortions and enhance oxygen vacancy mobility.[108]
Apart from phase and structural stability, the doped Bis()y phases also encounter
the issue of decomposition to metallic Bi at lower oxyeen partial pressures. This
limitation has been addressed by fabrication of bilayer clectrolyvte based on doped
ceria/stabilized bismuth oxide as reported by Wachsman ef al[109] The dense
doped corium oxide layer is expected to shield the Bia()s laver from the reducing
atmosphere. However, ensuring the formation of dense bilayer electrolyte along
with its complex preparation proeess and high cost are major obstacles in this

method. [110]

1.4 Research Aims and Objectives

The focus of this thesis work is divided into the investigation of three classes of solid

clectrolytes: (1) NASICON-type ceramic electrolyte, (2) PEO-NaNQO3-NASICON
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polymer-ceramic composite clectrolytes and, (3) BipOs-based clectrolytes. The
NASICON ceramic and composite electrolytes are targeted for application in Na*-
ion batteries, whereas, BiaOg-based clectrolytes are designed for TT-50FC appli-
cations.

In NASICON ceramie, the study aims to explore different strategies, such as al-
teration of 5i/P ratio, introduction of dopants, and tuning of synthesis process
to improve its overall ionic conductivity. Additionally, this works also intends to
employ suitable tools to draw correlations among structural features (like erystal
structure, microstructure, and defect coneentration), ionic conductivity, and the
underlying conduction mechanism of the synthesized materials.

In PEQO-NaNQ3-NASICON compaosite system, work is focused on examining the
cffect of NASICON ceramic filler weight percentage (wt%) on the ionie condue-
tivity of the composite films. The works also intended to find the optimum limit
of filler %, followed by understanding the structure-property correlation and iden-
tifying the underlying ion transport mechanism at this optimized weight fraction.
In BizOy-based system, the objective is to investigate the cffect of V concentration
on the ionic conductivity of Bia0O3-Va0)5; composition. Besides, in the optimized
V-doped Biy()4 composition, the effect of the addition of Sr/Ca as a co-dopant is
planned to be investigated. To verify the effectiveness of the V- and Sr/Ca-doping,
this study also expands into the systematic investipation of the as-prepared and
aged samples, and finally correlates the structural factors with the conduction

property and aging phenomena of V- and Sr/Ca-doped Bia()y materials.
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CHAPTER 2

Experimental Methods

2.1 Introduction

This chapter disensses the synthesis methodologies and the underlying principles
of the characterization techniques employed to analyze the preparcd materials.
The synthesis section deseribes the sample preparation methods. including the
solid state reaction method (SSR), solution assisted solid state reaction method
(SA-SSR) and the hydrothermal based solid state reaction method (HT-SSR). For
characterization, the phase identification was carried ont using X-ray diffraction
(XRD), while Neutron powder diffraction (NPD) measurement was employed as
a complimentary technique. Microstructural and compositional characterization
was performed using Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray (EDX). Thermal analysis of the samples was conducted using differential

scanning calorimetry (DSC) study. The defect distribution in NASICON ceram-

lifetime spectroscopy (PALS). Furthermore, local structural information was ob-
tained using Magic angle spinning NMR (MAS-NMR) and X-ray absorption spec-
troscopy (XAS). Electrochemical Impedance spectroscopy (EIS) was measured to
analyze the conductivity of the prepared compositions. Finally, electrochemical
performance was assessed using eyclic voltammetry (CV) and galvanostatic charge

discharge eycling (GCD).
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2.2 Synthesis methodologies

Difterent synthesis methods can be employved fo tune the properties of a material
and the choice of the method depends on the specilic property targeted for opti-
mization. In the present rescarch work, optimizing the ionic conductivity was the
primary ohjective, for which phase purity, densification and microstructure plays
an important role.[1] Therefore, in this thesis work, solid state reaction method
(SSR), solution assisted solid state reaction method (SA-S5R) and hydrothermal-
based solid state reaction method (HT-SSR) were adopted for ceramic material

synthesis, In case of the polymer film synthesis, solvent casting method was cm-

ployed.

2.2.1 Solid state reaction method (SSR)

The solid state reaction (Ceramic) method is the conventionally used for synthesis
of polyerystalline solids, It relies on diffusion controlled chemieal reaction between
solid precursors at clevated temperatures. In practice, stoichiometric amounts of
reagents, determined from balanced chemical equation, are weighed and ground
using mortar and pestle in presence of a volatile lignid medium, to attain ho-
mogencity and then heated to form well-defined erystalline structures. These
reactions initiate at the interface between the particles and proceed through dif-
fusion after the surface layer has reacted. Howewver, since both, the reaction and
diffusion arc slow at room temperature, clevated temperatures are employed to
increase the reaction rate and promote ionic diffusion. Additionally, strategices
like fine grinding are uscd to reduce the particle size and inerease the surface con-
tact arca, while pelletising the mixed powders can further improve interparticle
contact. The reaction is also accelerated by using multiple heating eyeles and
intermittent grindings to expose fresh surfaces for continued reactions, Despite its
widespread use, this method often results in the formation of large particle sizes,

resulting in agglomeration and lower homogeneity.[2]
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2.2.2 Solution-assisted solid state reaction method (SA-

SSR)

Solution-assisted solid state reaction (SA-SSR) is based on agueous approach,
in which water or acid soluble precursor sources such as nitrates, acetates, or
carbonates are used to form homogencous cationic mixtures in liguid medium.
This method employs lignid medium for better mixing of precursors, followed
by traditional solid state reaction route[3]. The SA-SSR method offers several
advantages including, absence of sensitive parametor control and case of seale-up.
It also improves the sinterability of SA-SSR ceramic, consequently reducing the
grain boundary resistance|[d]. For the synthesis of NASICON compositions in this

thesis, SA-SS5R method was adopted as reported by Nagash et al. and Ma et al..

2.2.3 Hydrothermal based solid state reaction method (HT-
SSR)

In hydrothermal method of synthesis, reactants are heated in water /steam at high
pressures and temperatures. The water steam serves dual role as a pressure trans-
mitting medium and a solvent.[5] The high pressure condition is is expected to
increase the reactivity of chemical species in the reaction mixture. For the ceramic
preparation in this work, the hydrothermal method was used as an intermediate
step within the SA-55R synthesis route. In HT-S5R approach, the reaction mix-
ture (sol | precipitate) obtained from the SA-S5R method was transferred into
a PTFE-lined cylinder, sealed and heated at 150°C for 7 h. Following this, solid
state route was employed. Thus, HT-55R method combines the advantages of hy-
drothermal method like increased reactivity and reduced particle size with those

of solid state syothesis.
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2.3 Characterization techniques

2.3.1 Powder Diffraction

Diffraction technique is based on constructive interference of X-ray /clectron/ Nen-
tron waves, after they are clastically scattered from a erystalline sample. Due to
the periodic nature of the atoms in a crystal, it effectively behaves as a three-
dimensional diffraction grating for the radiation of a suitable wavelength. For the
diffraction to oceur, the wavelengths used for the study of erystal structure must

be comparable to the order of the distance between atoms in crystals. [2], [6]

2.3.1.1 Bragg's law

Figure 2.1, represents a set of parallel lattice plancs with inter planar spacing of
d. When a monochromatic x-ray beam is incident on the surface of a crystal, it is
reflected by the atomic planes within the erystals. The Drage diffraction oceurs
when radiation of a wavelength A is seattered by these planes in specular fashion

(mirror-like reflection) and undergoes constructive interference.|7], [8]

-
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Figure 2.1: Reflection of X-ray from a crystal

For the constructive interference to oceur between the rays reflected from sue-

cessive planes, the path difference between consecutive rays must be an integral
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multiple (n) of wavelengths A. This condition is expressed as:
2dsinf=nX, n=12 ...

Where, # is the glancing angle and n is the order of reflection. For a given d and A
wvalue, if the angle differs from the Brage angle, reflected rays remain out of phase
with each other and interfere destructively.|7]

The intensity of Brage reflection diffracted from a set of planes corresponding to
miller indices (hkl) is of the form [7],

I e 1Fhﬂ|2

The Fie is called the structure factor and represents the resultant amplitude of
waves scattered by all the atoms within a unit cell in the direction of the hkl

reflection,|2]. Accordingly, it can be expressed as,
Fh = ij exp [2mi(ha; + ky; + 12;)]
]

Where, f; denotes the scattering factor of the ™ atom and represents the con-
tribution of scattered amplitude from an individual atom, while z;, y; and z; are
its fractional coordinates.J2] The scattering factor /atomic form factor is further

expressed as,
Arsinf

A

fi(a) = [ pe) @0 g | gl =

Where, g is the scattering wave vector and p(r) is the clectron density.[7],

X-ray and Neutron diffraction both follow the principle of Bragg's law, but they
provide complimentary information. The main difference lies in their scatter-
ing mechanisms: X-rays are scattered by the clectrons cloud around the nucleus,
whereas the neutrons are seattered by the nuelel itself. As indicated by the expres-
sion of atomic form factor (f;), in case of X-ray, the scattering power is propor-

tional to the number of electrons in the scattering atom (electron density). There-
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fore, in X-ray diffraction, heavier atom scatters more strongly than the highter one.
In contrast, ncutron scattering power is dependent on neutron scattering length
and neighboring clements in the periodic table may scatter neutrons with markedly
different intensities. In addition, due to the size of the electron eloud relative to
the X-ray wavelength, the scattering from different regions of the coud may not
always be in phase and result in decrease of seattering power with sin#/A, unlike
the nentron scattering power.[2], [5], [9] Therefore, neutron diffraction can help
distinguish atoms with similar X-ray scattering power and locate lighter atoms,

much more accurately.|5]

2.3.1.2 Structural Analysis by Rietveld refinement

The detailed information about the erystal structure, atomic positions, lattice
parameters and site oceupancies of atoms within the unit cell of materials, ean
be extracted from the diffraction pattern by fitting the shape and intensities of
the reflections via Rictveld refinement method.[10] Rietveld method involves a
whaole pattern refinement in which the experimental powder diffraction profile is
compared with a caleulated profile, and the differenee is used to refine the atomic
eoordinates of the structural model.[5], [11] The calenlated intensity at point ; is

given by the equation,

Yo i(x) = Hka{LP}ﬂFk]IPk ®(x; — z;) + blu;)
ke

Where, s is a scale factor, F), is the structure factor, my is the reflection multi-
plicity, Py is a function to deal with the preferred orientation of the erystallites,
®(x; — ) s a profile function where x; is the diffraction angle corrected for
the 26 zero error, b(r;) is the intensity of background and LP are the Lorents,
polarization factors.[10]

The calculated powder XRD profile is generated using a starting structural model
that incorporates a description of peak shapes and background parameters.[12] In

Rictveld method, there are two groups of refineable parameters, which includes,

A7
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the ones that are associated with the structural model (atomic coordinates x;,
and z, atomic displacement parameters, unit-cell dimensions) and those related
to the instrumental model (angular dependence of the profile parameters, FWHM
and shape factors, 268-zero position, preferred orientation).[11]

The Rietveld algorithm aceesses the validity of the structure by minimizing the
weighted sum of squared differences between the observed and computed intensity
wvalues, i.e.,

Z wi (Yei — Yo i }2

i
Where, w; is 1/0(yp;)* weighting, and o(yg;) is the experimental uncertainty in
Yeri-
The progress of refinement through the multiple iterative steps is also monitored

using the weighted profile R factor, R, which should tend to a low value,[12]

E HJ: (yei = Tjrh}?
Rup =

1,_1 w; (o)

or a quantity such as goodness of fit (GoF) or y, which relates R, to the statis-
tically expected value R, (also known as the best possible H,,, value depending

on the experimental data gquality and correct o(y; ;) values)[13],

GOF == g’“”’ = JEN—I wy (Yers — ?Ju,s'}ﬂ
eEp

N-P

Where, V is the nnmber of data points and P the nnmber of parameters. ¥ should
tend to 1 for a good refinement.[12] The quality of a Rietveld fit is determined by
viewing the obscrved and calenlated patterns graphically and ensuring that the
model used for fitting is chemically plansible.[13]

Powder XRD data presented in this thesis, was recorded using Rigako Smartlab X-
ray diffractometer at Material characterization laboratory (MCL), Goa university.
The diffractometer tvpically operates at 40 kV and 40 mA and the data was
collected using Cu k., radiation in the diffraction angle range of 10 to 80° with

stoep size of (0.02°,
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Neutron diffraction powder patterns for the samples at room temperature and
high temperature, were recorded using neutron powder diffractometer PD-2
(A ].2-143}1} at Dhruva reactor, BARC, Trombay, India. The structural anal-

ysis of both XRD and NPD data was carried out using Fullprof software suite|14].

2.3.2 Scanning electron microscopy (SEM) and Energy dis-

persive X-ray spectroscopy (EDX)

In scanning clectron microscopy, a hnely focused beam of clectrons is scanned in
raster pattern across the surface of the sample and the clectrons scattered from
the surface are detected to produce an image showing the surface topography of
the sample.2] A schematic diagram of scanming clectron microscope is shown in

Figure 2.2

Electron gun -’}IL'\-

|III

[\
.'I ll.
Foy
{ \
| \
“ondenser
lens
Objective
1 s lens
L
v\ /  Electrons from
i “-‘i \ J i :. specimen
Detector .
* Specimen

Figure 2.2: Schematic of a seanning electron microscope |15]

In a SEM microscope, the clectrons are gencrated by an electron gun, then ac-
celerated and directed through the condenser and objective lenses, which focns

the beam to a diameter of few nanometers. This fincly foeused beam hombards
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the specimen surface, causing interactions which produce various electron signals.
These emitted signals are then collected by the detector and converted into an
image, with the contrast determined by the intensity of detected electrons.[15]
Different signals produced during the interaction of the clectron beam with the
sample surface can be broadly classified into clastic and inelastie interactions.|16]
Elastic seattering involves interaction of the incident electron with the atomic
miucleus or the outer shell electrons of similar energy, giving rise to the back-
scattered clectrons (BSE). In contrast, during the ineclastic scattering, incident
(primary) clectron transfer significant energy to the sample electron, which may
then be ejected from the atom and emitted as secondary clectrons (SEs).|16] The
detection of the secondary electrons is the most common mode of imaging in SEM
and is used to obtain topographic contrast in the sample (surface texture and
roughness) [16], [17], [18]. BSEs, on the other hand, provide both compositional
and topographic information in the SEM.[16]

Another class of signals produeced by the interaction of the primary eleetron beam
with the specimen is characteristic x-rays.[17] When an inner shell electron is
stimulated and ejected, and an outer shell electron drops down to fll the hole,
resulting in emission of an x-ray. This characteristic x-ray has cnergy specific to
the clement from which it was cmitted. Therefore, analysis of this characteristic
x-rays can provide chemical information of the sample under study and is ealled
energy dispersive X-ray spectroscopy (EDX).[18]

In conventional SEM, the surface of the sample must be electrically conduetive and
grounded to prevent accummlation of electrostatic charge at the surface, as it can
lead to clectrostatically distorted images. To minimize this issue. non conductive
samples are sputtered with conductive layer of gold.|2], |18]. The SEM, EDX
data in eurrent work were collected at University Science Instrumentation Center

(USIC), Goa University, on a Carl-Zeiss SEM sctup with EDX facility.
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2.3.3 Electrochemical Impedance Spectroscopy (EIS)

In an EIS experiment, small amplitude stimulus (voltage or current) is applied to
an clectrochemical system and the resulting response (eurrent or voltage, respee-
tively) is measured over a wide range of frequencies.[19] This response shares the
frequency of the input, but its phase and amplitude may vary due to the complex
impedance of the electrochemical system.[20)]

The perturbative excitation signal applicd to the electrochemical system at the

frequency of w can be expressed as,
Et = En h]n{uﬁj

The resulting response signal [, which is shifted in phase (¢) and has a different

amplitude, Iy can be expressed as [21],
I = Iysin(wt + &)

By using an expression analogons to Ohm’s Law, impedance of the system can be
calenlated, |21]
7= % —|Z|e = 7' 4 iz"
t

Where,

Z'=|Z|lcosed and Z" = —|Z|sing

In the above equation, real part Z' represents resistance on the x-axis and imagi-
nary part Z” represents reactance on the y-axis.|22] By measuring the impedance
over wide range of frequencies, different regions of the material can be scparated
according to their electrical relaxation times or time constants[23]. In polycrys-
talline electrolytic system, higher frequency processes often correspond to the re-
sponse of fastest processes, such as 1on migration, while, slow phenomena, such

as diffusion, dominates the low frequency.|19], [20] The relaxation time constant,

al
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corresponding to such processes 1s of form,

T =8C

Where, R is the resistance (§2) and € is the capacitance (F) of the elements that
can be used to model the behaviour of these processes.|20]

The impedance data is commonly presented using Nyguist plot where the imag-
inary part, -Z£", 1s plotted as a function of the real part, Z’. A schematic repre-

sentation of Nvguist plot is shown in Figure 2.3,

c. tﬂb
A I 1
| 11 |
R, R,,
_z'll{‘! l‘} R = 1
oRCmL G

(L]

T t
L = - ares -

R
Z' (D)

Figure 2.3: Nvguist plot for equivalent circuit containing two parallel BC
clements in series [20]

As illustrated in Figure 2.3, Nyquist plot ideally appears as a semicircle for a po-
larization process characterized by a single RC time constant. [19] The highest are
of this semicircle corresponds to the peak frequency w,,. which satisfies the eqgua-
tion, 27 f,,., BC = 1 and thus help in distinguishing electrochemical regions.|23] In
polyerystalline samples, two distinet features corresponding to intra-grain (bulk)
and inter-grain (grain boundary) regions are generally observed. In Nyquist plot,
these contributions appear as semicireles at high frequency end of the plot with an
additional low frequency spike corresponding to the sample-clectrode interface. [23]
Experimentally, these contributions are identiied based on the magnitudes of the

capacitances used for modeling the impedance spectra (Nyquist plot). Typically,
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capacitance of the order of 1072 F are associated with the bulk region, those with
order of 107110~ F are attributed to grain boundary, whereas values between
1077-107" F correspond to sample-clectrode interface. |23

In some samples, a depressed or broadened semicirele 1s obtained, which cannot
be htted adequately using simple capacitor element during the equivalent cireuit
fitting. Therefore, in such eases, impedance data was modeled using constant
phase element (CPFE) rather than an ideal capacitor. The relationship between
the ideal capacitor ((7) and C'PE is given by,

O — Rl'_lh +1fn

“CIPE

Where, n is the degree of deviation from the ideal capacitor. For a pure capacitor,
the n value is equal to 1.]4]
Aftor the data analysis, the ionic conductivity of the sample is extracted from the

impedance data using the equation,

[
" Riota A

Frotal

Whoere, | and A are the thickness and arca of the sample and By = m,
is the total resistance of the sample.[20] The ionie conductivity is temperature-

activated and commonly follows Arrhenius-like temperature dependence which is

of the form,

where, E, is the activation energy and & is the Boltzmann constant. o is a
pre-exponential factor. |20]

Impedance data in this thesis, were measured using PSM1735-Numetri()
impedance analyzer (Newtonsdth Ltd. UK) at BARC, Trombay and HIOKI
IM3570 impedance analyzer (Japan) at SPAS, Goa university. The temperature
dependent measurement. were carried out in the reguency range of 10 He-8 MHz.

The obtained EIS data was subscquently analyzed and fitted using EISSA soft-

%]
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ware.|24]

2.3.4 Differential Scanning Calorimetry (DSC)

DSC measures the heat absorbed or released by sample by tracking the tempera-
ture difference between the sample and a reference material while both are heated
at a constant rate.|2], [25] During the oceurrence of a thermal event in the sample
(melting, decomposition or structural transition), its temperature lags (endother-
mic) or leads (exothermic) relative to the reference.[5]

When no physical or chemical change oceurs in the sample at temperature 7', the

heat, transferred to the sample is,

Where, (7, is the specific heat of the sample at constant pressure and AT is the
temperature difference between the sample and the referenee material,

During a thermal event, in order to attain the same change in temperature of
the sample as the reference, exeess energy needs to be transferred, which can be
described as,

Ty + Gp et = -"p.n:t.&T

Therefore, the enthalpy change associated with the thermal event is,

Ty
.ﬂH - r;hm. dT

<Y

Where, T1 and T2 arce the temperatures at which the thermal event begins and
ends. This enthalpy change is depicted graphically as DSC thermogram and can
be calenlated from the area under the plot of U, ¢ against T.[9]

Samples weighing ~ 7-10 mg were spread evenly within an aluminium pan and
covered with lid. These pans were then sealed using a crimper. Correspondingly,

an identical empty aluminium pan was used as reference. The DSC measure-
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ments were carried out using DSC-60 (Shimadzu) with heating and cooling rates

of 5°C min, at SPAS, Goa University

2.3.5 Positron annihilation lifetime spectroscopy (PALS)

Positron annihilation lifetime spectroscopy is a characterization method used for
probing the local electron density at the site of positron interaction. This method
is used to experimentally investigate local structures embedded in the bulk of the
material, including missing atoms (vacancics) in ceramics and free volume in poly-

mers.[26] The basic aspeets of PALS is illustrated in schematically in Figure 2.4.

Birth yaray Annililation -ray
ﬂI:' Mo’ II.'i':‘I Moy Count L
— T

/

/

[
@

Pasitron

Figure 2.4: Schematic representation of positron annihilation process [27]

In a PALS cxperiment, positrons emitted from a radioactive nuclei like #*Na are
injected into a solid material. After entering the medium, positron rapidly lose
their kinetic encrgy and thermalize within ~ 1 ps. After thermalization, positron
annihilates with electrons from the medinm. This annihilation results into an emis-
sion of two v rays of 0.511 MeV cach. This annihilation rate (inverse of lifetime)
depends on the clectron density at the site of positron annihilation. Therefore,
by measuring the time delay between the birth pamma ray (signaling birth of
positron) and the annihilation gamma rays, positron lifetime in the material ean
be determined.[28] This time delay also depends on the state in which the in-
jected positron exasts, within the medium. Figure 2.5 summarizes the alternative

annihilation modes of a positron. |26]
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Figure 2.5: Schematic representation of annihilation modes in PAS [26]

When a positron comes in contact with an electron, it may either annihilate into
two ~-rays in case of high clectron density or form positronium (Ps) in case of
low clectron density/near surface regions [29]. The free positroninm (Ps) has
two intrinsic lifetimes depending on the spin combination of the clectron-positron
pair, i.¢, .125 ns for para-Ps (p-Ps, antiparallel spins) and 142 ns for ortho-Ps
(o-Ps, parallel spins).[30] However, in solids, p-Ps is scarcely influenced by its
environment (negligible changes in lifetime) whereas, o-Ps predominantly decays
via pick-off annihilation with electron of opposite spin from the medium.[31]
Both, positron and positronium exhibit strong tendeney to localize in the regions of
low electron density. This localization is reflected in the annihilation characteristic
and forms the basis for using positrons as a probe for the study of defects in
solids.[30], [32].

A free positron in a erystal lattice experiences strong repulsion from the positively

Table 2.1: Lifetime for Positron annthilation modes

Annihilation Lifetime (7)
mode (ns)
Free positron 0.1-0.5
Trapped positron 0.2-1.0
p-Ps self 0.125
o-Ps self 140
o-Ps pick-off (L6-10
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charged ion cores. In regions of low clectron density, this repulsion i1s lowered,
allowing such regions to act as traps for positron, especially in crystalline solids. |26]
The interaction between Ps and matter is also predominantly repulsive due to the
clectron-clectron repulsion. Therelore, in polymeric material, Ps tends to localize
in open spaces of the host structure. Thus, as long as its lifetime is less than that
of the cavity hosting it, Ps can probe for free volume holes. [33]
A PALS spectrum consists of a sum of number of components, cach corresponding
to a particular positron state.[33] For a lattice, consisting of £ different types of
defects with individual positron lifetime 7; and intensitics [, the corresponding
positron spectrum will contain k | 1 terms attributed to these defects including
the bulk contribution. The PALS lifetime spectra (| 1 for bulk) can be expressed
as ,|29]

N(t) = kz_ﬂ: :r—i- ¢t

im1

In solids, the positron hifetime (inverse of the annihilation rate) can be attributed
to the size of the defect, while its intensity can be correlated to defect concentra-
tion. In order to extract the lifetime components, experimental data is htted with
the above equation and two or three lifetime components are commonly used for
fitting. The fastest component 7y is assigned to free and p-Ps decay, while the
longer ones 7, and 73, are attributed to pick-off annihilation of o-Ps.[32] Typical
range of lifetime values are shown in Table 2.1.
Positron annihilation measurements were performaed at Solid State Radiochemistry
Division, BARC, Trombay. Measurements were carried out using a *Na positron
source (~ 10 uCi) and detected using two BaF; scintillation detectors connected
to a fast fast coincidence system. The positron souree was sealed within the Kap-
ton foil and buried in the electrolyte powder (ceramic samples) or sandwiched
between the stack of films (polymer films) and kept between the detectors in 907
configuration. The total number of counts acquired in cach spectrum was approx-
imately 10%. The fraction of positrons annihilating in source material (Kapton)

was corrected by subtracting the source component obtained through acquiring a

Y
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positron annihilation lifetime (PAL) spectrum on a reference material (silicon sin-
gle crystal with positron lifetime 218 ps). The time resolution measured with “Co
in the **Na encrgy window scttings was 220 ps. The time calibration was kept
at 12.5 ps/channel. The obtained PAL spectra was analyzed using the PALShHt

analysis program.[34]

2.3.6 Magic angle spinning Nuclear Magnetic resonance

spectroscopy (MAS-NMR)

NMR is a spectroscopic technigue that manipulates the interactions between nuclei
with non-zero magnetic moments and the applied magnetic ficld. These interac-
tions are strongly influenced by the local electronic environment surrounding the
observed nucleus, providing an insight into chemical propertics as well as dynamics
of the material.[35] Nuclei with non zero spin (I # 0) possess a magnetic moment

pt of the form,

p=1

Where, v is the magnetogyric ratio of the specified nucleus.[9] When this nuclei
is placed in the external magnetic field, By (field along z axis), the energy of
interaction between the noclear magnetic moment and its external field can be
described as [9], [35],

FE = —yhBym;

In the external magnetic field the degeneracy of the nuclear spin states is lifted,

leading to an energy difference of AFE [36], (also known as Zeeman splitting)
AE = vhB,

In its original form, the magnetic resonance experiment involves resonant absorp-
tion of radiation by nuclel placed in a magnetic feld. If the sample is exposed to

radiation of frequency v, resonance oceurs when the encergy separations between
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the nuclear spin states matches the energy of applied radiation,|9],

hig = vhiBy

This frequency 1 is called the Larmor frequency of the nuclear moments. The
resonance absorption of the radiation at Larmor frequency is subseqguently detoected
as NMR signal. At the fields commonly applied in NMR experiment (about 7-
12 T), these Larmor frequencies typically lie in the radio frequency region of the

clectromagnetic spectrum. [9

(a)
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Figure 2.6: Schematie representation of (a) NMR. experiment, (b) MAS-NMR
technique and (¢) Inversion recovery method [35], [36], [37], [38]

Figure 2.6(a) shows the schematic of a typical NMR experiment. In the presence of
an external magnetic field (By), muclear magnetic moments align along the diree-
tion of the field constitnting longitudinal magnetization, M.. Upon RF irradiation,
the net magnetization is tipped into the transverse (x-y) plane, where it rotates
around the z axis. This rotating magnetization induces a voltage in the detection
coil. Due to internal NMR interactions, transverse magnetization loses coherence
while longitudinal magnetization gradually recovers to equilibrinm. This canses a

decay of the induced voltage, which is measured as the free induction decay (FID)

a9
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and subsequently fourier transformed (FT) from time to frequency space to get
the NMR spectrum. |39]

In muclei with I # (), the exact resonance frequency of an NMR line is deter-
mined not only by the Zecman interaction, but also by the surrounding clectron
density (Chemical shift and, for T > 1/2, quadrupolar interactions) and direct
magnetic dipolar interactions between the nuelei. These interaction are generally
anisotropic, i.c., they are dependent on the orientation of the magnetic moment
w.r.t static magnetic ficld or the magnetic moments of the coupled nuclei. In
solution-statec NMR measurement, these anisotropic interactions are averaged by
the rapid tumbling of molecules, resulting in well resolved spectral line. However,
in solid-state NMR, they are retained, resulting in broadening of spectral lines. [40)]
Thus, the resonance frequency of a nuelal in a solid-state NMR ecan be expressed

as a sum of various orientation dependent nuclear magnetic interactions, given by

(1) = o + ves(82) + 4 (52) + ppn(2)

Where, uy stands for the Larmor frequency (the Zeeman interaction term), veg is
the chemical shift of the frequency, », is the quadrupolar interaction term (existing
only for spins 1=1/2) and vy, is the dipolar interaction term. The symbol (2 in
above cquation is a notation for the orientation dependence of the frequencies.
[40], [41]

The chemical shift contribution pe5(£1) is the small modification of the fiondamen-
tal Larmor frequency i caused by the shiclding of the electron density surrounding
the observed nuclens. The local magnetic held experienced by the target nuclen
may differ from the applicd magnetic held, because the latter induces eirculation
of electronic currents, which gives rise to a small additional field at the nucleus.|9]
As a result, the net magnetic ficld experienced by the nucla is altered, leading to
a shift in the NMR signal.|9], [35], [39].

The chemical shift is defined as the difference between the resonance frequencey, i,
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of the micleus under observation and that of a reference standard, 14,]9]

- .
= ——"F 5108
vﬂ*f

The quadrupole interaction (»,) is an eleetrical interaction between the non-
symmetrie charge distribution of the nucleus (existing for spins [ > 1/2) and
the charge distribution of the electronic surroundings, while the dipolar interac-
tion (#pp) deseribes the interaction of the nuclear magnetic moments with cach
other.[40]

In order to climinate the orientational dependenee of the NMEBE anisotropie inter-
actions in solid-phase samples, the magic-angle spinning (MAS) NMR. technique
is generally employed. As illustrated in Figure 2.6(b), during the MAS-NMR tech-
nique the sample is physically spun around an axis inclined at 54.77 relative to
static magnetic ficld, therehy averaging ont anisotropy of nuclear interactions. [36],
[39], [41]

The investigation of NMR. relaxation time can be effectively used in the study of
dynamics in materials.[37], [42] NMR relaxation refers to the process by which
magnetization perturbed by radio frequency exeitation, returns to the equilibrinm
position.|37], [42] In current work, spin-lattice relaxation rate (SLR) measurements
were used for characterization and measured using inversion recovery method. [37]
As illustrated in Figure 2.6(c), inversion recovery method begins with 1807 pulse
which inverts all signals/magnetization, followed by a variable delay time (vg)
during which relaxation towards the equilibrium is allowed to occur, and hnally 90°
pulse that Hips the recovered longitudinal magnetization into transverse plane for
spectral acquisition.|43] This experiment produces a series of spectra of differing
signal mntensity as a function of variable delay time. The Ty relaxation is then
obtained by htting a plot of signal mtensity as a lunction of variable delay time
(vg) with one (or a series of) exponential functions as shown by the following
cquation,

M.(7) = |Mp| (1 — 2¢7/™)
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Whore M, and 7 represent the equilibrium magnetization, and the time clapsed
after the completion of the radio frequency excitation feld.|37]

Solid-state MAS NMR measurements of the samples in current work, were carried
out at Dr. Harisingh Gour University, Madhya Pradesh. #*Na MAS-NMR spectra
were collected on a JEOL ECX 500 MHz spectrometer with the use of a 4 mm
probe. The obtained data was processed using Topspin and spectra were analyzed

using the DMFIT program. [44]

2.3.7 X-ray absorption fine structure spectroscopy (XAFS)

X-ray absorption fine structure (XAFS) is the modulation of X-ray absorption
probability, at energies near and above the binding energy of a core-level clectron
in an atom.[45] The absorption cocflicient p represents the probability of X-rays

absorption and is deseribed by Beer-Lambert Law as,
F= .lrm"_m

Where, [; is the X-ray intensity incident on a sample, ¢ is the sample thickness,
and [ is the intensity transmitted through the sample. The absorption coefficient
i 15 a smooth function of energy and depends on the sample density p, the atomic
number Z, atomic mass A, and the X-ray encrgy F as [45]

pZ’
AES

=

When the energy of incident X-ray is equal to that of the binding energy of a
vore-level electron, there is a sharp rise in absorption. This gives rise to an ab-
sorption edge corresponding to the transition of the core level electron to the
contimmm. In XAFS measurement, the encrgy dependence of p is examined, at
energies near and just above these absorption edges. Sinee g has strong depen-
dence on both 2 and F, XAFS works as an element specific probe, where target

clement can be chosen by tuning the X-ray cnergy to an appropriate absorp-
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tion edge.]45] The X-ray absorption speetrum has two regimes: X-ray absorption
near-cdge spectroscopy (XANES) and extended X-ray absorption fine-structure
spectroscopy (EXAFS). XANES is typically probed within 30 ¢V of the main ab-
sorption edge and is strongly sensitive to formal oxidation state and coordination
chemistry of the absorbing atom. In contrast, EXAFS is examined few keV past
the absorption edge and provides information about the local structure like inter-
atomic distances, coordination number, and species of the neighbors surrounding

the absorbing atom. [45]

X-ray Absorption Fine-Structure

Photo-electron  .~{E-E;) e
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W XAMES
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Energy

Absorbing atom Scattering atom

Figure 2.7: Back scattering of cjected photoclectron wave to the absorbing atom
and the representation of XAFS spectrum [45]

As shown in Figure 2.7, at cnergy above the absorption edge, the absorption
vocticient exhibits a fine structure due to the interference of outgoing and back-
scattered photoelectron wave, attributed to the presence of neighboring atoms.
This interference, results in oseillations in the p(E), which is the EXAFS fine
structure y(F). As a result, the absorption coefficient above the absorption edge
is defined as,[46]

M E) = pa(E) (1 4+ x(E))

where p E) is the measured absorption coefficient, j( E) is a smooth background

funetion representing the absorption of an isolated atom. The isolated XAFS is
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usually written as,

_ H(E) — po(E)
XE)==—"F1——" p

where, Ap is the measured jump in the absorption u(E) at the threshold en-
ergy.[45] EXAFS is best understood in terms of the wave behavior of the photo-
clectron created in the absorption process. Therefore, X-ray energy s commonly
converted from E space to k space. The final EXAFS function used to model and

mterpret the experimental data is of the form,[45]

SN[k 28, fAk) ﬂ—ﬂk"rrf . :
x(k) :Z aNi (k) LR sm(ﬁkﬁ.j + 4;(k))

i

Where, the summation is taken the over shells of neighboring atoms. Provided,
the scattering propertics of the neighboring atoms i.e, f(k) (scattering amplitude),
d(k) (phase shift) and A(k) (mean free path) are known, one ean determine the
coordination number of neighboring atoms (N), the distance to the neighboring
atom (R) and the mean square disorder of the neighbor distance (02). The Sy
parameter represents amplitude reduction factor and is determined from a stan-

dard (sample with a well known structure) and applied as a scale factor to a set

of unknowns. |45]

The Bi Ly-edge EXAFS and V K-edpe XANES spectra of the samples were
recorded at the XAFS beamline at Elettra synchrotron Trieste, Italy. The mea-
surements near the Bi Ly-edge were carried out in transmission mode, whereas the
V K-cdge XANES measurements were conducted in fluorescence mode. For room
temperature measurements, the absorbers were prepared by meticnlously spread-
ing the sample powder over scotch tape to achieve uniformly thick layer, which
were then stacked (in an appropriate number) to achicve an edge jump, Aut < 1.
For higher temperature measurements, pellets were prepared by mixing sample
and boron nitride powder (BN) in an appropriate ratio. The obtained data was

then processed and analyzed nsing the DEMETER suite]47].
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2.3.8 DC polarization method

The transference number gives quantitative mformation of the extent of ionic and
clectronic (clectron and holes) contribution to the total conductivity (o). The

transference number can be defined as,|48]

Fianic o lfi::uic

0=y IT

'Eian.i:

Where,

Ty = Tinnie + Ofehn)

The ioni¢ transference number is widely and conveniently determined using Wag-
ner’s polarization method. [48] During the DC polarization test, a symmetric two
clectrode eell in a ion-blocking (silver electrodes) configuration is polarized by ap-
plving a small constant potential difference. The initial current ([,) observed in
the polarization experiment is determined by the conductivity of the electrolyte
(constitutes both ionic and electronic condnetivities, if present). After a certain
time, the charge transport is limited only to the species being reversible against
the electrodes (electrons) and the enrrent falls to a steady-state valne Tgg.|49] The
transference numbers £, and {, is then determined from the polarization eurrent

versus time plot using the equations,

(fo — Iss)

tionic = Ins

The sample pellets were coated with silver paste which served as ion blocking
clectrode and D polarization curves were obtained by recording the vanation in

current w.r.t time using Keithley 6514 clectrometer.

2.3.9 Cyeclic Voltammetry (CV)

Cyclic voltammetry (CV) is a powerful clectrochemical technique, commonly

cmployed to investigate the reduction and oxidation processes of molecular
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species.[50] In CV experiment, a cyclic potential sweep is imposed on an elec-
trode (working clectrode) and eurrent response is observed. Analysis of this cur-
rent response can give information of the thermodynamies and kinetics of electron
transfor at the electrode-clectrolyte interface.[51] The potential sweep is deseribed
by its initial (E;), switching (E,), final (£;) potentials and sweep rate (#). The

potentials as a function of time is of the form,[51]

E=E; + vl (during the forward sweep)
E=E, — vt (during the reverse sweep)

This applied input voltage is a triangular waveform, due to its linear ramping and
is schematically shown in Figure 2.8 (a).

The current resulting from the clectron transfer at an active reaction site as a
function of applied potential is used to construct the current-potential plot known
as cyclic voltammogram.[52] During the forward sweep, the oxidized species is
reduced, while on the reverse sweep the reduced species near the clectrode is
re-oxidized.[51] As the potential is scanned during the CV experiment, the con-
centration of the redox species near the clectrode varies with time in accordance

with the Nernst equation.[50] For a reversible redox reaction,

Ox + e+ Red

The Nernst equation is of the form,

2 303RT [Ox]
E=FE+ 1
R ([ﬂmﬂ)

Where, E is the applied potential, Ey is the standard potential of a species, [Red]
and |Ox] are the concentrations of the reduced and oxidized species, respectively,
R is the gas constant, T the temperature, F' the Faraday constant and n is the

amount of electrons exchanged during the redox reaction. |50

6t
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In a cyelic voltammogram, as shown in Figure 2.8 (b), a typical one electron re-
versible reduction process exhibits the oxidation /reduction of redox active species
in the form of peaks during forward and backward potential scanning. [52] The peak
resulting from the reduction process is called the cathodie peak and is observed
at £ — E,. (F point) with peak eurrent of 4, .. During the reverse sean, oxidation
oceurs, producing anodic peak at £ — E,, with corresponding peak current of

|51
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Figure 2.8: Schematic representation of (a) CV potential waveform and (b)
corresponding cyclic voltammogram [50)]

2.3.10 Galvanostatic Charge-Discharge Cycling (GCD)

Galvanostatic cycling is technique wsed to evaluate battery performance. Dur-
ing a galvanostatic charge discharge (GCD) experiment, a constant current is
applicd to the battery, to charpe it to a set voltage, ollowed by discharging at
the same current. The voltage response is recorded as a function of time, during
both charging and discharging cycles. Figure 2.9 shows the applied current wave-
form and the corresponding voltage response for a single charge-discharge cyele.
The voltage profile appears as an oblique line with platean region, arising due
to interealation /de-interealation process and facilitated by crystallographie phase
transformation of the electrode material.[53], [54]

The voltage response includes a charging process in which the voltage rises from
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(a)
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Figure 2.9: Schematic representation of (a) applied current profile and (b)
corresponding voltage response vs. time [53], [54]

lower cutoff potential (E;) to higher cut off potential (F;) (cut-off voltages), fol-
lowed by a discharge process where the trend reverses. The average charging and
discharging voltage, denoted by Fp and FE;,, exhibits an hysteresis gap due to
internal resistance/polarization effects within the system.[54] Repetition of such
GCD cyeles can be used to assess the cyele life and stability of the battery for its
long-term performance.[35]

In addition, GCD data can also provide insights into key battery performance
parameters, such as specific capacitance and energy density.|55]

The specific capacitance (Cy) and specific energy density (F) can be calenlated

from GCD data using equations (1) and (2) as:

I » At

Co=—r—...
AV xm (1)

where, I, At, AV and m corresponds to discharge enrrent (A), discharge time (s),
potential window (V) and the mass of active materials (g), respectively.
]' ¥ 2
E—= iﬂﬂ{ﬂ.V} .. (2)

where, AV is operational voltage window and (U is the specific capacitance of
fabricated clectrode. |56]

The Cyclic voltammetry (CV), Linear sweep voltammetry (LSV) and GCD mea-



Chapter 2: Experimental Methods

surcments, were recorded using K-Lyte 1.0 potentiostat (Kanopytech). The mea-
surements were performed at Matenial characterization laboratory, SPAS, Goa

university.
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CHAPTER 3

NASICON-based ceramic
electrolytes

3.1 Introduction

Sodium (Na) Super-lonic CONductor (NASICON) with the general formula
Nay . ZraSi. Py 2045, first reported by Goodenough's group, exhibited ionic con-
ductivity exceeding 100 mS/em at 300°C for z—2.]1], |2].This high conductivity
originates from its framework of corner-sharing Si/P()y tetrahedra and Zr()s oc-
tahedra, which creates interconnected three-dimensional channels for fast Na*-ion
transport.|3] Despite these, at room temperature, NayZra8i;P04, shows ionie con-
ductivity typically of the order of 107" §/cm, which is insufficient for practical
application in solid-state sodinm ion batteries (S5Bs).[1], [2] Therefore, composi-
tional and processing optimization are required for enhanced performance of NA-
SICON electrolytes. In the present work, various strategics have been explored
to tune both structure and morphology of NASICON, mmduding adjustments of
Si/P ratio [4], substitution of aliovalent cations at Zr'* site [5], [6], 7], and adop-
tion of alternative synthesis routes.[8], [9] Based on these optimization approaches,
three compositions have been prepared - NagZraSi:POyo, Nag 422512 4Po g2, and
Nty 4 Z1; 45¢5. 951 3P g2, Variations in 5i/P ratio and Sc** substitution ercate
a charge imbalance, compensated by additional Nat-ions to maintain neutral-
ity. Sc* was chosen as a dopant because of its ionic radius closcly matching

that of Zr™ (rya = 0.72A and rg = 0.745 A), minimizing lattice distortion.
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Additionally, two different synthesis routes have also been cmployed for these com-
positions - conventional solid state reaction (SSR) and hydrothermal-based solid
state reaction (HT-SSR). The HT-SSR mcethod was employed with an expecta-
tion of facilitating better reactivity of precursors, ensuring homogeneity of mixing
through the use of a iqumid medium.

The objectives of the present investigation are thus:

e Vernifying the influence of systematic structural tuning on Nat-1on conduce

tivity of proposcd NASICON compositions

& Comparing the impact of the HT-55R method over the 5SR method on the

microstructure of NASICON compositions.

e Understanding the role of structure in ionic conduction and establishing a

structure-composition-property relationship.
e Determining Nat-ion migration pathway in the proposed system.

e Evaluate the electrochemical performances.

3.2 Methods and experimental design

3.2.1 Synthesis

The NASICON compositions of NagZroSiaP()e, Nag fraSis (Ppgl)s and
Nag 4 Zrya5cp25122Ppa(hz in the curremt work were synthesized by two dif-
ferent synthesis approaches — the solid-state reaction method (SSR) and the
hydrothermal-based solid-state reaction method (HT-SSR).

Nominal polycrystalline NASICON compositions were prepared by a solid-state
procedure using Na,CO, (Sigma Aldrich, 99.0 %), ZrQOy (Sigma Aldrich, 99.0 %),
Si02 (Alfa Aesar, 99.9 %), Sc20)3 (Sigma Aldrich, 99.0 %), and NH,H-PQ, (Alfa
Acsar, 99.9 %) as precursors. The starting materials were ground and preheated to

get rid of moisture that may be present. Stoichiometric amounts of the precursors
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Chapter 3: NASICON-based ceramic clectrolytes

woere mixed using isopropanol in an agate mortar and pestle. Dried mixtures were
caleined at 1100°C for 10 h. Later, the calcined powders were ground manually
and pressed to form pellets of 10 mm diameter and ~ 2 mm thickness, applying a
pressure of 250 MPa for 5 min. Finally, the pellets of NagZraSia POy, were sintered
at 1220°C for 10 h, and Naj 4Zr.5i5 4Pg 04 and Nag (2 505 9515 2Pp 02 were
sintered at 1260°C for 5 h. The chemical reaction of the synthesised composition

of NagZraS5isP0)ys is as follows:

3 NapCly + 4710z + 45102 + 2NH HaPOy — 2NaaZrsSiaPlhs

In the HT-55R mothod., NASICON compositions were prepared using NaN(Q,
(Alfa Aesar, 99.0 %), Sca0y (Sigma Aldrich, 99.9 %), ZrO(NO4), (Sigma Aldrich,
99.0 %), Si(OCzHs)4 (Alfa Aesar, 99.0 %), and NHyHzPOy (Alfa Aesar, 99.9 %) as
precursors. Before the synthesis, all the powders were tinely ground to avoid lumps
while mixing. Furthermore, NaN(), Sc,();, and NH H,PQ),; were heated above
100°C to climinate any moisture that may be present in the powder. After the
preliminary treatment, required amounts of NaNOs, ZrO(NOy)s, and Sce(Oy (for
N34Z58Pns) were first dissolved in detonized water and mixed into one solution.
To facilitate the solubility of Scy()y in the solution, nitric acid was added. Subse-
quently, a stoichiometric amount of Si(0C:H;5)4 was added to the solution along
with a small amount of nitric acid to dissolve the silicon source. On hydrolysis
of Si{OC2H;5)4, a required amount of NH.H2P(); was added, which transformed
the homogencous solution into a mixture of colloidal sol and precipitate. This
mixture was then stirred overnight. The resulting mixture was transferred mto
an autoclave and treated at 150 °C for 7 hours. This reaction product was dried
at 100 °C for 24 hours, yiclding a white powder. The obtained powder was then
caleined at 800°C. The calcined powder was ground using ethanol as a medinm,
and the dried powder was then pressed into 10 mm pellets with a pressure of 250)
MPa for 5 min. Pellets of NagZrySi, PO, were sintered at 1250 °C for 5 h, whereas

N%t.;{_{zrgﬁig_q Pn_ﬁ(]}_g and NH;.;AH{:{]_;;ZI'LESig_an_H{}|z were sintered at 1260 °C for 5

8
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h. The schematic diagrams of the S5R and HT-SSKR methods are outhned in

Figure 3.1.

I Mn-ﬂm |
T
_ 4 hef

| Prossingat 250 Mpa

: sintaring 1250 -12600°C, 3] |

Figure 3.1: Synthesis scheme of the solid state reaction (SSR) method and the
hydrothermal-based solid state reaction (HT-5SR) method
The following short names - N3gZSP, N3 4Z5Pys, and N3 4Z55Pg s have been used
for NayZr,8i, PO, Nag 1 Zr38is 4Pog(42, and Nag 4Zr; ¢85¢.2515 2P 012 composi-
tions, respectively, followed by the term *SSR’ or ‘"HT-S5R’ depending on the

emploved synthesis method.

3.2.2 X-ray and Neutron powder diffraction study

Room temperature X-ray diffraction (XRD) measurement of the powder samples
was performed on a Rigaku diffractometer, using Cu K, radiation. Data wore
collected in a 20 range of 10°-80° with the step size of 0.02°. Neutron powder
diffraction (NPD) data were recorded at room temperature using PD-2 diffrac-
tometer (A = 1.241431‘1} cquipped with five lincar position-sensitive Hed detectors
at the Dhruova reactor, Trombay, India. For NPD, the powder sample was filled
inside a evlindrical vanadinm can and placed on the neutron beam for this mea-
surement. The diffraction pattern was corrected for instrumental background and

normalized with the vanadium standard sample.
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Crystalline phase and structural refinements for XRD /NPD data were carried out
using the Rietveld method in Fullprof software[10]. In the refinements, a psendo-
Voigt hunction was used to describe the line shape of diffraction peaks. In the
first step, scale factors, background cocthicients, 28 zero positions, line widths, and
peak shapes were determined. The second step deduced positional parameters and

site pccupancics.

3.2.3 Impedance spectroscopy (EIS) and scanning electron

microscopy (SEM)

Electrical conductivity was determined with clectrochemical impedance spee-
troscopy (EIS) using two different impedance analyzer setups, PSM1735 Nu-
metri(), UK, and Hioki IM3570, Japan. An AC amplitude of 121 mV and fre-
quency range of 10 Hz - 8 MHz was used to record the impedance data in the
temperature range of RT-120°C. DBefore the EIS measurements, the sintered pel-
lets woere coated with silver paste on the parallel surfaces and fired at 500°C for
2 h to establish electric contact. For equivalent cirenit fitting of the impedance
data, EISSA software|l11] was used. EIS measurement at low temperature was
performed using an ice bath, and the temperature at the sample site was probed
by an external thermocouple.

The microstructure was examined using SEM measurcments on a Carl Zeiss setup.
In order to create a thin conducting layver on the surface of the non-conducting
sample, pellets were sputtered with gold. To find the averape particle size from

the SEM images, the Image] software|12] was used.

3.2.4 Positron annihilation lifetime spectroscopy

The PALS measurements wore performed using two BaFs seintillation detectors
connected to fast-fast coincidence system. A *Na positron source (~10 pCi)
sealed within a thin Kapton foil (5mm x S5mmx 8 pm) was put inside the powder

sample and kept in an aluminum vial. Subscquently, the vial was kept between
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two BaFs detectors in 90° configuration. The time resolution measured with %Co
in the **Na encrgy window scttings was 220 ps. The time calibration was kept
12.5 ps/channel. The total mumber of counts acquired in cach spectrnm was

approximately 1 x 108,

3.2.5 Electrochemical performance - Cyclic voltammetry,

Galvanostatic cycling, and DC polarization

The electrochemical measurements, including eyelic voltammetry (CV) and gal-
vanostatic charge-discharge (GCD) eyeling, were performed on NASICON com-
positions using a potentiostat /galvanostat (K-Lyte, Kanopy, India). The cell con-

figuration of Agjelectrolyte|Na and Najelectrolyte

Na was used for CV and GCD,
respectively, The DC polarization eurves for NASICON ceramic were recorded us-

ing an Aglelectrolyte|Ag cell with a Keithley 6514 clectrometer under an applied
voltage of 0.8 V.

3.3 Results

3.3.1 Phase identification and structure determination

The erystal structure of the prepared NASICON compositions was investigated
using X-ray and nentron powder diffraction. XRID was used to confirm the phase
formation and asscss the influence of sintering conditions. On the other hand, NPD
was used to accurately determine the occupancies and positions of light atoms such
as oxygen, silicon, phosphorus, and sodium. Room temperature XRD pattern
of 85R prepared NASICON compositions at sintering temperature of 1220°C is
shown in Figure 3.2.

In NASICON compositions, high-temperature sintering s required to densify
the pellets and minimize grain boundary resistance; however, it often leads to

volatihzation of sodium and phosphorus, which in turn promotes the formation of
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T=1220°C/10 h
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Figure 3.2: XRD pattern of the NASICON compositions synthesized by the S5R
method with sintering temperature of T = 122070 for 10h

impurity phase(s) such as ZrQOs and NazPQOy. Therefore, an optimnm temperature
is important for balancing densification with phase purity. Noi ef al. reported a
sintering condition of 1220°C/10h as optimum for NyZSP composition [13], and
therefore, it was initially adopted in the 85R synthesis. Under this sintering con-
dition, the S5R synthesised N3ZSP composition formed the desired NASICON
phase, and its ionic conductivity presented in section 3.3.3, closcly matched the
reported value.[13] However, Ny 4ZSPpg and N3 4ZSSPy s compositions contained
a substantial amount of NayZrSis(); as a sccondary phase, along with traces of
unreacted Zr()y phase observed across all three compositions. The presence of
NapZrSiz()7 phase [14], possibly arising from the incomplete solid state reaction,
suggested that 1220°C /10 h was insufficient for complete phase formation of these
two compositions. The sintering condition of 1260°C/5h was considered, after
noting it as another optimnm condition reported by several groups [3], [15], [16].
Therefore, the NASICON compositions of Na ZS5Pgs and Ny ,ZSSP, 5 were re-
prepared and sintered at 1260°C for Hh. The corresponding XRD patterns of
these compositions are shown in Figure 3.3,

From Figure 3.3, the re-sintered compositions were found to be free of NagZrSiz();
phase. This confirmed that the optimam sintering condition 1s composition-

dependent. In case of HT-55R compositions also, shightly different sintering tem-
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T=1260°C/5 h
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Figure 3.3: XRD pattern of the NASICON compositions synthesized by the 55R
method and with sintering temperature of T = 1260°C /5 h

peratures woere used for NaZSP and Ni  Z5Pag, Ny 4 Z85P, 5 as prescribed by proe-
vious reports [15], [16], [17]. The HT-8SR-based N3ZSP composition was sintered
at 1250 °C while the Ny Z85P, 5 and N,y ,Z85P; ¢ were subjected to 1260°C for 5

hours. The XRD patterns of the HT-55R compositions are shown in Figure 3.4.

*NaaPD‘

iy "]_* N, ZSSP
5
L3 I I
= N. ZSP
E LA+ 34 (i
g
=

| N,ZSP

LA L.
[N W THE IR VN .. Im-ﬂ
0 20 20 40 50 80 70 8O

Figure 3.4: XRD pattern of the NASICON compositions prepared by the
HT-SSR method and with sintering temperature of T'= 1250°C — 1260°C/5h

It was observed that, despite the use of optimum sintering temperatures, small
amounts of Zr(), and /or Na;P(), impurity phases were still present. The presence
of the Zr()y phase is commonly linked to the limited reactivity of the zirconia pre-
cursor, particularly in the solid-state reaction route. However, even in the HT-55R

route, where zirconia precursor is used in a more reactive form, impurity remained.
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This persistence may be attributed to the loss of sodium and phosphorus at the
cmployed sintering temperatures, which may disturb the stoichiometry and create
Zr-rich regions, making its complete elimnation challenging.

The Rietveld refinement was performed on the prepared compositions to determine
the erystal structure and quantify the phase fraction. The Rietveld refined spoectra
of the S5R and HT-55R based NASICON compositions are shown in Figure 3.5

and Figure 3.6, respectively.
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Figure 3.5: The Rictveld fit to the XRD pattern of S5R-based NASICON
compositions

The sodinm sublattice in NASICON has been described vsing different structural
models, cach proposing distinet site locations and ocenpancies with varying num-
bers of Na sites. Initial refinements based on the commonly used three-site model
|18] did not provide a satisfactory fit to the present diffraction data. Therefore,
Rietveld refincment for all compositions was carried out using the five-site Na
model proposed by Zhang et al[19] The refined values of structural parameters
for the Ny jZ55P; ¢ composition and the lattice parameters of impurity phases are

shown in Table 3.1 and Table 3.2, respectively.
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Figure 3.6: The Rictveld fit to the XRD pattern of HT-S5R-based NASICON

compositions

For refinement, the thermal parameters were kept at fixed valoes, and only the
ocenpancices of the Na site were varied.  Rietveld fitting of all the compositions
(prepared by SSR. and HT-SSR)) was satisfactorily indexed to the monoclinic C'2/¢
symmetry with a small amount (< 5 %) of monoclinie ZrQ); and /or NagP(O, phase.
The unit cell parameters and impurity phase contents after tinal relinement are
shown in Table 3.3.

The volume of the unit cells of the Ny Z5Pg s and Na,Z55P s samples was ob-
served to be slightly larger compared to that of the N3ZSP compositions. Fig-
ure 3.7 shows the RT NPD pattern with Rietveld rehinement for HT-SSR-based
N4 4Z55P, ¢ composition. The Rietveld retined Nal-5 occupancies, and Na con-
tent /formmla unit are listed in Table 3.4

For N3 4Z55Py s composition, the final sodinm site occupancy factor, ccll volume,
lattice parameters, atomic positions, and Na-content/fn. estimated from NPD
data were found to align well with the refined XRD parameters. NPD refinement
also revealed a phase fraction of Ny (Z55P; ¢:Na,PO, — 92:8, which was higher

85



Chapter 3: NASICON-based ceramic electrolytes

Table 3.1: Structural parameters of monoelinic C2/¢ phase in nominal HT-SSR
prepared NjyZS55Pgs obtained from Rictveld analysis of XRD

Wyckoll

Atom position y z Occupancy Ui, (AZ)
Nal 4d 0.25 0.25 0.5 (1.248(7) 0.006
Na2 de 0 0.395(9)  0.25 0.470(2) 0.006
Nad 8r (.332(5) 0.424(6) 0.321(8)  0.365(8) 0.006
Nad &1 0.191(8) 0.138(5) 0.555(4)  0.416(8) 0.006
Nad 8l 0.704(5) 0.533(5) 0828(1)  0.304(6) 0.006
Zrl &l 0.100(7) 0.248(1) 0.056(3)  0.892(9) 0.006
Sl 8I 0.100(7)  0.248(1) 0.056(3)  0.098(3) 0.006
Sit de 0 0.046(2) 025 0.371(6) 0.006
P1 de 0 0.046(2) 025 0.134(7) 0.006
5i2 8l 0.357(4) 0.111(6) 0.259(T)  0.818(5) 0.006
P2 &l 0.357(4) 0.111(6) 0.259(7)  0.263(2) 0.006
01 8l (0.148(4)  0.433(6) 0.221(4) 1 0.006
(02 Al 0.436(3) 0480(8) 0.074(7) 1 0.006
03 8l 0.252(3)  0.185  0.210(8) 1 0.006
04 8l 0.377(1)  0.137(1)  0.101(2) 1 0.006
05 &1 0.553(4) 0.187(6) 0.062(9) 1 0.006
06 8]l (L085(4) 0.148(6) 0.245(8) 1 0.006
a=15.739(4) A b= 9.{195{:1}4&, = sumE}A* A=124.6° V = 10824 A"

Table 3.2: Refined lattice parameters of impurity phases of ZrO; and NagPOy

Compositions a(A) h(A) c(A) By | v(AD
Zr0s (P2, /c) 5.328(5) | 5.210(10) | 5.177(12) | 80.9(2) | 141.4(1)
NagPOy (Fm3m) | 7.431(6) | 7.413(6) | 7.431(6) 2 410.4(2)

than that determined from XRD. Such a difference is usually expected, as nen-
tron diffraction offers higher sensitivity and stronger contrast for light clements as
well as minimal absorption effects, enabling more accurate quantification of minor
phases. Rofined Na-content per formula unit was found to increase for Na 4 ZSPp g
and Nx 4 Z55P )« samples, in agreement with their nominal compositions. As shown
in Table 3.4, the general trend of sodium site ocenpancy for each synthesis route
showed that Na2 was the hiphest ocenpied site, while Nab was the lowest. With
increasing sodinm content, the oceupancies of Nal and Nab sites increased, Nad

site decreased, and Na3d site remained approximately unchanged.
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Table 3.3: Refined lattice parameters of NASICON phase in 55R and HT-S5R
compositions and corresponding impurity phase fraction

S5R-prepared HT-55R-prepared
Lattice Zr0; | NagPO, Lattice Zr0)s | NagPO,
Samples :
2 parameters | (%) | (%) parameters | (%) | (%)
a— 15.629(2) A a— 15539(2) A
h— 9.040(8) A b= 8.983(2) A
N4 ZSP 4.70 1L.79
A = 0210(1) A e = 0.246(7T) A
g =1237° A= 123.8°
a— 157239) A a— I15.796(2) A
b—=0092(8) A h=9126(7)A
Ny ZSP 251 1.98 286
SRS | c—0181(8)A c=9.162(2) A
B=1243° A—124.8°
a = 15.720(3) A a— 15.739(4) A
h—9.080(0) A b= 9.005(5) A
N3 Z5SP 2.08 3.33
s 08| c=0.195(1)A e—=0.181(3) A
B =1243° A—124.6°
N ZSSP O v
_‘rﬂl
—V
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L | WaPo,
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Figure 3.7: The Rietveld refined fit for RT NPD pattern of No (ZS5P,, 5 sample,
prepared by the HT-55R method

Table 3.4: Refined Na (Nal-5) site occupaney factors and Na content of SSR. and
HT-55R compaositions

Na occupancy factors

S ﬂ.t.h = NH
qut‘:m Sample | content Nal Na2 Mad MNad Nab
(/fu.)
v 0.117(2) | D.436(4) | 0.368(2) | 0422 | 0.129(3)
SSR NASE | 29| (93.4%) | (s7:3%) | (36.9%) | (422%) | (129%)

0237 | 0.454(5) | 0.368 | 0.383(6) | 0.24
(47.0 %) | (90.9%) | (36.8%) | (38.4%) | (24 %)
0.247(1) | 0.487(9) | 0.331(5) | 0.320(2) | 0.310
(49.4%) | (95.6 %) | (33.1%) | (34.5 %) | (31.0 %)
0.121(4) | 0.425(5) | 0.369(5) | 0.425(1) | 0.116(9)
(24.3%) | (87.3%) | (36.9 %) | (42.5%) | (11.7%)
0.242(7) | 0.439(4) | D.412(6) | 0.380(2) | 0222
(48.5%) | (B7.9%) | (41.2%) | (38%) (22%)
0.321(7) | 0.460(8) | 0.438 | 0.240(3) | 0.230(3)
(64.3%) | (92.2%) | (43.8%) | (24%) | (23%)

My Z5Png 3.35

N, ZSSP.s | 339

N;ZSP 2.99

HT-SSR | . gep | 349

Ny A55Png 3.59

“Nu4258 n?"?'"ﬁ?ﬁ“ﬁ'i‘{ﬁj_"ﬁfiﬁfﬁ}_ A7) | 0.3e2(d) | 0.197(5)
(from NPD) | (58.4%) | (90%) | (37.1%) | (36.2 %) | (19.7%)
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3.3.2 Microstructural studies using SEM

The microstructure of a solid-state reacted NASICON plays a decisive role in de-
termining its electrical performance, with sintering conditions strongly controlling
the microstructural development. The microstructural defeets, like grain bound-
aries, can scatter the charge carriers, leading to reduced mobility and inereased
resistivity in ion-conducting coramics. Optimized sintering conditions promote
grain growth and densification, while the particle size of the pre-sintered (caleined)
powder also serves a eritical role in enhancing the sintering behavior. Notably, dif-
ferent synthesis routes can significantly affect this particle size.

Figure 3.8 presents the micrographs of caleined powders for all compositions pro-
parcd by the HT-58R method, along with the SSR-prepared Na Z85Pg g compo-
sition for comparison (Figure 3.9). The corresponding particle size distributions

are also included.
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Figure 3.8: (a, b, ¢) The SEM images of HT-SSR prepared NASICON, and (d, ¢,
f) the corresponding particle size distribution

The SEM analysis of HT-55R compositions revealed caleined powders that wore
homogeneous in appearance, with nearly spherical morphology and some degree of
applomeration. In eontrast, the S8R prepared N,  Z85P; ¢ powder displayed rela-
tively different morphology and a wider distribution of particle sizes, accompanied

by wisible clumping aronnd the agglomerates.
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Figure 3.9: (a) The SEM image of SSR prepared Ny ,ZSSPy g NASICON, and (b)
the corresponding particle size distribution

Although ageglomeration was observed in powders of both synthesis routes, it was
strongly influenced by precursor homogeneity. In the S5R method, dry mixing of
voarser precursors may cause localized clustering, leading to larger agglomeratoes.
Conversely, in the HT-55R method, wet chemistry-derived precursors could ensure
uniform cation distribution at the molecular lewvel, enabling consistent nucleation
and grain growth during calcimation.

The particle sizes were determined from the SEM images of the compositions and
presented in the form of a histogram. The average particle size was then derived
from the position of the primary peak of the particle size distribution. Primary
peak for HT-58R derived Ny 42555 powder was centered at 74 nm, consistent
with an earlicr report where the SA-S5R synthesized Nag 4ScpaZr 6512P042 com-
position exhibited a mono-modal distribution with calcined particles <50 nm. In
contrast, the SSR-derived N4y (Z8SP 5 exhibited a broader distribution with a peak
at 117 nm. The average particle sizes of the romaining HT-SSR. compositions are

displayed in Table 3.5.

Table 3.5: Average particle size of HT-55R NASICON composition and
corresponding pellet density

Average Relative
Composition | particle size | pellet density
(nm) (%)
NyZsP 131 Bh
Na.aZ5Ppg 138 Ro
N3 4Z55Pp s T4 94
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The sinterahility of the pre-sintered powders was also evaluated by estimating the
relative density of the composition pellets using Archimedes’ principle (Table 3.5).
The HT-55R-derived, N3 4Z55P; 5 composition, with an average particle size of 74
nm, cxhibited the highest relative density (~ 9%) among the sintered pellets.
Whereas the NoZSP and No ,Z5P; 5 compositions, with their higher average par-
ticle sizes of 131, 138 nm, respectively, showed lower densitics. This correlation
between hner average particle size and improved densification highlights the im-

portance of pre-sintered powder characteristics in optimizing the microstructure.

3.3.3 Electric conductivity measurements of the NASICON
compositions using EIS and DC polarization

The charge transport in an ideal eceramic clectrolyte should be predominantly
ionic, with minimal electronic contribution to ensure cfficient ion conduction.
To evaluate this behavior in NASICON compositions, clectrochemical impedance
speetroscopy (EIS) was used to probe the ionie conductivity and distinguish its
underlying contributions. Meanwhile, DC polarization measurement was used to
estimate the ionic transference nomber, to quantify the extent of ionic contribution
to the total conductivity of the compositions.

The impedance data were recorded for all the NASICON compositions in the
temperature range of 25 to 120°C and are presented in the form of Nvquist plots.
The room temperature Nyguist plots for the SSR-based NASICON compositions
are shown in Figure 3.10 (a-c), and those for HT-S5R compositions are shown in
Figure 3.11 (a-c).

The Nvguist plots of all compositions displayed a large semicirele in the high-
frequency region, followed by a spike at low frequencies. In ceramic clectrolytes,
two distinet semicireles are typically observed at higher fregquencies, corresponding
to grain and grain boundary resistances, while the low-frequency spike is attributed
to electrode polarization. In this study, broadening of semicircles was observed,

suggesting an overlap of grain and grain boundary contributions. To resolve these

90



Chapter 3: NASICON-based ceramice clectrolytes

l(a) N.2SP (b) N, ZSP ,

CPEY CPER CPE3

CPFE1 CPEZ CPE3

18] H2

O exp
0 i 2
Z (ki cm) Z' (k22 cm)
125100 75 50 25
54(e) N, 2SSP,, | 1 (d) o1
CPE1 CPEZ CPE3 e
g-z. +0.01
£
& | O-nz2sp
2 —ﬂ_—hl“ZSF'm
'-3- _D_H“zgspu -TE‘E
0.0 05 10 1.5 24 26 2.8 30 32 34
Z' (ki cm) 1000/T (K"

Figure 3.10: RT Nyquist plot for SSR-based (a) N3ZSP, (b) N34Z5Pys, (¢)
N 4Z58Pg g, and (d) Arrhenius plot

contributions. impedance measurement was carried out in Ny ZSP-S5R. compaosi-
tion at 4.2°C, as shown in Figure 3.12.

At 4.2°C, two separate semicircles were clearly distingnished, confirming their
association with grain and prain boundary resistances. At low tempoeratures,
the grain-boundary contribution dominates the total impedance, forming a larger
semicirele in the Nyquist plot that allows its separation.[20] Similar measurements
were also performed in Ny ,Z8P, 5 and Ny jZ88P; 5: however, at T = 4.2°C, grain
boundary contribution was not resolved in these compositions, and temperatures
lower than 4.2 °C were not achievable using the current experimental setup.

The grain and grain boundary resistances (Ry, Fa) were determined by fitting
the complex impedance data with an equivalent circuit, as shown in the insets
of the figures. For HT-55R-based samples, an additional inductive clement was
included in the circuit model to account for the different experimental setup em-
ployed during their impedance measurements. The contributions of By and g,

were distinguished based on their characteristic capacitance values, with CPE

~10~12 F /em attributed to grain and CPE ~10~* F /em associated with the grain
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Figure 3.11: RT Nyquist plot for HT-SSR-based (a) N3ZSP, (b) N3.4ZSPgs, (¢)
Ny 4ZSSPy g, and (d) Arrhenius plot

boundary. [21] Simulated lines due to the cireuit models are shown with solid lines

in Figure 3.10 and Figure 3.11. Further, the experimental total ionic conductivity

I
Hy+Hgh

and grain boundary conductivities (o, and oy,) obtained from equivalent cireuit

(Teatar) Was calculated using the equation, oy, =

and the values of grain

madels are histed in Table 3.6.

Table 3.6: The grain and grain-boundary conductivity values of NASICON

compositions
Synthesis Si/P=2:1 S5i/P—=2.4:0.6 Si/P=2.2:0.8
Ty Tl Tt iy I [ - L. Tt | Thotal
(mS/em) | (mS/cm) | {mS/cm) | (mSfom) | (mSfem) | (mSfem) | (mS/om) | (mS/an) | (mSem)
551 3.90 L. 099 | A0 L35 102 T1.70 137 | L6
HT-535R 417 I.1R 092 .21 L% L.1R 9.3 493 122

The total room-temperature conductivity (o) of the SSR-synthesized N3ZSP
composition was cstimated to be 0,99 mS/em. This value closely matched the
previously reported conductivity by Noi ef al[13], confirming that the total con-
ductivity obtained in this study represents the maximum achievable for the N, ZSP

composition.
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Figure 3.12: Nyquist plot for S5R-based NaZSP at T =4.2°C

For the Na-rich compositions, N4 ,ZSP 5 exhibited a gy, of 1.02 mS/cm, which
increased to 1.16 mS/em in N4 ZS8SPgg. A closer analysis of the grain conduetivity
(g = Yry) revealed a systematie trend. In SSR-based compositions, increasing
the Na content from 3.0 to 3.4 per formmla unit (fu.) by modifying Si/P ratio
from 2:1 to 2.4:0.6 resulted in a modest rise in o, from 3.9 to 4.2 mS/cm. In
N4 4Z85Py s composition, o, increased more significantly to 7.7 mS/cm, likely
due to the combined effect of the optimum Si/P ratio (2.2:0.8), as reported by
Samice ef al.[22] and scandinm incorporation. The grain boundary conductivity
(Tt = i) showed only a marginal improvement in SSR-derived compositions.
In case of HT-55R compositions, &, values were higher than those of the cor-
responding SSR-based samples, except for the parent NyZSP composition. For
N3ZSP, dtota remained comparable between the two synthesis rontes, with the HT-
SSR sample (.92 mS/cm) closely matching the 1.0 mS/cm reported by Nagash
et al.|23] for SA-S8R synthesis. For HT-SSR-derived Ny ,ZSPy 4 and Ny 4ZSSP 4
compositions, gy, increased from 1.18 to 3.22 mS/cm, respectively. Analysis of
the grain contributions revealed that, similar to SSR compositions, the grain con-
ductivity increased across the series; however, the values were consistently higher
than those of SSR samples. This improvement can be attributed to reduced sodium
loss during the lower temperature caleination at 800°C, compared to 1100 °C for
S5R synthesis. For the HT-55R compaositions, o, increased from 4.17 mS/em for

£

N4ZSP to 6.21 mS/em for N3 4Z5Pgs, and reached 9.34 mS/em for Ny 4ZSSPqs.

093



Chapter 3: NASICON-based ceramic clectrolytes

The grain boundary conductivity (o) also showed a gradual increase, rising from
1.18 to 1.45 mS/cm, and reaching a maximum of 41.93 mS/cm for N3 4ZS5P; 5. The
highest conductivity was observed for the HT-55R N3 4Z55Pg s composition. This
indicates that the optimized sintering conditions and composition enhance grain
conductivity, while the improved microstructure achieved through the HT-S5R
route increases grain boundary conductivity. Together, these factors contribute to
the high total conductivity of 3.22 mS/cm.

The temperature dependence of gyga for the S5R-based samples is presented in
Figure 3.10(d), while for the HT-SSR samples is shown in Figure 3.11(d). All
compositions cxhibited Arrhenius-type behaviour. The o,y values of N;ZSP
and N3 Z5Pgs for both S5R and HT-55R compositions showed minimal varia-
tion across the measured temperature range. The S5R-based Ny 4Z55Pg 4 exhib-
ited a slight increase compared to the other two compositions, whercas HT-S5R
N, 4 Z55P; 5 showed a pronounced enhancement in 7, ., values across the temper-
ature range. The activation encrgy for Ni.ZS5SPps composition was estimated
to be 0,36 ¢V for the SS5R route and 0.23 ¢V for the HT-55R ronte. This lower
activation energy in the HT-55R sample further eonfirms reduced grain-boundary
resistance due to its improved microstructure. To estimate the contributions from
ionic charge carriers towards the measured total conductivity, DC-polarization ex-
periment was carried out in an Ag|N3ZSP|Ag and an Ag|Na4ZSS5Ps|Ag eell with
an applied constant potential of 0.8 V. The variation of total current as a function
of time is shown in Figure 3.13.

The ionic transference numbers woere determined for NoZSP and N ,Z55P;, ¢ using
the cquation, f; = % where I, represents the total (ionic plus electronic) enrrent
measured at £ == () s and [, corresponds to the steady state electronic enrrent
measured at £/ 7200 5. The calenlated values of ¢; were 0L97 for NaZSP and .99
for N4 Z55P 4. The magnitude of these values being elose to unity confirms that
both N3ZSP and N, ,Z55P, ¢ possess predominant ionic conduction with very low

clectronic conductivity.

M



Chapter 3: NASICON-based ceramice clectrolytes

—n ;r
1604 = V=08V
1204 1 t=n98
= soi ) l - N, ZSSP_ (HT-SSR)
5 : B NZsP (SSR)
é 40 =0.97
f-—
04 Pl gl T R NEY u
0 1500 3000 4500 600D 7500
Time (s)
Figure 3.13: DC polarization response of Ag|NaZSP|Ag and Ag|N34ZSSPas|Ag
eoll

3.3.4 Investigation of Na' defect distribution using positron
annihilation lifetime spectroscopy (PALS)

In a solid, the lifetime of thermalized positrons is governed by the local electron
density at the annihilation site, making PALS a powerful tool for probing cationic
wvacancies. Conscquently, cationic vacancies, due to their reduced electron density,
lead to an clongated positron lifetime compared to that of bulk crystals. In our
study, N14ZSPgg and N3 4Z5SPgs compositions maintain a fixed Na-content/ L.
of 3.4. which is reported to be optimal. However, this content is distributed
across five distinet sodium sites as observed from XRD/NPD results (Seetion 3.3.1.
Such a distribution of Na defects can alter the pathways available for Na*-ion
transport. making it essential to characterize both these defects and their spatial
arrangement, for which PALS was nsed.

The PALS spectra measured at room temperature in SSRE-based NoZSP and HT-
S5R-based Ny (45P, 5 and N. ,Z55P, s compositions are shown in Figure 3.14.

A typical positron lifetime spectrum can be deseribed as a sum of decaying ex-
ponentials, with cach exponential representing a distinet positron state in the
material. As shown in Figure 3.14, the slopes of the exponential decay regions
varied across different compositions. This variation reflected that the local anni-

hilation environments experienced by the positrons in the defect regions can vary
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Figure 3.14: Experimental PAL spectra of N3ZSP, N3 Z5Pg 6, and N3 Z55Pg 5

samples

with composition. To resolve these annihilation modes, PAL spectra were ana-
lyzed using PALSHt program|24|, which mathematically models the experimental

data using the following cxpression,

FiH)=)_ ; ¢tm

=1

Where, F(i) is the number of counts at time #, k is the number of exponential
decay components and 7; is the lifetime of the #* component having intensity ;.
In present study, the experimental spectra were best fitted into three diserete
lifetime components, with fitting variance close to unity. A representative fitted
spectrnm for NaZSP composition is shown in Figure 3.15 and the corresponding
positron annihilation lifetime components (7, 72, and 74) and intensitics ([, I,
and [;) are summarised in Table 3.7.

Table 3.7: Positron annihilation lifetime and intensity parameters

G Component-1 Component-2 Component-3
Compositions | G e T 7, 13.6 | 7 L0015 | T L34 | 7 L0015 | fa 23 |
(ns) (%) (ns) (%) (ns) {3@_
I?:g;? 0.180 13.9 0.354 75.6 0.608 10.5
{T{",lf:z‘if] 0.152 16.3 0.330 76.3 0.793 7.4
IEII}F}?‘:EE}E 0.131 6.1 0.339 75.0 0.656 18.9
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Figure 3.15: The fit of experimental PAL spectra for N3ZSP with three
components

In principle, when the PALS spectra are fitted using only positron components,
a material containing a single type of lattice defect (such as mono-vacancy-like
defects) yields two lifetime components. The first component 7; corresponds to
positron annihilation in the defect-free bulk region along with trapping into mono-
vacancies, while the second component (73) arises from positron annihilating after
being trapped in these vacaneies. In a case where two types of defects are present,
such as vacancy-like defects and vacancy clusters, the spectra in principle can be
resolved into three lifetime components: (1) free positron annihilation in the bulk
and trapping into the vacancy-like defects, (i1) annihilation in vacancy-like defects,
and (i11) annihilation in vacancy clusters. However, in practice, decomposing PALS
spectra into three positron components often introduces large uncertainties in the
extracted lifetimes and intensitics.|25]

Therefore, to achieve reliable fitting, the present PALS spectra were decomposed
into two positron lifetime components (7 and 72) and one positronium component
(73), which provided the best x* values. In this fitting, the third component ()
exhibits a lifetime between (0.5 ns and 1.0 ns, which cannot be attributed solely to
the pick-off annihilation of ortho-positronium (e-Ps) formed in the large voids by
multiple grain boundaries. Instead, it likely represents a combination of o-Ps an-
nihilation and trapped positronium annihilation in surface defects. Furthermore, a

fraction of thermalized positrons diffusing into grain boundarics can form positro-
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ninm, which becomes trapped in large boundary voids, giving rise to a pick-off
liletime exceeding ~ 1.0ns. Hence, in the presenot three-component htting, the
first lifetime component (71) corresponds to a weighted average of states (i) and
(11), while the second component (73) represents the state (iii). In all three compo-
sitions, the obtained 7 values are higher than the typical trapped positron lifetime
in mono-vacancy-like defects. The relatively high estimated errors observed in [
and [z across all samples indicate a distribution in the number density of these
wvoids.

To better interpret these observations, the defect states were also correlated with
the Na-site ocenpancies in the monoclinic NASICON structure shown in Fig-
ure 3.16(a).

Figure 3.16: (a) Monoclinic NASICON unit cell showing site arrangement along
the be plane and (b) Enlarged view of Na sites.

The Na atoms occupied five distinet crystallographic sites (Nal-Nab), where Ri-
ctveld refinement of diffraction data revealed the highest occupancy at Na2 sites (~
(.87) and the lowest at Nab sites (~ (1.13) in the N3yZSP composition (Table 3.4).
With increasing Na content per formula unit, the oceupancy of certain Na sites in-
creased, leading to two different categories of vacancy formation: (i) mono-vacancy
pairs (Schottky defects) at unocenpied Na2 sites, and (ii) vacancy clusters formed
by unoccupied Nal, Na3, Nad, and Na5 sites (both Schottky and Frenkel defects)
located aronnd the he planes (Figure 3.16(b)). Within this framework, 7 was at-
tributed to positron trapping at Na2 site vacancics, while 72 represented trapping

at vacancy clusters. The consistency between the estimated intensity values of
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Iy and 15 and Na site occupancics further supported this interpretation. In the
PALS, intensity reflects the concentration of defects while Lifetime indicates thar
size. For the N3ZSP composition, f; contributed only 13.8 % due to the higher
occupancy (~ (0.87) of the Na2 site, whereas [; dominated with 75.6 % due to
much lower ocenpancies of Nal, Nad, Nad, and Nab sites. These consistencies
between the PALS and XRD/NPD results support the validity of the model used

for PALS htting and the correct interpretation of the PALS components.

3.3.5 Electrochemical performance study by CV and GCD

Interfacial stability 1s a critical factor in the operation of an assembled sohd-
state battery. Since the sodium metal serves as the primary anode in practical
applications, the compatibility of N, ,Z55P; 3 HT-55R with sodinm metal foil was
evaluated using the cyclic voltammetry (CV) enrve of Ag|N;4ZS5Ps|Na eell. The

CV profile is shown in Figure 3.17.
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Figure 3.17: Cyclic voltammetry profile obtained on the Ag|N, ,ZSSP, 5|Na cell

The CV curve in Figure 3.17 exhibited a pair of redox peaks at 0.32 and 1.9
V. which can be attributed to the sodium plating and stripping process. These
observed redox potentials are also in close agreement with values reported for
Ag|N3ZSP|Na.|26| Additionally, no other peaks were detected up to 7 V|, which

shows a wider clectrochemical stability window of this composition versus Na™ /Na.
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To further evaluate its practical performance, a symmetric Na|N3 ZS5Pg s|Na
swagclok-type cell was fabricated and subjected to galvanostatic cycling under
constant current densitics of 10 and 20 pA em—=.

The voltage response was continuously monitored over an extended duration to
assess the stability and reversibility of the electrode-electrolyte interface. The

corresponding GOD profile is shown i Figure 3.18.

20 pA cm”

10 pAcm”
=)
- Hll
£
=3
2 N, ZSSP__(HT-SSR)

T ¥ T T T T

0 2 4 & & 10 12
Time (h)

Figure 3.18: Galvanostatic eycling of Na|Ny 4 Z88P; 5| Na symmetric cell.

The galvanostatic voltage profile demonstrated stable polansation  voltage
throughout the measurement duration. This result qualifics N5 ,Z55P; 4 compo-
sition for application in battery material. However, further electrochemical study

cmploying a suitable cathode material may be addressed as a part of the future

scope for the current study.

3.4 Identification of conduction channels in NASI-
CON composition

Ion transport in NASICON-type compositions is governed by the interplay of crys-
tallographie, microstructural, and synthesis-dependent parameters, as substanti-
ated by the experimental results of this study. Structural features such as increased

Na content, favorable site oceupancy distribution, aliovalent Se?* substitution, and
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an optimized Si/P of 2.2:0.8 were found to enhance conductivity. Furthermore, the
superiority of HT-55R over conventional S5R synthesis highlighted the influence
of synthesis in controlling microstructure. Conscequently, total ionic conductivity
improved due to the combined contributions of grain conductivity, determined by
intrinsic structural factors, and grain boundary conductivity influenced by mi-
crostructural characteristics. To systematically probe these structure-property
relationships, vanations of key structural parameters, such as unit cell volume,
refined Na-content/fu., Na-site distribution, and bottleneck sizes, were closely
analyzed across compositions and synthesis methods.

In the R3¢ polymorph of NASICON structure, *Na MAS NMR study on
Nag, 551 Py 202 composition has reported three-dimensional Nat-ion migra-
tion ocenrring primarily via the Nal site.[5] Given that the monoclinic €2/ ¢ phase
observed for currently synthesized NASICON compositions is also a subgroup of
R3e structure, the possible migration pathways were identified using the results
of XRD/NPD and PALS.

Figure 3.19(a) illustrates the spatial distribution of Na sites around the Nal site
and the possible migration pathways in N3 . Z55P 5 composition. From the struce-
tural model, it was identificd that each Nal site was coordinated to two Na2 sites
(3.5A), two Nad sites (1.60 A), and two Nab sites (2.5 A), with remaining inter-Na

distances listed m Table 3.8,

(a) (b)

Figure 3.1%: (a) Na*-ion migration pathways and (b) Correlated migration along
(100) plane in Ny ,ZSSP, 5 HT-SSR

101



Chapter 3: NASICON-based ceramic clectrolytes

Table 3.8: Bond lengths and bottleneck sizes for S5R and HT-55R Ny 4Z55Pg 4
composition

Bond distance (A) | Bottleneck size (A)

SSR HT-SSR SSR HT-SSR
Nal-Na2 | 3.508(2) | 3.502(2) | 2.392(7) | 2.385(5)
Nal-Nad | 1.627(8) | 1.629(7) | 2.313(8) | 2.305(1)
Nad-Nad | 1.495(1) | 1.495(2) | 2.261(4) | 2.257(1)
Na3-Na5 | 1.668(1) | 1.479(9) | 2.353(9) | 2.349(9)
Na5-Nal | 2409(9) | 2.468(4) | 2.385(1) | 2.377(5)

Path

Analysis of the migration channels revealed that Na® ions primarily migrate
through the Na2-Nal-Na2 pathway along the [101] direction via an ion hopping
mechanism (Purple arrows), whereas correlated migration oceurs along the Nal-
Nad-Na3-Nah-Nal pathway in the be plane along the (100) direction (Green ar-
rows). The Nal-Na2 hopping distance of 3.5 A supports efficient single-ion jumps
along [101] direction, whereas shorter inter-Na distances along the be plane suggest
correlated migration as the dominant mode of on transport there.

In both modes of transport mechanisms, Na*-ion mmst transverse through a bot-
tleneck area, which requires a minimum incircle diameter exeeeding the sum of
Na* and 0~ radii (2.35 A). Therefore, the bottleneck sizes for SSR and HT-SSR
synthesized Ny (Z55P; ¢ composition were determined, and corresponding values
are shown in Table 3.8.

The hottlencck size for Nal-Na2, Nad-Nab, and Na5-Nal pathways was found to
exceed 2.35 A, indicating casier migration of Na*-ion between these sites, while
the slightly smaller Nal-Nad and Nad4-Na3 bottlenccks (< 2.35 ﬁ;] implicd compar-
atively less favourable migration across these sites. However, occupancy factors
for these Na sites showed a strong preference for low low-energy Na2 site (Oc-
cupancy ~ 92 % in N3 4ZS5Pg ), which reduces hopping along the Na2-Nal-Na2
pathway despite its favorable bottleneck size. As a result, Nat-ion conduction
becomes anisotropic, with Nal-Nad-Na3-Na5-Nal pathway as the primary route
for long-range migration. This migration pathway is illustrated across two unit

cells in Figure 3.19(b).
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3.5 Conclusion

In the present work, we have investigated the system of three NASICON compo-
sitions on the basis of their structure, composition, and synthesis route. Using
N3ZSP as the prototype composition, stepwise enhancements in ionic conduoctiv-
ity were achicved. First, increasing the Na-content by adjusting the 5i/P ratio
from 2.0/1.0 to 2.4/0.6 enhanced the grain conductivity. Further improvement
was achicved by partially substituting Se* for Zr'* while maintaining the Si/P
ratio at 2.2/0.8. In addition, optimized sintering conditions and microstructural
tuning of pre-sintered powders via HT-S5R method, further boosted the grain
boundary conductivity. As a result, HT-55R preparcd N3 Z255Pg s composition
exhibited highest total ionie conductivity of 3.2 mS/cm at 25°C (approximately
three times higher than that of pristine N3 ZSP) with DC polarization confirming
negligible electronic conductivity.

Electrochemical evaluation using cyclic voltammetry demonstrated stable inter-
facial stability vs. Na metal up to 7 V, and galvanostatic charge-discharge
(GCD), showed consistent and reversible eyeling performance. Finally, XRD/NPD
and PALS analysis identificd the dominant Nat-ion migration pathway, reveal-
ing correlated mipgration primarily along (100) plane. Owerall, this established a
clear structure-composition-synthesis-property relationship and provided valuable

guidelines for designing new high performance clectrolytes.
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CHAPTER 4

PEO-NaNO>-NASICON-based
composite electrolytes

4.1 Introduction

Inorganic conductors and organic polymers are the most commonly explored
classes of solid electrolyte materials for application in all-solid-state batteries
(ASS5DBs).[1] Among inorganic systems, NASICON (Na Super Ionic CONductor)
type ceramics are notable for their high ionic conductivity (> 107 Sem™"), excel-
lent thermal stability, broad electrochemical window (= 5 V) and predominantly
single-ion conduction, which minimizes concentration polarization.|2] However,
their practical application is often hindered by poor clectrolyvte-clectrode inter-
facial contact, leading to high interfacial resistance and limited cveling stability.
Conversely, polymer clectrolytes provide good mechanical lexability and intimate
contact with the clectrode surfaces, making them suitable for Hexable battery archi-
tectures; yvet, their application is limited by low room-temperature ionic conduc-
tivity (< 107" Sem™').[3] To address these limitations, integrating ceramic fillers
into the polymer matrix has emerged as an effective strategy to form composite
clectrolytes (CEs).

Among various polymer hosts explored, poly{ethylene oxide) (PEQ) has garnered
significant attention becaunse of its ability to coordinate alkali metal cations and
support. ion transport when complexed with a suitable salt. In present work,

NaN(Q); is sclected as sodium salt, owing to its cost cffeetiveness and relatively
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casy handling compared to commonly used salts like NaTFSI [4], [5] and NaClO,
[6], |7]. Nevertheless, the high crystallinity (= 60%) of PEO at ambicnt tem-

!, necessitating operation

perature restricts its ionic conductivity to ~ 107% Sem™
at clevated temperatures (50-80°C) to enhance segmental mobility.[3] To address
these limitations, integrating coramic fillers into the polymer matrix has emoerged
as an effective strategy to form composite electrolytes (CEs). Introduction of
hoth, passive (e.g., Si0z, Al;Oy) and active (Na*-ion conducting) fillers can dis-
rupt erystalline domains of PEO and lower its glass transition temperature.[8], [9],
|10], |11] However, active fillers also provide an additional advantage by contribut-
ing Na*-ion conduction pathways at polymer-ceramic interface, therehy improving
the overall conductivity of the composite clectrolytes.

Based on this approach, Na'-on conducting PEQO-NaNO4-NASICON com-
posite  clectrolytes (CEs) have been  developed by  incorporating  three
highly conductive NASICON-type ceramic fillers of Nay 4721 oZng 15154 Pg 042,
Nag 4Zr; oNbg 1 8i24Pp 62, and NaysZr gScg25i22Pps()2, while maintaining
PEQO:NaNOy3 molar ratio at 15:1. Additionally, the optimized ceramie compo-
sitions are synthesized by three different approaches - solid state reaction (SSR)
for Nag 4Zr; gZng 1815 2Py 4045, solution assisted solid state reaction method (SA-
SSR) for Nay ,Zr; oNby 1515 4P ()2 and hydrothermal based solid state reaction
method (HT-SSR) for Nag 4Zr; 88¢6.25122Pus012. Consequently, the ion transport
behavior of the composite electrolytes (CEs) synthesized by using these fillers was
investigated to evaluate the influenee of their particle size and composition.

The objectives of the present investigation are thus:

o Synthesis and characterization of the three optimized NASICON com-
Pmiitiﬂﬂﬁ = NH.:J,’_qu']_gZIlﬂ_IHiz_zFu_ﬂ(}]_g, NH.:{_.]zrl_gNhn_lSig_.ipn_ﬁ{}]_z, and

Nag 4Zry g5¢5 2815 2P 5042

e Investigating the effect of optimized NASICON ceramic composition, parti-
cle size and weight percentage (wt%) in tailoring the polymer crystallinity,

ionic conductivity and polvmer-ceramic interfacial interactions in composite
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clectrolyte hilms.

® Assessing the clectrochemical performance of the composite clectrolyte films

in terms of their electrochemical stability and cyeling behavior.

e Determining Na™-ion migration pathway in the proposed system.

4.2 Methods and experimental design

4.2.1 Synthesis of NASICON ceramic fillers

The NASICON ceramic fillers with stoichiometric COMPOs-
tions of  NaggZr) gZng 81y 5Pgs042, Nag 421y gNbg 1513 4Py 6012, and
Nag 4 Zry 35¢p25122Pps(2 were synthesized using the solid state reaction
method (SSR), solution-assisted solid state reaction method (SA-SSR), and
hydrothermal-based solid state reaction method (HT-SSR), respectively. The
detailed descriptions of cach synthesis procedure are diseussed in the following

soctions.

4.2.1.1 Solid state reaction for syvnthesis of Nag 7, oZng Sis 2 Po 042

Nominal polyerystalline NASICON composition of Nag 47 oZng (515 2Py 502 was
prepared by a solid-state reaction procedure using Nap,COy (Sigma-Aldrich,
99.0%), Zr0; (Sigma-Aldrich, 99.0%), 510z (Alfa Acsar, 99.9%), Zn0 (SDFCL,
99.0%), and NH4HzPOy (Alfa Acsar, 99.9%) as precursors. The precursors were
ground and preheated to get rid of moisture that may be present. Stoichiometric
amounts of the precursors were mixed thoroughly using isopropanol in an agate
mortar and pestle. Dried mixtures were caleined at 900 °C for 10 h. Later, caleined
powders were ground manually and pressed to form pellets of 10 mm diameter and
~ 2 mm thickness by applying a pressure of 250 MPa for 2 min. The sample pel-
lets were sintered at 1250 °C for 5 h. Caleination/sintering temperature (duration)

was used as propesed by Yang et al [12]
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The chemical reaction of the syothesized composition of Nag 42 9Zng 1512 2Pps092
is as follows:

1.7 NW3{:(J;L + 1.4 Erﬂg + (.1 dnld+ 2.2 Slnj + (LA NI I.j“g Pﬂ.' - Nilﬁ_qzl'l_r..z]'.l"_lﬁiupu_ﬁ_n]3

4.2.1.2 Solution-assisted state reaction (SA-SSR) for synthesis of
Nag 4Zry gNbyg 1815 4Py g0z

The niobinm-doped composition of NagaZroNbp 152 4Pog(i2 was synthesized
via a solution-assisted route, using NaNO,; (Alfa Acsar, 99.0%), ZrO(NOy),
(Sigma-Aldrich, 99.0%), Si(OC3Hg)y (Alfa Aesar, 99.0%), NHy;H,PO, (Alfa Ac-
sar, 99.9%), and NH;Nb(O(C204 )2 (Sigma-Aldrich, 99.99%) as precursors. NaNQOj
and ZrO(NQO;z): were first dissolved in the distilled water and stirred until a clear
solution was obtained. Nitrie acid was then added, and the mixture was stirred
for one hour. Subscquently, 5i(0C,H;), and NH,H,PO, were added, followed by
NH;NbO(C30y )z, The resulting mixture was stirred overnight and dried at 80°C
for 24 h. The obtained dried powder was calcined at 800°C for 3 h, ground in
cthanol for 24 hours, and finally sintered at 1260°C /5h. The synthesis procedure

followed the route proposed by Liu ef al[13]

4.2.1.3 Hydrothermal-based solid-state reaction (HT-SSR) for synthe-
sis of Nag 42r,; §5¢5 3513255042

The synthesis of Nag 7 55052513 :Pp 802 was carried out by a hydrothermal
combined solid-state reaction method (HT-SSR), and the detailed synthesis steps
arc outlined in section 3.3.1.2 of chapter 3. The final NASICON powders
were mamually ground for 48 hours before mixing them as ceramic fillers in

the composites. For convenience, the compositions of Nag 4Zr; 9Zng 1512 2P s0q2,
Nay 4 £y oNby 1 8is 4 Pp 4 (44, and Nag 471y 3505 2810 0 Pg w0y are referred tooas NZ-

Z5P, NEZNSFP, and NZSSF in the following scctions, respectively.
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4.2.2 Synthesis of PEO-NaNQO3-NASICON polymer com-
posite films

The preparation of ceramic-composite polymoer electrolytes in this work was car-
ried out using the solution casting method. PEO (Sigma-Aldrich, (M, = 2 x 10°
g/mol) and NaNOy (Alfa Aesar, 99.0%) were preheated at 40°C and 150 °C for 24
hours, respectively, to remove moisture. NaNOy was first dissolved in 16.77 mL
of methanel and stirred for an hour. Subsequently, PEO and NASICON ceramic
powders were added to the solution and stirred at 40°C for 2 hours. After switch-
ing off the heat, stirring was continued for a week, with small amnounts of methanol
added intermittently to maintain adeqguate viscosity. The resulting viscons mix-
ture was then sonicated for 20 minutes to ensure its homogeneity, before heing
ecast into a petridish. The solvent was allowed to evaporate at room temperature
for three days, followed by drying at 40°C for 24 hours to obtain uniform com-
posite films. The prepared membrancs were then stored in a vacuum desiceator
to prevent moisture absorption. and an argon atmosphere was maintained during
the synthesis steps. A schematic illustration of these synthesis steps is shown in

Figure 4.1.

PEO-+NaNQ, + Nasicon

Magnetic stirring Casting Polymer composite film

Figure 4.1: Schematic diagram of the synthesis of composite polymer clectrolyte
hlms

A pure PEQ-NaNQy film was prepared with an EQ /Na molar ratio maintained at
15:1 and denoted as PE. For the Zn-doped composition (NZZSP), composite films

were fabricated by varving PEO:NASICON weight percentage as 85:15, T0:30,
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55:45, 40:60, and 25:75, corresponding to PE-z wt% NZZSP formulations. In ad-
dition, compaosite films incorporating Nb-doped (NZNSP) and Se-doped (NZSSP)
ceramics at a fixed ceramic loading of 60 wt% were prepared in later stages to ex-
amine the influence of the ceramic composition and particle size on the composite
clectrolyte propertics. The abbreviations of the synthesized films alongside thar

composition are shown in Table 4.1.

Table 4.1: The composition and abbreviation of the composite films

Composition Abbreviation
PEO-NaNO; PE
"85 wi% PE-15 wi% NZZSP |  CE15Zn
70 wi% PE:30 wi% NZZSP CE30Zn
55 wi% PE-45 wi% NZZSP |  CE45Zn
40 wi% PE-60 wi% NZZSP CE60Zn
925 wi% PE:75 wi% NZZSP CE75Zn
40 wi% PE-60 wi% NZNSP E60ND
10 wi% PE:60 wi% NZSSP CE60Sc

4.2.3 X-ray powder diffraction and Differential scanning

calorimetry study

The phase content of both the powdered ceramie fillers (NZZSP and NZNSP)
and the polvmer composite flms was examined using room temperature X-ray
diffraction (XRD) measurement, carried out on a Rigaku diffractometer using
u K, radiation. The diffraction data were collected over a 20 range of 10°-80°
with the step size of (0,027, Identification of the eryvstalline phases along with the
structural refinement of the ceramic XRD data was performed using the Rietveld
method implemented in the Fullprof software|14]. A pseudo-Voigt function was
used to deseribe the diffraction peak shape. The refinement parameters included
seale factors, background coctlicients, 280 zero positions, line widths, and peak
shapes, along with positional and site occupancy parameters. For the polymer
composite films, the Brage reflections were compared with those of the individual

constituents, i.e. PEQ, NaNQOy, and NASICON, to determine the phase of the
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composites.

Thermal analysis of the polymer composite films was carried out using Differen-
tial Scanning Calorimetry (DSC) measurement performed in a Shimadzu DSC-60
thermal analyzer. The measurements were performed in the temperature range of
RT-100°C at a scan rate of 5% /min. Sample weighing ~ 8-10 mg was sealed in the
aluminium pan and analyzed under a constant flow of nitrogen gas (100 ml/min).
The melting peak was normalized using the melting enthalpy of pure PEQO (213

J/g)|5] to estimate crystallinity (y.) of the polymer composites.

4.2.4 TImpedance spectroscopy (EIS) and scanning electron

microscopy (SEM) study

Electrical conductivity was evaluated using electrochemical impedance spee-
troscopy (EIS) on a Hioki IM3570 impedance analyzer (Japan), operating in the
frequency range of 10 Hz to 8 MHz with an AC amplitude of 121 mV. Before the
measurement, polymer-ceramic composite films were coated on both sides with
plain silver paste and dried overnight at room temperature to ensure good electri-
cal contact. For ceramie pellets, a conventional silver paste containing an organic
binder was applied, followed by heating at 500°C for 2 h to remove the organic
binder. Plain silver paste was avoided for coramic pellets becanse it exhibited poor
adhesion on the smooth sintered ceramic surface. EIS measurements for the CEs
were conducted at room temperature, while those for ceramics woere performed
in the temperature range of RT-120°C. The acguired impedance data of both
ceramic and CEs were fitted using appropriate equivalent circuit models in EISSA
software. [15]

The microstructural characterization was assessed using scanning clectron mi-
croscopy (SEM) on a Carl Zeiss instrument. Non-conducting surfaces of the sam-
ple were coated with a thin conducting layer of gold by sputtering to prevent
surface charging. The average particle size of the final coramic powder, after

~ 48 hours of manual grinding, was estimated from the SEM images using Im-
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aged software.[16] Furthermore, the clemental distribution in polymer composites
was probed by energy-dispersive X-ray spectroscopy (EDX) with SmartEDX EDS

Analysis System.

4.2.5 Positron annihilation lifetime spectroscopy (PALS)

Positron annihilation spectroscopy was used to estimate the free volume of the
polymer composite ilms. The PALS measurements were carried out using a pair
of BaF scintillation detectors connected to a fast-fast coincidence system, A **Na
positron source (~ 10 uCi) was scaled within a thin Kapton foil (fmmx5mmx3
pm) and placed between a stack of two polymer sample films. This foil was
positioned between two BaF, detectors in a 907 configuration. The time resolution
measured with "“Co in the ®Na encrgy window scttings was 220 ps. The time
calibration was kept at 12.5 ps/channel. The total number of counts acquired in
cach spectrum was approximately 1x10% The fraction of positrons annihilating
in souree material (Kapton) was corrected by subtracting the souree component
obtained through acquiring a positron annihilation lifetime (PAL) spectrum on a
reference material (silicon single erystal with positron lifetime 218 ps). The PAL

speetra have been analyzed using the PALSfit analysis program. [17]

4.2.6 Solid-state magic-angle spinning nuclear magnetic
resonance (ss-MAS-NMR)

MAS-NMR was employed to imvestigate the local Nat-ion environment and its
dynamics between polymer and ceramic phases of the composite electrolyte. 2 Na
MAS-NMR spectroscopy measurcments were performed on polymer composite
films, using a JEOL ECX 500 MHz spectrometer equipped with a 4 mm probe.
Single-pulse spectra were recorded at a MAS frequency of 10 kHz, and the chemical
shift was referenced with a 1M NaCl solution. Speetral fitting and deconvolution
of the NMR spectra were carried out using DMFit software.[18] To assess the

influence of battery cycling on Nat-ion transport behavior, spectra from pristine
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and GCD eycled composite clectrolyte were compared. In addition, *®*Na spin-
lattice relaxation time measurcment was performed using the inversion recovery
method to estimate the migration rates of the Nat-ions within the different phases

of the composites,

4.2.7 Electrochemical performance by Cyclic voltammetry,

Galvanostatic cycling, and DC polarization studies

The DC polarization measurements for both NASICON ceramics (NZZSP and
NZNSP) and polymer-ceramic composites were performed using a symmetrie cell
configuration of Aglelectrolyte|Ag and measured with an clectrometer (Keithley
6514) at a voltage of 0.8 V. The electrochemical characterizations, including cyclie
voltammetry (CV), lincar sweep voltammetry (LSV), and galvanostatic charge-
discharge (GCD) eyeling of the NASICON ceramics and polymer-ceramic com-
posites, were carried out using a potentiostat and galvanostat (K-Lyte, Kanopy,
India). LSV measnrements were employed to determine the electrochemical sta-
bility window (ESW) using a configuration of Aglelectrolyte|Ag eell. To evaluate
the compatibility of the clectrolyte with sodium metal, CV measurcments were
clectrolyte

performed using an Ag Na eell. Subsequently, GCD eycling was con-

ducted in a symmetric Najelectrolyte|Na cell to assess eyeling behavior over the
experimental duration. A photograph of the assembled Swagelok cell used for the

clectrochemical measurement is shown in Figure 4.2,

Figure 4.2: Swagelok cell during electrochemical measurement
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4.3 Results

4.3.1 Characterization of NASICON ceramic filler

In this scction, the results for the NagaZroZng,Siz2Ppg(he (NZZSP) and
Nag 4Zr; gNbg 1512 4Pp g0z (NZNSP) NASICON compositions are presented. The
characterization of Nag 421 g5c9 2512 2P a0z (NZS5P) has already been discussed

in Chapter 3 and is therefore not repeated here.

4.3.1.1 Phase identification and structure determination

The erystal structures of the synthesized NASICON filler compositions,
Nag 4 Zry 9Zng,SigoPy g0z (NZZSP) and Nag,Zr, gNby,Sip 4Py 50,2 (NZNSP),
were investigated using X-ray powder diffraction. Rictveld refinement was per-
formed to determine the structural parameters and quantify the phase fractions,
employving a five-sodium site model. The Rietveld refined spectra of the NZZSP

and NZNSP compositions are shown in Fipure 4.3,
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Figure 4.3: The Rietveld fit to the XRD pattern of (a) NZNSP and (b) NZZSP
NASICON ceramic compositions

The room temperature XRD pattern of NZNSP ceramic powder was indexed to

pure monoclinic 2 /c NASICON phasc. In contrast, NZZSP ceramic powder ex-
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hibited a predominant NASICON phase accompanied by minor secondary phases
corresponding to Zr(); and NagP()y. The phase purity achieved in NZNSP com-
position can be attributed to the SA-S55R method, wherein the use iqgud medimm
during the precursor mixing promotes improved homogeneity.

The refined structural parameters for both NZZSP and NZNSP ceramic powders
and the refined lattice parameters for the impurity phases are summarised in
Tables 4.2 4.4

Table 4.2: Structural parameters of monoclinic €2 /¢ phase in nominal NZZSP
composition obtained from Rictveld analysis of XRD data

Atom ?ﬂiﬂ:‘;ﬁ y Z Occupancy U, (A?)
Nal 4d 0.25 0.25 0.5 0.223(9) (L006(3)
Na2 e 0 0.396(3) 0.25 0.487(8) 0.006(3)
Nad &I 0.325(7) 0.432(7)  0.329(4) 0.321(5) 0.006(3)
Nad &f 0.190(4) 0.138(4)  0.566(7) 0.340(3) 0.006(3)
Nah &I 0.700(8) 0.548(7)  0.807(8) 0.300 0.006(3)
Zrl &r 0.100(2) 0.245(3) 0.057(3) 0.950 0.006(3)
Znl &l 0.100(2) 0.245(3) 0.057(3) 0.050 0.006(3)
Sil de 0 0.036(4) 0.25 0.224(2) 0.006(3)
Pl 4e 0 0.036(4) 0.25 0.192(2) 0.006(3)
Si2 &0 0.355(4) 0.107(2) 0.259(1) 0.880(7) 0.006(3)
P2 &r 0.355(4) 0.107(2) 0.259(1) 0.212(2) 0.006(3)
01 &l 0.148  0.432(9) 0.225(10) 1 0.006(3)
02 &1 0.438  0.455(2)  0.089(6) 1 (L006(3)
03 &1 0.249(9) 0.184(7) 0.217(7) 1 0.006(3)
04 &0 0.378(5) 0.124(5) 0.097(1) 1 0.006(3)
05 &r 0.552(1) 0.174(1)  0.0647(1) 1 0.006(3)
06 &I 0.086(9) 0.141(8) 0.261(2) 1 0.006(3)
a=15.699(6) A, b=9081(9) A, c=9.189(5) A, 4 =1242°, V = 10824 A"

Phase fraction of NZZSP:-ZrO:NagPOy — 91.53:4.08:4.38

Table 4.3: Hehned lattice parameters of impurity phases of Zr(); and NazP(), in
NZZSP composition

Compositions a(A)  b(A) e(A) B(°) V(A
ZrOs (P23 /e)  5.323(4) 5.202(5) 5.141(9) 807 1403
NagPO4 (Fmd3m) 7.374(5) 7.374(5) 7.374(5) - 4010
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Table 4.4: Structural parameters of pure monoclinic €2 /¢ phase in nominal

NZNSP composition obtained from Rictveld analysis of XRD data

Wyckoll

Atom position y z Occupancy Ui, (AZ)
Nal 4d 0.25 0.25 0.5 0.307(3)  0.006(3)
Na2 e 0 0.395(7)  0.25 0.480 0.006(3)
Na3 8f 0.331(7)  0.443(9) 0.303(2)  0.260(9)  0.006(3)
Nad RI 0.182(7) 0.123(8) 0.617(2)  0.425(2)  0.006(3)
Na 81 0.699(5) 0.555(1) 0.821(2) 0.263 0.006(3)
Zrl 8L 0.100(6) 0.245(3) 0.056(9)  0.938(5)  0.006(3)
Nb1 8[ 0.100(6) 0.245(3) 0.056(9)  0.049(7)  0.006(3)
sil e 0 0.025(6)  0.25 0.200(5)  0.006(3)
P1 e 0 0.025(6)  0.25 0.161(9)  0.006(3)
si2 81 0.353(5) 0.104(5) 0.264(1)  0.878(5)  0.006(3)
P2 8L 0.353(5) 0.104(5) 0.264(1)  0.213(5)  0.006(3)
01 8f (.145(9) 0.432(1) 0.253(1) 1 0.006(3)
02 RI 0.441(6) 0467(4) 0.091(8) 1 0.006(3)
03 8[ 0.257(2) 0.180(7) 0.219 1 0.006(3)
04 81 0.371(9) 0.131(9) 0.094(3) 1 0.006(3)
05 RI 0.554(4) 0.183(5) 0.053(9) 1 0.006(3)
06 8f (0.089(2) 0.155(5) 0.272(2) 1 0.006(3)
a=15.753(9) A, b =9.110(6) A, ¢ = 9.192(4) A, f=124.4°, V — 1088.8 A"

4.3.1.2 Microstructural studies using SEM

Particle size of the filler plays a eritical role in determining its dispersion, specific
surface area, and overall interaction with the polymer matrix. These factors ean
strongly infHuence the ion transport properties of the composite films. Therefore,
achieving an optimal filler particle size is essential for effective ceramic-polyvmer
interaction.[19] To evaluate the particle size of the NASICON fillers, the sintered
powders were manually ground for up to ~ 48 h to achieve mniform and fine
particles, and SEM images were subscquently obtained on these powders. Fig-
ure 4.4(a, ¢, ¢) shows the SEM micrographs of the finely ground sintered powders
of pristine NZZSP, NZNSP, and NZSSP samples, while in Figure 4.4(b, d, f) the
corresponding particle sive distributions are presented.

In NZZ5P powder, the SEM micrograph revealed predominantly spherical grains

with an average particle size of 219 nm. In contrast, the NZNSP sample exhibited
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Figure 4.4: (a, ¢, ¢) The SEM images of NZZSP, NZNSP, and NZSSP sintered
NASICON powder, and (b, d, ) corresponding particle size distribution
noticeable agglomeration, which became more pronounced in the NZSSP sam-
ple. The average particle sizes for NZNSP and NZSSP were determined to be
166 nm and 127 nm, respectively. These results indicated that different synthe-
sis technigques (as mentioned in section 4.2.1.1-4.2.1.3) yielded NASICON fillers
with distinet particle sizes, and that fillers with smaller particle sizes showed a
greater tendeney to agelomerate. This inereased agglomeration behavior conld be

attributed to the increased surface area of the particles with reduced sizes.

4.3.1.3 Electric conductivity measurement using EIS and DC polar-

ization study

Tomic conductivitios of the sintered pellets were determined from impedance data

measured in the temperature range of RT-120°C. Figures 4.5(a, b) shows the
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room temperature Nyquist plot for NZZSP and NZNSP compositions, obtained
from the complex impedance data. In both cases, the Nyvquist plot displays a
small semicircle in the high-frequency region, followed by a low-frequency tail. To
deconvolute the contributions of grain (R,) and grain boundary resistances ( Ry, )
to the total conductivity, the impedance data were fitted using an equivalent cirenit
as shown in the inscts. The black line represents the simulated fits derived from

these equivalent eirenit models.
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Figure 4.5: RT Nyquist plot for (a) NZZSP, (h) NZNSP, and (¢) their
corresponding Arrhenius plots

The estimated R, Hg, values, and RT conductivity shown by pristine NZZSP,

NZNSP, and NZS5P samples are listed in Table 4.5,

Table 4.5: Simulated values of the grain, grain boundary resistances, and the
conductivity values for NASICON ceramic filler compositions

L

Compoeition l:!;f:fu} {sﬁﬁl} (1) (S nr;trl}
N“‘“""Zr‘-?;‘;‘;%;fii:;zp“-“”'? 87.0 | 102 | 597 x 1077 | 5.27 x 10~3
N"“-*‘z"‘-?ﬁ‘&?ﬁ-mﬂ-“““ 98.7 | 1931 | 854 x 1077 | 3.42x 1073
N““-"z”-?g‘;‘gﬁifp 05012 | om0 | 2035 | 999 x 107 | 3.19 x 10

From Table 4.5, it was observed that the values of both R, Ry, were lower for
the NZZS5P sample, resulting in a high room temperature conductivity of 5.27
mS /em, which is consistent with a value reported previously.[12] The NZNSP
compasition displayed an RT conductivity of 3.42 mS /em, while NZSSP exhibited

a condnctivity of 3.19 mS/em. Among these three compaositions, the bulk condue-
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tivity was highest for NZZSP, followed by NZNSP and then NZSS5P composition.
Accordingly, dispersing active filler of higher bulk conductivity into the polymer
matrix 15 expected to improve the onie conductivity of the resulting composite
film. This behavior is examined and discussed in further detail in section 4.3.2.5.
The temperature dependence of conductivity for NZZSP and NZNSP composi-
tions, presented in Figure 4.5(¢), shows Arrhenius-type behaviour. The activation
cnergics were estimated to be 0.26 ¢V for NZZSP composition and 0.27 &V for
NZNSP composition.

DC polarisation measurement was performed to determine the ionie transference
numbers using a symmetric Aglelectrolyte]Ag configuration under an applied con-
stant potential of 0.8 V. The variation of total current as a function of time is

shown in Figure 4.6.
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Figure 4.6: DC polarization response of Ag|NZZSP|Ag (bluc) and Ag|
NZNSP|Ag (red) cell

The calenlated ionic transference numbers (f;) for NZZSP and NZNSP were (.98
and 0.99, respectively. These high values of () confirmed that the electronic
contribution to the total conductivity was negligible for both NZZSP and NZNSP

compositions.

4.3.1.4 Electrochemical performance study by CV and GCD

The interfacial stability of the NASICON compositions of NZZSP and NZNSP

apainst sodinm metal, along with their practical performance, was evaluated using
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eyclic voltammetry (CV) and galvanostatic charge-discharge cyeling (GCD). The
eyclic voltammetry profile of Ag|NZZSP|Na and Ag|NZNSP|Na cells is displayed

in Figure 4.7(a, ¢).
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Figure 4.7: (a, ¢) Cyclic voltammetry profile of NZZSP and NZNSP, and (b, d)
galvanometrie cycling behavior of NZZSP and NZNSP symmetrie eell.

A pair of redox peaks is observed at 2.34 V and -0.34 V for NZZ5P composition,
corresponding to sodinm plating and stripping processes.  In contrast, the CV
profile of NZNSP cxhibited redox peaks at .71 V and 00,43 V, with a smaller
peak separation (AE,) of .28 V compared to 2.68 V in the NZZSP sample. In
addition, unlike NZZSP, the CV tail of NZNSP composition did not attain a steady
platean region at higher voltages. The reduced peak separation and the absence
of a steady CV tail at higher voltages are suspected to be associated with the
multivalent nature of the Nb dopant, which acts as redox redox-active center and
prevents the establishment of a steady response,

The galvanometrie cycling of the symmetric Na|NZZSP|Na and Na|NZNSP|Na
cells is displayed in Figure 4.7(b, d). The GCD measurements were performed
under a constant current density of 10 pA em ™ for NZNSP and at both 10 and
100 pA em—2 for NZZSP compositions. In both cases, the palvanostatic voltage

profile demonstrated stable polarization voltage throughout the measurement du-
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ration, indicating good interfacial stability and cyclability for NZZSP and NZNSP

clectrolytoes.

4.3.2 Characterization of PEO-NaNQO3-NASICON polymer

composite

4.3.2.1 Phase identification and structure determination

The complexation of pure PEO with NaNO; and the dispersion of NASICON filler
within the resulting PEO-NaN(); matrix were examined using X-ray diffraction.
The stacked XRD pattern of PEO-NaNQ, polymer electrolyte (PE), the NZZSP
coeramic hiller, and corresponding composite CE1LSZn, CE3Zn, CE43Zn, CEG0Zn,

and CETHZn clectrolytes are presented in Fipure 4.8,
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Figure 4.8: XRD stack plot of PE, NZZSP, and CE15/30/45 /60 /75Zn with
varying NZZSP weight percentages (15-T5 wt%).

The XRD spectrum of polymer clectrolyte (PE) displays two prominent Bragg
peaks at 19.2° and 23.3°, corresponding to the characteristic erystalline reflections
of pure PEQ.|20] These peaks originate from the ordering of polyether side chains
in the PEQ matrix, reflecting its semi-crystalline nature (=60%). In the composite
films, the persistence of these erystalline peaks indicates the coexistence of both
erystalline and amorphous PEO phases. Additionally, a weak Brageg peak at ~
20.7° (marked by *) attributed to NaNQy appears in PE, CE15Zn, and CE3(Zn
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composites. This suggested that a small fraction of salt may have remained un-
complexed despite continuous stirring during the film preparation.

With increasing NZZSP content, the intensity of PEQ) peaks gradually reduced,
reaching a nearly amorphous pattern at 60 wt% loading (CE60Zn). This behavior
indicated significant suppression of PEQ erystallinity in CE60Zn composite. Cor-
respondingly, NZZSP peaks were not detectable at a lower filler content of 15 wt%,
but became visible at 30 and 45 wt%. On further addition, the inereased amor-
phous fraction in CE60Zn resulted in a fully amorphous pattern. Subsequently,
at a higher loading of 75 wt% (CET75Zn), a few NZZSP peaks reappeared on the
amorphous background.

A small but gradual shift of NASICON peaks was also noticed with increasing
everamic content. This shifting could be due to internal stress generated by the
differential thermal expansion of the polymer and ceramic. During the cooling
phase of synthesis, the polymer matrix contracts faster than the ceramie particles,
inducing a structural contraction leading to higher angle peak shifts. The absence
of new peak(s) in the composite XRD pattern confirmed that the NASICON filler

dispersed in the polymer matrix existed as an independent phase.

4.3.2.2 Crystallinity evaluation of polymer composites by DSC

The thermal properties of the compaosite eleetrolytes were investigated using dif-
ferential seanning calorimetry (DSC). Figure 4.9(a) depicts the DSC thermograms
recorded during the heating cyele from 30°C-100°C, while Figure 4.9(b) shows
the thermogram corresponding to both heating and cooling eyeles in PECQ), PE,
and CEGNZn samples.

The DSC thermogram of Pure PEQ, PE, and all composite electrolytes (CEs),
recorded during the heating eyvele, shows an endothermice peak at ~ 67°C. This
endothermic peak corresponds to the melting of PEO and its transition from
erystalline to a molten phase. The onset of melting for PEQO was determined to

be at ~ 62.5°C. The residual erystallinity (x,.) of the PE and CEs was estimated
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Figure 4.9: DSC thermograms of (a) heating cycle for pure PEQ) film, PE, and
CE15/30/45/60/75Zn films and (b) heating and cooling cycle for pure PEQ, PE,
and CEGNZmn.

from the melting peak arca (AH,,) and normalized using the reference melting

enthalpy of pure PEQ (AH! —213 J/g) following the equation|21],

= llﬁ'f'{lﬂn
Xe = AHD

m

% 100%

The erystallinity fractions and the associated melting/erystallization temperatures
derived from the DSC analysis are listed in Table 4.6. Crystallinity fractions ob-
tained from XRD analysis are also tabulated alongside and show close agreement
with the DSC results. It was noted that, with increasing NZZSP ceramic con-
tent in CEs, the eryvstallinity of PEO pgradually deereased, reaching a minimuam in
CEG0Zn. followed by a slight increase in CE75Zn. This reduction in erystallinity
fraction is attributed to the disruption of the ordered polyvether side chains of PEQ
cansed by the addition of NaNQOy and NZZSP filler. Among all the CEs, CEGDZn
exhibits the lowest crystallinity (22.3 % from DSC), indicating prominent amor-
phization of the polymer matrix. Furthermore, the intensity of the DSC curves
for CE15Zn and CE30Zn composite electrolytes shows comparatively lower but
broader endothermic features, indicating a wider distribution of melting temper-
atures for these composites. This broadening likely reflects the formation of PE()
crystallites with varying sizes at lower ceramic loading; whereas, at higher ceramic

content, the growth rate of these crystallites is largely suppressed.|22]
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Table 4.6: Crystallization temperature, melting temperature, estimated
erystallinity (XRD and DSC), and RT ionic conductivity of the PE and CEs.

Crystallinity | Crystallinity

Compositions EE{TF:} {31;’]‘} (%) (%)
[rom XRD [rom DSC
PE{?;I%N“?' 519 | 674 | 574 619
Bb ?5111}52:3% NZZSP | 496 | 66.9 45.0 431
0 wii ?E;En‘;ﬁ NZZSP | 496 | 670 34.9 33.0
55 wilh I{*{Elﬁ;:f, NZZSP | oo | ey 11 s
40wt Téfﬂ;? NZZSP | 509 | 663 95 6 223
25 Wt T;;E“Zﬁ{’ NZZSP | c00 | 669 31.3 29.0

The melting and the erystallization peak for PEQO, PE, and CE60Zn observed
during the heating-cooling cyele are presented in Figure 4.9(b), illustrating the
transition of the polymer between the partially erystalline and molten amorphous

states.

4.3.2.3 Microstructural analysis using SEM and EDX

Figure 4.10 (a-f) illustrates the surface morphology of PE and composites contain-
ing varying weight ratios of NZZSP.

The SEM micrographs of these PE()-based membrancs show complex morphology
arising from the coexistence of the erystalline and amorphous phases. The vein-
like bulk regions observed in the micrographs arc believed to correspond to the
erystalline domains (spherullites) and are surrounded by the amorphous matrix.
The charactenstic lamellar microstructure of these spherullites can be seen in the
magnified view of Figure 4.10(g, h). The identification of the lamellae is consistent
with the ohservations by Patla et al |23]

On the introduction of the NZZSP into the polymer matrix, NZZSP crystallites
were found to integrate within both the lamellae of the spherulites as well as the

amorphous region, as highlighted in Figure 4.10(h). At 60 wt% of the NZZSP
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Figure 4.10: SEM images of PE film (a), CE15/30/45/60/75Zn composite films
(b-f}, and zoomed view of CE15/30/60Zn from the red circle region (g-i).
loading, the surface of the membrane appeared notably smoother, with minimal
pores, indicating higher amorphous character in CE60Zn. This observation is
also in agreement with its lowest crystallinity fraction as obtained from XRD
and DSC analysis. Further increasing the NZZSP filler to 75 wt% resulted in
phase separation within the composite. To further examine the distribution of the
NZZSP filler within the polymer matrix, energy dispersive X-ray (EDX) mapping
analysis was also conducted. The EDX clemental maps for CE45Zn and CE60Zn

arc displayed in Figures 4.11 and 4.12.

In the EDS mapping images for CEASZn and CEG0Zn, the clements specific to
the NASICON filler, 1.e., Zr, P, and 51, were probed and found to be uniformly
distributed within the polymer matrix. This confirmed that the NZZSP NASICON

filler was uniformly dispersed in the polymer matrix.
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CE45Zn

Figure 4.11: EDX mapping of Zr, P, and 5i in CEA5Zn composite film

CEGOZn

Figure 4.12: EDX mapping of Zr, P, and 51 in CE60Zn composite film

4.3.2.4 *Na MAS-NMR spectrum and spin-lattice relaxation time
measurement

Procuring detailed structural features of sodium ions in the polymer composite

clectrolytes is challenging using the conventional XRD technique, as sodium, be-

ing a lighter clement, scatters weakly., Additionally, the integration of a polymer

matrix with NASICON hller adds another layer of intricacy. In such a case, loeal
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Na ecovironment and its dynamics within the polymer and ceramic phases can be
probed using ®Na MAS NMR. #Na MAS NMR spectra of the pure NZZSP NA-

SICON, NaNQ; powder, and corresponding CEs are presented in Figure 4.13(a).

Ea: T.3ppm
L NaNO,
.ﬁ CE75Zn
—I.&Ey—_ CEBOZn
_,L__ CEA45Zn
_J,___ CE30Zn
5.7 ppm
e NZZSP
30 20 10 0 -10 -20 -30 -40 -50 3 20 10 0 40 -20 -30 -40 -50
“Na shift {ppm) “Na shift (ppm)

Figure 4.13: (a) #Na MAS NMR spectra of NZSSP, NaNQO, powders, and
CE30/45/60/75Zn clectrolytes and **Na MAS NMR. spectra of CE60Zn with

four stimulated Na site contributions.

The #Na NMR spectrum of NaNO; displays a narrow resonance at the peak po-
sition of -7.3 ppm, whereas NZZSP NASICON exhibits a broad signal centered
at -8.7 ppm. The narrow resonance line observed for NaNQ; arises from its very
small chemical shift anisotropy and low quadrupolar coupling constant. On the
other hand, the broad resonance signal in NASICON originates from the overlap
of signals associated with multiple non-equivalent Na sites having high guadrupo-
lar coupling constants. The spectrum of composite clectrolytes (CEs) possesscs
structural features of both NaNQ; and NZZS5P, and a progressive increase in the
relative intensity of NZZSP contribution is evident with increasing NASICON
content. Figure 4.13(b) presents the deconvolution of the CE60Zn spectra per-
formed using the DMfit program.[18] A satisfactory fit was achieved with four
signal contributions corresponding to NaNQ3 and Nal, Na2, and Na3-5 sites of
NZZ5P ceramic. These Na sites were selected based on the erystallographic sites
in monoclinic ("2/¢ NASICON structure and correspond to the Wyckoff positions

of 6b, 4e, and Bl respectively. The assipnment of four signals was directed by the
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Na site positions and previous **Na NMR reports.|24], [25]
In addition, the interaction between the (NOs)™ group and the NASICON grains
was substantiated by comparing the experimental and caleulated values of relative

NaN(); intensity, as shown in Figure 4.14.
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Figure 4.14: Relative NMR signal duoe to NaNQ)y of composite films.

It was observed that the experimental relative intensity of NaNQOy NMR spectra
was lower than the nominal NaN(); content in the composite. This deviation
indicates an increased dissolution of the NalNQ; salt by the ceramic particles,
which suggests an electrostatic interaction between (NO3)™ groups and Na™ ions
located on the surface of the NASICON ceramic grains.

Spin lattice relaxation time (7)) measurement is sensitive to localized Na™-ion
jumping and dynamics and was therefore used to estimate the Na'-ion migration
rates in polymer composites. [26], [27] In the current case, **Na spin-lattice re-
laxation time (Ty) for CE60Zn was measured by the inversion recovery method.
Figure 4.15 displays the #Na nuclear spin moment recovery curve for different
applied delays together with the corresponding htting. A satisfactory fit to the

expoerimental curve was attained using the following equation,
RO -

Where M, — 4.711, A; = 0.602 arc fitting constants, and T}% and T}" represent

the relaxation times for ceramic and polymer phases, respectively.
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Figure 4.15: ®Na spin-lattice relaxation measurement. by the inversion recovery
method.

This two-component model aceounted for the contribution of Nat-ion migration in
the polymer and ceramic phases of the composite clectrolyte. The estimated spin-
lattice relaxation rate for the polymer phase (SLRY) was 0.18x107 s, whereas
that for the ceramic phase (SLRY) was 0.31x10" 7', Since a higher relaxation
rate (SLR) reflects faster ionic motion, the estimated relaxation times indicated
that at room temperature, Na™-ion migration rate is much faster in the polymer
phase than in the ceramic phase. However, the Nat ion's migration across the

polymer-ceramic interface could not be identified by Ty measurement.

4.3.2.5 Electrical conductivity measurement using EIS and DC polar-

ization study

Tonic conductivitics of the prepared polymer electrolyte and the composite clec-
trolytes were evaluated using electrochemical impedance spectroscopy over a fre-
guency range of 10 Hz to 8 MHz. The corresponding Nvquist plots, obtained from
RT EIS data of the PE and all CEs containing diferent concentrations of NZZSP
ceramie, are presented in Figure 4.16(a).

All the Nyquist plots exhibit a compressed semicircle in the high-frequency region,
followed by an inclined spike at lower frequencies. The semicircle corresponds to
the ionic conduction through the bulk of the polymer clectrolyte, whereas the spike

arises due to the blocking nature of silver clectrodes (electrode polarization). As
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Figure 4.16: RT Nyquist plots of impedance data for (a) PE and
CE15/30/45/60/75Zn. Impedance data at high frequencies are shown in the
inset. (b) Comparison of RT Nyquist plot for CE60Zn/Nb/Se compaosite
clectrolytes and (¢) Comparison of RT ionic conductivity of composite clectrolyte
with varying NZZSFP content and ceramie hller.

shown in the insets, the diameter of the semicirele gradually deercases with increas-
ing NZZ5P content, with the smallest semicirele observed for the CEG0Zn compos-
ite. Similarly, Figure 4.16(b) compares the Nyquist plots of composite electrolytes
containing 60 wt% of different NASICON compositions (NZZSP, NZNSP, and
NZSSP). In this case, it was observed that the semicireles for CEGOND and CE60S¢
woere significantly larger than that of CE60Zn, indicating comparatively higher re-
sistance. Furthermore, the ionic conduetivities derived from the impedance data
are plotted in Figure 4.16(¢), comparing CEs with varying NZZSP content (red
data points) and those containing different NASICON compositions at 60 wt%
loading (blue data points). The conductivity of the CE membrane increased with
NZZSP content, attaining a maximum value of 2.2x 107! Sem ™! in CE60Zn, before
decreasing for CETHZn. These results inferred that the optimal ceramic content
for the PEO-NaNO-NZZSP composite electrolvte is ~ 60 wt%. However, replac-
ing the NASICON composition from NZZSP to NZNSP and NZSSP resulted in
lower ionic conductivities of 3.2x107" Sem ™" and 2.6x10™" Sem ™! for CE60ND
and CEG0Sc, respectively.

Additionally, to reveal contributions influencing the overall conductivity, the
Nyquist plots of PE, CE60Zn, CEGOND, and CE6G0Sc were fitted using equivalent
circnit models. The experimental Nyguist plots along with the simulated lines and

corresponding equivalent circuit models are displayed in Figure 4.17(a-d).
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Figure 4.17: Nyquist plots for complex impedanee data recorded at RT for (a)
PE, (b) CE60Zn, (¢} CE60Nb, and (d) CE60Se with their equivalent circuit
fitting in inscts.

The high-frequency semieircle of the PE sample was fitted using two R || CPE
(CPE: constant phase clement) components, representing the contributions from
the polymer bulk amorphous phase (with resistance Ra) and erystalline phase
(with resistance Rg) of the electrolyte.  In contrast, the Nyquist plots of
CE60Zn/Nb/Sc were adequately fitted using only a single R || € PE component,
attributing solely to ionie transport through the amorphous phase of the compos-
ite. This behavior indicates that at 60 wt% of NASICON loading, the dominant
mode of ion transport was governed by the amorphous phase of the composite.
This observation is consistent with XRD/DSC analysis, which revealed reduced
crystallinity in the composite membrane, as well as **Na spin-lattice relaxation
time (7]) measurement that demonstrated faster migration within the polymer
phase. The estimated RT conductivities and the cqunivalent eircnit fitting param-

cters are listed in Table 4.7.
The 1onic and electronic conductivity fractions of PE and all the CEs were evalu-
ated employing direct current (DC) measurement, as shown in Figure 4.18. The

DC polanzation of NZZ5P ceramic is also included in Figure 4.18 for reference.
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Table 4.7: Simulated values of the amorphous and erystalline phase resistances,
and the conductivity values for the PE and CEs

e Ity o o
Composdion (2cm) ($2em) (Sem™!)
(PEO)1s -NaNOs 12007 | 1.06 x 107 | 8.29 x 107"
(PE)
PEO-NaNQO,-60NZZSP @ ; 4
{{!’Eﬁ-{]Zn} 4593 220 = 14
PEO-NaNO-GONZNSP -
5 L} - . ..I 2 o
(CEGOND) 1057 3.22 » 10
PEO-NaNQO4-60NZ55P 5
{(.'EEEI'ISL-] J7RTO c 2.64 = 10
e O NZZSP
30{l o PE T
i —o— CE16Zn o 1;5
541 o CE30Zn 454
Ty|i o CcEaszn s
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Figure 4.18: Potentiostatic polarization curves of the NZZSP filler, PE, and CEs
(tested at room temperature under (0.8 V: Insets are the ealenlated jonic
transference mumber)

As listed in Figure 4.18, the ionic transference number (1) of NZZSP ceramic is
0.99, and while that of CEs is in the range (1.83-0.92. These values confirm that

overall conduction in NZZSP, PE, and CE membranes is ion-dominated.

4.3.2.6 Ewaluation of free volume by PALS study

Free volume governed by chain dynamics of polymeric material plays a crucial role
in the ion conduction process, as it facilitates the migration of ions through the
matrix. Ton transport models further sngeest that a eritical free volume is required
for effective ionic movement.[28], [29], [30] In this regard, positron annihilation

lifetime spectroscopy (PALS) serves as a suitable means to probe the free volume

134



Chapter 4: PEO-NaNOs-NASICON-based composite clectrolytes

changes, since ortho-positronium (o-F,) localizes within the free volume holes and
its lifetime directly reflects their characteristics.[31], [32], [33]

PAL spectra were recorded at room temperature for PE as well as for all the
polymer composite clectrolyte (CEs) membranes. A representative PAL spectrum

recorded for CE15Zn is shown in Figure 4.19.
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Figure 4.19: Experimental PALS spectrum recorded for CE15Zn composite
clectrolyte. Simulated spectrum with three components is shown with lines

The mnlti-cxponential nature of the PAL spectra was examined by decomposing
the lifetime spectrum, F(#), into three exponential decaying components, as illus-
trated by the simulated lines in Figure 4.19. The spectra were analyzed using the
relation, F(f) = Z:;I 4 ¢t/ where F(t) is the number of counts at time £, and
7; is the lifetime of the i* component having intensity of I;.|34] The fitted values
of the components 7 and I; (i-1-3) for PE and CEs arc summarised in Table 4.8.

Based on the values of lifetime and intensity components listed in Table 4.8,
component-1 (7; and [,) was attributed to the annihilation of para-positronium
(p-P,) and free-positron in the bulk while they diffused into the matrix during
thermalization. Component-2 (72 and ) was assigned to the annihilation of
positrons that have not formed posifronium; instead were trapped by the polar
groups or free volume defects present in the polymer.|32] Component-3 (73 and
I;) was associated with the pick-off annihilation of o-P, in the free volume present
in the matrix. The trapped positron lifetime (75) in polymer-based materials is

typically observed in the range of (0.4-0L5 ns, with its intensity dependent on the
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Table 4.8: Positron annihilation lifetimes and intensity at RT

Compaalbion Component-1 Component-2 Component-3
mi(ns) | L (%) | 72 (ns) | Ta (%) | ma (ns) | Iy (%)
PE 0.154 008 0.451 32.76 1.79 7.16
10003 £1.39 | L0010 £1.26 | £ 002 | +0.19
CELSZn 0.222 49,61 0.492 44.02 1.92 6.34
! 10003 148 | L 0OD0O8 | £ 138 | L 002 | £0.14
i 246 .58 (L5258 F.03 1.5 .38
CESZn

L0004 | £216 | L0016 | £1.96 | L 004 | 4 027

o 0.249 5830 0.509 35.82 1.89 5.79
Cldnin + 0006 | £255 | £ 0015 | £ 237 | £ 0.039 | £ 0.24
: 0.269 64.93 0524 3239 208 268
o L0004 | £273 | L0017 | £ 260 | 008 | £ 018
CETS 7 0256 48.06 0.492 48 82 1.93 3. 1%
L0005 | £251 | L0009 | £241 | £ 004 | £ 014

fraction of positrons annihilating through these states.[35] In the present case,
among the three components, component-3 is of particular significance.

The positroninm (P, ), a bound state of a positron and clectron, may exdst in two
spin states depending on the relative spin orientation of electron and positron: the
spin-triplet state or ortho-P, (o-F), which annihilates into a threc-photon mode
with an average lifetime of 142 ns in vacoum, and the spin-singlet state or para-Ps
(p-F,), which annihilates into a two-photon mode with a short average lifetime
of 0.125 ns in vacnum.[32] In a molecular medium, o-P, energetically prefers to
localize in the pre-cxisting free volume and gets trapped in it.[36] As a result,
its lilctime is shortened to 1-10 ns due to pick-off quenching, where it interacts
with an oppositely spinned electron from the inner surface of the free-volume wall
and anmhilates mmto two two-photon modes. Thus, the o P, pick-off quenching
rate 15 strongly related to the size and the surface properties of the free volume
in the medium. The Tao-Eldrup [37], [38] equation provides a well-established
semi-empirical relationship between the o- P, pick-off lifetime and the radins of

the spherical free volume cavity (ry), expressed as:

2wy,

I, m 1 =
rer e = 1= — sin
pick 2 - or 2w T, + or

Where dr—0.1656 nm is an empirical parameter.[31] The volume corresponding to
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the free volume cavity (assumed to be spherical) can then be calenlated using the
equation,
4 .
V=—ar}

3
This caleulated hole volume should be interpreted as a mean vahie, as it represents
an overall average of hole size and shape distribution. The variation of 7, and the
corresponding estimated free volume sizes across composite compositions is shown

in Figure 4.20),
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Figure 4.20: The vanation of o- P, lifetime and free volume with NZZ5SP ceramic
wt%. The free volume estimated for CEG0Zn, CEG0ND, and CE60Se is shown in
the inset.

It was observed that the o-P, pick-off lifetime (73) for CEs membranes was slightly
higher than that of PE, indicating an increase in free volume size upon filler
incorporation. Among the composite electrolytes, CEGDZn exhibited maximum
free volume size, whereas CEGONb and CE605c displayed comparatively lower
values (as shown in the insets of Figure 4.20)) compared to CEG0Zn. Notably, the
trend of free volume size correlates well with the variation in ionic conductivity,
both with increasing NZZSP content and across different NASICON compositions

at fixed filler loading of 60 wt%.

137



Chapter 4@ PEO-NaNO3-NASICON-based composite electrolytes

4.3.2.7 Electrochemical performance study by LSV, CV, and GCD

The lincar sweep voltammetry (LSV) and eyclic voltammetry (CV) test of the
optimized composition of CE60Zn was carried out to evaluate its clectrochemical
stability window (ESW). The room temperature LSV result for CEG0Zn obtained
using the blocking clectrode configuration of S§|CEG0Zn|SS is presented in Fig-

ure 4.21(a). The voltage was scanned from -1 to 5 V at a scan rate of 10 mVs™!

to record the corresponding data.
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Figure 4.21: (a) Lincar sweep voltammetry in the range -1 to 5 V for CE60Zn
clectrolyte sandwiched between stainless steel (S5) blocking electrodes. (b)
Cyclic voltammograms for the Ag|CE60Zn|Na cell at a scan rate of 50mVs—',
(¢) Galvanostatic eycling of Na|CEG0Zn|Na symmetric cells under a constant
current density of 5.0 pA em—2

From the LSV curve, the current was found to remain stable up to 2.9 V., beyvond
which a rapid increase in enrrent was detected. This indicates that CEGDZn pos-
sesses an electrochemical stability window of ~ 2.9 V. Buch stability can be consid-
ered reasonable at room temperature, where achieving strong interfacial adhesion
in polvmer electrolyvtes is inherently challenging. Moreover, this stability limit is
also in close agreement with that reported for the PEO-NaCF3504-NaaZrsS5izPOy,

composite studied by Dalvi ef al [39], measured under comparable conditions.
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To further investigate the redox behavior, eyelic voltammetry (CV) was performed
on the Ag|CE60Zn|Na ccll as shown in Figure 4.21(h). The CV profile displays
a pair of redox peaks at 0.26 and -0.65 V, corresponding to exadation and reduc-
tion vs. Na/Na*. The resulting peak separation of AF-0.91 V is comparably
smaller than 2.68 V obtained for Ag|NZZSP|Na cell (seetion 4.3.1.4). This re-
duced separation indicates improved clectrochemical reversibility and relatively
low polarization, likely arising from the intimate mmterface between the CEG0Zn
clectrolyte and sodium metal.

Besides LSV and CV tests, the cdectrochemieal cyeling performance was assessed
using a symmetrical Na|CEG0Zn|Na Swagelok cell, subjected to a constant cur-
rent density of 5 pA em ™2 at room temperature. A lower current density value was
solected to probe the intrinsic interfacial stability of the clectrolyte-Na interface,
while minimizing polarization and parasitic reactions that could mask bascline
behavior. As shown in Figure 4.21(c), the Na|CE60Zn|Na symmetrical cell deliv-
cred a stable voltage profile eurve with no significant fluctuation throughout the
experimental duration of 40 h, confirming reversible sodium plating and stripping.
These results collectively demonstrated favorable dynamie stability and good clec-
trochemical compatibility between the CEG0Zn and the sodium metal electrode.
For comparison, similar electrochemical measurements were also conducted in the
CEGONb composite clectrolvte. The corresponding results are presented in Fig-
ure 4.22(a-c).

As illustrated in Figure 4.22(a), the LSV of the SS§|CEG0ND|SS cell displayed nearly
steady current up to (.87 V., which is much lower than the stability limit obscrved
for the SS|CE60Zn|SS cell. This reduced clectrochemical stability window may
stem from the multivalent nature of Nb, which ean undergo redox activity or sur-
face reduction at comparatively lower potentials, leading to carlier enrrent onset
in L5V. This behavior is also consistent with the OV characteristics of NZNSP ce-
ramic (discussed earlier in section 4.3.1.4), and a similar observation was reported

by Patra et al [40] for NASICON-Nby(P(Qy 4.

139



Chapter 4@ PEO-NaNO3-NASICON-based composite electrolytes

3004
5| (@ (b)
- 142V
T 0
= Ag|CEBONDB|Na
c
[+ 1]
= -204
=
Q WL RY
>} A ; I s 2L
04 00 04 08 1.2 00 05 10 158 2.0
3 Voltage (V) Voltage (V)
5 (c) 1
- Na|CEGONb|Na TRV
— -
@ 1 A 1504 185
£ o AT
[=]
> 4l
5 pAcm” , T= 2 min
-2

0 3 € 9 12 15 18 21 24 27 30 33
Time (hrs)

Figure 4.22: (a) Linear sweep voltammetry in the range -0.5 to 1.3 V for the
SS|CEGONB|SS cell. (b) Cyclie voltammograms for the Ag|CEGOND|Na cell at a
sean rate of 10mV s~ (¢) Galvanostatic charging and discharging cveles of
Na|CE60Zn|Na symmetrie cells under a constant current density of 5.0 pA em—=2.
The CV profile of AgjCE60ND|Na cell exhibited redox peaks at ~1.24 and ~0.41
V with peak separation of AE-0.83 V, as depicted in Figure 4.22(b). This AFE
value is comparable to that obtained for the CE60Zn composite. Furthermore, the
GCD eycling of Na|CEG0ND|Na symmetric cell demonstrated stable performance

at a current density of 5 pA em ™2, as displayed in Figure 4.22(c).

Owerall, these results snggest that CEG0Zn exhibits more favorable clectrochem-
ical behavior, including good interfacial stability with Na metal and sufficient
clectrochemical stability of nearly 3 V, making it a suitable candidate for room
temperature sodinm ion battery application. In contrast, although CEG0OND shows
good ionie transport, its low ESW (~ (L87 V) restricts its applicability to lower

potential sodinm systems.
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4.4 Understanding the Composition-Property re-
lationship in PEO-NaNQO3-NASICON compos-
ites

The solid composite electrolyte integrates a polymer matrix with ceramie filler,
and at an optimized balance between these components, enables enhanced ionic
condunctivity, In the ceramic phase, ion transport procecds through vacan-
cies/interstitial 1on hopping, whereas in the polymer matrix, migration of ions
ocenrs between the complexation sites, assisted by local segmental motions of
polymer chains in the amorphous regions. Within the composite clectrolyte, both
these mechanisms can operate, yielding ionic conductivity higher than that of the
polymer matrix alone.[41]

In the present study, it is noticed that the introduction of NASICON ceramic
increased the amorphous phase fraction and thus improved the mobility of Na*-ion
through the polymer phase of the composite. Furthermore, the strong athinity of
the acidie (NO3)™ group towards the NASICON surface promoted the dissociation
of NaN(),, [1] thereby increasing the concentration of mobile Nat-ions. This
hehavior is confirmed by ®Na MAS NMR results presented in scetion 4.3.2.4
(Figure 4.14). As a consequence, ionic conductivity progressively incrcased with
NASICON content, exhibiting the highest conductivity of 22 x 107 Sem ™' §/em
for CE60Zn. The subsequent decrease in the conductivity observed for CET5Zn is
attributed to its lower amorphous phase fraction.

It is also well established that the ionie conductivity increases with the free volume
hole size of the polymer phase.[33] The result of the PALS study in the eurrent
case showed that the composite clectrolytes had higher free volume compared to
that of polymer clectrolytes, with CEG60Zn exhibiting the highest free volume,
consistent with its ionic conductivity.

In evaluating the effect of NASICON fillers on ioniec conductivity of the compos-
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ites, two factors were identified as critical: (1) particle size and (2) intrinsic bulk
conductivity. Due to vanation in the synthesis route, the NASICON fillers ex-
hibited different average particle sizes, viz. 219nm (NZZSP), 166 nm (NZNSP),
and 127 nm (NZSSP). SEM analysis of these compositions revealed that fillers of
smaller particles (NZNSP and NZS5P) were more susceptible to agglomeration.
This agglomeration weakens hller-polymer interactions, himiting the disruption of
polymer erystallinity, thereby reducing the free volume., Consequently, CEGOND
and CEG60Sc showed lower ionic conductivitics.

With regards to intrinsic bulk conductivity, all three NASICON compositions
were preparcd with Na content /formmula unit of 3.4, corresponding to the opti-
mal Na vacancy-to-occupancy ratio for maximizing bulk conductivity. From the
impedance fitting, NZZSP exhibited bulk (grain) conductivity of 11.5mSem™",
while NZNSP and NZSSP showed slightly lower values of 10.0 and 9.27 mSem ™!,
respectively. The effeets of varying particle size and bulk conductivity led to dif-
ferent ionic conductivities of 2.2 x 107", 3.2 x 1077, and 2.6 x 107" Sem™' at
RT for CE60Zn, CE60ND, and CE605c, respectively. However, based on the free
volume analysis, it is evident that particle size plays the major role in enhancing
the conductivity of these composites. The conductivity achieved for CEG0Zn sur-
passes several previously reported values for the NASICON filler-based composite
system. [42], [43], [44], [45]

4.5 Identification of conduction pathways in PEO-
NaNO3-NASICON composites

As discussed in the previous section, Nat-ion transport in the composite clec-
trolyte proceeds through three primary pathways: polymer phase, coramic bulk
phase, and the interfacial region between polymer and ceramic. The relative con-
tribution of cach of these pathways is strongly influenced by the tvpe, content,

and morphology of the ceramice filler.[41]
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In the present system of PEO-NaNQO3-NASICON, it is understood that ion con-
duction is predominantly supported by the NASICON-modificd amorphons phase
of the polymer matrix. To determine whether electrochemical eveling induces
any change in the ion distribution across these pathways, #Na MAS NMR mea-
surements were repeated in the GOD eycled CES0Zn and CEG0ONDb compositions.
Figure 4.23(a) displays the *Na MAS NMR spectra of pristine and cycled CE60Zn
and CEGOND electrolytes.

al (b} CEG0Zn-After GED
— Prigtine CECIMD |
| = Cyeled CEGONG
| NZZ5P phose
';:' 0 NH“GJ
= W Ag paste
— Pristine CEEDZn '-E‘ v
——Cycled CES0Zn | I IJ
= "J"NWL{".J‘- '.,,Jl'Fr ™
UL LT U
I I E 1M mi am III--LI---_.1
30 20 10 0 -10 -20 .30 -40 -50 i 20 30 40 &0 B0 7O 80
"Na shift (ppm) 2

Figure 4.23: (a) *Na MAS NMR spectrum of CE60Nb and CE60Zn clectrolyte
before and after GOD, and (b) XRD pattern of GCD eycled CEG0Zn clectrolyte.

From Figure 4.23(a), noticeable changes were observed in the NMR spectra. In
order to verify whether these chanpes arise from any structural modification, XRD
was performed on the CE60Zn composite post cyeling. As shown in Figure 4.23(b),
the XRD pattern of cycled CE60Zn did not exhibit new crystalline phase(s), rling
out the possibility of new NMR signals. Therefore, to further investigate the
spectral changes observed after cyeling, the CE60Zn NMR spectrum (before and
after GCD) was analyzed using the DMfit program as presented in Figure 4.24.

The fitting model used for this analysis was the same as that employed for 2*NMR
spectra of CE60Zn prior to cycling. As discussed carlier, the four signals uscd in
the model correspond to NaNQ), and Na sites (Nal,Na2,Na3-5) in the NASICON
erystal structure. The analysis of the eyeled NMR spectrum revealed a prominent
decrease in the relative intensity of the NaNOjg signal, accompanied by a significant

increase in Na2, Nad-b signals. These observations sugpest that during GCD
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30 20 10 0 -10 -20 -30 -40 -50
“Na shift {ppm)

Figure 4.24: Na MAS NMR spectrum recorded in CE60Zn before and after
galvanostatic charging-discharging (GCD) cycles. The experimental spectra were
fitted with four different signal contributions.
cyeling, Na® ions diffuse from the polymer phase to the ceramie phase. Thus, the
increase in the NASICON-related signal intensities can be interpreted as higher
time-averaged oceupancy of Na2, Na3-5 site within NMR timescale, as a result of
additional Na™ diffusion. Such Na™ ion transfer from the polymer to the ceramic
phase, therefore, supports the existence of additional pathways through ceramic

and ceramic-polymer interfacial phases.

In the best conducting composition, CEG0Zn, the high ceramie loading of 60 wt%
enables the formation of continuous ion conduction pathways. Nevertheless, in Ty
relaxation measurement of CEG60Zn, the ®Na moment recovery curve was fitted
using two components, corresponding to the Nat ion transport through polyvmer
as well as ceramic phases. Therefore, in PEQ-NaNQO4-60 wt% NZZSP composite,
ion transport is mostly through the polvmer, ceramic, and also possibly through

their interface. The pathways are schematically depicted in Figure 4.25.
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Figure 4.25: Possible ion migration pathways in PE (top left panel) and CE (top
right. pancl).

4.6 Conclusion

In the present work, we synthesized polymer-ceramic composite electrolytes by
dispersing NZZSP fillers into a PEO-NaN(QOy matrix. High RT conductivity of
a > 1 x 107"'Sem™ were achieved for both PEO-NaNQOg-45/60 wt% NZZSP
(CEA5Zn, CE60Zn). This enhanced conductivity is attributed to their increased
amorphous phase content as supported by XRD/DSC, #Na MAS NMR, and PALS
results, The LSV analysis of CEG0Zn indicated a high clectrochemical stability
window of ~3 V, while the GCD of its symmetric cell with Na metal demonstrated
good cyclability. Composite clectrolytes incorporated with Nb and Se (CE60ND
and CE60Sc¢) showed comparatively low ionic conductivitics. These low conduc-
tivities were due to their lower bulk conductivity and the smaller particle size of
the incorporated fillers. Nevertheless, the symmetric Na|CEG60NDB|Na cell demon-
strated long-term interfacial stability. The combination of high conductivity, ionic
transference number, and interfacial stabality signibies CE60Zn and CEGOND as
potential electrolytes for application in sodinm ion batteries. Owerall, the find-
ings of this work offer valuable guidelines for designing next-generation composite
clectrolytes for room temperature applications. Extended eyeling and estimation

of rate capability can be undertaken in the full battery assembly as future work.
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CHAPTER 5

V and Sr/Ca co-doped Bi;O3
ceramics

5.1 Introduction

Bismuth oxide in its fluorite-type face-centered cubic (fec) structure (6-Bia()y) ox-
hibits the highest conductivity among known oxide-ion conductors, with a reported
value of ~ 2.0 Sem=" at 800°C.[1], [2], [3] This exceptionally high conductivity
arises from the highly disordered oxyveen sublattice of 4-BizQy, which intrinsically
contains two oxygen vacancies per unit cell.[4] In addition, the high polarizability
of Bi** ions, together with the weak Bi-O bonding, promotes the formation of
vacant oxygen sites and therchy enables high oxide-ion mobility within the crys-
tal structure. Owing to these favorable attributes, the 4-Biz0; phase has been
widely regarded as a promising candidate for solid oxide fucl cells, gas sensors,
and ferroclectric applications.[5], [6] However, despite these advantages, the d-
Bi; (4 phase is thermodynamically stable only within a narrow temperature range
of 7T30°C 825°C.|3], [4] On cooling below 730°C, the §-Biz0s phase undergoes
a phase transformation from fluorite-type fee phase to the monoclinic phase (o-
Biz()3) via intermediate 5 or y phascs. This structural transformation leads to a
drastic decrease in oxide ion conductivity by nearly four orders of magnitude.[3],
|[4] Thus, for intermediate temperature device applications, it is essential to stabi-
lize the higher conducting fee phase well below its thermodynamic stability limit

(= 730°C). To achieve this, several studies have explored cation substitution
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as an cffective strategy to stabilize the fee structure using a range of isovalent
(Lo**: Lanthanide ions)[7], [8], [9], [10], [11], [12] or aliovalent (NB**)[13], [14],
[15], (Ta*™)[16], [17], (P™)[18], (W"*) dopants.[2], [7], |8] However, substitution
with cations of relatively larger ionie radi has been found to stabilize the rhombo-
hedral phase instead.[3], [19], [20] Both of these stabilized phases (fee and rhom-
bohedral ) exhibit high oxide-ion conductivity at clevated temperatures; however,
their conductivities are typically an order of magnitude lower than that of the
#-Biz0)3 phase. Moreover, these phases also undergo reversible, time-dependent
aging cffects at temperatures below 600 °C accompanied by significant degradation
of conductivity.[10]

Recent reports have shown that improved phase stability and conductivity can be
achieved more effectively in co-doped BizOy systems (Y-Ln [21], [22], |23], [24],
Te-Ln|25], Re-Ln|26], ete.) as compared to single-ion-doped compositions. Never-
theless, prior studics indicated that the phase and structural stability of stabilized
Biz()y compounds are highly complex, with aging effects further complicating their
structural behavior., Consequently, while Lo-doped BizO; systems have been inves-
tigated extensively, comparatively less attention has been spared to alkaline-carth
and transition metal co-doped Bis()y systems. Notably, a transition metal-doped
composition, Bigq: Vi per() 547, has been reported to exhibit oxide ion conductiv-
ity of ¢ = 3.9 x 1072 Sem ™! at 500°C, which is at par with the best performing
lanthanide-based co-doped system, Biig sLag sReQgq5.126], [27] Motivated by these
recent results, the present work explores the vanadium (V) in combination with
Sr/Ca as co-dopants in the Biy()y system.

In the present study, a systematic investigation of phase stability and oade ion
conductivity of Biy V.05, (r = 0.084, 0.087, 0.090, 0.100, and 0.148) has been
carried out to identify the optimal composition. As it was reported, Biy 2V 045,
with z—(LO8T displayed the highest conductivity., Based on this evaluation, Sr and
Ca were subsequently introduced as co-dopants into the optimized compoesition

{.T: I]HHTL Hic’.l‘lil'lg Hiu_mmﬂrumvu_‘m(}l_ﬁw rl]].d Binmﬂf‘;ﬂg_uzv“_m'r{]Lr.ﬂ. Thﬂ iﬂﬂi.{.'
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radii of Sr** and Ca®* (re. = L18A, ro 0 = 1.00 A)[28], being slightly higher
than or close to that of Bi** (rye = 1.03 A), were expected to maintain the local
disordered structure, therehy sustaining high oxide-ion conductivity.

In order to evaluate the aging behavior, BiggiaViesrOrser  (BVoesrO),

Big 53570 02 Vo os7O1 577 {le}.ﬂzvﬂﬂﬂ?{*}}f Big 503 Cag 02VoasrO1smr {B(}ﬂ.zvﬂj}ﬁ?{]}'l

and Bigss2Va14sOrms (BViias0) compositions were annealed at two different
temperatures (400°C and 600°C) for 100 hours, after which their phase and
conductivity were characterized. Moreover, the effect of Sr concentration (at 4
and 6 mole %) on the propertics of as-sintered and anncaled BV gg70) composi-
tion has also been investigated. Finally, the phase stability of Big g1 Voosy O 587,
Big soaSTo.02 VoosrO s, and Big gesCag e VopsrOh 577 compositions was verified un-
der reducing conditions.

The objectives of the present investigation are thus:

e Synthesis and characterization of By .V:O15:. (z — 0,084, 0.087, 0.090,
0.100, and 0.148) and Sr/Ca co-doped compositions (Biy ggaMp g2 Vioosr Q1597

with M—5r/Ca)

o Ilnvestigating the effect of prolonged temperature exposure on the phase

stability and ionic conductivity of the synthesized compositions.

e Investigating the role of dopant substitution, annealing conditions, and tem-

perature on the loeal structure of the compositions.

o Evaluating the influence of Sr concentration on phase cvolution and condue-

tivity in both as-sintered and annealed compositions.
& Verifying the phase stability nnder redueing conditions.

e [Inderstanding the ion migration pathway in the proposed system.
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5.2 Methods and experimental design

5.2.1 Synthesis of V- and Sr/Ca co-doped compositions

Nominal polyerystalline Biy V. Op5,0 (BV:0: x-0.084-0.148) and co-doped,
Bip soaMoozVoosrOrs77 (BMp g VagsrO with M — Sr**, Ca®*') compaositions, were
prepared by the solid-state reaction method. Stoichiometric amounts of BigQy
(Alfa Acsar, 99.0 %), V,0; (Alfa Acsar, 99.2 %), SrCO; (Alfa Acsar, 99.0 %),
and CaCOy (Alfa Acsar, 99.95 %) were weighed aceurately and mixed thoroughly.
The mixture was subsequently ground using isopropanol to obtain a homogencous
mixture in an agate mortar and pestle. Following this initial mixing, the com-
pound was caleined at 700, 750, 800, and 825°C for 12 hours, with intermittent
grinding after each heating step. Later, the samples were hirnace cooled to room
temperature with an approximate pass time of 3 h. The resulting product was
reground and pressed to form pellets of 10 mm diameter and ~ 2 mm thickness,
applying a pressure of 250 MPa for 2 min. Finally, the pellets were sintered at
825°C for 12 h. The heating scheme employed in this work is similar to that
reported by Kuang ef al [29)]

The chemical reaction of the synthesized composition of Biy [V, 0,5, . is as fol-

loywes:

{I—E}Big{};{ + I‘\'rzf}r, — E{Bil_rv:[}l_!‘_'_j:]

To confirm the stability of the phase under operating conditions, four representa-
tive compositions of BV,0 (z—0.087 and 0.148) and BMpg:VaesrO (M = Sr*t,
(Ca?t) were subjected to prolonged high-temperature exposure. This was accom-
plished by annealing the samples at 400°C/100 b and 600°C /100 h in air, fol-
lowed by furnace cooling to room temperature. The annealing temperatures were
sclected to fall within the intermediate working temperature range while also be-
ing close to the reported aging temperature (~ 600°C) for the phase-stabilized

Bis(), system. Furthermore, to probe the cffect of higher Sr concentrations, com-
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positions with Sr contents of 4 and 6 mol% were synthesized using the same

preparation route (as-sintered samples). The effect. of annealing treatment was

also systematically investigated in these samples (aged samples). Finally, phase

stability under reducing conditions was evaluated for the selected compositions of

Big o135 Vo os7Oh 587, BigsesSto 02 VoesrOrsmr and Big gpgCag g2V 0s7O1 577 by heating

at 400 °C for 5 hours in 25 % Hz - 75 % Nz atmosphere.

The abbreviations used for the synthesized compositions are listed in Table 5.1

and will be used throughout the remainder of this chapter.

Table 5.1: List of abbreviations for synthesized V and Sr/Ca- co-doped

compositions
Thermal treatment Compositions Abbreviations

Bip.o1aVooe1 Oy 584 BVias40

Bipg1aVoosrUO ssr BVgasrO

Big 910 Voo O 500 BVoonnO

 BlomVamOrsm BVo,1000

As-sintered Big as2 Vo 14501 gas BV 1450

Big xeaSro.nzVoosrOrsrr BSgp.02Vo.osr0)

Bip seaCan oo Vo osr O s77

BChmVo.osrO

BSp.04Vo.0sr0)

Bip ssaSroos Voosr Oy ssr

BSo 06 Vio.par()

Annealed at 4007C /100 h

Bip.g1aVo.osrOse7

BVonar( 400°C /100 h

Bip ss2 Vi 1480 gas

BVp.1450 400°C /100 h

Bip goaSrooe Vo nerOy sr

BSp.o2VoosrO 400°C /100 b

Big gaaCag g2V osr (O 577

BCp 2 Vo.erQ 400°C/100 b

Bip g715r0.04 VoourO1 ser

BSp.pa VopsrO 400°C /100 b

Bip ss35r0.06 Vo.osrlh ss7

BSp.06 VoosrO 400°C /100 h

Annealed at 600°C /100 h

Bipo1sVonser(y ss7

BVpperO 600 °C /100 h

Bip ssa Vi r4ely gas

BVi.1450 600 °C /100 h

Bip goaSroozVoosri s

BSp.02Voosr O 600°C /100 h

Bip gaaCag 02 Vo.os7Or 577

BCy g2 Vo asr0) 600°C/100 b

BipsratronaVo.osrOser

BSp.04 Voas7O 600°C /100 b

Bin ssaSroos VoosrOrssr

BSp 06 Voos7 O 600°C /100 h

5.2.2 X-ray and Neutron powder diffraction study

The X-ray diffraction (XRD) measurements of the powder samples were performed

on a Rigaku diffractometer, using Cu K, radiation at room temperature. Diffrac-
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tion data were collected 1o a 28 range of 20°-80° with a step size of (.02°.

Room and high-temperature nentron powder diffraction (NPD) measurements
were performed using the neutron powder diffractometer (PD-2) at Dhruva Re-
search Reactor, Bhabha Atomic Rescarch Centre (BARC), Mumbai, India. For
these measurements, the powder samples were loaded in a evlindrical vanadium
container (~ 8 mm diameter) and attached to a high-temperature furnace. All
the NPD data were recorded during the heating cyele starting from room tem-
perature, with samples thermalized for ~ 30 mimites at cach temperature before
acquiring the data.

Phase identification and structural refinements for XRD/NPD data were carried
ont using the Rietveld method in the Full Prof Suite software.[30] In the refine-
ments, a psendo-Voigt function was used to model the diffraction peak profile.
In the initial stages, scale factors, background coctlicients, 28 zero positions, line
widths, and peak shapes were refined, followed by refinement of positional pa-
rameters and site oceupancies. For compositions exhibiting multiple intermediate
phases, the Le Bail method was used for reliable phase identification.

In addition, soft bond valence sum (BVS) analysis was carried out using the NPD
data to determine the ionie conduction pathwavs. The BVS caleulations wore
performed using the Bond STR program, an inbuilt package within the Full Prof
Suite software.[31] The calenlated conduction pathways within the unit cell were

subsequently visualized using VESTA software. [32]

5.2.3 Impedance spectroscopy (EIS) and scanning electron

microscopy (SEM) study

Electrical conductivity measurements were  performed  using  electrochemical
impedance spectroscopy (EIS) with an impedance analyzer (PSM1735 Numetri(),
UK) in the frequency range of 1 Hz to 10 MHz. Before the EIS measurement, the
samples were coated with silver paste on both parallel surfaces, followed hy firing

at 500 °C for 2 h to ensure good electrical contact. The acquired impedance data
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were analyzed using equivalent cireuit fitting using EISSA softwarc.

The microstructural characterization of the samples was conducted using a Carl
Zeiss scanning clectron microscope (SEM). In order to create a thin conducting
layer on the surface of the non-conducting sample, pellets were sputtered with gold
before SEM analysis. The clementary composition of the polyerystalline samples
was determined by the Energy Dispersive X-ray (EDX) spectroscopy technique

attached to the SEM instrument.

5.2.4 Differential Scanning Calorimetry

Thermal analysis of the BV.0 compositions was carried out using Differential
Seanning Calorimetry (DSC) measurement performed in a Shimadzn DSC-60 ther-
mal analyzer. The measurements were carried out over the temperature range from
RT to 500°C at a heating rate of 5°min~. A sample weighing ~ 810 mg was

sealed in the aluminum pan and used for measurement.

5.2.5 X-ray Absorption Fine Structure Spectroscopy
(XANES/EXAFS)

X-ray absorption fine structure (XAFS) spectroscopy was employed to investigate
the loeal structural environment of the prepared compositions. For room tem-
perature XAFS measurement, finely powdered samples were meticulously spread
onto the scoteh tape to achieve a layver of uniform thickness. A suitable momber
of these layers was then stacked to achieve an absorption edge jump, Apt < 1.

For a high-temperature XAFS experiment conducted in the range of 100-500°(C,
the samples were thoroughly mixed with boron nitride (BN) powder in an appro-
priate ratio and pressed into pellets of 13 mm diameter. Extended X-ray absorp-
tion fine structure (EXAFS) measurements at the Bi Ly-edge were performed in
transmission mode over an energy range of 13118-14300 ¢V, while X-ray absorp-
tion near-edge structure (XANES) measurements at the V K-edge were conducted

in Huorescence mode. All the measurements were performed at the XAFS beam
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line of Elettra synchrotron, Trieste, Italy.|33] The acquired XAFS data were pro-
cessed and analyzed using the Demeter suite software following well-established

procedures.[34]

5.3 Results

5.3.1 Characterization of As-sintered V- and Sr/Ca co-
doped Biy03 ceramics

In this section, the results for assintered (as-prepared) BV.O (z—0.084, 0L087,

0.090, 0.100, 0.148) and BMgg2Voeer () (M= Sr, Ca) compositions are presented.

5.3.1.1 Phase identification and structure determination

Phase analysis of the assintered Bi; V.05, with z—-0.084-0.148
(BV.O), BiggeaSrom VomsrOisr (BSoneVoesr()), and  BiggeaCag e Vo psr O srr
(BCy a2 VoasrO) samples was investigated using X-ray powder diffraction. Room
temperature XRD pattern of assintered V-doped compositions is compared in

Figure 5.1(a), and that of S8r/Ca co-doped compositions is presented in 5.1(h).

(a)

(b)
m__L ~ il L= Eu" “"O chzvnusru
___..1 | A i ;
~ BvY. 0O
A e o A | W BS V. ..0D

i_ 1 P 0any

Intensity (a.u)
2
[=]
Intensity (a.u.)
2
o

Fr-dm {Raf 26)

| j
o] 123 (Ref 37)
I R
20 30 40 50 60 70O 80 20 30 40 50 60 70 80
20 20°

Figure 5.1: (a) XRD pattern of the as-sintered samples of BV, O (z— 0.084,
(1087, 0.090, 0.100, and 0.148) and (b) Stack plot of XRD patterns of BVo.0s70,

BSp.02Viour O, and BChge Vs O samples with reference patterns of Fmdm,
R3m, and 123 structurcs
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From Figure 5.1(a), it was observed that varying V content from = — 0.084 to 0.100
resulted in an identical XRD pattern, indicating no structural change in low V-
doped compositions. However, a distinet phase change was observed at ©—0.148.
The Sr and Ca co-doped BSy e Vi, BCpne Vo) compositions, shown in
Figure 5.1(b), also displayed XRD patterns identical to that of BV gerO.

The reference patterns of Fm3m, RB3m, and 123 stroctures displayed in Fig-
ure 5.1(b) revealed that the diffraction features of R3m and Fm3m phases were
wvery similar, Therefore, to reliably determine the actual erystal structure, Rietveld
refinement was performed in BV gg;(0) composition using both R3m and Frnam

models, as shown in Figure 5.2.

{a) Cublc phasa { Fim-3m) (b} Rhamboheadral [ R3m:H)

Intensity (a.u)

Intans |ty (a.u.j

i |‘L||llll.rll NIRRT DL

—— g — e mma

20 3 40 8 €0 70 80
20"

Figure 5.2: A comparison of Rictveld refinement of as-sintered BV 870 using
(a) the cubic Fmdm model and with (b) the rhombohedral R3m model. A peak,
marked by * in the inset, represents the 123 phase.

From the zoomed-in view (Bragg peaks ~ 31.5% 33.0°) of the first XRD peak
fitting shown in the insets of Figure 5.2, it was obscrved that the Fm3m model did
not satisfactorily fit the experimental diffraction pattern. In contrast, the same
pattern was fitted well using the R3m space group, with the I23 space group
(corresponding to the v phase of BigQ3) as a secondary phase. Based on this
observation, the B3m + 123 model was adopted for subsequent Rictveld fittings of
lower V-doped compositions. Figure 5.3(a-f) displays the Rietveld refined XRD
patterns of BV,O (z-0.084, 0L087, 0.090, 0.100, and 0.148) and BMg 0V 0sr O

(M—Sr, Ca) compositions.
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Figure 5.3: (a-f) Room temperature XRD patterns with Rictveld refinement fit
of as-sintered samples.

The results of Rietveld refinement confirmed that the XRD patterns of the low V-
doped compositions, as well as Sr/Ca co-doped compositions, could be indexed ns-
ing rhomhbohedral R3m and cubie 123 symmetries. Whereas, the highest V-doped
composition, BV 1440, was indexed exclusively with monoclinic C2/m symme-
try. For intermediate composition of BV 500}, formation of multiple phases was
evident, and thus, fitting was carried out using Le-bail refinement, as shown in

Figure 5.4.
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Figure 5.4: Rietveld refinement of XRD data of BV 1O was analyzed by the
Le-Bail method

The fitting of BV 1590 revealed intermediate phases of eBiyQ4 (Phnb), 8-Biy04
(P2, /e), together with v-Biz0y (123) and R3m phases. The lattice parameters of

the BVg 0 phase are listed in Table 5.2
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Table 5.2: Refined lattice parameters of phases for BV 1000 XRD data

Lattice parameiers
123 Phnb P2, /e
T (v-Biz0y) (e-BiaO3) (#+Bia03)
= a = 5.748(7) A,
a=hb=11736(04&, | a=b=c E B :‘?jjﬁgi* b= 8.088(5) A,
e = 28.826(8) A 10.206(5)A | ' | e=T.498(8) A,
e=12.761(7) A § — 66.8°

For the Rietveld refinements, the initial crystallographic parameters were taken
from the reported R3m [35], [36], 723 [37] and C2/m [38] structural models,
followed by stepwise refinement of the lattice parameters, atomic parameters and
occupancy parameters. The final refined structural parameters for BV gg70 (F3m
and I23 phases) and BV 1450 (C2/m) are presented in Tables 5.3 5.5.

Table 5.3: Structural parameters of F3m phase in nominal BV 7O obtained
from Rietveld analvsis of XRD

Atom rpssan x ¥ z Occupancy U, {ﬁlj
position
01 da i ] 0.715 0.166(7) 0.049
02 da 1] 0 0.059 0_166(7T) 0.047
03 3a 0 0 0.255 0.166(7) 008
4 b 0.541 (1.459 168 0.5 0.04(1)
05 ab 0.412(3) 0.587(7)  0.306(7) 0.5 0.10(9)
06 b 0.462(7) 0.537(3)  0.113(3) 0.5 012
07 ob 0.803(3) 0.196(7)  0.296(7) 0.5 0.06
08 9h 0.545(7)  0.454(3)  0.518(3) 0.5 0.13(1)
09 oh 0.111(7) 0.888(3)  0.291(3) 0.5 0.12
010 ab 0.233(7) 0.766(3) 0.0293(3) 0.50 0.10(9)
o1t b 0.756(7)  0.243(3)  0.122(3) 0.5 0.06
012 ob 0.264(3) 0.735(7)  0.145(7) 0.5 008
013 18 0.330(3) 0.024(7)  0.050(7) 1 0.08(1)
014 18c 0.053(3) 0372(7) 0.232(T) 1 0.10{9)
015 3a 0 0 0.374 0.166(7) 0.07(1)
Vi 3a 0 0 0.633(9)  0.166(7) .05
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Atom Wyckolt x ¥ z Occupancy Uy, {A“}
position
V2 3a 0 0 0 0.014(5) 0.09
Bi2 3a 0 0 0 0.152(2) (.09
V3 3a 0 0 0.314(4)  0.014(5) (.09
Bi3 3a 0 0 0.314(4)  0.152(2) 0.09
Bid oh 0.555(8) 0.444(2)  0.419(9) 0.5 0.02(7)
Bif oh 0.112(4) 0.887(6) 0.195(9) 0.5 0.10
Bi6 ob 0.557(7)  0.442(2)  0.086(9) 0.5 001
Bi7 Ob 0.443(9) 0.556(1)  0.197(T) 0.5 001
Bis gb 0.776(5) 0.223(5)  0.192(3) 0.5 0.01
Bif 9h 0.213(5) 0.786(4)  0.078(7) 0.5 (.01
Bil0 I8¢ 0343 0.002(1)  0.308(6) 1 0.01
a=b=11.749(T) A, ¢ — 28.890(5) A, v = 120°, V = 3454.11 A”

Table 5.4: Rietveld refined struetural parameters of 123 phase (Space group:
123} in BVye;0

Atom fﬂ;ﬂ;ﬂg ¥ % Occupancy Ui, (A%)
Bil 20 0.169(9) 0.323(1) 0.019(6) I 0.5
Bi2 % 0 0 0 0.076 0.5
01 20 0.136(5) 0.247(6) 0.503(8) 1 0.5
02 8¢ 0187(4) 0.187(4) 0.187(4)  0.33(3) 0.5
03 8o 0.888(5) 0.888(5) 0888(5)  0.33(3) 0.5
Vi 2 0 0 0 0.001 0.5

a=b=c=102153)A, V = 1066 A"

Table 5.5: Rictveld refined erystallographic data of monochinie C2/m phase,
determined from XRD data of BV, 1440 at room temperature

Atom b x ¥ B Occupancy U, {AJ:'
position
Bil & 0.076(4) 0500  -0.264(3) 0.5 0.03(6)
Bi2 8j 0.405(9)  0.169(1) -0.259(6) I 0.03(6)
Bi3 8 0.190(1) 0.662(6) -0.088(5) 1 0.03(6)
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162

P s x v = Occupancy U, (A”)
position

Bid 8j 0.258(4) 0.675(5) -0.223(8) 1 0.03(6)
Bib 4 0.029(5) 0 0.574(9) 0.5 0.03(6)
Bif 4 0.266(7) 0.5 0.246{1) 0.5 0.03()
Bi7 &j 0.358(2) 0.839(7) -0.079(7) 1 0.03(6)
Bif &j RO6T(T)  0.182(3) -0.256(5) 1 0.03(6)
Bi9 4i 0.327(3) 0.5 0.092(6) 0.5 0.03(6)
Bil0 8j 0.300(6) 0.338(9) -0.422(9) 1 0.03(6)
Bill Rj 0.139(1)  0.846(3) -0.403(5) 1 0.03(6)
Bil2 8j 0.035(4) 0.322(1)  -0.425(1) 1 0.03(6)
Bila & 0.022(6)  0.836(1) -0.085(4) 1 0.03(6)
Bild 4i 0.095(6) 0 0.265(4) 0.5 0.03(6)
013 8j 0.091(8) 0.160(2) -0.445(8) 1 0.04(7)
014 Rj 0.134(8) 0.185(3) -0.103(3) 1 0.04(7)
015 4i 0.349(2) 0.5 -0.379(4) 0.5 0.04(7)
016 4 0.522(5) 0.5 -0.283(6) 0.5 0.04(T)
017 &j 0.005(8) D.808(9) -0.395(3) 1 0.04(7)
018 4i 0.296(8) 0 -0.102(5) 0.5 0.04(7)
019 4 0.134(6) 0 0.199(4) 0.5 0.04(7)
020 4i 0.048(1) 0 _0.460(3) 0.5 0.04(7)
021 8j 0469(1) 0.674(7)  0.204(3) 1 0.04(7)
022 Rj 0.201(9) 0.184(4) -0.269(4) 1 0.04(7)
023 8j 0.354(1)  0.679(2) -0.298(7) 1 0.04(7)
024 4 0.048(1) 0 0.122(6) 0.5 0.04(T)
025 4 0.144(9) 0 -0.337(7) 0.5 0.04(7)
026 &j 0.008(T)  0.666(7) -0.295(7) 1 0.04(7)
027 &j 0.139(3)  0.360(9) -0.206(6) 1 0.04(7)
028 8j 0.257(3) 0.792(8) -0.022(6) 1 0.04(7)
029 8j 0.325(3) 0203(7) -0.185(4) 1 0.04(7)
030 Rj 0.255(1) 0.244(8) -0.131(1) 1 0.04(7)
Vi 4i 0.374(3) 0.5 -D.06R(D) 0.5 0.03(6)
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Atom Woyckolf x ¥ = Occupancy U, {ﬁ;zj
position

V2 4 0.144(5) 0.5 -D40D(2) 0.5 0.03(6)
Vi 4i 0.024(3) 0.5 -0.102(3) 0.5 0.03(6)
V4 4 0.300(4) 0 -0.412(2) 0.5 0.03(6)
01 4 0.282(6) 0.5 -0.109(2) 0.5 0.07(8)
02 &j 0400(2)  0.621(1) -0.019 1 0.07(8)
01 4 0.414(1) 0.5 -DI2R(6) 0.5 0.07(R)
04 & 0.006(8)  0.621(1) -0.437(6) 1 0.07(8)
05 4 0.225(6) 05 -0.410(8) 0.5 0.07(8)
Ofi 4 0.158(6) 0.5 -D.314(9) 0.5 0.07(8)
07 4i .058(6) 0.5 -0.085(4) 0.5 0.07(8)
08 4 0.014(1) 0.5 -DSG(R) 0.5 0.07(R)
09 & 0.070(9)  0.621(1) -0.063(6) 1 0.07(8)
010 8j 0.349(6) 0.121(1)  -0.413 1 0.07(8)
011 4 0.279(5) ] -0.340(1) 0.5 0.07(8)
012 4i 0.222(6) ] -01.482(8) 0.5 0.07(8)

a—19.986(1)A, b= 11.573(9) A, e = 21.138(2) A, # — 111.302°, V — 4555.56 A"

The relative ratio of Rdm : 123 phases were also determined and are tabulated in
Table 5.6 along with the refined lattice parameters.

It was observed from Table 56 that, among the low V-doped composi-
tions, the highest R3m phase fraction was obtained for BV O (R3m:123
0.93:0.07). Further higher R3m phase fraction was achieved for BSpoaViosr(O)
and BCypeVoes7O samples. This implied that BV possessed optimal stoi-
chiometry among the lower V-doped compaositions, and Sr/Ca co-doping further
suppressed the phase conversion from R3m to 123, Kuang et ol [29] previously re-
ported that low vanadium (V) doping stabilizes the thombohedral phase instead of
the Huorite-type 8-BizOy phase. However, unlike the present study, their BV gs7 0O
sample showed only R3m phase, while the samples with = 0.074-0.083 contained

simultancous presence of both K3m and 723 phases.
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Table 5.6: Rictveld refined lattice parameters and phase percentages, determined

from XRD data
I Laitice parameters R3m:I23
" Ram 123 2/m (%)
a=h=11L750(6)A | a=b=¢ G
BVaou0 e=28887(1)A | - 10.214(3) A ) s
a=b=1L749(7)A | a=b=c¢c :
BVo0sr0 e = 28.800(5) A ~10.215(3) A i LA
a=b=1L750(NA| a=b=¢ _
BV0.0200 e=28887(1)A | — 10.213(6) A i Fustht
a = 19.986(1) A
BVp.1420) - . b= 11.573(9) A -
e=21.138(2) A
a=b=11L749(2)A | a=b=c¢c G
BSo02VoosrQ | — 28.877(4) A ~10.187(4) A i aliad
: a=b=1LT31R)A| a=b=¢ ]
BComVour® | | _ 28.861(8) A | — 10.198(6) A i 98:5:1.5

The specifiec structure of the BiaOy:Va05—9:1 systems was also investigated pre-
viously by Zhou[39] and Kashida et al[36] Zhou et al. reported a 3x3x3 cubic
superstructure derived from the Huorite lattice with the Fm3m space group.[39] In
vontrast, Kashida ef al. identified a 3x3x3 fluorite-type superstructure with the
R3m space group for the same composition.|36] This diserepancy in reported sym-
metries was attributed to the difference in their cooling protocols employed during
the sample synthesis. In Zhou's [39] study, the specimens were gquenched direetly
to RT after preparation, whereas Kashida et al.|36] cooled the specimens from 850
to 600 °C at the rate of 6°h~!, followed by rapid cooling to room temperature.

The present results are consistent with those reported by Kashida ef al |36] and
the presence of the v phase of BiOy (723) can be explained by the results of
Harwig et al[4] who demonstrated the persistence of the v phase of BizOy (123)
to RT in slow cooling conditions. Therefore, the observation of co-existence of

F3m and 123 syvmimetries in the present study is well supported by prior reports.

5.3.1.2 Electrical conductivity measurement using EIS

Electrochemical impedance spectroscopy (EIS) was employed to investigate the

ionic conductivity and to distinguish its underlying contributions. The impedance
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measurcment was recorded in the temperature range of 150-500°C and in the fre-
quency range of 1Hz to 10MHz. Figure 5.5(a-d) shows the complex impedance
(Nyquist) plot of BVyesr(), BSomVaessQ), BCoo2Voesr(), and BVp 1450 composi-

tions recorded at 200°C.
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Figure 5.5: Nyquist plots of complex impedance data of as-sintered (a) BV 0670,

{h} BS{LDEUE}.W(}! {['._} E{:umVn_M?{}f H.Ilfi Ef}} Bvﬂl-iﬂ(} Hﬂ]'np].(ﬁ.

The representative complex impedance plots of BVpgerQ), BV 14sQ), BSg a2 Vonsr O,
and BCy 3o Vi per() samples exhibited a single semicirele at high-frequency region,
followed by a spike at low-frequency values. In order to deconvolute the under-
lying contributions, the impedanee spectra were hitted with an equivalent circuit
model, comprising a constant phase clement (CPE) and resistance. For lower
V-doped /Sr, Ca co-doped compositions, two R||C’PE elements were sufficient,
representing the contributions from bulk (grain) and sample electrode interface.
In contrast, the BVy 1430 composition required three R||C'PE clements for a sat-
isfactory fit, accounting for the bulk and grain boundary contribution associated
with the semicircle, and charge buld up at sample clectrode interface responsible

for the low frequency spike.
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The presence of grain boundary resistance in BVg 1450 composition is further
supported by its SEM microstructure, as shown in Figure 5.8, The bulk and the
grain boundary conductivitics were evaluated using, o, = 1/R), and ag, = 1/ Ry,
respectively, while the total conductivity was caleulated as oy = 1/( Ry, + Ry, ).

The estimated conductivity values at 400 and 500°C are listed in Table 5.7, The
fitted values of Ry, Hg,, and the total conductivities at 200°C are listed in Ta-

ble H.8.

Table 5.7: Conductivity values of the as-sintered compositions at 400 and 500°C

Samples aanec (S/em) | opppec (S/cm)
BV a4 287 x 102 111 = 107!
BVpoar(O) 3.05 = 102 1.15 = 101
BV poa() 317 x 1072 1.22 x 1071
BVo.1000) 3.45 x 1073 1.69 % 107*
BV 1450 2.69 x 109 1.96 x 10~2
BSuueVooerO 331 x 1072 1.06 = 10!
BCoozVioger () 3.04 x 102 0.97 x 101

Table 5.8: Simmlated values of bulk and grain boundary resistance (R, and R,)
and capacitance (C), and Cy) values determined from the fitting of impedance
data at 200°C for as-sintered samples.

Samples Ry, (k2em) | O (Fem™Y) | Rey (KS2em) | O (Fem™)
BVp.0870) 52.1 6.9 x 101 '
BVp.1480 06.2 84 x 1071 311 | 61x107?
| BSp.0VaasrO 61.1 75 x 10~ 1 . I =
BCon: VinsO 521 50 x 10~

The as-sintered compositions of BVipsr O, BSgo2 Vst and BCyh g Viesy O exhib-
ited high ionic conductivity values of the order ~ 10~ §/em at 300 °C. increasing
to ~ 107 S/em at 400°C and further to ~ 107" §/em at 500°C. In comparison,
BVpoedO and BV compositions showed only a marginal change, whereas a
significant reduction was observed for BV 1000 and BV 1420 compositions. The
highest V-doped BV as() composition exhibited conductivity of ~ 1072 S/em
at 500 °C | nevertheless, this value still remains comparable to the conductivity
reported for yttria-stabilized zirconia (Zrg g, Yy 1601 02) at 730°C.[6], [40] The re-

duced conductivity in BV 460 15 attributed to the growth of grain boundary
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resistance (Hg,), which was negligible in other compositions, as shown by the
impedance analysis in Figure 5.5(d) and corresponding fitting parameters in Ta-
ble H.8.

The temperature-dependent total ionic conductivity of as-sintered compositions
from 150-500°C is presented in Figure 5.6(a, b). Each data point in Figure 5.6

was extracted from the corresponding Nyquist plots.
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Figure 5.6: (a) Arrhenius plot of total conductivity (7) of the as-sintered samples
of BV,O (z — 0.087, (.09, 0.100, and 0.148), BS; 42 Vo.0s7Q), and BCq g2V per O

compositions and (b) Linear fitted BVp 1450 sample

For all the low V-doped and Sr/Ca eo-doped compositions, the conduetivity
curves displayed a gradual change in slope (or activation energy). In contrast,
the BV 1450 composition showed a significant change in slope at around 180°C,
with the activation energy decreasing from 1.71 ¢V to .74 ¢V. This abrupt change
in slope is likely due to an order-disorder transition. The presence of this transition
is also observed from the differential scanning calorimetry (DSC) curve presented
in section 5.3.1.4. However, the corresponding high-temperature XRD pattern of
this composition remains nnchanged, as shown in Figure 5.7, indicating an absenee
of any long-range structural phase transformation.

The conductivity walues determined for BVepsrQ), BSpoeVopsrO), and
BCy ge ViosrO) compositions in the current results are slightly higher than those
reported by Kuang et al|29] for similar compositions, as well as those of the best-

known co-doped BigOs-based system of BiigsLa; sReQa5.26] Moreover, these
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conductivity values at 500 °C also significantly exceed the value corresponding to
the conventional SOFC clectrolyte of yttria-stabilized zirconia (ZrpgaYo1601.02) at

730°C.[6], [10]
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Figure 5.7: The high temperature XRD of BV 1450 compaosition in the
temperature range of RT-600 (.

Previously, several mixed oxide systems in BizO3-M. O, (M— Ca, Sr, Ba, La, W,
Y, Gd, Mo, Nb, V, ete.) have been widely reported as oxygen ion conductors.|1],
12], 18], [19], [41], [42], [43], [44], [45] In particular, ST** doped Scheclite strue-
tured composition BiggSrg 1 VOqey., which possesses a Huorite-related phase, has
recently been identified as an oxyeen ion conductor through electromotive foree
(EMF) measurement.[43] Furthermore, nuclear magnetic resonance and guasi-
clastic nentron scattering studies on BV, 0 ceramics have demonstrated that the
dominant charge transport mechanism in such systems arises from diffusion of
oxygen ions.|46], [47], [48] Thus, based on the prior literature reports, total con-
ductivity in the present study is attributed to the conduction of oxygen ions. Ac-
cordingly, the BV.0), BSppeVoeerO, and BOggeVooesrO compositions are inferred
to be predominantly oxygen-ion conducting. In addition, as shown by Huggins, [49]
the lower frequency spike observed in the impedance spectra of the compositions

is further supportive of this interpretation.
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5.3.1.3 Microstructural studies using SEM

The microstructure of the as-sintered compositions was investigated using scanning
clectron microscopy (SEM). Figure 5.8 presents representative SEM micrographs
of the as-sintered BVopsr (), BSpo2 Voo O, BUp02 Vo), and BVg 1450 samples.

T 5o Vo0, O [ ) FR

\

Figure 5.8: Microstructure of as-sintered (a, b) BVes70, (e, d) BSpoeVouesrO, (o,
f) BCpozVoosr(), and (g, h) BVy1450 samples. The left panels (a, ¢, e, g) show
SEM micrographs with lower magnification, and the right panels (b, d, f, h) with
higher magnification.

The SEM images of BV 70, BSppe Vw0, and BCp g Vo) compositions re-
wvealed large prains with an average size of ~ 26 pm, along with the presence of
the melt-like phase within the grains. In these compositions, only a few isolated
micropores and grain boundaries were observed, indicating a highly dense mi-
crostructure. Such microstructural features were consistent with the observation of

negligible grain boundary resistance in BV g, BSo g Vioesr () and BCa g2 Vi aer().
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On the other hand, the BV 1450 composition exhibited a large number of grain
boundarics, micropores, and a reduced average grain size (~ 8pm) in the mi-
crostructure. This noticeable grain boundary is also reflected by the requirement
of an additional semicircle for fitting the Nyquist plot of BV, 1440 (Figure 5.5(d))
and provided an explanation for the reduced oxdde ion conductivity in the BV 140
composition. The development of micropores and grain boundaries in BV 1450
could anse due to the anisotropic thermal shrinkage during the cooling following
the sintering process. The present microstructure analysis thus indicated that 2
mole¥ of Sr/Ca and 8.7 mole’ V substitutions for Bi are ideal for minimizing the
grain boundary resistance contribution and achicving dense microstructure.

Additionally, the meli-like phase, observed in the SEM images of BVygsO,
BSp.ozVioesrO and BCh Va0 specimens, sugegested the possible presence of a
substantial amount of amorphous phase in the specimens. However, quantitative
analysis of the XRD patterns of the BSg g Vg sample with the internal stan-
dard method (as shown in Figure 5.9) revealed that the amorphous phase content
is limited to 89 % only. This result implied that the melt-like phase is confined

to the surface of the sintered pellet of the specimen rather than its bulk.
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Figure 5.9: XRD pattern (zoomed around background) of BS; 05V 0s70 and Si
standard samples.

The EDX analysis was carried to determine the clemental compositions in the
V and Sr/Ca co-doped compositions. A comparison of the EDX-determined and

nominal compositions is presented in Table 5.9.

170



Chapter 5: V and Sr/Ca co-doped Bia()3 ceramics

Table 5.9: EDX analyzed compositions

Nominal composition | EDX analyzed composition

Big sosSrooe VoesrOusrr | BioseySrooz) Voosn Ovsim
Bip soaCap e VoosrOr sz | Big sarey Cao o) Voor() O eae)

5.3.1.4 Thermal analysis using DSC study

The thermal properties of the as-sintered compositions were investigated using
differential scanning calorimetry (DSC). Figure 5.10 depicts the DSC thermograms

recorded for BV psr() and BV 14:0) compositions during the heating and cooling
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Figure 5.10: DSC thermogram of as-sintered (a) BV ge;O and (b) BV 1440
sample

The DSC thermogram of BV 1450 composition exhibited a peak at ~ 179.1°C
during the heating cyele and at ~ 175.8°C during the cooling cycle. These peaks
were reversible, and the temperature at which they ocenrred roughly coineided
with the temperature corresponding to the slope change observed in the Arrhenins
plot for the same composition. In contrast, the other BV,0 and Sr/Ca co-doped

compositions did not show any thermal transition within this temperature rangoe.

5.3.2 Characterization of Aged V- and Ca/Sr co-doped
compositions

In this scction, the results for annealed (aged) compositions of BV g (O,

BSg.02Vousr ), BCoozVioesrO, and BV 1420 are presented.
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5.3.2.1 Phase identification and structure determination

Figures 5.11(a-d) display the comparison of XRD patterns of 400°C/100 h and
600°C /100 h annecaled (aged) compositions of BV g0, BV 1420, BSg 02 Vi osr (O,

and BCpp2Vies70O) with their as-sintered counterpart.
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Figure 5.11: (a-d) XRD pattern of as-sintered and anncaled samples of BV g0,
BSgos Vo), BV;1450), and BCy 00V .0s70), respectively
Figure 5.11(a-d) shows that all four 400 °C/100 h annealed compositions displayed
XRD patterns similar to those of their as-sintered connterparts. In contrast, ad-
ditional Brage peaks were observed in BV 70, BSp e Vaosr (), and BCp g Vs O
compositions after annealing at 600°C /100 h |, indicating a structural transforma-
tion from the A3m phase to a new phase(s). It was also noted that the conversion
rate of the stabilized Ham phase in BV 570 and BCy 32V a7 compositions
was significantly faster than that of the BSgg0Vaw:O sample. Conversely, the

600°C /100 h annealed BVy 1450 sample did not show any additional Bragg peaks,
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confirming the preservation of the monoclinic C'2/m phase in this composition.

In order to identify the additional phases formed in anncaled DBVggs:O,
BSg.02Vopsr(), and BCgp2Vioesr) compositions, Rietveld rehinement of their XRD
patterns was carried out. The refinement results of BV ge70 and BV 1450 sam-
ples are presented in Figures 5.12, while those of BSg 02V and BCy Vi s O

are shown in Figure 5.13.
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Figure 5.12: Room temperature XRD patterns with Rietveld refined fit of (a, )
A00°C /100 h and (b, d) 600°C/100 h anncaled BV per O and BV 1450

compositions
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Figure 5.13: Room temperature XRD patterns with Rictveld refined fit of (a, )
400° :IJ.' 100 h and “], {'}} 600 ”(‘;’lﬂﬂ h anncaled HS[}_“EVH_{H'}'{] and B(]u_[;zVu_mf{]

compositions

The refinement results were well fitted using the B3m + 123 structural model for

both the 400°C and 600°C annealed BSgpeVigeerO and BCypVioeerO composi-
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tions. In contrast, the 600 °C annecaled BV gsr() sample required an additional
ri-phase to achieve a satisfactory ht. From the Rietveld ftting, the additional
Brageg peaks observed for BVoesr(), BSgne Vooss(), and BCppeVaesr() composi-
tions after annealing at 600°C/100 h were attributed to the conversion of the
R3m phase to the 123 phase. The extent of phase conversion in 400°C /100 h
anncaled samples was marginal; however, it inereased significantly npon anneal-
ing at 600°C /100 h, reaching 37% for BVusr0, 12% for BSggz Vo esr(), and 26%
for BCppeVapsr(). The corresponding phase fractions and lattice parameters are
listed in Table 5.10.

Table 5.10: Rictveld refined lattice parameters and phase percentages of
annealed (aged) compositions, determined from XRD data.

les Lattice paramecters R3m:T23
Ram 123 P2, fe (%)
e a—b—11L757(2) A a—h—¢ )
BV a0 400°C/100 b ¢—28.864(1) A 10.217(5) A - 89.6:11.4
a—5819(4) K
e a—b—11731(HA | a—b—¢ |b—8129(6)A | . _
BVoar Q) S0°C/100 8 e— 28.914(8) A 10215(5) A | e—7.451(4) A e
i
. o a—b—11L.746{T) A a—h—e¢ )
BSo.2VoarQ 400°C/100 b | © 7 28.842(7) A 10.209(2) A - 97 2:2.8
. e a—b—1L746(3JA [ a—b—¢
BiaVean (2 600°C/100 L | © . 28.848(7) A 10.213(4) A . i
. o a—h— 11.728(8) A a—h—e .
BCo.02VoasrO 400°C/100 0 | © 7 0 836(8) A 10.193(8) A . 90.9:9.1
. e a—b—1LT240A | a—b—0r e
BCo.02VoasrO 600°C/100 0 | © 7 28.854(1) A 10.212(7) A . 73.9:26.1

Therefore, the present rehinement results suggested that Sr and V co-doping sup-
presses the phase conversion from R3m to 123 phase. In addition, comparatively
faster phase conversion, noted in BC g2 Vi per (), 15 consistent with an carlier report

on a 2 mole%s CaO-doped 78% Bia03-20% Erz(Oy system. [50]

5.3.2.2 FElectrical conductivity of the aged compositions

Figure 5.14(a-d) shows the complex impedance plane (Nyquist) plot of 400°C
anncaled BUH.DH‘?{}T ng_pm(), BSQ_DEV"_M'?[}, and H[:ungvum(} mmpmitinm;
recorded at 200 °C.
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Figure 5.14: Nyquist plots of complex impedance data at T = 200°C for
BV[:_W{} {:-].}1 Bﬂn_mv“_;m[} “'.I:I, Hﬂﬂm-'\'r;]m'?” {[:j, and BV&MH(} {d] H&]‘ﬂ]]]l’:ﬁ
anncaled at 400°C /100 h.

The complex impedance plots of BSgpeViessO and BCppeVoesr() compositions,
annealed at 400 °C /100 h, exhibited a single semicircle followed by a low-frequency
spike. This semicircular region in these plots was ftted satisfactorily using a sin-
gle R||C element corresponding to the grain (bulk) resistance. However, in purely
V-doped compositions of BV g0 and BV 1450, an additional R||C' element was
required to achieve a satisfactory fit, after 400°C /100 h annealing. This additional
R||C clement was attributed to the growth of grain boundary resistance induced
by the annealing treatment. On the other hand, the high frequency (semicircu-
lar) region in BSppeVoesrO and BCopaVoesrO compositions was adequately fitted
using single R||C’ element, even after annealing at 600°C/100 h, as shown in
Figure 5.15 (a, b). The suitability of a single R||C clement in these composi-
tions confirmed the dominance of bulk conduction even after prolonged annealing.
This indicated that Sr/Ca co-doping could effectively suppress the conductivity
degradation arising from increased grain-boundary resistance compared to purcly

V-doped compositions.
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Figure 5.15: (a-b) Nyquist plots of complex impedance data at T'= 200°C of
600°C /100 h anncaled BSy g2V a0 and BCg go Vi ger () samples
The fitted values corresponding to the Ry, Rg, and cxperimentally determined

total conductivities at 400°C and 500 °C are listed in Table 5.11 -5.12, respectively.

Table 5.11: Simulated values of bulk and grain boundary resistance (R, and
Ry,y,) and capacitance (C), and Cy,) values determined from the fitting of
impedance data at 200°C for annealed samples.

I G I G

STagles {HI:m} {F::ul:_l:l (kszf:u} (F::.T—*}

BVo.os7() 400°C /100 h 1400 | 7.5x 10711 | 4080 | 3.2x10°%

BV 1450 400°C/100 b 962 |82x10-"| 731 |1.9x107?
BSpozVooszO 400°C/100h | 686 | 6.1 x 107!
BCoozVoosrQ 400°C/100 L | 61.9 | 5.6 x 101
 BSo.2VooszO 600°C/100 b | 1866 | 7.8 x 1071
BCpuzVuosrO 600°C/100 b | 1100 | 5.9 x 10~

Table 5.12: Conductivity values of the anncaled compositions at 400 and 500°C

Samples Ffmq{: ﬂ;’imnﬁ
(S/cm) (S/em)
BVpoerO 400°C /100 h | 5.88 x 10~ | 3.04 x 102
BVoosrO 600°C/100 b | 201 x 10~ | 1.26 x 102
BSa.02 Vo.asrO 400°C/100 h | 250 % 1072 | 1.09 x 10!
BSp.02 VoosrO 600°C/100 b | 9.98 x 10— | 5.60 x 10-2
BCym Voo 400°C/100 b | 2.24 x 102 | 0.89 x 10—2
BCyozVoesrO 600°C/100 h | 157 x 1072 | .78 x 1072
BVp14s0 400°C/100 b | 2.39 x 10~ | 1.02 x 102
BVogO 600°C/100 b | 242 x 103 | 1.04 x 102

For further clarity, the temperature-dependent conductivity of as-sintered,

400°C /100 h, and 600°C/100 h annealed (aged) compositions of BV O,
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BSn.02VansrQ), BCoo2Voesr() and BV 1450 are compared in Figure 5.16 (a-d).
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Figure 5.16: (a-d) Comparison of total conductivity of as-sintered and anncaled
samples of BVopsrO, BSoo:VooerO, BVoeQ), and BCy g2 Vo oerO, respectively.

As shown in Figure 5.16, the conductivity of the BV, 4570 sample shows notice-
able reduction upon anncaling at 400°C/100 h and 600°C/100 h relative to its
conductivity at the as-sintered condition. In contrast, only a marginal decrease
was observed for BSpuaVoesrO (Figure 5.16 b), BV 1450 (Figure 5.16 ¢), and
BCqm VaosrO (Figure 516 d) compositions upon annealing under similar con-
ditions. Although the XRD pattern of as-sintered and 400°C /100 h annealed
BVios7O composition (Figure 5.11 (a)) did not reveal any noticeable struetural
difference, a significant conductivity reduction was evident, This behavior was pre-
viously reported in other doped-Biz(); systems and was commonly deseribed as an
aging phenomenon.[10], [51], [52] Unlike conventional erystallographic phase trans-
formation, this phenomenon is associated with ordering of the oxyegen sublattice
and is accompanied by degradation in conductivity.[10], [51], [52] In the present

study, the conductivity degradation related to the aging phenomenon was strongly
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suppressed in BSg o2 Voosr (O, BCh o2 Voosr(), and BV 1450 compositions. This sup-
pression is possibly governed by the Bi content and the ionic radius ratio (7 /Tan:
) of these compositions. Morcover, Rictveld refinement of the XRD patterns of 600
*C/100 h annealed BV -0, BSg Vo, and BCy 42V 0570 samples indicated
a partial conversion of the A3m phase to the 123 phase. However, this conversion
is not expected to adversely affect the conduction property, as both -BiO4 and
V-doped y-Biz()y are intrinsically oxide ion-condueting phases.[4], [42] In addition,
as shown in Figure 5.14 and Table 5.11, a distinct grain boundary contribution has
emerged in 400°C/100 b anncaled BV g0 sample, whereas no such contribution
was observed in similarly annealed BSg 4oV e70) and BCy 2V a7 compositions.
Therefore, the emergence of this additional grain boundary resistance also con-
tributed to the overall reduction in total conductivity of the anncaled BV 0

samples.

5.3.2.3 Phase analysis of BSg g2 VpeerO composition using Neutron
powder diffraction (NPD)

Neutron powder diffraction (NPD) was employed in addition to X-ray diffrac-
tion to accurately determine the crystal strueture and constituent phase frac-
tions, owing to its higher sensitivity to light atoms and lattiee disorders. In the
present study, variable temperature NPD measurements were carricd out on the
as-sintered BSgpe ViesrO) composition over the temperature range of 40-600°C.
This composition was specifically chosen to evaluate its phase stability across the
investigated temperature range. Figure 5.17 (a) displays the Rietveld analyzed
NPD pattern of BS;p Vo as-sintered composition at T = 40°C, while Fig-
ure 5.17 (b) presents the corresponding Rietveld fits analyzed over the temperature
range of 40600 °7C.

Consistent with the XRD Rictveld fitting of the same composition, the NPD
pattern of BSpa Va0 composition at 40°C was also refined osing B3me | 123

structural model, as shown in Figure 517 (a).
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Figure 5.17: (a) The neutron powder diffraction pattern recorded for the
as-sintered BSy g2 Vi gerO sample at 40°C and (b) Neutron powder diffraction
patterns and Rietveld fit in the temperature range of 40-600°C.

During the refinement, the positions and oceupancies of the V osite were kept fixed
to the values determined from XRD analysis, due to its smaller coherent seattering
cross section for thermal neatrons. To ensure reliable fitting, the () range of 2.9-
295 A" was excluded from the analysis to avoid the contribution from the sample
eovironment detected during the experiment.

The Rictveld refinement yielded the phase fractions of 0.72 and 0.28 for the Ram
and 23 phases, respectively, with the R3m phase refining to a composition of
BigamaSroomes VopszOi1s5. This refined composition matched well with the com-

position obtained from EDX-analysis (as shown in Table 5.9). Furthermore, the
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same structural model was cmployed to refine the temperature-dependent NPD
patterns. As shown in Figure 5.17 (h), all the high-temperature NPD patterns
were well iitted by using the same space groups and the same B3m: 123 ratio as de-
termined for 40°C data. This indicated the absence of structural phase transition
in BS;0eVou () composition up to 600°C, at least over the total experimental
period (~ 4 days). These results, together with the XRD obscrvations for the
anncaled samples, confirmed the phase stability of the BSpg2VeesrO composition
under long-term thermal exposure and associated aging effect. The Rietveld re-
fined latfice parameters, atomic parameters, oceupancy paramcters, and atomic

displacement factors for Rdm and 123 phascs of NPD data are presented in Ta-

ble 5.13 and Table 5.14, respectively.

Table 5.13: Rietveld refined erystallographic data of rhombohedral R3m phasc,
determined from NPD data of BSy 32 Vo aerO) at 40°C

Atom Vs x v % Occupancy U, (Ju.z'j
position
01 3a 0 i 0.720(7)  0.166(6) 1.17(7)
02 3a 0 0 0.0M1(7)  D.166(6) 0.08(3)
03 3a 0 0 0.096(1)  0.166(6) 0.97(3)
04 9b 0.520(3) 0.470(6) 0.169(7) 0.5 1.50(5)
05 9b 0.443 0557 0.311(9) 0.5 1.81(2)
06 b N.A20{9) 479 01102} 0.5 1.37(9)
07 9b 0.772(5) 0.227(5) 0.316(7) 0.5 1.64(1)
08 9b 0.546(3) 0.453(7)  (.515(2) 0.5 1.50(5)
09 b 0.113(5) 0.886(5) 0.298(1) 0.5 0.01(2)
010 ob 0.259(3) 0.740(7)  0.017(3) 0.5 1.38(2)
011 9b 0.753(7)  0.246(3)  0.117(1) 0.5 1.19(3)
012 9b 0.232(4) 0.767(6) 0.166(9) 0.5 1.85(1)
013 I8¢ 0.337(5) -0.006(4) 0.057(4) 1.0 1.47(1)
(14 18c N03B(4) 0.368(4) 0.226(1) Lo 1.62(4)
015 3a 0 0 0.418 0.166(6) 0.39(7)
Bil 3a 0 0 ATH(5)  0.166(6) 0.06(7)
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Atom Wyckalt x v z Occupancy U, {1’12}
position

V2 3a 0 0 0 0.038(3) 0.84(6) |
Bi2 da i { ] 0.038(3) (1.84(6)
Sr2 Ta 0 0 0 0.090(2)  0.84(6)
V3 3 0 0 0.303(9)  0.083(4) 0.99(1)
Bi3 a 0 0 0.303(9)  0.083(4)  0.99(1)
Bid ab 0.553(2)  0.446(8)  0.424(5) 0.5 0.47(7)
Bi5 ah 0.107(3)  0.892(7)  0.199(9) 0.5 0.15(9)
Bi6 9b  0557(2) 0.442(8) 0.088(8) 0.5 0.61(2)
Bi7 b 0.439(8) 0.560(2) 0.202(1) 0.5 0.43(T)
Bi# h 0.774(1) 0.225(9) 0.198(1) 0.5 1.33(5)
Bio ab 0.220(8) 0.779(1) 0.099(1) 0.5 0.63(2)
Bilf 18 0.326(9) 0.011(1) 0.317(4) 10 1.34(9)

Table 5.14: Rietveld refined erystallographic data of cubie 123 phase, determined
from NPD data of BSppe Vo0 at 40°C

Atom Fﬂiﬁg ¥ P Oceupancy [, (A2)
Bil 240 0.179(6) 0.323(4) 0.022(3) L0 L70(3)
Bi2 2a 0 0 D 0.076(1) 0.44(4)
o1 240 0.136(6) 0.253(8) 0.490(8) 1.0 L76(5)
02 8 0.199(8) 0.199(8) 0.199(8)  0.333(3)  0.92(3)
03 8¢ 0.891(3) 0.891(3) 0891(3)  0.333(3) 1.72(2)
V2 % 0 0 0 0007(3)  0.32(1)
85r2 Za 0 0 D 0.001(7) 0.32(8)

The unit cell volume of the B3m phase was also obtained from the refinement
across the measured temperature range, and its variation with temperature is
shown in Figure 5.18. The unit cell volume of the rthombohedral R3m phase
was observed to vary almost linearly with temperature, without any anomalics.
This behavior further supports the absence of a structural phase transition during
the high-temperature NPD measurement of BSg 02 Vo.gsrO composition. The NPD

refined erystal structure for the Adm phase is presented in Figure 5.19.
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Figure 5.18: The temperature dependence of unit cell volume of the
rhombohedral A3m phase. The line passing through the data points are punide to
the cyes

Figure 5.19: The final Rietveld refined crystal structure of the rhombohedral
phase (in a hexagonal setting) in BSg.2Vi.osrO.

As evident from the struetural model of the rhombohedral R3m phase (Table 5.13),
the cation sites (Bi, Sr, and V- ions) oceupy multiple Wyckoff positions. The
crystal structure illustrated in the figure highlights the cationie plancs of the R3m
phase, with vellow, blue, red, and pink spheres representing bismuth, oxygen,
strontinm, and vanadinm ions, respectively. In order to maintain clarity, the

oxyegen ion positions are displayed only in the top slab of the rhombohedral unit
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cell.

The rhombohedral structure of the Rdm phase was composed of a stacking of
three distinet cationic layers, denoted as L1, L2, and L3 along the c-axis, as
depicted in Figure 5.19. The L1 and L2 layers were found to be occupied purely
by Bi ions, whereas Sr and V ions woere confined to the L3 layers. In the L3
plane, the z-positions of Sr (z—0.666(8)) and V (z-0.637(2)) ions deviated from
that of the Bi-ion layer (= -0.650(7)), leading to the formation of a quasi-two-
dimensional (2D) layer. In addition, the smaller ionic radins of V compared to
Bi led to smaller V-0 bond distances, and consequently larger (-0 separations
in the L3 plane. In contrast, L1 and L2 layers, being composed cxelusively of
Bi-ions, remained structurally unaltered. Therefore, although V and Sr/Ca co-
doping stabilized the high conducting F3m phase, it may have hindered long-range
oxygen ion transport, specifically in the substituted plancs, thereby constraining
the overall conductivity to approximately an order of magnitude lower than that
of the d-phase. The substitution of V ion, particularly in the L3 plane, was also
carlier reported by Kashida et al.|36]

The structural relationship between the B3m and the d-phase (F m3m) unit cell
was interpreted by comparing the orientation of their cationic layers, as illustrated
by the red dotted unit cell in Figure 5.19. The cationic layers of the thombohedral
unit cell exhibited a repetitive sequence of L1, L2, L3/L1, L2, L3/L1, L2, L3/L1,
which closely resembled the layer sequence of the cubic phase when its cationic
layers were oriented along the (111) direction. Consequently, the R3m phase can
be regarded as a Huoorite-type superstructure comprising 333 subcells. A com-
parable structural relationship was also observed between cubic v-BizOy (723) and
cubic 4-BizOy (Fm3m). The 1-BizOs phase contained multiple erystallographic
sites for Bi*t (24f and 2a) and O*~ (24f, 8¢, and 8¢), with the 8¢ site being par-
tially ocenpied, analogous to the partial cccupancy of 0% at the 8c and 32f sites
in cubic d-phase. Thus, partial average ocenpancy of oxyeen sites appeared to be

the common structural feature connecting the 4-BisO4, R3m and eubic v-Biy(y
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(123) phascs and facilitating casicr hopping of O*~ ions between the occupiced and

neighboring vacant sites.

5.3.2.4 Soft bond valence sum (BVS) analysis of NPD for determining

the conduction pathways

Soft. hond valence analysis (BVS) is employed as an efficient technique to iden-
tify the accessible sites for mobile ions by evaluating the bond valence mismatch
(Aw) of the moving ions. The most probable paths are considered to be those
connecting the accessible sites along which the valence mismatch remains sufh-
ciently low. Accordingly, the iso surfaces of constant |Ar| for a given mobile ion
may be interpreted as a region accessible to that mobile ion within a certain acti-
vation energy.[53], [54] Thus, this approach can help to clucidate ion conduction
pathways and has been successfully applied earlier to a variety of ion-conducting
systems.|55], [56] In the present study, the soft bond valence sum analysis was
performed on refined neutron diffraction data of BSggeViesrO composition and
analyzed using the Bond STR program available in the Fullprof snite. The RT
oxide ion conducting pathways determined using the erystal structural parameters

of R3m phase of the BS; 52V as0 sample are illustrated in Figure 5.20).

Figure 5.20: (Left) Effective oxygen ion conduction pathways, calculated from
the soft-BVS analysis and (Right) the iso-surface BVS maps for individual L1,
L2, and L3 layers for the rhombohedral phase

184



Chapter 5: V and Sr/Ca co-doped Bia()3 ceramics

In the fgure, the left panel shows the effective oxygen ion conduction pathways
(isosurface) as caleulated from the BVS, while the right pancl focuses on the
isosurface maps of the individual layers of the R3m phase (L1, L2, L3 layers).
The color bar represents the depth profile of the conduction pathways.

From the analysis, the available volume for oxygen ion conduction within the
R3m phase unit cell is determined to be ~ 19.9 %. The area of the isosurface
(conduction pathway) for the L3 layer is significantly smaller than that for the
L1 and L2 layers. This obscrvation indicates that the incorporation of Sr and V
atoms as dopants has disrupted the conduction pathways, leading to a reduced
ionic conduction in the L3 layer. As a consequence, the diminished oxygen ion
conductivity of V- substituted Biy()3 relative to its d-phase can be attributed to
the disruption of conduction in L3 layers.

As the vBipOz was identified as a sccondary phase in the refinements of the
prepared compositions, its BVS was also evaluated. Figure 521 presents the
123 crystal structure and its effective conduction pathways (iso-surface maps),

imeluding those of the (100) plane.

Figure 5.21: (a) Crystal structure of the 123 phase. (b) Effective oxygen ion
conduction pathways caleulated from the BVS analysis for Av = 0.3 (as
considered for R3m phase). (¢) The isosurface BVS maps for the (100) plane for

the present componnd.

As observed from the fipure, the isosurfaces surrounding the BiQ), polyhedra in
23 phase are eonnected in all directions. This three-dimensional connectivity
indicates that the cxyvgen ions can undergo long-range transport along all three
crystallographie directions, which is a signature of a high ionic conductivity in the

cubic 123 phase.[3], [1] In addition, the available volume for oxygen ion conduction
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within the cubic 123 unit cell is estimated ~ 16.5 %. Accordingly, the present
analysis reveals that significant amounts of volumes are available for the oxygen

ionic conduction within the unit cells of both A3m and 723 phases.

5.3.3 Local structural investigation using EXAFS and
XANES

To understand the role of loeal structure in transport properties of synthesized
compositions, Bi Ly-edge EXAFS measurements were performed in the temper-
ature range of RT-500°C. The superimposed plots of RT k*-weighted Bi Ly-
edge EXAFS data (k*x(k)) for as-sintered BV, 0 (z—0.084-0.100) and BVy p7O,
BV314s0), BSpeVoesrO, and BCy 5o Viesr{) compositions are presented in Fig-
ure 5.22(a, ¢). The corresponding magnitudes of the Fourier transforms of (E*y(k))

signal (|x(R)|) are also displayed alongside in Figure 5.22(b, d) for comparison.
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Figure 5.22: (a, ¢) k*y(k) versus k from the RT Bi Ly-edge of as-sintered
samples of low V doping (z—0.084, 0.087, 0.09, 0.100) and BVyes70, BVy4s0,
BSn.02ViosrO, and BCyaeVoosrO. (b, d) The magnitude of the Fourier transform
(FT) of the data in (a, ¢), [x(R)|.

The experimental k%y(k) and |y(R)| plots of BV,0O compositions containing
8.4-10.0 mole % V,0;, together with those of BV (), BSpuVies:O, and

BCon.o2VoesrO (all with 8.7 mole % of Va05) compositions, exhibited nearly iden-
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tical spectra. The BV 40 composition with the highest V205 mole% showed
a slight deviation in k*y(k) and |y(R)| signals at higher k and R valucs. This
suggested that the local Bi-O enwironment in the as-sintered BV 1450 differed
from the low V-doped compositions. Furthermore, to examine the influence of
anncaling conditions on the local Bi-O) environment, |[y(R)| plots of as-sintered

and anncaled BVgasrO, BSpo2VioesrO, BCopeVieesrO and BV 1450 compositions

arc compared in Figure 5.23,
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Figure 5.23: (a-d): Plot of |y(R)| vs. R {ﬂ] for BVyos70, BSo02Vo.osr O,

BChuaVopsr() and BV 1450 as-sintered and annealed samples

Consistent with their as-sintered counterparts, the anncaled compositions of
BVoosr(), BSpmeVoes7(), BCheeVioesr() and BVp 140 also did not exhibit any
significant variation in their local structure. This behavior implies that either
the applicd anncaling condition did not alter the local structure surrounding the
Bi** ion, or that the changed structure was not reflected in the current EXAFS
measurcment. In addition, no prominent correlation peaks beyond the hirst Bi-()

coordination shell were observed, indicating that contributions from a possible

second B3i-0) shell or first Bi-Bi shell could not be detected. This suggests that
Bi*" ions possessed a heavily disordered loeal environment beyond the first Bi-0

shell, as EXAFS in a well-ordered erystalline system is typically sensitive to local
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correlations extending up to ~ 4 A from the absorbing atom.

Similar behavior has been previously reported for §-Biz(); phase stabilized
i (90%)Biz03-(10%)Taz05 system.[57] In scveral other EXAFS studies on
Biy 05 M0, (M-Y, Er, Yh) systems, characteristics of disordered local strue-
ture were also observed; however, correlations corresponding to the second Bi-0)
shell and first Bi-Bi/M were still detectable [58] In comparison with these reported
systems, the present system was inferred to exhibit a substantially higher degree
of local structural disorder. Morcover, comparison of the EXAFS spectra of the
highest V-doped compositions, BV 1440 (monoelinie C2/m), with a similar phase
reported by Saito et al|57] i.c., a-Biy 04 (monoclinic P2, /¢), suggested this sample
also possessed a high degree of local disorder. Despite the significant local disor-
der, the XRD/NPD results on both the as-sintered and annealed compositions did
not show any indication of a glass-like phase. Instead, the samples were found to
erystallize in the R3m | 123 phase.

In order to probe the extent of local disorder and werify the presence of any
structural contribution beyond the first Bi-O correlation, the back-transformed
EXAFS signal (y(g)) obtained from two R ranges, 1-2.3 A and 2.35 A, were

compared with the experimental EXAFS data (y(k)) as shown in Figure 5.24.

I K ) (1§23 A)
44 —— K g (23-34)

1 4 6 R M0 12 14
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Figure 5.24: Experimental k2 (k) vs. k (blue line) plotted with back FT &2x(q)
in1-23 A (orange line) and 2.3-5 A (magenta line) for the BVyasrO sintered

sample.
In this comparison, y(g) in K range of 1-2.3 A (orange line) was obtained by fit-
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ting the first shell contribution and subsequently back transforming it to g space.
This y(q) signal was then subtracted from the raw experimental data (blue line).
Following the subtraction, a weak residual signal (magenta line) was observed,
indicating the presenee of a weak contribution in the R range of 2.3-5 A. The
structural models of both R3m and 123 phases contained several Bi-0) and Bi-Bi
scattering correlations that contribute within this F-range. Thercfore, as an initial
step to ebtain the average bond distance (R;), the mean square disorder (MSD)
in the bond distance (%), and the average coordination number (N;), the first
correlation peak in the |y (R)| spectra were fitted using first shell fitting approach.
The results of this fitting for the as-sintered compositions are presented in Fig-

ure 5.25-5.26, while those for the annealed composition are shown in Figure 5.27.

AtRT O Exp

AR (A7)

Figure 5.25: The best fit of |y(R)| with a single threc-oxyvgen-coordinated Bi-()
shell is shown for BV gs4O, BVgasrO), BVigee), and BV 1pe0 samples

All the fits, irrespective of their composition or heat treatment, displayed good
agrecment between the experimental |y(R)| and K y(k) and the corresponding
simulated lines using this model. However, minor discrepancies were noticed at
higher £ and R values, which were expected, sinee the fitting model only included
the first coordination shell. The best-hit parameters obtained from the first shell

fitting arc listed in Table 5.15.
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Figure 5.26: RT Bi Li-edge spectra (blue circle) of (a) BSpa2VoesrQ and (b)
BV 1450 compounds, fit (red line) with a single Bi- O shell.
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Figure 5.27: The fitting of |x(R)| and k*x(k) for RT experimental Bi Ly-edge
EXAFS spectra (blue circles) with the best fit (red line) with a single

threc-oxygen-coordinated Bi-O shell corresponding to (a) BVisr() as-sintered
and (b) BVygszO 400°C/100 h annealed sample.

Although the first shell model alipned well with the experimental speetra. this
model still did not account for the observed disorder or the influence of local
structure on ionic conductivity of the syvnthesized materials. Therefore, to address
this limitation, all the Bi-() and Bi-Bi correlations within the range of 1 A to
A A for R3m and the 123 phases were included in the ftting of the experimental
data. Due to numerous correlations in this A range for both the phases, several
constraints were required to successfully implement this model.

The bond distances were refined using a constraint represented by a constant (o)

multiplied by the caleulated bond distance (Byg) from the lattice parameters, with
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Table 5.15: DBest-fit parameters obtained from single shell model

Best, fit parameters of Bi Lg-edge | Shell no.—1, N; =3, R; =2.13 A, |
EXAFS spectra at RT 2= 0.007 A®

independent constants used for the R3m and 723 phases. Nearby scattering paths
involving the same pair of atoms were assumed to have the same mean square
disorder parameter, (¢°). In total, cight different o° were used in the fitting.
The amplitude reduction factor (S7) was kept fixed at a value obtained for Bi
metal (S5 = 0.7) and multiplied by an additional scaling constant, g to estimate
the relative fractions of cach phase. Overall, 13 independently varied parameters
were used in fitting the experimental data. The resulting fittinegs achieved for
as-sintered BV a0, BS; 00 Vo). BCym Vg, and BV 1450 compositions
in A-space and k-space are presented in Figpure 5.28. The corresponding fit for
400°C/ 100 h annealed BVg psrO composition is also displayed in Figure 5.29 for
COMPATISON.

As observed from the figure and the corresponding refined parameters (Tables 5.16-
2.18 | the Rdm | 123 phase correlations provided a reliable fit, with no noticeable
diserepancics at higher & and R values. Thus, this analysis implied that the glass-
like EXAFS signal was duce to the local disorder cansed by the biphasic nature of
materials.

Fitting of Bi Ly edge EXAFS signals of BV 30, BSg.02 VoosrOs BChoz Voo (O and
BV e O-400°C /100 h compositions provided similar parameters, with R3m:723
phase fraction of 0.67:0.33. This relative phase ratio was in close agreement with
that obtamed from NPD analysis. In contrast, for BV 1450, the Bi-01.4 and
Bi-()1.5 scattering paths of the 723 phase were absent (Table 5.18). Furthermore,
4 Bi-Bi scattering paths in the R3m phase exhibited large ¢2 (MSD), the refined
R3m:I23 phase fraction for BV 1440) was found to be (0.75:0.25,
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Figure 5.28: Results of the best fit with all possible Bi-() and Bi-Bi correlations

in R range 1-4 A as per R3m and 123 models. The fit of |x(R)| and &*x(k) are

shown for (a, b) BVaas7Q, for (¢, d) BSpe2VaessO, for (¢, ) BCoo2Voosr(), and
for (g, h) BV 1450 respectively.
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Figure 5.29: The fit of |y(R)| and ¥*y (k) arc shown for BV ps70 400°C
annealed sample with correlations from F3m and 123 models
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Table 5.16: Best fit parameters for as-sintered BV psr0O)

Path Deg. | Amp™0.7 | MSD E, delr Ra | Baea
(N) (S0)* a?

|R3m| | O13.1 1 0.382 | 0.00042 | 0.76 | 0.02967 | 2.1239 | 2.00423
[R3m] | O7.1 L 0.382 | 0.00356 | 0.76 | -0.03089 | 2.2115 | 2.18061
[R3m| | 091 1 0.382 | 0.00356 | 0.76 | 00314 | 2.2479 | 2.2165
[R3m| | 051 1 0.382 | 0.00327 | 0.76 | -0.03431 | 2.4559 | 2.42159
[R3m| | O14.1 | 2 0.382 | 0.02204 | 0.76 | 0.03788 | 2.7116 | 2.67372
|R3m| | Bito.1 | 1 0.382 | 0.02831 | 0.76 | -0.04993 | 3.5744 | 3.52447
[R3m| | Bi3.1 L 0.382 | 0.01991 | 0.76 | -0.05296 | 3.7913 | 3.73834
|R3m] | Bi6.1 2 0382 | 0.01991 | 0.76 | -0.05389 | 3.8575 | 3.50361
|[R3m| | Bi9.1 2 0.382 | 0.01991 | 0.76 | -0.05465 | 3.9119 | 3.85725
[R3m] | Bit0.2 | 1 0.382 | 0.00457 | 0.76 | -0.05539 | 3.9647 | 3.00931
[R3m| | Bi5.1 2 0.382 | 0.00457 | 0.76 | -0.05685 | 4.0696 | 4.01275
[R3m| | Bi7.1 1 0.382 | 0.00457 | 0.76 | -0.05801 | 4.1524 | 4.09439
[R3m| | Bi103 | 1 0.382 | 0.00457 | 0.76 | -0.05856 | 4.1921 | 4.13354
[123] | 011 1 0.318 | 0.00042 | 0.76 | 0.03305 | 2.0599 | 2.09295
[1z3] | 012 2 0318 | 0.00356 | 0.76 | 0.03546 | 2.2101 | 2.24556
[123] | 013 1 0.318 | 0.02204 | 0.76 | 0.04184 | 26077 | 2.64954
[123) | 031 1 0.318 | 0.02294 | 0.76 | 0.04279 | 26671 | 2.70989
[123] | 014 1 0.318 | 0.01147 | 0.76 | 0.04841 | 3017 | 3.06541
[123] | 015 1 0.318 | 0.01147 | 0.76 | 0.05249 | 3.2713 | 3.32379
[123] | Bil 3 0318 | 0.02831 | 0.76 | 0.05856 | 3.6497 | 3.70826
[123] | Bi3 1 0.318 | 0.02831 | 0.76 | 0.05927 | 3.6043 | 3.75357
23] | Bi4 3 0.318 | 0.01991 | 0.76 | 0.0605 | 3.7709 | 3.8314
[123] | Bis 2 0318 | 0.01991 | 0.76 | 006155 | 3.836 | 3.80755

Table 5.17: Best fit parameters for BV pe7 () 400°C /100 h annealed sample

Deg. | Amp*0.7 | MSD

Path Ey delr R Reiiea
(N) (Sn)* o

|R3|11| 0131 1 0464 000031 | 0403 | 001324 | 2.1239 | 2.11066
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194

Table 517 continued
Deg. | Amp*0.7 | MSD
Path Ey delr Ry Hgiea
(N) (Su)* o*
|R3m| | O7.1 1 0.464 0.00573 | 0.403 | 001378 | 2.2115 | 2.19772
|R3m| 9.1 1 0.464 000573 | 0403 | 001401 | 22479 | 2 23389
|H3m]| 051 1 0.464 (L0861 | 0,408 | 001531 | 2.4559 | 244059
[R3m] | O14.1 2 {464 002144 | 0403 | -0.0169 | 27116 | 26047
[R3m| | Bil0.1 | 0464 0.00623 | 0,403 | -0.02228 | 3.5744 | 3.55212
|[R3m] | Bi3.l | 0.464 (L01392 | (0.408 | -0.02363 | 3.7913 | 3. 76767
[R3m] | Bif.1 2 0.464 (.01392 | 0403 | -0.02404 | 38575 | 3.83346
|R3m| | Bif.1 2 (.464 0.01392 | 0.403 | -0.02438 | 3.9119 | 3.887h2
|R3m| | Bil0.2 1 0.464 0.00806 | 0.403 | -0.02471 | 3.9647 | 3.93999
|[R3m| | Bi5.1 2 0.464 000806 | 0.403 | -0.02536 | 4.0696 | 4.04424
[H3m] | Bi7.1 1 0.464 (L0206 | 0,408 | -0.02588 | 4.1524 | 4.12652
[R3m| | Bil0.3 | {464 L.00806 | 0.403 | 002615 | 4.1921 | 4. 16597
[123] 011 | 0.236 000031 | 0403 | 0.0157T9 | 2.0599 | 2.07TH69
{123 01.2 2 (.236 (L0057 | 0,403 | 0.01694 | 22101 | 222704
[123] 1.3 1 0.236 0.02144 | 0403 | 0.01998 | 26077 | 262768
[123] 03.1 1 0.236 0.02144 | 0403 | 0.02044 | 26671 | 2.68TH
[123] 014 1 0.236 001718 | 0403 | 0.02312 | 3.017 | 3.04012
[123] 015 1 0.236 001718 | 0,403 | 0.02507 | 32713 | 3.29637
[123 Bi.l 3 (.236 (L0623 | 0408 | 002797 | 3.6497 | 3.6776T
[123] B33 | (.236 0L.00623 | 0.403 | 002831 | 3.6943 | 3.72261
[123] Bid 3 0.236 0.01392 | 0.403 0.0289 3.7709 | 37998
{123 Bi.n 2 (.236 (101392 | (0.408 (.0204 4836 G865
Table 5.18: Best fit parameters for as-sintered BV 1450
Path Dogy| Amp=0.3 | MSD Ey delr Ry | Raie
(N) (S0)* o?
[123] 1.1 1 0171 00009 | -D455 | 0005108 | 20599 | 206508
[123] 1.2 2 0,171 000431 | -0455 | 000656 | 2.2101 | 2.21566
[123] 1.3 1 0171 002419 | -0.455 | 000656 | 26077 | 2.61426
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Table 5. 18 contimued
Deg. | Amp*0.7 | MSD
Path ) ) Ey delr Ry R
(N) (S0)* o’
]'1?31 (.1 | (0171 (02419 | 0455 | 000671 | 26671 | 267381
[1231 Bi.l 3 0171 00069 | -0.455 | 000918 | 36497 | 3.GHEES
EIE’HJ Bi.d 1 (171 0.0069 | <0456 | 000929 | 3.60943 | 3.70359
{lﬂﬂi Bid 3 1,171 001902 | -0455 | 000945 | 3.7708 | 378039
[]?3! Bi.h 2 0171 0.01902 | -0.455 | 0.00965 J.836 | 3.B4H6H
[R3m] | O13.1 1 (1.529 (0.0008 | -04556 | 000404 | 21239 | 211986
|R3m| 071 1 0529 000431 | -0.455 | -0.00421 | 22115 | 2.20729
|R3I11| (9.1 1 (1520 000431 | -0.455 | 000428 | 222479 | 224363
|H.3m| 6.1 | (L5259 (LHGEd | 04585 | 000467 | 24559 | 245123
lﬂﬂml (1141 2 0.529 0.02419 | -0.455 | 000616 | 227116 | 2.70644
Ram Bill.1 1 (1.529 0.0069 | <0458 | 00068 | 35744 A3.56T6
I
RAm| Bid. 1 1 {1.520 01902 | -0.455 | -0.00721 | 3.7913 | 3.78400
|
|['13|11I Bi6.1 2 0520 0.01902 | 0455 | 000734 | 3.85TH | 3.85016
|[R3m] Big.1 2 (1.529 (LO1902 | -0.4556 | 000744 | 3.9119 | 3.90446
|R3m| Bilg.2 1 0529 004088 | -0.455 | -0.00TH4 | 3.9647 | 3.95716
|R3I11| Bih. 1 2 (1520 004088 | 0455 | 000774 | 4069 | L.06186
|H.3m| Bi7.1 | (L5259 004088 | -0.4585 | 00079 | 4.1524 | 4.1445
lﬂﬂml Bil(.3 1 0.529 004088 | -0.455 | 000797 | 4.1921 | 4.18413

The wvariation of |[y(R)| at high temperatures for BVogsrO (as-sintered and
A00°C /100 h annealed), BVi4s0, and BSpeeVoesr(O (as-sintered) compositions
are displayed in Figure 5.30. It was noted that the amplitude of the main peak
of |x(R)| signal gradually decreased with inereasing temperature. To understand
this behavior, the EXAFS spectra were fitted with a room-temperature single Bi-
() shell model, as shown in Figure 5.31. The best fit results revealed that with an
increase in temperature, only the value of the MSD parameter {01] pradually in-
creased from 0.007 at RT to 0.011 at 500 °C. This variation of ¢° with temperature

for BSy 52 Vi.os70) composition is also displayed in Figure 5.32.
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Figure 5.30: |x(R)| of Bi Ly-edge EXAFS at high temperatures for (a)
as-sintered BV per(), (b) 400°C/ 100 h annealed BVyesr(), (¢) as-sintered
BV1490), and (d) as-sintered BSg gV e O
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Figure 5.31: The best fit of |y (R)| with a single three-oxygen-coordinated Bi-O
shell are shown for BSgp2VioesrO at different temperatures.
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Figure 5.32: Temperature variation of mean square disorder parameter (o7),
determined from first shell fitting of Bi Le-edge EXAFS spectra recorded in
BSp.02ViosrO.

This gradual increase of ° was due to an increase in both static and thermal
disorder at high temperature. With an inerease in temperature, some oxygen ions
in the first Bi-0) shell may displace from normal sites to interstitial sites, leading to
a decrease in the amplitude of the first correlation peak. In such a way, these ions
may participate in the ion conduction mechanism. In BV 1440 (Figure 5.30 ¢,
negligible changes in |y(R)| are observed, which may be partly attributed to the
comparatively lower measuring temperature of 100 and 300 °C, unlike the 300°C
and 500 °C in other compositions | as well as reduced thermal disorder.

Earlier reports by Kuang et al.|27] (by ab-initio molecular dynamics) and Dunstan
et al.[46] (by variable temperature 17() NMR ) demonstrated that the conduction
mechanism in V-snbstituted BiyOy involved the exchange of 0%~ ion between the
Bi-O and the V-0 sublattices. This exchange was facilitated by the variability
of the vanadium coordination environment. Therefore, in the present study, V
coordination was examined through its oxidation state, which was probed using
V K-edge XANES.

The vanadinm K-edge XANES spectra of BV ger0, BSg 0 Viesr(), and BV 1420

are shown in Figure 5.33, along with those of the reference compounds of Va()5
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and vanadium oxyacctylacctonate (VO(C5H702)2).

V K sdge XANES

AN

Normalised absorption

—V0, BY,. .0
5450 5480 5500 5520
Photon Energy (gV)

Figure 5.33: V K-edge XANES spectra for VO(CsHzOs)2, VaOs, BV asrO,
BSg.02VausrO, and BV 1450 samples at RT

In the V K-edge XANES spectra, a distinet pre-edge peak was observed in the en-
ergy range of (5467-5472 ¢V). The presence of such a pre-edge peak in V-containing
systems has been attributed to the symmetry-forbidden 1s — 3d electronic transi-
tion. The intensity of this pre-edge feature is enhanced by p and o orbital mixing,
due to a change in coordination geometry from octahedral to five-coordinate or
tetrahedral, and/or metal-ligand 7 bonding.[59] In the present case, the pre-edge
peaks of BV per (), BSg 00 Vs, and BV 1440} compositions in the superimposed
XANES spectra were found to almost overlap, indicating similar local coordina-
tion environments around vanadium atoms in these samples. For comparison,
two reference compounds of vanadium (V) exide (V205) and vanadinm (IV) oxy-
acetylacetonate (VO(C3H;05)s) representing the oxidation states of 15 and 14,
respectively, were also analyzed.

Relative to these references, the positions of the pre-edge peaks in the studied
compasitions were located between those corresponding to VY and V3. This
implied that the average cationic charge of V is 1 4.5 in the samples.

An average cationic charge between the |4 and |5, suggests the coexistence
of mixed valence V' and VP states. It is well established that the reduction

of V¥ — V™ is accompanied by the formation of oxygen vacancies (Op), as
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described by the defeet equation|60],

e 1
AV L O = 2V L VI 4 50s

Therefore, the average cationic charge of | 4.5 implies the presence of additional
oxygen vacancies (Og) or smaller oxygen coordination around vanadinm ions in
current systems. The strong interaction between vanadium ions and the associ-
ated oxygen vacancy can act as trapping centers and affect the ionic transport.
Therefore, at higher V-doping deercase in bulk conductivity is expected. This in-
terpretation is consistent with comparatively lower bulk conductivity observed for
the high V-doped BV 1420 composition. Furthermore, similar behavior has also
been reported in Sr/V eo-doped system, where a MD simulation study on Scheelite
material system of Bi 25r. V0 gs5., demonstrated strong dopant-vacancy inter-

actions and corresponding reduction in conductivity.[43]

5.3.4 Investigating the effect of Sr concentration in as-

sintered and annealed compositions

Among the prepared compositions, Sr/V co-doped BSpmVopsr() composition
demonstrated better stability of high conducting R3m phase even after the
long-term temperature exposure, which usnally leads to the aging effects in
other doped BizQy systems. Therefore, to examine whether the Sr/V co-doped
system can maintain its structural stability and conductivity, with further in-
crease in Sr content, higher Sr-doped compositions of BigszaSrooaVoesr()1s67 and
BigssaSroos VooerOrssr were synthesized. Additionally, these compositions were
also subjected to similar annealing treatments of 400°C /100 h and 600°C /100
h to study the effects of aging. Figures 5.34(a) compares the XRD pat-
terns of as-sintered BSy 50Voesr), BSgpa VoosrO), and BSy 06 Viosr{) compositions,
whereas 5.34(b-c¢) displays the comparison of XRD patterns of BSpo4Vopss() and

BSg.os Vo) compositions with BSp g Vogsr() after annecaling.
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Figure 5.34: XRD stack plot of as-sintered and annealed BS, V4670 for #—0.02,
0.04, and (.06 samples

In the as-sintered compositions (Figure 5.34 a), the XRD patterns remained mostly
similar with higher Sr substitution. However, upon annealing at 400°C/100 h,
BSg04VouerQ and BSpusVioeery(O) compositions showed the presence of additional
Bragg peaks, unlike the BS; 30V oer() compositions. These Bragg peaks became
more pronounced when the annealing temperature was increased to 600°C /100 h.
Consistent with the R3m | 123 structural model employed for BSp g2 Vogsr O com-
position, the two higher St compositions were also refined using the same model
through Rictwveld refinement. The refinement results of as-sintered and annealed
BSg.04VousrO and BSy 36VoosrO samples are presented in Figures 5.35 and 5.36,
respectively. The corresponding refined lattice parameters and phase ratios arc
also listed in Table 5.19 for reference. It was noted that the conversion rates of
the stabilized RB3m to 123 phase in BSpo1VooerO and BSgps Vioger() compositions
were faster compared to the BSggVoosr() sample.

The as-sintered compositions with 4 and 6 mole% of Sr concentrations displayed
~ 8-9% of 123 phase. For the samples anncaled at 400°C/100 h, the extent of
phase conversion showed only a marginal difference between the two higher Sr-
snbstituted compositions, with an increase of 12.6% and 14 % for BSpp4ViasrO
and BSyesVionss(), respectively. In contrast, anmealing at 600°C/100 h led to
pronounced phase conversion of 14.6% in BSg 5, Voesr O to 28.3% in BSg 05 Vo as70)-
The consistently higher fraction of 123 phase in higher Sr-substituted compositions

indicated that BSpopeVoesr() compositions offered optimal phase stability.
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Figure 5.35: (a-¢) Room-temperature XRD patterns of BSg g4V per() with
Rietveld refinement fit for as-sintered and anncaled samples
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Figure 5.36: (a~c) Room-temperature XRD patterns of BSgpsVopsr() with
Rictveld refinement fit for as-sintered and annealed samples

201



Chapter 5: V and Sr/Ca co-doped BizQ3 ceramics

Table 5.19: Rictveld refined lattice parameters and phase percentages of
BS:VoasrO (z— 0.04, 0.06) for as-sintered and anncaled (aged) compositions.
e Laitice parameters R3m: 123
£ Ram 123 (%)
7 a=b=117102)K| a=b==c _
BSp.pa Voosr() as-sinbered ¢ = 2R RTA(8) A N 1“.!89[2} A 01.8:8.1
. . a="h=11728A a=b=r —
BSo.04Vi.0os7O 400°C /100 h ¢ = 28.870(6) A ~ 10.190(3) A BT 4:12.6
: = a=b=11.739(9) A mi=h=pn !
B5g.04Vopsr© 600°C /100 h ¢ = 28.880(5) A ~ 10.216(1) & 25.4:14.6
4 2 : a=b=11732(2) A a=b=c e
BSu.06Vo.osr() as-sintered ¢ = 28.848(6) A 10.180(2) A | BT
, o a=b=11729(5)A | a=b=c¢ _
BSoosVoosrO 400°C/100 1 | © 170 er R | JoasryA | 9141
z = a=h=1LT717{(5) A a=h=r A
BSg.06Vonsr O 600°C/ 100 h ¢ = 98.881(9) A ~ 10.208(7) A TL7:283

Furthermore, to investigate the effect of higher Sr doping on ionic conductivity, EIS
was carried ot in the as-sintered and annealed BSg o VioesrO) and BSeosViooesrO
compositions. The value of total conductivity at A00 and 500°C are listed in
Table 5.2().

Table 5.20: Conductivity values of B8,V ge70) compositions at 400 and 500°C

Samples

T =

(S/cm)

TR0 0

(5/cm)

BSg.oe Viper() as-sintered

331 x 1072

1.06 x 101

BSpo2 VooszO 400°C/100 b

2.50 x 1072

1.09 x 101

BSg.2 Vi ps70) 600°C/100 L

9.98 x 10—

5.60 x 1072

BSpga Viosr O as-sintered

244 % 1072

B.77T x 1072

BSpo1 VooszO 400°C/100 b

1.23 x 102

5.55 x 1072

BSp.04 Voosr ) 600°C /100 h

1.41 x 102

6.07 x 1072

BSU._MV“_MT{} as-sintered

1.90 x 102

4.10 x 10—

BSp.06 VooszO 400°C/100 h

1.08 x 1072

521 x 1072

BSp.06 Vo.osr) 600°C /100 h

417 % 10—

1.73 x 1072

The total conductivity measured at 400°C and 500 °C in as-sintered samples de-
creased with an inerease in the St content for BSg 4 Vi per O and BS; 06 Vi ge7 0 com-
positions. On annealing at 400 °C /100 h, the BSy 2 VoesrO composition retained a
stable conductivity of ~ 107" §/em, which is comparable to its as-sintered value,

whereas the BSpoqaVoosrO and BSpgsVogsrO compositions exhibited a marginal
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reduction in conductivity. In contrast, anncaling at 600°C/100 h resulted in no-
ticeable conductivity drop in BSg g2 Viasr() and BSg 04 VoosrO, while BSg g6 ViosrO
compositions. Arrhenius plots for the as-sintered and anncaled compositions of
BSg02 VoosrOQy BSp o1 VoesrQ, and BSy 35V are depicted in Figure 5.37(a-c).
Additionally, the total conductivity at 500 °C as a function of synthesis condition

is plotted in Figure 5.37(d) for comparison.
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Figure 5.37: (a-c¢) Arrhenius plot of total conductivity (o) of BS: Vs O
(x—0.02, 0.04, and 0.06) for as-sintered and anncaled samples.

As shown in Figure 5.37(a), the conductivity of as-sintered BSg.o4Vonsr() compo-
sition was slightly lower than that of BSpupeViessO over the entire temperature
range up to H00°C. In contrast, as-sintered BSga6VoperQ) showed slightly higher
condnetivity at ~ 2002, followed by noticeable reduction above ~ 350°C. For
BSy04VoosrO, the annealed compositions displayed comparable conductivity val-
ues across the measured temperature range; however, these values remained lower
than those of the corresponding as-sintered composition. In the BSp.os Vogsr(O) com-
position, a systematic decrease in conductivity was observed from the as-sintered

state to samples anncaled at 400 and 600 °C.
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Unlike the 400 °C /100 h annealed BSpa2Voes7() composition, the XRD pattern of
the BSpo Voes7) and BSg0aVoos70 revealed prominent phase conversion with in-
creasing St content, accompanied by a decrease in conductivity. This implied that
in the present case, the reduction in measured conductivity cannot be attributed
solely to the aging effect, but was more likely associated with the coexistence of

two conducting phases, which may have impeded effective ion transport.

5.4 Understanding the Composition-Property re-
lationship in V- and Sr/Ca co-doped Bi;Oj
system

The phase and structural stability of doped Bi,O4 materials are dependent on the
dopant cation radius and its concentration. In Ln** doped Biy(); materials, it was
noted that for a fixed dopant concentration, the stability of the ionic conducting
fee phase decrcases with an increase in the dopant eation radii.[10] Conversely,
an increasc in dopant cation radii enhances the stability of the disordered strue-
ture.[3], [10], [20], [50] Consequently, the stability of the disordered strueture and
fee phase exhibited opposing trends with respect to Lot radii, thereby limiting
the design of simultancously stable and highly conductive oxide ion conductors
through Ln*" doping.

In the present study, this limitation of attaining phase and disordered structure
stability was mitigated by V and Sr/Ca co-doping of 8.7 and 2 mole%, respectively.
X-ray and neutron diffraction studies revealed that the V oand 5r/Ca co-doped
compositions (BSgu2VeosrO and BCpoaViaesr()) erystallized into a mixture of R3m
and 23 phases. Notably, high-temperature NPD measurement conducted over
the duration of 4 days also did not reveal any change in structural/phase with
temperature, thereby confirming structural stability in these compositions.
Furthermore, NPD analysis revealed that the R3m crystal structure of these com-

positions adopted a 3x3x3 Huorite-type superstructure, with a layver sequence
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closcly similar to that of fee 6-Biz()3. This analysis also indicated that V and
Sr/Ca dopants oceupy every third cationie layer (L3), which disrupts the ionic
conduction pathways and subscquently leads to a reduction in ionic conduction.
EXAFS study was nsed to characterize the local environment of Bi in as-sintered
as well as anncaled (aged) samples. The EXAFS results indicated that the Bi-O
correlations above ~ 2.13 A were highly disordered, primarily due to the partial
oxygen occupancy around Bi and V ions. This disordered environment remained
unchanged even after annealing at 400°C /100 h and 600°C/100 h. Thercfore,
in the present EXAFS study, we were unable to resolve the difference between
the local disordered structure of the as-sintered BV gz O sample and the ordered
structure of annealed BVggsr() samples. Nevertheless, it was evident that the
oxygen ion conductivity in Bip(z-based materials is maximized in structures ox-
hibiting a high degree of oxygen site disorder.

The oxide-ion conduction mechanism was investigated using soft BVS analysis for
the V/5r co-doped composition. In these materials, ionic transport is governed
by the number of movable vacancies. The soft BVS study demonstrated that the
majority of the ionic conduetivities oceurred through L1 and L2 layers, rather than
L3 layers that are preferentially ocenpied by 5r/Ca and V-ions. As a result, the
pure §-13i,0) phase, characterized by a higher number of conduction channels and a
continmonus 3D network of oxyvegen conduction pathways, remained a superior oxide
ion conductor for HT-8OFC application, compared to both BSpgeVoes:O and
BCj.ae VopsrO materials. However, [or the LT-SOFC application, the BSg 0 Veper O
composition ecan serve as a potential candidate.

Finally, the stability of BV g7 0, BSg 0 Vapsr(), and BCy g Vi ge7O compositions
was evaluated under reducing conditions. Figure 5.38 compares the XRD patterns
of these samples before and after annealing at 400 °C for 5 h in reducing conditions
(mixture of 25% Hz-TH% N2 gas).

From the figure, it was observed that, even after the compositions were subjected

to reducing conditions, there was no emergence of new diffraction peaks associated
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‘ BC, .V, -0 (480°C/ 5h in reducing atm)

I bk A _ __§ e
I BC V. 0O

- b 0.0z 0087

: H’Sn.mvn.uurﬂl {400°C/ 5h in reducing atm)

e | — . i "\_r A ]

=y

E l_.l' .* f Esﬂ.ﬂlvﬂ,ﬂ!?n

e

- ] BV, _ 0O (400°C/ 5h in reducing atm)
|__L |I| "-._.-l P
Ly o

20 30 40 50 60 70 80
20°

Figure 5.358: XRD plots of BViyger(), BSon2VoosrQ, and BChp2Voper() specimens
amnealed at 400°C/5 h in reducing atmosphere (25% Ha-75% Na)

with the reduction of Bi or V ions. This indicated that the compositions remained

stable under reducing conditions, which thereby supports their suitability for op-

eration in the SOFC environment.

5.5 Conclusion

In the present work, we have systematically investigated the effect of V and Sr/Ca
as co-doping on phase stabilization and conduction behavior of Bia(O)y. A stable
high oxide ion conducting phase was obtained in B8, 5oV s70 and BC, 0V per 0
compositions. Both these materials exhibited conductivity ~ 3 x 107 §/em at
A00°C and ~ 1.0 x 107! S/em at 500°C, where they showed no phase transforma-
tion or aging effect. For the design of LT-SOFC and cxygen separation membrancs,
clectrolyte materials with an ionic conduetivity of ~ 10~2 §/em are gencrally re-
quired. Accordingly, both BSg 0V O and BCy 0 Vigsr O materials satisfied the
primary requircments for LT-SOFC electrolyte deviee and offered excellent po-
tential to replace known conductors such as stabilized 4-BizO4, BIMEVOX, YSZ,

apatite silicate/ germinate /niobate systems, ete.[6]

206



Chapter 5: V and Sr/Ca co-doped Bia()3 ceramics

In contrast, the purcly V-doped Bia()y samples (BV.0) showed inferior electro-
chemical performance compared to BSp oz VoesrQ) and BCp e Vo asrO samples, due
to their tendency to form ordered structures. Furthermore, we have also shown
that the degree of the oxygen (disjordering around cations was strongly depen-
dent on the sample synthesis history. Collectively, these findings provide valuable
insights into the structure-property relationship governing the oxade ion trans-
port and can be utilized to design new oxide ion conductors for renewable energy

devices,
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CHAPTER 6
Summary

In all-solid-state battery (ASSBs) and solid oxide fuel ccll (SOFC) systems, the
solid clectrolyte playvs a key role, enabling ion transport between the clectrode
components. For this, a solid electrolyte is required to exhibit a high ionic con-
ductivity and good interfacial contact with the clectrodes, in addition to other
stability attributes. In this thesis work, the NASICON-based ceramic system
is designed to achieve a high ionic conductivity. Whereas, the polymer-ceramic
compaosite with (PEQ),;;-NaNQy-r wi¥% NASICON has been developed to balance
condnetivity and mechanical compliance.

In the ceramic NASICON system, the prototype composition, NagZraSizPO s, was
tuned by adjusting the Si/P ratio (2.0/1.0, 2.4/0.6, and 2.2/0.8) and scandinm
substitution at the Zr site. Accordingly, the three compositions of NagZraSiz POqa,
Nag 4 215515 4 P 502, and Nag 12 5659515 2Py 5012 were formulated to understand
the effect of compositional and structural parameters on the bulk conductivity of
these samples. The influence of synthesis routes was also examined by cmployving
two preparation methods for sample synthesis, Le., the solid state reaction method
(SSR) and the hydrothermal-based solid state reaction method (HT-SSR). The ob-
jective of using two different routes was to improve the grain boundary conductiv-
ity by optimizing sintering conditions in the S5R method and by lowering caleined
particle powder size in the HT-55R method. Among all compositions, HT-55R-
prepared Nag 42 35002512 2P s(0q2 showed the highest room temperature condue-

tivity of 3.2mS/em. It has been understood that this conductivity improvement
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is due to an overall inerement in both its bulk and gramm-boundary conductivitics.
Figure 6.1 compares the Arrhenius plot of the present Nag aZir aSeg25122Ppa0h2
HT-55R with other reported well-known Na*-ion conductors.
r('c)
200 150 10 50 0

{0 Ma, Zr, Sc .5i,.P 0O -HT-SS5R

—EI—Ha: AZr. Zn, Si, P, 0. -85R
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Figure 6.1: Comparison of Arrhenius plot of well-known Na*-ion type
conductors with NASICON compositions prepared in this work. [1], [2], [3]
The electrochemical performance of the Nagy  Zr) ¢5¢,251: 2P 0502 composition
was also tested to check the feasibility of its application. It has been observed
that the said material displays a good clectrochemical stability with Na metal and
consistent eyeling performance in a solid Na|Nag4Zr g5cq28i22Pp8012|Na sym-

metrical cell.

For the composite polymer electrolyte preparation, three optimized NA-
SICON  compositions were  chosen  as  fillers: Nig 4Ly gSeg25is 2Py sOqa,
Nag 4Zr1 aNbg 1 SioqPogls and Nag 471 9Zng 1 Siz aPpaOya, cach pro-
parcd by distinet synthesis ronte. Among all three compositions, the
Nag 4 Zry gZng 1 81z 2Py s0ys exhibited the highest RT conductivity of 5.27 mS/em,
while the Nb- and Se- doped samples displayed a wvalue of ~ 342 and

3.19mS/em,  respectively. The temperature-dependent  conductivity  of
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Nag 41y 9ng 1512 2P s02 composition is also displayed in Figure 6.1. The com-
parison of the ceramie compositions preparcd in this work with NagZraSi2POg2
and other Na™-ion conductors like f-alumina and Na3PS4 shows that Sc- and Zn-
doped NASICON exhibits superior ionic conductivity.

By using 60 wt% of Nag,Zr) gZng 18izoPg g0y, (NZZSP) filler, optimum room
temperature conductivity ~ 107" §/em was achieved in the composite polymer
films. In contrast, at 60 wt% of Nb- and Sc- doped fillers, compaosites exhib-
ited a conductivity value ~ 107" §/em. It was revealed that NASICON, as an
active filler, can enhance conductivity by increasing the amorphous phase frac-
tion of the PE() matrix and introducing additional ion-conducting pathways at
polymer-ceramic interfaces. However, its effectiveness in facilitating these con-
duction pathways is strongly governed by filler characteristics such as particle size
and bulk conductivity. Furthermore, the clectrochemical performance of the op-
timal (PEQ);;-NaNO4-60 wt? NZZSP composite was evaluated, demonstrating
stable behavior, which makes the composite a promising clectrolyte candidate for
sodimm-ion batteries.

The RT conductivities of Zn-, Nb- and Se- doped NASICON (NZZSP, NZNSP and
NZSSP) composites of CEG0Zn, CE60Nb and CE6G0Se are presented in Table 6.1
alongside other reported composites. The comparison indicates that the CEGDZn
composite exhibits higher conductivity at ambient tempoerature, while the CEGOND
and CEG0Se shows comparable values.

A part of present work also focused on stabilizing the high conducting 8-Bia()y
phase for intermediate-temperature SOFC (IT-SOFC) applications. The study
identified optimum V concentration for achieving high 0% -ion conductivity, re-
vealing values of ~ 1071 §/em at 500°C, within the V range of z—0.084-0.090.
We observed that instead of the cubic 4-Biz()y phase. V substitution leads to a
rhombohedral phase. Further inerease in 2 range resulted in lower conducting
monoclinic phase, with a conductivity value an order of magnitude lower. In the

optimized composition, effect of Sr/Ca as co-dopants was also investigated, and it
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Table 6.1: Conductivitics of Na™-ion based polymer clectrolytes with composite
flm synthesized in this work

Compositions RT conductivity(S/cm)
(PEO)10:NaCIO;-25 wi% ¥
Nty Zr8in POy 133

10NaCT3S04-90(0.40PEO-
ﬂ'ﬁﬁNﬁ_{ Zl’zS ig P }13}
10Nal
-90(PEQOp 3(NaTia(PO4)a o)
40% Nay 4Zry sMgg 28, PO,

5% 10~ at 50°C [5]

4 % 107 at 40°C [6]

PEO,,-NaFS] A=)
AT o R ATET
{PE“}L*'N‘*ET:%'“E;JL% NZZSP | 590 % 10~ (this work)
“’Eﬂ}lﬂ'mﬁ?;éz}f;]b‘;% NZNSP | 299 x 105 (this work)
{PF“{}'—“-"N“ETEEE” L% NZSSP' | 9 64 3 105 (this woik)

was revealed to have conductivity comparable to the optimum V composition.

The effect of annealing at 400 and 600°C /100 h (simulating operation con-
ditions) was also investigated in the synthesized compositions. The single V-
doped composition of BigeaVoosr(h ssr sulfered conductivity degradation on an-
nealing, attributed to aging phenomenon.  In contrast, the Sr/Ca co-doped
BigsoaSto02VooerOrsrr and BiggeaCagozVoosrOrsrr compositions showed stabi-
lized conductivity, indicating increased resistance to aging.  Additionally, the
Big gouSt02 Vo osr Oy 577 composition also demonstrated stability under reducing
conditions. A comparison of the asprepared and aged BiggesSroozVoest( s
composition with other oxide ion conductors is presented in Figure 6.2, indicating
that the Sr- doped composition exhibits higher conductivity in the intermediate-

temperature range (marked by yellow region).
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Figure 6.2: Comparison of Arrhenius plot of well-known oxide-ion conductors
with Sr/V co-doped compositions synthesized (as-prepared and aged) in this
work.[9], [10]
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CHAPTER 7

Future Scopes

In NASICON ceramie compositions, future work may be focused on synthesis of
Zn-doped and Nb-doped compositions using the SA/HT-SSR method. In addi-
tion, a more detailed investigation of the electrochemical performance, including
the rate capability, specific capacitance and specific energy density, ean be under-
taken for the studied NASICON systems. Furthermore, the feasibility and clec-
trochemical performance of full cells, pairing NASICON based cathode materials
with studied NASICON clectrolytes can also be tested.

In polymer-ceramic composites system, a serics with variation of Nb- and Se-
filler % can be cxplored to understand the optimum filler concentration and cor-
responding offect on conductivity. Additionally, composites can also be prepared
with alternative salts like NaTFSI combined with Zn- and Nb- doped NASICON
fillers. Morcover, the mechanical strength can also be characternized to better un-
derstand the effect of filler concentration in composites. In addition, a detailed
investigation of the clectrochemical performance, including the rate capability,
specilic capacitance, and specific encrgy density, can be undertaken.

In V-Bi»0O3-based system, different dopants can be explored to enhance conduc-
tivity of high V-concentration composition, which intrinsically shows better aging
resistance. The conducetivity and transference number can be measured in fuel cell
sctup to understand the practical working, Furthermore, the feasibility of pairing
of these optimized compositions with doped corimm oxide to develop bilayer type

clectrolytes can also be attempted.
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