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attention as next-generation battery. Therefore, in the development of all-solid-state
lithium rechargeable batteries, it is important to search for a solid electrolyte material that
has high Li* conductivity, low electronic conductivity, fast charge transfer at the electrode
interface and wide electrochemical window stability against potential electrodes and
lithium metal. Hence, significant research effort must be directed towards developing
novel fast Li* conductors as electrolytes in all-solid-state lithium batteries. Among the
reported inorganic solid Li* conductive oxides, garnet-like structural compounds received
considerable attention in recent times for potential application as electrolytes in all-solid-
state lithium batteries. The focus of this review is to provide comprehensive overview
towards the importance of solid fast lithium ion conductors, advantages of lithium garnets
over other ceramic lithium ion conductors and understanding different strategies on syn-
thesis of lithium garnets. Attempts have also been made to understand relationship
between the structure, Li* conduction and Li* dynamics of lithium garnets. The status of
lithium garnets as solid electrolyte in electrochemical devices like all-solid state lithium
battery, lithium-air battery and sensor are also discussed.
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1. Electrochemical energy storage devices

1.1. Introduction

Energy plays an important role in many aspects of human lives. The demand for energy will continue to inflate as long as

there is an increase in the population and an aspiration for a high standard of living. To meet this ever increasing energy
demand, we mostly depend on fossil fuels such as coal, petroleum, natural gas and nuclear power. The limitation of the avail-
ability, access of natural resources and the climatic consequences arising due to continuous rise in CO, levels has made the
focus of research towards renewable energy sources. Extensive research activities from various research groups, government
agencies and industries had been initiated on renewable energy resources such as wind, solar, biomass, and hydropower. The
major challenge of the efficient use of renewable energy includes the exploration of suitable electrical energy storage devices
for both off-grid and on-grid schemes.

The CO, emission and the ensuing air pollution may be reduced by replacing internal combustion engine (ICE) with ide-

ally, zero emission vehicles, i.e., electric vehicles (EVs) or at least, by controlled emission vehicles, i.e., hybrid electric vehicles
(HEVs) and/or plug-in electric vehicles (PHEVs). The global market for electrical energy storage devices for portable elec-
tronic devices such as mobile phones and laptops is also expected to increase dramatically in the near future.

The most convenient form of electrical energy storage is electrochemical storage such as batteries and supercapacitors.

Compared to supercapacitors, batteries continue to dominate the market of portable electronic systems. Batteries are
electrochemical devices, which can convert electrical energy into chemical energy and store the energy. Conversely, it can
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convert chemical energy into electrical energy through reduction-oxidation (redox) reaction while releasing the energy.
Energy density (amount of energy stored per unit mass (Wh kg™!) or volume (Wh17!) and power density (the maximum
practical sustained power output per unit mass (W kg~') or volume (W 1~1)) are the two key parameters of batteries. There
have been significant efforts to improve the energy density of batteries, which is very crucial for most of the consumer elec-
tronics market and hybrid electric vehicle applications [1].

1.2. Lithium ion battery technology

Among the various electrochemical energy storage devices, rechargeable lithium ion (Li*) batteries are attaining signifi-
cant attention for various applications ranging from portable electronics to electric vehicle because of their high energy den-
sity compared to other battery systems. Lithium is the lightest metal with high electrochemical potential and thus enables to
achieve high energy and power density. Initial attempts with pure lithium as negative electrode (anode) in lithium metal
batteries failed because of safety problems due to dendrite formation. Further analysis on rechargeable lithium battery gave
rise to a solution using non metallic Li*. This technology is named as Li* battery technology. Unlike lithium primary batteries,
the specific energy of Li* battery technology is quite low but is relatively safer.

Rechargeable Li* batteries are considered widely as efficient energy storage device for portable electronic gadget because
they have strong advantages in terms of higher gravimetric energy density of 150 Wh kg~! [2-5] and deliver voltage in the
order of 2.5-4.2 V depending on the selection of the electrode materials. In addition to the high energy density, Li* batteries
are offering flexible light weight design, low self-discharge and relatively longer cycle life [2].

1.2.1. Working principle of Li* battery technology

The concept of rechargeable Li* batteries with LiCoO, as positive electrode (cathode) was proposed by Prof. John B. Good-
enough [6]. The commercialized Li* batteries introduced in the year 1991 used coke (coal product) as the negative electrode;
lithium metal oxide (e.g., LiCoO,) as positive electrode and a lithium salt such as hexafluorophosphate (LiPFg) dissolved in an
organic solvent as liquid electrolyte [7]. Later coal has been replaced by graphite. This technology is also named as a
“rocking-chair” battery as the Li* “rock” back and forth between the positive and negative electrodes during battery charging
and discharging. The working principle of rechargeable Li* battery is shown in Fig. 1.1.

During the charging process, Li* are de-intercalated from the layered LiCoO, positive electrode, pass across the electrolyte
and then inserted between the graphite layers in the negative electrode. At the same time, electrons flow from the positive
electrode to the negative electrode through the external circuit. This process is completely reversed while discharging. The
Li* battery operation is based on the reversible shuttling of Li* between the positive and negative electrode materials. As a
result, the intrinsic properties of electrode materials will strongly confine the feat of batteries.

1.2.2. Disadvantages of present rechargeable Li* battery technology

The present rechargeable Li* battery technology has some disadvantages that need to be balanced against the benefits.
The chief limiting factor of the rechargeable Li* battery is safety. The organic liquid electrolyte used in the present recharge-
able Li* batteries is flammable and tends to leak and decompose under certain conditions (uncontrolled charging above
4.6 V) [8]. Hence Li* cells need electronic control to avoid such conditions. Short circuiting a rechargeable Li* battery results
in overheating and causing fire.

During the charging process from the open circuit potential towards 0V vs. Li/Li*, the Li* intercalate into the negative
(carbon) electrode and the electrolyte solution and gets reduced to form a passivation film on the negative electrode, which
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Fig. 1.1. Schematic representation for the working principle of rechargeable Li* battery.
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is termed as the solid electrolyte interface (SEI). The formation of a solid electrolyte interface (SEI) at the negative electrode
leads to a large irreversible capacity loss during the discharge cycles. The properties and the chemical composition of the
solid electrolyte interface (SEI) layer have been a subject of intense scientific interest because the SEI layer determines
the safety, power capability, shelf life and the cycle life of the rechargeable Li* batteries.

The working capacity is insufficient/moderate at higher cycling rates. At higher cycling rates, the energy efficiency is too
low. This is due to large polarization losses during charge and discharge. The cost of Li* battery is relatively high compared to
the other existing rechargeable batteries. This is a major issue while considering its use in large scale applications.

1.2.3. Challenges for the improvement in the performance of rechargeable Li* battery

The improvement in the performance of rechargeable Li* battery depends upon the development of suitable positive elec-
trode, electrolyte and negative electrode materials. The open-circuit voltage of a cell is the difference between the electro-
chemical potentials ps and pic of the negative electrode and positive electrode, respectively:

Voc = (Ma — Ho)/e (1.1)

A right combination of negative electrode-electrolyte-positive electrode materials will help to attain high energy density
light weight batteries. The high open-circuit voltage is achieved by the energy of both the electron transfer and Li* transfer.
Li* transport also depends on the crystal structure and coordination geometry of the positive and negative electrode site. The
extensive research work carried out on both positive and negative electrode material has helped to improve the performance
as well as high energy density of Li* batteries.

The open-circuit voltage is limited by “window” of the electrolyte. The window of the electrolyte is the energy gap (E,)
between the lowest unoccupied and highest occupied molecular orbitals (LUMO and HOMO) of an electrolyte. When pl4 is
located above LUMO, reduction of electrolyte takes place, whereas when |ic is located below HOMO oxidation of the elec-
trolyte takes place, unless the reaction is blocked by an SEI layer.

The ideal electrolyte should exhibit high ionic conductivity (>1072S cm~! at room temperature) and low electronic con-
ductivity. It should also be chemically and electrochemically compatible with the electrode materials. There were many
attempts in the field of battery research to improve the performance of electrolytes.

1.3. Electrolyte materials for rechargeable Li* battery

The development of high energy density Li* battery technology truly depends on the development of robust electrolyte
which can sustain with high performance electrodes. On that account the choice of electrolyte depends on the chemistry of
electrodes. The electrolyte materials for rechargeable Li* battery may be broadly classified as

e Liquid electrolytes

e onic liquids

e Polymer electrolytes
e Solid electrolytes

1.3.1. Liquid electrolytes

Owing to their high ionic conductivity of ~1072 S cm™!, the liquid electrolytes retains their importance in rechargeable Li*
battery technology. In general liquid electrolytes are composed of lithium salts such as LiClO4, LiAsFs, LiPFg, LiSO3CF3, and LiN
(SO,CF3), dissolved in solvents. Based on the solvent used, they are classified into aqueous (water), mixed aqueous (water
mixed along with co-solvent) and non-aqueous (organic or inorganic solvent) electrolyte solutions. The non-aqueous aprotic
organic solvent comprises of one or the mixture of the following: propylene carbonate (PC), diethyl carbonate (DEC), ethy-
lene carbonate (EC), dimethyl carbonate (DMC), or ethyl methyl carbonate (EMC). These solvents have good electrochemical
stability towards the highly oxidizing positive electrode. The initial Li* battery design was made using LiClO, as electrolyte.
Later it was found that LiClO4 lithium salt underwent violent decomposition, resulting in safety issues [9]. Hence, LiClO4 was
replaced by LiPFs. The major concern of using liquid electrolytes is that they are thermodynamically unstable in combination
with negative electrode. Moreover, the formation of intermediate layers of reaction products (SEI) between the electrode and
electrolyte reduces the kinetics of charge and discharge process and therefore results in capacity fading.

1.3.2. Ionic liquids

Ionic liquids are organic salts composed of ionic species [10]. Ionic liquids offer great advantages that include low volatil-
ity, high thermal stability, good electrochemical stability, recyclability and non flammability. These remarkable properties
make ionic liquids as green solvents for Li* battery applications [11]. Based on the cation segment the ionic liquids are gen-
erally classified into alkylammonium, dialkylimidazolium, phosphonium and N-alkylpyridinium. Ammonium-based
ethanolammonium nitrate (EOAN), was the first synthesized ionic liquid in 1888 by Gabriel et al. [12]. Comparison of few
room temperature ionic liquid containing quaternary ammonium cation and imide anion revealed that quaternary ammo-
nium cations, including EMI (1-ethyl-3-methylimidazolium) cation, TMPA (trimethylpropylammonium) cation, P13 (N-
methyl-N-propylpyridinium) cation, PP13 (N-methyl-N-propylpiperidinium) cation and TFSI (bis(trifluoromethanesulfo
nyl)imide) cation, could form stable room temperature ionic liquid against the lithium metal [13]. The physico-chemical
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properties of the ionic liquids, such as viscosity, melting point, glass transition temperature, surface tension and diffusion
coefficients can be tailored by several possible substituent (hydrogen, aliphatic chains, ether based chains, etc.) with the
cation [14]. The viscosity of ionic liquids are higher and thus the ionic conductivities of ionic liquids are three to four orders
of magnitude lower, than those of liquid electrolytes [15,16].

1.3.3. Polymer electrolytes

Polymer electrolytes were first explored by Fenton, Parker and Wright in 1973 [17]. However, their prospective application
in electrochemical devices was recognized by Armand in 1978 [18]. The polymer electrolytes are generally polymer-salt com-
plexes formed between polymers and alkali metal salts (such as LiPFg/LiCF3SO3). Various polymers such as polyethylene oxide
(PEO), polypropylene oxide (PPO), polymethyl methacrylate (PMM), polyacrylonitrile (PAN), polyvinyl chloride (PVC), and
polyvinylidene fluoride (PVdF), have been extensively studied as host polymer for the dissolution of alkali metal salts. The
ion transport in these polymer electrolytes is governed by local relaxation as well as segmental motion of the polymer chains
which are more favoured by high degree of amorphicity of the host polymers [18,19]. The most common type of polymer elec-
trolyte studied is PEOg:LiMFg (where M = P, Sb, As). PEO based lithium ion conductors have been preferred for its ability to
solvate a wide range of anions such as ClOz, BFz, [N(SO,CF3),] ", PFs, and [N(SO,C,Fs),]™ [20]. However, PEO-based elec-
trolytes exhibit a low ionic conductivity of 1078-10"% S cm~! at temperature between 40 °C and 100 °C owing to their high
degree of crystallinity [21]. Later PEO was replaced by polyacrylonitrile (PAN). Nevertheless the usage of PAN results in an
increase in internal resistance of the Li* polymer battery. Polyvinylidene fluoride (PVdF) is the most common polymer used
at present in Li* polymer battery technology due to its strong electron withdrawing functional group (—C—F) and high dielec-
tric constant. Although PVdF has greater tendency to attract Li*, the ionic conductivity is still lower than liquid electrolytes.
Different approaches have been adapted in order to improve the conduction mechanism and thermal, interfacial and mechan-
ical stability towards metallic lithium such as (i) addition of organic plasticizers [22], (ii) incorporation of inorganic fillers such
as Al,0s, SiO,, and TiO, [23-26], (iii) preparation of cross-linked network polymers and (iv) polymer blends [27].

Major advantages of polymer electrolytes based batteries. By configuring the electrolytes as very thin layer and large-area
elements the internal resistance of the fabricated cell may be reduced into an acceptable range. Also, the cells can be oper-
ated at relatively low values of current density, while still permitting the battery at practical rates. It is the combination of a
unique battery cell structure with the properties of these polymer electrolytes that can, in principle, permit high values of
specific energy and power to be achieved [28].

The polymer electrolyte plays three important roles in the polymer electrolyte (PE) based battery.

e It is a Li* carrier and can be formed into thin films to improve the energy density.

e It acts as an electrode spacer hence eliminates the need to incorporate an inert porous separator.

o It is a binder, which ensures good electrical contact with the electrodes. The flexibility and mechanical resilience are the
major advantages.

Drawbacks of liquid and polymer electrolytes

o Major drawback of organic polymer electrolytes is their low ionic conductivity (10°®S cm™') at ambient temperature.

¢ Poor interfacial stability i.e., formation of solid electrolyte interface (SEI).

e Liquid and polymer electrolytes are not stable with lithium metal; they cannot be used together with lithium negative
electrode.

1.4. Expected advancements in Li* battery technology

e The replacement of carbonaceous materials with alternative lithium accepting negative electrode compounds with the
improved safety features.

e The replacement of suitable positive electrode structure with the aim of reducing the cost and environmental impact.

o The replacement of the liquid-like electrolyte with a solid state fast lithium ion conductor which may act as both the sep-
arator and the electrolyte with the aim of improving battery’s design and reliability [29].

Despite the fact that solid electrolytes proffer many advantages, they display very low ionic conductivities compared to
that of liquid electrolytes. Therefore, in the development of all-solid-state lithium rechargeable batteries, it is important to
search for solid electrolyte materials with high Li* conductivity and electrochemical stability.

1.5. Solid fast Li* conductors for the rechargeable all-solid-state lithium batteries

Properties of solid Li* conducting electrolytes required for the fabrication of all-solid-state lithium batteries are [30-33]:

e High Li* conductivity at room temperature.
o Negligible electronic conductivity over the entire employed range of lithium activity and temperature.
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¢ Negligibly small or no grain-boundary resistance.

o Stability against chemical reaction with both electrodes, especially with elemental Li or Li-alloys.
o High electrochemical decomposition voltage (preferably higher than 5V vs. Li).

o Environmental benign, low cost and easiness of preparation.

Therefore, considerable research have been initiated in various laboratories towards developing solid fast Li* conductors
for potential application as electrolytes in all-solid-state lithium batteries and other high energy density battery architecture.

1.5.1. Inorganic solid fast Li* conductors

A wide range of layered two-dimensional (2D) and three-dimensional (3D) inorganic solid Li* conducting electrolytes
(SLICEs) were investigated for possible application as solid electrolytes in all-solid-state lithium batteries. Among them
LisN [34], Li-g-alumina [35,36], amorphous lithium phosporus oxynitride (LIPON) [37], Li4SiO4 [30], Li;4ZnGe404 (lithium
superionic conductors, LISICON) [38,39], Li; 3Alg3Ti; 7(PO4)s (sodium superionic conductors, NASICON) [40,41], LisPO4 and
perovskite (Li, Ln)TiOs (Ln =rare earths) [42-44] had been widely investigated for possible application in rechargeable
batteries.

1.5.1.1. Li3N. The structural arrangement of LisN was first proposed by Zintl and Brauer [45] and later was reconfirmed by
Rabinau and Schulz [46]. LisN consists of hexagonal structure connecting tightly bonded Li;N layers with the nitrogen
arranged in the centre. These layers are connected by the remaining 1/3 of the lithium ions, which bridge the nitrogen ions
of adjacent layers. Single crystal LisN exhibited Li* conductivity of about 1.2 x 107>S cm™! perpendicular to c-axis and
1 x 107> S cm~! along the c-axis at 27 °C [34]. The major disadvantage of LisN is that it exhibited very low thermodynamic
decomposition voltage of 0.44 V at room temperature; moreover it is sensitive to air [47]. These characteristics restrict the
practical implementation of LisN to all-solid- state batteries. The crystal structure of LisN is shown in Fig. 1.2 [48].

1.5.1.2. p-Alumina. Beta-alumina is an isomorphic form of aluminum oxide (Al,05). They are good conductor of mobile ions
and are complexed with Na*, K*, Li*, Ag*, H", Pb?*, Sr?* or Ba2* for electrolyte applications. The beta alumina has an empirical
formula Na,0-11Al,03 in which Na ions are situated perpendicular to c-axis and the oxygen atoms are arranged in the planes
above and below the sodium ion conducting plane [35]. Beta-alumina exists in two different crystal structures viz. hexagonal
B-Al,03 (P63/mmc; a=0.559 nm, c=2.261nm) [49,50] and rhombohedral B”’-Al,03 (R3m; a=0.560 nm, c=3.395nm)
[51,52]. They differ by stacking sequence of oxygen ions across the conduction plane as shown in Fig. 1.3 [53]. The single
crystal lithium beta alumina exhibited conductivity of 3 x 1072Scm™! at 25 °C [36]. The major drawback of beta alumina
is that they are highly hygroscopic and difficult to prepare as pure phase.

1.5.1.3. NASICON-type Li* conductors. Na super ionic conductor (NASICON) type phosphate exhibits a rhombohedral structure
(R3C) with a general formula A,B,(PO,4);. Where A corresponds to monovalent ion and B corresponds to one or more ions in
trivalent, tetravalent or pentavalent state [40,41,54-59]. The structure can be described as a covalent skeleton [A;P3012]~
constituted by AOg octahedra and PO, tetrahedra, which forms 3D interconnected channels. Moreover, there exist two types
of interstitial positions M1 located at an inversion centre (surrounded by six oxygen atoms) and M2 disposed symmetrically
around the ternary axis (surrounded by ten oxygen atoms) for the distribution of mobile cations. A pair of near lying octa-
hedra is linked through PO, tetrahedra. Both M1 and M2 sites are arranged in alternating way along the conducting channels.

Fig. 1.2. Crystal structure of LizN. The blue and red spheres represent the nitrogen and lithium atoms, respectively [48].
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Fig. 1.3. Crystal structure of (a) -Al;03 and (b) p”-Al,05 [53].

The mobile cations move from one site to another through bottlenecks, the size of which depends on the nature of the skele-
ton ions and on the carrier concentration [60]. NASICON type NaAY(PO,); (A" = Ge, Ti and Zr) was first reported in 1968 [54].
By partial substitution of the tetravalent metal cation (A%*") with a trivalent dopant (e.g., Al, La, Y, Sc) [61] the ion conductivity
of NASICON can be increased. NASICON-related Li;3AlgsTiq7(PO4);s (LATP) exhibits the highest Li* conductivity of
o ~3x1073Scm ! at 25 °C [62]. The substitution of Ti** by smaller AI** cations reduces unit cell dimensions of the NASI-
CON framework and enhances ionic conductivity by about three orders of magnitude. The crystal structure of NASICON-type
LiAY(PO,4); (A =Ti, Zr, Ge, Hf) solid electrolyte is shown in Fig. 1.4 [63].

Unfortunately, the applicability of Ti containing NASICON-related Li* conductors as solid electrolyte is limited owing to
the electrochemical instability with respect to the metallic lithium due to the reduction of Ti** to Ti>*.

1.5.1.4. LISICON-type Li* conductors. Li;4Zn(GeQ,4), is the first material to given the name lithium super ionic conductor
(LISICON). It is a member of the solid solutions of Liy.»xZn;_yGeO4 (—0.36 < x < 0.87), which is iso-structural with y-LizPO4

Fig. 1.4. Crystal structure of NASICON-type LiAY(PO,4)s (A" = Ti, Zr, Ge, Hf) solid electrolyte [63].



332 S. Ramakumar et al./Progress in Materials Science 88 (2017) 325-411

crystallizing in the Pnma orthorhombic space group [38,39,64-66]. The crystal structure of LISICON-type LizZng5GeO,4 solid
electrolyte is shown in Fig. 1.5 [67]. The LISICON structure consists of cations that occupy half of the tetrahedral site with
hexagonal close packed oxygen ion arrays. The Li* diffusion pathway is formed through the tetrahedral and interstitial
octahedral sites [68,69]. The Li* distribution between tetrahedral and interstitial octahedral sites plays an important role
to create Li* conduction pathway that affects their ionic conduction [33,70-76]. The room temperature Li* conductivity of
1 x 1077 S cm~! was achieved with Lis 5Zng25Ge0O,4 [77]. The Li* conductivity of Liz+,Zn;_4GeO,4 tends to decrease with time
at low temperature. Liz gGeg gV 404 exhibited highest room temperature Li* conductivity of 4 x 107> S cm™! [78] which was
highly reactive with lithium metal and atmospheric CO, [79,80].

The thio-LISICON (Li* conducting sulfide compounds) Lis_,M;_,M',S4 (M = Si, Ge and M’ = P, Al, Zn, Ga) exist in the struc-
ture similar to y-LisPOy4 [33]. Lis 25Geg.25Po.75S4 exhibited the highest Li* conductivity of 2.17 x 1073 S cm™! at room temper-
ature [77]. The drawback of this material is the instability in ambient condition. Like other amorphous or polycrystalline
sulfide solid electrolytes, this material needs to be synthesized and handled in a dry environment [81].

1.5.1.5. Perovskite-type Li* conductors. Due to its various functional properties like electronic, magnetic and ion conducting
properties [42-44,82-84], intensive research has been carried out in perovskites with general formula ABO3; (where A

T >L3WZn(1)
= Li(4)1Zn{2)

Fig. 1.6. Crystal structure of pervoskite-type (Li, La)TiO3 (LLTO) [87].
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and B are 12 and 6-fold coordinated cations, respectively). The structure of perovskite is portrayed by corner-shared BOg
octahedra enclosing 12 coordinated A-site ions. (Li, La)TiOs (LLTO) exhibits high bulk Li* conductivity in the order of
1073 S cm~"' and total (bulk + grain-boundary) Li* conductivity of 7 x 107> S cm~" at 27 °C, which is two orders of magnitude
lower than that of the bulk Li* conductivity [85-87]. The disordered distributions of Li* and reasonable vacancies in the
structure are accountable for the high bulk Li* conductivity in LLTO. The major limitation of LLTO as electrolyte for battery
application is the high reducibility of Ti** in direct contact with metallic lithium. The crystal structure of pervoskite-type
(Li, La)TiOs (LLTO) Li* conductor is shown in Fig. 1.6 [87].

1.5.1.6. Lithium phosphorus oxynitride (LIPON). Lithium phosporus oxynitride (LIPON) is an amorphous glass electrolyte com-
monly used for the fabrication of an all-solid-state thin film type lithium battery. LIPON films were fabricated using sputter-
ing method from Li;PO, target under a N, atmosphere [88]. LIPON has a Li* conductivity of about 3.3 x 10°6S cm™' at 25 °C
and good electrochemical stability with both metallic lithium positive electrode and transition metal negative electrode with
a cell potential of 5.5 V versus Li. The electronic resistivity of LIPON film is >10'* Q cm which minimizes the short circuit self-
discharge of the battery [89]. The major drawback of LIPON system is that the films can be fabricated only by means of sput-
tering method in controlled N, atmosphere. Moreover, the LIPON exhibits a poor ionic conductivity [37].

The above discussed inorganic compounds had either high ionic conductivity or high electrochemical stability, but not the
both. In order to develop high-energy density all-solid-state lithium batteries the electrolyte must possess both high Li* con-
ductivity as well as high electrochemical stability. Comparisons of Li* conductivity and electrochemical stabilities of few
important solid fast Li* conducting electrolytes are shown in Fig. 1.7 [90]. Fig. 1.7 illustrates that the reported solid elec-
trolytes exhibit either high Li* conductivity or high electrochemical stability, but not the both. Except LiyggPO373Ng 14
(LiPON) [37], prepared by means of a sputtering technique in controlled N, atmosphere using a target of Li3PO4 [88], others
are not suitable for the fabrication of an all-solid-state lithium battery with metallic lithium as negative electrode. The
properties of typical crystalline Li* conductors reported in the literature are provided in Table 1.1 [35-37,40,41,47,62,79-
81,85-88].

1.6. Garnet-like structured solid Li* conductors

Although Li* conduction has been reported for a wide range of crystalline metal oxides and sulfides, in general, the oxides
are believed to be superior due to its ease in preparation, mechanical properties and thermal stability. Most of the inorganic
oxide Li* conductors have had either high lithium ion conductivity or high electrochemical stability but not the both. There
was a strong search for materials with similar constituents, like the best lithium ion conductor (Li, La)TiOs, but without
lithium-reducible titanium. It has been attempted to replace the transition metal titanium in (Li, La)TiOs with fixed valent
and most stable (against chemical reaction with elemental Li) zirconium. However, the attempt was unsuccessful owing to
the ready formation of thermodynamically favorable La,Zr,0- pyrochlore phase.

0
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Fig. 1.7. Comparisons of Li* conductivity and electrochemical stabilities of few important solid fast Li* conducting electrolytes [90].
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Table 1.1
Properties of typical inorganic crystalline Li* conductors reported in the literature [35-37,40,41,47,62,79-81,85-88].
Electrolytes Limiting factors in solid-state battery application
LisN Very low decomposition voltage (0.44 V)
Li-B-alumina Highly hygroscopic, difficult to prepare as pure phase
Lij4ZnGe4046 (LISICON) Highly reactive with lithium metal and atmospheric CO,; conductivity decreases with time
Li; 3Ti1 7Alp3(PO4)3 Unstable with lithium metal because of facile Ti** reduction
(NASICON)

(Li, La)TiO5 (Perovskite) Unstable with lithium metal, because of facile Ti** reduction, High temperature required for preparation, high loss of Li,0,
variance of conductivity with lithium concentration, difficulty in controlling lithium content. Large grain-boundary
resistance

Lip ggPO3 g6No.14 (LIPON) Moderate conductivity, only used in development of thin-film battery using sputtering method

The first report of fast Li* conduction in novel garnet-type lithium containing transition metal oxides with nominal chem-
ical composition LisLasB,01; (B = Nb, Ta) reported from Prof. Werner Weppner’s laboratory [90] stimulated extensive inves-
tigations on synthesis, structure and Li* conducting properties of several lithium stuffed garnets by various groups.

Garnets are orthosilicates with general formula A3B,(SiO4); in which A and B refer to eight- and six-coordinated cation
sites, respectively, which crystallizes in a face centered cubic structure with Ia3d space group [91]. It consists of a 3D frame-
work with BOg octahedra and BO, tetrahedra, where each octahedron is joined to six corner-sharing tetrahedral, meanwhile
each tetrahedron shares each corner with four octahedral [91]. The ideal garnet contains mixture of cations on filled square
antiprismatic, octahedral and tetrahedral sites in 3:2:3 to provide a stoichiometry A3B,;SizO15. The structure of such ideal
garnet CasAl,Siz04, is shown in Fig. 1.8 [92].

A large variety of garnet-like structured complex oxides have been achieved with replacing silicon by other elements, e.g.,
A3Bs0;, (where A =Ca, Mg, Y or Ln = La or other rare earth elements and B = Al, Fe, Ga, Ge, Mn, Ni, V). The basic and most
widely studied garnet material is yttrium aluminum garnet (YAG, having chemical formula Y5Als01,). The crystal structure
of YAG is shown in Fig. 1.9 [93].

1.6.1. Conventional lithium garnet and stuffed lithium garnet

Lithium containing garnets are obtained by replacing silicon with lithium in AJBY' (Si0,); to provide the general compo-
sition of AYBY' (LiO4)s. It is possible to increase the lithium content in AYBY! (LiO4); by partial replacement of either A or B
cations with higher or lower oxidation state. The doping of larger ionic radii elements will increase the lattice parameter

and leads to the fast movement of Li* in the crystal structure. Conversely some doping elements may introduce vacancies

Fig. 1.8. Crystal structure of CasAl,Si30q, constituting a body-centered network of CaOg units including aluminum (gray spheres) and silicon (black
spheres) on the interstitial sites [92].
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Fig. 1.9. Crystal structure of YAG [93].

Y3Al5042 (A3B501)

(doc)s(oct),(tetra); Oy, (A3B,C50;,)

SAB" => 2M€'+3Li*
l 3y = 31

LisLng*M,#0,, (M¢* = Te, W); (Ln=Y, La, Nd)

3Ln3* => 3La%
2ME+ =P 2MSH2LiH

LisLasM, 5 O,, (M5* = Ta, Nb, Bi, Sb)

3La% = 2La*-+M"™*Li*
2M5" =>»2M4+2Li*

LigM'2*La,M,* O,, (M'2*= Ba, Ca, Sr)

Li;La;M,*0,, (M* = Zr, Hf, Sn)

Fig. 1.10. The evolution of family of garnet structured solid Li* conductors.

to increase the mobility of Li*. Garnets with lithium concentration >3 are identified as stuffed lithium garnets. Fig. 1.10
shows the evolution of family of garnet structured solid Li* conductors.

The similarity between the conventional lithium garnet and that of stuffed lithium garnet is that, in both cases the rare
earth ions occupy 8-fold coordination site and B atom occupy 6-fold coordination site. The major difference is that in con-
ventional garnet, Li* occupy the tetrahedral coordination exclusively whereas, in stuffed lithium garnet, Li* occupies both
tetrahedral and highly distorted octahedral coordination sites [94-96]. A general comparison of the structure of conventional
lithium garnet LisNdsTe,0¢, with that of stuffed lithium garnet LisLasTa,0;, is shown in Fig. 1.11 [96].

Among the related lithium garnets, LigBaLa,Ta,0,, and Li;LasZr,0;5 (LLZO) exhibited a Li* conductivity of ~10~> and
104Scm~' at RT [97,98]. LLZO has been widely investigated since its discovery because of its superior ionic conductivity
and excellent stability with metallic lithium. Moreover LLZO has been successfully applied in a handful of publications to
fabricate rechargeable all-solid-state batteries. In order to increase the Li* conductivity of the garnet-type LLZO, a large num-
ber of studies on the chemical substitution using various cation species have been reported.

2. Synthesis techniques for the preparation of lithium garnets

Lithium garnets can be obtained by different synthesis methods, such as solid-state reactions from mixtures of oxide, car-
bonate and hydroxide, single crystal growth technique, sol-gel method based on hydrolysis and condensation of alkoxide
and nitrates, pechini, thin film processing techniques (radio-frequency (RF) magnetron sputtering, pulsed laser deposition,
metal-organic chemical vapor deposition (MOCVD) and sol-gel spin coating), spray pyrolysis and electrospinning technique.
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(a) (b)

Fig. 1.11. Comparison of the structures (a) conventional lithium garnet LisNdsTe,0,, with lithium occupying tetrahedral sites (indicated in red units) and
(b) stuffed lithium garnet LisLa3Ta,0q, with additional lithium occupying heavily distorted octahedral sites (indicated in yellow units). Black and blue
spheres represent La*>*/Nd** and Te®*/Ta>", respectively [96].

2.1. Solid-state reaction

Solid-state reaction (SSR) is the most widely used method for the preparation of solid electrolyte materials. The method
involves intimate grinding of solid precursors and then annealing/sintering at various temperatures.

Grinding by hand in an agate mortar remains a useful method. Ball mills, also known as centrifugal or planetary mills, are
devices used to rapidly grind materials to colloidal fineness by developing high grinding energy via centrifugal and/or plan-
etary action. Samples can be run wet or dry. Once the homogenous precursor powder is obtained, it is placed into a furnace
and heated to a suitable temperature. Gases are generated and released followed by chemical interaction to form final pro-
duct(s). Generally, this product may be again ground finely and then put into a furnace a second time. Finally powder mate-
rials are hydraulically pressed into a pellet shape to increase the interactivity between the powder grains and form a higher
quality and/or higher density final product. Therefore solid-state synthesis normally requires intermittent grinding, high
temperature and long duration of heating for the formation of final product. Hence, formation of product depends on ther-
modynamic and kinetic (rate of reaction) factors.

The first report of fast lithium ion conducting metal oxides with the nominal chemical composition of LisLasM;01,
(M =Nb, Ta) was by Thangadurai et al. employing solid state reaction technique [90]. The starting precursor materials La
(NO3)3-6H,0 or La,03 (heated at 900 °C for at least 24 h), LiOH-H,0 and M,0s(M = Nb, Ta) were ball milled for 12 h in 2-
proponal using zirconia balls. An additional 10 wt.% excess of LiOH-H,0 was added to compensate for the loss of lithium
due to evaporation at elevated temperatures. The precursors were heated initially at 700 °C for 6 h and once again ball milled
for 12 h in 2-proponal and made into pellets and then finally sintered at 900 °C for 24 h in air [90]. Following the successful
synthesis of LisLasM501, (M = Nb, Ta) fast lithium ion conductors through solid state reaction method, many research work
had been initiated for further synthesis of lithium garnets.

However a breakthrough in the field of lithium garnets electrolytes came after the successful introduction of cubic phase
(Ia3d) Li;LasZr,04, with high Li* conductivity of 107 S cm~! by Murugan et al. [97,98]. Li;LasZr,04, was synthesized using
solid-state reaction technique at high sintering temperature of 1230 °C for 36 h [97,98]. The sintering conditions have
greater influence on density, microstructure and Li* conductivity of the lithium garnets. The temperature required for the
stabilization of cubic phase lithium garnet was found to be dependent on the Li* concentration [97-99].

Following the initial results of Li;LaszZr,01,, there have been a significant interest in the synthesis, structure and electrical
properties of Li;La;Zr,045 using various dopants through solid state reaction method. Among them Ta, Nb, Al, Ga, Ge, Si, Y, In,
Sb, Te, W, Ce substituted LLZO [100-111] and related system Li;LazM>0, (M =Sn, Hf) [112,113] prepared via solid-state
reaction method have received notable attention.

The sintering temperature, space group, lattice parameter, bulk Li* conductivity (Gpy), total (bulk + grain-boundary) Li*
conductivity (Ootar) and activation energy (E,) of various lithium garnets prepared via. solid state reaction method are pro-
vided in Table 2.1 [114-168].



Table 2.1
The sintering temperature, space group, lattice parameter, bulk Li* conductivity (opyu), total (bulk + grain-boundary) Li* conductivity (Gerar) and activation energy (E,) of various lithium garnets prepared by
conventional solid state reaction method.

Composition Final sintering Space group Lattice Gpuik (Scm™1) Giotal (Scm™1) ?Activation Ref.
temp., time parameter (A) energy, E, (eV)
LisNdsTe;01, 850°C, 10 h Ia3d 12.56253 (9) - 1 x 107> at 600 °C 1.22 (15) (25-600 °C) [114]
LisNdsW,04, 880 °C, 5 days la3d 12.46869 (9) - - - [92]
Liz 0sNdsTe;.955b0 05012 960 °C, 60 h Ia3d 12.55576 (12) - ~3 x 107> at 400 °C ~0.672 (6) [96]
Li3 1NdsTe; 9Sbo 10012 960 °C, 60 h la3d 12.5597 (9) - ~2 x 107 at 400 °C ~0.56 [96]
Li3 ;Nd3Te; gSbo 20012 960 °C, 60 h la3d 12.5602 (2) - ~3 x 107 at 400 °C ~0.50 [96]
Li3 5sNd3Teq 5Sbo.50012 960 °C, 60 h la3d 12.59413 (12) - ~1 x 1072 at 400 °C ~0.56 [96]
Li4Nd;TeSbO;, 960 °C, 60 h la3d 12.62138 (12) - ~4 x 1073 at 400 °C ~0.63 [96]
Liz sNd3Tep5Sby 5012 960 °C, 60 h Ia3d 12.6253 (2) - ~3 x 1073 at 400 °C ~0.59 [96]
Li3GdsTe;012 900°C, 24 h la3d 12.37921 (1) - 8.8 x 1077 at 450 °C 0.88 (3) [115]
LisTbsTe 04, 900°C, 24 h Ia3d 12.35578 (9) - 4.4 x 1075 at 450 °C 0.77 (4) [115]
LizErsTe,0q2 900°C, 24 h Ia3d 12.22712 (9) - 28 x10°%at450°C  1.21(3) [115]
LisLusTe;01; 900°C, 24 h la3d 12.15970 (14) - 8.1 x 1078 at 450 °C 1.199 (7) [115]
LisY3Te,04; 825°C,12h la3d 12.2834 3.94 % 1076 at 300 °C 1.48 x 107%at 300°C  0.83 (33-300°C) [116]
Liz 22Alg26LasZr, WO, 1175°C, 36 h la3d - - 2.14 x 107 at 25 °C 0.46 (HT) [129]
0.49 (LT)
LisLasNb,01, 950°C, 24 h Ia3d 12.762 (3) ~1076 at 25 °C 0.43 [90]
LisLa;Tay012 950°C, 24 h la3d 12.766 (3) 1.2 x 107% at 25 °C (using 3.4 x 107% at 25 °C 0.56 [90]
rev. LiCoO;) (using rev. LiCoO;)
LisLasNb,01, 950°C, 24 h la3d 12.8189 (9) 2.3 x107% at 50°C - 0.55 [117]
1000 °C, 24 h 12.8005 (9) 4.4 x 1075 at 50 °C
Lis sLazNby 75In025012 950°C, 24 h Ia3d 12.821 (2) 1.8 x 107% at 50 °C - 0.51 [117]
Lis 5Laz 75NbKo 25012 950°C, 24 h la3d 12.7937 (8) 6 x 107> at 50 °C - 0.49 [117]
LisLasBi, 015 775°C, 48 h Ia3d 13.0652 (4) 4 x 1075 at 22 °C (Ar) 1.9 x 107> at 22 °C (Ar) 0.47 (22-300 °C) [118]
LisLa3Sb,01, 950°C, 48 h la3d 12.8566 (18) 8.2 x 10 %at24°C (Ar) 7.8 x 10°®at 24 °C (Ar) ~0.51 (24-300 °C) [119]
LisBala,Tay0115 900°C, 24 h Ia3d ~12.89 7.14 x 1076 at 50 °C 4.90 x 1075 at 50 °C ~0.51 (17-350 °C) [120]
Lis sBaLa;Ta;011.75 900°C, 24 h la3d ~12.938 3.55 x 1075 at 50 °C 3.11 x 107% at 50 °C ~0.47 (17-350 °C) [120]
Lis 75BaLa;Tay011 875 900°C, 24 h Ia3d ~12.96 9.48 x 107> at 50 °C 8.99 x 107> at 50 °C ~0.44 (17-350 °C) [120]
LisNd5Sb,01, 925°C, 14h la3d 12.66238 (3) 13 x 107 at25°C - 0.67 (<300 °C), 0.35 (>300 °C) [121]
LisLasNb,01, 1100°C, 6 h la3d 12.718 (2) - 5.08 x 107% at 23 °C 0.60 [122]
LisLasNb1.95Y0.05012 1100°C, 6 h Ia3d 12.717 (2) - 1.34 x 107> at 23 °C 0.45 [122]
LisLasNb1.9Y0.10012 1100°C, 6 h la3d 12.717 (3) - 1.44 x 107> at 23 °C 0.51 [122]
LisLasNby g5 Y0.15012 1100°C, 6 h Ia3d 12.732 (9) - 5.71 x 10% at 23 °C 0.43 [122]
LisLasNb1 g Y020012 1100°C, 6 h la3d 12.743 (8) - 9.13 x 1076 at 23 °C 0.43 [122]
LisLasNby 75 Y025012 1100°C, 6 h la3d 12.717 (5) - 9.68 x 107% at 23 °C 0.43 [122]
Lis 5LasZr,Gag 5012 1150°C,3 h Ia3d 12.9697 (1) 1x10~*at RT - - [111]
LisLasTa;04; 900°C, 10 h la3d 12.8311 - 0.34 x 10~* at RT - [102]
Lis sLasZrosTa; 5012 1000 °C, 20 h Ia3d 12.861 - 9.3 x 107° at 25 °C 0.49 [103]
LisLa3Ta;012 950°C, 24 h la3d 12.708 (3) - - 0.60 [123]
Lis sBagsLay sTa, 043 950°C, 24 h Ia3d 12.823 (8) - - 0.44 [123]
Lis LasNb; O1» 1150°C, 12 h Ia3d 12.786 (4) 1.73 x 107% at 25 °C 0.22 x 10* at 25 °C 0.45 (25-200 °C) [124]
Lis 5 LazNb; 755¢025012 1150°C, 12 h la3d ~12.808 3.14 x 107% at 25 °C 0.52 x 107* at 25 °C 0.40 (25-200 °C) [124]
LisLasNb,01 1100°C, 6 h la3d 12.774 (2) - - - [125]
Lis ;LazNby 95Smg 05012 1100°C, 6 h la3d ~12.799 - 1.80 x 107> at 25 °C 0.45 (25-225 °C) [125]

(continued on next page)
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpui (Scm™1) Giotal (Scm™1) ?Activation Ref.
temp., time parameter (A) energy, E, (eV)
Lis ;LazNb; ¢Smg 10012 1100°C, 6 h la3d 12.806 (1) - 232 x107% at 25°C 0.42 (25-225°C) [125]
Lis 3LasNb; g5Smg 15012 1100°C, 6 h Ia3d 12.814 (1) - 257 x107%at25°C  0.41 (25-225°C) [125]
Lis 4LazNb; §Smg 20012 1100°C, 6 h la3d 12.838 (1) - 3.71 x 107> at 25 °C 0.40 (25-225°C) [125]
Lis sLazNby 755mg 25012 1100°C, 6 h la3d 12.845 (2) - 3.86 x 107° at 25 °C 0.39 (25-225 °C) [125]
Lis sLazNb; 7Smg 30012 1100°C, 6 h la3d 12.851 (2) - 5.84 x 107> at 25 °C 0.38 (25-225 °C) [125]
Lis sLasTa; 75Y0.25012 1100°C, 6 h la3d 12.8977 (4) - 2.82 x 107> at 23 °C 0.65 (—50 to 50 °C) [126]
Lis sLasZr; 25Teg 75012 1150°C, 12 h - - - 9.47 x 10~ at RT for ~ 0.45 (150 °C to RT) [127]
Al,03 crucible 0.49 (RT to —50 °C) for Al,03
crucible
8.2 x 107> at RT for 0.44 (150 °C to RT)
ZrO, crucible 0.48 (RT to —50 °C) for ZrO,
crucible
LisLa3ZrTeO;, 1150°C, 12 h - - - 4.6 x 107° at RT for 0.43 (150 °C to RT) [127]
Al,05 crucible 0.48 (RT to —50 °C for Al,0O3
crucible
6.3 x 107> at RT for 0.42 (150 °C to RT), 0.49 (RT to
Zr0, crucible —50 °C) for ZrO, crucible
LisLasNb,0q, 1150°C, 12 h la3d 1.27964 (1) as - 0.22 x 107 at 25°C as  0.552 (—20 to 150 °C) as prepared [128]
prepared prepared
Lis 9Alg2LasZr; 7sWp 25012 1150°C, 12 h la3d 12.954 (1) - 4.9 x 107 at 25 °C 0.35 (HT) [129]
0.43 (LT)
Lis 4Alp2LasZr; sWo 5012 1150°C, 12 h la3d 12.924 (1) - 1.5 x 107* at 25 °C 0.40 (HT) [129]
0.46 (LT)
Lis sLasZr; 2sWo 75012 1150°C, 12 h la3d 12.900 (1) - 5.33 x 107> at 25 °C 0.43 (HT), 0.46 (LT) [129]
Lis 1LasTa;.95Y0.05012 1100°C, 6 h la3d 12.8160 (3) - 9.56 x 1076 at 23 °C 0.43 (23-325°C) [130]
Lis»LasTa; 9Y0.10012 1100°C, 6 h la3d 12.8268 (4) - 1.04 x 107° at 23 °C 0.40 (23-325°C) [130]
Lis 4LasTa; §Y020012 1100°C, 6 h la3d 12.8642 (3) - 1.07 x 107> at 23 °C 0.44 (23-325°C) [130]
Lis sLasTa; 75Y0.25012 1100°C, 6 h Ia3d - - 2.82 x 107% at 23 °C 0.43 (23-325°C) [130]
LisLasTa;01> 1150°C, 12 h la3d 1.28214 (1) as - 0.13 x 107 at 25°C as  0.491 as prepared (—20 to 150°C) [128]
prepared prepared
Lis gLazZr; 4sWo 55012 1200°C, 12 h la3d - - 4.4 x10™*at 25°C 0.43 (25-70°C) [131]
LigCaLa;Nb,042 900°C, 24 h la3d 12.697 (2) 1.6 x 107% at 22 °C - 0.55 (25-300 °C) [132]
LigSrLa;Nb,01; 900°C, 24 h la3d 12.811 (1) 4.2 x 1075 at 22 °C - 0.50 (20-200 °C) [132]
LigBaLa,Nb,04; 900°C, 24 h la3d 12.868 (1) 6.0 x 106 at 22°C - 0.44 (20-200 °C) [132]
LigSrLa,Ta,042 900°C, 24 h 12,3 12.808 (2) 8.84 x 10%at 22 °C 7 x 1078 at 22 °C 0.50 [133]
LigBaLa,Ta,01, 900°C, 24 h 12,3 12.946 (3) 5.38 x 107 at 22 °C 4x107% at22°C 0.40 [133]
LigBaLa,Ta,01, 900°C, 24 h la3d - - - 0.40 (30-370°C) [134]
LigSrLa;Nb,01; 900°C, 14 h la3d - - - [135]
LigSrLa,Bi 01, 750°C, 48 h la3d 13.0893 (9) 5.2 x 107 at 22 °C 2.0x107% at 22°C Eap) = 0.43 (22-100 °C) [118]
Ea(p = 0.42 (22-300 °C)
LigSrLa,Sb,012 950°C, 48 h la3d 12.8933 (3) 6.6 x 1076 at 24°C (Ar) 6.3 x 105 at 24 °C (Ar) 0.54 (24-300 °C) [119]
LigBaLa,Ta,01, 900°C, 24 h la3d 12.9755 (4) 1.81 x 107* at 50 °C 1.51 x 107* at 50 °C ~0.42 (17-350 °C) [120]
Lig2sBala;Tay01.125 900°C, 24 h la3d ~12.96 1.57 x 107* at 50 °C 1.46 x 10~* at 50 °C ~0.42 (17-350°C) [120]
LigsoBala;Taz012.25 900°C, 24 h la3d ~12.958 1.07 x 10~* at 50 °C 1.04 x 10~% at 50 °C ~0.42 (17-350 °C) [120]
Lig75BaLa;Tay012.375 900°C, 24 h la3d ~12.948 1.09 x 107 at 50 °C 1.05 x 107 at 50 °C ~0.42 (17-350°C) [120]
LigCaLa,Ta,01, 950°C, 24 h la3d 12.734 (3) 3.59 x 107° at 50 °C 3.53 x 1075 at 50 °C 0.53 (17-350 °C) [120]
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpuik (Scm™1) Grotal (Scm™1) “Activation Ref.
temp., time parameter (A) energy, E, (eV)
LigSrLa;Tay01; 900°C, 24 h la3d 12.826 2.61 x 107> at 50 °C 2.26 x 107> at 50 °C - [120]
LigSrLa,Ta,01, 950°C, 24 h Ia3d 12.835 3.66 x 107> at 50 °C 3.05 x 107 at 50 °C 0.45 (17-350 °C) [120]
LigSro sBagpsLa;Taz 012 900°C, 24 h la3d 12.879 4.64 x 107> at 50 °C 3.93 x 107> at 50 °C - [120]
LigSro5BagsLayTaz0q; 950°C, 24 h la3d 12.862 4.96 x 107 at 50 °C 4.46 x 107° at 50 °C 0.44 (17-350 °C) [120]
LigBaLa,Ta,042 900°C, 24 h la3d 12.973 1.30 x 107 at 50 °C 1.13 x 1074 at 50 °C - [120]
LigBaLa,Ta,04; 950°C, 24 h la3d 12.975 1.01 x 107 at 50 °C 9.28 x 107> at 50 °C 0.42 (17-350°C) [120]
LigCala,Ta,01, 1000 °C, 4 h la3d 12.725 (2) - 2.2 x 1075 at 27 °C 0.50 (25-350 °C) [136]
LigBaLa,Ta,04, 1000 °C, 4 h la3d 13.001 (4) - 1.3 x 107 at 25°C 0.44 (25-350°C) [136]
LigCaLa,Sb,012 900°C, 24 h la3d 12.78594 (12) - 1x107at95°C 0.82 (3) [115]
Lig4Cay 4La; 6Sby012 900°C, 24 h la3d 12.7730 (2) - - - [115]
LigLasZrTaO4, 1120°C, 8 h la3d 12.8873 2.5 x107*at 25°C 1.8 x 107* at 25 °C 0.42 (25-177 °C) [137]
Li 75La3Zrq.75Nbg 25012 1200°C, 36 h la3d ~12.95 - 0.8 x 1073 at 25 °C 0.31 [101]
Lig sLasNby 25Y0.75012 1100°C, 6 h la3d 12.9488 (11) 2.7 x 107* at 25 °C - 0.36 [138]
LigLa;SnTa01, 1130°C,12h la3d 12.8693 - 4.2 x107° at 20°C 0.498 (—50 to 90 °C) [139]
LigLa3SnNbO1; 1130°C,12h la3d 12.8682 - 3.5 x107° at 20°C 0.503 (—50 to 90 °C) [139]
LigLa3SnSbO;» 1130°C,12h la3d 12.8991 - 2.2 x 1075 at 20°C 0.504 (—50 to 90 °C) [139]
LigsLay sBagsZrTa0q; 1100°C, 6 h Ia3d 12.764 (3) - 9.0 x 107> at 24 °C 0.57 (=53 to 17 °C) [140]
LigLaszZrTaOq, 1000 °C, 20 h la3d ~12.921 - 2.6 x 107 at 25 °C 0.46 (—40 to 100 °C) [103]
Lis sLasZr1sTaos012 1000°C, 20 h la3d ~12.958 - 2 x 1075 at 25 °C 0.49 (—40 to 100 °C) [103]
Lig g25La3Zry 625Tap 375012 1000 °C, 20 h la3d ~12.9438 - 5.2 x 107* at 25 °C 0.41 (—40 to 100 °C) [103]
(29 mol.% Al)

Lig gLasHf; §Tag 2012 1130°C, 48 h Ia3d 12.9439 (7) - 1.58 x 10~% at 22 °C - [141]
Lig 7LasHf; 7;Tag3012 1130°C, 48 h la3d 12.9399 (8) - 1.83 x 107* at 22 °C 0.448 (—50 to 100 °C) [141]
LigsLasHf; 6Tag 4012 1130°C, 48 h la3d 12.9362 (4) - 2.99 x 10~% at 22 °C 0.440 (—50 to 100 °C) [141]
Lig ssLasHf; 55Tag45012 1130°C, 48 h la3d 12.9330 (2) - 3.45x 107 at 22 °C 0.438 (—50 to 100 °C) [141]
LigsLasHf; sTags012 1130°C, 48 h la3d 12.9298 (2) - 2.61 x 107 at 22 °C 0.465 (—50 to 100 °C) [141]
Lig 45LasHf 45Tag 55012 1130°C, 48 h Ia3d 12.9257 (2) - 2.21 x 107#at 22 °C - [141]
Lig 4LasHf; 4Tag 6012 1130°C, 48 h la3d 12.9275 (3) - 2.20 x 107 at 22 °C 0.471 (-50 to 100 °C) [141]
Lig sLasZr; gTag 2012 1140°C, 16 h la3d ~12.96 - 2.8 x 107 at 25°C - [104]
LigsLasZry gTap 4012 1140°C, 16 h la3d ~12.94 7.3 x 107* at 25 °C - [104]
LigsLasZr1 sTaos012 1140°C, 16 h la3d - - 9.2 x 107* at 25 °C - [104]
Lig 4LasZry 4Tag 6012 1140°C, 16 h la3d ~12.92 - 1.0 x 1073 at 25 °C 0.35 (25-157 °C) [104]
LigyLasZry 2Tagg012 1120°C, 8 h la3d ~12.90 - 3.2 x 107 at 25°C - [104]
LigLasZrTaO;, 1120°C, 8 h la3d ~12.89 - 1.6 x 107* at 25 °C - [104]
Lig gLasZry §Sbp 2012 1100°C, 24 h la3d 12.97545 - 5.9 x 107> at 30 °C 0.39 (—120 to 200 °C) [106]
Lig sLasZr; 6Sbp 4012 1100°C, 24 h la3d 12.95955 - 7.7 x 10* at 30 °C 0.34 (—120 to 200 °C) [106]
Lig 4La3Zry 4Sb 6012 1100°C, 24 h la3d 12.95179 - 6.6 x 1074 at 30 °C 0.36 (—120 to 200 °C) [106]
LigLasZry Sbp 012 1100°C, 24 h la3d 12.92484 - 4.5 x107* at 30°C 0.37 (—120 to 200 °C) [106]
LigLasZry 0Sb1.0012 1100°C, 24 h Ia3d 12.9237 - 2.6 x 107*at 30°C 0.38 (—120 to 200 °C) [106]
LiggLasZry gTag01, 1130°C la3d 12.9780 - 7.3 x 107 at RT - [102]
Lig75LasZr1.75Tag 25012 1130°C la3d 12.9801 - 6.3 x 10~ at RT - [102]
Lig7LasZry 7Tag3012 1100 °C la3d 12.9721 9.6 x 107 at RT 6.9 x 1074 at RT Eaby = 0.37, Ey = 0.36 [102]
Lig.es5LasZry 65Tap 35012 1130°C Ia3d 12.9591 - 4.6 x 10~* at RT - [102]
LigsLasZry Tap4012 1130°C la3d 12.9470 - 4.7 x 107* at RT - [102]

(continued on next page)
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpuik (Scm™) Gioral (Scm™1) “Activation Ref.
temp., time parameter (A) energy, E, (eV)
Ligs5LasZry s5Tag 45012 1130°C la3d 12.9489 - 4.0 x 107* at RT - [102]
LigsLasZr; sTags012 1130 °C la3d 12.9187 - 2.8 x 107* at RT - [102]
LiglasZrTaO;, 1100 °C la3d 12.8900 - 3.5x 10~* at RT - [102]
Lig 4La3Zr; Wp 3012 1100 °C, 36 h Ia3d 12.96507 - 7.89 x 107% at 30 °C 0.45 (—100 to 100 °C) [107]
LigLlasZr, sWo 5012 1100°C, 36 h la3d 12.94385 - 2.08 x 10* at 30 °C 0.46 (—100 to 100 °C) [107]
Lig 75LasZry g75Teg 125012 1100°C, 15 h Ia3d 12.9469 - 3.30 x 10~% at 30°C 0.41 (—100 to 100 °C) [108]
LigsLasZry 75Tep 25012 1100°C, 15 h la3d 129134 - 1.02 x 107* at 30 °C 0.38 (—100 to 100 °C) [108]
Lig.75LasZry 75Tap 25012 0wt.%  1230°C, 6 h - - - 2.2x107%at 28 °C 0.41 [143]
Li,0
Lig75LasZry 75Tag 5012 2 wt.%  1200°C, 6 h - - - 3.3 x 10 %at 28°C 0.38 [143]
Li,0
Lig75LasZry 75Tag 25012 4 wt.% 1200 °C, 6 h - - - 4.4 x 107 at 28 °C 033 [143]
Li,O
Lig75LasZry 75Tag 25012 6 wt.% 1170°C, 6 h - - - 6.4 x 107 at 28 °C 030 [143]
Li,0
Lig75LasZry 75Tap 25012 8 wt.%  1170°C, 6 h - - - 2.7 x 107* at 28 °C 039 [143]
Li,0
Lig75LasZry 75Tag25012 +0wt. 1175°C, 36 h la3d - - 29 x10™%at 25°C 0.42 [144]
% LisPOy4
Lig75LasZry 75Tag 5012 + 1 wt. 1175°C, 6 h Ia3d - - 7.2 x107%at 25°C 0.42 [144]
% LisPOy4
Lig 75LasZry 75Tag25012 + 2 wt. 1175°C, 6 h la3d - - 4.7 x 107* at 25 °C 0.48 [144]
% LisPOy4
Lig75LasZry 75Tag 25012 +4wt. 1150°C, 6 h la3d - - 3.1x10%at25°C 0.46 [144]
% LisPOy4
Lig75LasZry 75Tag 25012 + 6 wt. 1150°C, 6 h la3d - - 1.6 x 107* at 25 °C 0.46 [144]
% LisPOy4
LigsLaz 6Ce04Zr2012 1050°C,1 h la3d 13.020 - 1.44 x 10~ % at RT 0.48 [109]
Lig 4Lay 4Ce 6Z1,012 - la3d 13.014 - 1.26 x 107> at RT 0.50 [109]
LigLa;BaTa,01, 900°C, 24 h la3d 12.9958 (9) - 8.77 x 107® at RT 0.41 (20-255 °C) [145]
LigLa,BaNbg sTa; 5012 900°C, 24 h Ia3d 12.87876 (6) - 421 x 1075 at RT 0.47 (20-255 °C) [145]
LigLa,BaNbTaO;, 900°C, 24 h la3d 12.9897 (5) - 3.09 x 107 at RT 0.47 (20-255 °C) [145]
LigLa;BaNb; sTag 5012 900°C, 24 h la3d 13.0681 (12) - 1.01 x 107% at RT 0.50 (20-255 °C) [145]
LigLa;BaNb,012 900°C, 24 h la3d 12.8893 (2) - 6.69 x 107® at RT 0.42 (20-255 °C) [145]
LigBaLa,Ta,01, 950°C, 24 h la3d 12.861 (2) - 10~ at 25 °C 0.39 (25-125°C) [123]
LigBa La,Tay01, 900°C, 12 h Ia3d 12.99726 (7) - 1.5 x 107> at 18 °C 0.47 [146]
LigBag 5SrosLa;Taz012 900°C, 12 h la3d 12.91529 (4) - 7.1 x 1075 at 18 °C 0.45 [146]
LigSr La;Ta,04; 900°C, 12 h Ia3d 12.83013 (12) - 54 x10%at 18°C 0.45 [146]
LigSro5CagsLa;Taz 012 900°C, 12 h la3d 12.77584 (4) - 3.2 x10°%at 18°C 0.50 [146]
LigCaLa,Ta,04, 900°C, 12 h la3d 12.70877 (8) - 22 x10%at 18°C 0.47 [146]
Lig sLasZry 75Tep 25012 1150°C, 12 h la3d for Al,O5 crucible 12.96183 (12) - 4 % 10°° at RT for 0.33 (150 °C to RT/0.46 RT to [127]
Al,03 crucible —50 °C) for Al,03 crucible
Ia3d for ZrO, crucible 12.96251 (12) 3.69 x 10 at RT for ~ 0.37 (150 °C to RT/0.47 RT to
ZrO, crucible —50 °C) for ZrO, crucible
LigLasZr; 5Tep 5012 1150°C, 12 h la3d with (LagsZros0175) — - 2.19x 10 at RT for ~ 0.37 (150 °C to RT)/0.48 (RT to [127]

Impurity phase

Al,05 crucible

—50 °C) for Al,03 crucible

ove
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpuik (Scm™1) Giotal (Scm™1) “Activation Ref.
temp., time parameter (A) energy, E, (eV)
la3d 230 x 10°®atRT for ~ 0.39 (150 °C to RT)/0.47 (RT to
Zr0, crucible —50 °C) for ZrO, crucible

Li 925La3Zr1.9255b0,075012 1160°C, 6 h la3d 12.9538 3.83 x 10~* at 30°C 3.40 x 10* at 30 °C 0.37 (—60 to 60 °C) [147]

LigsLasZry 6Tap 4012 1200°C, 18 h la3d 12.9484 (2) 3.13 x 107% at 27 °C 3.04 x 107* at 27 °C 0.38 (27-200 °C) [148]

Ligslazs75Y0.125Zr1.6Tap4012  1200°C, 18 h la3d 12.9371 (2) - 3.17 x 10% at 27 °C 0.35 (27-200 °C) [148]

LigsLaz.75Y0.25Z11 6Tag 4012 1200°C, 18 h la3d 12.9214 (1) - 4.36 x 10~* at 27 °C 0.34 (27-200 °C) [148]

LigsLaz5Yo5Zr1 6Tap 4012 1200°C, 18 h la3d 12.9041 (3) 3x107*at27°C 2.26 x 107% at 27 °C 0.39 (27-200 °C) [148]

LigaLasZri 4Tage012 1140°C, 16 h la3d - - 1.02 x 103 at RT - [149]

LigsLasTagsZry 5012 0mol.%  1140°C, 16 h la3d - - 2.48 x 10® at RT - [150]
excess Li

LigsLasTagsZr 5012 10 mol.% 1140 °C, 16 h la3d - - 1.06 x 107° at RT - [150]
excess Li

LigsLasTagsZr1 5012 20 mol.% 1140°C, 16 h la3d - - 1.81 x 107* at RT - [150]
excess Li

LigsLasTagsZry 5012 30 mol.% 1140°C, 16 h la3d - - 433 x 107 at RT - [150]
excess Li

Lig sLasTagsZry 5012 40 mol.% 1140 °C, 16 h la3d - - 3.72 x 104 at RT - [150]
excess Li

LigsLasTagsZry 5012 50 mol.% 1140 °C, 16 h la3d - - 3.66 x 10~* at RT - [150]
excess Li

Lig.75LasZrq 75Tap 25012 1100°C, 15h la3d - - 4.1 x107%at 27°C 0.42 (27-130°C) [151]

Lig sLasZr; sTag 5012 1100°C, 15 h la3d - - 6.1 x 107 at 27 °C 0.40 (27-130°C) [151]

LigLasZrTaO1, 1100°C, 15h la3d - - 2.1 x 107 at 27 °C 0.42 (27-130°C) [151]

Li.75LasZry 75Tag 25012 (in 1140°C,9h la3d 12.964 - 7.4 x 10~* at 25 °C 0.33 [152]
Oxygen)

Lig7sLasZry 75Tag 25012 (in 1140°C,9h la3d 12.963 - 2.4 x 107 at 25°C 0.39 [152]
Air)

Lig 75LasZry 75Tag 25012 (in 1140°C,9h la3d 12.963 - 2.1 x107*at 25°C 043 [152]
Nitrogen)

Li7sLasZry 75Tag 25012 (in 1140°C,9h la3d 12.962 - 1.8 x 107* at 25 °C 0.44 [152]
argon)

LigLazNb; 5Sco 5012 1150°C, 12 h la3d ~12.827 3.55 x 10~* at 25 °C 1.02 x 107* at 25 °C 0.40 (25-200 °C) [124]

Lig 25LasNb 3755C0.625012 1150°C,12h la3d ~12.832 3.70 x 10* at 25 °C 1.38 x 10~# at 25 °C 0.36 (25-200 °C) [124]

LigsLasNby 255¢0.75012 1150°C, 12 h la3d 12.844 (6) 3.19 x 10~* at 25 °C 1.26 x 107* at 25 °C 0.39 (25-200 °C) [124]

LigLasTa15Y05012 1100°C, 6 h la3d 12.937 (1) - 1.26 x 10~# at 23 °C 0.55 (—50 to 50 °C) [126]

LissLasTa; 25Y0.75012 1100°C, 6 h la3d 12.964 (2) - 1.83 x 107% at 23 °C 0.36 (—50 to 50 °C) [126]

Lig gLasZr; Tag2012 1200°C, 24 h la3d - 2.2 x 1075 at 33 °C 1.1 x107%at 33°C Ea(r) = 0.55 (33-240 °C) [153]

LiggLasZry 6Tag4012 1200°C, 24 h la3d - 1.5 x 107* at 33 °C 1.1 x 10~% at 33 °C Ea = 0.41 (33-240 °C) [153]

Lig.4LasZr; 4Tap 6012 1200°C, 24 h la3d - 2.3 x 107 at 33 °C 1.5 x 10* at 33 °C Eao = 0.40 (33-240°C) [153]

Lig2LasZri2Tags012 1200°C, 24 h la3d - 4.9 x 1075 at 33 °C 23 x10%at33°C Ear = 0.53 (33-240 °C) [153]

Lig4LlasZry 4Tape012 + 0.5 wt. 1200 °C, 24 h la3d - 40 x 107 at 33 °C 2.5 x 107 at 33 °C Ea = 0.37 (33-240°C) [153]
% LisSiO4

Lig4LlasZry 4Tage012 + 1.0 wt. 1200 °C, 24 h la3d - 4.3 x 107 at 33 °C 3.7 x 107 at 33 °C Eary = 0.35 (33-240°C) [153]
% LisSiO4

Lig4LasZry 4Tage012 + 1.5 wt. 1200 °C, 24 h la3d - 3.5x10%at33°C 2.4 x10%at33°C Ea=0.38 (33-240 °C) [153]
% LisSiO4

Lig 28Alo24La3Zr,015 1200°C, 12 h la3d 12.9731 - 4.43 x 107 at 30 °C 0.37 (30-200 °C) [154]

(continued on next page)
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpui (Scm™1) Giotal (Scm™1) ?Activation Ref.
temp., time parameter (A) energy, E, (eV)
LigsLasZr; sTags012 1140°C, 16 h la3d 12.9773 - - - [155]
LigLa,BaTa,01, 900°C, 24 h la3d 12.9826 6.2 x 1075 at 33 °C 5.82 x 107> at 33 °C 041 [116]
LigsLa; sBa;sTa012 900°C, 24 h la3d 13.0458 6.37 x 107> at 33 °C 6.17 x 107> at 33 °C 0.40 (33-300 °C) [116]
Lig2s5LasNb; 3755¢0,625012 1150°C, 12 h la3d 1.28466 (1) as - 1.02 x 107% at 25°C as  0.428 (—20 to 150 °C) as prepared [128]
prepared prepared
Lig.25LasNbg 75Zr1 25012 1150°C, 12 h la3d 1.29091 (1) as - 2.03 x 107%at 25°C as 0.422 (—20 to 150 °C) as prepared [128]
prepared prepared
Lig2sLasTa;3755C0.625012 1150°C, 12 h la3d 1.28533 (1) as - 0.97 x 107*at 25°C as  0.432 (—20 to 150 °C) as prepared [128]
prepared prepared
Lig2sLasTag75Zr1 25012 1150°C, 12 h la3d 1.29122 (0) as - 2.72 x 107 at 25°C as  0.407 (—20 to 150 °C) as prepared [128]
prepared prepared
Lig 22Alo 26La3Zr2012 1150°C, 36 h la3d - - 13 x 107> at 25 °C 0.40 (HT) [129]
LisLasTa; 5Y0,50012 1100°C, 6 h la3d - - 1.26 x 10™* at 23 °C 0.37 (23-325°C) [130]
LigsLasTa; 25Y075012 1100°C, 6 h la3d - - 1.83 x 107*at 23 °C 0.33 (23-325°C) [130]
Lig sLazZr; 75Wp 25012 1200°C, 12 h la3d - - 4.9 x 107 at 25 °C 0.42 (25-70°C) [131]
Lig3LasZri 6sWo.35012 1200°C, 12 h la3d - - 6.6 x 107 at 25 °C 0.42 (25-70°C) [131]
Lig 1La3Zr; 5sWp.45012 1200°C, 12 h la3d - - 6.4 x 107 at 25°C 0.43 (25-70°C) [131]
LigesLaz75Bao.2s 1150°C, 12 h la3d - 5.27 x 10~% at 25 °C - 0.26 (20-300 °C) [156]
Zrq 4TagsNbg 1012 1.62 x 1072 at 53 °C
Lig4LasZr; 4Tag 012 1150°C, 12 h la3d - 7.24 x 10~* at 25 °C - 0.24 (20-300 °C) [156]
1.96 x 1072 at 53 °C
Lig 4La3Zr; 4TagsNbg 1012 1150°C, 12 h la3d - 4.44 x 107 at 25 °C - 0.27 (20-300 °C) [156]
1.50 x 1072 at 53 °C
Lig.4LasZr; 4Tag4aNbg>012 1150°C, 12 h la3d - 4.55 x 10~% at 25 °C - 0.28 (20-300 °C) [156]
1.37 x 1072 at 53 °C
Lig 4La3Zr; 4Tag3Nbg 3012 1150, 12 h la3d - 6.06 x 107 at 25 °C - 0.26 (20-300 °C) [156]
1.69 x 10~ at 53 °C
Lig 75LazNbg 25Zr1 75012 1050°C, 12 h la3d - 23 %107 - [99]
Lig 75Laz 8Gag2Nbg25Zr1 75 012 1050 °C, 12 h la3d - - 228 x 107 - [99]
Lig 75LasTag 25Zr1.75012 1050°C, 12 h la3d - - 197 x 1074 - [99]
Lie.75La28Gao2Tao25Zr1.75 012 1050 °C, 12 h la3d - - 1.64 x 1074 - [99]
LisLasTay012 900 °C la3d - - 0.34 x 107* at RT - [104]
Li;LasZr,012 1230°C, 36 h la3d 12.9682 (6) 5.11 x 10~% at 25 °C 7.74 x 10~% at 25 °C Eawy = 0.32 (18-50 °C) [97,98]
Ear)=0.30 (18-300 °C)
Li;BaLa,Tay0125 900°C, 24 h la3d ~12.946 1.01 x 107* at 50 °C 9.70 x 107> at 50 °C ~0.45 (17-350 °C) [120]
Li;LasSn,042 900°C, 12 h 144/acd a=b=13.1206 - - 0.79 [112]
(1)
c=12.5467 (1)
Li;LasZr,01, 980°C,5h 144/acd a=13.134 (4) 1.63 x 107 at 27 °C 0.54 (27-287 °C) [157]
c=12.663 (8)
Li;LasTa;012 900°C, 24 h la3d - 33 x 1075 at 27 °C 22 x10%at27°C 0.38 [158]
Li;LasHf,04, 980°C,5h 14,/acd a=13.106 (2) 9.85 x 1077 at 27 °C - 0.53 (27-307 °C) [159]
c=12.630(2)
Li;LasHf,01, 1250°C, 36 h la3d 12.938 (1) 2.4 x 107 at 25°C - 0.29 (RT to 175 °C) [113]
Li;LasZr,04, 1230°C, 36 h la3d - 1.8 x 107% at 25 °C - - [160]
Li7 06L23Y0.06Zr1.94012 1200°C, 16 h la3d 12.9672 9.56 x 10~* at 25 °C 810 x 107#at25°C  Eyp)=0.29, Eyy=0.26 [105]
Li;LasZr,04, 1230°C, 30 h 12.9727 (2) - 4 x10™* at 25°C 034 [161]

e
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Table 2.1 (continued)

Composition Final sintering Space group Lattice Gpuik (Scm™1) Giotal (Scm™1) “Activation Ref.
temp., time parameter (A) energy, E, (eV)
la3d
Li;La3Zr;01, 1130°C, 12 h 144/acd - - 2 x107% at 25°C 0.49 [161]
Ge-doped Li;LazZr;04; 1200°C, 20 h Ia3d - 7.63 x 1074 at 25 °C - [110]
Li;La3Zr,01, 1230°C, 8 h Ia3d 12.8974 - 1.6 x 107* at RT - [162]
Li;LasZr,0;, 0.204 mol Al 1000°C, 4 h Ia3d - - 4 x10"*at RT 0.26 [100]
Li;La3Zr,01, (28 mol.% Al) 1230°C, 36 h la3d 12.9727 - 3.5x 107 at 25°C 0.36 [103]
LiyLasZr,01, 1250°C, 8 h 14, /acd - 2.09 x 107% at 20°C 1.3 x 107 at 20 °C ~0.46 [163]
Li;La3Zr,01, (1.7 wt.% Sr) 1200 °C, 20-24 h Ia3d 12.980 - 5x 107 at 24°C 0.31 (—10 to 60 °C) [164]
Li;LasTa043 900°C, 24 h la3d 12.830 (4) 3.21 x 1076 at 40 °C - 0.55 [165]
Li;Nd3Zr,01; 850°C, 12 h 14,/acd a=12.9471 - 0.66 (100-400 °C) [166]
c=12.5512
Li; 06LasZr;.94Y0.06012 950°C, 12 h Ia3d 12.974 (3) 1075 at 23 °C - 0.47 [167]
Li; 16LasZr184Y0.16012 950°C, 12 h la3d 12.995 (2) 10-% at 23 °C - 0.47 [167]
Li;LasZr,04, 1000 °C, 4 h and hot 14,/acd a=b=13.0682, - 5.77 x 107 0.40 (25-100 °C) [109]
pressed at 1050°C 1 h c=12.70201

Li;LazNb,ScO1, 1150°C, 12 h la3d ~12.846 1.42 x 107% at 25 °C 0.68 x 10~* at 25 °C 0.40 (25-200 °C) [124]
Li;La3Zr,01, 1230°C, 6 h la3d 1.29544 1.81 x 107* at 30 °C 1.19 x 107* at 30 °C 0.41 (—60 to 60 °C) [147]
Li;LasZr,01, 1200 °C, 24 h 14,/acd - - 9.9 x 106 at 27 °C 0.43 (27-130°C) [151]
Li;La3Zr,01, 1200°C, 12 h 14;/acd - - 1.7 x 107> at 25 °C 0.47 (25-70°C) [131]
Li;La3Zr,01, 1.0 wt.%. LiF 1230°C, 36 h la3d - - 5x 10~% at RT 0.26 (25-150°C) [168]
Li;LasZr,04, 1.5 wt.%. CaF, 1230°C, 36 h Ia3d - - 5x 107% at RT - [168]
Li;LasZr,015 2 wt.%. Al,O5 1230°C, 36 h la3d - - 2 x107* at RT - [168]
Li;LasZr,01, 1175°C, 12 h Ia3d - 1.74 x 107* at 25 °C - 0.26 (20-300 °C) [156]

0.41 x 1072 at 53 °C

Eqpy-activation energy for bulk Li* conductivity.
Eqp-activation energy for total (bulk + grain-boundary) Li* conductivity.
HT-High temperature.
LT-Low temperature.
2 Activation energy for total (bulk + grain-boundary) Li* conductivity unless specified.
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Though solid-state reaction method is a simple synthesis technique, it has a lot of disadvantages too. The high sintering
temperature and long exposure of heating result in possible evaporation of lithium from the product structure. Moreover, it
is also difficult to control the chemical stoichiometry of the lithium garnets through solid-state synthesis due to the volatile
nature of lithium at high temperature sintering. Another major issue of solid-state reaction method is the inhomogeneity in
the end product and formation of impure phases. Hence, various efforts had been made to prepare the lithium garnets at
lower sintering temperature by simple wet chemical synthesis techniques.

The composition and microstructure of the pellets play an important role in influencing the ionic conductivity, relative
density, and air stability of lithium garnets. Jin et al. showed that the grain-boundaries are high interfacial energy regions
for the reactions between LLZO and moisture, thereby decreases the total conductivity of LLZO after one-week air exposure
[169]. Cheng et al. pointed that Al-LLZO in contact with air forms Li,COs layer on the LLZO surface resulting in a drastic
increase of the interfacial resistance. One possible approach to overcome this issue is surface polishing on LLZO that removes
Li,CO5 and substantially decrease the interfacial impedance [170].

Xia et al., reported that the 0.25AI-LLZO pellets sintered in Pt crucibles exhibit high relative density (~96%), high ionic
conductivity (4.48 x 107*S cm™!), and good stability in ambient air [171]. In contrast, the pellets prepared using Al,05 cru-
cibles exhibit relatively lesser conductivity and poor stability in ambient air. The increased ionic conductivity is associated
with the controlled amount of Al dopant and the desirable amount of Li content in the LLZO samples. The pellets sintered in
Pt crucibles have higher relative density, larger grains and less grain boundaries than in alumina crucibles, which provide
less high interfacial energy regions for the reactions between LLZO and water, CO, in the air to form Li,CO3 [171]. Hence
preparation of phase pure (optimized composition), dense, larger grains and less grain boundaries LLZO is essential, which
is possible through careful control of the processing variables. The schematic representation of LLZO pellet sintered using Pt
and Al crucibles and the effect of ionic conductivity with respect to time are shown as Fig. 2.1(a) and (b). Moreover, the XPS
spectra as shown in Fig. 2.1(c) of the pellets sintered using Pt and Al crucibles indicates that area ratio of Li,COs to Li-O is
much less, suggesting less Li,CO3 formation in case of Pt crucible [171].

Recently, Cheng et al., reported the effects of grain size and surface composition on the air-stability of LLZO pellets by soft
X-ray absorption and Raman spectroscopy, and suggested that LLZO with small grains and large amount of grain boundaries
was more air stable [172,173].

2.2. Wet chemical techniques

The wet chemical process begins with liquid precursors, so provides molecular level mixing of the components [174,175].
Hence, the precursors can react relatively at lower temperatures and in shorter times, without the need for intermittent
grinding, and this synthesis route typically yields finer powders with a more uniform size distribution [176]. The powder
obtained from the wet chemical method generally expected to show better performance due to their higher homogeneity
in composition, finer crystal size, higher purity and surface area.

2.2.1. Sol-gel method

Sol-gel technique follows the route line of hydrolysis and polymerization to form amorphous or crystalline material at
low temperature processing in solution state. Preparation of various garnet structured electrolyte materials have been
reported using sol gel synthesis technique.

Preparation of nanocrystalline cubic phase lithium garnets LisLasTa;0¢, and LisLa3Bi,0;, through sol-gel method by sin-
tering the gels at 700 °C and 650 °C, respectively, were first reported by Gao et al. [177,178]. Shimonishi et al. reported the
preparation of LigLasZr,041 5 in cubic phase and Li;La3Zr,01; in tetragonal phase by sintering the gels at 1180 °C and 800 °C,
respectively [175]. Kokal et al. reported the preparation of LLZO in cubic phase at 700 °C by sol-gel method and also they
reported the cubic to tetragonal modification at 724 °C [174]. Janani et al. synthesized polycrystalline cubic phase Li;LasZr,-
04, (LLZO) at 700 °C by modified sol-gel processes using citric acid as organic complexing agent and butan-1-ol or propan-2-
ol as surface active agent [179]. Janani et al. also reported the preparation of LLZO and high Li* conductive 0.9 wt.% of Al
doped LLZO i.e., Lig16Alg28LaszZr,0,, (AI-LLZO) in cubic phase by modified sol-gel technique [176]. The flow chart utilized
for the preparation of LLZO and high Li* conductive 0.9 wt.% of Al doped LLZO i.e., Lig16Alp2sLasZr,0¢, (Al-LLZO) in cubic
phase using modified sol-gel technique by Janani et al. [176] is shown in Fig. 2.2.

2.2.2. Pechini method

Pechini process is based on the ability of carboxylic acids (citric acid, tartaric acid, polyacrylic acid, etc.) to chelate the
various metal ions. These metal carboxylates can undergo polyesterification when, heated with polyhydroxy alcohol (ethy-
lene glycol, glycerol, polyvinyl alcohol, etc.) and lead to the formation of polymeric resin, with three dimensional network.
The cations are uniformly distributed throughout polymeric resin, which inhibits the precipitation. Further, the calcination of
dried resin yields ultra fine oxide powders at very low temperature. The product formed is highly homogeneous with
reduced particle size. Jin et al. reported the stabilization of cubic phase LLZO by the incorporation of different amounts of
Al (0, 0.2, 0.7, 1.2, and 2.5 wt.%) through a polymerized complex (Pechni) method [180]. Moreover, even small amounts of
Al (e.g., 0.2 wt.%) greatly increased the density of LLZO pellets after sintering. SEM observations of Al-doped pellets verified
the existence of a liquid phase. Dilatometry showed pellet densification accelerated around 1055 °C suggested the formation
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Fig. 2.1. (a) A schematic depicting LLZO pellets sintered using Pt and Alumina crucibles (b) shows the variation of ionic conductivity of the pellets as a
function of time. (c) The XPS spectra of the pellets sintered using Alumina/Pt crucibles [171].

of a Li;0-Al,05 eutectic. With optimal additions of Al (e.g., 1.2 wt.%), LLZO electrolyte sintered at 1200 °C for only 6 h showed
Li* conductivity of 2.0 x 1074 Scm™! at room temperature [180].

2.2.3. Combustion method

Solution combustion is a novel technique based on the gelling and subsequent combustion of an aqueous solution con-
taining salts of the desired metals and organic fuel giving a voluminous and fluffy product with large surface area. Li;LasZr,-
01, (LLZO) and Lig,gAlp24LasZr,01, (Al-LLZO) lithium garnets were successfully prepared in shorter duration of time by
simple combustion technique [181]. Three factors were considered by Dhivya et al. to find the optimal condition to derive
the high Li* conductive cubic phase LLZO and Al-LLZO: amount of excess lithium source, the synthesis temperature and the
sintering time [181]. Fig. 2.3 shows the schematic representation for the synthesis of high Li* conductive cubic phase (Ia3d)
Al-LLZO by simple combustion technique. High Li* conductive cubic phase (la3d) was derived for the Al-LLZO prepared with
10 wt.% excess lithium source (AI-LLZO-10), relatively at lower sintering temperature of 950 °C. AI-LLZO-10 sintered at
1200 °C for just 6 h exhibited maximized relative density of 95% and total (bulk + grain-boundary) Li* conductivity of
5.1 x 107*Scm™! at 30 °C with particle size of around 613 nm [181].

Afyon et al. reported a novel low temperature synthesis processing route for cubic phase Lig4Gag,LlasZr,0;, through
which the synthesis-sintering temperature is decreased by ~200 °C [182]. The tetragonal phase of Li;LasZr,0,, was synthe-
sized by a modified sol-gel - combustion method at a temperature of ~600 °C, one of the lowest reported for Li;La3Zr,0:,
garnet-type fast Li-ion conductor [182]. Post-synthetic Ga-doping was shown to induce a phase transformation to the cubic
phase at a very low temperature of ~100 °C. AC impedance measurements revealed high bulk Li-ionic conductivities in the
range of ~4.0 x 10~*S cm™! at 20 °C for the cubic phase Lig 4Gag,LasZr,04; pellets processed at a rather low temperature of
950 °C for 6 h. Higher processing temperatures (~1100 °C) lead to Li-loss, substantial decrease in Li* conduction and relative
density [182].

2.2.4. Chemical co-precipitation method

Chemical co-precipitation method has many advantages, such as being a simple process, molecular level mixing and cre-
ating fine precursor powder. Shao et al. synthesized LLZO solid electrolyte powder by chemical co-precipitation method
[183]. The LLZO powder calcined at 850 °C was in tetragonal phase confirmed by X-ray diffraction (XRD). Scanning electron
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Fig. 2.2. Flow diagram for the preparation of LLZO and Al-LLZO using modified sol-gel technique [176].

microscopy (SEM) showed that the particles sizes of LLZO precursor powder were in the range of 0.5-1 pm. Tetragonal LLZO
completely transformed into cubic phase at the temperature above 1150 °C. The total ionic conductivity of LLZO pellet sin-
tered at 1180 °C was 2.0 x 107*S cm™" at 30 °C, and the activation energy was 0.25 eV [183].

The sintering temperature, space group, lattice parameter, bulk Li* conductivity (Gpuy), total (bulk + grain-boundary) Li*
conductivity (Gyora1) and activation energy (E,) of various lithium garnets prepared via., sol-gel, pechni and combustion tech-
niques are provided as Table 2.2 [174-183].

The composition and microstructure play an important role in influencing the ionic conductivity, relative density, and air
stability of lithium garnets. The pellets with higher relative density, larger grains and less grain-boundary provide less high
interfacial energy regions for the reactions between lithium garnet phase and water, CO, in the air to form Li,CO5. Hence
preparation of phase pure (optimized composition), dense, larger grains and less grain boundaries lithium garnets is essen-
tial, which is possible through careful control of the processing variables.

2.3. Growth of single crystal

The first attempt to investigate the crystal structure of LisLasM,0;, (M = Nb, Ta) using transparent single crystal with
approximate dimension of 0.2 x 0.2 x 0.2 mm? was put forward by Hyooma et al. [95]. In 2009, Roof et al. [184] reported
the single crystals of a series of garnet like structure lanthanum containing tantalates with nominal formula LnsLisTa;01;
(Ln=La, Pr, Nd) using molten alkali metal hydroxides fluxes. They used the technique of loading the starting materials
Ta,0s, Ln,03, LiOH-xH,0, lanthanide sesquioxides on a silver tube. Sintering was done at 600 °C for 24 h followed by subse-
quent natural cooling of the furnace. Colorless, yellow and blue single crystals of LasLisTay015, Pr3LisTa;0;, and NdsLisTa,-
045, respectively, were isolated by vacuum filtration. It was suggested that hydroxide fluxes are an excellent medium for the
dissolution of lanthanide oxides, late transition metals such as iridium, ruthenium and transition metal oxides such as nio-
bium and tantalum oxide. An interesting phenomenon observed in LisNds;Ta,0; is the Alexandrite effect, where the spec-
imen changes color as a function of the light source used for illumination [185].
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Table 2.2
The sintering temperature, space group, lattice parameter, bulk Li* conductivity (), total (bulk + grain-boundary) Li* conductivity (Gar) and activation
energy (E,) of various lithium garnets prepared via., sol-gel, pechni and combustion techniques.

Composition Synthesis method Final sintering Space  Lattice Gbulk Gtotal “Activation Ref.
temp. & time group parameter (Scm™!) (Sem™) energy, E, (eV)
(A)
Li;La3Zr,04; Sol-gel Pechni 700°C,5h Ia3d 13.002 (1) - - - [174]
LizLasZr,04; Sol-gel Pechni 800°C,5h [41/acd 13.122(3) - 3.12x 1077 0.67 (17-80°C) [174]
12.672 (3) at 25 °C
LiglasZr,0115 Sol-gel 1180°C, 36 h la3d - 569 x107% 139x107% - [175]
at 25 °C at 25 °C
Lig 16Alp28LaszZr,015 (AI-LLZO)  Sol-gel 900°C, 36 h 144/acd - - 3x107at - [176]
33°C
Lig 16Alp28La3Zr,01; (AlI-LLZO)  Sol-gel 1200°C,12h la3d - 21x10%  11x10™* 038 (33- [176]
at 33°C at 33°C 240 °C)
LisLa3Ta,04, Sol-gel 900°C,5h la3d - - 1.54 x 107¢ 0.57 [177]
at 25 °C
LisLasBi 012 Pechni 650°C,5h la3d 13.06 (6) - 24x107° 040 [178]
at 26 °C
Li;LasZr,04, Sol-gel 700°C, 12 h la3d - - - - [179]
1.2 wt.% Al doped Li;LasZr,0,, Pechni 1200°C, 6 h Ia3d - - 20x10°* - [180]
at 25 °C
Lig28Alp24La3Zr,04; (AI-LLZO)  Combustion 1200°C, 6 h la3d 129767 (1) - 51x10™*  0.29 (30- [181]
with 10 wt.% excess Li at 30 °C 200 °C)
Lig 4GagLasZr,01, Modified sol-gel 950°C, 6 h - - 40x10% 024x10* 0.32 [182]
combustion at 20°C
Li;LasZr,012 Chemical co- 1180°C, 20 h la3d - - 20x10™*  0.25(15-90°C) [183]
precipitation at 30 °C
method

2 Activation energy for total (bulk + grain-boundary) Li* conductivity.

Recently, Xiao et al. [186] developed a unique simple low temperature growth mode for the growth of LisLa3Ta,01; crys-
tals from lithium hydroxide flux. The growth of LisLasTa;0¢, single crystals was independent of the cooling rate, but was
affected by kind of flux and solute concentration. It was observed that a low solute concentration (1 or 5 mol.%) was the
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key to obtain well-dispersed and idiomorphic single crystals. The optimum growth conditions involved a holding tempera-
ture of 500 °C, a solute concentration of 1 or 5 mol.%, and a holding time of 10 h, for the formation and growth of LisLasTa,-
04, single crystals as shown in Fig. 2.4.

Awaka et al. [157] in 2009 succeeded in synthesizing tetragonal phase transparent Li;LasZr,0,, single crystals by a flux
method. Li;CO3 was chosen as the flux in the synthesis. As prepared Li;LasZr,0;; and Li,COs; well-mixed in the nominal
weight ratio 1:1, transferred into a gold crucible was sintered at temperatures elevating to 1040 °C at the rate of 200 °C/
h, fixing hold time as 48 h. Finally the gold crucible was immersed in hot water so as to separate the crystals from the solid-
ified melts. Fig. 2.5. shows the typical SEM image of grown transparent single-crystal tetragonal phase Li;LasZr;015.

Another attempt was made in 2010 by Awaka et al. [187] to prepare cubic phase Li;La;Zr,04; single crystals. The starting
materials Li,CO5:La;03:Zr0, were mixed in a molar ratio of 3.85:1.5:2.0, respectively. Upon sintering the mixture at 1250 °C,
spherical shaped transparent and colorless crystals approximately with 0.05 mm diameter were obtained.

Later in 2011, Geiger et al. [188] put forth an effort to obtain Li;LasZr,01; single crystals by solid-state sintering, flux-
based (molten Li-borates) and hydrothermal experiments at elevated pressures [188]. The ZrO, (99% Aldrich), La,;03
(99.99% Chempur), and Li,CO3 (99% Alfa) were mixed in stoichiometric proportions to give Li;LasZr,01, with 5 wt.% extra
LiCO5 and were pressed to pellets, which was then sintered at 800 °C. The obtained reaction product was ground and seeded
with small amounts of already prepared fine-grained Li;La3Zr,01,. The dense pressed pellets were welded into Pt(Pd)/Au
capsule then sintered at temperatures of 900-1100 °C. A number of crystals were analyzed by X-ray methods to investigate
the nature of the crystals. Most were found to be single and some polycrystalline. The microprobe analysis revealed the pres-
ence of measurable amounts of Al;05 (ca. 1.3 wt.%) that had emanated from the Al,O3 in the ceramic crucibles used for the
preparation and synthesis of LLZO single crystal [188]. The backscattered X-ray images also showed the presence of small
amount of Al in the form of LaAlOs; as well as La3Og, which was found as very tiny grains between the garnet crystals.
The heterovalent substitution of 3Li* by AI** in LLZO garnet could stabilize the cubic phase of LLZO relative to the tetragonal
structure. Moreover, Al substitution aided in reducing the Li site occupancies, thereby increasing the number of empty struc-
tural sites which enhanced the Li* mobility and thus conductivity [188].

2.4. Thin film processing techniques

In parallel to the synthesis of bulk ceramic electrolytes, effort has also been made for the preparation of thin film elec-
trolytes, which is critical for the thin film lithium batteries used in the microelectronic devices. Thin film fabrication of
garnet-type oxides have been explored by radio-frequency (RF) sputtering, pulsed laser deposition (PLD), metal-organic
chemical vapor deposition (MOCVD) and sol-gel techniques.

2.4.1. Radio-frequency (RF) magnetron sputtering

As compared with other fabrication methods, radio-frequency (RF) magnetron sputtering is considered to be an easy,
established process of deposition which can be easily controlled. Kalita et al. reported the lithium-lanthanum-zirco
nium-oxide (Li-La-Zr-0) thin films deposited using radio-frequency (RF) magnetron sputtering by varying the RF power
[189]. The X-ray diffraction (XRD) studies on the films deposited at room temperature indicated the amorphous nature
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Fig. 2.4. Schematic representation of the formation manner of idiomorphic LisLazTa,0;, single crystal from LiOH flux. Temperature: 500 °C, solute conc.:
5 mol.% [186].



S. Ramakumar et al./ Progress in Materials Science 88 (2017) 325-411 349

Fig. 2.5. SEM micrograph of a single-crystal tetragonal phase Li;LaszZr,01, [157].

and they also reported that the Li-La-Zr-0 thin film deposited at 40 W, exhibited the ionic conductivity of 4 x 10~7 Scm™!
[189].

Lobe et al. deposited Ta and Al-substituted LLZO thin films on Aluchrom YHf substrates by RF magnetron sputtering [190].
The substrate temperature was identified to be an important parameter for the formation of cubic garnet-structured LLZO
thin films. The XRD studies indicated that the formation of LLZO phase starts at around 650 °C, whereas the single phase
cubic thin films of LLZO were obtained at substrate temperatures of 700 °C and higher. However, scanning electron micro-
scopy (SEM), time-of-flight-secondary ion mass spectrometry (ToF-SIMS) studies indicated the formation of an interlayer 7y-
LiAlO, between LLZO thin film and the substrate, at the higher substrate temperature. The thickness of the interlayer
increased with the increasing temperature. The cross sectional backscattered electron (BSE) image of thin films deposited
at 700 °C and 800 °C as shown in Fig. 2.6 revealed an interlayer between the thin film and the substrate (Fig. 2.6b). The impe-
dance measurements were carried out using two different set-ups viz., perpendicular to the thin film and parallel to the thin
film [190]. The combined total ionic conductivity of the y-LiAlO, interlayer and the LLZO thin film (perpendicular to the
plane) was determined to be 2.0 x 1072 S cm™! for the sample deposited at 700 °C. On the other hand, the impedance mea-
sured parallel to the thin film deposited at 700 °C exhibited a room temperature conductivity of 1.2 x 107*S cm~! with acti-
vation energy of 0.47 eV [190].

2.4.2. Pulsed laser deposition (PLD)

The growth of Li* conducting LigBaLa,Ta,0;, garnet-type thin films by pulsed laser deposition (PLD) was reported by
Reinacher et al. [191]. Thin films were grown on MgO (100) by ablation of the bulk target material consisting of LigBaLa,-
Ta,0;, with 5 mol.% excess of Li,O to compensate lithium loss during thin film growth. The bulk material showed electrical
conductivity of up to 5.0 x 107> S cm™! at 25 °C, whereas the deposited LigBaLa,Ta,01, films exhibited a lower conductivity
of 2 x 1078S cm~! at 25 °C [191]. The LigBaLa,Ta,0;> thin film was found to be stable versus metallic lithium and appeared
to be well suited as a protective coating for electrodes, separators or even other electrolytes that are unstable against lithium
as shown in Fig. 2.7(a) and (b).

There are only few reports regarding the fabrication of LLZO thin films. Tan et al. prepared LLZO thin film on SrTiO3; (100)
and sapphire (0001) substrates by pulsed laser deposition (PLD) with subsequent post-annealing [192]. As-deposited LLZO
films were amorphous and then were crystallized on annealing. The as-deposited LLZO films exhibited a Li* conductivity of
3.35 x 1077 Scm™! and pulsed laser annealed LLZO films were found to have a Li* conductivity of 7.36 x 10~ Scm™! [192].
Moreover, LLZO films were found to be electrochemically stable against lithium metal. Kim et al. reported the epitaxial
growth of LLZO films on garnet Gd;GasO;, substrate prepared by PLD [193]. Two orientations of the films were obtained
depending on the Gd3Gas0,, (GGG) substrate orientation, LLZO (001)/GGG (001) and LLZO (111)/GGG (11 1). The ionic con-
ductivities in the grains of the (001) and (111) films were 2.5 x 107°°Scm™" and 1.0 x 107> Scm™" at 25 °C, respectively
[193].

The effect of deposition temperature and substrate type on the structural, physical and electrochemical properties of Li-
La-Zr-0 thin films made by PLD were investigated by Park et al. [194]. Thin films deposited at 600 °C on MgO (100) sub-
strate contained both cubic and tetragonal polymorphs of LLZO at the surface and had the conductivity of 1.61 x 1076Scm™!
at room temperature [194]. Increasing the PLD deposition temperature to 750 °C led to the formation of La,Zr,05, resulting
in higher activation energy of 0.67 eV and a decrease in the conductivity of two to three orders of magnitude. Park et al.
reported that aluminum can react with the films when deposited on Al,03 containing substrates such as sapphire or ano-
dized aluminum oxide (AAO) [194]. Fig. 2.8 shows an SEM image of the polished cross section of a film deposited at
700 °C on an AAO substrate. The film was divided into two distinct regions with different contrasts, indicating that the com-
position is non-uniform. An energy dispersive X-ray spectroscopy (EDX) scan along the dotted line in Fig. 2.8 revealed that
the upper region of the film was rich in aluminum and oxygen.
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Fig. 2.6. Microstructure of the thin films deposited at 700 °C and 800 °C by RF magnetron sputtering technique (a) cross-section, BSE-image at 700 °C, (b)
cross-section, BSE-image at 800 °C [190].

-

Fig. 2.7. (a) Image of the circular LigBaLa,Ta,0;, thin films (thickness approx. 200 nm), deposited using a mask during the PLD process on a Li* conductive
Ohara glass-ceramic (Ohara Inc., Kanagawa Japan), before its exposure to metallic Li [191]. (b) Ohara glass-ceramic protected with the LigBaLa;Ta,01; thin
film after removal of metallic Li being applied on the sample for 12 h [191].

2.4.3. Metal-organic chemical vapor deposition (MOCVD)

Metal-organic chemical vapor deposition (MOCVD) is a versatile technique for the preparation of thin films at high depo-
sition rates and moderate vacuum conditions. Moreover, the morphology and phase formation of the thin films can be con-
trolled by this technique to design all-solid-state thin-film batteries.

Katsui et al. prepared cubic and tetragonal LLZO films on polycrystalline Al,0;3 by MOCVD and investigated the effect of
deposition temperature (Ts,,) on the formation of phase, morphology and deposition rates [195]. The morphology of tetrag-
onal and cubic LLZO film prepared by MOCVD varied depending upon the deposition temperature [195]. At Tg,p =973 K, a
pyrochlore type La,Zr,07 film having the (111) orientation was deposited. At Tsy, = 1023-1173 K, tetragonal LLZO films
were grown. Cubic LLZO films with fine granular surface were obtained at Tg,, = 1173-1223 K. The deposition rates of the
cubic and tetragonal LLZO films were approximately 20 um h™', which were one to two orders of magnitude greater than
those of LLZO films by pulsed laser deposition [195].

2.4.4. Sol-gel spin coating method

The sol-gel process coupled with dip-coating [196] or spin-coating [197] to produce thin films has many advantages over
vacuum-based processes such as flexible synthesis conditions, easy control of chemical components, simplicity of the pro-
cess, low cost, and high yield. Chen et al. reported the preparation of amorphous LLZO thin films via the sol-gel process and
the impact of film thickness and the temperature of the heat treatment on the conductivity of the thin film [198].

The ionic conductivity of the films decreased with increasing annealing temperature, from 1.67 x 1076 S cm~"' for 600 °C
annealed film to 8.53 x 1077 S cm ™! for 800 °C annealed film. Also, the influence of the thickness of the films on the conduc-
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Fig. 2.8. (a) SEM image of a polished cross section of the Li-La-Zr-0 film deposited on an anodized aluminum oxide (AAO) substrate at 700 °C [194] and (b)
the corresponding EDX profile along the indicated dashed line [194].

Table 2.3

Lithium garnets prepared as thin films, their deposition technique, Li* conductivity measured at room temperature (Ggr) and activation energy (E,).
Composition Deposition technique orr (Scm™1) “Activation energy, E, (eV) Ref.
Li;LasZr,01, RF-MS 4.0 x 1077 0.70 [189]
Ta- and Al-substituted LLZO RE-MS 12 x107* 0.47 [190]
LigBaLa,Ta,01> PLD 2.0x 107 0.42 [191]
LizLasZr,042 PLD 719 x 1078 0.45 [192]
Li;LasZr,015 (001) PLD 25%x10°° 0.52 [193]
Li;La3Zr,045 (111) PLD 1.0x 1073 0.55 [193]

2 Activation energy for total (bulk + grain-boundary) Li* conductivity.

tivity was investigated and the conductivity of the films first increased with increasing thickness and then decreased with
further increase of thickness [198].

Some of the well known Li* conducting materials which were prepared as thin films, their deposition method, Li* conduc-
tivity at room temperature (Ggrr) and activation energy (E,) are summarized as Table 2.3 [189-193].

2.5. Nebulized spray pyrolysis (NSP) technique

Organic components used as a complexing agent in the solution-based techniques leaves a large quantity of organic resi-
due after synthesis. As a result post-annealing and grinding are necessary in case of solution-based techniques [174]. Nebu-
lized spray pyrolysis (NSP) is a solution-based aerosol technique in which, the use of organic solvents can be excluded due to
the readily available nitrate based precursors. It is possible to synthesise nanocrystalline powders using NSP owing to the
simultaneous thermolysis of precursors and annealing treatment. Moreover, NSP offers less synthesis time compared to
other techniques. The dense films with controlled thickness can be deposited on appropriate substrate using this NSP
technique.

Djenadic et al. reported that Al-doped Li;_3,LasZr,Al, 015 (x = 0-0.25) (LLZO) with ultra-fine grained ceramics prepared
using NSP exhibited a room temperature ionic conductivity of 1.2 x 10°°Scm™' and 4.4 x 10°°Scm™' for tetragonal
(x =0) and cubic (x = 0.15) phase, respectively [199]. Further increase in Al-content led to the formation of secondary phase.
The experimental setup used by Djenadic et al. for the preparation of nanoparticles with the composition Li;_3,LasZrAl,O12
(x =0-0.25) using the Nebulized spray pyrolysis (NSP) method is shown in Fig. 2.9 [199].

Recently, Yi et al. reported a thin flexible films <30 um by adopting the liquid feed-flame spray pyrolysis (LF-FSP) and con-
ventional casting-sintering process [200]. Nano powders of Lig »5Alg 25La3Zr,01, with 50 wt.% excess lithium were produced
using LF-FSP. The spherical nano powders were ball milled and further processed to green films by casting on Mylar sheet. A
single phase cubic LLZO was able to achieve by sintering the green film at 1080 °C for 1 h. Further increase in sintering tem-
perature leads the formation of minor impurity phase of La;Zr,0; and La,03 phases. Flexible thick translucent films (<30 pm)
with 2 x 2 cm? lateral dimensions as shown in Fig. 2.10(a) were produced with a relative density of 94 + 1%. The film exhib-
ited a room temperature Li* conductivity of 0.2 #0.03 mS cm~' (Fig. 2.10(b)) with an activation energy of 0.35 + 0.01 eV
[200].
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Fig. 2.10. (a) Photographic image of translucent freestanding cubic LLZO film and (b) temperature dependent impedance plots of the sintered LLZO films

[200]

2.6. Electrospinning technique

In order to obtain nanostructured LLZO and to investigate its phase transformations, the electrospinning technique was
selected, as it has been a versatile method for preparing ceramic nanofibers or nanowires from sol-gel precursors. Yang et al.
synthesized LLZO nanowires with electrospinning for the first time and also studied the particle size- dependent phase trans-
formation [201]. A photograph of an as-spun flexible nanowire mat and the SEM image of (a) as-spun LLZO nanowires and
the nanowires after calcination at 700 °C for (b) 1.5, (c) 2, (d) 2.5, (e) 3, and (f, g) 5 h is shown in Fig. 2.11. SEM images
revealed that, as the heating time increased, the nanowires became thicker and underwent coalescence to form larger liga-
ments. Yang et al. showed that, the cubic LLZO can be stabilized at room temperature in nanostructured particles without the
use of extrinsic dopants and the heating promoted coalescence and grain growth which led into a transformation to tetrag-

onal LLZO [201].
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Fig. 2.11. (A) Photograph showing appreciably flexible as-spun LLZO fiber mat [201] and (B) SEM image of (a) as-spun LLZO nanowires and the nanowires
after calcination for (b) 1.5 h, (¢) 2 h, (d) 2.5 h, (e) 3 h, and (f, g) 5 h at 700 °C [201].

Yang et al. also reported that the transformation between the tetragonal and cubic phases in the LLZO system can be
induced by a change in dimensions, with cubic LLZO stabilized in nanostructures and tetragonal LLZO preferred for larger
particle [201]. The mechanism is likely related to the difference in surface energy between the high-temperature cubic phase
and the low temperature tetragonal phase. Since nanocrystallites connect to each other and form larger structures (nano-
wires) at the crystallization stage, the agglomeration in nanopowders derived from electrospinning can be greatly prevented.

In general, the best synthesis method for lithium garnets is expected to meet the following criteria,

e The synthetic method has to be of low cost.
e Product formed should be phase pure and homogeneous.
e Materials with proper physical and chemical characteristics suitable for battery application.

Thus, the exploration of new novel synthetic method and processing technology plays a vital role for the development of
high performance lithium batteries based on garnet structured electrolyte.

2.7. Sintering of lithium garnets

In addition to the stabilization of high Li* conductive cubic phase, the dense microstructure related to grains and grain-
boundaries is also a critical issue for the successful application of LLZO as solid electrolyte membrane in all-solid-state
lithium and lithium-air battery technologies. The dense microstructure is expected to enhance the total (bulk + grain-
boundary) Li* conductivity by reducing the grain-boundary resistance and also expected to barricade the dendritic growth
during lithium deposition in an electrochemical cell. Ceramics are usually sintered at elevated temperatures for longer dura-
tion to yield high dense pellets.

High porosity in solid electrolytes may cause a high grain-boundary resistance as well as mechanical failure. Owing to the
volatilization of Li components or gas filling in pores during sintering, the LLZO solid electrolytes obtained via conventional
solid state method usually show a limited density as well as relatively poor total Li* conductivity.

2.7.1. Densification by sintering agent

Usually, in most of the polycrystalline ceramic lithium ion conductors, the total (bulk + grain-boundary) Li* conductivity
at room temperature is only half of the oy, because of the grain-boundary resistance (GBR). The GBR needs to be reduced to
improve the G Of solid electrolytes. Densification of the solid electrolyte can reduce the GBR. The presence of a glassy
phase at the grain-boundary region has improved the total (bulk + grain-boundary) Li* conductivity in various solid elec-
trolytes. Kumazaki et al. reported the preparation of high Li* conductive LLZO solid electrolyte by the inclusion of appropriate
amounts of both aluminum (Al) and silicon (Si) [202].

Microanalyses by transmission electron microscopy (TEM), coupled with energy-dispersive X-ray microanalysis and elec-
tron energy-loss spectroscopy revealed the presence of amorphous Li-Al-Si-O with nano crystalline LiAlSiO,4 at grain bound-
aries. Amorphous Li-Al-Si-O with nano-crystalline LiAlSiO, presented at the grain boundaries facilitated the Li* transfer
between the LLZO particles, resulting in the reduction of the GBR and then increasing the total Li* conductivity of LLZO
[202]. Total Li* conductivity at 298 K of pelletized LLZO was improved to 6.8 x 107*Scm™! by including appropriate
amounts of Al and Si.
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Fig. 2.12. (a) TEM image of LLZO around a triple-point grain-boundary. (b) Selected area electron diffraction (SAED) pattern measured at the dotted circle in
(a). (c) High-angle annular dark-field-scanning tunneling microscopy (HAADF-STM) image and energy dispersive X-ray (EDX) mapping of O, Al, Si, Zr, and La
measured in (a) [202].

Fig. 2.12(a) shows a TEM image at a triple-point grain-boundary in LLZO. The triple-point grain-boundary is comprised of
polygonal crystalline particles and an amorphous substance [202]. The selected area electron diffraction (SAED) pattern
shown in Fig. 2.12(b) measured at the triple-point detected crystalline monoclinic phase LiAISiO, [202]. EDX analysis
revealed the presence of Si, Al, and O as major elements in the boundary (Fig. 2.12(c)).

The sintering temperature of ceramics can be reduced by utilizing suitable sintering aids with a low melting temperature.
Even if the melting point of sintering aid is slightly higher than the sintering temperature, it may help to sinter the ceramics
through the formation of eutectic. The liquid-phase sintering could be a useful way to improve the ceramic density, since the
liquid phases formed in between the grains could expel the residual pores. Improvement of lithium garnet ceramic ionic con-
ductivity is hindered by the high porosity related to the severe volatilization of lithium components during sintering.

An attempt has been made to enhance the density of Ta doped LLZO by the addition of Li3PO,4 and Li,O [143,144,152] and
LLZO by the addition of Li3BO5 [203,204]. Li et al. introduced Li,O additives in concentration of 2-8 wt.% into the cubic phase
Lig.75LasZr; 75Tag 25012 (LLZOTO) during the solid-state reaction processes [143]. It was found that, the Li;O additives led to
the formation of glassy-like phases at the grain boundaries related to the liquid-phase sintering behavior, which eliminated
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Fig. 2.13. (a) A typical image for the ion-beam-cut cross section of the 94% LLZOTO-6% Li,O sample, (b) selected area electron diffraction (SAED) pattern for
the materials at the grain boundaries, and (c) SAED pattern for the materials at the grains [143].

the residual pores therein and increased the relative density from 91.5% to 97.3%. Measurement of conductivity indicated
that, the optimum concentration of Li,O (6 wt.%) led to a Li* conductivity of 6.4 x 1074 S cm™~! at room temperature, along
with the relative density of 97.2% [143].

TEM in combination with SAED carried out for the ion beam- cut cross section of the sample of 94% LLZOTO-6%Li,0 is
shown in Fig. 2.13(a) [143]. SAED revealed that, the materials at the grain boundaries consisted of two sets of diffused
diffraction rings, which can be attributed to weakly crystallized LLZOTO and LigsLaAlg 504, as shown in Fig. 2.13(b) [143].
In the grains, only one set of ordered sharp diffraction spots can be observed, clearly indicating the high-quality crystallized
LLZOTO, as shown in Fig. 2.13(c) [143]. Therefore, the above results demonstrate that the grains are composed of crystalline
LLZOTO while the grain boundaries consisted of glassy-like materials of the LLZOTO, mixed with the LigsLayAlgs04 [143].

The effects LisPO,4 as sintering aid in different concentrations (0 wt.%, 1 wt.%, 2 wt.%, 4 wt.% and 6 wt.%) on density and
conduction properties of Li;_yLasZr,_,Tay0q> (LLZOTO, x = 0.25) electrolytes have been studied by Yang et al. [144]. LisPO4
can be used as a sintering aid because of its low melting point of 837 °C as well as ionically conducting property. It acted
as a binder between the grains to improve the ceramic density. Through LisPO4 addition, the sintering time was greatly
reduced from 36 h to 6 h. The sintering temperature of 1175 °C was found to be the optimum sintering temperature for
the pellets with 1 wt.% and 2 wt.% LizPOg4, while that of 1150 °C for the pellets with 4 wt.% and 6 wt.% LisPO4 [144]. The sam-
ple incorporated with 1 wt.% Li3PO,4 exhibited a maximized total Li* conductivity of 7.2 x 10~* S cm ™' with an optimum rel-
ative density value of 92.7% [144].

Flowing oxygen during sintering was found to be a powerful and economical alternative method to prepare high density
ceramics. Flowing oxygen during sintering can facilitate sintering by filling pores with pure oxygen, aiding densification
compared with other molecules in air or inert atmospheres. In view of the good solubility and diffusivity of oxygen, the pores
filled with oxygen could disappear easily by oxygen migration via lattice diffusion or vacancy transport. Pure oxygen sinter-
ing can significantly enhance both the density and ionic conductivity of solid electrolytes. Li et al. reported that the garnet-
type Al-contained Lig7s5LasZr;75Tag2501> (LLZOTO-Al) solid electrolytes prepared by conventional solid-state reaction fol-
lowed by flowing oxygen sintering process exhibited high density (96%) with an overall ionic conductivity as high as
7.4 x 1074Scm™! at 25 °C, remarkably higher than that obtained by sintering in other atmospheres [152].

Takano et al. reported the preparation of Al-doped Li;LasZr,01, (LLZO) by sol-gel process [203]. Single phase cubic LLZO
was obtained by a heat treatment at 700 °C. For the sintering at lower temperatures and formation of the composite elec-
trolytes, LiBO, or LizBO3; was added as sintering additives. The LLZO powders were sintered at 900 °C using LiBO, or Li3BO3
to form composite solid electrolyte. The composite sintered with LiBO, contained La,Zr,0, as an impurity phase. On the
other hand, the composite sintered with Li3zBO3 exhibited single phase cubic LLZO. The composite of Al-doped LLZO and
Li3BO; sintered at 900 °C showed the total electrical conductivity of 1.9 x 107> S cm~!, while Al-doped LLZO pellet without
additives showed 1.6 x 10°6Scm™"' [202].
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Fig. 2.14. TEM and electron diffraction images of the pellet sintered with Li;BO;3 [204].

Tadanaga et al. synthesized highly lithium ion conductive composites with Al-doped Li,La3Zr,0,, (LLZO) and amorphous
Li3BOs from sol-gel derived precursor powders of LLZO and LizBOs [204]. Precursor LLZO powders with cubic phase were
obtained by a heat treatment of the dried gel precursor at 600 °C. Pellets of the mixture of the obtained LLZO and Li3BO3 were
first held at 700 °C and then successively sintered at 900 °C. In the heat-treatment at 900 °C, the lithium loss during heat-
treatment was assumed to be suppressed. During sintering of precursor powders of LLZO and lithium borate, the liquid phase
of lithium borate acts as an accelerator for inter-reaction of grains at grain boundaries and the grain growth. In the obtained
composite, amorphous lithium borate would be formed as a thin layer at the grain boundaries. This glassy phases would
reduce the grain-boundary resistance, and thus the composite exhibited high total Li* conductivity of 1 x 1074Scm™! at
30 °C. Density of the sintered pellet with LizBO3 was higher (92%) than that of the pellet without LisBOs (58%). Fig. 2.14 shows
the TEM and electron diffraction images of the sintered pellet with Li3sBO3 [204]. As indicated from TEM observation, LLZO
particles are basically the continuous phase in the composite, and LizBO3 eXists at the triple grain-boundary as amorphous
phase or at the grain boundaries as a thin layer between LLZO particles. Li3BO3 should form a liquid phase during heat treat-
ment at 700 °C, and promoted the rearrangement of LLZO particles. In the sintering at 900 °C, the grain growth of LLZO par-
ticles must be promoted with the liquid phase, and the lithium loss must be also suppressed by the liquid phase. After
sintering and cooling, LisBO3 exists at grain boundaries as amorphous phase to form the composite [204].

Janani et al. has carried out a systematic investigations on the preparation of high Li* conductive 0.9 wt.% of Al doped
LLZO i.e., Lig16Alg2sLaszZr,012 (Al-LLZO) in cubic phase by modified sol-gel technique and also investigated the influence
of various sintering additives LisBOs, LisPO,4 and LisSiO4 on the density and total (bulk + grain-boundary) Li* conductivity
of AI-LLZO [176]. As revealed by SEM investigations (Fig. 2.15), although the addition of Li3PO4 helped to increase the growth
of large grains, the total (bulk + grain-boundary) Li* conductivity was found to be reduced by the segregation of possible sec-
ondary phase AIPO, at the grain-boundary. On the other hand, the addition of Li,SiO,4 helped to enhance the density, reduce
the grain-boundary resistance and thereby enhance the total (bulk + grain-boundary) Li* conductivity. The Si** from Li,SiO4
might replace some of the AI**/Li* in Al-LLZO, which may lead to AI**/Li* extraction from the bulk into the grain-boundary
region for the formation of favorable Li* conducting thin layer with the possible combination of Li-Al-Si-O in the
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Fig. 2.15. SEM images of the fractured surfaces of (a) Al-LLZO, (b) Al-LLZO added with 1 wt.% of Li3POy, (c) AI-LLZO added with 1 wt.% of Li;SiO,4 sintered at
1200 °C and (d-f) represent corresponding magnified SEM images, respectively [176].

grain-boundary. Hence, the increased numbers of empty structural sites in Al-LLZO lattice could permit increased Li* mobil-
ity and thus result into an increase in bulk conductivity and simultaneous enhancement in the grain-boundary conductivity
through the favorable Li* conducting Li-Al-Si-O phase at the grain-boundary [176]. On the other hand, the segregation of
unfavorable AIPO,4 at the grain-boundaries in the case of Al-LLZO added with 1 wt.% of LisPO4 might result into low total
(bulk + grain-boundary) Li* conductivity.

Among the three chosen sintering additives, Li3BOs3, Li3PO4 and LisSiO4, Li4SiO,4 appeared to be a better sintering additive
for the enhancement of the total (bulk + grain-boundary) Li* conductivity and density of Al-LLZO [176]. The Al-LLZO added
with 1 wt.% of Li,SiO, sintered at 1200 °C exhibited the maximized room temperature (33 °C) total (bulk + grain-boundary)
Li* conductivity of 6.1 x 107*S cm~! and maximized density of 4.86 g cm—> (relative density 96%) [176].

The influence of 0.5, 1 and 1.5 wt.% Li,SiO, sintering additive on the Li* conductivity and density of Lig4LasZr; 4Tags012
was also investigated by Janani et al. [153]. Maximized room temperature (33 °C) total (bulk + grain-boundary) Li* conduc-
tivity of 3.7 x 1074 S cm~! and maximized density of 5.30 g cm > was observed for Lig 4LasZr; 4Tag 012 added with 1 wt.% of
LisSiO4 [153].

2.7.2. Hot press technique

High sintering temperature and a long sintering period are required to prepare grain-boundary-free high-density LLZO
using conventional solid state reactions. Hot pressing (HP) is a useful technique to obtain a dense pellet, which involves
the simultaneous application of heat and pressure.

Rangasamy et al. investigated the effect of Al and Li concentration on the formation of cubic garnet of nominal composition
Li;LasZr,01; using uniaxial hot-pressing [ 100]. A thick pellet of cubic LLZO pellet with the composition Lig24La3Zr,Alg24011.98
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was prepared by loading single phase powder into a graphite die and heating at 1000 °C under 40 MPa pressure for 1 h under
flowing argon. The resulting pellet was removed from the hot press and heated in air at 1000 °C for 4 h to burn of residual
graphite from the hot pressing die. After burning off the graphite residue, the pellet appeared bright. The hot-pressed material
had a relative density of 98%. An SEM micrograph of the hot-pressed Lig4LasZr,Alp24011.95 fracture surface is shown in
Fig. 2.16. As shown in Fig. 2.16, the sample was very dense in agreement with the high relative density, very few voids were
observed. Secondly, the fracture is mainly transgranular, indicating high grain-boundary strength. The room temperature
total ionic conductivity of the hot-pressed material was 4.0 x 107 S cm ™! and the electronic conductivity was 2 x 1078 S
cm~ ! [100].

Fig. 2.16. SEM image of a fractured surface of hot-pressed Lig 24LasZr,Alg 2401108 [100].

200 nm

Fig. 2.17. TEM micrograph of a typical triple junction in the hot-pressed Lig4LasZr,Alg 2401108 material [100].
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Hot-pressing technique was used by Wolfenstine et al. to prepare a dense (97% relative density) cubic Al substituted LLZO
material at 1000 °C [205]. Electron microscopy analysis revealed equiaxed grains, grain boundaries, and triple junctions free
of amorphous and second phases and no Al segregation at grain boundaries [205]. The TEM micrograph of a typical triple
junction in the hot-pressed Lig4La3Zr,Alg 2401198 material is shown in Fig. 2.17.

Recently, a transparent garnet-type lithium-ion conducting solid electrolyte of 1.0 wt.% Al,0s-doped Li;La3Zr,04, (A-
LLZO) was prepared using hot isostatic pressing (HIP) by Suzuki et al. [206]. The relative density of the LLZO pellet was
increased from 91.5% to 99.1% by HIP treatment. The bulk conductivity of the HIP treated A-LLZO was 9.9 x 107% S cm™!
at 25 °C.

2.7.3. Fast microwave-assisted synthesis

Most of the reported lithium-containing garnets have been synthesized by conventional solid-state routes employing
long reaction times at high temperatures and by sol-gel technique. Nowadays, the implementation of microwave irradiation
during solid-state synthesis is emerging as an alternative preparative approach, enabling reductions in reaction times and
heating temperatures, due to the strong absorption of microwave radiation by the starting materials.

Amores et al. presented a fast, reliable microwave assisted approach for the synthesis of Al-doped LLZO garnet with a
nominal composition of LigsAlg25Laz 221,012 [207]. The highly crystalline cubic phase was obtained at much shorter reac-
tion time (1000 °C for 1 h) compared with conventional solid state methods. The lithium ion diffusion behavior has been
examined by both electrochemical impedance spectroscopy (EIS) and muon spin relaxation (1uSR) spectroscopy, displaying
activation energies of 0.55 + 0.03 eV and 0.19 + 0.01 eV respectively [207]. This synthetic method was found to be a viable,
significantly faster, alternative route to derive cubic phase Li-stuffed garnets.

2.7.4. Spark plasma sintering (SPS) process

Spark plasma sintering (SPS) is an advanced sintering technique, which utilizes simultaneous applications of uniaxial
pressure and pulsed direct electrical current (pulsed DC) to densify powder compacts [208-212]. The heating rates (up to
600 °C min~') achieved in SPS are more than an order of magnitude greater than that achieved with the more conventional
sintering techniques.

Spark plasma sintering (SPS) offers advantages that include faster densification, activated materials synthesis, formation
of atomically clean grain boundaries, good grain-to-grain bonding, and minimization of particle coarsening that allows the
retention of nanosized grains/particles during synthesis or sintering.

SPS uses high ampere DC pulse current to generate spark plasma between the particles, as shown in Fig. 2.18(a) [213].
Uniaxial compression is applied and the process is carried out under vacuum or inert gas atmosphere. Discharge is generated
at the particle contact point during the SPS process. Heat and high pressure are concentrated in this small contact area, and
joule heating is generated by the electrical current (Fig. 2.18(b)). Necking of the particles begins and sintering and densifi-
cation proceed to occur [213].

Baek et al. reported the compatibility of Li-La-(Zr-Ta)-O garnet related lithium ion conductors with all solid state battery
(ASSB) systems processed by spark plasma sintering (SPS) [214]. Li;_LasZr; 5Tag501,_q processed by SPS shows a high ionic
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Fig. 2.18. (a) Schematic diagram of the components of the SPS apparatus and (b) illustrations of the mechanism of the SPS technique [213].
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conductivity of 1.35 x 107> S cm~! and 1.23 x 1072 S cm™! at 25 °C and 80 °C, respectively [214]. In addition, the material
also showed good structural stability, which is a critical challenge encountered in garnet structured materials treated under
severe SPS process conditions. An ASSB assembled by SPS using the LisTisOq,—Li;_,LaszZr; sTag50:2_4 composite electrode
showed a surface capacity of 0.2 mAh cm~2 at 80 °C. The battery showed a well-organized structure with a good lithium dif-
fusion percolation path and the low solid contact resistance without any defects and undesirable reactions arising from the
sintering method [214].

2.7.5. Field assisted sintering technology (FAST)

Field assisted sintering technology (FAST) is a combination of a uniaxial pressing process and a direct passing of electric
DC current through the graphite tool to sinter the material, if the powder is not electrically conductive. The production of
Joule heat within tool enables the densification of various materials with higher heating rates and shorter dwell times [215].

Zhang et al. prepared a high performance lithium ion conducting Li;LasZr,01; solid electrolytes with cubic phase by a
one-step FAST method in the temperature range of 1100-1180 °C with very short sintering time of not >10 min [216].
The loss of Li during the FAST process is very limited. The limited loss of Li is mainly because the total sintering time by FAST
is comparatively very short. The sample sintered at 1150 °C exhibited a maximum relative density of 99.8% and the maxi-
mized ionic conductivity value of about 5.7 x 104 S cm ™! with activation energy of 0.3 eV in the temperature range of
50-300 °C [216]. Fig. 2.19 shows the SEM micrographs of the cross sections of the samples sintered at (a) 1150 °C and (b)
1200 °C. The particles sintered at these temperatures (Fig. 2.19(a) and (b)) had tight contact with each other with no voids;
the fracture was almost transgranular, indicating a good interfacial bonding in the sintered pellets [216].

It is expected that, the high sintering rates of FAST for preparation of LLZO can extremely reduce the loss of Li. Moreover,
the chemical reaction between the raw materials to synthesis LLZO and the sintering densification of the pellets are both
accomplished in one step during the field assisted sintering technology without any other heat treatment and intermittent
grinding. FAST shows great advantages for synthesizing this material including very short sintering time, relative lower sin-
tering temperature, one step heat treatment process and higher performance of sintered LLZO ceramics over other reported
methods. This sintering technology is a particularly efficient method for preparing high Li ionic conductivity cubic phase
LLZO solid electrolytes.

2.8. 3D Li* conducting ceramic nanofibre network

The success of high energy density solid state lithium battery will strongly rely on lithium metal anode designs with good
stability to achieve high energy density and long cycle life. Kun Fu et al. recently reported a 3D lithium-ion-conducting cera-
mic network using polyethylene oxide (PEO)-based composite containing Al doped LLZO, Lig4LasZr,Alg 015 [217].

The procedure reported by Kun Fu et al. for the preparation of flexible solid-state garnet LLZO nanofiber-reinforced poly-
mer composite electrolytes shown in Fig. 2.20(a), depicts the electrospinning of polyvinylpyrrolidone (PVP) polymer mixed
with Lig 4LaszZr,Alg»04, followed by the calcination of the as-prepared nanofibers at 800 °C in air for 2 h [217]. The fabrica-
tion of fiber-reinforced polymer composite (FRPC) membrane using the 3D porous garnet nanofiber network is shown
schematically as Fig. 2.20(b). PEO polymer mixed with Li salt then, the Li salt—-PEO polymer is reinforced by the 3D nanofibers
to form a composite (FRPC) electrolyte membrane. Photographic image of the prepared flexible FRPC membrane is shown as
Fig. 2.20(c). The flexible FRPC solid-state electrolyte composite membrane exhibited an ionic conductivity of 2.5 x 1074 S
cm~! at room temperature. The linear sweep voltammetry (LSV) profile of the prepared FRPC electrolyte using lithium metal
as the counter and reference electrode and stainless steel as the working electrode shown as Fig. 2.20(d) exhibits a stable
voltage window up to 6.0V vs. Li/Li".

(b)

Fig. 2.19. SEM micrographs of the cross sections of the LLZO samples sintered by FAST at (a)1150 °C and (b)1200 °C [216].
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membrane, (c) photographic image/Picture of flexible FRPC membrane and (d) cyclic voltammogram of FRPC membrane [217].
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Fig. 2.21. (a) Depicts the schematic of a symmetric cell containing FRPC electrolyte membrane sandwiched between lithium, (b) and (c) voltage vs. time
profile of lithium plating/stripping at a current density of 0.2 mA/cm? at 15 °C and at 25 °C respectively [217].

The mechanical stability of the prepared FRPC electrolyte membrane against Li dendrites was evaluated by using a
symmetric Li|FRPC electrolyte|Li cell [217]. The membrane effectively blocked dendrites during repeated lithium stripping/
plating at room temperature, with a current density of 0.2 mA/cm? for around 500 h and a current density of 0.5 mA/cm? for
over 300 h as depicted in Fig. 2.21. The FRPC membrane shown superior electrochemical stability to high voltage and high

mechanical stability to effectively block lithium dendrites and it can be used in electrochemical energy storage systems
[217].
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3. Structural analysis of lithium garnets
3.1. X-ray and neutron diffraction analysis

In order to understand the Li* transport properties in lithium garnets, knowledge of an accurate distribution of lithium in
lithium garnets is necessary. Number of studies have been employed using both X-ray and neutron diffraction to determine
the crystal structure of lithium garnets. Owing to the limitations of X-ray diffraction towards lithium, there exists an uncer-
tainty in the determination of occupancy of lithium in stuffed lithium garnets through X-ray diffraction. Neutron powder
diffraction measurement is relatively more sensitive in detecting the lithium atoms in stuffed lithium garnets.

Examination on the diffraction data (both X-ray and neutron diffraction) of conventional lithium garnet (stoichiometric)
LisLn3Te,015 (Ln =Y, Pr, Nd, Sm-Lu) by O’Callaghan et al. showed an unambiguous distributions of Ln>* cations across 8-fold
coordination site and Te®" cation across 6-fold coordination site [114]. Neutron diffraction data collected from all the com-
pounds in the series LisLnsTe;0¢, (Ln =Y, Pr, Nd, Sm-Lu) indicated the presence of a cubic unit cell with a higher symmetry
space group la3d [114]. Analysis of neutron diffraction data on LisLns;Te,04, indicated that the lithium precisely fill the tetra-
hedrally coordinated site (24d) leaving the octahedrally coordinated site vacant [114]. Investigations also indicated that the
conventional lithium garnet structure can hold varying sizes of cations without any change in the symmetry [114]. Results
on the neutron diffraction confirmed that LisNdsW,04; [92] is isostructural with that of LisLnsTe,0, and adopts the conven-
tional garnet structure with Li* fully occupying the tetrahedrally coordinated site (24d) in the [Nd3sW,0;,]*~ framework as
shown in Fig. 3.1 [92].

It is possible to change the lithium content in Li,A3B,01; by the partial replacement of higher or lower oxidation state of
either A or B cations. In conventional garnet structure, there exist interstices within the oxygen framework such as six fold
coordinated 16b positions with the point symmetry 32, six fold coordinated 48g positions with point symmetry 2, and four
fold coordinated 96h position with point symmetry 1 which can be filled by excess cations such as Li*/H* [218].

Neutron diffraction studies on Lis.xNdsTe,_,Sb,O1> (partial replacement of hexavalent tellurium by pentavalent anti-
mony) showed that, the Li* is distributed over a mixture of oxide tetrahedral and heavily distorted octahedral [96]. As
the lithium content in Liz.«4NdsTe,_,SbyO1, was increased, the occupancy of the oxide octahedra increased continuously
along with an increase in the vacancy concentration of the tetrahedral site [96].

The crystal structure of higher lithium content LisLasM;0;, (M = Nb, Ta) was first proposed by Mazza [219] in 1988 by
using PXRD (Powder X-ray Diffraction) data. Mazza predicted that the occupancy of La*>* on the A" site, Nb>* or Ta>* on
the B site, three Li* on the tetrahedrally coordinated Si'" site and two additional Li* occupied the distorted octahedral
coordinated site of the orthosilicates with chemical formula AYBY! (Si0,); [219]. Later Hyooma and Hayashi predicted that
LisLn3sM,0,, (M = Nb, Ta) consist of a 3 dimensional network of La,Nb(Ta),0 that belonged to cubic unit cell with lower sym-
metry non-centrosymmetric space group of 1213 (No. 199) [95]. They also predicted that the lithium atoms in LisLnsM5,01,
(M = Nb, Ta) garnets may occupy two types of interstices i.e., undistorted Li (1) and distorted Li (2) octahedral sites [95].

Fig. 3.1. The lithium cations in LisNd3W,0;, are in LiO4 tetrahedron (gray) linked through shared apices with W (dark blue) which is octahedrally
coordinated by oxide anions (red) [92].
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Fig. 3.2. (a) Crystal structure of LisLasTa,0q,. The octahedra represent TaOg units whereas the dark and light spheres represent lanthanum and the
tetrahedrally coordinated lithium, respectively [114] and (b) the oxide tetrahedron enclosing Li* on the 24d site (light gray) shares each face with an oxide
octahedron, accommodating additional Li* on the 48 g site (dark gray) [114].

Fig. 3.3. Geometry of the Li2 site in LisLa;Sb,0;,; white sphere represents Li whereas the black and the gray spheres represents four closest oxygen atoms
in a distorted tetrahedral arrangement and the two most distant oxygen atoms, respectively [121].

Neutron diffraction investigations on the lithium distribution in LisLasM,0;, (M = Nb, Ta) by Cussen et al. revealed that,
the Li* occupies both tetrahedral site (24d) and distorted octahedral site (away from 48g towards 96h position) that which is
normally vacant in the ideal garnet structure [220]. The crystal structure of LisLasTa,;04; predicted by O’ Callaghan et al. is
shown as Fig. 3.2 [114]. The structure of Sb containing lithium garnets LisLn3Sb,01, (Ln = La, Pr, Nd, Sm) has been reported by
Percival et al. [221]. The structural refinement of LisNd3Sb,01, by Percival et al. using neutron diffraction also suggested that
the Li is located both in the tetrahedral site (24d), as well as a more distorted octahedral site (96h) [121]. Moreover, a close
inspection of the distorted octahedral site (96h) suggested that the coordination is approaching tetrahedral with a further
two longer (2.6 A) bonds as shown in Fig. 3.3.

Efforts have been made to identify the position occupied by lithium in the LigBaLa,Ta,04, garnet structure by using PXRD
and neutron diffraction studies [222]. The lithium in LigBaLa,Ta;01, occupy partially at the tetrahedral 24d site (Li(1)) and at
the distorted octahedral 96h site (Li(2)), whereas in ideal lithium garnet system Li* occupy exclusively in tetrahedral sites
[222]. The increase in lithium content in LigBaLa,Ta,;01, result into increase in the occupancy of Li (2) sites and simultaneous
decrease in the occupancy in Li (1) sites which therefore increases the vacancies in tetrahedral (24d) sites.

Single-crystal X-ray structure analysis of tetragonal phase Li;LasZr,0,, by Awaka et al. [157] predicted a space group
14,/acd. The Li atom of tetragonal phase Li;Las3Zr,0;> occupies three different sites i.e., Li(1) atoms occupy tetrahedral 8a
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Fig. 3.5. Crystal Structure of Li;LazSn,0q, (black spheres = La, light gray octahedra = SnOg, patterned gray tetrahedra = Li;O4, gray spheres = Li2, white
spheres = Li3) along with the local coordination in the three Li sites in (a) Li1, (b) Li2, (c) Li3 [112].

sites, Li(2) and Li(3) atoms occupy octahedral 16f and 32g sites, respectively [157] as shown in Fig. 3.4. Neutron diffraction
studies on Sn containing lithium garnet Li;La3Sn,0¢, (LLS) by Percival et al. indicated that Li;LasSn,0;, takes tetragonal
structure with space group [44/acd [112]. The occupancy of lithium was found to be ordered in three fully occupied sites
(Viz., Li(1), Li(2) and Li(3)) [112]. Also the neutron diffraction investigation indicated that unlike other cubic lithium garnets,
tetragonal Li;La3Sn,01; does not exhibit short Li-Li distance. Moreover, the in situ high temperature X-ray diffraction data on
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Fig. 3.7. Structure of cubic phase (Ia3d) Li;LasZr,0;,. Lithium sites are represented by white spheres and ZrOg octahedra are represented by blue spheres
[188].

Li;La3Sn,0,, indicated a reversible phase transition from tetragonal to cubic at around 750 °C. The crystal structure of
Li;La3Sn,0,, along with different geometries is illustrated in Fig. 3.5 [112].

Later, Galven et al. reported the transformation of tetragonal Li;La3Sn,0,; into cubic garnet phase with nominal compo-
sition Li;_,H,La3Sn,04, (Fig. 3.6) by means of Li*/H* exchange [223] Comparison of Li* distribution in Li;La3Sn,0;, and
Li;_yHyLa3Sn,0;, revealed that, the Lil site (24d) of the Li;_yHyLa3Sn,0;, cubic garnet corresponds to the two sites 8a
and 16e in the tetragonal Li;La3Sn;0,. Similarly the Li2 site (48g) of Li;_,H,La3Sn,0¢, corresponds to the two sites Li2
(32g) and Li3 (16f). The Li3 (96h) site is empty in tetragonal Li;La3Sn,0q5 [223].

Single-crystal X-ray structure analysis by Awaka et al. predicted cubic phase Li;La3Zr,01, with a space group la3d [187].
In the cubic phase LLZO the Zr occupies 6- fold coordinated octahedral site and La occupy the 8-fold coordinated dodecahe-
dral site [187]. Lithium occupy two sites i.e., tetrahedral 24d site and distorted octahedral 96h site which is vacant in ideal
garnet structure [187]. Kotobuki et al. was the first to study the effect of Al,05 on Li;La3Zr,01, [224] The significant factor in
the phase formation of Li;LasZr,01, was resolved when Geiger et al. prepared cubic and tetragonal phase Li;LasZr,01, by
means of two different sintering methods using alumina and platinum crucibles [188]. The samples prepared using alumina
crucible crystallized in cubic phase on the other hand synthesized using platinum crucibles yielded purely tetragonal phase.
The existence of cubic structure Li;LasZr,0;, was due to the AI>* contamination that might have resulted from high temper-
ature sintering using alumina crucibles [188]. The crystal structure of cubic LLZO (Ia3d) is shown in Fig. 3.7. The AI*>* replaces
some of the Li* and increases the number of empty structural sites thereby increase the Li* mobility compared to the one
prepared using platinum crucible. Consequently, doping AI** into LLZO has become a key way to stabilize the high Li* con-
ducting cubic phase (Ia3d).
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Neutron diffraction studies on Ga doped Lis sLazZr,Gag 501, indicated the 0.5 Ga and 0.79 (3) Li on the tetrahedral Li1 site
and the remaining 4.71 (3) Li on the distorted octahedral Li2 site [225]. Recent neutron diffraction refinements on Mo®* sub-
stituted Li;_oyLasZr,_,Mo,01, indicated that refinement considering Mo®" in tetrahedra 24d site fails due to unrealistically
high Mo®" of 0.7 pfu. Further refinement indicated that Mo®" located at the octahedrally coordinated 16a site of the cubic
garnet structure with 0.256 per formula unit [226].
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Fig. 3.8. "Li MAS spectrum of (a) LisNds;Te;0;, with lithium occupying tetrahedral site and (b) LisoNd3SbTeO;, and (c) LiszsNdsSb,sTegs0;- with the
occupancy of lithium in a mixture of tetrahedral and octahedral sites. The expansion of the centre band is shown in the insets (b) and (c) [96].
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3.2. Nuclear magnetic resonance spectroscopy (NMR)

Nuclear Magnetic Resonance Spectroscopy (NMR) is an ideal method for probing the lithium local structures in lithium
oxides. It is quite helpful to deliver further insights on Li* self diffusion from a microscopic point of view by taking advantage
of methods that are sensitive to ion hopping on the Angstrom scale. In the most cases of the investigation of lithium garnets
by solid state NMR spectroscopy, ’Li isotopes were studied, this is because “Li nuclei have significantly higher natural abun-
dance in comparison with Li nuclei (°Li:7.42%; “Li:92.58%). The foremost difference between ’Li and °Li NMR spectra is that
the observation of broadened peak in case of Li NMR. This is because Li NMR spectra are dominated by the quadrupolar
interaction and the homonuclear dipolar coupling. Some residual broadening often remains, even under fast magic angle
spinning (MAS) conditions. In contrast to “Li, the °Li offers much smaller quadrupolar moment and weaker homonuclear
dipolar coupling hence allows higher resolution spectra with smaller number of spinning sidebands.

7Li MAS NMR spectrum of conventional lithium garnet with composition Li;NdsTe,0;, exhibited single narrow spinning
side band at +10 ppm indicating the occupancy of Li on tetrahedrally coordinated site [96] as shown in Fig. 3.8. On the other
hand, increase in the concentration of Li i.e., for Li;sNdsTegsSb; 5012, two sideband manifolds were observed at —3 and
25 ppm, respectively. Comparison of the NMR spectrum of LisNdsTe,0;, with that of LiysNds TegsSb;501> envisage that
the narrower line observed at —3 ppm was due to the occupancy of lithium in tetrahedral sites, while the broader line at
25 ppm are due to the occupancy of lithium in octahedral sites [96].

Inorder to understand the location and Li* dynamics of stuffed lithium garnets with composition LisLazNb,0;, sintered at
two different temperatures 850 and 900 °C Wullen et al. carried out “Li NMR, °Li NMR, °Li-{’Li}- Cross Polarization Magic
angle spinning (CPMAS) NMR, ®Li-{’Li}- Cross Polarization Magic angle spinning Rotational Echo Double Resonance (CPMS
REDOR)-NMR and 2D-5Li-{’Li}-CPMAS Exchange NMR measurements [227]. Their investigation indicated the presence of
two Li sites with different mobilities with 60% of Li occupied in tetrahedral coordinated site (full occupancy of the site)
and the remaining lithium in octahedral site (1/3 of occupancy) for the sample sintered at 850 °C. In contrast, 2/3 of octa-
hedral site and 1/3 of tetrahedral site are occupied for the sample sintered at 900 °C. Moreover, the temperature dependent
NMR studies indicated that there was no exchange of Li between the two sites, in specific, the octahedrally coordinate Li
cations are mobile species whereas tetrahedrally coordinated Li does not involved in Li* dynamics [227].

The earlier study on room temperature °LiMAS NMR spectra of tetragonal Li;La;Zr,0;, [228], revealed the occupancy of
lithium in different sites (distorted octahedral interstices 16f, 32g and tetrahedral 8a site) [228]. In order to find the incor-
poration of Al into garnet 2’Al NMR has been studied extensively. The structure and ion dynamics studies of Al doped Li-
LasZr,01, using 2’Al NMR revealed that AI** are located in 24d site that are responsible for the stabilization of cubic
garnet structure (Ia3d). A comparison of °Li MAS NMR spectra of Al doped Li;LasZr,0;, with that of tetragonal Al free Li;Las-
Zr,04; reported by Buschmann et al. as shown in Fig. 3.9 indicated that the former has a broad line width of 1.1 ppm even
under MAS condition [161]. The signal with low intensity in case of tetragonal LLZO indicates the occupancy of Li* in tetra-
hedral 8a site. On the other hand, the absence of low intensity signals at tetrahedral 8a site in case of Al doped Li;LazZr,01, is
the signature for the cubic nature of the sample [161].

6Li MAS NMR
88 MHz

cubic LLZO
(Al-doped)

tetragonal LLZO

3.0/ PPM

Fig. 3.9. °Li MAS NMR spectra of cubic and tetragonal LLZO [161].
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Duvel et al. indicated that AI** replaces three Li* at lower doping concentration, whereas increase in Al concentration
replaces both La* and Zr** sites, respectively in LLZO [229]. The results indicates that Al doping in the LLZO is not only
restricted to Li sublattice but have an impact on the garnet framework itself [229].

The examination of disposition of Al cations during the formation of low temperature (850 °C) cubic LLZO using 2’Al NMR
revealed that the Al slowly diffuse into the garnet structure and initially forms LisAlO4 which then later reacts with tetrag-
onal phase and transforms into cubic phase LLZO [230]. Moreover, 2’Al NMR exhibits overlap resonances suggesting multiple
Al environments that arise due to the disorder created by the 24d Li site that which results in the formation of the low tem-
perature cubic phase [230].

71Ga NMR study on LissLasZr,Gag 5015 exhibited a single broad peak with a chemical shift of ~221 ppm which gave a
clear insight that Ga is located on the tetrahedra 24d site [225]. Bottke et al. studied the NMR relaxometry and stimulated
echo NMR of Mo®" doped Lig sLasZr; 75M00.25012 [231]. The NMR results obtained using “Li NMR spin-alignment echo corre-
lation spectroscopy forecasted that both 24d and 96h sites involving in the Li* diffusion. Moreover, the results indicated that
unlike LLZO-based garnets the Li sublattice of LigsLasZr; 7;5Mo00250,> remains intact offering the possibility to get into a
depth of Li* dynamics [231].

In order to the find the relation between local structures and dynamic properties of Al and Ga substituted LLZO a system-
atic investigation has been carried out in cubic mixed-doped Li;_3(y.y)GayAlyLasZr,0,; using ’Al and 'Ga NMR by Retten-
wander et al. [232]. Two resonances corresponding to the occupancy of 24d (243 ppm) and 96h sites (193 ppm) had been
observed using 7'Ga MAS NMR spectra recorded at 21.1 T. This behavior of Ga indicates that it is similar to that of Al. Earlier
71Ga NMR studies by Howard et al. [225] and Rettenwander et al. [232] of doped LLZO revealed the occupancy of only one of
the two sites (96h) at an applied field of 9.4 T with relatively slow sample spinning. On the other hand, investigation on ”'Ga
NMR by Bernuy-Lopez et al. [233] indicated the occupancy of 24d signal at 11.75 T with fast sample spinning. It has been
suggested that the lower spinning rate might be the reason for the absence of 96h signal in case of first two studies. The
observation of both 24d and 96h sites in the Ga doped LLZO indicated that Ga can populate both the 96h and 24d sites in
the Ga doped LLZO [234].

3.3. Raman spectroscopy

Raman scattering is a very powerful and useful technique for acquiring structural information on the Li* conductive oxi-
des. Raman spectroscopy provides additional structural information on lithium garnets compared to that of powder X-ray
diffractions. For a deeper understanding of the Raman spectra of lithium garnets, detailed Raman spectroscopic studies
on single crystals along with a factor group analysis of vibrational modes are essential. Unfortunately attempt to grow single
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Fig. 3.10. Raman spectra of (a) Li3Y3Te,013, (b) LisLasTa;04, (¢) LigLazBaTa,012, (d) Lig sLaj sBa; 5Tay012, (€) Li;LaszZr,01, and (f) Liz sLay 551 521,01 sintered
at different elevated temperatures measured in the range 75-1000 cm™' [116].
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crystals of lithium garnets with appreciable size for polarized Raman studies were unsuccessful. For several lithium metal
oxide materials and lithium garnets it has been demonstrated that the internal modes of LiOg appear in the range 200-
300 cm~', whereas the internal modes of LiO4 occur in the range 350-500 cm~' [235,236]. Because of the complex nature
of the structure of lithium garnets, considerable mixing between internal modes of LiO,4, LiOg and the other coordinated
groups present in the structure is expected, and thus the interpretation of Raman spectra of lithium garnets becomes much
more complicated.

The Raman spectra of Li,A3B,01, with 3 < x < 7.5 sintered at elevated temperatures measured in the range 75-1000 cm™
shown in Fig. 3.10 [116] indicated appreciable variation in peak positions, line width and integrated intensity of the various
internal modes. For better understanding of the nature of distribution of lithium atoms among tetrahedral and octahedral
sites the Raman spectra of Li,A3B,01> with 3 <x < 7.5 measured in the range 200-500 cm™! corresponding to that of the
internal modes of LiOg and LiO4 are shown in Fig. 3.11. Investigations on structure of the conventional cubic garnet LizNds-
Te,01; indicated that lithium housed exclusively on a filled tetrahedral site [114] Hence, in the cubic garnet LisY3Te,01; all
the Li* are expected to occupy the tetrahedral Li(1) 24d site and no ion in the octahedral Li(2) sites, which is well reflected in
the Raman spectrum of LisY3Te,0;, shown in Fig. 3.11(a). The relatively well defined sharp Raman bands observed at
421 cm~! and 457 cm™! in the expected LiO,4 internal mode region for the Li;Y5Te;0,, compared to that of the remaining
investigated samples indicated the occupancy of Li only in the tetrahedral site [116].

As the Li* concentration i.e., the x value in these garnet-type ion conductors Li,A3B,01; increases there is a redistribution
of the Li* over the available Li(1) and Li(2) sites. Neutron diffraction studies on Li,A3B,0;, with x = 5-6.6 reveals the reduc-
tion in the occupancy of the tetrahedral site with an associated increase in the octahedral site along with the displacement
off their original central 48g sites to the distorted 96h sites [222] Percival et al. suggested that the distorted octahedral site
may be described appropriately in terms of distorted tetrahedral arrangement with two longer bonds [121]. Hence, the
Raman bands observed in the region 300-450 cm™~! may correspond to the expected internal modes of LiO4 and distorted
octahedral site for the samples LisLasTa,;01,, LigLazBaTa,0¢, and LigsLa; sBa; sTa,01,. The presence of broad band in the
region 300-450 cm™! of the Raman spectra of LisLa;Ta;045, Ligla;BaTa;0;5 and LigsLa; sBa; 5Tay01, compared to LizYsTe,-
04 in Fig. 3.11 supports this prediction [116].

The Raman spectrum of cubic phase Li;LasZr,0;, shown in Fig.3.11(e) indicates a broad band centered at around
370 cm~' and a shoulder band at around 420 cm~'. The Raman spectrum of Li;sLay sSrgsZr,01, shown in Fig. 3.11(f) do
not show any major change except a slight change in the position, decrease in intensity and increase in the broadness of
the bands compared to that of Li;LasZr,O;,. The Raman spectra of Li;La3Zr,Oq, (Fig.3.11(e)) and Li;sLaz5SrgsZr,012
(Fig. 3.11(f)) indicated the changes in the nature of the lithium environment compared to that of the other investigated
lithium garnets [116].

The major difference observed between the Raman spectra of the cubic (Ia3d) and tetragonal (14, /acd) phase of LLZO is the
presence of a larger number of Raman peaks or bands for tetragonal than that of the cubic phase particularly in the region
200-500 cm™ . The broad spectral features of the cubic garnet in the region 200-500 cm~! might be due to the static or
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Fig. 3.11. Raman spectra of (a) LizY3Te,015, (b) LisLasTa;015, (c) LisLazBaTa;045, (d) Lig sLa; sBa; 5Tax012, (e) LizLaszZr,01, and (f) Li; sLag 5519 521,015 sintered
at different elevated temperatures measured in the range 200-500 cm™! [116].
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Fig. 3.12. Unpolarized micro-Raman spectra of tetragonal-LLZO and of cubic LLZO [237].

dynamic disorder of highly mobile Li* compared to the ordered arrangement in the tetragonal phase as shown in Fig. 3.12
[237]. The Raman spectrum in the intermediate-energy region of cubic LLZO exhibits a few broad and fairly overlapping
bands associated with degenerate Raman modes, which turn out partly split in the tetragonal LLZO phase, due to its lower
symmetry, thus originating a higher number of observed peaks. The weak intense band at 209 cm™!, strong peak at
248 cm~!, medium strong peak at 291 cm™!, and strong intense peak at 346, 370, and 404 cm™! are the characteristic Raman
peaks observed for tetragonal LLZO. The medium intense broad band at 263 cm~!, medium strong broad band at 366 cm™!,
and medium broad shoulder at 417 cm™! are the characteristic Raman bands observed for the cubic LLZO.

Apart from high conductive cubic phase (Ia3d) and tetragonal phase (14,/acd) there exist another phase in LLZO; The low
temperature cubic phase. Raman spectra of both tetragonal and cubic phase LLZO (0.25 mol of Al added) revealed that the
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Fig. 3.13. Raman spectra of (a) tetragonal (I4,/acd) phase LLZO, (b) high Li* conductive cubic (Ia3d) phase LLZO and (c) low temperature cubic phase LLZO
[148,176].
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tetragonal phase or lithium-deficient lithium garnets were reported to be sensitive to humid conditions [238]. The formation
of a low temperature cubic phase well below the usual tetragonal to cubic transition temperature is found to depend upon
hydration mechanisms [238]. The nature of the high and low temperature cubic garnets is totally different: the one found
above the phase transition (tetragonal to cubic) at higher temperature does not involve any major change in the stoichiom-
etry, whereas the cubic phase formed at low temperature might be due to the effect of the insertion of water molecules and
the protonation through the H/Li* exchange mechanism into the garnet structure.

The Raman spectra of tetragonal phase (I4,/acd) LLZO, high Li* conductive cubic phase (la3d) and low temperature cubic
phase LLZO reported by Dhivya et al. [148,176] in the range 75-800 cm™' are shown in Fig. 3.13(a)-(c), respectively. The
Raman bands observed in the range 200-500 cm™! (Fig. 3.13(b) and (c)) corresponding to the expected internal modes of
LiO4 and LiOg clearly revealed the major difference between the high Li* conductive cubic phase and low temperature cubic
LLZO. The Raman spectrum of the low temperature cubic phase LLZO shown in Fig. 3.13(c) revealed strong intense peak at
around 307 and 668 cm~', medium intense bands at around 120, 184, 263, 344 and 380 cm~' and a weak bands at around
487 and 534 cm™ . The presence of relatively larger number of Raman modes in the region 200-500 cm~! for the low tem-
perature cubic phase LLZO might be due to the ordered arrangements of lithium in the crystal lattice [148,176]. In addition to
the above difference in the Raman spectra of the low temperature cubic phase LLZO (Fig. 3.13(c)) and high Li* conductive
cubic phase LLZO (Fig. 3.13(b)) an appreciable shift in the positions of vibrational stretching mode of ZrOg octahedral units
is observed. The shift of approximately 23 cm~! towards higher wave number for the Zr—O stretching mode and sharpening
of the Raman bands in the region of internal modes of LiO4 and LiOg for the low temperature cubic phase as shown in
Fig. 3.13(c) revealed an appreciable modification in the bonding nature of the low temperature cubic and high Li* conductive
cubic phase LLZO [148,176].

Experimental observation with the substitution of AI** for Li in LLZO shows that a Li vacancy concentration of about 0.4-
0.5 atoms per formula unit is necessary to stabilize the cubic phase LLZO [239]. Similarly it is possible to create Li vacancy by
substituting Zr** with that of Ta>* and Nb>*. Investigation on Raman spectroscopy of Al-free subcritically doped (LigsLas-
Zr175Tag25012) and critically doped (Lig sLasZr; sTags012) compositions by Thompson et al. shown in Fig. 3.14 revealed that
the Raman spectrum exhibited a mixture of cubic and tetragonal phases around the subcritically doped levels of 0.25 Li
vacancies per formula unit [239]. It also supports the earlier predictions of 0.4-0.5 Li vacancies required to stabilize the cubic
phase [239].

4. Li* conductivity of lithium garnets

Observation of high Li* conductivity in LisLasM;01 (M = Nb, Ta) by Thangadurai et al. [90] stimulated significant research
interest towards understanding the origin of high Li* conduction and conductivity optimizations by chemical substitutions
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and structural modifications in lithium garnets [90,97,98,133,157]. AC impedance spectroscopy is a powerful technique for
the study of Li* conduction in stuffed lithium garnets. Measurement of the electrical conductivity for polycrystalline mate-
rials using impedance spectroscopy provides information relating to the electrical behavior of both the grain interiors and
the grain-boundary regions. Generally polycrystalline materials exhibit large grain-boundary resistance in addition to the
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Fig. 4.2. Correlation between total (bulk + grain-boundary) Li* conductivity and activation energy vs lattice parameter of the LisLasM,0;, (M =Ta, Nb, Sb
and Bi) series [118].
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bulk resistance. A number of studies have shown that the inter- and intra-grain conductivity found to be of the same order of
magnitude in stuffed lithium garnets [90,97,98,133,157]. Moreover, at higher temperatures it is not possible to resolve these
different processes. Hence for experimental and practical reasons of applications the ion transport in these systems has been
described mostly using the total (bulk + grain-boundary) lithium ion conductivity.

Examination on the transport properties of ideal lithium garnet with nominal composition LisNdsTe,01, indicated that
the room temperature conductivity could not be measured accurately since the Li* mobility was abridged to more than a
few orders of magnitude. An increase in the Li* conductivity was observed with an increase in the temperature and total
(bulk + grain-boundary) Li* conductivity of 1 x 107> S cm~! was observed at 600 °C (Fig. 4.1(a)) with an activation energy
(E,) of 1.22 eV over the investigated temperature range [114].

It is possible to continuously change the lithium content in the garnet framework Li,A3B,01; by the partial replacement of
higher or lower oxidation state of either A or B cations. The partial replacement of hexavalent tellurium by pentavalent anti-
mony in Lis:+NdsTe,_,Sb,0;- shows the variation of Li* conduction by two orders of magnitude (1 x 1078 S cm™') with an
increase in the lithium content even for a small doping of about 0.05 of Sb i.e., Li5 gsNdsTe;.95Sbg.05012 [222]. The observed
enhancement in the Li* conductivity is due to an increase in the occupancy of the oxide octahedra with a simultaneous
increase in the vacancy concentration of the tetrahedral site [96]. Relatively low value of activation energy of about
0.59 eV has been observed for Lis gsNd3Te;.95Sbg. 05012 which is two times smaller than that of the conventional LizNd;Te,-
01, [96]. This observed step-change in the activation energy of Liz.xNds;Te,_,Sb,0;, indicates that the Li* conduction in the
garnet structure increases with lithium content x > 3 in Li,A3B,0;5. The AC impedance plot Li3 ;NdsTe; gSbg 10> measured at
47 °C is shown in Fig. 4.1(b).

Further increase in lithium content i.e., LisLazM>0, (M = Nb, Ta) exhibited total Li* conductivity of ~1076 S cm~! at 25 °C
[90]. Systematic studies on LisLazM»0¢, (M = Ta, Nb, Sb and Bi) by Murugan et al. [119,118] revealed that there exist a cor-
relation between the lattice parameter and Li* conductivity. Li* conductivity increases with increase in the lattice parameter
in the order Ta < Nb < Sb < Bi [118]. The correlation between the Li* conductivity and activation energy vs lattice parameter
of the LisLazM,0;, (M =Ta, Nb, Sb and Bi) series are shown in Fig. 4.2 [118].

Chemical composition with the partial substitution of trivalent La*>* by K" and Nb>* by In®** in LisLa3sNb,0;, has been
investigated by Thangadurai et al. to understand the relationship between compositions, structure and electrical properties
[117]. The electrical conductivity of LisLasNb,0;, increased due to the replacement of In and K. In-substituted sample Lis 5-
La3Nb; 75Ing2504, prepared at 950 °C exhibited the maximized bulk ionic conductivity of 1.8 x 1074 S cm™! at 50 °C with the
activation energy of 0.51 eV [117].

In order to understand the role of lithium concentration and the effect of the size of the other dopant ions a partial
replacement of La3* by divalent alkaline earth ions in LisLasM,0;, (M = Nb, Ta) has been investigated [240]. This leads to
a new series of lithium garnet with general formula LigLa,AM,0;, (A = Ca, Sr, Ba; M = Nb, Ta) [132,240]. Among the inves-
tigated materials in this series, the tantalum based compound with composition LigLa;BaTa,0;, exhibited maximized Li*
conductivity of 4 x 107> S cm~! at 22 °C with activation energy of 0.40 eV as shown in Fig. 4.3 [240].

Impedance plot of LigSrLa,Sb,0, measured at 24 °C using Au blocking electrode exhibited one semicircle at a higher fre-
quency regime and a tail at lower frequency domain [119]. Careful analyses on the impedance spectra of LigSrLa,;Sb,0; indi-
cated that the observed semicircle is slightly compressed [119]. The experimental impedance data points of LigSrLa;Sb,015
measured at 24 °C fitted with an equivalent circuit consisting of parallel resistance-constant phase element for bulk conduc-
tance. The total (bulk + grain-boundary) and bulk ionic conductivity of LigSrLa;Sb,0;> was found to be in the order of
6.3 x 10°%and 6.6 x 107%S cm™!, respectively at 24 °C (Fig. 4.4(a)) [119]. The combined impedance and modulus plot of Lig-
SrLa,Sb,01, emphasize the contribution of the grain-boundary to the total resistance. The presence of a single peak as shown
in Fig. 4.4(b) indicates that electrical responses are due to the bulk and apparently the grain-boundary contribution is very
small. The SEM investigation as shown in Fig. 4.4(c) revealed that LigSrLa,;Sb,0,, exhibited well crystallized grains and good
contact area with the neighboring grains thereby reducing the grain-boundary contribution to the total resistance [119].

A systematic investigation on Lis.yLas_yBa,Ta,01; (x = 0, 0.25, 0.50, 1.00, 1.25, 1.50, 1.75, 2.00) was carried out by Muru-
gan et al. to explore the dependence of Li* conductivity with the lithium as well as the barium content [241]. The cubic lattice
parameter found to be increased with an increase of x and reaches a maximum for composition LigLa;BaTa,0;; i.e., for x = 1.0
and then started to decrease with the further increase of lithium and barium content [241]. A further increase in lithium and
barium content (x = 1.5, 1.75 and 2) leads the formation of the secondary phase together with the major garnet phase result-
ing in the reduction of the ionic conductivity with an associated increase in the activation energy. Among the investigated
compounds, LigysLa; ;s BagasTa,0q; exhibited the highest total (bulk + grain-boundary) and bulk ionic conductivity of
5x10>Scm ! and 7.4 x 107> S cm ™!, respectively, at 33 °C [241].

Among the reported lithium garnets Li;LasZr,0;, (LLZO) discovered by Murugan et al. has received much attention in
recent times due to its relatively high Li* conductivity and chemical stability with lithium metal [97,98]. LLZO exhibited a
bulk and total (bulk + grain-boundary) Li* conductivity of 5.11 x 107* S cm™' and 7.74 x 10* S cm™! respectively at
25 °C with the activation energy for the Li* conductivity falls in the range 0.41 eV as shown in Fig. 4.5. The observed high
Li* conductivity is comparable with the total (bulk + grain-boundary) Li* conductivity (6.6 x 1074Scm™! at 27 °C) of poly-
crystalline LisN [34]. A comparison of Li* conductivity of Li;LasZr,0¢, with other well known fast Li* conductors is shown
in Fig. 4.6 [97,98]. The LLZO was stable against the molten lithium [97,98]. Attempts to replace Zr** by means of other
tetravalent cations led to a similar cubic phase system with composition Li;LasHf>01,. The cubic phase Li;LasHf,01, exhib-
ited a total (bulk + grain-boundary) Li* conductivity of around 5 x 107> Scm™! [113].
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On the other hand tetragonal LLZO (14,/acd) reported by Awaka et al. exhibited a lower bulk Li* conductivity of
1.63 x 107 S cm . The reason for observed high Li* conductivity in cubic phase (la3d) depends on certain criteria i.e., cubic
phase exhibit short atomic displacement and the diffusion pathways are isotropic whereas tetragonal phase exhibit large
atomic displacement and the diffusion pathways are anisotropic. This results in more static disorder of Li atom in cubic
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phase LLZO than that of tetragonal phase LLZO [157,187,188]. Further investigation on stuffed lithium garnets leads to two
related tetragonal systems with compositions Li;La3Sn,01, [112] and Li;LasHf,0, [159]. Li;La3Sn,01, has ordering of Li* in
three fully occupied sites, leading to poor conductivity with high activation energy of about 0.79 eV. The tetragonal Li;Las-
Hf,0;, with space group 14,/acd exhibited bulk Li* conductivity of 9.85 x 107 S cm~! and total (bulk + grain-boundary) Li*
conductivity of 4.45 x 10~ S cm™! at 27 °C [159].

Based on various LLZO studies, it was suggested that the unintentional incorporation of AI** into LLZO from alumina cru-
cible during the high-temperature (1230 °C) solid-state synthesis helps to stabilize the cubic phase against the tetragonal
one [188,224,202]. Geiger et al. reported that Al contamination from the alumina crucible is the key aspect in stabilizing
the high conductive cubic phase (Ia3d) [188] Rangasamy et al. indicated that the optimized content of 0.24 mol of Al and
6.24 mol of lithium with nominal composition Lig4La3Zr,Alg24011.0s results a total Li* conductivity of 4 x 1074Scm™! at
room temperature with a relative density of 98% [100].

Ohta et al. report the successful improvement of the Li* conductivity by Nb doped Lig »5LasZr; 25sNbg 75015 in the range of
8 x 1074 S cm~! at 25 °C [101]. Partial substitution of trivalent Y for a tetravalent Zr in LLZO with the nominal composition
Li7 0sLa3Y0.06Z11.94012 (LLYZ) using yttria stabilized ZrO, (3% YSZ) as reactant [105] indicated an increase in the bulk and total
Li* conductivity of 9.56 x 10~% and 8.10 x 10~# S cm~" at 25 °C with lower activation energy as 0.29 eV and 0.26 eV, respec-
tively [105]. Further investigations were carried out on few lithium garnet systems to understand the optimum number of Li*
concentration required to achieve maximized conductivity in these systems. Li et al. forecasted that the maximized Li* con-
ductivity was achieved in the range 0.4 < x < 0.6 for the samples Li;_yLasZr,_,Ta,O;, fired at 1140 °C in an alumina crucible
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[104]. A room-temperatures Li* conductivity of 1.0 x 107> S cm ™! with activation energy of 0.35 eV has been reported for the
composition Lig 4LaszZry 4Tag 01, [104]. The impedance plot of Li;_,LasZr,_,Ta,0,, measured in air at 25 °C and the change in
the lithium conductivity with composition is given as Fig. 4.7(a) and (b).

Electrochemical impedance spectroscopy with an equivalent circuit modeling of subcritically doped Lig 75LasZr; 75Tag.2s-
01, by Thompson et al. shown in Fig. 4.8 exhibited a depressed semicircle likely to be caused by the presence of more than
one defect, viz., twinned tetragonal grains and grain-boundaries [239]. In other words, the subcritically doped Lig 75LasZr 75-
Tag 5015 is a mixture of cubic and tetragonal phases [239].

Reports revealed that doping with elements such as Al, Y, Ce, Ga, Ge, In, Si, Nb, Ta, Sb, Te and W could stabilize the LLZO
garnet in cubic phase (la3d) with high Li* conductivity [100-103,105-110,137,242,243]. Thus searching for proper dopants
has become an important topic in understanding the stabilization of LLZO in cubic phase and enhancing its Li* conduction
properties. Doping of high valance cation results in decreasing lithium content in LLZO and thus enhances the Li* conduc-
tivity by creating more lithium vacancy [100]. In an attempt to increase the Li* conductivity, researchers have reported suc-
cess with substitutions on the Zr** site in LLZO. The substitution of super-valent cation either Nb>* or Ta>" for Zr** in LLZO
stabilize the high Li* conductive cubic phase relatively at lower sintering temperature and also enhances the Li* conductivity
[101,104,242]. The results reported in literatures on doping with LLZO indicated a reduction in sintering temperature with
La3* site doping (Sr?* or Ce**) [109,164] and improved conductivity by doping the Zr** site (Nb>* or Ta>*) [101,102,104]. Sys-
tematic Li* conductivity studies were also carried out regarding the simultaneous substitution on the La** and on the Zr** site
in LLZO [148,244,245]. All these studies indicated the possibility of enhancement in the density and total Li* conductivity of
LLZO through suitable and optimal amount of dopant for La and Zr along with optimal lithium concentration.

The ionically conducting solid electrolytes have been extensively studied and analyzed in terms of electrical modulus for-
malism [106-108,116,126]. Complex impedance spectra are dominated mostly by the resistive components of the sample
whereas the modulus spectra highlight those with smaller capacitance. Complex modulus spectrum could distinguish
against interfacial effect, electrode polarization and grain-boundary conduction and indicates the electrical phenomenon
occurring in the dielectric spectrum [106-108,116,126]. The electric modulus studies on LissLasTa; 75Y025012, LigLasTa; s-
Y0501 and LigsLasTa; »5Y075012 shown in Fig. 4.9(a)-(c) indicated that, at lower temperatures, the modulus spectra of Lis 5-
LasTa; 75Y025012 and LiglasTa;sYo501> exhibited a relaxation peak that can be ascribed to the charge re-orientation
relaxation of Li* from one octahedral site to another octahedral site around an immobile Li* present in the tetrahedral site.
With increasing temperature, the peak frequency shifts towards higher values indicating that the relaxation re-orientation of
Li* is a thermally activated process [126].

Studies on the influence of Li* concentration on the structure and Li* transport properties of cubic lithium garnets Li,As-
B,015 (A=Y3", La®*, Sr?*, Ba%*; B = Te®, Ta®*, Zr**; x = 3, 5, 6, 6.5, 7 and 7.5) revealed that the Li* conductivity increase initially
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with an increase of x in LiyA3B,01, and reaches a maximized conductivity for x = 7, i.e., Li;La3Zr,01, and then decreases with
further increase of x [116]. In contrast the activation energy initially decreases with an increase of x and reaches a minimum
of 0.32 eV for x =7, i.e., Li;La3Zr,0;, and then increases with the further increase of x in Li,A3B,0;> as shown in Fig. 4.10
(a) and (b) [116].

The combined impedance Z” and electrical modulus M” against log (f) plots of LisLasTa,015, LigLayBaTa;0¢, and LigsLa; 5-
Ba; 5Ta,01; as shown in Fig. 4.11(a)-(c) indicates that, the difference in the peak frequencies of Z” and M” decrease in the
order LisLasTay01; < LiglapBaTay015 < LigsLajsBajsTa0q2, which indicates a reduction in the contribution of grain-
boundary resistance to the total resistance with an increase of lithium content in LiyA3B,01, [116].

It is possible to reduce the grain-boundary resistance of LLZO by utilizing suitable sintering aids that have low melting
points. LLZO with high total Li* conductivity of 6.8 x 1074S cm~! was reported as shown in Fig. 4.12 by the inclusion of
appropriate amounts of Al and Si from the crucible and bowl of pulverizer, respectively [202].

Addition of various sintering additives like y-Al,0s, LizBO; to LLZO and Li3POy, Li;O to LLZOTO has been reported
[144,143,152,161,202,203]. Addition of 6 wt.% of Li,O into LigysLasZr;75Tag 2501, (LLZOTO) additive leads to the formation
of glassy-like phases at the grain-boundaries and thereby reduces the pores and enhances the Li* conductivity of
6.4 %107 S cm™! at room temperature with the relative density of 97.3% [143]. Inclusion of 1wt% of LisPO,4 into
Li;_yLasZr,_4Ta,Oq; reduced the sintering time from 36 h to 6 h and leads to the total lithium ion conductivity of about
7.2 x 107*Scm™! in the sample [144].

Studies on the influence of sintering additives Li3BOs, LizsPO,4 and LisSiO,4 on the density and total (bulk + grain-boundary)
Li* conductivity of Lig1sAlp2slasZr,015 (Al-LLZO) revealed that Al-LLZO added with 1 wt.% of LisSiO4 sintered at 1200 °C
exhibited a room temperature (33 °C) total (bulk + grain-boundary) Li* conductivity of 6.1 x 10~*S cm™~! with a maximized
density of 4.86 g cm > (relative density 96%) [176]. The variation in room temperature (33 °C) bulk and total (bulk + grain-
boundary) Li* conductivity and activation energy (total Li* conductivity) of AI-LLZO and Al-LLZO added with 1 wt.% of Li;BO3,
LisPO4 and LiySiO4 sintered at different elevated temperature depicted as Fig. 4.13 revealed that the total (bulk + grain-
boundary) Li* conductivity is found to be maximum along with the minimum activation energy for the AI-LLZO added with
1 wt.% of LisSiO4 sintered at 1200 °C [176]. Similarly the inclusion of 1 wt.% of Li,SiO,4 in Ta doped LLZO with nominal com-
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Fig. 4.10. (a) The composition dependencies of bulk (solid triangle) and total (solid square) Li* conductivity measured at 33 °C and activation energy (solid
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+

position Lig4LasZry 4Tags0q, exhibited a room temperature (33 °C) total (bulk+ grain-boundary) Li
3.7 x 107*Scm™! as shown in Fig. 4.14 [153].

conductivity of

5. Li* dynamics in lithium garnets

Lithium garnet frame work are grouped into three models viz., LiyA3B;01,; X =3, 5 and 7. Examination on the neutron
diffraction data for the three models revealed that the first model with chemical composition Li3A3B;0¢> (A=Y, Pr, Nd,
Sm- Lu; B =Te) [114] also known as conventional lithium garnet, had a cubic ordered structure (Ia3d) in which the tetrahe-
dral (24d) site are completely occupied, leaving the octahedral site (48g/96h) empty. The only plausible path for the Li*
migration is to activate it from the occupied tetrahedral site to the neighboring unfilled octahedral site. This is not feasible
at the room temperature. Moreover, the energy required for this Li* migration is quite high. The high occupancy of tetrahe-
dral (24d) site and the lack of mobile Li* in octahedral (48g/96h) site are the reason for the low Li* conduction in Li,A3B,01>
with lithium concentration x = 3 [246].

The second model with chemical composition LisA3B,01> (A =La; B =Ta, Nb, Sb and Bi) [90,118,222] in which the occu-
pancy of octahedral takes place along with an increase in the vacancy concentration of the tetrahedral (24d) site. The detailed
analysis on neutron diffraction reveals that the Li* occupying octahedral (48g) are displaced to new octahedral position (96h)
due to the short Li-Li distance generated through large coulombic repulsion. Cussen et al. predicted that the additional
lithium in lithium stuffed garnets (i.e., x > 3 in LiyA3B201,) occupy the octahedral site (96h) that are empty in case of conven-
tional garnets [220]. The octahedral site (96h) can accommodate a total of six lithium cations per formula unit. Later, Cal-
laghan et al. with neutron diffraction studies on Lis.xBayLaz_xTa;01> (x = 0-1.6) reported that the displacement in lithium
stuffed garnets are due to static disorder and there must exist a short Li...Li distance of 2.44 A between the majority
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Fig. 4.11. Spectroscopic plots of the imaginary components of the impedance Z” (solid square) and electric modulus M” (open square) against log
(frequency) obtained at 33 °C for (a) LisLasTa;04,, (b) LigLayBaTa,;04; and (c) LigsLa; sBa; sTay012 [116].

occupied sites that promoting a high Li* mobility [222]. Moreover, the displacement of Li* at any of these site (octahedral
(96h)/tetrahedral (24d)) would reflect a shift towards different neighboring Li site, provided the neighboring Li site must
be empty [222]. It was found that the octahedral sites reach a maximum of 57%, with a tetrahedral vacancy of 14% for
the composition LiggBaj gla; 4Ta;015 [222]. Reverse Monte Carlo (RMC) modeling and classical molecular dynamics studies
on the local lithium structure and dynamics of garnet type LisLasTa,0;, predict that Li* hopping is not through the direct
octahedral to octahedral movement but through a triangular bottle neck via 3D continuous network of tetrahedral (24d)/
octahedral (96h) sites and thereby leads to fast ionic conduction [247]. The co-existence of mobile Li* and vacancies at octa-
hedral (96h) makes the possible lithium migration through the interstice using the neighboring energy barrier route 48g/96h
48g/96h passing through their common tetrahedral (24d) site [246].

The third model is given for the composition Li;A3B,01, (A = La; B = Zr and Hf) [97,98,112,113]. Among them Li;La3zZr,0;,
exhibited high Li* conductivity of 5 x 10~4 S cm~" with cubic disordered structure (Ia3d) in which both tetrahedral (24d) and
octahedral (96h) sites were partially occupied [187]. However, the tetragonal ordered structure (14/acd) with Li* conductiv-
ity of 1.63 x 10°°Scm™! in which tetrahedral (8a), octahedral (16f), and octahedral (32g) sites were fully occupied by
lithium. Whereas, the tetrahedral (16e) sites were fully empty [157]. The occupancy of Li in cubic and tetragonal LLZO
reported by Bernstein et al. is shown in Fig. 5.1 [248].

The mechanism observed in high Li* conductive cubic structure Li;LasZr,0;, might be originated from the diffusion of
mobile Li* through the border of 24d-96h and then climbing over other 24d-96h border and finally bypassing the empty octa-
hedral site 48g site [246]. The presence of more mobile Li* in octahedral site and simultaneous vacancies in the tetrahedral
site help to increase the transportation of Li* through the diffusion of Li* in the low energy barrier route 24d-96h-24d-96h
[246]. The conduction pathway forecasted by Xu et al. based on DFT suggest that the occupancy of Li* in tetrahedral coor-
dinated sites is reduced to ~50% with a simultaneous increase in the occupancy of octahedral sites to ~90% [246]. The Li*
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Fig. 4.12. Cole-Cole plots of (a) Pt/LLZO/Pt and (b) Li/LLZO/Li cell measured at room temperature [202].

migrate from one octahedral site (48g/96h) to the adjacent vacant octahedral site (48g/96h) through a common tetrahedral
site (24d) [246]. Schematic representation for the occupancy of Li* with increasing lithium concentration in lithium garnets
is shown in Fig. 5.2 [246].

Density-functional theory (DFT) studies on Li;LasZr,0,, shows that the stability of tetragonal phase depends on two
parameters (i) simultaneous ordering of the Li* on the Li sublattice and (ii) a volume-preserving tetragonal distortion that
alleviate internal structural strain. Hence, doping supervalent cations leads to lithium vacancies thereby enables the possi-
bility of stabilizing the cubic phase. Ab initio studies based on molecular dynamics within the cubic Li;LasZr,0,, framework
by Jalem et al. predicts that the distribution of Li* is high at octahedral site and the transportation of Li* takes place through a
three dimensional distorted octahedral-tetrahedral-distorted octahedral diffusion path [249].

The determining factor in the formation of phase (cubic/tetragonal) was resolved when LLZO synthesized in Al-crucibles
resulted in the cubic phase [188]. Subsequently experiments with intentional doping of Al confirmed that Al doping plays a
major role in achieving high conductive cubic phase [100]. Computational results using density-functional theory and vari-
able cell shape molecular dynamics simulations revealed that the supervalent Al>* on the Li sublattice was charge compen-
sated by the creation of two Li* vacancies [248]. The ordering of Li sublattice was destroyed by the creation of sufficient
amount of these vacancies, and the resultant disorder along with the combination of lattice relaxation produced the high
Li* conducting cubic symmetry. Moreover, the same vacancies are accountable for opening up previously blocked Li* hopping
paths leading to an enhanced conductivity [248]. Comparison of theoretical investigation on the site occupancy of Al** in
Li;_3xAls4xLa3Zr,0;5 using density functional theory with that of measured 2’Al NMR chemical shift reveals that Al** prefers
the two different crystallographic sites i.e., tetrahedrally coordinated 24d site and a distorted 4-fold coordinated 96h site
[250].

The cation doping within LLZO must exhibit high solubility and lead to change in the lithium concentration from 7 Li per
formula unit. It has been shown that AI>* is not uniquely necessary to achieve the high Li* conducting cubic phase and it is
also possible to create the necessary Li vacancies by means of Ta>*, Nb>*, AI**, Ga®*, In®*, Sn**, Sb**, Y**, Ge?", Si**, Ca**, Sr**,
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Fig. 4.14. Typical AC impedance plots of Lig 4LasZr; 4Tags01, added with 0.5 wt.%, 1 wt.% and 1.5 wt.% of Li,SiO,4 (pellets sintered at 1200 °C) measured at
room temperature (33 °C) using Li* blocking Au electrodes. The solid line represents the fitted data with an equivalent circuit [153].

Ba?*, Hf** to obtain a cubic symmetry (Ia3d) with increased conductivity [90,97,98,105-107,109,110,126,132,134,141,
142,175,223,251].

DFT studies on multi doped LLZO using Al and Ta confirmed that the site occupancy of Al substituting a 24d Li site blocks
the Li* conductive pathway in the garnet structure [252]. By an introduction of Ta into the LLZO framework there exhibited a
shift in the majority of Al occupying from the 24d site to 96h Li sites resulting more open space for Li* transport with an
increase in the amount of Li vacancy [252]. Molecular dynamics stimulation studies on the undoped LLZO, penta valent
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Ta>*/Nb>* doped LLZO and trivalent Ga3* or AI** doped LLZO revealed that the penta valent doping Ta>*, Nb®>* on LLZO
increased the disorder and the vacancy concentration led to a more prominent conductivity enhancement than Al doping
in Li (24d) [99]. On the other hand Ga doping on La site did not stabilize the cubic phase and did not affect the mobile charge
carrier concentration [99]. Molecular dynamics studies on Li;_Las (Zr_xM,) Oq5 (M = Ta>*, Nb°*, x = 0, 0.25) by Adams and
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Fig. 5.4. (a) The migration pathway identified from topology analysis and (b) ab initio molecular dynamics (AIMD) trace at 600 K for cubic-LLZO showing
that the predicted pathway from topology closely agrees with the AIMD trace, follow the Li(2)-Li(1)-Li(2) trajectory, no Li(2)-Li(2) hop [245].



S. Ramakumar et al./Progress in Materials Science 88 (2017) 325-411 385

3.0
46
2 8
% @
E 25} 15 g
B 1G]
= e
© 8
= 8]
© 20 dg4 ©
c £
= =
5 3
g 15+ 13 €
= ©
5 S
10— L 12

1 1
5.0 55 6.0 6.5 7.0 7.5
Li content per formula unit

Fig. 5.5. Variation in the occupancy of tetrahedral 24d-A and bridging octahedral with Li concentration obtained from neutron diffraction data [254].

11A 18 VIIIA
L Stability of Dopants in Li;LagZry015 Garnet

1 H He
13 1IIA 14 IVA 15 VA 16VIA 17VIA Helum

[ Li-Site (1+) Oxi 3 I T .
2 M La-site (3+) B © N F e
MW Zr-site (4+) SEymbol 2210 | 2710 | 3950 | Ovin | Flowine teon

defect ST 4+ 3+ 4+ 5+
3 Al Si P 3 a | Ar
3WA  4VB  SVB  6VIB  7VIB 8VIB OVIB 10VIIB 111B  121B | 1380 | 2350 | 3550 | 2640 | 2750 | e
5+ 3+ 2+ 2+ 3+ 5+ 3+

4 v Fe Cu | Zn | Ga As Br Kr

2.000 1.324 1.740 1.320 1.160 2.160 3.080 Kapwn
1+
5 Zr Ag Xe
Zuconium 2750 e
_ 3+ 2+
6 La-Lu Re Os Au Hg Po At Rn
Lanthanide Rhenium Osmium 2390 Lm Polonium Astatine Radon
7| Fr Ra |AcLr| Rf Db |"Sg-|. Bh | Hs Mt Ds Rg | Uub | Uut | Uug | Uup | yyn | Uus | yyo
Foncum | Radum | Acuede | ROt | pupum | Sesborgum | Bohvium | Hassin [ Meitoerum [ D3| Roetge | yosopium | Ununtrom | Unaodua: | Unsnen | yousheum | USSP | ypunoctiom

La

.| Lanthanum

Fig. 5.6. Illustrations on the site and oxidation state preference for the dopant elements in LLZO. The colors indicate the most stable cation site (green for Li-
site, red for La-site, and blue for Zr-site). The darker colors signify lower defect energy, such that AP* (Li) is darker than B>* (Li). The box also indicates the
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Rao revealed that the pentavalent doping (Ta>*, Nb>*) on LLZO reduce the local Li ordering and enhances the ionic conduc-
tivity [253]. A low energy pathway is observed through tetrahedral 24d sites [253]. Moreover, above the structural phase
transition the distribution of lithium in the tetragonal phase is ordered with occupancy of 1/3 at tetrahedral 24d sites
and half of the distorted octahedral 96h sites thereby avoiding the short Li-Li distances [253]. This is clearly reflected in
the reduced relative intensity of the first peak in the radial distribution function as shown in Fig. 5.3 [253].

It is possible to increase the lithium content beyond x = 7 per formula unit in Li,A;B,0;, by doping Rb* on La3" site. Ab
initio molecular dynamics (AIMD) and topology investigation on Rb and Ta doped Liz.ox_y(Lasz_xRby)(Zr_yTa,) Oq2
(0<x<0.375,0<y<1)indicated that doping with neither Rb nor Ta on LLZO does not alter the topology of the migration
pathway, rather change the lithium concentration. Moreover, the topology analysis revealed a three dimensional migration
pathway —96h—-24d—-96h - as shown in Fig. 5.4 [245].

Neutron diffraction studies by Xie et al. suggested that x = 7.5 in Li,A3B,0,, was the theoretical upper limit that a garnet
framework can tolerate. However, this upper limit requires half occupancy of the tetrahedral (24d) sites with a complete



386 S. Ramakumar et al./ Progress in Materials Science 88 (2017) 325-411

Lowo | | t-phase

Valence

24

0.0 02

Fig. 5.7. Contour map indicates Li vacancy density (v) as a function of the valence n and doping level x of M in the Li;_,yM,LasZr,0;, garnet [256].

occupancy of the octahedral sites (48g/96h). Moreover, they suggested that the highest Li* conductivity would be achieved
for the lithium concentration x = 6.4 + 0.1 as depicted in Fig. 5.5 [254]. But the occupancy of octahedral sites (96h) reached a
maximum (~90%) for the composition x = 7 i.e., Li;La3Zr,01,, Hence, further increase in the lithium concentration of garnet
frame Li,A3B,015, (i.e., for x > 7) led to an insufficient vacancies for the Li* migration [246].

DFT studies on defect energies and site preference on cation doping by Miara et al. suggested that Zn®>* and Mg?* on the Li
and Zr site, respectively, are found to be relatively stable [255]. Fig. 5.6 depicts site and oxidation state preference for the
dopant elements in LLZO [255]. Apart from high Li* conductivity the enhancement of power density of all-solid-state
rechargeable lithium batteries truly depends on the Li* transfer at the electrode/electrolyte interface. Results on the thermo-
dynamic stability of electrolyte/cathode interface revealed that LLZO and LiCoO, exhibit a low driving force for decomposi-
tion in the charged state [255].

In order to reveal the mechanism of the high Li* conductivity in stuffed lithium garnets, two different dopants (AlI** and
Zn?*) from two different groups (I1IA and IIB of periodic table) and valences (+3 and +2) with nominal compositions Lig »g-
Algo4LlasZr,015 and Lis gZng gLasZr,01, were investigated by Chen et al. [256]. Structural refinements revealed that both ALY
and Zn?* dopants redistribute the vacancies in the garnet framework by means of two different mechanisms i.e., the Li*
migrate from octahedral sites to tetrahedral sites for AI** doped LLZO, in contrast the mechanism is reversed for Zn?>* doped
LLZO [256]. Chen et al. suggested that the Li vacancy density (v) in the active octahedral sites, which is determined by the
valence and the content of aliovalent doping is the key factor for the ionic conductivity. If the value of v > 0, the number of
vacancies in the active octahedral sites increases, thereby creating a fast Li* pathway bridging the two neighboring tetrahe-
dral sites. If v < 0, the number of vacancies in the active octahedral sites becomes less, this is because all octahedral vacan-
cies are trapped and deactivated at the influenced sites that are not able to contribute to Li* conduction. The immobile
dopant ions do not block all of the possible pathways; however, it is the overwhelming slow pathways that limit the Li* con-
duction. In spite of large number of available vacancies in the tetrahedral site, the Li* mobility strongly depends on the acces-
sibility of the octahedral bridges that converge on that site [256]. The relationship between ionic conductivity and aliovalent
doping in LLZO is given in Fig. 5.7.

The concluding remarks of the systematic investigation by Chen et al. [256] for the doping optimization in garnet frame-
work are:

(i) Elements from IIA, IB, or IIB groups of the periodic table with +2 valency are not potentially suitable to increase the
vacancy density (v) in octahedral site.
(ii) Metalloid dopants with high valence in IVA and VA groups (Si, Ge, Sn, As, and Sb) are capable to give larger v, provided
the dopants must be substituted in the accurate site of LLZO.
(iii) Doping the elements from the same group such as AI** and Ga®* led to similar Li* conductivity.

6. Application of lithium garnets in electrochemical devices

One of the major challenges in solid state batteries is the availability of a solid electrolyte which can satisfy criteria’s
simultaneously viz. good Li* conductivity at room temperature and good electrochemical stability with the potential elec-
trodes. Although few solid electrolytes displayed higher Li* conductivity, such solid state electrolyte seems to have poor elec-
trochemical stability against lithium metal negative electrode. This stability limitation restricts the choice of electrode
materials to those of higher redox potential, which decreases the possible battery operating voltage. Moreover, electrode/-
electrolyte interfacial resistance can take up large values which would retard lithium insertion-extraction across the
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interface, resulting in a decreased power density. One of the uphill battles is to develop a solid electrolyte capable of meeting
the requirements of high Li* conductivity and good electrochemical stability simultaneously.

6.1. All-solid-state lithium battery

Despite the promises of reasonable high Li* conductivity and stability against metallic lithium, all-solid-state Li-ion bat-
teries based on cubic LLZO solid electrolytes have still challenges in realizing high practical performances due to their high
electrode-electrolyte interfacial resistances. Reasonable electrochemical activities in all-solid-state Li* batteries based on
cubic LLZO solid electrolytes are so far only achieved by vacuum deposition of the cathode as thin films, because of the
resulting good electrolyte-electrode contact.

A preliminary investigation on the electrochemical properties of LLZO was first carried out by Kotobuki et al. [160] in
order to reveal the handiness of LLZO as a solid electrolyte for all-solid-state lithium batteries with Li metal as negative elec-
trode and LiCoO, as positive electrode. The cyclic voltammogram (CV) of Li/LLZO/Li cell revealed the reversible dissolution
and deposition of lithium. A full cell composed of Li metal negative electrode, LLZO solid electrolyte and LiCoO, exhibited an
irreversible behavior at the first discharge and charge cycle due to possible reaction at the interface between LiCoO, and
LLZO [160].

6.1.1. Interface engineering

An investigation to study the core reason behind the interfacial resistance was done by Kim et al. [257]. They prepared
thin films of LiCoO, on LLZO pellets. Both analytical TEM and electrochemical measurements were carried out to characterize
the interface. The TEM revealed the formation of an intermediate reaction layer consisting of La,CoQg4, with thickness of
around 50 nm at the LLZO/LiCoO, interface, as shown in Fig. 6.1 [257]. This reaction layer (which comprised varying concen-
trations of elements like Co, La and Zr) was ascribed as the prime reason for the high interfacial resistance, leading to poor
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lithium insertion-extraction behavior. Suppression of formation of such a reaction layer has become a prime necessity for the
development of advanced solid state rechargeable lithium batteries with LLZO as solid electrolyte [257].

All-solid-state rechargeable lithium battery consisting of LiCoO, as positive electrode, Nb doped LLZO, Lig;sLasZry 75-
Nbg 2501, (LLZOND) as solid electrolyte and metallic lithium as negative electrode exhibited stable cycle performance, with-
out any reaction phase at the interface even after 100 charge-discharge cycles [258]. The charge and discharge capacity of
the battery at first cycle were 130 mAh g~! and 129 mAh g™}, respectively, which comes around 90% of the theoretical capac-
ity. Furthermore the charge and discharge capacity at 100th cycle were 127 mAh g~! and 130 mAh g™}, respectively as
shown in Fig. 6.2(A), which is 98% of the theoretical capacity [258]. Moreover, the interfacial resistance between LiCoO,
and Lig 75LasZr; 75Nbg 2501 at 25 °C was estimated to be 170 Q cm?, which is comparable to that for a Li* battery with a liquid
organic electrolyte [258].

This solid electrolyte with Nb additive exhibited stable cycle performance with no reaction phase or exfoliation at the
interface even after 100 charge-discharge cycles which is clearly indicated in the FE-SEM and EDX mapping of the interface
as shown in Fig. 6.2(B) [258]. Following this, in 2013 Ohta et al. [259] experimented on all-solid-state lithium ion batteries
constructed using garnet type oxide Li g75LaszZr; 75Nbg 25012 (LLZOND) as the solid electrolyte and LizBO5; (LBO) as a solid
electrolyte within the cathode layer. With the annealing process, LBO which has a low melting point (700 °C) acted as a
bonding material at the interface by gradual melting. This melted LBO increased the interfacial contact between LLZONDb
and cathode layer which reduced the interfacial resistance between them [259]. The charge discharge capacity of the battery
developed by this method was 74% of the theoretical value with high columbic efficiency. The LBO helped to improve the
good interfacial contact which enhanced the overall cell performance.

Although Ohta et al. [259] and Kotobuki et al. [160] showed it is feasible to cycle all solid state Li/LLZO/LiCoO, conversely,
Ishiguro et al. [260] observed abrupt swings and a sudden drop in voltage during direct current (DC) polarization tests
at > 0.5 mA cm 2 at room temperature. It was suggested that the short circuit could have resulted from Li dendrite forma-
tion and propagation.

In this decade, several approaches for the suppression of the lithium dendrite formation have been proposed and signif-
icant improvements have been reported for liquid electrolytes with a high concentration of lithium salts at high current den-
sity. However, the detailed performance under practical conditions such as long-term cycling performance at a high areal
capacity has not been reported. As such, the mitigation of dendrite formation remains an important experimental and indus-
trial challenge.

Monroe et al. predicted that the solid electrolyte must be approximately twice the shear modulus of metallic Li (4.2 GPa)
to suppress Li dendrite initiation [261]. Using resonant ultrasound spectroscopy Jennifer et al. [262] determined the shear
modulus of LLZO to be 61 GPa, which is more than adequate shear modulus to suppress Li dendrite initiation. It is believed
that La and Zr in LLZO form a chemically stable atomic framework that is not decomposed upon contact with metallic Li.

Sharafi et al. demonstrated that temperature and current density significantly affect the Li-LLZO interface kinetics and
stability [263]. The room temperature Li-LLZO interface resistance decreases dramatically by heating Li/LLZO/Li cells to
175 °C and cooling to room temperature. The interfacial resistance might be reduced because of the improved contact



S. Ramakumar et al./Progress in Materials Science 88 (2017) 325-411 389

1400 +a
L Surface of LLZO
& 900 +
=
S L
e
5 I .
400 + > Cross section of LLZO
000
b ss 0© o
31 kllzooo %o,

-100?‘-- ey

0 500 1000
Zgen (Q.cm?)
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between Li and LLZO through heating under constant pressure. Also they demonstrated that the maximum sustainable cur-
rent density (or critical current density - CCD) increases significantly with increasing temperature. Metallic Li spots were
observed when the CCD was exceeded as shown in Fig. 6.3 [263].

Lithium dendrite formation has been reported for Nb-doped [260], Ta-doped [264] and Al-doped [265] garnet-type
lithium ion conducting solid electrolytes. The mechanism for dendrite formation between lithium metal and the solid elec-
trolyte has yet to be clarified, but the lithium diffusion kinetics at grain boundaries may be a key factor. Suzuki et al. [206]
examined the lithium dendrite formation of transparent Al,03-doped Li;LasZr,0;, prepared by hot isostatic pressing (HIP) at
127 MPa and 1160 °C for 2 h. The relative density of 1 wt.% Al,0s-doped Li;LasZr,0,, without HIP treatment was 91.5%, and
with HIP treatment was increased to 99.1%. The HIP treated sample had approximately 1% white part near the grain-
boundary [266].

Cell voltage vs. polarization period for Li/HIP treated 1 wt.% Al,0s Li;LasZr,0;, with white areas/Li and Li/HIP treated
1 wt.% Al,O3 Li;LasZr,0,, without white areas/Li are shown in Fig. 6.4 [266]. The cell with the white parts in HIP treated
1 wt.% Al,03 Li;LasZr,04, exhibited a sudden voltage drop after polarization for 100 s. However, the cell with HIP treated
transparent 1 wt.% Al,03 Li;LasZr,0¢, containing no white areas showed no sudden cell voltage drop, but instead the cell
voltage increased gradually with the polarization period, which suggests that the grain-boundary-free Li;LasZr,0;, sup-
presses lithium dendrite growth through the electrolyte [266].

Constant direct current measurements of HP-LLZO:Ta with a current density of 0.5 mA cm~? by Tsai et al. revealed that
the short circuit formation in lithium garnet was neither due to the low relative density of the samples nor the reduction of
Li—Al glassy phase at grain boundaries but it was from Li dendrite formation inside, which took place along the grain bound-
aries [267]. The Li dendrite formation was mostly due to the inhomogeneous contact between LLZO solid electrolyte and Li
electrodes as depicted in Fig. 6.5. By flatting the surface of the LLZO:Ta pellets and using thin layers of Au buffer between
LLZO:Ta and Li electrodes, the interface resistance could be dramatically reduced, which results in short-circuit-free cells
when running a current density of 0.5 mA cm 2. The doggedness of the dendrite problem for higher current density by a
proper microstructure engineering to provide good contact and eliminate the difference of conductivities for the grain
and grain-boundary should be painstaking for future development of all solid-state Li batteries [267].

In order to improve the contact between lithium metal and LLZO solid electrolyte Luo et al., studied an effect of coating an
ultrathin layer (~10 nm) of amorphous Si on the surface of garnet using plasma enhanced chemical vapor deposition
(PECVD) [268]. An ultrathin coating of Si layer transforms the chemical properties of a garnet from “superlithiophobicity”
to “super-lithiophilicity”. The symmetric cells composed of Li/Si-coated LLZO/Li displayed much lesser impedance and
exceptional stability upon plating/stripping cycles with a small overpotential at 0.05 or 0.1 mA/cm? compared to Li/LLZO/
Li cells as shown in Fig. 6.6(a)-(d) [268]. The over potential was found to be small for further increase of current density
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Fig. 6.4. Cell voltage vs. polarization period for Li/hot isostatically pressed 1 wt.% Al,03- Li;La3Zr,04,/Li (a) with white areas and (b) without white areas
[266].

to 0.2 mA/cm?, and the cell delivered stable cycling performance as shown in Fig. 6.6(e). The interfacial resistance between Li
and LLZO dramatically decreased from 925 to 127 Q cm? when lithiated Si was formed on the LLZO [268].

Ohta et al. explored the possibility of an all-solid-state battery with lithium garnet type oxide electrolyte, Ligg(Las.gs,
Cags)(Zry.75,Nbg25)01, (LLZO-CaNb) with Al,03 and LisBO3 additives. By stacking the developed electrolyte on LiCoO,
(LCO), it was co sintered at 790 °C and then coated with Li metal negative electrode [269]. This design of LLZO-CaNDb played
a crucial role in suppressing the positive electrode-electrolyte reaction, showing a high Li* conductivity of 0.36 mS cm™! at
25 °C and a relative density of 90% even at low sintering temperature of 790 °C. It was suggested that the addition of LizBO3

Dendrite formation Dendrite free

Li metal

Li metal

Inhomogeneous contact Homogeneous contact
== Li* current mmmmm Li dendrite  ——— Li alloyed buffer layer

Fig. 6.5. Illustration of dentrite formation for inhomogeneous contact between LLZO solid electrolyte and Li electrodes and free from dendrite with
homogeneous contact between LLZO solid electrolyte and Li electrodes [267].
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Fig. 6.6. (a) and (b) The schematic illustration of symmetrically stacked lithium cell containing bare LLZO and silicon coated LLZO, respectively. (c) Cole-
Cole plots of lithium cells containing bare LLZO and silicon coated LLZO. The inset shows the photographic image of a symmetric cell containing Li/Silicon
coated LLZO/Li. (d) and (e) Voltage vs. time profiles of symmetric cell containing Li/Silicon coated LLZO/Li at 0.05, 0.1 mA/cm? and 0.1, 0.2 mA/cm? current
densities, respectively [268].

and Al,O3 was the prime reason for augmented sintering due to simultaneous inter diffusion of Al and Ca elements between
garnet type oxide and additives [269]. A model battery designed with this developed electrolyte was confirmed to function
well as a secondary battery with fairly good charge-discharge capacities of 98 mAh g~! and 78 mAh g™, respectively. These
handsome properties indicate the possibility of fabricating all-solid-state lithium ion batteries with lithium garnets [269].

Modification of the electrode-electrolyte interface for all-solid-state lithium secondary batteries was done by Kato et al.
by the deposition of a thin layer of Nb metal onto LLZO, producing a low resistivity-amorphous layer, with a thickness
varying from 7 nm to 15 nm, by radio frequency magnetron sputtering in Ar atmosphere at room temperature [270]. The
deposition of the thin layer of Nb metal onto LLZO resulted in lowering the interfacial resistance by one order of magnitude
(from 2600 Q/cm? to 150 Q/cm?) depending on the thickness of the Nb metal layer as shown in Fig. 6.7 [270]. The CV
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Fig. 6.9. Galvanostatic charge-discharge curves of the LFP:KB:PVdF:LiTFSI/LLZOTO/Li batteries with 75% mass ratio of LiTFSI to LFP, measured at 0.05 C and
60 °C [271].
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Fig. 6.10. Schematic representation showing the physical bonding and the chemical interactions between LiCo0O,/LLZO cathode arrangements [278].

measurements revealed an improvement in the reaction rates for Li* insertion/extraction reactions in voltage sweeping for
the as modified Nb cell as shown in Fig. 6.8 [270].

Recently Du et al. fabricated all-solid-state lithium batteries, where highly conductive Ta doped Lig4LlasZr; 4sTage01>
(LLZOTO) served as the solid electrolyte. Polyvinylidene fluoride (PVdF): lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
Ketjen Black (KB) and carbon coated LiFePO, (LFP) was chosen as the positive electrode and Li metal, the negative electrode
[271]. At 60 °C, even after 100 cycles, the battery showed a first discharge capacity of 150 mAh g~' at 0.05 C, with capacity
retention of 93% as shown in Fig. 6.9. The improved contact increased the charge transfer between the ceramic plate and the
composite positive electrode [271].

Though garnet structured LLZO offers high Li* conductivity comparable to other ceramic electrolytes, the determination of
interfacial resistance at electrode/electrolyte is very much essential since it is considered to be the dominant contributor to
the internal resistance of all-solid-state lithium batteries. Li* mobility across the solid electrolyte and the positive electrode
became intricate when the electrode undergoes large volume changes. During charging the volume change in positive elec-
trode resulted in exfoliation and thereby limit the maximum thickness and area of the electrode. In order to overcome this
issue there must be a good contact between electrode and solid electrolyte. Hence reducing the interfacial impedance across
the solid electrolyte is crucial. So far there are many reports on stable Li* transports across garnet solid electrolyte and LiCoO,
positive electrode interfaces. Sputtering and pulsed laser deposition techniques were often used for the deposition of LiCoO,
on LLZO. The major downside of direct deposition of LiCoO, on LLZO is that at high temperature i.e., >500 °C co-diffusion of
Co from LiCoO, to LLZO was observed, alongside, La/Zr may also migrate from LLZO to LiCoO, [224,257,258]. Takada et al.
reported that it is possible to suppress the formation of a space charge layer by an introduction of a nanoscale coating layer
on LiCoO, using an electron-insulating and ion-conducting oxide materials such as LiNbO3 [272], Li4TisOq; [273], TaO3 [274]
and thereby could improve the power density of LiCoO, [275]. The presence of oxide coating on the positive electrode can
limit the direct contact of the active material with the electrolyte, and thus preventing the cobalt infusion into the electrolyte
[276,277]. Ohta et al., studied the effect of interface modification by an introduction of Li;BO3 between the LiCoO, and LLZO
pellet [259]. The presence of LisBOs; facilitates the conduction of Li* in between LiCoO, and LLZO, moreover suppresses the
co-diffusion across the positive electrode interface at high temperature. The LiCoO,/LizBO3 positive electrode composite on
LLZO solid electrolyte delivered reversible capacities of ~80 mAh g~! for a few cycles [259]. Recently, Park et al., studied the
physical and chemical interaction of LiCoO, and LLZO and reported that the formation of tetragonal phase LLZO at the inter-
face of LiCoO, and LLZO at high temperature of 700 °C that affects the electrochemical performance and the cycle life [278].
LiCoO,/LLZO cathode configurations with different degree of physical and chemical interactions are shown in Fig. 6.10 An
irreversible electrochemical decomposition at >~3.0 V vs Li*/Li was observed. Whereas, the surface modification of LLZO
by means of Co-diffused surface layer of Li;BO3; showed an improved physical bonding with a charge and discharge capacity
of 79.9 mAh g ', 67.2 mAh g !, respectively, and Coulombic efficiency of 84.1% [278]. In situ experimental techniques and
theoretical modeling are necessary to fully understand and mitigate the volume changes of positive electrode with garnet
solid electrolyte [278]. One possible approach to overcome the issues related to positive electrode is to construct a composite
electrode that consists of active material and solid-state electrolyte. The existence of large contact areas between active
material and solid-state electrolyte in the composite particle assist the diffusion of Li* at these interfaces. The advantage
of composite electrode is that the particle has a granule structure consisting of nanoparticles, homogeneously dispersed
and well connected. Composite electrodes therefore afford high capacity and high-packing density and are considered to
be an appropriate electrode for all-solid-state lithium batteries.

Wakayama et al., developed a self-assembled block copolymer-templated synthesis of a 3D bicontinuous nanocomposite
electrode material consisting of LiCoO, as the active cathode and LLZO as the solid electrolyte [279]. Li* conductivity of
1.6 x 107*Scm~! was observed for the LLZO pellet. The 3D bicontinuous LCO/LLZO nanocomposite exhibited a high dis-
charge capacity of 134 mAh g~! of cathode active material at the first cycle, which is 98% of the theoretical capacity
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Fig. 6.12. (a) and (b) Depicts the FESEM image of LLZO particles enfolded by the ionic liquid and the LLZO particles contained within the ionic liquid.
Figure (c) illustrates the schematic representation of the template developed by LLZO-ionic liquids (LiTFSI and Py14TFSI) [280].

(137 mAh g~ 1). Fig. 6.11 shows the comparison of the utilization rate of the active materials vs content of the active material
of 3D bicontinuous LCO/LLZO nanocomposite with other all-solid-state lithium battery. It can be clearly noted that the active
material-utilization rate of 3D bicontinuous LCO/LLZO is around 98% (at an active-material content of 89.4 wt.%) which was
higher than the rates for the other all-solid-state lithium battery [279].

Kim et al., proposed a hybrid solid electrolyte (HSE) that comprises 80% LLZO ceramic particle and ionic liquid -IL (19%
Py14TFSI, and 1% lithium bis(trifluoromethanesulfonyl)imide) [280]. The presence of ionic liquid could minimize the inter-
facial resistance and thereby facilitate the Li* conduction through both solid-liquid (LLZO-IL) and solid-liquid-solid (LLZO-
IL-solid) interfaces. The FESEM image as shown in Fig. 6.12(a) and (b) indicates LLZO particles are sub-micrometer in size
and are enfolded by the ionic liquid as a matrix. The HSE exhibited a total (bulk + grain-boundary) Li* conductivity of
0.4 x 1073 Scm™! with an electrochemical stability of 5.5V against metallic lithium [280]. The charge discharge curves
for the lithium cells and the image of the lithium cells before and after heating upton150 °C for 30 min are shown as
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Fig. 6.13. (a) Charge-discharge curves for the lithium cells. (b) Picture of lithium cells before and after heating up to 150 °C for 30 min. (c) and (d) Voltage
profile of lithium plating/stripping. (e) Photographic image of open circuit voltage after cell fabrication. (f) Charge-discharge curves for a bipolar stacked cell
at a current density of 0.1 C [280].

Fig. 6.13(a) and (b). Compared with the conventional liquid electrolyte (LE) based Li/LE/LiCoO, cell the fabricated Li/HSE/
LiCoO, showed a charge-discharge capacity of 140/130 mAh g~' with 99% capacity retention at the 150th cycle. Moreover,
the Li/LE/LiCoO, cell reacts with the electrode active species and caused undesirable chemical reactions as shown in Fig. 6.13
(c). In contrast the Li/HSE/LiCoO-, cell remained impervious towards the formation of lithium dendrite enhancing the charge-
discharge capacities (Fig. 6.13(d)). The fabrication of high voltage (>8 V) pseudo-solid-state LIBs, (Li/HSE/LiCoO,-SS-Li/HSE/
LiCo0O,) using a stacked cell design (Swagelok-bipolar) 85 shown as Fig. 6.13(e), exhibited an open circuit voltage (OCV) of
5.21V and the corresponding charge discharge curves for bipolar stacked cell measured at 0.1 C between 6.0 and 8.4V is
shown as Fig. 6.13(f) [280].
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various membranes in the 1st cycle measured at 55 °C [281].
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The interfacial resistance at the electrode electrolyte interfaces may be decreased by using a polymer electrolyte. Also dry
electrolyte membranes based on polyethylene oxide (PEO) can be used in a freestanding form without modifying current
battery fabrication processes. The low ionic conductivities of PEO-based membranes at room temperature can be enhanced
by stabilizing the highly conductive amorphous matrix with inorganic filler (nano-sized SiO,, Al,03, BaTiOs, etc.). However,
high ionic conductivities of around 10~#S cm™! can only be obtained in these composites when they have very high filler
contents (>30 wt.%), which result in poor mechanical properties.

Recently Choi et al. reported free-standing composite membrane with high ionic conductivity and good processability
through the incorporation of garnet-type tetragonal phase LLZO solid electrolyte powder into a PEO polymer matrix and also
assessed the feasibility of solid electrode designs that use oxide solid electrolyte powders [281]. The composite membrane
with the maximum ionic conductivity (4.42 x 1074 Scm™! at 55 °C) was reported with 52.5%LLZO and 47.5% PEO. The
hybridization of the organic and inorganic components of these membranes results in synergetic effects on their lithium
ionic conductivity [281].

The photographic image of the membrane with 52.5% LLZO and charge-discharge characteristics of coin cells containing
various membranes in the first cycle at 55 °C are shown in Fig. 6.14(a). The tests of Li/composite membrane/LiNiggC0q2-
Mng 0, half-cells indicated that the composite membrane containing LLZO exhibits superior kinetic properties to those
of the other membranes (the PEO-only membrane and the membrane containing Al,03) as shown in Fig. 6.14(b) [281].

Thin hybrid electrolytes composed of LLZ particles coated with 4 wt.% polyacrylonitrile (PAN)-based gel polymer elec-
trolyte with a few micrometers thickness have been studied in order to be practically applied to 12 V-class bipolar battery
with liquid-free and separator-free. The schematic procedure for preparation of bipolar battery is shown as Fig. 6.15 [282].
This hybrid electrolyte reduced the internal resistance of LiMng gFeq ;P04 (LMFP)/Li4Tis0¢, (LTO) cells and enabled discharge
at low temperatures. The fabricated 12 V-class bipolar battery with stacking cells in five series exhibited good discharge rate
capability from 0.2 to 20 C and operated in the wide temperature range of —40 °C to 80 °C. The performance of 12 V-class
bipolar battery using thin LLZ-based hybrid electrolyte was comparable to that of conventional lithium-ion batteries with
a liquid electrolyte [282].

As dendrite formation in LLZO with Li metal anodes, especially at high current rates and lower pellet density, has been
reported the investigation of alternative anode materials is also highly important. Broek et al. reported successful assembly
of the anode material Li4TisO1; in combination with c-Lig5Alg25LasZr,04, garnet structures (Fig. 6.16) and reveal its battery
operations to be employed in full ceramic all-solid-state batteries [283]. Broek et al. utilized novel strategies to design an
interface-engineered all-solid-state battery based on a porous garnet electrolyte interface structure, in which the electrode

La La) 4

T T
30 35 4.0 45 5.0 55 6.0

Fig. 6.18. (a) SEM image from an interface-engineered all-solid-state battery based on c- Lig»5Al 25LasZr,01, and nanograined Li4TisO4; electrode obtained
after 25 charge/discharge cycles. (b) Energy-dispersive X-ray spectra (EDX) data from the marked spots showing no additional phases at the electrode-
electrolyte interphase [283].
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material is intimately embedded [283]. The interface engineering is achieved through the sacrificial organic template on
dense c- LigsAlg2sLasZr,04; pellets, resulting in a porous interface after sintering into which the electrode slurry is cast.
The scanning electron microscopy images and electrochemical impedance spectroscopy data shown as Fig. 6.17 revealed
an intimate embedding of the nanograined Li4TisO1, into the porous electrolyte interlayer and thereby drastically reduced
cell resistances in the interface-engineered all-solid-state battery compared to nonmodified cells [283].

The SEM images and EDX spectra over the cross-section of interface-engineered all-solid-state battery after 25 charge/
discharge cycles displayed as Fig. 6.18 did not reveal any new phases containing titanium at the electrode-electrolyte inter-
phase. Their results indicated the importance to engineer a suited ceramic interfacial structure with augmented contact
points between the electrodes and the electrolyte to assure a proper Li*-transfer during charge and discharge cycles [283].

Owing to the high ionic conductivity stability in air and water, nonflammability and wide electrochemical window, ionic
liquids have received much attention in the field of lithium batteries. However, immobilized ionic liquids within organic
matrices used as polymer electrolyte membranes exhibit poor mechanical performance, and thermal stability is limited
by the organic nature of the polymer. Wu et al. proposed an alternative route on the basis of immobilization of ionic liquids
within a thermally stable inorganic matrix called “ionogels” [284]. The confinement of ionic liquids within organic and inor-
ganic matrices makes it possible to keep their unique properties in the solid state, thus avoiding drawbacks related to shap-
ing and risk of leakage. Ionogels are a unique class of stable solid-like electrolytes that combine the advantages of inorganic
oxide and ionic liquid components. Lithium salts dissolved in an ionic liquid serve as the ionic-conducting phase, while the
inorganic oxide solid matrices provide a physical barrier between the electrodes, thereby preventing short circuits. We
believe that ionogel-based on garnet structured inorganic oxides energy storage devices may offer numerous advantages,
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Fig. 6.20. Schematic illustrations of the Li-H,0, semi fuel cell employing hybrid electrolyte [149].
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Porous cathode

Fig. 6.21. Simplified sketch of a Li-air battery system [300].

including greater safety, lighter weight, and more flexibility for future application. The evolution over time of ionogel elec-
trolytes (red area) with those of other inorganic solid electrolytes [31,32,81,97,98,275,285-288] (yellow area), organic liquid
electrolytes [289-291] (blue area), ionic liquids [292-294]| (blue area) and polymer electrolytes; [295-298] is shown as
Fig. 6.19 [284].

Reaction product Reaction product
LiOH is soluble Li,0,is insoluble
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Fig. 6.22. Schematic representation showing the difference between the reaction product in (a) aqueous and (b) non-aqueous Li-air battery.
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6.2. Fuel cell

An Al,03 doped Lig4LasZr; 4Tags012 (LLZOTO) cylindrical pellet with the cubic garnet structure was prepared through
solid state reaction with pressure less sintering by Liu et al. for the economical fabrication of lithium-hydrogen peroxide
semi fuel cell [149]. Impedance spectroscopy measurements on LLZOTO sheets (19 mm dia, 200 um thickness), obtained
by slicing the LLZOTO cylinder showed a conductivity as high as 1.02 x 1073 S cm™' at room temperature. The relative den-
sity of LLZOTO was found to be ~94%. Schematic representation of the fabricated Li-H,0, semi fuel cell using the hybrid elec-
trolyte is shown in Fig. 6.20 [149]. The fabricated semi fuel cell with LLZO electrolyte exhibited lower interfacial resistance
and high power density resulting in higher performance of the Li-H,0, fuel cell. The discharge curves of the test showed a
relative flat discharge voltage plateau with 82% of average lithium metal utilization in the negative electrode indicating a
good stability of the thin LLZOTO sheet in the cell. The dense LLZO provided reliable protection of Li metal against water/
air in the cell, thereby preventing corrosion, capacity fade and lithium dendrite formation [149].

6.3. Li-air battery

Solid electrolyte with high Li* conductivity and excellent chemical stability against metallic lithium is expected to
enhance the performance of high energy density lithium metal based batteries such as Li-air batteries. Rechargeable Li-
air batteries, also called as the lithium-oxygen batteries (Li-O;) established by Abraham et al. [299] possesses a very high
energy density that instigate from the use of lithium metal as the negative electrode and the consumption of atmospheric
oxygen at the positive electrode as shown in Fig. 6.21 [300]. The Li-air battery has been considered as a promising candidate
for future generation of electric vehicles (EVs) because of its superior energy density 5200 Wh/kg including oxygen weight
[301].

The Li-air batteries are categorized based on the types of electrolyte used such as: aprotic (organic) solvents, aqueous sol-
vents, hybrid (non-aqueous/aqueous) solvents and all-solid-state electrolyte. In all these systems Li metal is used as the neg-
ative electrode and oxygen as the positive electrode. The primary electrochemical reaction mechanism for charge and
discharge depends on the property of the electrolyte used in the Li-air battery.

The main difference between non-aqueous and aqueous electrolyte based Li-air battery is that the discharge product in
the aqueous system is soluble LiOH (in alkaline medium) as shown in Fig. 6.22(a), while in the non-aqueous system, the dis-
charge product is an insoluble insulator lithium peroxide (Li,O,) precipitated on the positive electrode as shown in Fig. 6.22
(b) [302]. The problem of positive electrode blockage is solved due to the soluble nature of the reaction products of LiOH in
aqueous electrolyte, which continuously maintain the battery performance [303].

Due to the strong reaction between lithium metal and water, unlike conventional zinc-air batteries, the Li-air batteries
cannot be operated with aqueous electrolytes without protection for the lithium metal negative electrode. Efforts have been
made by various research groups to develop a suitable solid electrolyte to separate the metallic lithium negative electrode
from the aqueous electrolyte. The commercial NASICON-type glass-ceramic Lijsx+yAlTi>_,SiyP3_yO12 (LTAP, Ohara Inc.,
Japan) solid electrolyte is considered as most prosperous for lithium-air battery applications. LTAP solid electrolyte has high
Li* conductivity and better mechanical strength. Moreover, it is chemically stable in water, mild acids and bases. However

(a) (b)

Fig. 6.23. (a) FE-SEM image of the fractured surface of Li;La, 75Y025Zr,01, pellets sintered at 1200 °C and (b) its corresponding magnified FE-SEM image
[304].
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the glass-ceramics LTAP is not the decisive solid electrolyte because of the unstable nature of LTAP in contact with metallic
lithium. There emanated the necessity of an inclusion of a buffer layer between the electrolyte and that of the lithium metal
that compromised the overall energy density. This buffer layer raised many technical problems which influenced the perfor-
mance and stability of Li-air batteries.

Advanced Li-air battery architecture demands a high Li* conductive solid electrolyte membrane that is electrochemically
stable against metallic lithium and aqueous electrolyte. The garnet structured Li;LasZr,0;, (LLZO) has been widely consid-
ered in recent times for such applications because of its high Li* conductivity and good stability against lithium metal
[97,98,187,202]. In addition to the high total (bulk + grain-boundary) Li* conductivity and electrochemical stability against
lithium metal, the dense microstructure is also an essential factor for the successful application of LLZO as solid electrolyte
membrane in rechargeable lithium and Li-air battery applications. The dense LLZO solid electrolyte membrane is expected to
prevent the catholyte from reacting with metallic lithium and also to suppress lithium dendrite penetration. Also the grain
boundaries were high interfacial energy regions for the reactions between LLZO and water/CO,. Hence, the increasing den-
sity and reduced grain-boundary are not only helpful to enhance the Li* conductivity of LLZO, but also helpful in reducing the
reactions between LLZO and water/CO,.

The understanding of stability of the high Li* conductive solid electrolytes in different solutions with various pH is essen-
tial for possible application as a protective layer for lithium metal electrode and aqueous electrolytes. Shimonishi et al.
reported that cubic LLZO was stable in saturated LiCl aqueous solution with respect to structure and electrical conductivity
[175]. However, there are only few reports on studies of stability of garnet-type Li* conducting solid electrolyte in different
aqueous solution. The preliminary results indicated that, high Li* conductive cubic phase LLZO would be a better solid elec-
trolyte for Li-air batteries [175].

A systematic investigation has been carried out on the Li* conduction behavior and structural stability of Li;Laz_,YxZr,01>
(x=0.125, 0.25 and 0.50) against aqueous solutions with different pH [304]. The SEM image of Li;La, 75Y0.25Zr2012 is shown
as Fig. 6.23(a). The addition of Y in Li;La, 75Y025Z1,01, acted as the sintering aid during the sintering process and thereby
helped to enhance the density. This is apparent in the magnified FE-SEM image of Li;La;75Y025Zr,012, as shown in
Fig. 6.18(b), which indicated the growth of relatively larger grains with better contact with the neighboring grains. Moreover,
the Li;Lay75Y0 2521501, pellets sintered at 1200 °C exhibited relative density of 96% and a maximized room temperature total
(bulk + grain-boundary) Li* conductivity of 3.21 x 1074S cm™! [304].

The stability of high Li* conductive Li;La, 75Y¢ 521,01, solid electrolyte in aqueous solutions was investigated in solutions
of 1 M LiCl, dist. H,O and 1 M LiOH solutions for 2 weeks at 50 °C. The room temperature impedance profile of Li;Las 75Y0 25~
Zr,01, immersed in1 M LiCl and dist. H,O showed no remarkable change in Li* conductivity, ie. it was in the same order
(1074S cm™1) that of pristine Li;La, 75Y025Zr2012 [304]. This indicated that, the dense and high Li* conductive cubic phase
solid electrolyte Li;La, 75Y025Zr,015 is stable and did not react with the solution of 1 M LiCl and dist. H,O. However, Li;La; 75-
Yo.25Z1,01, immersed in 1 M LiOH at 50 °C exhibited appreciable variation in the impedance profile as shown in Fig. 6.24. The
degradation in the Li* conductivity might be due to the formation of secondary phase at the grain-boundary as a result of the
reaction between Li;La;, 75Y025Zr,01> and 1 M LiOH aqueous solution at 50 °C [304].

Earlier reports indicated the Li*/H" exchange reaction in several lithium garnets. Li*/H* exchange rate depends on the pH
of the solutions, and if it is intense, it may lead to a structural transformation or even decomposition. Consequently, it may
degrade the Li* conductivity. However, Li;Lay 75Y0 252,01, preserved its high Li* conductive cubic structure (Ia3d) against
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Fig. 6.24. Room temperature impedance (Cole-Cole) plot of Li;La;75Y0 25212012 immersed in 1 M LiOH solutions at 50 °C for 2 weeks [304].
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Fig. 6.27. Transient response of the cell to the changing CO, partial pressure at 500 °C [305].
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1 M LiCl and dist. H,O and hence, it demonstrated no degradation in Li* conductivity. The appearance of impurity phase and
the degradation of Li* conductivity in 1 M LiOH suggested that Li;La; 75Y0.25Zr,01, cannot be used with higher pH medium
(strong alkaline medium) at elevated temperature for longer period of time [304].

The high Li* conductivity, good thermal and chemical stability and ease of preparation of dense Li;Lay 75Y¢25Zr,01, sug-
gests that this partial yttrium-containing lithium garnet may be a promising solid ceramic electrolyte for all-solid-state
lithium rechargeable batteries. The model Li-air battery architecture with LLZO lithium garnet shown in Fig. 6.25 is expected
to deliver a high specific energy density.

6.4. Sensors

Zhu et al. [305] fabricated solid state potentiometric CO, sensor using LigBalLa,Ta;01; as solid electrolyte. Lithium tung-
sten oxide with nominal composition Lig 3sWO3 was employed as the reference electrode and a blend of Li,CO3; and Au paste
as the sensing electrode. When CO, gas is sensed, Li* partially released from Lip36WO3 migrate through the LigBaLa,Ta;013
solid state electrolyte. Meanwhile CO, molecules are easily diffused into porous auxiliary layer of the sensor leading to quick
adsorption and desorption of CO, in the reactive sites as modeled in Fig. 6.26 [305]. This in turn equilibrates with the Li ions
and the O, into Li,CO3 indicated by the following reaction:

2/6Li0_36W03 + CO, + 1/202 — L12C03 + 2/6 Li0_35,5W03

By changing the CO, concentration from 0.01% to 10%, the EMF measurements were taken at 450 °C and 500 °C. Fig. 6.27.
clearly shows a reproducible response with response time of less than 1 min [305].

The developed sensor showed a long life stable performance, a high sensitivity of 73 mV/decade, with the miniature
structure lowering the heating temperature and subsequent reduction in the power consumption in comparison with the
conventional tube type sensors [305]. One of the promising feature of this lithium electrolyte based CO, sensors are their
fast response compared to any other alkali ion conducting materials.

7. Conclusions

Lithium batteries are expected to play an important role for the development of high performance batteries for future
applications in e.g., electric vehicles, stationary energy storage and portable electronics. However, there are both scientific
and practical compulsions to replace currently used flammable liquid electrolytes with safe solid electrolytes without
trouncing of performance.

Crystalline garnet structured ceramic that contains mobile Li* have the potential to combine the ionic mobility of liquid
with the robust mechanical properties of solids. Systematic investigation through high resolution X-ray diffraction, neutron
diffraction, nuclear magnetic resonance (NMR), Raman measurements, impedance spectroscopic measurements and various
theoretical calculations shows that the structure and Li* conductivity of lithium garnets are intimately related. The migration
ability of Li* via the vacancies plays a very crucial role in their conduction properties. Slight change in the ordering of lithium
in lithium garnets ultimately has great influence on the Li* conductivity due to the higher flexibility of crystal lattice and
diffusion pathways.

Among numerous lithium garnets cubic phase LLZO offers multiple desirable properties like high ionic conductivities, sta-
bility against metallic lithium, a wide electrochemical operating window up to 6 V and pH stability around 7-11.5. In addi-
tion to the high Li* conductivity and electrochemical stability, the dense microstructure is a critical issue for the successful
application as an electrolyte membrane in high energy density battery. Field assisted sintering technique (FAST) is found to
be a useful technique to prepare dense lithium garnets in a very short interval of time at relatively lower sintering temper-
ature. The processing of dense (94 + 1%) cubic phase LLZO thin (<30 pm) flexible films with high ambient ionic conductivities
(0.2 +0.03 mS cm ') using conventional casting-sintering of flame made nanoparticles through careful control of the pro-
cessing variables is an encouraging development. These c-LLZO membranes may greatly increase the choice of cell compo-
nents and expected to simplify battery configurations. Further exploration of novel simple synthetic method and cost
effective processing technology is required for the commercialization of garnet structured flexible thin films as electrolytes
for electrochemical devices.

All-solid-state lithium batteries based on cubic LLZO solid electrolytes have still challenges in realizing high practical per-
formances due to their high electrode-electrolyte interfacial resistances. Hence, it is of at most importance to form favorable
contact between electrodes and the lithium garnet electrolyte. The interface modification will be a useful technique to
improve the cycle stability and rate capability of charge discharge reaction. Further experimental research work on
microstructure engineering may provide a solution to the dendrite problem for higher current density with metallic lithium
as negative electrode. The issues related to positive electrode may be eliminated by constructing a composite electrode that
consists of active material and solid-state electrolyte. Preparation of high Li* conductive lithium garnet glass ceramic may
solve the problem of dendrite growth and large interfacial resistance.

For electric vehicle applications, improvement of energy and power density is needed. It is not only decided by the prop-
erties of electrolyte, but also on the positive electrode and negative electrode and the battery configurations. Further
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research activity on processing techniques and interface engineering are strongly required for the successful fabrication and
commercialization of all solid state high energy density battery based on garnet structured electrolyte.
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