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Figure 3.5 (a) Interfacial microstructure of LATP/LMO half-cell prepared by two-step
joining process. (b) Element mappings of the area in (a), obtained by EDS. (c) Nyquist
plot of LATP/LMO half-cell prepared by two-Step JOining .......ccoceceevreevrnennciennnnns 64

Figure 3.6 (a) Schematic of LATP/LMO interfacial microstructure prepared by one-
step co-sintering (b) Schematic of LATP/LMO interfacial microstructure prepared by
EWO-SEEP JOINING 1.ttt et ettt e e e et e e e e e s e neneens 65

Figure 4.1. (a) Procedure of the two-step joining experiment for LCO/LLTO half-cells.
(b) Polished cross-section of LCO/LLTO half-cell co-sintered via SPS. ..................... 70

Figure 4.2. (a) SEM image of synthesized LLTO powders. (b) XRD pattern of the
LLTO powders. The indexing relies on the standard PDF card JCPDS N0.870935...71

Figure 4.3. (a) XRD pattern of SPS co-fired LLTO and LCO powder mixture. The
pattern was compared with standard PDF card of LCO (JCPDS N0.500653) and LLTO.
The extra peaks (marked with stars) match with Li147C0304 (JCPDS N0.782040). (b)
SEM image and element mapping for the powder mixture pellet after SPS ................ 72

Figure 4.4 SEM image of LCO/LLTO interface. Element concentration profiles have
been acquired by EDS in three different areas. .........cccocevevevevcicsicccese e 73

Figure 4.5. (a) Backscattered SEM image of LLTO/LCO interface, LLTO isthe brighter
phase (left) and LCO is the darker phase (right). The interfacial area contains five
regions with different microstructures. I isLLTO phase, Il isan intercalation region, III
is a layer similar to Il but without the second phase, 1V is an LCO phase with contrast
against V, V is LCO. (b) SEM image of LLTO/LCO interface, with an EDS line scan
from left to right (in yellow). (c) Atomic fraction profile obtained by EDS line scan
from the line marked in (b). (d) SEM image and element distribution profiles obtained
DY EDS MaPPING. c.ectiiriirieieieieieieieie ettt ettt bbbttt e b e nesneaenneneas 76

Figure 4.6. (a) SEM image of the lamella lift-out from the interfacial region. (b)
Chemical mappings of the entire lamella as obtained by STEM/EDS. The four marked
areas were analyzed in detail. 11, Il1, 1V, V refer to the same regions in Figure 4.5(a).
(c) Chemical mapping of area 2 from (b) as obtained by STEM mapping. Again, two
areas are marked. (d) Element concentration mapping of phase o/ interface. (€) EELS
analysis of four points (B1, B2, D1 and D2) in (c). Lithium related peaks were marked
out by stars. (f) Li concentration mapping for the area marked in (d). The color codes
for Li counts in arbitrary units. The chemical composition was quantified by TEM-EDS
area scans as detailed INTabIe 4.2. ..o 79

Figure 4.7. (a) SEM image of the lamella lift-out from the interfacial region of hot-
pressing sample. (b) HAADF image and EDS mapping of the sample in (a). ............. 81

Figure 4.8. HRTEM image of bright (phase a) and dark grain (phase B) interface. (c)
SEAD pattern of B grain in [110] zone, (d) SEAD pattern for § grain in [211] zone..82

Figure 4.9 SEAD pattern for bright grains. (LLTO) ....ccevveiiiiiiiiiieicieeeeeeien 83

Figure 4.10. (a) Simulated phase diagram for Li-Ti-O to confirm possible structure with
FCC symmetry. The red dots represent stable structure with combination Li-Ti-O, and
the blue dot indicates stable structure with FCC as minimum energy phase (LiT20a).
(b) The simulated virtual selected area-electron diffraction (SAED) patterns of FCC
LiT204 along [110] and [211] ZONE @XES. ..eveververierierieriesiesiesie et sne s 85
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Figure 4.11 (a) Impedance profile of LLTO sintered by SPS. The equivalent circuit on
the top was used for the fitting. (b) Impedance profile of LCO sintered by SPS along
with the used equivalent circuit. (¢) The impedance profiles of LLTO (red), LCO (black)
and LLTO/LCO. (d) Nyquist plot of LCO/LLTO interphase from the subtraction
method in the frequency range from 50kHz to 1Hz. (e) equivalent circuit for
LLTO/LCO half-cell. (f) Impedance profile of LLTO sintered by SPS. The equivalent

circuit from (e) was used for the fitting ........ccccceveieiiic 88
Figure 4.12 Equivalent Circuit for LLTO......ccoiiiiiiiiseiiseeeesee e 89
Figure 4.13 Equivalent Circuit for LCO. ......cccoviiiiiiiiieinisee e 90
Figure 4.14 Equivalent circuit for LCO/LLTO interphase .........cccovevvevevieviesiesesesiennn, 91
Figure 5.1. Experimental set up of cold sintering experiment...........ccccecevveviiieniennnnens 95
Figure 5.2 Experimental procedure for LLTO/LMO half-cell prepared by CS........... 96

Figure 5.3 XRD pattern for LLTO raw powders, densified by cold sintering at 180 °C
and 200°C. The diffraction patterns are compared with standard PDF card of LLTO
IO LS 1) TSP 97

Figure 5.4 (a) SEM image of LLTO raw powders. (b) Fracture surface of SPS sintered
LLTO. (c) Surface microstructure of LLTO pellet densified by CS at 150°C. (d) Higher
magnification image of (c). (e)Surface microstructure of LLTO pellet densified by CS
at 180°C. (f) Higher magnification image of (e). (g) Surface microstructure of LLTO
pellet densified by CS at 200°C. (h) Higher magnification image of (€). .......cc.coceune.. 99

Figure 5.5 XRD pattern for LMO raw powders, LMO pellets densified by CS at 180°C
and 200°C. Diffraction patterns are compared with standard PDF card of LMO
(100G TSSO 100

Figure 5.6 (a) LMO raw powder with particle size of about 300 nm (b) Electrochemistry
grade LMO powder with particle size of about 5 um. (c) Surface microstructure of LMO
1 pellet densified by CS at 180°C. (d) Higher magnification image of (c). (e) Surface
microstructure of LMO 1 pellet densified by CS at 200°C. (f) Higher magnification
image of (e). (g) Surface microstructure of LMO 2 pellet densified by CS at 180°C. (h)
Higher magnification image Of (g). ....cooererrrirereiseieer e 102

Figure 5.7 (a) Interfacial microstructure of CS densified LLTO/LMO half-cell prepared
with LMO 1 powders. Atomic fraction of element in Area 1 and Area 2 are obtained by
EDS area scans. (b) Higher magnification image of (a). (¢) Element mappings of (a)
ODAINEA DY EDS ... e 104

Figure 5.8 (a) Interfacial microstructure of CS densified LLTO/LMO half-cell,
prepared with LMO 2 powders. Atomic fraction of elements in Area 3 and Area 4 are
obtained by EDS area scans. (b) Higher magnification image of (a). (c) Element
mappings of (a) obtained bBY EDS ..o 105

Figure 6.1 Schematic of Li/solid electrolyte/ Li symmetric cell. ..........ccoevviriinnnn 111

Figure 6.2 (a) SEM image of LLTO powders. (b) Fractured surface microstructure of
LLTO sintered by SPS. (c) SEM of Ta-doped LLZTO powders. (d) Fractured surface
of Ta-doped LLZTO pellet sintered by SPS.........ccoooiiiiiiieic e 112

Figure 6.3 Color change in LLTO pellet after in contact with Li metal electrode.....114
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Figure 6.4 (a) Galvanostatic cycling of Li/LLTO/Li cell with increasing current
densities at room temperature. (b) Galvanostatic cycling of Li/LLTO/Li cell with
current density of 10 mA/cm? for another 450 hours after (a). (c) Impedance
measurement of Li/LLTO/L.i cell after assembly, after 45 cycles and after 500 cycles

Figure 6.5 (a) Galvanostatic cycling of Li/LLZTO/Li symmetric cells. (b) LLZO pellet
after cycling. (c) Impedance measurement of Li/LLZTO/Li cell before cycle (d)
Impedance measurement of Li/LLZTO/Li cell after cycle. ..., 116

Figure 6.6 (a) Fractured surface of LLTO after cycling, obtained by backscattered
electron detector. (b) Higher magnification image of (a). (c) Element concentration
mappings of the dark spots, obtained by EDS. ..o, 117
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HRTEM High Resolution Transmission Electron Microscopy
HAADF High-angle Annular dark field
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IEF Interelectrode Film
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HOMO Highest Occupied Molecular Orbital
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ABSTRACT

Lithium-ion batteries (LIB) have been widely applied to portable electronic
devices in the past decades. However, there has been a growing safety concern on Li-
ion batteries, stemming from the flammability of the conventional liquid electrolytes.
Replacing the organic liquid electrolytes with solid electrolytes (SEs) is generally
viewed as the best potential solution to this challenge. Even though ceramic solid
electrolytes are nonflammable and can tolerate extreme temperatures, there is still a
long way before commercialization of solid state batteries (SSBs) is possible. The high
interfacial resistance between SEs and electrodes is considered as the biggest roadblock
standing in the way of the practical realization of SSBs. Such interfacial resistance
could cause great capacity loss, as well as poor cycling performance. Therefore, in this
thesis, research efforts have been made to understand the origins of the observed large
interfacial resistance, and explore possible approaches to alleviate its impact on battery
performance.

In this thesis, we studied interfaces include cathode-electrolyte and anode-
electrolyte interfaces. In the study of the cathode-electrolyte interface, we applied Spark
Plasma  Sintering (SPS) to  prepare  Lio3sslags7TiO3(LLTO)/LiMn2Oa4,
Li13Alo3Ti17(PO4)s/ LiMnO4, Lioaslags7TiOs/LIC0oO, half-cells. Along with
Scanning Electron Microscopy/ Transmission Electron Microscopy to characterize
interfacial microstructure. The results showed that the interdiffusion between cathode
and electrolyte materials leads to the formation of a micron-thick interdiffusion layer,
and result in interfacial resistances on the level of 10° Q, which is about 40 times higher
than the resistance of individual SEs. Thus, the formation of interdiffusion layers is the
dominant origin of high electrical resistance in cathode-electrolyte interfaces. Cold
sintering has been applied to prepare LLTO/LMO half-cells. The interdiffusion proved
to be somewhat alleviated by cold sintering. However, more work is needed to improve
particle compaction and surface contact.

Towards the understanding of anode-electrolyte interface properties, it is the
dendrite formation in LLTO that was studied herein. We found that the reaction
between Li and LLTO could lead to an enhanced durability of LLTO against Li

dendrites. The reaction product has better conductivity than LLTO. More evidence on
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LLTO battery performance is still needed, however, this discovery has the potential of

solving the dendrite problem for Li-metal SSBs.
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CHAPTER 1. OVERVIEW OF KNOWLEDGE ON SOLID STATE
LITHIUM-ION BATTERIES

1.1 Background

Lithium ion batteries (LIBs) have been applied to portable electronics as power source for
the past decades. Therefore, they become established as one of the most promising energy storage
devices.! LIBs are favorable in various applications as a result of their high power density and
great cycling performance. State-of-the-art batteries with as high energy density as 260Wh/kg have
been realized?. With the increasing demand for a low carbon society, possibilities of applying LIBs
to electric vehicles (EVs) have been widely investigated.® To fulfill requirements for EVs, batteries
with greater power densities, higher safety level, longer life and lower costs than those currently
available are needed.* Safety issues have been the main drawbacks that hinder the LIBs application
in EVs.® Electrolytes currently used in conventional batteries are flammable liquid organics. Their
leakage at high voltages or elevated temperatures can bring about great safety concerns such as
combustion.® One of the potential solutions is to replace the traditional organic electrolytes with
solid state electrolytes (SSEs). The nonflammable SSEs usually have better mechanical properties
than liquid electrolytes. Therefore, all solid state batteries can have a better packing efficiency as
they break the restrictions of traditional design geometries.” Moreover, ceramic oxide electrolytes
typically provide broader electrochemical windows, which allows the use of electrodes with larger
chemical potential difference, and therefore can increase the voltage of the batteries. SSEs also
make it possible to use lithium metal anodes in the batteries by suppressing the dendrite formation
on the metal surface®.Overall, the use of SSEs allows electrodes with higher capacity, as well as
higher voltage of the batteries. Thus, a successful solid-state battery, if realized, is expected to
have a higher energy density than those of existing conventional devices. The energy density of a

battery follows the equation:

CxXV
E=
m

where E represents the energy density, C represents the charge capacity, V represents the voltage
of the cell and m is the active mass of the electrode material. Potentialsand capacities of common

electrodes are shown in Figure 1.1.°
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Figure 1.1 Voltage versus capacity for cathode and anode materials in LIBs®

Despite all the advantages of SSEs mentioned above, there are still great challenges
encountered when trying to apply SSEs to all-solid-state batteries. Poor ionic conductivities of
SSEs (compared to traditional liquid electrolytes) and high interfacial resistances between SSEs
and electrodes are drawbacks that can result in low power densities and inferior cycling
performance'®. Some of the recent works have already developed SSEs with ionic conductivities
comparable with the liquid ones. Kanno’s!! group developed a superionic conductor, LiigGeP,S12,
with an ionic conductivity of 102 S cm™ at room temperature. Another glass-ceramic conductor
Li»S-P,Ss, synthesized by Tatsumisago'? also exhibited a high ionic conductivity of 3x103S cm-
1. However, there is lack of fundamental understanding when it comes to the interfacial phenomena
between electrodes and electrolytes. Some theories have been proposed to explain the high
interfacial resistance, such as the space-charge layer effect,’® and formation of interfacial phases
during charging and discharging.'# There is evidence that the formation of inter-electrode films
(IEF) at the interface of ceramic compounds could heavily influence the charge transfer kinetics
and cost great capacity loss.

IEFs are charged 2D interfacial phases (interphases) formed at the electrode/ electrolyte
surface during cycling. Similar to the solid electrolyte interface (SEI) layers, which control the
performance of traditional batteries, IEFs could define the high interfacial resistance between

electrode/electrolyte in solid-state batteries. The formation of IEF layers could affect both
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conductivity of electrolytes and electrode/electrolyte contact areas, which contribute to the ohmic
loss in batteries.

However, the chemical and thermodynamic properties of the IEFs as well as the phase
formation dynamics are still lacking complete understanding. Therefore, in this thesis, the goal is
to study the fundamentals of charged IEF, to aid in engineering of structurally stable 2D interfacial
phases that maximize the interfacial conductivity and mechanical integrity. This study could not
only reveal the origin of large interfacial resistance in solid state batteries, but also provides
guidance for the selection of electrode/electrolyte materials.

Last but not least, in addition to the formation of IEF at electrode/electrolyte interface,
dendrite formation at anode/electrolyte interface is another significant challenge for solid-state
batteries. In the last chapter, we also present the results of a study on the dendrite formation

conditions at anode/electrolyte interface.

1.2 Solid State Electrolytes

1.2.1 Conduction of Li-ions in solid state electrolytes

Solid state electrolyte materials typically exhibit good conductivities for ions, while preventing
the transport of electron species.'® Ceramic electrolytes typically transport ions through point
defects such as vacancies or interstitial ions.'® For intrinsic point defects (Schottky defects and

Frenkel defects), the number of defects obeys the Arrhenius equation:

—N- _Er
Np = N - exp[- L] (1)
Where Er is the formation energy of defects, Np is the number of defects'’. However,
extrinsic defects introduced by impurities or dopants also contribute to the transportation of ions.
In SSEs, the movement of ions can be described by the simple hopping model, where the defects
(vacancies and interstitial ions) are transported by jumping isolated through lattice sites.® In this

case, the diffusion coefficient (D) can be described as:

D = ad?v(2)
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Where a is the reciprocal of possible jumping directions (coordination number), d is the
jumping distance and v is the jumping frequency. The jumping frequency v can be further

interpreted by:

v = Buy exp[—AG/RT] (3)

Where { is the fraction that ions can move and AG is the free energy of migration. The ionic

conductivity follows Nernst-Einstein relation:

2
o =2 (4)
Where n is the number of ions that can move. Thus, if we plug Equation (2) and Equation
(3) into Equation (4), we can see that the conductivity is proportional to n, vo and AG. For the fast
ion conductors that are suitable for electrolytes, the activation energy (mainly activation enthalpy?®)
should be several magnitudes lower than common materials. Also, the conductivity can be written

in a simpler formula:
E Em
6 = Avgng = Aexp[~ 1 lexp[~ ] (5)

Where Et is the defect formation energy and En is the hopping barrier energy. In summary,
a solid fast ion conductor is usually highly polarized, with weak binding energy. It should also
have a low coordination number of mobile ions. ¢ As a result, a lithium-ion conductor should have
suitable conduction pathways for lithium ions, and low activation energy of the defects that

transport lithium ions.

1.2.2 Common types of ceramic solid electrolytes

Figure 1.2'® shows the ionic conductivities of common solid state electrolytes, among
which we can see that the LISCON-like electrolytes (lithium ion super conductors, for example,
Li,S-GeS,-P>Ss) have the highest ionic conductivities. These conductivities are comparable with
those of the traditional organic electrolytes (EC; DMC and 1M LiPFs). Other structures for solid
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electrolytes, such as Garnet, NASICON-like, and Perovskite, also exhibit ionic conductivities of
10 Scm™.
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Figure 1.2 lonic conductivity of common types solid electrolytes 8

Lithium Lanthanum Titanite (LLTO)

Lithium Lanthanum Titanite (LisxLags-xTi103) is a perovskite(ABO3z) type lithium ion
conductor (Figure 1.3). Inaguma?® first reported the LisxLawsxTiOs (x=0.11) had a bulk ionic
conductivity of 1x10° S cm™ at room temperature. However, the overall ionic conductivity
reduced to 2x10° S cm when considering the grain boundary resistance. For a perovskite
structure (Figure 1.3 (a)) 2°, Li* and La®* share A sites, and Ti** occupy B sites. The trivalent La
ions introduce A site vacancies to the structure while Li ions take up vacancies; therefore the
LisxLagpis-xOws-2x 1103 ( O represents A site vacancies) transports Li ions through these vacancies.
The LisxLags-xOas-2x T103 has been reported to be stable through multiple compositions. The X
value varies from 0.04 to 0.16, which changes the crystal structures of LLTO.%! Generally speaking,
there are two main types of LLTO with different crystal structures: a-LLTO and B-LLTO. LLTO
is considered as a mixture of these two phases. a-LLTO has a cubic structure with Pm3m symmetry
(a=0.38 A), where La®* and Li* ions are randomly distributed at A sites. While B-LLTO has a
P4/mmm symmetry, alternative Li* and La" rich layers form a tetrahedral (Figure 1.3(b), where
a=0.38 A and ¢=0.76 A1) structure. The presence of the B-LLTO phase accounts for the high

conductivity of LLTO, in which the lithium ions mainly diffuse through vacancies in the ab plane.
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This diffusion is bottlenecked by oxygens that form TiOs octahedrals®?. Researchers have found
out that by applying larger A site ions than La* can increase bottleneck size and therefore increase
the ionic conductivity of LLTO.% Although LLTO is stable at high potentials (5V vs Li/Li"), it is
unstable at low potentials (1.5V vs Li/Li*) where Ti** ions get reduced to Ti%*. This restricts the
application of LLTO as a solid electrolyte for batteries because it is reactive against common

anodes like lithium and graphite.?

Figure 1.3 (a) Schematic of perovskite structure 2° (b) Structure of tetragonal
LisxLags-xTiO3(x=0.11) 2

Lithium Lanthanum Zirconate (Li7LasZr2012)

LizLasZr,012(LLZO) is a new garnet structure(AsB2M3012) lithium ion conductor. Garnet
structure conductors have superior ionic conductivity because of their ability to accommodate an
excess amount of lithium ions. In a garnet crystal(AzB2M3012), which is a cubic structure, A sites
have a coordination number of 8, B sites are octahedral (CN=6), and M sites are tetrahedral
(CN=4)%8, For lithium ion conductors, lithium ions would take tetrahedral (M) sites. Researchers
found out that to get a higher ionic conductivity, more lithium ions could be added to the structure.
This made a LisLasM2012 (M=Nb, Ta) structure.?* Additional Li* ions are held in a mixture of
tetrahedral coordinate M sites and distorted octahedron sites at the vacant of AzB2M3012 structure.
25 Then, Wepper reported LizLasZr,O12 (LLZO) with a room temperature bulk ionic conductivity

of 4x10* S/cm and an overall conductivity of 1x10* S/cm?6. The crystal structure of LLZO is
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shown in Figure 1.4 (a)?" . LaOg and ZrOs constructs the garnet structure, and Li* ions (showed in
Figure 1.4(b)), take the tetrahedral sites (Lil) and distorted octahedral sites (Li2), the lithium sites
form a 3D network as Figure 1.4(c), which explains the high ionic conductivity of LLZO.
Additionally, Zr** is stable against Li metal at low potentials, thus the cubic phase LLZO can be
applied to batteries with lithium metals anodes. However, there are also reports mentioned that the
LLZO is unstable against CO2 and water, which are considered as shortcomings of this garnet type

electrolyte.?
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Figure 1.4 (a) Crystal structure of the LLZO (b)Coordination polyhedral around Li
sites (C) 3D network structure of Li atomic arrangement in a cubic LLZO

Lithium Aluminum Titanium Phosphate (Li1.3Alo.3Ti1.7(POa4)3)

Li13Alo3Ti17(PO4)s (LATP) is a NASICON type lithium ion conductor. The NASICON
type solid AM2(POs4)3s (A=Na, M=Ge, Ti, Zr) was first found out to have great Na ion
conductivity.?® The structure schematic is shown in Figure 1.5 (a).?°, where Li* or Na* takes A
sites, and the BO4 tetrahedra and MOg octahedra are connected by oxygen ions on the corners. As
we are discussing Li ion conductor, A sites should be taken by Li ions. The Li* also have two
additional sites in the structure, which are shown in Figure 1.5 (b), M1 and M1/2 sites are the
favorable positions for Li*.%° These sites form a 3D network, where lithium ions are transported
by hopping among these sites. For the LiTi204, the ionic conductivity can be further improved by
substituting part of Ti#* ions with AI**. To maintain the charge neutrality, more lithium ions should

be accommodated in the crystal structure. A bulk ionic conductivity of 3x10-2 S cm* was reported

23



for Li13Alo3Ti17(PO4)33t However, the LATP has been proved to be unstable at low potentials, as
Ti** get reduced at 2.5V vs (Li/Li*). This makes LATP incompatible with low potential anodes
like lithium metals or graphite. The high ionic conductivity and high potential stability still makes
LATP a promising solid electrolyte material3!.

Other types of lithium ion conductors such as thio-LISICON conductors are also reported
to have great room temperature ionic conductivity, however, the stability in ambient atmosphere

and the stability against metal Li are still the main concerns for this type of electrolyte.4

Figure 1.5 (a) Crystal structure of the LLZO (b)Coordination polyhedral around
Li sites (C) 3D network structure of Li atomic arrangement in a cubic LLZO

1.3 Electrolyte/ electrode interface in LIBs

Interfacial properties between electrode and electrolyte have a significant effect on the
transportation of lithium ions. Additionally, in SSBs, undesired products of side-reactions cannot
dissolve or diffuse in the solid electrolyte, which would further influence the performance of the
batteries.®? Thus, understanding the electrode/electrolyte interfacial properties can help engineer

the interface to get favorable ionic transport performance.

1.3.1 Stability between electrolyte and electrode.

For the conventional lithium ion batteries with organic electrolytes, during the first cycle,
solid electrolyte interphase (SEI) layers will form on the surfaces of both cathode and anode, and

cause about 10% capacity loss.3 The SEI is a passivation layer formed by reduction of electrolyte.
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However, this SEI layer is Liion conductive and electron insulating, thus it prevents the electrolyte
from further decomposition and ensure the stable cycling of batteries.3* The formation of SEI can
be attributed to the electro-chemical potential of electrode laying outside the electrochemical
window of the electrolyte. The schematic is shown in Figure 1.6%°. In the battery system, the anode
is reductive, while the cathode is oxidating. The electrochemical window (Eg) of an electrolyte
refers to the energy separation between its lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO). na and pc refer to the electrochemical potential of
anode and cathode. From Fig. 6 we can notice, for an anode, if ua is above the LUMO, the anode
would donate electrons to the electrolyte, i.e. reduce the electrolyte. This happens unless a
passivation layer (SEI) is formed on the interface, which can block the further transportation of
electrons from anode to electrolyte. Similarly, for a cathode, if pc is lower than the HOMO, the
cathode would take electrons from the electrolyte, i.e. oxidize the electrolyte unless the formation
of SEI. Thus, a stable battery assembly requires the electrochemical potentials of both electrodes
be located within the electrochemical window of the electrolyte. However, the open circuit voltage
(OCV) obeys:

FXxVoc= p,—uc<E,

Where F is the faraday constant. Thus the OCV of a battery is controlled by the difference
in electrochemical potentials between two electrodes®. By allowing the formation of SEI on
electrodes, we broaden the potential difference of electrodes and increase the OCV of the battery,
which accounts for a higher energy density of the battery. The carbonate electrolytes we currently
use have oxidation potentials at below 4.7 V (vs Li/Li*)¥, and reduction potentials at about 1V (vs
Li/Li*)%®. Therefore, traditional organic electrolytes are unstable against some high voltage
cathodes such as LiNiosMn1.504. This brings us back to the desire for solid state electrolytes that
exhibit great stabilities at high voltages.®® Despite SEls being often observed at the surface of
anode in traditional batteries, SEI can also form at the cathode surface*’. Moreover, Mohanty*:-43
designed a series of characterization methods to investigate the structure of
Li1.2C00.1Mnos5Nio.1502 (NMC) when cycling at high voltages. He found out that the formation of
SEI consumed lithium ions from both the cathode and electrolyte, and therefore reduced the ionic

conductivity of the system. Thus, the anode potential would increase as less lithium ions inserted
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to the anode, which also inreturn required a raise in cathode potential to maintain the cutoff voltage
of the battery. The cathode structure was distorted and experienced phase transformations, which
led to the cycling instability of the cell. This effect is also considered as a shortcoming when SEI

forms on the cathode surface.
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Figure 1.6 Energy requirement for the formation of cathode and anode SEI3®

1.3.2 Space-charge layer effect

Space-charge layer is reported to be formed at the interface or grain boundaries of ceramics
to compensate for the charged surface. For example, if the surface has a positive charge, it will
attract negative charged defects to the surface, and form a potential barrier at the interface. This
potential barrier will affect the conduction of ions.

Maier published a series of papers focusing on the role of space-charge layer for ionic
conduction.*4" Maier’s study discusses this phenomenon for two F~ ion conductors, BaF, and
CaF; deposited as a layer by layer structure. Part of F~ ions will transfer across the interface to
reach an equilibrium and form a space-charge. The transfer of F-ions will produce vacancies and
interstitials in the two materials. However, the point defects (vacancies and interstitials) will in
return increase the ionic conductivity.** Ohta believed this theory would hold when it comes to the
Li* cathode and electrolyte interface. As the structure and composition of solid electrolytes had

been optimized for ion conduction, the influence of ion transfer would cause the composition to
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deviate, and therefore reduce the ionic conductivity for the space-charge layer!3. Thus, the
formation of space-charge layer would increase the resistivity of the interface. Takada also
reported the space-charge layer influence on cathode materials against sulfide electrolytes®. Solid
electrolytes tend to experience so called “anode polarization” at the interface against high voltage
cathodes. As the electrochemical potentials of Li ions (fermi level) are equal for the adjacent
cathode and electrolyte, the electrochemical potential is the combination of two parts, n; = y; +
z;qP*®, chemical potential and electrostatic potential(inner potential). The anodic polarization will
increase the electrostatic term for the electrode, in return reduce the chemical potential of Li ions.
Lithium ions in the sulfate electrolyte have high mobility, which indicates high lithium ion
chemical potential. The difference in chemical potential will drive lithium ions to move from
electrolyte to cathode and form a lithium ion depletion zone in the electrolyte, which would greatly
increase the resistance.*® Takada performed a series of studies on developing oxide coatings on the
surface of electrode, which were indicated as buffer layers.51348-50 A “buffer layer” is shown as
the upper part in Figure 1.7°, which is a thin layer of oxide that is electron insulator and ionic
conductor. The oxide should have strong lithium ions attraction (electronegativity) to prevent the
formation of lithium depletion layer. The result in Figure 1.7 proved the oxide coating can improve
the conductivity by two orders of magnitude. They also tried other oxide coatings such as LiNbO3,
which also increased the overall conductivity of the cell, and further confirmed the feasibility of

buffer layer coatings in reducing the electrode resistance. !

TIRi (K Q™1 em2)
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Figure 1.7. The temperature dependent resistance of the electrode with and without a
LisTisO12 laver as the buffer laver.®
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1.3.3 Interphase (IEF) formation effect

In addition to the space-charge layer theory, which assumes that there is no reaction taking
place at the interface, another theory to explain the high interfacial resistance is the interphase
formation theory. This theory states that there are low conductivity phases formed at the interface
between cathodes and SEs. Either the interdiffusion of elements or side-reactions between cathode
and SEs can lead to the interphase formation. As the composition of electrolyte has already been
optimized for ionic conduction, the formation of interphase will increase the resistivity of the
battery.

Sakuda investigated the LiCoO2 and Li>S-P2Ss interface with the help of Transmission
Electron Microscopy (TEM) %2 and observed an interfacial layer after the first charge. They used
high-angle angular dark field (HAADF) STEM images to characterize the interface between
LiCoOz and Li2S-P,Ss as shown in Figure 1.8. However, Figure 1.8 (1) (b) indicated that an
interfacial layer with the thickness of about 10nm was formed after first charging, and that layer
could be responsible for the increased resistance of the cell. The new phase is identifiable in
HAADF mode as it shows a good Z contrast. Figure 1.8 (2) presents the distribution of elements
in the direction of the arrow, proving that at the interface, there was interdiffusion of Co, P and S.
A large amount of Co diffused into the Li>S-P,Ss and only little S diffused into the LiCoO,. From
the result, we can deduct that the interfacial layer could consist of S, Co and maybe lithium. The
presence of lithium element can be hard to trace as it is invisible under EDS. To suppress the
formation of interfacial phases, a Li»SiO3z coating was applied to the surface of LiCoO,. The
distribution of elements across the interface was shown in Figure 1.8 (3), it is obvious that the Co
diffusion was suppressed by the coating. The impedance profile also implied that the coating could

reduce the overall resistance of the cell by suppressing the formation of interphase.
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Figure 1.8 (1) (a)&(b) Cross-sectional high-angle annular dark field (HAADF) TEM
images of the interface between LCO and Li.S-P,Ss after the first charging. (2) EDX
line scan through the interface (3) EDX line scan through the interface after coated the
LCO surface with Li,SiO3

Koerver investigated the interface between an NMC type cathode (LiNip.sC00.1Mno.102)
and B-LisPSs with in situ techniques during the first charging.3? They identified a high resistivity
layer formed by the oxidation of SE at the interface with the help of SEM and EIS, which was
responsible for the additional resistance detected. Meng group reported a distinct interdiffusion
layer observed at the Si/LiPON interface, which was an anode/electrolyte interface. Moreover, a
lithium ion accumulation layer was also detected at the LiCoO2/LiPON interface; the authors
confirmed the existence of an interfacial phase by detecting the lithium ion distribution with the
help of STEM/EELS. Layers at the surfaces of both electrodes could contribute to the increased
lithium transportation resistance detected. Additionally, an interdiffusion interphase with the
thickness of 50nm was also reported by Kim for LiCoO2/LLZO combination (LLZO is
LizLasZr,012). By analyzing electron diffraction patterns, the diffusion layer was found to contain

La,CoO,4 .53 Ceder used simulation methods to predict a workable cathode and electrolyte
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combination, which had good agreement with experimental data. His simulation results also
provide some alternative cathode/electrolyte combinations that were never attempted by
experimentists.” Part of the simulation results performed on LLZO in contact with several common
electrode materials are shown in Table 1.1. These results further prove that at cathode voltage,
there are often side reactions, which will lead to formation of interphases. That interphase could

possibility increase the interfacial resistance and cause capacity loss.

Table 1.1 Reactions could happen to LLZO/ cathode combinations according to simulation’

Cathode/electrolyte | Reaction at cathode voltage Reaction with mixing
. 4Li7LazZr,01o— 702+4LaxZro0O7+ 2 | 4Li7LazZr,01o—
LLZO/LIC00, La;,0s 70,+4La,Zr,07+ 2 La;03

. . 10 LiFePO4+ Li7LasZr012
LLZO/LiFePO, 4Li7La3Zr,010—7Li202+4LaxZr,07+ —7LisPO4+3LaPOs+5Fe,03.

2 La;0s 3LaxZr,07

7LiIMNnO2+2Li7LasZr,012
—Lay03+7LioMnOs+

4Li7;LasZr,01—

2LaxZr,07
. T 4Li;LasZr,01,—8LiLaZrO4 +5Li,0, | 7LiINiO2+LizLazZr,01—
LLZO/LINIO2 + 2Lay03 2La>Zr,07+7Li2NiOs+ LayOs

Other effects, such as poor contact between rigid solid electrolyte materials and cathode
materials can also lead to high interfacial resistivities in solid state batteries. This situation can be
further aggravated as the electrodes often experience a large volume change during charge and
discharge.>*%° Building a flexible solid state electrolyte,> bringing up a new design of a battery®’,
or developing a oxide coating layer on the cathode surface to stable the cathode structure and

enable better contact>® have been considered as the possible solutions to this problem.
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CHAPTER 2. ORIGIN OF HIGH INTERFACIAL RESISTANCES IN
SOLID-STATE BATTERIES: INTERDIFFUSION AND AMORPHOUS
FILM FORMATION IN LLTO/LMO HALF CELLS

This chapter is based on the work published in “Pengyu Xu, Wolfgang Rheinheimer, Shoumya
Nandy Shuvo, Zhimin Qi, Or Levit, Haiyan Wang, Yair Ein-Eli, Lia A. Stanciu. Origin of High

Interfacial Resistances in Solid- State Batteries: Interdiffusion and Amorphous Film Formation in
Lio.33Laos7TiO3/LiMn,0O4 Half Cells[J]. ChemElectroChem, 2019, 6(17): 4576-4585.”

2.1 Introduction

All-solid-state lithium ion batteries have been regarded as promising power sources for
electric vehicles (EVs)?. By replacing flammable organic liquid electrolytes with non-flammable
solid electrolytes (SEs), solid state batteries (SSBs) are projected to solve the safety issues of
traditional lithium-ion batteries.>® Moreover, solid electrolytes typically provide broader
electrochemical windows, which could enable the application of higher potential cathodes. By
suppressing the dendrite formation, SEs also make the use of lithium metal anodes possible in
batteries’® , thus increasing the energy density of SSBs.

However, the poor ionic conductivity of SEs and the high interfacial resistance between
SEsand electrodes are two drawbacks for solid state lithium ion batteries, which could lead to low
power density and poor cycling performance of SSBs.%? Recently, great progress has been made
in improving the ionic conductivity of SEs. Kanno’s group reported a lithium superionic conductor
Li;0GeP,S;2 with ionic conductivity of 10-2 S/cm?!!, which is comparable to a liquid electrolyte. At
the same time, perovskite!®, NASICON-like® and garnet type® solid electrolytes were also
reported to reach ionic conductivities of about 10-3 S/cm at the room temperature®®, On the other
hand, the large interfacial resistance between electrode and electrolyte could lead to large internal
resistance of the battery and result in a loss of energy and power density®. However, interfacial
phenomena between electrodes and electrolyte in SSBs are still not well-understood. Formation of
interelectrode films®262, space-charge layers 493 and contact loss due to electrode deformation
during cycling® are potential reasons for the large interfacial resistance. Among these, the
interphase formation at the cathode/electrolyte interface during charging has been observed

experimentally by Sakuda® and theoretically testified by Ceder’s group’. Studying the formation
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mechanisms of the interphase and investigating its effect on ionic conductivity is the first step
towards engineering structurally stable SSBs.

At the same time, co-sintering experiments have been widely applied to investigate
possible interfacial reactions between oxide electrolyte/electrode combinations®65-67 where the
compatibility of garnet-like electrolyte®® and Lithium Aluminum Titanium Phosphate (LATP)S!
against common cathode materials has been investigated. However, there is still a lack of research
on the compatibility of perovskite electrolytes against cathode materials. Interphase formation
occurs during co-sintering by an interdiffusion between both materials involved. Based on such
experiments, this work evaluates the feasibility of a pair of model cathode/electrolyte ceramics for
SSB applications. Lithium Lanthanum Titanite (Lio33Laos7TiOs, LLTO) is a perovskite electrolyte
with a high bulk ionic conductivity of 10 S/cm at room temperature!®. LLTO is stable in air,
tolerates humidity and does not release any toxic gases as a result of chemical decomposition in
contrast to sulfide electrolytes®®. In addition, LLTO has good high temperature stability and is
reported to be stable against high voltage cathodes???. Therefore, LLTO is a promising SE
candidate in SSBs. However, its high grain boundary resistance and instability against low
potential anodes are challenges that LLTO would face as a solid electrolyte in a battery®. Lithium
Manganese Oxide (LiMn2Os, LMO) is a popular spinel cathode material, and it has been
considered as the best candidate replacing e.g. lithium cobalt oxide (LiCoO2) because of the
abundancy of manganese in nature and its low toxicity level.”%.7*

Spark plasma sintering (SPS) is an advanced sintering method that utilizes uniaxial
pressure and a pulsed DC current to consolidate powders with high sintering rates’?, and can thus
be an appropriate technique to use for the sintering of SSB half cells. As mechanical pressure adds
to the driving force for sintering and direct heating allows for very high heating rates, lower
processing temperatures and shorter sintering times can be achieved, which can reduce particle
coarsening greatly’®. At the same time, the short sintering times can alleviate the formation of
interphase, which is beneficial for batteries. The possibility of applying SPS to produce a laminar
cathode/electrolyte/anode SSB has been brought to light according to the time-saving and good
interfacial contact promised by this technique’ .

As future SSBs need a functioning interphase layer without the development of large
resistances, a careful choice of chemistries and processing parameters is needed. Any

computational study of the interphase formation will need experimental input on the interdiffusion
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and phases that are being formed in the contact area. So far, no information is available for the
interphase formation for the half-cell pair LLTO/LMO. Therefore, in this work, we co-sintered
LLTO and LMO via both SPS and conventional sintering to understand their benefits as processing
methods for the investigation of cathode/electrolyte interphase formation. We used scanning
Electron Microscopy (SEM), High Resolution Transmission Electron Microscopy (HRTEM),
Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray spectroscopy
(EDS) as characterization methods of the cathode/electrolyte interphase. Additionally, we
analyzed the effect of the interphase formation on the overall conductivity by Electrochemical

impedance spectroscopy (EIS).

2.2 Experimental

Powder synthesis: Liosslaos7TiOs (LLTO) was synthesized by solid state reaction. LioCO3
(Sigma-Aldrich, >99%), La.,O3z (Sigma-Aldrich, >99.9%) and TiO. (Rutile, Sigma-Aldrich,
>99.9%, <5 um particle size) were mixed according to stoichiometry in an attrition mill. The mixed
powders were dried and calcined in a tube furnace at 1050°C for 6 hours to allow a solid-state
reaction to the perovskite phase. The LLTO powders were attrition milled again for 2 hours to
break agglomeration formed during calcination. The powder was characterized by XRD and SEM.

The cathode material, LiMn2O4 (LMO) is commercially available from Sigma Aldrich (>99%,
<0.5 pm particle size).

Pellets for Sintering: LLTO and LMO powders were co-pressed axially into a layered pellet as
shown in Figure 2.1 (a). LMO powders were pressed into a green pellet at 80 MPa for 1 minute.
Subsequently, the same volume of LLTO powder was added and again pressed at 80MPa for 1

minute.

SPS and Conventional Co-sintering

Figure 2.1 (b) shows a co-pressed pellet sintered by a Thermal Technology SPS 10-3
machine. The SPS experiment was carried out at 50 MPa and 900°C for 10 minutes. The heating
and cooling rate were 100 °C/ min. The co-sintered pellet was cut and embedded in epoxy. The

cross-section was polished with SiC paper and diamond slurry (final particle size of 1um).
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Figure 2.1 (c) shows a co-pressed pellet after conventional sintering at 900°C in a tube
furnace for 4 hours in Ar atmosphere. The pellet was cut and embedded in epoxy and the cross-

section was polished similarly to the SPS sample.

LLTO Powder

(a)

LMO Powder LMO Pellet Co-Pressed pellet

(b)

Co-sintered pellet by Co-sintered pellet by
Spark plasma sintering conventional sintering

Figure 2.1 (a) Procedure for the fabrication of co-pressed pellets (b) co-pressed

pellet sintered by spark plasma sintering (SPS), embedded in epoxy and polished. (c)
co-pressed pellet sintered by conventional sintering, embedded in epoxy and polished

Materials Characterization

Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) were applied to
characterize the LLTO powders. To evaluate a possible reaction between LLTO and LMO, both
powders were mixed together with a volume ratio of 1:1 with a mortar and pestle. The mixture of
electrolyte and cathode powders were pressed into pellets under a pressure of 100MPa. Pellets
were heated to 900°C in Ar atmosphere for 4 hours. A subsequent XRD analysis (Bruker D8 Focus,
26 =15°1t0 80°) was applied to identify the resulting phases.

For all pellets prepared by conventional sintering and spark plasma sintering,
microstructures of interfacial regions have been investigated by SEM (FEI Quanta 650). EDS
mapping and line scans (EDAX and Oxford Instruments) have also been applied to detect
elemental distribution in the interfacial region. For the SPS sintered pellets, TEM lamellas with a

width of 10-20um were cut from the interfacial using a Focused lon Beam microscope (FIB, FEI
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Quanta 3D). HRTEM, STEM and EDS have also been applied to characterize the microstructure

and chemistry using a FEI Talos 200X TEM.
Electrochemical impedance spectroscopy (EIS) was applied to the SPS co-sintered pellet,

apure LLTO pellet and a pure LMO pellet to characterize the effect of interfacial layer on overall
resistivity with a BioLogic electrochemistry potentiostat in the frequency range of 1MHz to 1Hz.

The measurement voltage was 100mV.

2.3 Results & Discussion

Powder characterization and phase composition
According to SEM images showed in Figure 2.2(a), the particle size of the powder

precursors is in the order of 500nm. The XRD spectrum of LLTO is shown in Figure 2.2 (b), and
matches the standard PDF card JCPDS No0.870935, which underlines the phase purity of the

synthesized Lig33Laos7TiOs.
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Figure 2.2 (a) SEM images of LLTO powders synthesized by solid state method, (b)
XRD data of the LLTO powders compared with standard PDF card JCPDS
N0.870935

The XRD analysis of the individual LMO and LLTO, as well as the mixed LMO/LLTO
pellets after heating to 900°C for 4h are shown in Figure 2.3. Comparing the pattern of the mixed

pellet to the LLTO and LMO powders, no additional peak is visible in the mixed pellet profile.
Accordingly, there is no significant chemical reaction or phase formation during conventional co-
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sintering of LLTO and LMO powders. However, this result does not indicate that there is no
interphase formation at the interface between LLTO and LMO after sintering. Merely, the XRD
results show that in each of the individual bulk phases, there are no phase transformations or

chemical reactions up to 900°C. A potential interphase formation would fall below the detection

limit of the XRD.
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Figure 2.3 XRD patterns of Lio.33Laos7TiO3 (LLTO), LiMn204(LMO), and

LLTO+LMO powder mixture pellet heated to 900°C for 4h compared with standard
PDF cards.

Electron Microscopy Characterization of Conventionally Sintered Sample

Analytical SEM and TEM has been widely applied in the investigation of interphases.
Interdiffusion can be easily identified by concentration gradients in the EDS data’®. In solid state
batteries, Han® observed an interphase formed by interdiffusion between LCO and LLZO via
SEM and EDS mapping, and Kim®® detected the similar interdiffusion via TEM and EDS line scan.
In high resolution TEM or STEM, the interphase could be observed directly by the difference in

atomic mass (Z contrast). Sakuda®? observed a clear interphase formed between LCO and LiS-
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P.Ss via HAADF mode in STEM. In the present study, both the interdiffusion and interphase
formation were investigated. The thickness of the interdiffusion layer could be only estimated due
to the uncertainty of the EDS data and the asymptotic shape of the diffusion profile. A better
quantification of interdiffusion can only be achieved if a computational modelling approach is
used that incorporates thermodynamic details of eventually occurring phase transitions. This is
beyond the scope of the present study.

To investigate the impact of the sintering, the conventionally sintered half- cell from Figure
2.1(c) was analyzed by SEM and EDS as shown in Figure 2.4. According to Figure 2.4 (a),
conventionally sintering at 900°C for 4 hours did not fully densify LLTO and LMO. The interfacial
region did not have a good contact as voids are visible along the interfacial region (red circle). The
SEM-EDS results in Figure 2.4(c) indicate that significant interdiffusion between Mn and Ti
occurred, while for La less interdiffusion is evident. In Mn and Ti mappings (Figure 2.4(a)), a clear
diffusion of Mn and Ti ions across the interface is visible. However, the La concentration in the
LMO phase was below the method detection limit. Accordingly, the La ions are much less involved
in the interdiffusion compared to Ti and Mn ions. However, as best illustrated by the high
concentration of Mn on the left end of the line scan in Figure 2.4 (c) (i.e. in the LLTO), the true
diffusion distances for Mn, Ti and La ions are greater than the scanned length in Figure 2.4 (b).
Therefore, line scans at boarder scales have been applied (Figure 2.9). The diffusion distances for
Mn, Ti and La ions are roughly in the order of 300um. However, we did not detect any evidence

for a second phase formation within this 300um thick interdiffusion layer.

37



o

= —

Atomic Fraction €
e e
e -3

0.0 s 1 U | L L
0 20 40 60 80 100 120

Distance (pm)

La 50 pm

Figure 2.4 (a) Cross-sectional SEM image of the conventional sintered sample. (b)
SEM image of the analysis region (c) Atomic fraction profile obtained by EDS line
scan across the green line in (b), from left to right. (d) Element distribution profile in
region (b), obtained by EDS mapping

Electron Microscopy Characterization of SPS Sample

We compared the SEM images of the cross-sections of SPS sintered LLTO/LMO and
conventionally sintered LLTO/LMO (Figure 2.4(a) and Figure 2.5(a)). The interfacial regions
were investigated by EDS to analyze the interdiffusion (Figures 2.4 and 2.5). Interdiffusion layer
widths were estimated based on the EDS data.

The SEM overview of the interfacial region of the SPS sample is shown in Fig. 5(a). Both
materials were sintered to very high density (>98%). The interface between LLTO and LMO
shows a roughly 5 um thick two-phase layer which was analyzed in detail by TEM-EDS as
discussed further below. The interfacial region was further investigated by EDS line scan and
mapping in Figure 2.5 (b) and (c). In the EDS line scan in Figure 2.5(b), concentration gradients
were observed in the same region shown in Figure 2.5(a). Again, it is evident that for La, much
less interdiffusion occurred compared to Mnand Ti. Thisagrees well with the EDS mapping shown
in Figure 2.4(c). In the Ti mapping, we observed an obvious Ti diffusion into the LMO, and
similarly, manganese was also detected in the LLTO. On the other hand, La was not detected in
the LMO. Similar to the conventionally sintered sample, the interdiffusion layer width is in the

order of 100-300um and much larger than our scan length in Figure 2.5(b) (see Figure 2.10). No

38



evidence for a second phase was found in the line scan despite the intercalated morphology of the
two-phase layer. These results on interdiffusion in the SPS sample are very similar to those of the
conventionally sintered sample. Thus, the interphase formation does not depend on the sintering
technique, and an interphase containing Mn, Ti and O (and probably Li) always forms at the
LLTO/LMO interface during sintering.
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Figure 2.5 (a) Cross-sectional SEM image of SPS sintered sample. (b) Atomic
fraction profile across the white line (from left to right) in (a), obtained by EDS line
scan. (¢) Element distribution profile of the region shown in (a), obtained by EDS

mapping.

By comparing the interfaces of the two samples, we have an intuitive understanding of the
advantage of SPS over conventional sintering in battery processing. SPS densifies the LLTO/LMO
layered samples better and results in better interfacial contact. This is mostly the effect of the
pressure applied during sintering, as well as the electrical field effects that have been proven in

literature to accelerate diffusion responsible for materials densification, especially in cases when,
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like in this work, there is a chemical potential difference present in the sample. The rapid heating
rate of 100°C/min employed in the SPS sintering experiment presented here has also been shown
to reduce grain growth during sintering, by bypassing the initial sintering stage where coarsening
mechanisms are consuming driving force for densification’’. Moreover, the pressure and the
diffusion acceleration due to electrical field”® also improves the contact between
electrode/electrolyte, thus reducing the internal resistance of the SSBs.

To further confirm our results at higher resolution and particularly to investigate the two-
phase layer observed in Figure 2.5 (a), a 20um % 8um rectangular lamella was cut and lifted out
from the interfacial region by FIB (Focused lon Beam, Figure 2.6 (a)). The lamella was thinned to
100nm thickness and analyzed by high angle angular dark field (HAADF-STEM), and STEM-
EDS in Figure 2.6 (b) and (c). According to the Z-contrast of STEM-HAADF and the analysis of
electron diffraction and EDS area scan results discussed in Figure 2.7, we identified the brighter
phase as LLTO and the darker phase as LMO. According to the needle-like structure of these two
phases, it is likely that during sintering at high temperature the region in blue circle in Figure 2.6(a)
was a single phase that either decomposed due to decreasing solubilities or a phase transition
during cooling. The EDS mapping in Figure 2.6(c) confirmed that in the “mixture region”, both Ti
and Mn are present, while La was again not detected. A needle-like distribution of Mn becomes
evident, analogue to the microstructure in Figure 2.6(b). Figure 2.6 (d) and (e) provided a higher
resolution mapping of this “needle-like” region. The upper third containing a bright phase in (d)
is LLTO, while the darker region below contains two different phases with different contrast.
These two phases (I, II) are different in Mn concentration with more Mn in brighter regions (I).
We also observed a segregation of Mn around the Mn-deficient regions as indicated by a white
arrow. Overall, the Ti concentration exhibited a distribution that is inverse to Mn, though at a lower

extent.
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Figure 2.6 (a) Interfacial region obtained by focused ion beam (FIB) and lift-out. (b)
STEM image of the circled region in (a). (c) Element distribution profile of (b)
obtained by EDS mapping. (d) HAADF image of red circled region in (b). (e)

Element distribution profile of (d), obtained by EDS mapping.

To fully understand the phases present in the two-phase layer shown in Figure 2.5 and 2.6,
selected area electron diffraction (SEAD) and EDS area scans have been performed. As mentioned
in Figure 2.6 (b) and (e), in the two-phase region, a needle-like phase distribution is evident.
However, because the scale of these two phases (I, 1) is in the nanometer region, the collected
electron diffraction patterns are distorted. The SAED pattern in that area is shown in the Figure
2.7 below. Figure 2.7(b) shows the SAED pattern of the region shown in the bright field image in
Figure 2.7(a). The pattern in Figure 2.7(b) matches the standard diffraction pattern for an FCC
lattice in the [110] zone. The calculated lattice parameter is 0.853nm. The lattice parameter of

spinel LiMn;O4 (space group Fd3m) is 0.83nm according to the database (JCPDS 35-0782). Given
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that the pattern in Figure 2.7(b) is distorted to some extent, these two numbers are reasonably close,
and it can be speculated that the phases shown in Figure 2.7(a) have an LMO lattice. EDS area
scans have also been applied to the regions marked in Figure 2.7(c), and the results are summarized
in Table 2.1. In Area 1, the atomic percentage of Mn and Ti together is 22.86 (Table 1; both are
assumed to occupy the same lattice site in the hosting LLTO lattice). Accordingly, the atomic
percentage ratio of La and “Mn+Ti” is 0.67, which is close to the La/Ti ratio in pure LLTO.
Therefore, Area 1 appears to be LLTO phase which dissolved Mn. In Area 2 and Area 3, as we
discussed with Figure 2.7(b), these two areas both are likely to have an LMO lattice, with different
extent of Ti diffusion. Similar to the results in Figure 2.6(e), phase I has a higher Mn content than
phase 11, and both phases did not contain significant amounts of La. In Area 3 (phase 1), the Mn/Ti
ratio is 6.6 and in Area 2 (phase II) the Mn/Ti ratio is 2.67. This doesn’t match the stoichiometry
of any phase containing Li, Mn, Ti and O in the JCPDS database. As such, the identity of the
phases present in the two-phase layer in Figure 2.5 and 2.6 is not completely clear, but it is likely
that it could be composed of LLTO and LMO, while the latter decomposed into two different
Mn/Ti ratios with the same hosting lattice (phases I and Il). This is in good agreement with the
SAED data and the powder mixture experiment, where an XRD investigation did not indicate the

occurrence of any phases different from LLTO and LMO (see Figure 2.3).
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Figure 2.7 (a) Bright field TEM image of a Mn rich needle-like region. (b) SEAD
pattern of area in (a). (c) HAADF image of a region like Figure 2.6 (d), EDS area
scans were applied to this region. Phase | and Phase Il are consistent with the Mn rich
phases discussed in Figure 2.6 (e)

Table 2.1 Element distribution profile of areas in Figure 2.7(c)

Area Element Atomic percentage (%)
@) 61.75
Ti 10.61
Areal Mn 12.25
La 15.39
o) 67.5
Ti 8.62
Area 2 Mn 22.99
La 0.89
0] 60.66
Ti 5.00
Area 3 Mn 32.99
La 1.35
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Figure 2.8 shows a high resolution TEM (HRTEM) image of the green circled region in
Figure 2.6(b) where LMO and LLTO are in direct contact. According to this micrograph, an
amorphous layer is present at the interface. The thickness of this layer is between 3 and 10 nm as
the tilting angle of this layer is not known. Such amorphous films at interfaces are known as
complexions’®’® and are known to occur in various battery materials. 882 The complexion is a
two-dimensional interfacial phase that is stabilized by its impact on the grain boundary energy.

Potentially it affects the ion transportation across the interface drastically.

Figure 2.8 HRTEM image of the green circled region in Fig.6 (e).

In summary, at the LLTO/LMO interface, we observed two kinds of interphase. One is an
interdiffusion layer with the thickness of tens or hundreds of microns, formed by the interdiffusion
between manganese and titanium. The other is an amorphous complexion with the thickness of a
few nanometers. The interface itself tends to form an intercalated structure where LMO and LLTO
coexist. Based on the results above, the interphase between LLTO and LMO contains titanium,
manganese and oxygen. Unfortunately, no information is available for lithium as it is not
detectable by EDS. Electron Energy Loss Spectroscopy (EELS) is a technique that is sensitive for

Li and could shed light on lithium presence and should be applied in future studies.
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Chemical interdiffusion usually follows a substitutional diffusion mechanism. LLTO is a
perovskite (ABO3) type electrolyte, where the large La* cations occupy the A sites with a
coordination number of 12. Ti** cations are located at the B sites with a coordination number of 6.
LMO has a spinel structure (AB204), where Mn has a mixture 3* and 4* states. Mn occupies the B
sites (octahedral interstitial) with a coordination number of six34. The ionic radii of these cations
are 150pm (La®"), 74.5pm (Ti*"), 72pm (Mn3*), and 67pm (Mn**)8, In substitutional diffusion, a
smaller difference in ionic sizes is likely to result in a smaller energy barrier for diffusion. As Ti**
and Mn3*/Mn** are very close in size and charge and the size of La3* is much larger, it is reasonable
that much less diffusion of La occurs, while Mn and Ti form extended interdiffusion layers with a
thickness of 100 to 300um.

Additional EDS information for conventional sintered LLTO/LMO sample:

To detail the interdiffusion of La, Ti and Mn (similar to Figure 2.4 (c)), longer line scans
with lower resolution were applied to the conventionally sintered sample. According to Figure
2.9(b), the concentration of Mn in the LLTO drops below 10at% about 100um away from the
interface and below 5% about 500um away from the interface. Below 5%, the accuracy of EDS
might not allow significant quantification. Similar results are found for Ti and La, as a low
concentration can still be found about 500pum away from the interface.

Furthermore, area scans had been applied to both LLTO and LMO 800 pum from the
interface to study the element distribution far from the interface. The results are shown in Table
2.2. From this quantification, the concentration of Mn (La and Ti) in the LLTO (LMO) 800um
away from the interface is below the detection limit of EDS. Comparing this result with the line
scans in Figure 2.9(b) and (c), it is apparent that the line scan somewhat overestimates the
concentrations of Mn, La and Ti. As such, the true interdiffusion length is hard to estimate based
on the presented EDS data, but certainly is in the order of 300um for Mn into LLTO and about
200 pum for Ti into the LMO. Diffusion of La into the LMO occurs at a scale of 100um.
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Figure 2.9 (a) SEM image of the analysis region. (b) Atomic fraction profile obtained
by EDS line scan across the green line in (a), from left to right. (c) SEM image of
analysis region. (d) Atomic fraction profile obtained by EDS line scan across the

green line in (c), from left to right

Table 2.2 EDS area scan results for area 1 (LLTO phase) and area 2 (LMO phase).

LLTO | element C @) Si Cl Ti Mn Fe La
at% 5457 | 29.98 | 0.12 | 0.1 9.39 0.3 0.16 | 5.38

LMO | element C ) Si Cl Ti Mn Fe La
at% 50.74 | 3482 | 0.09 | 0.08 | 0.23 | 1355 | 0.29 | 0.14
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Additional EDS information for SPS sintered sample

Similarly, for SPS sintered sample, an additional EDS line scan was applied to gain more
information on interdiffusion (Figure 2.10). Again, area scans have been applied to LLTO and
LMO 400um from the interface. Results are shown in Table 2.3. Overall, the results are very
similar to conventional sintering. The interdiffusion layers are slightly thinner than for

conventional sintering.
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Figure 2.10 (a) SEM image of the analysis region. (b) Atomic fraction profile
obtained by EDS line scan across the green line in (a), from left to right.

Table 2.3 EDS area scan for Area 3 (LLTO) and Area 4(LMO)

LLTO | element |C @) Al Si Ca Ti Mn La
atomic% | 591 |60.79 | 0.17 |0.13 |0.06 |20.22 |1.03 |11.69

LMO |element |C 0] Al Si Mn Ti La
atomic% | 15.31 | 55.38 | 0.16 | 0.06 |27.58 | 0.83 | 0.49

Electrical Characterization of SPS Sample

In SSBs, the unwanted large interfacial resistance is likely to be caused by the interphase.®
As the interphase layer is expected to have a high resistance, it can be identified with
electrochemical impedance spectroscopy (EIS) asan additional part in the Nyquist plot, as reported
in Koerver’s work®2. In general, separating individual contributions to the impedance of complex

samples is challenging. In the present case, this is particularly true as the interphase even contains
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two different layers (i.e. the interdiffusion layer and the amorphous phase). In the present work,
we compared the impedance of LLTO/LMO composite with that of LLTO and of LMO to separate
the impedance of the interphase layer. Figure 2.11 (a) shows the impedance profile of SPS sintered
LLTO (900°C, 10 minutes, 50 MPa). In general, the overall resistance of LLTO can be divided
into two parts, the LLTO grain impedance and the grain boundary impedance. The grain
contribution usually occurs at higher frequencies than the grain boundary contribution. In addition,
to the equivalent circuit in Figure 2.9 (a), a constant phase element was added to account for the
electrode/LLTO contact capacitance.® By fitting the equivalent circuit (Figure 2.11 (a))and adding
the two resistances Rgrin and Reg Of the equivalent circuit (Table 2.4), the bulk resistance of LLTO

was found to be approximately 12,000Q. The overall ionic conductivity can be calculated through
the equation o = pé and was found to be approximately 1.1x10-° S/cm, which is comparable with

data from the literature®. Figure 2.11 (b) shows the impedance of LMO. Given that LMO
possesses both electronic and ionic conductivity, we applied the equivalent circuit in Figure 2.11
(b) 8 to fit the impedance data, and the fitting result was reasonable.

Figure 2.11 (c) shows the impedance profile of the LLTO/LMO SPS co-sintered pellet. As
this sample is a series of LMO and LLTO, the respective equivalent should be a series of those
used for LLTO and LMO in Figure 2.11 (a) and (b). For the interphase, at least one RC circuit
should be added as shown in Figure 2.11 (e). However, this equivalent circuit results in a fitting
function with 20 parameters which cannot be fitted to the data in a reasonable way. Accordingly,
a simplified equivalent circuit (Figure 2.11 (c)) was performed, with the LMO, LLTO and
interphase parts in series. As Figure 2.11 (c) shows, the fitting result still does not give usable
information on the electric properties of the interphase. However, based on the fitted curve, we
can estimate that the overall resistance of the co-sintered layered sample by adding the resistances
of all three resistors in the equivalent circuit (Table 2.6). The estimated resistance of this interphase
is about 1x108 Q, which is much larger than the individual resistances of LLTO and LMO as
shown in Figure 2.11 (d). This much higher resistance is most likely caused by the formation of
the interphase as discussed in the previous section. However, the specific resistance for this

interphase could not be evaluated by the fitting procedure shown in Figure 2.11.
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Figure 2.11 (a) The impedance profile of SPS sintered LLTO and the fitting result
based on the equivalent circuit on the top. (b) The impedance profile of LMO and the
fitting result base on equivalent circuit on the top. (c) The impedance profile of
LLTO/LMO co-sintered by SPS and the fitted result based on the equivalent circuit on
the top. (d) The overlaid impedance profiles of LLTO/LMO (black) LLTO (blue) and

LMO (red). (e) Equivalent circuit of LLTO/LMO.
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One way to approach the impedance of the interphase is to use the results from individual
LLTO and LMO samples. Asthe LLTO/LMO is a series of these two materials with the interphase
in between, the impedance of the interphase Zinterphase COrresponds to the difference between the
individual impedances of LMO (Zmo) and LLTO (Z.Lto) and the impedance of the LLTO/LMO
(ZvLironmo) sample. Figure 2.12 (a) and (b) show a comparison of the measured |Z|Ltoimo (black
curve) with the mathematical addition of |Z|Lmo and |Z|LLto (green curve). The gap between the
black and green curve corresponds to a large interfacial resistance caused by the interphase. To
analyze the impedance of the interphase, we estimated the imaginary part of interfacial impedance

using the information on the impedance of separate LMO and LLTO samples:

IM(Z interphase)=IM(Z LLToiemo)-(IM(Z Lito)+Im (Z Lmo)). )

Analogue, we estimate the real part of interfacial impedance by:

Re(Z interphase)=Re(Z LLTo/Lmo)-(Re(Z LLto)+Re(Z Lmo)). @)

Subsequently, we plotted the Nyquist diagram (-Im(Zinterphase) VS Re(Zinterphase) ) from
10kHz to 5Hz as shown in Figure 2.12 (c). We have chosen this frequency range, as for higher
frequencies, the difference between the black and green curve in Figure 2.12 (a) is negligible
indicating that the impedance of the interphase is negligible as well in that frequency range. For
frequencies lower than 5Hz, the impedance data contains too much noise as evident in Figure 2.11
(d). As the impedance of the interphase in Figure 2.12 (c) clearly contains two semicircles, we
used an equivalent circuit with two RC elements which provided a reasonable fit. From this fit, we
were able to get an approximation of the resistance of the interphase with R;= 1.36x10° Q,
R2=3.3x10° Q, Q1=2.42x10° F (a1=1) and Q,=1.58x10? F (a;=1). Accordingly, the interphase
resistance was found to be 4.66x10° Q, which is about 40 times higher than the overall resistance
of the LLTO sample.

As for both constant phase elements Q1 and Q2, it was found that a; =a; = 1, Q1 and Q2
directly correspond to a capacity. Using a plate capacitor approach, the capacity is C =
€o€-A/d with the permittivity of the vacuum ¢, the relative permittivity ¢,, the cross-sectional

area A and the layer thickness d. If we assume the relative permittivity to be in the order of 30 for
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LLTO and LMO, a layer thicknesses of ~10um for Q1 and ~1um for Q2 is obtained. Considering
the layer thicknesses known form electron microscopy for the interdiffusion layer (multiple tens
to a few hundred um) and the amorphous film (~5nm), the high resistance of the interface seems
not to stem from the nm thick amorphous film. Instead, the impedance data indicates that the
interdiffusion layer is causing the high interphase resistance. This result agrees well with the
literature as nanometer thick amorphous layers are known to enhance the transport of Li for certain
cathode materials8:83:88,

Overall, our results confirm that the high interfacial resistance between electrodes and
electrolyte will play an important negative role in the performance of all-solid-state batteries. This
is a significant challenge in the field of all solid-state batteries, which has to be overcome by
designing electrode/electrolyte pairs that are likely to bypass the formation of such interfacial
layers with high resistance. In the light of the present study, research should focus particularly on
hindering interdiffusion and not on preventing amorphous layer formation as the latter is not
relevant for the high resistance of the interphase. Computational studies can help quantifying
interdiffusion, aiding materials selection and finding new processing techniques that encourage
densification while discouraging interdiffusion are key pathways toward overcoming this

roadblock.
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from 10kHz to 5 Hz, and the fitted curve based on the equivalent circuit above.

Additional Electrical characterization information
In the following, the fitting parameters of all impedance data as shown in Figure 2.8 and 2.9 are

summarized.

1. Spark plasma sintered (SPS) LLTO (d=1cm, h=1mm)

1 1

i | R1 R2 -
1) ) a3
o1 02

Figure 2.13 EDS area scan for Area 3 (LLTO) and Area 4(LMO)
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We used the equivalent circuit as shown in Figure 2.13 to fit the impedance data. The fitting

parameters are shown in Table 2.4

Table 2.4 Fitting parameters for SPS sintered LLTO

Parameter Value Unit
R1 10754 Ohm
Q1 3.994x108 F.s&l
al 0.9339
R2 125.8 Ohm
Q2 2x10-% Fsal
a2 0.1523
Q3 0.2887x10° F.gat
a3 0.8837

2. SPS sintered LMO (d=1cm, h=1mm)
We used equivalent circuit as shown in Figure 2.14 to fit the impedance data. The fitting

parameters are shown in Table 2.5.

7
o1 —
1) R& -
R3 0z y)
-— Q

Figure 2.14 Equivalent circuit for SPS sintered
LMO
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Table 2.5 Fitting parameters for SPS sintered LMO

Parameter Value Unit
Q1 3.529x10°8 F.sat
al 0.8244
R3 128.8 Ohm
Q2 1.253x10% F.sat
a2 0.3428
R4 149152 Ohm
R5 68008 Ohm
Q6 1.15x1010 F.sat
a6 0.9491

3. SPSsintered LLTO/LMO (d= 1cm, each layer = 1mm)

We applied the equivalent circuit as shown in Figure 2.15 to fit the impedance data. The

fitting results are shown in Table 2.6.
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Figure 2.15 Equivalent circuit for SPS sintered LLTO/LMO
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Table 2.6 Fitting parameters for SPS sintered LLTO/LMO

Parameter Value Unit
R1 87844 Ohm
Q1 2.14x1010 F.sal
al 0.9132
R2 247614 Ohm
Q2 1.63x108 F.satl
a2 0.6689
R3 623209 Ohm
Q3 2.47x107 F.sat
a3 0.5396
Q4 9.059%107 F.sat
ad 0.5414

4. Calculated impedance of the interphase layer

We used the equivalent circuit as shown in Figure 2.16 to fit the calculated impedance of

the interphase layer. The fitting parameters are shown in Table 2.7.
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Figure 2.16 Equivalent circuit for the calculated interphase layer
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Table 2.7 Fitting parameters for the interphase layer

Parameter Value Unit
Q1 2.42x107 F.sat
al 1
R1 1.36x10° Ohm
Q2 1.58x10°8 F.sat
a2 1
R2 3.3x10° Ohm

2.4 Conclusions

The compatibility between the perovskite electrolyte material Lig.ssLaos7TiO3(LLTO) and
the spinel cathode material LiMn;Os (LMO) was studied with respect to the formation of
interfacial phases and their effect on the conductivity. Co-sintering LLTO/LMO layered samples
was done using both conventional sintering and spark plasma sintering (SPS). SPS sintering
resulted in both denser samples and better interfacial contact. An amorphous complexion film was
identified at the LLTO/ LMO interface by HRTEM. The interfacial phase and chemical
composition were studied by analytical STEM and SEM and confirmed that the interphase
contained manganese, titanium and oxygen. SAED confirmed that no additional bulk phase was
present in the interphase layer. This is in good agreement to a simple powder mixture experiment,
where no additional phases were found by XRD after a heat treatment. EIS characterization
underlined that the formation of this interphase greatly reduces the ionic conductivity of the
layered sample as the interfacial resistance is larger by a factor of about 40 compared to the sum
of the individual phases. Interestingly, the amorphous layer at the grain boundary seems to not
contribute to this high grain boundary resistance; the high impedance is only caused by the
interdiffusion layer. Therefore, to improve the performance of SSBs, the focus should be on
reducing the interdiffusion in the interphase and engineer the interphase towards enhanced ionic

conduction performance.

56



CHAPTER 3. INTERPHASE FORMATION AND ANALYSIS FOR THE
LITHIUM-ALUMINUM-TITANIUM-PHOSPHATE (LATP) AND
LITHIUM-MANGANESE OXIDE SPINEL (LMO) HALF-CELLS

This chapter is based on the work published in “Or Levit, Pengyu Xu, Boris Shvartsev, Gal Avioz
Cohen, Lia Stanciu, Yoed Tsur, and Yair Ein-Eli. Interphases Formation and Analysis at the
Lithium—Aluminum-Titanium—Phosphate (LATP) and Lithium—Manganese Oxide Spinel (LMO)

Interface during High- Temperature Bonding[J]. Energy Technology, 2020, 8(12): 2000634.”

3.1 Introduction

As shown in previous chapters, the large interfacial resistance between solid-state ceramics
electrolytes and electrodes in all solid state lithium ion batteries is a major bottleneck for their
practical realization®'. The insufficient contact between SE and electrodes®?, the space-charged
layer effect*® and formation of high resistance interphases’ have all been cited as potential causes
of undesirably high interfacial resistance. In this chapter, we present the results on research where
we applied Spark-plasma sintering (SPS), which enables the densification of both cathode and
electrolyte along with providing good interfacial contact, to LATP/LMO half-cell. Our prior
results on the properties of LLTO/LMO half-cells proved that the interphase formation is a
significant resource for interfacial resistance.

Here, a different material selection, namely Lithium-Aluminum-Titanium-Phosphate
(LATP, Li13Alo3Ti17(POa4)3) as electrolyte material, and Lithium Manganese Oxide (LMO,
LiMn20.) as the cathode material have been investigated. The original work has been published
as “Interphases Formation and Analysis at the Lithium—Aluminum-Titanium—Phosphate (LATP)
and Lithium—Manganese Oxide Spinel (LMO) Interface during High-Temperature Bonding”® in
Energy Technology. In this study, LATP/LMO half cell have been fabricated via two different
SPS processes as shown in Figure 3. The microstructure of interface regions have been

characterized by SEM and the interfacial resistance have been analyzed by EIS.
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Figure 3.1 (a) Procedure for the one-step co-sintering experiment. (b) Procedure for
the two-step joining experiment. %3

Experimental

For the one-step co-sintering half-cell preparation showed as Figure 3.1(a), 0.45g LATP
powders are first loaded in a graphite die and pressed into a green pellet. Then, 0.36g LMO
powders are loaded on the top of LATP green pellet and subsequently pressed into a co-pressed
pellet. After that, co-pressed pellet sintered by SPS. We sintered the co-pressed pellet with 4
different SPS parameters as listed in Table 3.1.

For the two-step joining experiment showed as Figure 3.1(b), 0.45g LATP powders and
0.36g LMO powders are densified by SPS respectively. Pellets were sintered at 800°C, 50 MPa
for 10 minutes with heating and cooling rate of 100°C/ min. Then the pellets were polished by an
800 Grit SiC paper to 1 mm thickness and loaded in a graphite die for a second joining step. Pre-
sintered LATP and LMO pellets were bonded at 700°C, 20MPa for 10 mins with a heating rate of
100°C/min and cooling rate of 10°C/min.

Table 3.1 Processing parameters for co-sintering LATP/LMO half-cell. %

Process H(ig:ieng Corg::eng Temperature | Pressure Dﬁ i\:vnzll Thli:(iﬂﬁless
number (°C/ min) | (°C/ min) (°C) (MPa) (min) (mm)

1 100 100 800 50 10 2

2 100 75 800 50 10 2

3 75 75 800 50 10 2

4 75 75 750 50 10 2
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Electrochemical Impedance Spectroscopy (EIS) has been applied to characterize the

interfacial resistance and the interphase resistance can be analyzed through the fitting of EIS data.

3.2 Results and discussion

The LATP and LMO pellets were densified by SPS at 800°C, 50MPa for 10 minutes with
a heating and cooling rate of 100°C/ min. The sintered pellets reached densities of >95%. Then
impedance of sintered LATP and LMO are measured, respectively. Results are shown in Figure
3.2%, For the fitting of LATP (Figure 3.2 (a)), we applied an equivalent circuit including two RC
circuits, one accounts for LATP bulk impedance and the other accounts for the charge transfer at
the surface. From the fitting result, R1=4.3kQ and R>=9.6kQ%. A similar approach has been
applied for the fitting of LMO (Figure 3.2(b)). In the equivalent circuit, R1 represents electronic
conductivity of LMO particles and R represents the ionic conductivity of LMO. From the fitting
result, Ri=7.6MQ and R,=1MQ. Comparing the impedance data of LATP and LMO, the
impedance of LMO is significantly greater than LATP in the whole frequency range, as a result,

we neglect the contribution of LATP phase in the analysis of half-cell impedance data.
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Figure 3.2. (a) Nyquist plot of SPS densified LLTO. Equivalent circuit model is
applied for the fitting. (b) Nyquist plot of SPS densified LMO. Equivalent circuit
model is applied for the fitting

For the characterization of co-sintered LATP/LMO half-cell, 4 different processing

parameters have been applied (Table 3.1). For process 1, in which the half-cell is co-sintered at
800°C, 50MPa for 10 minutes with a heating rate of 100°C/min and cooling rate of 100°C/min.
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The interfacial microstructure and impedance analysis results are shown in Figure 3.3(a)(b) and
Figure 3.4(a). Based on interfacial microstructure in Figure 3.3(a) and elemental mappings in
Figure 3.3(b), we noticed that there is an interphase formed between LATP and LMO. From
element mappings, it is evident that Mn and P do not exist in this 17 pm thick layer, and therefore
we can state that this interphase is an Li-Ti-O compound (LiyTiO>.x). The lithium concentration
information is not clear as Li is undetectable in EDS. We also noticed that agglomerations of AI3*
rich phase form near the LMO phase. Moreover, we observed big pores exist between LATP and
interphase, indicating poor interfacial contact. The impedance profile of the half-cell densified by
process 1 is shown in Figure 3.4(a). As mentioned in the previous paragraph, we neglected the
contribution of LATP phase in the analysis of the half-cell impedance. We applied two RC circuits
for the interface, one accounted for the interfacial contact and the other for the interphase
impedance. In the fitting process, we kept the resistance for LMO phase (R1, R2) as constant,
R1=7.6MQ and R>=1MQ. Then we got R3=34.9 MQ (interfacial contact) and Rs= 8.8 MQ
(interphase resistance). The interfacial contact resistance of 34.9 MQ again verifies that the
interfacial contact between the LATP and the interphase is not satisfactory in process 1.

For process 2, the half-cell is co-sintered at 800°C, 50MPa for 10 minutes, but with a slower
cooling rate of 75°C/min. Based on the interfacial SEM image in Figure 3.3(c) and (d), the
interphase thickness reduced to 7um with slower cooling rate. This interphase is still a Li-Ti-O
compound, and we can still notice agglomerations of Al rich phase near LMO bulk phase. The
interfacial contact between the interphase and the LATP bulk phase has been improved in this
process, as a slower cooling rate can help relieve the thermal stress at the interface. From
impedance perspective, the Nyquist plot of the half-cell prepared by process 2 is shown in Figure
3.4(b), and a similar equivalent circuit is applied for fitting. After the analysis, we obtained values
of R3=2.4MQ (interfacial contact) and R4=0.2 MQ (interphase). Based on these results, we can
conclude that the impedance from the interfacial contact is greatly reduced as the contact is
improved by using a slower cooling rate. Moreover, the impedance from the interphase is also
reduced from 8.8MQ to 0.2MQ, as the interphase thickness decreased from 14 pm to 7 um.

For process 3, the half-cell is co-sintered at 800°C, 50MPa for 10 minutes, with a heating
rate of 75 °C/min and cooling rate of 75 °C/min to evaluate the effect of reduced heating rate on
interphase formation. The interfacial microstructure and element mappings are shown in Figure
3.3(e) and (f). From Figure 3.3(e), we observe that the interphase (LiyTiO2.x) thickness is still 7
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um, while the contact between LATP and interphase deteriorates again. We still observed
agglomerations of Al%* rich phase; these clusters are a few microns away from the LMO phase,
indicating that the slower heating rate allows a longer time for AI®* to diffuse. The Nyquist plot of
the half-cell prepared by process 3 is shown in Figure 3.4(c). Here, we still applied a similar
equivalent circuit to analyze the impedance of the interphase. From the fitting, we obtained values
of Rs3 (interfacial contact) =13MQ and R4 (interphase) = 0.7MQ. Based on this information, we
can conclude that the interphase impedance is closely related to its thickness. A slower cooling
rate will help relieve the interphase resistance, while a slower heating rate will only affect the AI**
diffusion, which would not result in any changes in terms of impedance. However, the interfacial
contact needs to be improved in order to reducing the interfacial resistance.

For process 4, the half-cell is sintered at 750°C, 50MPa for 10 minutes, with a heating rate
of 75 °C/min and cooling rate of 75 °C/min, to evaluate the effect of process temperature on
interphase formation. The interfacial microstructure and the element mappings are shown in Figure
3.3(g) and (h). This time we do not observe the presence of a thick interphase. However, the LMO
phase is not fully densified at 750°C. AI3* agglomerates are observed at this very thin layer
between LATP and LMO bulk phase. However, the impedance analysis in Figure 3.4(d) reveals
that even though the interphase resistance (R4) is negligible at this temperature, the overall
resistance is still over 13MQ. The decreased density of LMO phase resulted in an increase of the
internal LMO resistance. This is likely to lead to the observed increase in the total half-cell
impedance.

Our co-sintering experiments reveal several important information in terms of interphase
formation:

1. The thickness of the interphase is relevant to the cooling rate. A lower cooling rate will
lead to a thinner interphase and reduce the interphase impedance.

2. AP rich agglomerates will form near LMO surface, and heating rate will affect their
distance from the LMO bulk phase.

3. At 750°C, the interphase will become very thin, and result in negligible interphase
impedance. However, the LMO bulk phase would not be densified at that temperature.

4 Interfacial contact needs to be sufficiently high for low interfacial impedance.
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Figure 3.3. (a) Interfacial microstructure of co-sintered LATP/LMO half-cell
densified by process 1. (b) Element mappings of the area in (a) obtained by EDS.
(c) Interfacial microstructure of co-sintered LATP/LMO half-cell densified by
process 2. (d) Element mappings of area in (c) obtained by EDS. (e) Interfacial
microstructure of co-sintered LATP/LMO half-cell densified by process 3. (f)
Element mappings of area in (e) obtained by EDS. (g) Interfacial microstructure
of co-sintered LATP/LMO half-cell densified by process 4. (h) Element mappings
of area in (g) obtained by EDS.
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Figure 3.4. (a) Nyquist plot of Co-sintered pellet densified with process 1.
Equivalent circuit is applied for the fitting. (b) Nyquist plot of Co-sintered pellet
densified with process 2. Equivalent circuit is applied for the fitting. (c) Nyquist

plot of Co-sintered pellet densified with process 3. Equivalent circuit is applied for

the fitting. (d) Nyquist plot of Co-sintered pellet densified with process 4.

Equivalent circuit is applied for the fitting.

Based on this information, we designed a novel two-step joining experiment (Figure 3.1
(b)). Inthis, LATP and LMO pellets are sintered first at 800°C, 50MPa for 10 minutes with heating
and cooling rate of 100°C/min. Then the two pellets are polished and loaded for a second joining
step. The two pellets are joined at 700°C, 20MPa for 10 minutes with a heating rate of 100°C/min,
and a much slower cooling rate of 10°C/min. In this process, both pellets are densified at the first
sintering step, which allows us to apply a much lower temperature at the second joining step. The
low temperature of the joining step could potentially relieve the interphase formation. Moreover,
we applied a much lower cooling rate to relieve the thermal stress at interface and reduce the
thickness of interphase. The interfacial microstructure and element mappings are shown in
Figure3.5 (a) and (b). In Figure 3.5(a), both LATP and LMO phases are densified and there is no
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obvious pores or cracks at the interfacial region. Moreover, a 3 pm interphase is observed between
LATP and LMO. The interphase is still a LiyTiO2x compound. For AI¥* rich phase, however,
instead of the formation of agglomerates as co-sintered samples, a very thin layer at LMO surface
is present in this joined sample. The impedance of the interphase is analyzed by similar approach.
In Figure 3.5 (c), we applied a similar equivalent circuit in the analysis of impedance data, LMO
circuit is in series with two RC circuits, one RC circuit accounts for the interfacial contact and the
other for interphase. From the fitting, R3 (interfacial contact) = 0.6 MQ and R4 (interphase) = 8.8
MQ. This indicates that even though the interfacial contact is improved by this two-step joining
method, a high resistance interphase still forms. Although the thickness of the interphase has been
reduced from 7 um to 3 um, the resistance from interphase still increases significantly, from 0.2

MQ to 8.8 MQ. This increase is probably caused by the formation of an additional Al3* layer.
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Figure 3.5 (a) Interfacial microstructure of LATP/LMO half-cell prepared by two-
step joining process. (b) Element mappings of the area in (a), obtained by EDS. (c)
Nvauist plot of LATP/LMO half-cell prepared bv two-step ioinina
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3.3 Conclusions

In this study, we investigated the effect of different sintering parameters on the formation
of high resistance interphase. Two different sintering methods: one-step co-sintering and two-step
joining have been proposed. The schematics of interface microstructure for the half-cells prepared
by these two methods have been shown in Figure 3.6. The results show that the formation of a
high resistance interphase is the main origin of the observed large interfacial resistance. The
interphase consists of two parts. For the co-sintered half-cell (Figure 3.6(a)), there is a layer of
Li, TiO,-xand agglomerations of AlI®* rich phase (Li-Al-O compound). The thickness of the Li-Ti-
O layer depends on the cooling rate as well as processing temperature. While reducing sintering
temperature can relieve the formation of interphase, however, the LMO bulk phase will be less
densified and result in an increase in the overall half-cell resistance. On the other hand, for two-
step joined sample, the interphase consists one layer of Li-Ti-O compound and one layer of Li-Al-
O compound (Figure 3.6(b)). The interfacial contact is improved in this method, and the interphase
thickness is also reduced. However, the interphase resistance increases considerably as the Li-Al-

O compound forms an additional layer.

(a) (b)

LATP Bulk

LATP Bulk

Figure 3.6 (a) Schematic of LATP/LMO interfacial microstructure prepared by one-
step co-sintering (b) Schematic of LATP/LMO interfacial microstructure prepared by
two-step joining

Therefore, the interphase is considered to be created by the diffusion of Ti** and AI** from
the LATP bulk phase, and the O?- from the LMO bulk phase. The formation of a high resistance
interphase is undesirable in the preparation of cathode/electrolyte half-cells. Thus, further studies

are needed to identify avenues to suppress its formation. However, SPS also exhibits its potential
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in the preparation of half-cell couples. It is an effective tool in densifying solid state cathode and

electrolyte materials in a short time with good interfacial contact.
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CHAPTER 4. ORIGIN OF HIGH INTERFACIAL RESISTANCE IN
SOLID-STATE BATTERIES: LLTO/LCO HALF-CELLS

This chapter is based on the work published in “Pengyu Xu, Wolfgang Rheinheimer, Avanish
Mishra, Shoumya Nandy Shuvo, Zhimin Qi, Haiyan Wang, Avinash M. Dongare, Lia A. Stanciu.
Origin of high interfacial resistance in solid-state batteries: LLTO/LCO half-cells.
ChemElectroChem. DOI: 10.1002/celc.202100189”

4.1 Introduction

All-solid-state lithium ion batteries have been recognized as promising candidates for next
generation energy storage devices.? In solid state batteries (SSBs), traditional liquid electrolytes
are replaced by nonflammable solid electrolytes. Therefore, SSBs are expected to have outstanding
safety performance®. Moreover, ceramic solid electrolytes typically provide broad electrochemical
windows (>5V)% and high mechanical strength®. Thus, SSBs would have larger energy densities
and longer cycling life814.%,

At the same time, there are some challenges hindering the commercialization of SSBs. The
poor ionic conductivity of solid electrolytes (SEs) as well as the high interfacial resistance between
SEs and electrodes are the two primary obstacles confronting SSBs*°. Large internal resistance in
SSBs could lead to considerable ohmic loss, low power density and poor cycling performance .
Over the past decades, significant improvements have been achieved in elevating the ionic
conductivities of SEs®. Li»S-P.Ss% and LiigGeP2S:2!! electrolytes were reported to have ionic
conductivities above 102 S/cm, which is comparable with traditional liquid electrolytes. Other
oxide solid electrolytes such as LiossLaos7TiOs (LLTO)®, Liy3Alo3Ti17(PO4)s (LATP)*® and
Lig.aLasZr1.4Taos012 (Ta-doped LLZO)?® exhibit ionic conductivities in the order of 10 S/cm.

Despite the progress in SEs, our understanding of interfacial phenomena is still lagging,
few studies have been reported on this topic32:495253:63101-103 for solid state lithium ion batteries.
Engineering the properties of the cathode/electrolyte interface is highly dependent on our ability
to understand ion transport mechanisms for candidate solid electrolytes and cathode materials,
which is the focus of this study. The formation of interfacial phases (interphases)??, space-charge
layer effects**®3 and poor contact between electrodes and electrolyte'®? are the most important
sources of interfacial resistance. Interphases formed by interdiffusion between cathode and

electrolyte materials have been widely observed in SSBs, resulting in large interfacial resistances.
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The Meng group'® reported an interphase at the LiCoO2/ LiPON interface using scanning
transmission electron microscopy (STEM). The interphase was argued to cause irreversible
capacity loss in the battery. Sakuda® investigated LiCoO-/Li,S-P,Ss interfaces after charging.
Again, a clear interfacial layer was detected by STEM and energy dispersive spectroscopy (EDS).
The Ceder group’ theoretically testified the formation of interphases in multiple
cathode/electrolyte combinations. Therefore, understanding the formation mechanism of this
interphase and investigating its impact on battery resistance could be critical in engineering a
structurally stable SSB.

On the experimental side, conventional co-sintering of cathode and electrolyte materials
could provide sufficient interfacial contact for lowering the interfacial resistance of the half
cell®4195  Compared with the other interfacial modification techniques such as buffer layer
deposition%:197 interface softening'® and surface coating®, co-sintering is the most convenient
and economical method. However, the high temperature during co-sintering can lead to severe
interdiffusion and cause undesired chemical reactions between cathode and electrolyte
materialst®119, Spark plasma sintering (SPS) offers many benefits over conventional sintering; by
applying uniaxial pressure and large pulsed DC current to the sample, SPS consolidates powders
in a much shorter sintering time and at relatively lower temperature’. As a result, the formation
of interphases could be alleviated in the SPS process, which makes SPS a promising technique in
manufacturing cathode/electrolyte/anode SSB cells!l. An additional new insight this work is
putting forward stems from the fact that the electric field effects in SPS on the interdiffusion
which could potentially lead to the formation of metastable phases, is still not fully
understood!!2113, This potential effect is addressed here via parallel hot-pressing experiments of
the cathode/electrolyte material pairs, followed by characterization.

It is now clear that to produce effective SSBs for industrial applications, an interphase with
minimized ionic conduction resistance is desired. Thus, this work focuses on understanding the
mechanisms of the interphase formation and its influence on ionic conductivity, which in turn
could shed light on the appropriate choices of cathode/electrolyte materials. Lithium Lanthanum
Titanite (LiossLaos7TiO3, LLTO) is a well-known perovskite electrolyte with high bulk
conductivity. LLTO is a very strong competitor among SEs when considering large-scale
manufacturing SSBs.®8 LLTO is easy to handle and it is very stable in air against high moisture

environment?'. Moreover, LLTO has great thermal stability and good compatibility against high-

68



voltage cathode materials?®, which make LLTO a perfect candidate for investigations of interfaces
in co-sintered cathode/electrolyte half-cells. In previous study'!4, we investigated the interfacial
phenomena in LizMnO4(LMO)/Lio.33La057TiO3(LLTO) half cells. The impedance of the half-cell
was dominated by the interphase. In this work, we selected LiCoO» (LCO) as cathode material and
investigated the feasibility of applying LLTO/LCO half-cell pair to an SSB. LiCoO; (LCO) is a
cathode material currently in use for commercial batteries and offers a balance between capacity
and cycling stability!*>116. For the first time, we co-sintered the LCO and LLTO with a two-step
joining  via SPS to investigate the interphase formation in this system. Scanning Electron
Microscopy (SEM), Scanning Transmission Electron Microscopy (STEM), High Resolution
Transmission Electron Microscopy (HRTEM), Energy Dispersive X-ray Spectroscopy (EDS) and
Electron Energy Loss Spectroscopy (EELS) were applied to characterize the LCO/LLTO interface.
The influence of the interphase formation on the resistance of LCO/LLTO half-cell pair was

analyzed by Electrochemical Impedance Spectroscopy (EIS) and computational modelling.

4.2 Experimental Procedure

Powder synthesis

Lio.3sLaos7TiOs (LLTO) powders were prepared by the mixed-oxide/carbonate route'4.
Li.COs3 (Sigma-Aldrich, >99%), La203(Sigma-Aldrich, >99%) and TiO; (Rutile, Sigma-Aldrich,
>99%) were mixed stoichiometric ally in ethanol with an attrition mill. The mixed powders were
dried and calcined in a tube furnace at 1050°C for 6 hours in air to form the perovskite phase. Next,
the LLTO powders were attrition-milled again for 2 hours to break agglomerates formed during
calcination. Finally, the powders were sieved (100um, Gilson company). The cathode material
LiCoO, was commercially available from Sigma Aldrich (442704, purity of 99.8%).

SPS Co-sintering

Mixed LCO and LLTO powders were co-sintered by SPS and analyzed to understand any
chemical reactions that may occur!’. LCO and LLTO powders were mixed at a volume ratio of
1:1 in a mortar. The thoroughly mixed powders were sintered by SPS at 850°C and 50 MPa for 10
minutes, with a heating and cooling rate of 100°C/min.

LLTO/LCO half-cells were prepared through a two-step joining process''® as sketched in
Figure 4.1(a). In the first step, LLTO and LCO powders were first sintered individually by a
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Thermal Technology SPS 10-3 machine into 1mm thick pellets. The pellets were sintered at 850°C
and 50MPa for 10 minutes, with a heating/cooling rate of 100°C/min. To relief the thermal stress
at the interface and avoid the formation of cracks, a separate joining process was designed. LLTO
and LCO pellets were polished with SiC paper (800 Grit) and then joined by SPS at 700°C and
20MPa for 10 minutes. The heating rate was 100°C/min and the cooling rate was 10°C/min.
Subsequently, the joined pellet was cut with a diamond blade and embedded in epoxy. The cross-
section was polished by SiC paper and diamond slurry down to 1um particle size.

The co-sintering experiment initially performed via SPS was also repeated by hot pressing,
in an attempt to understand whether the electrical field had any effect on interfacial structure and
composition. Thus, LLTO and LCO were pre-sintered by SPS respectively at 850°C and 50MPa
for 10 minutes. The pellets were polished with SiC paper (800 Grit) and then joined in vacuum by
a Centorr, Testorr™ series hot pressing machine to identify the possible impact of electric fields
during the bonding . The joining process was carried out at 700°C, 20MPa for 2 hours, with a

heating rate of 25°C/min to 675°C, 5°C/min to 700°C and a cooling rate of 10°C/min.

@ /s

LLTO —
SPS
— @

LCO

Figure 4.1. (a) Procedure of the two-step joining experiment for LCO/LLTO half-
cells. (b) Polished cross-section of LCO/LLTO half-cell co-sintered via SPS.

Materials Characterization

XRD (Bruker D8 Focus, 26 from 15° to 80°) and SEM-EDS (FEI Quanta 3D and Oxford
Instruments) was used to characterize powders and samples.

For the LCO/LLTO half-cell in Figure 4.1(b), microstructures and elemental composition
of the interfacial region were investigated by SEM, EDS line scans and EDS mappings. For TEM
characterization, 10um-20um long lamellas were cut and lifted-out from the interfacial region by

a Focused lon Beam microscope (FIB, FEI Quanta 3D). Lamellas were thinned to 100nm thickness
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for HRTEM, STEM, EDS and EELS characterization. HRTEM, STEM and EDS were carried out
by a FEI Talos 200X TEM, STEM/EELS characterization were made by a Themis Z TEM, the
dispersion is 0.05 eV/ch, while the energy resolution is 1.1eV.

Electrochemical impedance spectroscopy (EIS) was also applied to SPS sintered LLTO,
LCO and the joined LCO/LLTO pellets to determine the effect of the interphase on the overall
resistance. EIS measurement was carried out by a BioLogic electrochemistry potentiostat from 1

Hz to 1IMHz.

4.3 Results and Discussion

Powder characterization and phase composition
Microstructural and compositional characterization of powder precursors has an impact on

the understanding of the properties of the sintered samples after processing. Figure 4.2 (a) and (b)
show SEM and XRD characterization of LLTO powders. Based on Figure 4.2 (a), the particle size
for LLTO powders is about 1um. Figure 4.2 (b) shows the XRD pattern of LLTO powders.
According to the standard PDF card JCPDS N0.870935, the synthesized LLTO is phase-pure

perovskite Lip3sLaos7TiOs3.
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Figure 4.2. (a) SEM image of synthesized LLTO powders. (b) XRD pattern of the
LLTO powders. The indexing relies on the standard PDF card JCPDS No0.870935.
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XRD, SEM and EDS have been applied to analyze possible reactions between LLTO and

LCO powders after co-firing a powder mixture. Figure 4.3(a) shows the XRD pattern of SPS

sintered LCO/LLTO powder mixture. According to the standard PDF cards, we identified two

extra peaks (marked with stars) that match Li;47C0304 indicating a minor phase transformation

during co-sintering. The corresponding microstructure and SEM-EDS mappings are presented in

Figure 4.3(b). In the SEM image, based on Z contrast, we identified the darker phase as LCO and
the brighter phase as LLTO. According to the SEM-EDS mappings in Figure 4.3(b), it is likely

that some interdiffusion between Ti4* and Co®* occurred. However, very little La3* interdiffusion

is visible. These results indicate a chemical compatibility of LLTO and LCO. Still, the

interdiffusion could potentially result in an interphase formation with a thin layer of other phases

below the detection limit of XRD and SEM-EDS4,
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Figure 4.3. (a) XRD pattern of SPS co-fired LLTO and LCO powder mixture. The
pattern was compared with standard PDF card of LCO (JCPDS No0.500653) and
LLTO. The extra peaks (marked with stars) match with Li1 47C0304 (JCPDS
No0.782040). (b) SEM image and element mapping for the powder mixture pellet after

SPS
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SEM/EDS Area Scans for LCO/LLTO interface.

On the LCO side, area scans have been applied to characterize the element concentration.
From Table 4.1, the atomic percentage of Ti is about 3% in all three selected regions. The La
concentration is less than 2%. It is evident that more Ti diffused into LCO than La, which agrees
well with the Co/Ti interdiffusion we observed in co-sintering experiment. Given that the Co
concentration is about 25%, the calculated atomic fraction of Ti is about 10%. Therefore, in Figure
4.5(c), the true atomic percentage of Ti/ La would be less than 3% and 2%, given that EDS have
certain detection error.

Figure 4.4 SEM image of LCO/LLTO interface. Element concentration profiles have
been acquired by EDS in three different areas.
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Table 4.1 Element concentration profiles obtained by area scans in Figure 4.4

Region number Element Atomic Percentage (%)

C 13.2
o) 56.07

Area 1 Co 25.79
Ti 3.19
La 1.75
C 13.07
O 57.08

Area 2 Co 24.79
Ti 3.25
La 1.82
C 12.63
O 56.92

Area 3 Co 25.91
Ti 291
La 1.63

Electron microscopy characterization of LCO/LLTO half-cell

The LCO/LLTO half-cell was prepared by a SPS joining method as sketched in Figure 4.1
(b). SEM and EDS were used to investigate the microstructure and chemical composition of the
interface. Based on the contrast in Figure 4.5(a), the interface contains five different layers. As
LLTO contains heavier elements than LCO, it results in brighter contrast in BSE-SEM (region I).
Region Il is more than 20um thick and contains a two-phase microstructure with bright grains
(phase o) and dark grains (phase B) intercalating each other. From the microstructural appearance,
region 1l might be the result of a phase decomposition of a single-phase during cooling. Note that
in Figure 4.5(d), this layer seems to be porous. This is due to breakout during polishing. Region
[11 is another 5um thick layer, the microstructure of which is similar to Region Il but the dark
grains are not present in this region. Region IV is a few microns thick layer, with slightly brighter

contrast compared to LCO in region V.
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Figure 4.5 (c) shows the atomic fraction profile obtained by SEM-EDS line scan in Figure
4.5 (b). Significant interdiffusion was observed in a more than 100pum thick area. Most
interdiffusion occurred for Co®* followed by Ti**. Less La** interdiffusion occurred in this area.
Combined with the SEM-EDS mapping in Figure 4.5(d), interdiffusion between Co3* and Ti** is
evident and, again, limited La** diffusion into the LCO is observed. This result agrees with Figure
4.3(b). However, in Figure 4.5(c), there were about 10% fraction of La®* detected at the right end.
According to the chemical analysis of the LCO phase (Table 4.1), the chemical composition was
about 25mol% Co, 3mol% Ti and 2mol% La. Therefore, the quantification of the line scan in
Figure 4.5 is only a guideline. Adequate quantification is only obtained by area scans. However, a
higher resolution characterization method is necessary for the interdiffusion analysis, particularly
to resolve the composition of the two phases in region Il. High resolution characterization methods,
such as STEM/ EDS, STEM/EELS and HRTEM have been applied to these interfacial regions
(region 11, region 111 and region 1V).

In general, the interdiffusion documented in Figure 4.5 is similar to other half-cell
combinations. LMO-LLTO half-cells form a very similar interfacial structure with similar
interdiffusion layer width'*, Kim®? applied EDS line scans to detect the interdiffusion between

LCO and LLZO and confirmed the presence of an interphase as well.

75



(b)

0.0

Atomic Fraction
° ° o °
N - (2] [«
) |
% L
V)

100 200 300 400 500
Distance(pm)

Co
25 pym

Figure 4.5. (a) Backscattered SEM image of LLTO/LCO interface, LLTO is the
brighter phase (left) and LCO is the darker phase (right). The interfacial area contains
five regions with different microstructures. I is LLTO phase, Il is an intercalation
region, III is a layer similar to 11 but without the second phase, IV isan LCO phase
with contrast against V, V is LCO. (b) SEM image of LLTO/LCO interface, with an
EDS line scan from left to right (in yellow). (c) Atomic fraction profile obtained by
EDS line scan from the line marked in (b). (d) SEM image and element distribution
profiles obtained by EDS mapping.

Figure 4.6(a) shows a 20um long FIB sample containing region 11, region Ill, region 1V
and a small part of region V in Figure 4.5(a). STEM/EDS characterization is applied to the entire
sample area. From the HAADF-STEM image in Figure 4.6(b), four areas are identified for further

chemical quantification (Table 4.2). Area 1 and Area 2 are from region Il containing bright (phase
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o) and dark grains (phase B) intercalated with each other. Area 1 is close to the bulk LLTO and
contains fewer dark grains than area 2. Area 3 lies within an interphase formed between LCO and
LLTO with a thickness of about 2um and corresponds to region IV in Figure 4.6(a). Area 4 is from
region phase V. From Figure 4.6(b) and Area 3 (Table 4.2), we can conclude that the interphase
(region 1V) contains Ti** and Co®** but no La®*, which indicates Co**/Ti**interdiffusion in this
interphase. However, the JPDS database does not contain any Li-Co-Ti-O compound that matches
the Co/Ti ratio of 1:1 so that the exact identity of this phase remains unclear. Given the location
of this interphase in region IV (Figure 4.5(a)), we believe that this interphase has an LCO host
lattice with some dissolved Ti.

The Co profiles indicate a rapid Co concentration decay from area 2 towards area 1. In area
4, the EDS results show no existence for any Ti%* or La®*. Therefore, the STEM/ EDS results are
in disagreement with the hundreds of microns diffusion as detected by SEM. As discussed above,
the TEM/EDS results seem to be more reliable because of less secondary X-ray emission compared
to SEM.

To further investigate the chemical composition of bright and dark grains in area 2, high-
resolution STEM/EDS scans were carried out as shown in Figure 4.6(c) and (d). The Li
concentration was investigated by EELS analysis as shown in Figure 4.6(e) and (f). Based on EDS
mappings (Figure 4.6(b) - (d)) and area scans (Area 5, Area 6 in Table 4.2), we conclude that in
region II, phase a has less Ti%* than phase B. The La3* concentration in phase B is negligible. The
chemical analysis of Area 5 and 6 reveals that the Ti/La ratio deviated from LLTO stoichiometry
in phase a. Accordingly, La%* diffused from phase B to a.

The cobalt concentration in phase o is smaller than in phase p. An accumulation of Co3*
was observed at the interfaces between a and B in the cobalt mappings, possibly indicating a
complexiont*4, space charge or a kinetic accumulation during growth of the particle (Figure 4.6(c),
Figure 4.6(d)). Additionally, to verify lithium presence in the phase a and 3 in region II, an EELS
line scan was carried out in Figure 4.7(c). Spectrums from 4 points (marked in Figure 4.6(c)) are
shown in Figure 4.6(e). La N4 s Peaks were only observed in the bright grain spectrums (B1,B2),
while the peak position is most likely shifted due to the oxidation state of La'*°. This observation
accords well with the TEM-EDS results.

Li peaks were observed in phase a at about 62eV, while one measurement of the phase 3

(D2) showed a lithium peak at about 58eV. This peak shift of Li indicates a different oxidation
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state in phase o and . Additionally, the lithium concentration mapping in Figure 4.6(f) shows a
much higher lithium concentration in a. compared to 3. Therefore, in the D1 spectrum, the Li peak
is missing. Thus, we draw the conclusion that phase o contain Li, Ti, La, O with minor Co

concentration. Phase  contain less lithium, but more cobalt and titanium.
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Figure 4.6. (a) SEM image of the lamella lift-out from the interfacial region. (b)
Chemical mappings of the entire lamella as obtained by STEM/EDS. The four marked
areas were analyzed in detail. 11, 111, 1V, V refer to the same regions in Figure 4.5(a).
(c) Chemical mapping of area 2 from (b) as obtained by STEM mapping. Again, two
areas are marked. (d) Element concentration mapping of phase a/p interface. (€)
EELS analysis of four points (B1, B2, D1 and D2) in (c). Lithium related peaks were
marked out by stars. (f) Li concentration mapping for the area marked in (d). The
color codes for Li counts in arbitrary units. The chemical composition was quantified
by TEM-EDS area scans as detailed in Table 4.2.
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Table 4.2 Chemical composition for the six areas marked in Figure 4.6(b) and (c), as obtained by

STEM/EDS area scans
Atomic Fraction (mol%)
Element Area 1 Area 2 Area 3 Area 4 Area 5 Area 6
O 55.73 54.19 55.46 41.9 64.47 74.96
Ti 27.34 25.43 21.37 0.05 15.79 22.07
Co 1.76 7.88 23.17 58.04 0.28 2.7
La 15.17 125 0 0.01 19.46 0.26

To confirm the Co®/Ti*" interdiffusion would lead to the formation of interphase in the
LLTO/LCO half-cell, it is necessary that we eliminate effect of electric field in SPS. Therefore, a
hot-pressing joining has been applied to the pre-sintered LLTO, LCO pellets. Similar to the
previous discussed approach, a 15um lamella was cut and lift-out from the interfacial region of the
hot-pressing LLTO/LCO sample. HAADF STEM and EDS has been applied to identify phase
composition information. From the HAADF STEM image in Figure 4.7(b), we noticed that the
microstructure in this hot-pressing interface is very similar to that of SPS sample (Figure 4.6(b)),
the interfacial region still an intercalation region (region Il) and a new phase in LCO side (region
IV). Additionally, the EDS mappings in Figure 4.7(b) confirmed that the phase composition in this
hot-pressing sample is the same as previous discussed SPS sample. Thus, we can safely draw the
conclusion that the interdiffusion in the LLTO/LCO half-cell is not affected by the electric field

and current during SPS.
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Figure 4.7. (a) SEM image of the lamella lift-out from the interfacial region of hot-
pressing sample. (b) HAADF image and EDS mapping of the sample in (a).

To further investigate the interface between a and P in layer II for any interphase or
complexion'? in the intercalation region, HRTEM was applied to the interface in Figure 4.6(d) as
shown in Figure 4.8 (a), (b). Figure 4.8 (b) revealed a tilted grain boundary between phase o and
B grains. Phase a is crystalline perovskite phase while phase  has a LiTi-O4 host lattice. This
finding is underlined by SEAD patterns presented in Figure 4.8(c), (d) and Figure 4.9. Based on
Figure 4.8(c) and (d), we can determine that the crystal has an FCC lattice with lattice parameter
of ~8.4 A. After checking JCPDS database and matching with modeling result in Figure 4.10(b).
The B phase diffraction pattern fits LiTi.O4 lattice (JCPDS N0.400407). However, there is no
evidence of a complexion other than the Co enrichment discussed with Figure 4.6(c) and (d).
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Figure 4.8. HRTEM image of bright (phase o) and dark grain (phase ) interface.

(c) SEAD pattern of B grain in [110] zone, (d) SEAD pattern for B grainin [211]
zone.

Figure 4.9 showed diffraction pattern of bright gains in Figure 4.6(c). The bright grain
SEAD showed the similar pattern as tetragonal LLTO phase.
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Figure 4.9 SEAD pattern for bright grains. (LLTO)

In summary, the analytical TEM reveals that at the interfacial region in LCO/LLTO half-
cells, three additional layers (11, Ill, 1V) have been identified by SEM/TEM observations. In
Region Il (Figure 4.5(a)), we identified two different phases (a, B) intercalating. Analytical TEM
reveals that phase o is a crystalline Li-La-Ti-Co-O compound in perovskite phase, while the phase
B is an Li-Ti-Co-O compound with a LiTi2O4 host lattice. Phase a is rich in Li while phase 3 has
higher Co and Ti concentration. Region III is a thin layer of phase o (Li-La-Ti-Co-O). Region IV
is another few micron thick layer with LCO host lattice containing some Ti%*. However, none of
these compounds could be identified as a separate phase based on stoichiometry and the JCPDS
database.

The EDS analysis for the interphase in Region Il clearly indicated that an interdiffusion
between Co and Ti occurred. In the perovskite LLTO, La3* cations have a coordination number of
12 and Ti** have a coordination number of 6. In the LCO phase, Co®* has a coordination number
of 6. The ionic radii of these cations are 150 pm (La®"), 74.5pm (Ti*) and 75pm (Co3%+)%,
Diffusion of La ions into the LCO are limited by a large misfit in ionic radius. However, as the
Ti**/Co%* couple have very similar ionic radii, like a substitutional interdiffusion occurred. The
diffusion distance for Ti4* was about 2um in the interphase layer, while the Co®* diffusion distance
was about 20um. As more Co®* diffused in LLTO than Ti** diffused in LCO, it is possible that

some Co vacancies are introduced in LCO thereby changing the point defect chemistry.
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Computational Simulations of g Phase Composition

As observed in the experimental diffraction pattern of B phase (dark grains) showed in
Figure 4.8(c) and (d), indicate the existence of Li-Ti-O FCC structure with a lattice parameter of
~8.4 A. However, there could be various possible combinations of Li-Ti-O with different
stoichiometry with FCC crystal structure and similar lattice parameter. To identify the possible
stable compound with FCC crystal structure, we constructed a phase diagram of Li-Ti-O at 0K
using the “phase diagram” package of the pymatgen library'?*122 | The solid dots/nodes in Figure
4.10 show stable compositions, whereas red and blue nodes highlight stable ternary phases. Other
than LiTi.O4 (blue node), the rest compositions do not possess FCC symmetry (Fd-3m) for the
minimum energy phase. The calculated lattice parameter for FCC LiTi,04is 8.46 A, which is close
to the observed value from the diffraction experiment. Besides, LiTiOz also exhibits an FCC
crystal structure, but for a higher energy phase.

Further, to validate that the observed structure is LiTi204, we simulated the virtual selected
area-electron diffraction (SAED) patterns for the FCC phase for comparison with the experimental
findings. The SAED patterns are simulated for a supercell of LiTi,O4 using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) 123 user-diffraction package!?12
For SAED, an irradiation wavelength of 0.0251 A (200-keV electron radiation) and a cutoff radius
to 1.25 A—1 are utilized. The SAED patterns are visualized for [110] and [211] zone axes to
compare with experimental prediction. The SAED patterns are shown in Figure 4.10 (b) and show
similar spots to those observed in the experimental diffraction patterns. The simulated SAED

patterns confirm the formation of phase p with a LiTi,O4 structure and a lattice parameter of ~8.4

A
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Figure 4.10. (a) Simulated phase diagram for Li-Ti-O to confirm possible structure
with FCC symmetry. The red dots represent stable structure with combination Li-Ti-
O, and the blue dot indicates stable structure with FCC as minimum energy phase
(LiT204). (b) The simulated virtual selected area-electron diffraction (SAED)
patterns of FCC LiT204 along [110] and [211] zone axes.

Electrical Characterization of the LCO/LLTO half cell

It was shown before that the formation of an interphase by interdiffusion can lead to very
large interfacial resistance!'#, which is undesirable in SSBs. This interphase layer appears as an
additional part in the Nyquist plot of electrochemical impedance spectroscopy (EIS)%®. In the
present study, EIS analysis was carried out for an LCO/LLTO half-cell joined by SPS (700°C, 10
minutes, 20MPa).

Figure 4.11(a) shows the impedance profile of an LLTO pellet sintered by SPS (850°C,
10 minutes, 50MPa). An equivalent circuit as shown in Figure 4.11(a) was used to fit the
impedance data.!** The fitting parameters are listed in Table 4.4. The grain boundary impedance

is expected to contribute to the low frequency part. Therefore, the grain boundary resistance for
LLTO was 2714 Q yielding a grain boundary conductivity of gy, = pé = 4.69x1075 S/cm. The

bulk conductivity of LLTO including both grain and grain boundary resistance was found to be

4.62x10° S/cm. This is comparable with the LLTO bulk conductivity reported in the literature!?.
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The impedance profile of the LCO pellet sintered by SPS (850°C, 10 minutes, 50MPa) is
shown in Figure 4.11(b). Both electronic and ionic conductivity occur in LCO?®’. Therefore, the
equivalent circuit in Figure 4.11(b) was used. The fitting parameters are listed in Table 4.5.

Figure 4.11(c) shows the impedance of the LCO/LLTO half-cell along with LCO and
LLTO. The impedance of LLTO is two order of magnitude lower than that of LCO and
LCO/LLTO (see inset). The LCO/LLTO impedance is two times larger than the LCO impedance.
Accordingly, the interfacial resistance is in the same order of magnitude as the LCO bulk
impedance. To obtain detailed information on the impedance signal of the interphase, a subtraction
method had been applied to analyze the data'4. The imaginary part of the interphase (Z interphase)

was estimated based on the information of sperate LCO (Z Lco) and LLTO (Z L.7o):

IM(Z interphase)=IM(Z LLToiLco)-(IM(Z Liro)+Im (Z Lco)). )

Analogue, the real part of interphase was estimated by:

Re(Z interphase)=Re(Z LLToco)-(Re(Z Lito)+Re(Z Lco)). 2

The calculated imaginary and real parts for this interphase were plotted in a Nyquist plot
(-1M(Z interphase) VS Re(Z interphase)) Showed in Figure 4.11(d), with a frequency range from 50kHz to
1Hz. In the Nyquist plot, we observed two semi-circles, which were fitted with two RC circuits. A
single CPE element was also added to account for the low frequency tail. The corresponding
equivalent circuit provides a reasonable fitting result in Figure 4.11(d). The fitting parameters are
shown in Table 4.6. Based on the fitting, it was evident that the interfacial resistance contains two
parts. The total resistance for the interphase layer can be estimated based on R1(296730 Q) and
R2(160279 Q), which adds to about 4.6x10° Q.

Based on the equivalent circuit for the interphase we applied in Figure 4.11(d) and the
equivalent circuits for separated LLTO and LCO, a circuit for the joined LCO/LLTO pellet can be
obtained by placing the LLTO, LCO, interphase circuits in series. The circuit is shown in Figure
4.11(e). The grain impedance for LLTO is very low compared to the other components, therefore
we neglected this part in the fitting process of the LLTO/LCO half-cell. The remaining parameters
for LLTO and LCO were taken from the fitting in Figure 4.11(a) and (b) and were held constant.
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The parameters for the interphase (R5, CPE5, R6, CPEG6) were obtained by fitting the LCO/LLTO
impedance profile with the equivalent circuit in Figure 4.11(e). According to Figure 4.11(f) and
Table 4.3, the fit is very accurate. From this data, the impedance parameters of the interphase are
R5= 298010 Q, Q5= 5.144x10! F-s #1(a=0.99708), R6=108680 Q and Q6=1.7388x108 F-s &1
(a=0.92347). These values agree well with the subtraction method in Figure 4.11(d). Therefore,
we conclude that the interfacial resistance of LCO/LLTO contains two parts and the total resistance
is about 4x10° Q.

The effective capacity for a constant phase element can be calculated through the equation:

Cer=Q/AR(~/2 (3)

Where Q and a are CPE parameters.

Using a plate capacitor approach, the obtained capacity can be used to calculate the thickness of

the interphase layers, where:

d = gye,A/C 4).

€0 IS the permittivity of vacuum and & is the relative permittivity. We approximate =30 for LCO
and LLTO. Ais the cross-sectional area of the sample. The obtained thickness is 400 um for CPE5
and 2um for CPE6. The 2um layer matches the thickness of interdiffusion layer we observed in
Figure 4.6(b), while the layer thickness of 400um probably stems from bulk LLTO or LCO.
Therefore, resistance of the LLTO/LCO interdiffusion layer is 10° Q, which 40 times larger than
the overall electrolyte resistance.

The EIS results underline that the interfacial resistance from the interdiffusion layer was
still the major cause for the large internal resistance solid-state batteries and is likely to be a major
problem to be overcome in such batteries'?’. Our group previously reported that this challenge
does not only apply to LCO/LLTO half-cells, but also to LMO/LLTO half-cellst!4. Therefore, any
cathode/electrolyte material pairs where an interphase is induced by interdiffusion is unfavorable
for battery applications and needs to be suppressed carefully by choosing material combinations

and processing methods that minimize this effect.
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Figure 4.11 (a) Impedance profile of LLTO sintered by SPS. The equivalent circuit
on the top was used for the fitting. (b) Impedance profile of LCO sintered by SPS
along with the used equivalent circuit. (¢) The impedance profiles of LLTO (red),
LCO (black) and LLTO/LCO. (d) Nyquist plot of LCO/LLTO interphase from the

subtraction method in the frequency range from 50kHz to 1Hz. (e) equivalent circuit

for LLTO/LCO half-cell. (f) Impedance profile of LLTO sintered by SPS. The
equivalent circuit from (e) was used for the fitting.

88



Table 4.3 Fitting parameters of LLTO/LCO impedance in Figure 4.11(f)

| CPE1
D —

89

>>
CPE2
>_

Figure 4.12 Equivalent circuit for LLTO.

Parameter Value Unit Freedom
R1(LLTO) 2714 Ohm Fixed
CPE1 (LLTO) 1.218x10°® F-sal Fixed
al 0.766 Fixed
R2(LCO) 429720 Ohm Fixed
CPE2(LCO) 1.256x10°% F-sal Fixed
a2 0.87965 Fixed
R3(LCO) 672300 Ohm Fixed
CPE 3(LCO) 8.807x10° F-sal Fixed
a3 0.66179 Fixed
R4(LCO) 10262 Ohm Fixed
CPE4(LCO) 1.254x1010 F-sal Fixed
a4 1 Fixed
R5(interphase) 298010 Ohm Free
CPE5(interphase) 5.144x101 F-sal Free
ads 0.99708 Free
R6(interphase) 108680 Ohm Free
CPE6(interphase) 1.7388x10°8 F-satl Free
ab 0.92347 Free
CPE7 1.5643x10 F-sal Free
ar 0.40422 Free

Additional Electrical characterization information
1. SPSsintered LLTO (d=1cm, h=1mm).
R grain Rgb CPE3




Table 4.4 Fitting parameters for SPS sintered LLTO

Parameter Value Unit
CPE1 9.693x10° F-sal
al 1

R grain 10.43 Ohm
CPE2 1.218x10% Frsal

a2 0.7666
Rgb 2714 Ohm
CPE3 8.4512x108 F-sal

a3 0.76104

2. SPSsintered LCO (d=1cm, h=1mm)
R ionic R contact (iP\Ed
CPE3
> r—
R electronic CPE2
>_

Table 4.5 Fitting parameters for SPS sintered LCO.

Figure 4.13 Equivalent circuit for LCO.

Parameter Value Unit
CPE1 1.256x10° F-sal
al 0.87965

R ionic 429720 Ohm
R electronic 672300 Ohm
CPE?2 8.807x10°° F-sal
a2 0.66179

R3 10262 Ohm
CPE 3 1.254x10710 Fsal
a3 1

CPE 4 3.3108x10° F-sal
ad 0.68525
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3. LCO/LLTO interphase obtained by subtraction method.

R1 R2 CPE3

>>
CPE1 CPE2
— >—

Figure 4.14 Equivalent circuit for LCO/LLTO interphase

Table 4.6 Fitting parameters for LLTO/LCO interphase by subtraction method

Parameter Value Unit
R1 296730 Ohm
CPE1 4.672x1011 F-sal
al 1
R2 160279 Ohm
CPE 2 3.606x108 F-sal
a2 0.7856
CPE 3 2.327x10 F-sal
a3 0.4508

4.4 Conclusions

In this work, we studied the compatibility between the commercial cathode material
LiCoO2(LCO) and the perovskite solid electrolyte LigssLaos7TiO3(LLTO) as it relates to their
interfacial properties. An LCO/LLTO half-cell was prepared by a two-step joining via Spark
Plasma Sintering (SPS). Subsequently, interfacial microstructures and the effect of interphase
formation on half-cell conductivity were investigated by analytical SEM, TEM and EIS. At the
LCO/LLTO interface, we observed 3 layers in addition to the pure LLTO or LCO phases:

-Region II: Phases o and B intercalating with each other. Phase o is a crystalline Li-La-Ti-Co-O
compound, with a LLTO host lattice. Phase B is a Li-Ti-Co-O compound, with a LiTi2O4 host
lattice. Phase a is Li rich and phase B is Ti rich. This structure probably formed due to a phase

decomposition during cooling.

-Region III: A few microns thick layer of phase a, no existence of phase f3.
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-Region 1V: A few microns thick interphase layer of Li-Co-Ti-O compound, which isa LCO host

lattice with some Ti content.

According to the EIS analysis, the formation of an interdiffusion layer contributes to an
interfacial resistance of 10°Q, which is 40 times larger than that of the LLTO bulk phase. Therefore,
we concluded that it is the interdiffusion between Co3* and Ti** that results in great interfacial
resistance in the LCO/LLTO half-cell pair, making this material selection unfavorable for SSB
applications. To improve the performance of the SSBs it is mandatory that the interdiffusion of
ions at the cathode/electrolyte interface is suppressed. Interphase engineering would be necessary

to improve the ionic conduction.
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CHAPTER 5. COLD SINTERING PREPARATION FOR LLTO/LMO
HALF-CELL"

5.1 Introduction

Cold sintering(CS) is a novel sintering technique that enables consolidation of inorganic
ceramic powders at temperatures below 300 °C. 28 During the cold sintering  (CS), a volume
fraction of about 1-10% liquid is added to the powders as mass transport medium. Water is the
most common liquid for CS, while in other cases organic solvents can also be used as this liquid
phase.?° The particles would exhibit some solubility in the selected liquid media. Subsequently,
the powders are loaded in a die and the densification is carried out under a uniaxial pressure of
100~500MPa and temperature of RT to approximately 300°C.

In cold sintering, the consolidation of particles includes two main stages?%: (i) the initial
stage where particle compaction take place, and (ii) the second stage that includes dissolution,
precipitation and grain growth, etc. In the initial stage, the introduced liquid phase serves as the
lubricant and facilitates rearrangement of particles. Part of the sharp edges of particles would
dissolve in liquid phase and be rearranged as the liquid phase fills the interstitial space between
particles and therefore result in particle compaction. The second stage takes place at elevated
temperature under high uniaxial pressure. As the temperature is elevated at this stage, liquid phase
evaporation occurs, and the remaining solution at particle interstitials becomes supersaturated. The
applied high uniaxial pressure provides an additional driving force for mass transportation. In this
case, the heterogeneous/ homogeneous nucleation takes place during this precipitation to minimize
the surface free energy, followed by further Ostwald Ripening grain growth. Therefore, the
porosity is removed in this step. On the other hand, Dr. Randall’s group also proposed a second
route!?®, which is a metastable glass phase formation in the precipitation, which bridges the initial
stage to the final product. Dr. Guo pointed out that according to the Oswald step rule'®!, the
supersaturated solution could nucleate an amorphous phase, after which the amorphous phase
needs to go through recrystallization to form the final product. This new route was verified as Dr.
Guo observed a glassy phase at the grain boundaries of BaTiOs densified through CS**2, The

formation of a glassy amorphous phase is usually expected when the first crystallization route is

* The author acknowledges Wolfgang Rheinheimer and Lia Stanciu for contribution to this work
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not kinetically favorable.'?® However, the formation of this glassy phase is proven to have effect
on ion transportation performance. Therefore, in most of the cold sintering work, a post-heating
step is applied to eliminate this glassy phase.

Various inorganic materials have been reported that could be densified by the CS at
temperatures below 300°C*?8, In CS, enhanced densification at low temperature could potentially
relieve the temperature driven interdiffusion at cathode/ electrolyte interface, therefore suppress
the formation of high resistance interphase. The application of CS on solid electrolyte materials
have been investigated®3. The low temperatures for CS could minimize the lithium loss of
electrolyte materials during processing as well as suppress the side reactions. Dr. Randall‘s group
have managed to densify LiisAlgsGe1s5(PO4)s (LAGP) to about 80% density with cold sintering,
the ionic conductivity reached 5x10° S/cm.'3* Thus, feasibility of applying cold sintering to solid
electrolyte material has been proved. Moreover, densification of cathode material LiFePO4 (LFP)
with 6 wt% of carbon fiber through CS had also been reported by Dr. Randall group.*® This further
proved the possibility to apply cold sintering technique to battery materials. (cathode and
electrolyte).

In previous chapters, the Lio.3sLaos7TiO3 (LLTO)/ LiMn204(LMO) half-cell, which was
prepared by one-step co-sintering have been discussed. An interdiffusion layer was observed and
originated a large resistance that is 40 times higher than LLTO. To suppress such unwanted
diffusion, a lower temperature sintering technique, cold sintering, holds great promise. In this

chapter, the densification of LLTO and LMO via cold sintering is investigated.

5.2 Experimental

Powder synthesis

Lio.33Laos7TiIO3(LLTO) powders are prepared by the same solid-state reaction method as
mentioned in previous chapters. The particle size of LLTO is about 1 um, powder, SEM and XRD
have been applied to characterize the homemade LLTO. Two kinds of LiMn;O4(LMO, spinel)
powders are used in the experiment. LMO powders with <0.5 pum particle size, >99% purity as
well as electrochemical grade LMO are both commercially available from Sigma Aldrich. SEM

and XRD again have been applied to characterize LMO powders.

94



Cold sintering

The setup of the cold sintering experiment is shown in Figure 5.1. Experimental set-ups
include a 2 inch dry pressing die from MTI corporation; a ®40mm x 45mm AC 110V 380W
cylindrical heater; an LC-Z power controller, which is connected to the heater; two thermocouples,
of which TC 1 is connected to the outer surface of the heater, and TC 2 is connected to the upper
punch of the die. A Central Hydraulics 50 Ton Shop Press (Model 96188) is used to apply uniaxial

press.

Figure 5.1. Experimental set up of cold sintering experiment

In this chapter we applied cold sintering to densify LLTO and LMO powders at different
temperatures and holding times. Further, we applied a one-step co-sintering process with CS.
During CS, 1g of LLTO powders were mixed with 0.09 g of DI water (about 40 vol% of the
powder) in a mortar and pestle. Next, the well mixed powders were transferred to the die and a
500MPa pressure was applied. During heating, the sample temperature was estimated to be
equivalent to the punch temperature (TC2). TC1 was used to regulate heating power, so that the
temperature difference between the heater and punch was less than 15°C. Samples were held at
150°C, 180°C and 200°C, respectively, for 40 minutes. The densification of LMO followed the
same procedure. The co-press CPS for LLTO/LMO half-cell followed the flow chart as Figure 5.2.
Here, 1g LLTO powders and 1g LMO powders were pre-mixed with 0.09 g of DI water,

respectively. LLTO powders were transferred to the die and pressed into a green pellet, then LMO
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powders were placed on the top of LLTO pellet and pressed into a co-pressed green pellet. Then,
the co-pressed green pellet was densified by cold sintering at 200°C, 500MPa with 40 minutes

holding time.

l Press
lPr ess & LMO powders

Cold sintering process
- o - @ gy

LLTO powders  LLTO green pellet Co-pressed green pellet densified LLTO/LMO half-cell

Figure 5.2 Experimental procedure for LLTO/LMO half-cell prepared by CS

X-ray diffraction (XRD) Characterization:

Powder characterization was performed by a Bruker D8 focus XRD machine. For LLTO
powders, scan range is from 26 = 20°~80°, with a scan rate of 5 degrees/ min. For LMO powders,
scan range is from 206 = 15°~80°, with a rate of 5 degrees/ min. The diffraction patterns are
compared with standard PDF cards in JCPDS data base.

Scanning Electron Microscopy (SEM) Characterization:

The microstructure of powders as well as of CS densified pellets were observed by an FEI
Quanta 650 FEG SEM. The accelerating voltage for SEM imaging is 10KV, spot size=4.

Density measurements

The densities of cold sintered pellets were measured by Archimedes’ principle. Measured
density of pellet can be calculated as pmeqsurea = Pwater * Mary/ (Mary — Mimmersea) - The
relative density is calculated as p,eiqtive = Pmeasured/ Peheoreticar- YWhile the theoretical density
of LLTO =5 g/cm? and density of LMO= 4. 28 g/cm? according to the JCPDS data base.

5.3 Results and discussion.

Cold sintering of LLTO

The XRD results for LLTO densified by CS at 180°C and 200°C are shown in Figure 5.3.
By comparing XRD patterns with the pattern of LLTO raw powders as well as standard PDF card
from JCPDS #870935, we confirm that there is no phase change during the cold sintering at both
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temperatures. No extra peak has been identified. The XRD analysis of LLTO shows that CS at
200°C will not lead to any phase change.

——LLTO powder

— CSP @180C

— — CSP @200C
5 PDF#870935
s
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Figure 5.3 XRD pattern for LLTO raw powders, densified by cold sintering at 180°C
and 200°C. The diffraction patterns are compared with standard PDF card of LLTO
(870935)

The densities of LLTO after cold sintering at 150°C, 180°C and 200°C are listed in Table
1. We can see that the relative densities increase at increased temperatures. At 200°C, the LLTO
pellet reaches 90% density, which is higher than the 80% density reported for LAGP34. This
means that LLTO is potentially a promising material that can be densified by CS. However, | need
to mention that the theoretical density | use for calculation is based on standard PDF card in the
data base. There might be some error as the theoretical density for my homemade powder could

be different.

Table 5.1 Relative densities of LLTO pellets after cold sintering at different temperatures.

Processing temperature (°C) Processing Time (mins) | Relative Density (%)
150 40 81
180 40 86
200 40 89
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Scanning electron microscopy (SEM) have been applied to LLTO raw powders as well as
pellets after CS at different temperatures. Images are shown in Figure 5.4 According to Figure
5.4(a), the particle size of homemade LLTO powder is about 1 pm. By comparing Figure 5.4(c),
(e) and (g), we can see the relative density of the CS densified LLTO increased, which is verified
by the results of the Archimedes’ density measurements in Table 5.1. However, we noticed that
there is still a very big gap in terms of density when comparing Spark Plasma Sintering (SPS)
densified LLTO and cold pressed LLTO (Figure 5.4 (b), (d), (e), (f)). This suggests that cold
sintering is not a very effective tool in consolidating particles when compared with SPS. Moreover,
we can notice that the grain size of the pellets after CS remain to be about 1 um, which confirms
that grain growth is limited in CS. We also noticed that the microstructures in Figure 5.4 (d), (f)
and (h) exhibit nonuniformity. Thus, some parts of the sample have greater density than the other
parts. Two reasons could lead to such phenomena: (i) Water is not uniformly mixed with the
powders. Thus, the region with more water has a higher density because water serves as lubricant
in the first stage of the CS. (ii) Heat distribution is not homogeneous in the die, since we use a steel
die and a cylindrical heater in the process. The upper/ bottom punches are also made of steel and
the temperature of the punches should be lower than the die body. Therefore, there were two
sources of heat, the die body and the punches, which results in an uneven temperature distribution
inside the sample. Thus, the nonuniformity of the sample could lead to the formation of cracks and

rupture of the pellet.
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Figure 5.4 (a) SEM image of LLTO raw powders. (b) Fracture surface of SPS
sintered LLTO. (c) Surface microstructure of LLTO pellet densified by CS at
150°C. (d) Higher magnification image of (c). (e)Surface microstructure of LLTO
pellet densified by CS at 180°C. (f) Higher magnification image of (e). (g) Surface
microstructure of LLTO pellet densified by CS at 200°C. (h) Higher magnification
image of (e).
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Cold sintering of LMO

Similar to LLTO, LMO pellets densified by CS and analyzed by XRD are shown in Figure
5.5. The diffraction patterns verify there is no phase change during CS of LMO. Therefore, we can
conclude that cold sintering is a safe technique for LLTO and LMO densification and will not lead

to any additional phase formation.

—— LMO powder
—CSP@180C
——CSP@?200C

’:',? PDEF#890106

s

2

n

c

2

g

20 40 60 80

20(°)

Figure 5.5 XRD pattern for LMO raw powders, LMO pellets densified by CS at
180°C and 200°C. Diffraction patterns are compared with standard PDF card of LMO
(890106).

For LMO, two types of powders with different particle sizes were densified by CS to verify
the particle size effect on CS. SEM images of raw powders are shown in Figure 5.6 (a) and (b).
Electrochemistry grade LMO (LMO 2, Figure 5.6 (b)) with a particle size of 5 um is applied to
compare with the LMO sample discussed in the XRD results. The previously analyzed LMO
powder (LMO 1) has a particle size of about 200 nm. Relative densities of pellets in Figure 5.6 are
listed in Table 5.2. Again, the theoretical density of LMO is obtained from JCPDS data base as
4.28 g/cmd. First, by comparing Figure 5.6 (c)&(g), it is obvious that LMO powders with smaller
particle size can reach a higher density at the same parameters. That is in good accordance with
the common knowledge in sintering theory, which says that particles with smaller particle size

have a larger driving force for densification. By comparing Figure 5.6 (d)&(f), we can see that the
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density of the LMO 1 pellet at 200°C is higher than that of the LMO 1 pellet at 200°C. This again

matches with the density measurement. However, nonuniformity of densification is still the biggest

problem during CS densification of LMO. This have led to formation of cracks and even broken

of the pellets.

Table 5.2 Relative densities of LMO pellets after cold sintering at different temperatures.

LMO powder | Processing temperature | Processing Time Relative Density
type (°C) (min) (%)
1 180 40 90
1 200 40 92
2 180 40 86
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Figure 5.6 (a) LMO raw powder with particle size of about 300 nm (b)
Electrochemistry grade LMO powder with particle size of about 5 um. (c) Surface
microstructure of LMO 1 pellet densified by CS at 180°C. (d) Higher magnification
image of (c). (e) Surface microstructure of LMO 1 pellet densified by CS at 200°C.
(f) Higher magnification image of (e). (g) Surface microstructure of LMO 2 pellet
densified by CS at 180°C. (h) Higher magnification image of (g).
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Cold sintering of LLTO/LMO half-cells

Based on the experience of densifying LLTO and LMO pellets respectively, a one-step CS,
which is similar to SPS has been applied. The flow chart is shown in Figure 5.2. In this part, we
used both LMO 1 and LMO 2 to compare the effect of density on the interfacial contact and
interdiffusion phenomena. In this part, both half-cells were prepared at 200°C and 500MPa for 40
mins. SEM has been applied to the interfacial region for microsturctural observation. Further, EDS
analysis also has been applied to detect the potential element interdiffusion at the interface. For
SEM, we used the backscattering (BSE) mode, as it provides better contrast than secondary
electron imaging between two different phases (LLTO and LMO).

The interfacial microstructure of LLTO/LMO half-cell densified by CS is shown in Figure
5.7(a). The LMO powder in this part was previous designated as LMO 1. We can observe from
these images that LMO is denser than LLTO. The LLTO phase of the half cell is not as dense as
the LLTO single pellet in Figure 5.4(g). From the higher magnification image of the interfacial
region (Figure 5.7(b)), we can observe that the interfacial contact of the cold sintered samples is
not good, and the interface is not sharp nor straight. We noticed the presence of some LMO
particles in the LLTO phase region (red circle) as well, which is also indicative of insufficient
interfacial contact in the CS densified sample. However, the half-cell prepared by CS showed
limited interdiffusion. Based on element mappings shown in Figure 5.7(c), we observed a limited
amount of Mn in the LLTO phase region, and limited Ti in the LMO phase. This result is very
different from the EDS analysis of both the conventionally and SPS sintered samples. Moreover,
the element fraction information of area 1 and area 2 in Table 5.3 verifies that there is limited
interdiffusion, as there was no Mn detected inarea 1 (LLTO phase) and negligible amount of Ti/La
was detected in area 2 (LMO phase). Therefore, the CS is promising for the half cell processing
since it could restrict the interdiffusion between cathode and eletrolyte. This in turn could
potentially eliminate the formation of the previously discussed high resistance interphase.
However, the poor interfacial contact, low density and nonuniformity of the pellet are the biggest

challenges that need to be overcome when investigating cold sintering of such half-cells.
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Figure 5.7 (a) Interfacial microstructure of CS densified LLTO/LMO half-cell
prepared with LMO 1 powders. Atomic fraction of element in Area 1 and Area 2 are
obtained by EDS area scans. (b) Higher magnification image of (a). (c) Element
mappings of (a) obtained by EDS

The LMO 2 powder has also been used for half-cell preparation. The results are shown in
Figure 5.8, and compared with the results in Figure 5.7. From Figure 5.8(a), we can notice that the
LMO phase is less dense than the sample imaged in Figure 5.7(a). This again proves that a smaller
particle size leads to better densified sample in CS. Moreover, the interfacial microstructure in
Figure 5.8(b) proves that the contact is even worse, since the LMO phase is less dense. Both phases
need to reach a high level of densification to obtain sufficient interfacial contact. Also, increasing
the pressure applied to form the LLTO/LMO green pellet in Figure 5.2 could also improve the
interfacial contact. The EDS mappings and area scans from Figure 5.8(c) and Table 5.3 again

verify that the interdiffusion process in CS is inhibited.
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Figure 5.8 (a) Interfacial microstructure of CS densified LLTO/LMO half-cell,
prepared with LMO 2 powders. Atomic fraction of elements in Area 3 and Area 4
are obtained by EDS area scans. (b) Higher magnification image of (a). (c) Element

mappings of (a) obtained by EDS

Table 5.3 Atomic Percentage of elements for areas marked in Figure 5.8 (a), (b).

Atomic Percentage (%)

Element Area 1 Area 2 Area 3 Area 4
Mn 0 14.71 1.41 12.78
La 6.77 1.78 7.2 2.13
Ti 11.09 2.72 115 3.49
O 43.07 46.89 45.37 45.04
C 39.07 33.89 34.52 36.56

Cold sintering (CS) shows good potential for the densification of battery materials. The
low processing temperature and short processing times could help mitigate interdiffusion processes

and prevent the formation of high resistance phases at interfaces. Also, the initial powder particle
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size changes very little during CS. Our experiment verifies the possibility of applying CS to
electrolyte and electrode materials for solid state batteries. In our experiment, LLTO reached a
relative density of about 90%, and LMO of 92% after CS at 200°C, 500MPa for 40 minutes.
However, by comparing with the sample sintered by Spark Plasma Sinteirng (SPS), CS still has a
long way to go to match the densification performance. There are a few ways that could improve

the denisty:

1. Apply powders with smaller particle size. Our experiment with different LMO powders
proves that smaller particle size could lead to a better CS density.

2. Increaing processing temperature. Our experiments for LLTO and LMO showed that higher
temperature leads to a better CS density.

3. Increasing holding time. This needs to be balanced, as temperature and pressure are difficult
to hold constant for a long time. This problem will be discussed in the next paragraph.

Briefly, longer holding time could lead to more uniform temperature inside the sample.
The quality of processing equipment has a significant influence on the last point. With the
equipment available to us, we observed servere nonuniformty in CS samples, which we believe
resulted in their low mechanical strength. Cracks and even repture have been observed in a large
number of pellets, and as a result, no electrochemistry experiments (i.e. impedance measurements)
have been performed on CS densified samples. Based on experimental experience, we listed a few
possible solutions that could alleviate this situation:

1. Use a better press system that could hold the pressure at a constant value. The press we
currently used is an oil press, which was a little bit too big for our experiment. During the
experiment, the pressure would drop from time to time. Adding pressure mannually could
break the sample.

2. Apply a program to control the temperature. In the previous experiment, the temperature
is controled manually based on the read on thermocouples. However, the temperature
could overshoot by tens of degrees after heating power is removed. That could lead to
large temperature variations on the sample surface.

3. A more effective way of measuring temperature of the sample. The current experimental

setup includes two thermocouples, one of which measures the heater temperature, and the
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other measures the temperature of the punch. However, the punch temperature could be
different from the temperature on the sample surface. Also as disucssed in previous section,
the punches provided additional heat to the top and bottom surface of the sample, which
could result in temperature nonuniformities.

4. A way to preserve heat. The die is made of steel and we applied wood planks between
punches and press to isolate the heat transfer between press and die. However, the 200°C
temperature could burn the planks and render it not as flat as when subjected to room
temperature. Moreover, it should be better if this experiment could be performed inside a

chamber to prevent heat exchange between die and air.

The cracking issue for the CS densified pellets should be alleviated after applying
improvements as listed. The one-step CS preparation for half-cell also proves that cold sintering
is a good tool in terms of restricting the high resistance interphase formation. If only we can solve
the problem for better interfacial contact and higher density without cracking, CS would become

a very promising tool for half-cell preparation.
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CHAPTER 6. LLTO STABILITY AGAINST LITHIUM DENDRITES"

6.1 Introduction

Interfaces have become a critical bottleneck for the development of solid-state batteries
(SSBs)*36. In an inorganic SSB system, the cathode-electrolyte interface, anode-electrolyte
interface, and interparticle interface all have great impact on Li-ion transportation in the
batteries'®’. To understand the interfacial properties in solid-state batteries, it is necessary for us
to study the anode-electrolyte interface. However, the lithium metal anode has drawn great
attention among researchers, as it has a theoretical capacity of 3860 mAh/g, which is
approximately ten times higher than that of traditional graphite anodes'®¥'%, Li anode also
possesses the lowest electrochemical potential of -3.04V vs SHE (Standard Hydrogen Electrode);
therefore, the Li metal anode has been widely considered as the ultimate choice for anode material
for SSBs!°, However, the formation of Li dendrites into electrolytes has been a major roadblock
for the practical use of Li metal anode, as it could lead to short circuit and significant capacity loss
of the battery#L. It is thus necessary to understand and suppress dendrite formation at the anode-
electrolyte interface. Solid electrolytes have been considered as the solution for suppression of
lithium dendrites for a long time. Monroe and Newman proposed that dendrite formation can be
suppressed if the shear modulus of a separator is twice than that of lithium (3.4GPa).'%> Based on
that, ceramic solid electrolytes, which usually have mechanical strengths of more than 100GPa are
considered as the solution for suppressing lithium dendrite formation against lithium metal
anodes®. However, further studies on solid electrolyte materials reveal that lithium dendrites can
still form and penetrate SE during cycling and result in short circuit of batteries. Therefore,
studying the stability of Lig.33Laos7TiO3(LLTO) against lithium metal anode could be necessary
for making LLTO a feasible material to be practically applied to solid state batteries design.

Current studies of solid electrolytes interfacing with Li reveal that the critical current
density (CCD), which is the highest current density allowed before short-circuit, for the solid
electrolyte LizLasZr,012(LLZO) is usually below 1mA/cm?, which is even lower than batteries
with traditional organic liquid electrolyte!#3144, This indicate that the dendrite formation in solid
state batteries could not be suppressed simply by applying any high shear modulus ceramic SEs.

For ceramic solid electrolytes, several factors could still result in dendrite growth#°: (i) the poor
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interfacial contact between electrolyte and Li anode; poor contact would generate voids at the
interface so that dendrites can grow within these holes'#®; (ii) the porosity of solid electrolytes;
pores inside solid electrolytes can also led to dendrite growth inside them®*’; (iii) different ionic
conduction efficiency between grain and grain boundaries'®®; for example, in LLZO, grain
boundaries are reported to have higher ionic resistance than grains!#®; that could result in
propagation of lithium dendrite along grain boundaries. In addition to the danger of the short-
circuit, dendrite growth could also lead to lithium loss and result in a low columbic efficiency of

the battery.

Despite a large body of literature on LLZO aiming to reveal the fundamentals of dendrite
growth in solid electrolyte, the dendrite formation and growth mechanism is still not fully
understood. On the other hand, Lio.ssLaos7TiOs (LLTO) has been reported as unstable against
lithium metal anode!®%%1, The reasons behind this is that Ti** in LLTO can be reduced by lithium
and form Ti*" at low potential values. However, there is still very limited information about the
reaction products and their effect on battery performance. Moreover, in recent work that Xiao
group reported'®?, they observed that, at Li;O—Al,03-P,05-TiO>-GeO, (LATP)/Li interface, an
interfacial layer would form and alleviate the growth of Li dendrite. The CCD for LATP is much
higher than that of LLZO. This is a conflicting result, since researchers used to believe such
reduction reaction of Ti** could not impede dendrite growth!®2, Thus, studying the stability of
LLTO against Li anode could not only reveal a more fundamental understanding of LLTO and Li

reaction, but also potentially provide new insights for Li metal anode batteries in the future.

The stability of electrolytes against Li metal is tested through cycling experiments in
Li/electrolyte/Li symmetric cells 144153154 Dendrites are expected to form inside the electrolyte
during stripping/ plating of Li and cause short-circuit while penetrating the electrolyte. The
materials with higher critical current densities are conventionally believed to have stronger
resistance against Li dendrites'®®. However, a term called “Soft shorts”'% was put forward, in
which the potential of batteries will not drop to zero as the dendrite penetrates the electrolyte when
the thickness of Li electrodes are thicker than 30 um. Newman mentioned that we can check for
this “soft short” by analyzing impedance spectroscopy'®®. However, in literature, there are limited
studies on symmetric cellsusing Liand LLTO. In such systems, the dendrite formation mechanism

is not understood. Thus, this work aims to shed light on the Li/LLTO/L.i cell performance.
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6.2 Experimental
Powder Synthesis:

Lio.33Laos7TiO3 (LLTO) powders were prepared via the same solid state reaction method
described in previous chapters. The particle size of LLTO powder after sieving was 1 um.
LisslasZri4TagsO12 (Ta-doped LLZO) was commercially available from MSE Supplies, as

Ampcera™ LLZO Nano-Powder Ta-Doped Lithium Lanthanum Zirconate Garnet, 500nm.

Ceramic electrolyte pellets preparation

LLTO pellets were sintered by Spark Plasma Sintering (SPS) in vacuum at 800°C and
50MPa for 10 minutes with heating/cooling rate of 100°C/min. The sintered pellets then went
through a re-heating process to remove the oxygen vacancies created during SPS, which was
carried out in an MTI corporation tube furnace at 750°C for 1 hour in air. After that, pellets were
polished with 320 and 800 Grit SiC paper to the thickness of 0.7 mm. The diameters of LLTO
pellets were of 10mm. The relative density of LLTO pellets after SPS was >95% according to

Archimedes’ measurements.

Ta-doped LLZO (LLZTO) pellets were sintered by Spark Plasma Sintering (SPS) in vacuum at
950°C, 30MPa for 20 minutes with heating rate of 1200°C/min and cooling rate of 50°C/min. The
sintered pellets also go through the reheating at 750°C for 1 hour in air to eliminate the effect of
oxygen vacancies. After that, LLZTO pellets were polished by 320 and 800 Grit SiC paper to the
thickness of 0.7 mm. The diameters of LLTO pellets are 10mm. Relative density of LLZTO pellets

after SPS is >95% according to Archimedes’ measurement.

Battery Assembly:

Lithium electrodes were cut by a 7/32 inch punch from Lithium foil (GF47159826, Sigma
Aldrich) inan Ar filled glovebox. Then, the Li symmetric cells were assembled as shown in Figure
6.1(a). A LI/LLTO/Li sandwich (Figure 6.1(b)) was pressed and heated on a hot plate at 170°C for
30 seconds each side. Then, two ®=3/8 inch, 0.5mm thick stainless steel plates were placed on
both sides of Li/electrolyte/Li sandwich, respectively, and sealed into a 2032 coin cell by an MTI

Hydraulic Crimper with a spring on the anode side.
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Battery testing

The Li/electrolyte/Li batteries were heated in an oven at 80°C overnight. Next, the cells
went through a direct current (DC) Galvanostatic rating cycling with a Landt battery system. The
cell started cycling at a current density of 0.05mA/cm? for 5 cycles (1 hour/ cycle), then the current
density increased with rate (0.1,0.2,0.3,0.4,05, 1, 2, 3,4, 5, 6, 7, 8, 9. 10 mA/cm?) for 5 cycles,
respectively. The impedance of batteries before and after cycling was measured by a potentiostat,

with frequency from 1MHz to 0.1Hz.
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Figure 6.1 Schematic of Li/solid electrolyte/ Li symmetric cell.

Microstructure Characterization:

Microstructures of pellets before and after cycling were characterized by a FEI Quanta 650
SEM.

6.3 Results and discussion:

Homemade LLTO powders with particle sizes of about 1um (Figure 6.2(a)) were sintered
by SPS (Figure 6.2(b)) at 800°C and the relative densities of sintered pellets are >95% according
to Archimede’s method. Commercial Ta-doped LLZO (LLZTO) powders with particle size of
500nm (Figure 6.2(c)) were also sintered by SPS, the relative densities of sintered pellets (Figure
6.2(d)) were >95% according to Archimede’s method. This again proves SPS is a good tool for
densifying electrolyte materials. The pellets can reach a high relative density with considerably

short processing time compared with hot pressing and conventional sintering. The short processing
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time can minimize grain growth during sintering. The lithium loss during high temperature
sintering is also greatly reduced with the shorter processing time, which is beneficial for lithium

conduction in solid electrolyte.

Figure 6.2 (a) SEM image of LLTO powders. (b) Fractured surface microstructure of
LLTO sintered by SPS. (c) SEM of Ta-doped LLZTO powders. (d) Fractured surface
of Ta-doped LLZTO pellet sintered by SPS

Li/LLTO/Li symmetric cells were assembled to test the durability of LLTO against Li
dendrite. The cells were cycled with increasing current densities. It is obvious that LLTO is not
stable against Li, as the LLTO pellet becomes dark just a few seconds after in contact with Li
electrode (Figure 6.3). The color change is also observed on backside of LLTO pellet, which
indicates the reaction is quite rapid. After cycling, the pellet become completely dark as shown in
Figure 6.3. However, despite the reaction which has been reported as the reduction of Ti**,
surprisingly, LLTO exhibits great stability during cycling experiments. Figure 6.4(a) shows the
Galvanostatic cycling profile for Li/LLTO/Li symmetric cells. The cell is cycled with increasing
current densities (0.05,0.1,0.2,0.3,0.4,0.5,1, 2, 3, 4,5, 6, 7, 8,9, 10 mA/cm?). For each current
density, the cell run for 5 cycles (1 hour/ cycle). The voltage response is recorded. Based on the

voltage profile, we observed an obvious voltage drop at first two cycles, which we believe is due
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to the improved interfacial contact between LLTO/ Li as lithium plating and stripping during
charging/discharging stages. The voltage response is connected to the increase in current density,
which proves that there is no short circuit in LLTO even at the high current density of 10 mA/cm?.
To further prove the cycling stability of LLTO, the cell was cycled with 10 mA/cm? for another
450 hours. From the cycling profile in Figure 6.4(b), the polarization potential of the cell dropped
from 0.2V to 0.1V, indicating there is a decrease in resistance for the cell. To future eliminate the
possibility of “soft circuit” for our LLTO electrolyte, impedance profiles of the cell after 45 cycles
and 500 cycles were measured and compared with the initial impedance. We can see the impedance
of the cell decreased significantly, from 4500 Q to 250Q. We have measured the impedance of the
LLTO single pellet, which is about 2600€2, in the Chapter 4, the current 250 Q value is by far
lower than the resistance of bulk LLTO. This indicates that the reaction product of at the LLTO/Li
interface has lower resistance compared with the LLTO bulk phase. Moreover, the impedance of
the cell after 500 cycle drops to 50Q, which further proves that the reaction product could help Li
conduction inside the ceramic electrolyte. The impedance profile shows a complete imaginary loop,
which eliminate the possibility of “soft short” in this cell.*®® Therefore, it is evident that the LLTO
has great stability and is able to prevent Li penetration. Moreover, the reaction product shows even
better conduction ability compared with the individual LLTO phase. This is different than reported
for another electrolyte material, LATP®’, for which resistance increased as the reaction proceeded,

and the reaction could lead to the failure of the entire battery.
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Figure 6.3 Color change in LLTO pellet after in contact with Li metal electrode

114



(a) 03 —— Voltage

0.2 — Current density
0.1
0.0

Voltage/V

-0.1
-0.2

10

-5
-10

Current density(mA/cm2)

0 20 40 60 80
Time/hr

o
w

(b)

Voltage
Current Density

o
(V]

Voltage/V
S o o
- o -

o
()

-
o

Current density(mA/cmz2)
(4]

-10

1 1 1
0 100 200 300 400
Time/ hr

o LiLLTOILi 200
(C) —ZFit
3000 - . LiLLTOMLi after 45 cycles
—7ZFit
s Li/LLTOI/Li after 500 cycles
ZFit

2000 | 0 .
. o o . 0 100 200

-Im(Z)/Ohm

1000

o1 02

0 1 0‘00 20;]0 30I00 40I00 5000
Re(z)/Ohm
Figure 6.4 (a) Galvanostatic cycling of Li/LLTO/Li cell with increasing current
densities at room temperature. (b) Galvanostatic cycling of Li/LLTO/Li cell with
current density of 10 mA/cm? for another 450 hours after (a). (c) Impedance
measurement of Li/LLTO/L.i cell after assembly, after 45 cycles and after 500 cycles

115



To compare with LLTO performance, a symmetric cell with Li/LLZTO/Li has been assembled
and run through a similar Galvanostatic cycling program. The voltage profile is shown in Figure
6.5(a). In the LLZO cell, we observed an obvious polarization drop at a current density of 0.4
mA/cm?, which is similar to the CCD value for LLZO reported in literature®®159, After
disassembling the cell, we observed clear Li dendrite formation on both sides of the pellet as shown
in Figure 6.5(b). The impedance profile for Li/LLZTO/Li before and after cycling in Figure 6.5(c),
(d) proves that the dendrite has penetrated the electrolyte and caused a short circuit of the cell. By
comparing the Galvanostatic cycling profile of LLTO and LLZTO, it is evident that the LLTO/L.i
reaction could prevent Li dendrites from penetrating the electrode, which is very important for the
solid state battery safety. The reduced resistance for LLTO after cycling also suggests it could

potentially help improving the electrolyte stability against Li electrode.
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Figure 6.5 (a) Galvanostatic cycling of Li/LLZTO/Li symmetric cells. (b) LLZO pellet
after cycling. (c) Impedance measurement of Li/LLZTO/Li cell before cycle (d)
Impedance measurement of Li/LLZTO/Li cell after cycle.
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SEM observations have been applied to the fractured surface of LLTO after cycling.
Backscattered electron (BSE) detector is a powerful tool in recognizing Li dendrite formation
within ceramic pellets as it reveals Z contrast. Li dendrite content should have a lower atomic
weight compared with LLTO bulk phase. Therefore, the black clusters are believed to be Li
dendrite content. From Figure 6.6, we can see at the fractured surface, the Li content clusters
doesn’t connect, which again explains why we did not observe short circuit within Li/LLTO/Li
cells. EDS mapping in Figure 6.6(c) also reveals that the La, Ti, and O concentration are all lower
in the dark spots, indicating the dark spots should have higher lithium concentration. However,

further detailed characterization is needed to narrow down the composition of this dark phase.

Figure 6.6 (a) Fractured surface of LLTO after cycling, obtained by backscattered
electron detector. (b) Higher magnification image of (a). (c) Element concentration
mappings of the dark spots, obtained by EDS.

6.4 Conclusions and Future Plans

So far, the galvanostatic cycling of the Li/LLTO/Li revealed two important facts: (i) Li will
have a reduction reaction with LLTO, which makes LLTO pellets turn into dark color. This
reaction has been discussed by Wenzel'®! and Yang'®®, they applied XPS measurement to the
LLTO after reaction with lithium. Yang concluded that in the reaction, Ti** is reduced to Ti®* and
that leads to an electric field assisted Li insertion into A site (Li/La site) vacancies in the perovskite

LLTO structure. That can result in an increase in conductivity for LLTO?C, This result matches
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our observation that the impedance of the cell decreased significantly after cycling, indicating the
reaction product can increase conductivity. (ii) LLTO shows great stability at high current density
(10 mA/cm?) cycling. As the reaction consumes lithium, and results in its insertion into perovskite
LLTO, it is reasonable to speculate that the lithium dendrite is consumed because of this reaction.
Thus, LLTO can prevent Li dendrite penetration, which could potentially solve the safety biggest
roadblock standing in the way of using Li metal anodes in solid state batteries. This discovery may
overturn the common knowledge that LLTO cannot be successfully used in such devices.
However, future work is needed to further prove the feasibility of applying LLTO together
with Li anode in solid state batteries. Most importantly, solving the cathode/electrolyte contact
problem and creating a full-cell for charge/discharge cycling testing would be the next step in this
research. Also, it is important to further look into the chemical composition of dark clusters we
observed via SEM (Figure 6.6). EELS method in the transmission electron microscope, and EDS

could shed further light on this problem.
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CHAPTER 7. SUMMARY AND FUTURE PERSPECTIVES

In this thesis, we focused on the interfacial phenomena, which has been a significant
obstacle that hinders the development of solid-state lithium ion batteries. Both cathode/electrolyte
and anode/electrolyte interface were studied.

For cathode/electrolyte interfaces, we proposed a novel half-cell preparation procedure via
spark plasma sintering (SPS). With SPS, both cathode and electrolyte materials can reach high
densities within 10 minutes of processing time. The interfacial contact is improved as well with
this method, compared to other sintering methods. We selected oxide electrolyte materials, LLTO
and LATP, and prepared half-cells with commercial cathode materials. LLTO/LMO, LATP/LMO
and LLTO/LCO half-cells were fabricated and investigated. We applied electron microscopy
methods and impedance spectroscopy to investigate the origin of large interfacial resistance in
these half-cell systems. The results showed that the ion interdiffusion between cathode and
electrolyte will introduce a micron-thick layer, which has a resistance of the order of 10° Q. Such
large resistance is detrimental for battery performance and needs to be eliminated. To suppress the
interdiffusion layer between cathode and electrolyte, we investigated a novel low temperature
densification technique: cold sintering. This method shows great potential from preliminary results,
as it was successful suppressing temperature driven interdiffusion. However, the ceramics’ relative
densities need to be improved if we want to further apply this technique to half-cell preparation.
Our study reveals the origin of large interfacial resistance in cathode/electrolyte half-cells.
Moreover, it not only explains one of the reasons behind SSB failure, but can also serve as
guidance for material selection for cathode/electrolyte pairs.

For anode/electrolyte interface studies, we looked into the most important obstacle
standing in the way of using lithium metal anode in solid state batteries: dendrite formation. We
discovered that choosing LLTO as the solid state electrolyte provides great stability against Li
dendrite formation, even at very large current densities. The reaction products of LLTO and Li
were proved to have higher conductivity than the single LLTO phase. This overturns the common
knowledge that LLTO cannot be used in lithium metal batteries, and provide a new path for
dendrite prevention.

For future work that could follow up these findings, the cold sintering results exhibit great

potential in suppressing the high resistance interdiffusion layer. However, the main challenges for
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applying cold sintering to half-cell preparation are: (1) the densities of cathode and electrolyte
phases are not high enough to provide good mechanical strength as well as good ionic conduction,
and (2) inadequate interfacial contact between cathode and electrolyte. Based on this study, we
propose that by refining temperature and pressure control, the cold sintering density as well as
interfacial contact can improve. On the other hand, LLTO exhibits great stability against lithium
dendrite formation, and thus future experiments could be designed where LLTO is employed as
electrolyte material toward the preparation and testing of a Li/LLTO/cathode full cell. This
experiment could shed light on the feasibility of solving dendrite problem with LLTO electrolyte.
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