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Abstract

Safe, reliable, and Li*-conductive solid-state electrolytes are considered the key to unlocking the
potential of solid-state and hybrid batteries, as well as lithionic devices beyond batteries, such as
memristors and environmental gas sensors. The materials class of Li-garnet-type Li;La3ZrO12-q
(LLZO) has garnered attention because of its high Li" conductivities, wide electrochemical
stability windows, and non-flammability. However, high-temperature sintering (>1050 °C) is
generally required to achieve its highly conductive cubic phase (cLLZO), which raises concerns
over processing cost, sustainability, and interface stability with adjacent layers, such as cathodes.
Alternative, amorphous LLZO (aLLZO) phases require lower temperatures for synthesis as
compared to their crystalline counterparts, making this material an attractive option for use in
solid-state batteries and beyond. However, to date, their amorphous local structure and structure-
transport relationships have not been properly explored. In addition, the low-temperature synthesis
routes to stabilize various aLLZO to cLLZO phases have rarely been discussed.

This thesis investigates the structure nature of a new class of high-entropy aLLZO phases and
defines their low-temperature synthesis conditions towards lithionic applications. First, we explore
the synthesis conditions and local structure of aLLZO and contextualize them with existing Li*-
conductive oxides. These high-entropy glass-ceramic phases consist of the highest number of local
building units (LBUs) > 4 being identified so far with edge- and face-shared LBUs, not conforming
to the traditional Zachariasen glass formation rules. Within the aLLZO structure, we identify Zr
and Li as network formers, facilitating the formation of LBU connections via bridging oxygen. A
model study is next designed to confirm the role of La as a network modifier. Increasing the La
concentration in aLLZO promotes local disordering. Moreover, low-temperature synthesis options
for aLLZO and cLLZO are explored through crystalization enthalpy analysis and the development
of the 1% Time-Temperature-Transformation (TTT) diagram for LLZO. We confirm the successful
synthesis of cLLZO at a record-low temperature of 500 °C, about half of the temperature used for
classic sintering. Finally, recent advancements and challenges towards the device integration of
Li"-conductive films are analyzed. This thesis sets the cornerstone for future structure optimization
of high-entropy aLLZO glass-ceramics and provides low-temperature synthesis guidelines to assist
the integration of aLLZO and cLLZO into lithionic devices.
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Title: Associate Professor of Materials Science and Engineering
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temperature and T, is the annealing temperature. epi, epitaxial. Figure adapted from Ref.*. ..... 24

Figure 1-5. (a) Lithium loss mechanism during thin-film annealing at high temperatures. (b)
Overlithiation of deposition target for vacuum-based films. (¢) Co-deposition with a Li-source
target for vacuum-based films. (d) Construction of internal lithiation sources with secondary target
for vacuum-based films. (e) Overlithiation of precursor solution for wet-chemical films. Figure
adapted from REF3%. ...ttt 37

Figure 2-1. (a) Functions of amorphous Li* conductors in solid-state or hybrid battery designs. (b)
Newly developed classification of amorphous local structure for Li*(O%)-ion conductors based on
the number of local bonding units (LBUs) ranging from 2 to 4. Each LBU in an amorphous
structure is identified as either a network modifier or a network former based on its structural role.
Among the amorphous conductors, LiPON is (in most compositions) a non-Zachariasen invert
glass with P(O,N)4 as a network former and interstitial Li* as a network modifier. Note that a
special case of LiIPON with ~1:1 ratio of Li* to P(O,N)4 can be considered as a Zachariasen glass.
Quasi-amorphous O*-conducting perovskites (SrTiOs;, BaTiOs, or BaZrO3), amorphous Li'-
conducting perovskite LLTO, and amorphous garnet LLZO are also classified as non-Zachariasen
glasses but with more complicated CRNSs. In quasi-amorphous O*-conducting perovskites (SrTiOs,
BaTiOs, or BaZrO3), TiOs and ZrOs are identified as network formers and SrO1, and BaO1» are



identified as network modifiers.!!7-!18:179:180 [n amorphous Li*-conducting perovskite LLTO, TiOs
is identified as a network former and LaO2 and LiO1> are identified as network modifiers. In
amorphous Li*-conducting garnet LLZO, we identified in this study that LiO4, LiO¢, and ZrOs are
network formers and LaOgis a network modifier based on the atomic radius of the La cation and
the probed LBU connection. (¢) Discovery and battery-application timeline of crystalline and
amorphous ~ LiPON,?3333648181 = O2_conducting  perovskites  (SrTiO3, BaTiOs, or
BaZrQ3),! 18179180 1 i*_conducting perovskite LLTO, 682127182 and Li*-conducting garnet LLZO
solid-electrolyte conductors.!9>10711LI83  (d)  Summary of structure properties, conduction
mechanism, and battery applications of amorphous LiPON, quasi-amorphous O*-conducting
perovskites (SrTiOs, BaTiOsz, or BaZrOs), amorphous Li-conducting perovskite LLTO, and
amorphous Li*-conducting garnet LLZO. ........c.cccoouiviiiuieiieiieieieieeiese ettt 46

Figure 2-2. (a) SEM surface image of SDS Li garnet film annealed at 750 °C. (b) SEM cross-
sectional image of SDS Li garnet film annealed at 750 °C. (¢) In situ heating Raman spectra for a
SDS Li garnet film measured from room temperature to 850 °C at a heating rate of 5 °C min’!
controlled by a Linkam stage under a constant flow of O. Reference spectra of cLLZO and tLLZO
and delithiated La>Zr>O7 are also presented. The spectra indicate that the local structure of the film
evolves with increasing temperature and that a fully crystalline film can be obtained at 750 °C
annealing. Further increasing the annealing temperature to 850 °C will lead to significant
delithiation with the formation of La;Zr,O7. The film was prepared with 75% over-lithiation. (d)
Non-isothermal DSC of Li garnet films prepared by SDS from 150 °C to 800 °C. The two peaks
shaded in red correspond to amorphous local structure rearrangement and Li-garnet crystallization.
(e) In situ heating HR-TEM images of a Li garnet film at 500 °C, 600 °C, 650 °C, and 750 °C. (f)
Schematics of phase evolution at 500 °C, 600 °C, 650 °C, and 750 °C. At 500 °C, the film is
composed of a lithiated aLLZO phase with the nucleation of La,Zr>O7 (grain size of 3—5 nm). At
600 °C, nucleation and growth of La>Zr,O7 continues with an average grain size of 4-8 nm. The
majority of the film still remains aLLZO. At 650 °C, while the nucleation and growth of La>Zr>07
continues, tLLZO nanocrystals are formed with lithiation of La>Zr>O7. The migration of Li from
the aLLZO phase to tLLZO nanocrystals results in a low Li concentration in the remaining
amorphous phase. At 750 °C, the film is fully crystallized into cubic-phase Li garnet................ 52

Figure 2-3. (a) Zr K-edge XANES spectra of Li-garnet film processed at 500 °C, 600 °C, 650 °C,
and 750 °C (shifted vertically for clarity). The spectra contain a pre-edge region for energy <
18,010 eV and a rising-edge region for energy > 18,010 eV. Inset: enlarged pre-edge region with
increasing absorption in shoulder A, originating from 1s—4d transition. (b) Best-fitted Zr
coordination number of Li-garnet films in different amorphous and crystalline phases from
EXAFS spectra. A gradually decreasing Zr coordination is fitted with increasing post-annealing
temperature. The large fitting errors suggest a considerable variation in Zr local structure for all
the phases. (¢) Zr K-edge EXAFS oscillation for the Li-garnet film processed at 500 °C, 600 °C,
650 °C, and 750 °C (shifted vertically for clarity). (d) Fourier-transform magnitudes of the k-
weighted Zr K-edge EXAFS for the Li-garnet film processed at 500 °C, 600 °C, 650 °C, and 750
°C (shifted vertically for clarity). The peak regions corresponding to the Zr first-shell (Zr—O) and
second-shell (Zr-La or Zr-Zr) bonding are highlighted. (e) Comparison of second-shell Zr-La
distance and coordination number between amorphous (600 °C annealed) and crystalline cubic
phases. (f-g) Schematic representation and corresponding LBU legends of the suggested ZrOx and
LaOx connection in (f) amorphous (600 °C annealed) and (g) crystalline cubic Li garnets. ........ 57



Figure 2-4. (a) 'Li MAS NMR spectra for Li-garnet film annealed at 500 °C, 600 °C, 650 °C, and
750 °C. (b) FWHM of "Li chemical shifts from MAS NMR spectra. With increasing annealing
temperature, a Lorentzian lineshape is observed with the largest FWHM for the 600 °C annealed
film and smallest FWHM for the 750 °C annealed film (crystalline cubic). The small fitting errors
indicate that the changes are significant. (¢) Changes of Li chemical shift of MAS NMR spectra.
With increasing annealing temperature, a monotonic increase in chemical shift is observed. The
small fitting errors indicate that the changes in the chemical shifts are significant. (d) FWHM of
'Li VT NMR for 650 °C annealed amorphous Li garnet and 750 °C annealed crystalline cubic Li
garnet. (e-f) Schematic representation and corresponding LBU legends of the suggested Li local
structure in (e) amorphous and (f) crystalline cubic Li garnets. .........cccocceeveveerienciienienieeniieeins 60

Figure 2-5. (a) Arrhenius representation of Li* conductivity measured for Li-garnet films annealed
at 500 °C, 600 °C, 650 °C, and 750 °C. Inset: schematic representation of in-plane EIS measurement
on a Li-garnet film. Inset: resistor—constant phase element equivalent circuit model used for fitting.
(b) Calculated activation energy and extrapolated room-temperature conductivity (30 °C) as a
function of the annealing temperature for the Li-garnet films........c..ccocooviniiniiiiniinininicneee. 64

Figure 2-6. Roadmap for the recent advancement of amorphous Li solid-battery electrolytes. The
summary includes progress of the local structure exploration and battery integration for amorphous
LiPON, amorphous perovskite LLTO, and amorphous garnet LLZO..........c.ccceocevvieviininiennnne. 65

Figure 3-1. (a) Schematic illustration of EVs powered by next-generation Li" batteries, including
a SSB with a solid-electrolyte separator and a hybrid battery with a protective Li coating on the
anode side. Both designs have the advantages of improved safety and energy density compared
with state-of-the-art Li" batteries using organic liquid electrolytes. (b) Structure of aLLZO based

on four LBUs, i.e., LiO4, LiOg, Z1rOg, and LaOs. ........coovviiuiiiieiiiiieeeeeiiieeee et 73
Figure 3-2. Timeline for the discovery of crystalline cubic LLZO (cLLZO) and the synthesis,
structure investigation, and battery-cell application of aLLZQ,103-107.HLIS&I83 . 76

Figure 3-3. (a) Surface and cross-sectional SEM images and (b) HR-TEM image of 600 °C post-
annealed alLLZO film with medium La concentration. The film is composed of a predominately
amorphous phase and isolated pyrochlore La;Zr;07 NUCIEI. ...ccueeviriieniiiiiiniiiiciccieceeeecee, 77

Figure 3-4. Effect of La concentration on the phase composition and near-order structure of
aLLZO films. (a) Raman spectra of aLLZO with low, medium, and high La concentrations.
Additional reference spectra of Li2CO3, LaxZr207, La;03, and cubic LizLa3Zr201 are displayed in
black. Insets: Graphic illustrations of E; mode (300 cm™!) of ZrOg bending in La>Zr,O7 and of E,
and A modes (406 cm™") of La—O stretching in La,O3. (b—¢) Zoom-in of Raman spectra in (a),
emphasizing the O-Li—O vibration bands (E; and Tz modes) at (b) ~410 cm ' and (¢) ~514 cm™!
in LiO¢ octahedra. (d—e) Zoom-in of Raman spectra in (a), emphasizing (d) the O—Zr—O stretching
band (Alg mode) of aLLZO and (e) the ZrOs bending (Eg mode) of pyrochlore La>Zr>O7 nuclei.
(f) Schematic illustration of the phase and local structure of aLLZO with low, medium, and high
La concentrations based on the interpretation of the Raman spectra..........cccccoceeverieniineniennnne. 79

Figure 3-5. MRO measured by FEM applied to aLLZO with (a) low, (b) medium, and (c) high La
concentration. The peaks corresponding to the 2™ and 15t MRO peaks are highlighted in light gray
and light orange, respectively. (d) 1% and 2" MRO peak positions as a function of the La content
in aLLZO films. The 13 MRO peak is predominately attributable to the Zr-O bond. The 2" MRO
peak is predominately attributable to Zr-La and La—O bonds. (e) Structure of the ZrOs LBU in



aLLZO. The Zr—O bond length matches most closely with the 1 MRO peak measured from FEM.
() Structure of the edge- or face-shared LaOg and ZrOs LBUs. The La—O and Zr-La distances
match most closely with the 2" MRO peak measured from FEM. The ZrOg is presented as blue
octahedra, and the LaOs is presented as yellow dodecahedra. ............cccooveviiniiiiniiininnenienenne. 83

Figure 3-6. LRO structure for the crystalline regions in aLLZO. (a) GIXRD patterns for aLLZO
with low, medium, and high La concentrations. Broad peaks of La,Zr,07 and Li,CO3; were detected
in all three aLLZO compositions. MgO peaks were detected from the substrates. References:
LaxZr,07 [04-021-4900], Li2COs3 [04-010-7186], MgO [00-045-0946]. (b) Fitting of GIXRD peak
in a 26 range of 26.5-30.5° corresponding to the (222) plane of the pyrochlore La>Zr,O7. The peak
positions were fitted at 28.82°, 28.32°, and 28.81° for aLLZO with low, medium, and high La
concentrations, respectively. (¢) Structure of pyrochlore La;Zr,O7 (cubic, Fd-3m). The Zr, La, and
O atoms are presented in blue, yellow, and dark gray, respectively, and the ZrOs is presented as
blue octahedra. The (222) plane is highlighted in red. (d) View of the d»2» spacing of La,Zr,0O7
along the [110] direction. (e) Calculated d22» spacing of LaZr,O7 as a function of La concentration
inaLLZO. (f) Calculated La,Zr,O7 crystallite size (D) as a function of La concentration in aLLZO.
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Figure 3-7. Schematic illustration of the phase and local structure of aLLZO with low, medium,
and high La concentration, based on the interpretation of the collected Raman spectra, GIXRD
patterns, and FEM diffraction data. .............coceoviiiiniiiiiiiie e &9

Figure 4-1. (a) Annealing and sintering steps to achieve cubic-phase LLZO under three different
processing routes, including conventional synthesis + sintering and rapid thermal processing for
bulk pellet and tape processing, and deposition + phase formation for thin-film processing. (b)
Schematic illustration of the state-of-the-art maximum processing temperature vs. processing time.
Reducing the processing temperature or time are both viable and preferred routes to improve the
cathode—electrolyte interface co-processability and reduce interfacial ion diffusion and chemical
reaction. The energy and power density of a SSB can be improved by reducing the solid-electrolyte
thickness (shifting from ceramic pellets or tapes to thin films)..........ccceeveieiieniiiniiniiiieieeee, 98

Figure 4-2. (a) Surface and cross-sectional SEM images of a 300 °C as-deposited LLZO film. The
film exhibits full surface coverage with a thickness of 3.0 £ 0.8 um. (b) Raman spectra of the as-
deposited LLZO film, and the 520 °C, 620 °C, and 750 °C post-annealed LLZO films. Additional
reference spectra of LiNO3, LaxZr207, tetragonal LizLa3Zr2012, cubic LisLa3Zr2O12 are displayed
T DIACK. .ttt ettt st b et sttt 101

Figure 4-3. Non-isothermal DSC of the LLZO films measured from 25 °C to 1000 °C at four
different heating rates of 5, 15, 20, and 25 °C min"!. The two peaks at lower temperatures (shaded
in light gray) correspond to melting and decomposition of the LiNO; precursor. The two later
peaks (shaded in light blue) are considered to be the crystallization peaks for LLZO for further
analysis. A schematic illustration of the phase transformation from aLLZO to cLLZO is presented.
..................................................................................................................................................... 104

Figure 4-4. (a) Fitting and deconvolution of the LLZO crystallization peaks for the DSC measured
at a heating rate of 10 °C min!. Two peaks, denoted as the 1 and the 2™ crystallization steps,
were deconvolved from the endothermic peak ranges between 492 °C and 639 °C. The minor
endothermic peak between 667 °C and 710 °C was identified as the 3™ crystallization step. The
peak temperature and peak area (enthalpy) for each of the three crystallization steps are indicated
in the figure as 7,1, Tp2, and Tp3,and AH1, AH2, and AH3, repsectively. (b) Schematic illustration



of the 1%, 2", and 3™ crystallization steps. The 1% crystallization step corresponds to the nucleation
of LaxZr>O7 within the aLLZO matrix. The 2™ crystallization step corresponds to the lithiation and
phase transformation from La»Zr,07 to tLLZO. The 3™ crystallization step corresponds to the
transformation from tLLZO to cLLZO with local Li reordering. (¢) Phase-transformation peak
temperatures (7)) for the 1, 2", and 3™ crystallization steps as a function of the DSC heating rate.
For all three crystallization steps, the peak temperature increases as the heating rate increases. (d)
Calculated phase-transformation enthalpy changes (AH) for the 1%, 2", and 3™ crystallization steps
as a function of the DSC heating rate. For the 1% and 2™ crystallization steps, the phase-
transformation enthalpy decreases as the heating rate increases. No direct correlation between the
phase-transformation enthalpy change and the DSC heating rate are observed for the 3™
crystallization step, possibly due to the small energy variation during the Li reordering step that
lies within the error bars of the fitted enthalpy. (e) Calculated non-isothermal crystallized fraction
of LLZO measured at heating rates of 5, 10, 15, and 20 °C min'. The temperature and
transformation fraction ranges corresponding to the 1%, 2", and 3™ crystallization steps are
highlighted in violet, lavender blue, and lilac, respectively, corresponding to the events of
nucleation of LaxZr,O7, lithiation of LaxZr,O7 to form tLLZO, and Li local reordering, respectively.
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Figure 4-5. TTT diagram for LLZO from amorphous to crystalline cubic phase. The 1%, 25%,
50%, 75%, and 99% iso-phase lines are presented. Specifically, the 1%, 50%, and 99% iso-phase
lines are indicated as the beginning, mid-point, and final stage of the phase transformation from
amorphous to crystalline cLLZO. The annealing condition of 500 °C, 10 h is highlighted.
Schematic illustrations of the phase compositions at each crystallization stages are provided.. 108

Figure 4-6. (a) Illustration of the four post-annealing routes (isothermal annealing temperature +
isothermal holding time) applied to synthesize cLLZO, including route I of 750 °C for 15 min,
route II of 650 °C for 5 h, route III of 525 °C for 10 h, and route IV of 500 °C for 10 h. All four
post-annealing routes were performed at a heating rate of 5 °C min™! for both heating and cooling.
(b) Raman spectra of the four LLZO films synthesized via post-annealing routes [-IV. Additional
reference spectra of cubic Li;La3Zr2O12 are displayed in black. All four LLZO films reveal a cubic
structure with peak shifts observed for the O-Li-O vibration (352-412 cm™!), suggesting
variations in structure compaction and local strain among the four cLLZO films...................... 110

Figure 4-7. Comparison of the maximum processing temperature and processing time of
bulk!03-129.168.169.252-256 (pellets and tapes) and thin-film®%100:113.116.120.136 11 70 via different
SYNENESIS TOULES. ...eeuvieiieeiieeiieeieeeiie et et e et eetteeteestteeabeesseeesbeeseeenseesaesnbeenseesnseenseesnseenseensseensens 113

Figure 5-1. Thin-film solid-state battery designs. (a) Standard design of a thin-film solid-state
microbattery.*® (b) 3D microbattery based on nanorods.?®* (¢) 3D microbattery based on
microchannels.?® (d) Interdigitated 3D battery.?%¢ (e) Energy density versus power density for
various state-of-the-art battery systems!2%27-3% Panel (a) reprinted from Ref.*8. Panel (b) reprinted
from Ref.2%4. Panel (¢) reprinted from Ref.?%, Panel (d) adapted from Ref.286.......................... 120

Figure 5-2. Solid-state electrochemical gas sensors. Electrochemical gas sensors based on
Weppner’s classification.*?® (a) Type I solid-state electrochemical gas sensors operate by direct
measurement of mobile ions in the solid electrolyte. (b) Type II solid-state electrochemical gas
sensors operate by indirect measurement of immobile ions in the solid electrolyte. (¢) Type III
solid-state electrochemical gas sensors operate by analysis of other ion species through auxiliary
solid phases. (d) Type III pellet-based CO> potentiodynamic sensor with a lithium phosphorus
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oxynitride (LiPON) electrolyte and Li>COs as the sensing electrode.’?® (e) Type II CO,
potentiodynamic sensor with a LizPOs thick-film electrolyte and LixCO; as the sensing
electrode.’? (f) Comparison of sensor response time and operating temperature of Li-conductor-
based solid-state CO> sensors, including Na super ionic conductor (NASICON)-based
sensors, !96-330-336 1 i super ionic conductor (LISICON)-based sensors,**7*3 Li;La3Zr,012 (LLZO)-
based sensors,?>138 LisPOs-based sensors,??*3-343 garnet-type LigBalLaxTa,O12-based sensors,>**
LisxLaz3-x3TiO3 (LLTO)-based sensor’** and LiPON-based sensors.??® (g) Comparison of sensor
response time and operating temperature of state-of-the-art solid-state potentiometric SOx sensors,
including sensors based on stabilized zirconia,?*647 NASICON,327-34351 3" _aglumina,32-3¢

sulfates,” alkaline-ion-conducting electrolytes’*®3° and Li-conducting electrolyte-based
sensors.>® (h) Comparison of sensor response time and operating temperature of state-of-the-art
solid-state potentiometric NOy sensors, including LISICON-based sensors,*’ zirconia-based
sensors*®1-3¢7 and NASICON-based sensors.>*70 Panel (d) reprinted from Ref.3?%. Panel (e)
reprinted from ReF32%. .. ..c.oiiiiiiieeeeeeeee ettt 126

Figure 8-1. ex situ Raman spectra collected for as-deposited film and crystalline cLLZO film after
750 °C annealing. Reference spectra of cLLZO and t LLZO, delithiated La>Zr,O7 and Li,COs are
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Figure 8-2. Non-isothermal DSC of LLZO films by SDS from 150 °C to 800 °C. The four peaks
from lower to higher temperature represent endothermic Li-nitrate melting, exothermic Li-nitrate

decomposition, 1-step crystallization and 2"%-step crystallization, respectively....................... 140
Figure 8-3. Fourier transform of HR-TEM images in the region of (a) aLLZO, (b) Pyrochlore
LaxZr;07, (¢) tLLZO, and (d) CLLZO. ......ccuoiiiieieeeeeee ettt 140

Figure 8-4. Comparison of the Zr K-edge XANES spectra of the 500 °C and 750 °C samples with
the reference of ZrO: (nc). Multiple isosbestic points indicate heterogeneous environment of Zr in
the 500 °C sample. Inset: The local structure in monoclinic ZrO; and tetragonal ZrO> from Ref.
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Figure 8-5. Fitting of XANES spectrum of 500 °C annealed Li-garnet film (LLZO 500 °C) after
linear combination analysis with spectra of 750 °C annealed sample (cubic phase) and
nanocrystalline ZrO; selected as standards. ............cocveeieiiiirieniieieeeee e 142

Figure 8-6 Fitting of the nearest neighbor (1% shell) of Zr k-edge EXAFS spectrum of 500 °C
annealed Li-garnet film (LLZO 500 ®C). ..c.oooiiiiiiiiiieiieie ettt et 143

Figure 8-7. Fitting of the nearest neighbor (1% shell and 2" shell) of Zr k-edge EXAFS spectrum
of 600 °C annealed Li-garnet film (LLZO 600 °C)......c.cooiieiiiniieiieiieeieeieeeeeee e 143

Figure 8-8. Fitting of the nearest neighbor (1% shell) of Zr k-edge EXAFS spectrum of 650 °C
annealed Li-garnet film (LLZO 650 %C). ..cuoviuiiiiiiiieiieieetete ettt 144

Figure 8-9. Fitting of the nearest neighbor (1% shell) of Zr k-edge EXAFS spectrum of 750 °C
annealed Li-garnet film (LLZO 750 %C). .cccuiiiiieiieieeieeeeetete ettt 144

Figure 8-10. 'Li Variable Temperature (VT)-NMR spectra measured from 224K to 420 K for 750
°C annealed crystalline cubic Li-garnet (11.8 T). ...ccccoeviiriiiiiiiiiieieieeeeee e 145

Figure 8-11. 'Li VT-NMR spectra measured from 300K to 420 K for 650 °C annealed aLLZO
(L1 T ettt st e a ettt sa e ae e 146

11



Figure 8-12. Static 'Li NMR spectra of Li-garnet films post-annealed at 500 °C, 600 °C, 650 °C,
and 750 °C measured at room temperature on a 16.5 T magnet. ...........ccceeeevviienieiciieneenieennen. 146

Figure 8-13. FWHM of "Li chemical peaks from static NMR spectra (room temperature, 16.5 T).
With increasing annealing temperature, a peak sharpening and a more Lorentzian than Gaussian
lineshape is observed. The largest FWHM is found for the 650 °C annealed film and smallest
FWHM for the 750 °C annealed film (crystalline cubic). Small fitting errors indicate the changes
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Figure 8-14. Representative Nyquist plot for 750 °C annealed film measured at 78 °C............ 147
Figure 8-15. Representative Nyquist plot for 750 °C annealed film measured at 150 °C.......... 148

Figure 8-16. Comparison of Li local structure (chemical shift and FWHM of 'Li MAS NMR
spectra) and Li* conductivity as a function of annealing temperature (500 °C, 600 °C, 650 °C, and
750 °C). A more positive chemical shift of ’Li MAS NMR represents smaller averaged
coordination of Li, and vice versa. A larger FWHM indicates a higher degree of Li local structure
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Figure 8-17. Schematic illustration of the SDS setup used to deposit aLLZO films. SDS precursor
solutions with three different La concentrations were prepared to synthesis aLLZO films with
stoichiometry of LizLai.5sZr2012.4, Li7La3Zr2012.4, and Li7Lag sZr2012.4. SDS schematic illustration
adapted from Hood et @l.130. ... ....ooiiiiiiieeee et 150

Figure 8-18. Effect of La concentration on the microstructure and surface morphology for the
aLLLZO films. (a) Surface SEM images of 300 °C as-deposited aLL.ZO films in three compositions,
i.e., LiLa;5Zr2012.4, Li7La3ZrO12-¢, and LisLas5Zr>O12.4. Surface and cross-sectional SEM
images of 600 °C annealed aLLZO films in three compositions, i.e., Li;Lai 5Zr2012-4, Li7LazZr>O12-
4, and LizLas 5Zr;012-¢. All films exhibit full surface coverage of MgO substrates. (b) Schematic
illustration of the density, surface morphology, and cross-sectional film thickness of the 600 °C
annealed alLLZO films in three compositions, i.e., LijLaisZr2O12.4, LisLa3Zr,O12.4, and
LijLas 5sZr012-q. The LisLaisZrO12-q film presents a rough surface with high porosity. The
LisLazZr>012.4 film and LisLassZr;012-¢ film exhibit a dense microstructure with less surface
roughness. The film thicknesses were measured at 1.5 + 0.5 pm, 1 0.3 um, and 1.2 + 0.2 um, for
the LisLa;sZr012.4, LizLazZrO12.4, and LisLas5Zr2012.4. Overall, higher La concentration
improves the surface morphology and increases the film density, which leads to reduced cross-
sectional film thiCKNESS. ........ooiiiiiiiiii e 152

Figure 8-19. Raman spectra of 300 °C as-deposited aLLZO films in three compositions, i.e.,
LisLa; 5Zr2012.4, LisLaszZr2O12.4, and LisLas5Zr2012.4. In all films, LaZr,O7 and Li2COs3 local
ordering emerged in the surface layer. The formation of Li»COs3 on film surface is due to the film
exposure to moisture air during the measurement. Additional reference spectra of Li>COs,
LaxZr207, La;03, and cubic LisLasZr,012 are displayed in black. Inset: Graphic illustration of E,
mode (298 cm!) of ZrOs bending in LaxZr,O7. Inset: Graphic illustration of E; and A, modes
(406 cm!) of La—0O stretching in LasO3.........c.oeveuiieveeieieeieeieeeieeeeeeeeeeeeeteeeee e 153

Figure 8-20. FWHM of the 1 and 2™ V(k) peaks corresponding to MRO as a function of the La
concentration in aLLZO films. The 1 MRO peak is predominately attributable to Zr—O bonds and
the 2" MRO peak is predominately attributable to Zr-La and La—O bonds. The FWHM value
suggests the uniformity of the MRO distance, i.e., the corresponding bond lengths. The larger the
FWHM, the less uniform the corresponding bond length is, and vice versa. ...........ccceeveennenee. 154
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Figure 8-21. GIXRD patterns of the MgO substrate. References: MgO [00-045-0946]........... 155

Figure 8-22. GIXRD patterns of 300 °C as-deposited aLLZO films in three compositions, i.e.,
LisLai 5Zr2012-4, Li7La3Zr2012.4, and LizLas 5Zr2012-.4. A broad peak centered at ~29° was detected
in all three compositions, corresponding to the (222) plane of the pyrochlore La;Zr,0O7. A sharp
peak at ~43° was detected, corresponding to the MgO substrate. References: LaxZr,O7 [04-021-
BO00T. ettt ettt a et a e e bt b e ettt na e ae st 156

Figure 8-23. (a) The fitted 26 value of the GIXRD peak that corresponding to the (222) plane in
LaxZr>07 as a function of the La content in 600 °C annealed aLLZO films. A smaller 26 value
indicates a larger dx22 spacing, and vice versa. (b) The fitted FWHM of the GIXRD peak that
corresponding to the (222) plane in La;Zr,O7 as a function of the La concentration in 600 °C
annealed aLLZO films. A larger FWHM value indicates a smaller crystallite size, and vice versa.
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Figure 8-24. Fitting and deconvolution of the LLZO crystallization peaks for the DSC scans
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1. Chapter 1: Introduction

Adapted from Yuntong Zhu, Juan Carlos Gonzalez-Rosillo, Moran Balaish, Zachary D. Hood,
Kun Joong Kim, Jennifer L.M. Rupp. Lithium Film Ceramics for Solid-state Lithionic Devices.

Nature Reviews Materials 6.4 (2021): 313-331.

1.1. Motivation

Over the course of history, industry has been defined by technical evolution with continual
reinvention depending on the available resources, needs, and discoveries. Some industrial
advancements have had such an overwhelming impact that the associated time periods and
achievements have been dubbed “revolutions”. For instance, “mechanization” emerged at the end
of the 18" century, whereby agriculture was partially replaced by industry, providing a new
foundation for the economic structure of society in what is known as the 1* industrial revolution.
The extraction of coal resources and the invention of the steam engine introduced new types of
energy conversion. Almost a century later, at the end of the 19" century, new sources of energy
(namely, oil, gas, and electricity) gained in significance, and economic and industrial models based
on “large factories” emerged in the 2" industrial revolution. During this time, the chemical and
material manufacturing industry that produced goods such as fertilizers, steel, and the first
functional ceramics grew. The 3™ industrial revolution arose around the 1970s with the birth of
the transistor, propelling significant advancements in electronic- and information-based
technologies that drove the automation of production and computation. Notably, the new industries
dedicated to the conversion of renewable energy sources and storage technologies such as batteries
emerge, despite the dominance of a fuel, coal, and nuclear-based economy. The 4™ industrial
revolution is unfolding before our eyes; it started with the emergence of artificial intelligence (Al),
driven by exponential increases in computing power and the availability of vast amounts of data
in areas ranging from customer service and policymaking to drug discovery and materials design.
This revolution is characterized by the fusion of technologies that cross the boundaries of the
digital, physical, material, and biological spheres,! entering cyber-physical production systems and
intertwining the real and virtual worlds (Figure 1-1 a). New possibilities to power and virtually

control industrial production processes using green energy technology, such as wind, solar, and
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geothermal energy, will ideally be embedded in smart cities and are of immanent importance as
low-waste strategies to mitigate the socio-economic risks associated with climate change. Mobile
devices, such as smartphones and watches, are continuously integrated in our lives today, and these
devices provide autonomous energy and data storage capabilities and access to computation,
knowledge, and sensing functions, all of which greatly affect the way we live, think, feel, work,
and interact with the environment. The opportunities provided by the 4" industrial revolution to
further integrate these aspects into our daily life are accelerated by technical evolutions of the
Internet of Things (IoT)?> and new medical and environmental feedback loops that can save

resources, reduce industry energy, minimize waste footprints, and assure high health standards.

Despite the potential for a new era driven by the development of the IoT and Al, the performance
of mobile electronic devices such as phones, computers, and medical monitoring units depend on
the performance and evolution of their constituent computational units such as light, pressure,
chemical, and gas sensors and energy storage battery packs. The computational units still largely
rely on silicon-based transistor technology from the 1970s, which formed the basis of the 3%
industrial revolution.? Following the trend predicted by Moore’s law, transistors with 5-nm feature
size have been produced and commercialized by Samsung Electronics* and Taiwan Semiconductor
Manufacturing Company (TSMC)’ with an exponential increase in on-chip transistor density.
Nevertheless, quantum tunneling effects limit further down-scaling of the transistor’s gate length
and cap future transistor chip densities. In addition, one cannot ignore the exploding cost
associated with down-scaling chip design and quality verification in the transistor industry over
the last 20 years (Figure 1-1 b),® which may not be economically favorable if the trend continues.
Moreover, today’s computers operate primarily on von Neumann architectures with all the data
stored in memory and then transported to the calculation engine.” This physical shuttling of data
requires far more energy and compute cycles than the actual computation.” This bottleneck
inherently limits the computation speed and throughput of the transistor-based logic and results in
high energy costs per computing operation.® In contrast, neuromorphic computing in AI with
machine learning (ML) algorithms can be based on computing architectures encoding and
processing data based on temporal information of spike events that mimic biological neurons. A
clear definition of new materials and hardware for artificial neurons in Al and ML operations is
needed to contribute to the efforts defined in the 4" industrial revolution and reduce energy

consumption by orders of magnitude compared with common von Neumann computing.
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Figure 1-1. (a) Historic overview of industrial revolutions of mankind. (b) evolution of transistor count per
chip and related design and verification costs.' (¢) current and predicted market size for thin-film micro-
batteries for various end-product applications.” (d) current and predicted market size for gas sensors for
various end-product applications.’

To meet the ever-growing demand for improved energy density and cycling life for Al-chip-
integrated mobile devices, further innovations in battery architectures and material components

are of essence. Current battery packs and sensors remains rather bulky with >50-pum-sized
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functional electrochemical cell entities; for instance, liquid-electrolyte-based Li" pouch-cell
batteries are commonly used in current mobile phones and other portable electronics. However,
today’s electronics are multi-functional with increasing demand for reduction in device size and
weight and even for operation in biocompatible environments. These features pose challenges for
the integration of current liquid-electrolyte-based pouch cells, thereby urging the development of
alternatives, such as solid-state micro-batteries and gas sensors, that would enable further
miniaturization to on-chip devices. The thin-film micro-battery market size is predicted to exceed
1.3 billion U.S. dollars by 2021,° benefiting fields such as mobile phones, smart cards, medical
implants, and food packaging (Figure 1-1 ¢). In addition, with major global problems, including
the lack of accessible medical care, disaster prediction, energy resources, and waste management
as well as the prevalence of pollutants that affect the environment and agricultural food production,
the gas-sensor market size is predicted to grow at a rate of ~6.25% per year and exceed 1 billion
U.S. dollars in 2022 (Figure 1-1 d).! In particular, the mobile phone, smart card, and wearables
sectors are expected to see the largest growth in gas-sensor market share. These challenges
motivate a quest within the 4" industrial revolution for new materials, manufacturing routes, and
devices as well as improved understanding of operational chemistry and physics in the wider area

of gas sensing and autonomous energy supply.

Functional ceramics offer the prominent advantage of performing multiple tasks with high
efficiency, including energy storage and conversion, neuromorphic information processing, and
data storage in addition to environmental gas sensing, simply based on ion transport within
electrochemical cell arrangements. These materials (e.g., O*", H', and Li* conductors) allow for
manipulation of materials chemistry, electronic structures, and ion conduction over a wide range.
Among the numerous possible functional ceramics, we focus specifically on Li-conducting oxides,
their thin-film processing approaches, chemistry and opportunities and challenges for their device-

level integration.

1.2. “Lithionics” Devices Operated Based on Li*-Conducting Oxides

We introduce current initiatives and the future vision of “Lithionics” (Figure 1-2) by repurposing

Li oxides conventionally known from large-scale battery electrochemistry for use as thin-film
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electronic entities across the fields of sensing, neuromorphic computing, and on-chip energy

storage to serve multiple functions in future chip architectures and electronic devices.
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Figure 1-2. Lithionics defines a class of multifunctional, on-chip devices based on Li'-conducting thin
films. Lithionic devices include microbatteries, memristors, electrochemical gas sensors and other devices
that are based on Li-oxide materials combining various functionalities. Functionalities can be achieved by
varying electrode and electrolyte materials that define the electrochemistry and by varying the device design
to promote Li" migration. in lithionics, Li ions serve as the carrier for information and energy storage, binary
and neuromorphic computing, and environmental sensing and tracking.

Compared with traditional semiconducting materials for microelectronic devices, which largely
operate based on the movement of electrons, Li-based materials offer an attractive opportunity to
manipulate electronic states and ionic defects over a wide range depending on their Li* chemistry
(e.g., intercalation/de-intercalation, conversion, or alloying). For instance, electrochemical devices
in the Lithionics vision can be operated using a few Li-oxide films but with different operation
principles defined by various electrode sets. In a Li-operated neuromorphic computing memristor,
Li ions are redistributed through the Li-oxide switching layer upon the application of an external

electric field, resulting in different resistive states across the film. In contrast, in a micro-battery,
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a Li'-conductive electrolyte film separates the electrodes, where Li ions undergo
intercalation/deintercalation upon charge and discharge. In an electrochemical gas sensor,
transport of Li ions through the Li*-conductive electrolyte layer occurs when the chemical
potentials change between the sensing and reference electrodes, and gas concentrations can be
determined from the voltage read-off across the Li*-conductive electrolyte. All three devices
require Li-based-oxide ceramics to be designed and processed in thin-film form with precise
control of the chemistry (e.g., Li stoichiometry) and microstructure to achieve high device density
and functionality. However, most efforts on Li-based materials have been directed toward large-
scale ceramic manufacturing of rather “bulky” and mostly microcrystalline Li-based oxides
primarily targeted for solid-state batteries (SSBs). In many, if not most, instances, the
characteristics and properties of a solid-state thin film can differ significantly from those of the
same material scaled with larger thicknesses. The variation in materials properties is often related
to size effects as thin films (with thickness < 1 um) have a large volume ratio of grain boundaries
to grains, leading to changes in space-charge potentials and local chemistry.!! Moreover, as Li is
a reactive element with light atomic weight, Li stoichiometry in films can be difficult to control,
especially during deposition and post-processing at elevated temperature, which poses an
additional challenge for processing Li-based thin films. Although progress has been made in
controlling Li stoichiometry and film chemistry, the techniques are still far from mature and the
film properties still need to be explored before integration of the films in Lithionic devices can be
optimized. This process of knowledge and technology evolution may take a few decades before
being fully integrated into assembly lines for the manufacture of thin-film devices. For example,
within the family of solid-state Li" conductors, lithium phosphorous oxynitride (LiPON) was
among the first Li-based materials processed as a thin film in the 1990s and had a substantial
impact on the evolution of thin-film SSBs.!2 However, it took two more decades to understand the
local structure and conduction path of LiPON, and to optimize performance. To reach a similar
maturity level for the processing and structure control of other solid-state Li-oxide materials, such
as NASICON and Li garnets in film form, an incubation period is expected with an emphasis on

understanding film local structures and film property control.
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Table 1-1. Li-based material requirements for lithionic devices.

Component

Electrode

Electrolyte

Thin-film microbattery

Positive electrode: high voltage and capacity;

good electrochemical and chemical
compatibility with the solid-state electrolyte
over many cycles; example materials are
LiCoO,, LiMn,0,, LiNiMnCoO,

Negative electrode: low voltage and high
capacity; uniform charge and discharge;
ideally Li metal; example materials are

Li metal, Li,Ti;O,,, Si,C

High ionic conductivity with low electronic
conductivity (transference number, t, ~1)

Low toxicity and cost
Wide electrochemical-stability window
Preferably compatible with Li metal

Mechanically robust against Li penetration
at high current density

Good electrochemical and chemical
compatibility with positive and negative
electrode

Example materials: LiPON, LLTO, LLZO

Neuromorphic-computing
memristor

Stable against metallic
electrodes at high electric fields

Li intercalation at the interfaces

Example materials: Pt, Au

Availability of metal-to-insulator
transition preferred

2D or 3D Li conductor

Fast resistive switching kinetics
Control over retention
Long-term stability

Phase evolution at high electric
fields

Example materials: LiCoO,,
Li,Ti;O,,

LiPON, lithium phosphorus oxynitride; LLTO, Li, La, , ,,TiO,; LLZO, Li,La,Zr,0,,.

Electrochemical gas sensor

Sensing electrode: good thermal and
mechanical stability; must be in contact with
electrolyte (mobile ions), metal electrode
(electrical signal) and targeted gas; example
materials are Li,CO, (CO, sensor), NaNO, (NO,
sensor), Li,SO, (SO, sensor)

Reference electrode: stable to avoid voltage
drift in the sensor signal; high conductivity to
improve response time; stable at the targeted
gas concentrations; example materials are Pt, Au

High ionic conductivity to ensure fast response

Inactive (high durability at operating
temperature) to the targeted gases

Good chemical stability at operation
temperature and atmosphere

Example materials: LiPON, Li,PO,, LLZO

Not surprisingly, different Lithionic devices may not have the same material property requirements
for each Li-oxide film component (Table 1-1). For instance, Li electrolytes in micro-batteries and
sensors must possess high ionic conductivity; however, although stability against Li metal is not
required for electrolytes in sensors, it is preferred for those in micro-batteries to enlarge the
operational voltage window and assure stable cycling and high energy density. As a result, a
material class that is not ideal for one application could be ideal for another Lithionic device. For
these reasons, knowledge exchange is needed among the SSB, electrochemical gas sensor, and
neuromorphic computing communities to overcome manufacturing-related challenges and

facilitate innovations in applications and devices.

1.3. Evolution of Thin-Film Solid-State Li* Conductors and Future

Opportunities

1.3.1. Solid-State Li-Conducting Electrolyte Films
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Figure 1-3. Oxide-based Li" conductors. (a) Timeline of Li-based solid electrolytes and lithionic-device
applications. (b) Structures and Li-conduction paths of oxide-based Li" conductors, including amorphous
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conductivity of Li-oxide-based solid-state electrolytes in pellet and thin-film form compared with state-of-
the-art liquid electrolytes, including the highest reported values of pellet-type and thin-film LLZO,""
LLTO,"!'® LATP''® and LiPON," and theoretical electrochemical-stability windows based on first-
principles thermodynamic calculations.””' The processing temperatures are shown for pellets and thin films.
The classification as amorphous (or crystalline) thin film or pellet (or tape) are indicated by a- and c-,
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The discovery of Ag'-ion transport in crystalline silver iodide, a-Agl, in the 1830s lay the
foundation for solid-state ionics, or the study of ionic motion in solid matter, and the first solid-
state electrolytes.?! However, it was only in the late 1960s that a notable change in the field
occurred with the discovery of numerous new cationic and anionic solid electrolytes with high
ionic conductivities, including O? -conducting doped zirconia, Na*-conducting o-alumina, and
Li*-conducting garnets.?>>* Since then, the study of Li-conducting solid-state electrolyte started
in 1970s with a focus on Li-oxide-based®® and Li-sulfide-based glasses,?%?” as well as oxysalt-
based electrolytes.?® Inspired by the discovery of LiPON,>*? inorganic solid-state electrolytes
have been intensively investigated in Li" battery research since the 1990s, opening up the
opportunities for direct on-chip application of thin film micro-batteries. Currently, the most studied
Li*-conducting ceramics are based on oxynitride glasses (LiPON), NASICON-, perovskite-, and
garnet-type structures®! (Figure 1-3 a and b). The Li" conductivities of most of these materials
have reached on the order of 107103 S ¢m™! at room temperature. Historically, the transport
properties of solid-state Li" conductors were mostly first investigated in the rather bulky form of

millimeter-sized ceramics typically processed as pellets.

As demonstrated in Figure 1-3 a, substantial effort is required to transform a Li*-conducting
ceramic from a classic bulky pellet to a thin film hundreds of nanometers in size: on average, more
than 10 years of additional development time is needed to understand the chemistry, deposition,
and characteristics of a ceramic film when starting from its pellet counterpart. For example, it is
generally observed that when NASICON-type Li(AlTi)2(POs);s (LATP), perovskite-type
LixLayTiO3 (LLTO), and garnet-type LisLa3Zr2O12 (LLZO) are processed as thin films, their
conductivities are reduced by more than one order of magnitude at room temperature. The stellar
exception is the material class of LiPON, for which the thin-film processing route was established
before manufacturing routes for bulky amorphous LiPON glass pellets.’?* Being among the first
Li-conducting solids available in thin-film form and due to their reduced thickness of less than 1
um, LiPON films have driven the development of solid-state electrolytes for micro-batteries.
Moreover, with access to more solid-state Li* conductor chemistries than ever before in both pellet
and thin-film form and with many computational predictions for future candidates, scientist and
engineers are currently in the Golden Age of solid-state “Lithionics”. Opportunities in ceramic
processing to define the chemistry and attain a deeper understanding of the relation between the

structure and Li" transport in films will play a role in determining the energy and information
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densities of future batteries as well as the design of new applications such as neuromorphic
computing and sensing units based on Li. Most earlier reviews on these material classes focused
on the materials in their ceramic pellet form, with only a few reviews focused on thin-film micro-
batteries. Thus, these reviews often ignored substantial advancements in film synthesis, which
poses a challenge for advancing their integration in ceramic thin-film devices other than micro-
batteries. In this chapter, we wish to critically discuss the characteristics, opportunities, and
challenges associated with the processing of solid-state Li-conducting ceramics and define their
chemistry. Collectively, a deeper understanding of both the chemistry and ceramic manufacturing
options for these films will enable their integration as functional ceramic building units for the

future of “Lithionic” devices.

1.3.2. LixPOyN; (LiPON)

LiPON, with the general chemical formula LixPOyN,, is one of the earliest developed Li-based
thin-film solid electrolytes and enabled the successful commercialization of SSBs.** In the early
1990s, Oak Ridge National Laboratory first reported the use of LiPON as a thin-film electrolyte
in micro-batteries.** Structurally, the basic building units of LIiPON are a Li phosphate polyhedron,
which either bridges over nitrogen or remains apical (meaning an apex-substituted N in a P(O,N)4
tetrahedron).? LiPON can exist in either crystalline (y-LizPO4) or amorphous form (a-LizPOs). In
both forms, the PO units remain isolated and are always in tetrahedral coordination, forming the
sole building block unit of the structure (Figure 1-3 b). Through amorphization and partial N
substitution for O throughout the y-LizPO4 structure and through higher structural density and
increased Li-Li interactions,*® the ionic conductivity can be enhanced by approximately 12 orders
of magnitude.’*3%38 Recently, computation and experiments on a-LizPO4 have provided strong
evidence of nitrogen being incorporated in the form of apex-substituted N and double-bridging N
bonds within P(O,N)4 tetrahedra frameworks and of the ratio between the two bonded nitrogen

atoms varying with Li content, which allows Li ions to move in the amorphous network.>?
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While bulk-pellet-type oxynitride phosphate glasses are fabricated by melting LiPO3; with
subsequent annealing in a nitrogen atmosphere,*? a-LiPON thin films with one-order-of-magnitude
higher ionic conductivity (on the order of ~10° S cm™! at room temperature) have been
successfully fabricated using the established technique of radio-frequency (RF) magnetron

4042 with LisPOs4 targets under a nitrogen or ammonia atmosphere at room temperature

sputtering
(Figure 1-3 ¢). Normally, ~1-um-thick films are deposited and serve as the solid electrolyte;
however, because of the inherent limitations of physical deposition, to achieve sufficient N content
in the deposited film, a N-enriched sputtering target is needed and highly conformal LiPON films
for complex 3D micro-batteries architectures are suggested.**** Alternatively, LiPON thin films
(20-80 nm) have been deposited on high-aspect-ratio nanostructures by atomic layer deposition
(ALD), resulting in N contents ranging from 0% to 16.3% (compared with typical contents of <10%

for sputtered LiPON films)* and ionic conductivities on the order of ~1077 S ¢m™!' at room

temperature, lower than that of sputtered LiPON thin films with similar nitrogen content*’ (Figure
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1-4 a). Similar to the sputtered LiPON film, LiPON fabricated by pulsed laser deposition (PLD)
also requires N-enriched PLD targets and atmosphere control to achieve high N content in the film.
In general, PLD of LiPON is challenging because of the poor surface adsorption of N2 gas and the
difficulty in transferring N and Li from the target to films**’ (Figure 1-4 a). In conclusion,
considering the scalability of the major processing techniques mentioned and their resultant ionic
conductivities, LIPON has mostly been deposited by RF sputtering, resulting in acceptable ionic

conductivity of up to 3.3 x 107° S cm™! at room temperature (Figure 1-4 a).

The acceptable ionic conductivity of LiPON and apparent wide electrochemical window (Figure
1-3 ¢) have favored its use as a thin-film electrolyte (sub-micron thickness) for micro-battery
applications, allowing for a sufficiently short Li* transport distance and low internal resistances.
According to first-principle thermodynamic calculations, LIPON has a narrow electrochemical
window (0.68-2.63 V vs. Li/Li").2° However, a wider electrochemical window of 0-5.5 V vs.
Li/Li* is observed in practice,'” mainly because of the sluggish kinetics of the decomposition
products and blockage of electron conduction at the LiPON/electrode (including Li metal)
interphase(i.e., a thin electronically insulating but stable interphase). LiPON currently has an
unmatched long-term cyclability of over 10,000 cycles operating with a pure metallic Li anode
and high-voltage LiNiosMni 504 cathode for micro-batteries, with remarkably low degradation in

¥ A complete

cycling performance (<10%) without any sign of Li-dendrite formation.
LiNiosMn;504/LiIPON/Li battery cell exhibited an average increase in the impedance (area
specific interfacial and ohmic resistances) of merely 0.003% per cycle after 4000 cycles at a rate
of 5C, impressively surpassing the performance of many state-of-the-art SSB systems.*® Another
advantage of LiPON film in general over other solid-state Li electrolytes is its considerably lower
processing temperature window of 25 °C-250 °C, which significantly enhances its chemical
compatibility with other oxides and is preferred from a mass manufacturing viewpoint. For this

reason, LiPON has also been integrated into other thin-film devices, for instance, as the Li*

conducting layer in a 3-terminal memristive device.*

Alternative thin-film solid-state Li electrolytes with high ionic conductivity (>107® S cm!) have
also been proposed and studied for solid-state micro-batteries in recent years. NASICON-,
perovskite-, and garnet-based electrolytes possess ionic conductivities as high as 102 S cm! in

ambient conditions when prepared in polycrystalline pellet form;>%>! this value is close to the ionic
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conductivity of classic liquid electrolytes such as EC:PC:LiPFs (approximately 1072107 S cm'!)

(Figure 1-3 ¢), which we review in their thin-film form in the following sections.

1.3.3. NASICON-Type LATP

NASICON-based electrolytes, with the general formula NaM»(POs); where M = Ge, Ti, Zr, were
discovered in 1976.5%53 About a decade later, the first Li*-conducting NASICON-type solid
electrolyte, LiZro(PO4)3, was reported.* By replacing Zr*" with Ti*" and AI**, the ionic
conductivity for this system is significantly increased as the conduction channels become larger
and therefore more suitable for Li* migration.>® For example, LATP can deliver a total conductivity
of 7x 107* S cm’! at room temperature®® (Figure 1-3 ¢). In LATP, PO4 tetrahedra and (Ti,Al)Os
octahedra are connected via corner-sharing O in alternating sequences to form a 3D framework.
The Li migration occurs via Li ion hopping between the two Wyckoff position 6b sites, one with
six-fold coordination and the other with eight-fold coordination, with both located directly between
two (T1,Al)Os octahedra. The partial occupancies of Li ions within vacancies are crucial for 3D
diffusion within the structure.’*>® Sintered polycrystalline ceramics or glass-ceramic NASICON
pellets have mostly been prepared by conventional solid-state or solution-based routes. The highest
total conductivity by faris 1 x 10 S cm™! at room temperature for a LATP pellet prepared by a
sol-gel route and field-assisted sintering!” (Figure 1-4 b). Although the bulk ionic conductivity
and oxidation potential of LATP electrolyte is quite high,>® efforts toward battery integration have
rarely been reported because of the reduction of Ti>!%? against low-potential anodes such as Li
metal or graphite. The introduction of a protective layer, for example Al>Os, at the interface
between the LATP electrolyte and low-potential anode has been suggested to avoid the reduction

61-63 The fabrication and optimization of thin-

and resultant electronic leakage of the electrolyte.
film LATP electrolyte has been less frequently reported than that of other oxides such as Li
perovskites and Li garnets. The maximum reported conductivity of thin-film LATP remains one
order of magnitude less than that of its bulk pellet form which could be attributed to the difficulty
of glass-ceramic phase control in thin films. In addition, polyanionic oxides such as LiPON and
LATP are based on phosphate (POy) structural building units, which possibly limit the choice of

phosphate precursors.
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Thin-film LATP has been fabricated by sol-gel-driven spin coating,%* aerosol deposition (AD),546°

66.67 with 23 orders of magnitude reduction in the Li* conductivity

and RF magnetron sputtering,
compared with that of polycrystalline LATP pellets (Figure 1-4 b).!* Among these thin-film
deposition routes, AD-deposited polycrystalline LATP thin films possess ionic conductivities
ranging from 1.1 to 2.7 x 10°® S cm! under ambient conditions with the greatest advantage being
the production of dense ceramic coatings directly from an initial polycrystalline powder without
the need for a high-temperature step on a substrate.®®7! However, the porosity, presence of
amorphous residual phases, and generally low crystallinity can collectively result in a decrease in
the Li* conductivity of AD-deposited LATP-based thin films. The highest conductivity of 2.46 x
10° S cm! was measured for purely amorphous LATP films deposited by RF magnetron
sputtering'® and was attributed to the denser and more uniform film microstructure present after
deposition compared with that of thus far reported AD-deposited films (Figure 1-4 b). The limited
reduction potential (2.17 V vs. Li/Li*) of LATP films makes their direct integration as an
electrolyte with a Li metal anode challenging (Figure 1-3 ¢).2° However, the higher conductivity
of LATP films relative to that of LiPON films may be promising for applications such as
neuromorphic-computing memristors and electrochemical gas sensors, where fast Li conduction
is preferred and may be critical. Many studies on NASICON-based pellets or thick films as
electrolytes for CO2/NO,/SOx gas sensors have been reported (see more details in the sensor

section), which will enable the reduction of device size and development of thin-film sensing units

in the near future.

1.3.4. Provskite-Type LLTO

Perovskite-type LLTO is another class of materials that has been intensively studied as solid-state
electrolytes in both polycrystalline pellet and thin-film form. In the LLTO structure, Li and La
share the corners of a unit cell, both with cuboctahedral (12-fold) coordination; Ti sits at the center
in octahedral coordination as TiOs units, and O sits in the face-centered positions of the cell
(Figure 1-3 b). The specific Li-migration path varies depending on the actual crystal structure of
LLTO that can be stabilized in either a simple cubic, tetragonal, or orthorhombic cell depending
on the amount of lattice vacancies present and the synthesis route.”” As depicted in Figure 1-3 b

for an orthorhombic cell arrangement, the Li ions can be located in the structural Wyckoft 2c, 2d,
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and 4f positions on the (002) La-deficient plane, enabling the transfer of Li either along 2c—4f-2c¢
or 2¢-2d-2c diffusion pathways.”? Polycrystalline LLTO pellets are typically prepared by solid-
state synthesis’? or sol-gel processing.” As the Li concentration x in LisxLa/3)«TiO3 increases,
the bulk (grain) Li* conductivity can vary from ~107 S cm™! for x = 0.1 (Lio34La0 56TiO3) to ~10~*
S cm™! with a further increase in the Li content due to local distortions of the lattice and an increase
in the migration energy barrier, which slows down the diffusion and ion conduction.”>”> However,
the high grain-boundary resistance has been a distinct drawback thus far, leading to a total ionic
conductivity of ~10° S ¢m™.76” The origin of the high grain-boundary resistance is mostly
attributed to: i) the presence of an ion-blocking secondary phase such as Li>CO; at the grain
boundary and ii) possible local structure deformations of the Ti—O polyhedral leading to depletion
of La and Li within the grain boundary.!>#%8! Evidence for the latter is that the highest total ionic
conductivity of 4.8 x 10* S ¢cm™! was reported for LLTO ceramic pellets with excess Li at the

grain boundary'® (Figure 1-3 c).

LLTO thin films have been prepared using various deposition techniques including e-beam

evaporation,® PLD,!®838% RF magnetron sputtering,3>-8

methods®’#® (Figure 1-4 ¢). The highest conductivity of LLTO thin films thus far, 8.7 x 107* S

and sol-gel-based spin-coating

cm!, was achieved for grain-boundary-free amorphous LLTO (aLLTO) films prepared by PLD!®
(Figure 1-4 ¢). In addition, total ionic conductivities of 1074~107° S cm™! have been reported for
films prepared by e-beam evaporation,®?> RF sputtering,®>%¢ sol-gel coating,®” and PLD'® (Figure
1-4 ¢). Epitaxial growth is another way to reduce the contribution of grain boundaries in the films
but requires single-crystal substrates, which is thus far impractical from a manufacturing
viewpoint.® For sol-gel-coated polycrystalline LLTO films, the grain boundary resistance sharply
decreases above 1150 °C because of the decrease of the grain-boundary concentration vertical to
the substrate. A total Li* conductivity of 4.42 x 107> S cm! can be achieved with post-annealing

at 1100 °C (Figure 1-4 ¢).

In summary, LLTO thin films can exhibit very high total Li* conductivity of up to 10# S em™!
when appropriate deposition conditions are applied, targeting grain-boundary-free growth with
either epitaxial or amorphous structures to avoid large grain-boundary resistances and increased
grain-boundary volume fraction in the nanostructures. Li loss at high temperature during synthesis

is another challenge. Similar to NASICON-type LATP electrolyte films, the application of LLTO
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as a thin-film electrolyte for micro-batteries with a metallic Li anode could be challenging without
the introduction of an artificial interfacial layer®?* because of the reduction of Ti at low potential.
In addition, the fabrication and characterization of a-LLTO thin films should be explored for
micro-battery electrolytes because of their high conductivity (Figure 1-4 ¢) and potential stability
against Li metal.”® The different set of restrictions applying to their integration as electrolytes in
potentiodynamic sensors, working under open-circuit conditions, may broaden the functionality of
amorphous Li-based ceramics beyond their limited use as electrolytes in energy-storage
applications, correspondingly reducing fabrication costs through the use of lower-temperature
processing techniques. In terms of “Lithionic” devices for neuromorphic computing, aLLTO layers
may be integrated and in line with demands for low-temperature processing of the field and CMOS
compatibility.”! However, epitaxial LLTO layers would complicate processing of multi-functional

layers and increase design and manufacturing costs.

1.3.5. Li-Garnet-Type LLZO

Among oxide-based Li" conductors, Li garnets have received attention for the last decade as a
promising class of solid-electrolyte materials with high Li" conductivity and a wide
electrochemical window (Figure 1-3 ¢), which is also the focus of this thesis study. Garnet-type
materials have a general structure of A3B2(X0Os)3, where A = La and X = Zr, Nb, Ta, and were first
probed for their Li" conductivity®? in 2005, with a conductivity of 10 S c¢cm™ achieved for
LisLa3X>012 with X = Nb or Ta.”? Shortly after, cubic-phase LLZO was discovered with a higher
room-temperature Li* conductivity (~107° S cm!) than that of its tetragonal phase polymorph
present at lower sintering temperatures.!>** When stabilizing the cubic phase at high sintering
temperatures above 1050 °C, the Li" conductivity was improved by over two orders of magnitude

9597 which was accomplished by creating Li vacancies by doping

as the Li ordering was broken,
with cations such as AI** or Ga** at Li sites?*?%%-190 or Ta>* or Nb>" at Zr sites.!?"19 The garnet-
type LLZO framework structure consists of edge-sharing dodecahedral LaOg and octahedral ZrOs
units (Figure 1-3 b). Li ions occupy and migrate three-dimensionally through two sites, the
tetrahedral 24d and the distorted octahedral 96h Wyckoff sites (Figure 1-3 b).311%4 Unlike

LLTO,!%>1% LLZO exhibits a low grain-boundary resistance possibly because of the increased
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band gap and different characteristics of the space-charge profiles,?* which is favorable for device

applications.

The synthesis and especially the stabilization of the cubic and fast-conducting LLZO phase has
long posed a challenge for its thin-film form. Thin-film LLZO has been prepared using a wide

98,107,108 PLD 100,109-112
b

variety of vacuum-based techniques, including RF sputtering, and wet

3 and sol-gel

chemical synthesis by metalorganic chemical vapor deposition (CVD) !!
processing.!'*11® An unusual wide spread in Li* conductivity over the range of 108 to 107 S cm-
! has been reported (Figure 1-4 d), which can be explained by two reasons. First, compared with
perovskite-type LLTO, LLZO has a higher configurational entropy because of the larger variety
of structural polyhedra >4); namely, the number of local building units (LBUs) that need to be
arranged during crystallization and phase formation is higher. Only the cubic phase with ordered
dodecahedral LaOg and octahedral ZrOg units and disordered Li vacancies in tetrahedral LiO4 and
octahedral LiOs has been shown to exhibit sufficiently high Li mobility; however, the phase
transition is often difficult to access in thin-film form. In contrast, a classic perovskite structure
such as LLTO has less polyhedral types (=3), namely two cuboctahedra (Li and La) and one
octahedron (Ti), which results in less configurational entropy when crystallizing from the
amorphous oxide percolation.!'”-!'8 Small variations in chemistry and phase change cannot be
well-captured for films using averaging techniques such as X-ray diffraction (XRD) and instead
require advanced techniques with the ability to characterize local structures such as extended X-
ray absorption fine structure (EXAFS) spectroscopy, Raman spectroscopy, and other spectroscopy
techniques.!!” Second, because LLZO has a high number of cations, vacuum-based techniques are
well suited and have been explored in the majority of cases (Figure 1-4 d). For these techniques,
prevention of Li loss during deposition and post-annealing steps was, for many years, challenging
and unfortunately very easily resulted in inferior conductivities. For example, the lowered
conductivities among vacuum-deposited LLZO films often results from variations in chemistry
from the original desired cubic phase due to Li loss, such as the formation of the non-conducting
Li-deficient pyrochlore phase La,Zr,07, La;Os, and tetragonal LLZO (tLLZO)!'%%!'2 (Figure 1-4
d). To overcome this challenge, novel strategies to control the Li stoichiometry of vacuum-
deposited films such as co-deposition®®!2 and post lithiation'%*!!'* have been explored.!?! Thus far,
the highest conductivity 0of 2.9 x 107 S cm! was reported for LLZO films deposited by PLD using

a novel approach that uses two ceramic pellet targets in a so-called ‘multi-layer deposition’ with
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post-annealing step'?® (Figure 1-4 d). The basic idea is that one target is the desired
Lis2sAlo2sLasZrO12 ceramic phase and the second target is a LisN ceramic that serves as an
internal Li reservoir during the film synthesis (see details in Processing section). Through
repetition of multilayer deposition of approximately 10—40 nm for each of the two phases, a
multilayer film is built. In the later post-annealing step, the LisN phase layers undergo a
decomposition reaction, supplying their Li to the Lig2sAlo2sLasZr,O12 phases of the film.!2°
Importantly, LisN was selected because its band gap is close to that of the PLD laser, leading to

fast deposition transfer without much Li loss.

The development of solution chemistry suitable for the stoichiometric composition and the desired
microstructure appears to be challenging.!'® Developing solution chemistry and processing routes
takes a long time, especially for structures such as LLZO that are composed of three or more
cations and are condensed over their metal salts to oxides such as in pyrolysis. In addition, drying
cracks and densification issues are often observed in wet-chemistry films, which undoubtedly lead
to lowered overall ion conduction of the film. To date, the highest reported Li* conductivity for
wet-chemically deposited cubic LLZO (cLLZO) films at room temperature'!' is 2.4 x 1076 S cm’!
(Figure 1-4 d), which is one order of magnitude lower than that achieved by ‘multi-layer
deposition’ via PLD. However, it is promising that the Li content in the films is relatively easy to
tune by simply dissolving additional Li salts into the precursor solutions,'?? which opens up the

possibility of large-scale and low-cost manufacturing.

Options such as lowering the processing temperature have also been considered to further account
for the needs of large-scale manufacturing and CMOS/substrate compatibility for thin-film devices.
Similar to LiPON and LLTO, which can be processed as both crystalline and amorphous films and,
in some cases, pellets, Li garnets can also be processed as amorphous films. In 2018, it was
discovered that amorphous LLZO (aLLZO) films can be prepared via PLD followed by post-
annealing at reduced temperature (as low as 300 °C) compared with that used for cLLZO films.
The transport characteristics (e.g., Li" conductivity and ion-transport activation energy) of these
amorphous films vary depending on the processing temperature. Unsurprisingly, given the very
recent developments in controlling Li stoichiometries for LLZO films, the fabrication of
amorphous phases has been less frequently explored, and the Li* conductivity of their near-order

amorphous structure is currently under investigation.!!! For instance, aLLZO in their doped form
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contain at least four different cations in their structure, leading to near-order structures with four
or more LBUs and varied connection of polyhedra, e.g., [LiOs], [LiOs], [LaOs], and [ZrOs]. It
remains to be investigated which of these LBUs act as network formers or network modifiers. This

situation differs substantially from that of LiPON, a true Zachariasen glass®>¢

that only has one
tetrahedra as LBU and no higher coordination of polyhedra, or aLLTO (similar in structure to
quasi-amorphous perovskites, such as BaTiOs),!!"-!!® which only contain 2-3 cations with corner-,
edge-, or face-sharing octahedra. The local structure of alLLZO as a material class with high
structural and configurational entropy requires further investigation, and attention must be paid to

develop processing strategies to stabilize structures and phases.

In short, despite the potential and reported wide electrochemical stability window of sintered
LLZO pellets (nearly stable against a Li metal anode) and recent advances in LLZO film
processing to control Li stoichiometry, which pushed the Li* conductivity of films to 107 S ¢m™!,
the integration of LLZO films in Lithionic devices has not yet been explored. The major reason
for this lack of exploration is that LLZO is a relatively new material discovery compared with
LiPON and NASICON (Figure 1-3 a). Further research is required to enable device-level
integration of LLZO films with high control over the phase and function. Considering the reduced
thermal processing window for the cLLZO compared with that of LLTO for example, fewer
compatibility issues are expected during device-level integration. Furthermore, alLLZO films are
also a promising alternative with their grain-boundary-free nature and even lower processing
temperatures than those for crystalline LLZO films. Although LLZO films may not be the optimal
choice as switching materials for memristors because of their low electronic conductivities, they
remain highly attractive for application as conductive electrolyte layers in 3-terminal Li-operated
computational devices (e.g., a 3-terminal LISTA device based on LiPON electrolyte).*’ In addition,
environmental gas sensors such as environmental CO» electrochemical sensors have been designed
using large-scale LLZO pellets,'?*!24 building momentum for the development of miniaturized

devices based on LLZO solid-electrolyte films.

1.3.6. State-of-the-Art Progress in Processing Li*-Conducting Electrolyte into Films

In general, high-temperature processes present inherent issues of Li loss, particularly for thin films

because of the aspect ratio. Amorphous thin films are processed either by vacuum- or wet-
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chemical-based techniques at lower temperatures than those for their crystalline counterparts,
which is a notable advantage not only in terms of the lower thermal budget, minimal material loss,
and cost-effective processing but also the chemical and interfacial stability essential for their
integration and stacking in energy, data, or sensing applications. Additional advantages for grain-
boundary-free materials include possible lower overall resistance and the exclusion of metal
dendrites for battery applications. One of the most important reasons for the successful integration
of LiPON electrolytes in micro-batteries appears to be their excellent chemical compatibility with
electrode materials owing to the low thermal processing cost; therefore, a higher degree of freedom
and stable interfaces are expected, which have been prominent issues in the bulk battery arena.
However, far more study is needed to understand the amorphous nature of Li-based films such as

LLZO, LLTO, and LATP, which is currently a subject of research.

To date, the vast majority of studies on thin-film Li" conductors have focused on developing thin-
film processing know-how to achieve high ionic conductivity similar to that in bulk pellets (Figure
1-4 a-d). Many different research groups have used different starting materials and deposition
conditions (atmosphere, pressure, temperature, etc.) depending on the processing method, leading
to differences in phases (composition, stoichiometry), microstructure, and electrochemical
characterization. When deviation from the basic bulk characteristics occurs, lower conductivity is
achieved; whereas thin films that have pure phase and dense microstructure will promptly exhibit
reasonable conductivity. Thus far, most of the promising thin-film Li* conductors, including LATP,
LLTO, and LLZO, have not even been properly integrated in micro-batteries, with the exception
of LiPON!2>126 (note: LLTO has only been applied in half-cell micro-battery structures'?”). This
can be explained by the fact that the electrolyte for solid-state micro-batteries must minimize Li-
dendrite propagation, secure intimate contact with electrode materials, and possess low room-
temperature resistance, and for many recent (non-LiPON) Li" conductors, the Li-dendrite
resistance requires further exploration. For other Lithionics devices, such as solid-state sensors,
there are less restrictions, which allows us to further explore the abundance of Li*-conducting
materials and recently developed vacuum-based and wet-chemistry-based processing techniques,
which perhaps are still not mature enough to serve in micro-batteries. Achieving high ionic
conductivity in amorphous thin-film form will remain a critical issue for promising ionic
conductors; however, for LLTO thin-film solid electrolyte, the highest conductivity has been

achieved for aLLTO prepared by PLD. In general, a concrete understanding of: i) the conduction

33



mechanism in amorphous thin-film Li* conductors and i) the interfacial stability of amorphous
Li* conductor/electrode (metal, oxide, etc. depending on the application) interfaces require more
attention than for a polycrystalline Li" conductor. Economical processing techniques for
amorphous thin-film fabrication should also be pursued, namely wet-chemical routes, opening up
new paths for the development of highly conductive thin films for Lithionic devices and other
micro-mechatronics applications. Compared with polyanionic oxides such as LiPON and LATP,
oxide-based LLTO or LLZO solid electrolytes are far more promising when playing with wet-
chemistry routes; however, one must have well-established thin-film processing methods to
achieve grain-boundary-free amorphous materials with high Li" conductivity. Additional
properties, such as electrochemical and chemical stability, require further exploration, particularly
for thin-film Li* conductors, which may have implications for device-level integration in the next

phase.

1.4. Thin-film Processing Methods for Li-based Oxide Ceramics

Ceramic processing of Li-based oxides is commonly performed via grain growth and sintering of
powders into macroscopic dense solids such as pellets or tapes.'?® To reach close to theoretical
densities, grain-boundary and volume diffusion must be activated during sintering, which is
conventionally achieved using high temperatures (~2/3 of the melting temperature) and high
pressure.'?® A survey on SSBs would reveal that more than 95% of today’s solid-state Li-
electrolyte conductors,* including garnets, perovskites, and NASICON structures reported in the
literature, are processed as millimeter-sized ceramic pellets using these rather conventional
ceramic processing routes. Considering the need for rapid SSB implementation to power electric
vehicles (EVs) and mobile electronics beyond Li* (liquid) batteries, this processing route is clearly
unfavorable as it results in rather bulky and heavy batteries, where precious volume that could be
assigned to the active electrodes is wasted on the electrolyte. For the design of a SSB to be
attractive, the size of the solid electrolyte should ideally be close to or even smaller than that of a
classic polymer separator (approximately 25 pum), which is simply not realistic using classic
sintering and densification of powders into pellets (which are 2—3 orders of magnitude larger) and
also presents challenges for the possibility of tape processing. In addition, high processing

temperatures increase the costs and are unfavorable for co-sintering strategies to assure good
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mechanical bonds between the various components. Adhesion becomes even more of a challenge
for the integration of cathodes in the SSB. For example, Co-free cathodes such as LiFePO4 face
phase-stability challenges at typical Li garnet or Li perovskite sinter temperatures.!%%12%130 Tt can
be concluded that there is currently a slight disconnect between the major ceramic processing
strategies used in academia to fabricate SSBs and the increased practical need for cost-effective
(manufactured at low temperature) and high-energy-density SSB storage. To achieve these goals,

ceramic processing strategies such as cold sintering,'3'"!3 low-temperature tape ceramic

134,135 136-138

manufacturing, and wet-chemically derived films explored in some labs and industry
need to gain more momentum and significance than studies on sintered pellets for SSBs. Moreover,
considering the rising field of Al with new Li-operated hardware opportunities, significant scale
down to thin-film manufacturing of the Li functional ceramic components is required. To
understand the numerous methods and challenges specific to the fabrication of Li-oxide films, we
provide an overview of thin-film processing methods for Li oxides, formulate a roadmap, and
highlight general trends for their synthesis using wet-chemical and vacuum-based processing

techniques.

Thin-film processing of Li oxides allows for direct densification from a gas, liquid, or solid state
even at 1/5 to 1/3 of the melting temperature. Importantly, solid-electrolyte thicknesses can be
reduced by a factor of 1000 compared with those achieved by classic sintering of pellets, and both
amorphous and nanocrystalline phases can be deposited for the majority of solid-state Li*
conductors. Ceramic solid-state Li-oxide films can be deposited either using wet-chemical
methods through sol-gel routes via spin coating spray pyrolysis, dip coating, or ink-jet printing or
vacuum-based techniques such as physical vapor deposition (PVD) and CVD. In general, vacuum
techniques tend to result in more oriented columnar growth because of the more heterogeneous
nucleation arising from the condensation of ejected high energetic particles yielding more
anisotropic grain growth. In contrast, wet-chemistry techniques tend to result in thermodynamic
equilibrium, leading to more isotropic and smaller grains because of the more homogeneous
nucleation distributed within the film driven, in general, by grain-surface-area minimization.!'*
The selected film synthesis method and conditions can tailor the density, inter-atomic bonding,
phase evolution, and degree of crystallinity of the film, which can range widely from fully

amorphous to nanocrystalline to coarse-grained microstructures.
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1.4.1. Existing Challenges Faced by Li-Oxides Thin-Film Processing

For all Li-oxide-based ceramics, it is universal that the volatility of the rather light Li element
poses difficulties in terms of controlling the phase, stoichiometry, cationic coordination, and
diffusion pathways and is the main processing issue (Figure 1-5 a). Strategies to control the Li
content require attention and fundamentally differ for sintered macro-crystalline pellets and tapes
(processed at high sintering temperatures) and thinfilms (processed at low densification
temperature). For example, to accommodate the Li loss during sintering, overlithiation with 5-15
mol% of extra Li source in powder synthesis and the use of Oz gas in the sintering of the mother
powder are established strategies for ceramic processing of Li-oxide pellets (e.g., LLZO, LLTO,
LATP). Initial lithiation strategies for the deposition of thin-film oxides differ greatly in terms of
synthesis selection and require attention to achieve solid-state conductor films with high
conductivity and may even govern the electronic state changes and chemistry for the operation of

neuromorphic devices and sensors.

The second great challenge in film processing is the careful design of ceramic phase boundaries,
their chemistries, and the associated Li* and electronic conductivity characteristics. The effect of
grain-boundary chemistry on performance can be striking, as changes in the Li" transference
number can, for example, alter the formation and percolation paths of Li dendrites, which are
considered the highest risk for SSB failure.!*’ For example, any nanocrystalline Li-oxide ceramic
film possesses a high volume ratio of grain boundaries to grains and its local chemistry, grain
boundary width, and transference number can vary over the nanostructure. Even within one
material class of a Li oxide, the grain-boundary chemistry, transference number, and band gap can
in principle vary depending on the processing conditions and method because of factors such as

dopant segregation at the grain boundaries modifying Debye lengths.
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Figure 1-5. (a) Lithium loss mechanism during thin-film annealing at high temperatures. (b) Overlithiation
of deposition target for vacuum-based films. (¢) Co-deposition with a Li-source target for vacuum-based
films. (d) Construction of internal lithiation sources with secondary target for vacuum-based films. (e)
Overlithiation of precursor solution for wet-chemical films. Figure adapted from Ref.*.

1.4.2. Wet-Chemical Synthesis of Li-Oxide Films

Among the numerous available thin-film methods, wet-chemically synthesized films are attractive
in terms of cost reduction and scale up, as they do not require an expensive vacuum chamber or
high-energy source. Conventionally, wet-chemical ceramic processing of films has been
performed using sol-gel,'*! spray pyrolysis,'#? dip coating,''* or spin-coating routes.!'®!4> All of
these sol-gel routes use a solution made by mixing the precursors of inorganic or metal—-organic
salts, dissolving them in suitable solvents, and reacting them either by heating or refluxing on the
surface of a substrate. Alternatively, the solution can be sprayed on a heated substrate using
sequential decomposition synthesis (SDS), a method derived from spray pyrolysis.!3¢!37 In this

cost-effective, scalable technique, there is a thermal gradient of the solution from the spray nozzle
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down to the heated substrate, which affects the droplet volume and composition and depends
mainly on the selected precursor chemistry and substrate temperature. The challenges for most
wet-chemical film deposition techniques are two-fold. First, most Li-oxide-based conductors of
interest are composed of at least 2—4 cations, and specific phases are required to assure fast Li
motion through the structures. For example, for doped LiCoO», such as LiNigs5-yAlyCo00.502,
coordination of the multiple and often differing metal salt decomposition points and adaption of
the organic chemistry (i.e., the decomposition points and chain length toward the deposition
temperature) are needed for chemical decomposition, nucleation, and condensation reactions.!#*
The second aspect in the art of wet-chemical film manufacturing is to gain control of drying of the
Li-ceramic forming film without crack formation during deposition and post-annealing. This
aspect can also technically involve a single or multi-step temperature or pH-controlled chemical
reaction(s) to transfer either all of the salts to the forming oxide at once or to use different sub-
reactions to control the drying during densification in a step-wise manner. For instance, for Li-
oxide ceramic films, there is a large variety of possible Li salts with thermal decomposition

°C,136145 which is a much wider range than that for

temperatures ranging between 100 °C and 550
other heavier metal cations (e.g., La, Ti, Zr) conventionally used in the synthesis of Li electrolyte
or electrode materials. Thus, pyrolysis ceramic formation reactions during which most salts
decompose at one temperature or pH event can be employed, or alternatively, the chemical
reactions can be separated. For example, the reaction of the Li salt can be separated from those of

other cation salts forming non-lithiated ceramics with undissolved Li salts, which would result in

lithiation of the material at a higher temperature via a two-step synthesis reaction.!#

One of the richest arguments for further exploration of wet-chemical ceramic synthesis and
manufacturing for Li-based films is that in most compositions, the lithiation degree of the film can
be very easily adjusted during synthesis!#! (Figure 1-5 ¢). By simply adding more Li salt to the
original precursor for as long as the component remains solvable (and therefore able to react), the
Li concentration of the forming oxide can be easily steered to allow for low-temperature
manufacturing below 750 °C. For example, using spray pyrolysis, up to 250 mol.% of the Li
source!3®137:146 can be dissolved into solution for Li-garnet films. Another important and new
discovery in terms of ceramic processing is that the excess Li in the deposited films not only helps
to stabilize the desired fast-conducting phases during post-heat treatments but also acts as a grain-

boundary agent that may promote densification and improve film density.!*® This finding is
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consistent with previous work on gadolinium-doped ceria (Ceo.9Gdo.1O1.95), where the
incorporation of Li (as little as 3 mol%) as a dopant significantly improved the density of the
membrane and reduced the sintering temperature.!*’ Benefiting from the excess Li source as a

grain-boundary agent from the precursor solution, a recent study!*-!38

reported that dense Li-
garnet films with up to 10-um film thickness could be synthesized using spray pyrolysis without
cracking and with stability upon thermal annealing at 750 °C. This finding indicates the possibility
of novel component synthesis targeting batteries, and sensors, of which high phase purities is not
absolutely required, via inexpensive wet-chemistry routes without sintering, with thicknesses
ranging from hundreds of nanometers to several micrometers, which is a range that is generally
not achievable using standard vacuum-based methods. The most explored wet-chemical deposition
synthesis method for Li-oxide-based thin films is the sol-gel route via spin coating. For example,
layered and spinel structure materials such as LixC0O»,!43148:149 iy TisQ 5,48 150151 LiNiQ,, 41152
LiMn 0441153 and LiFePO4!** and recently more complex solid-electrolyte phases such as garnet-
type cLLZO!>1615 and NASICON have been synthesized using this route.'’®!3” The
advancement of chemical synthesis routes for ceramic solid-state films of Li oxides is generally
complex and time intensive, as the development of an inorganic synthesis protocol to achieve the
desired phases and stoichiometry in dense thin-film form is required for each material class.
However, if further improved, this route would be cost-effective and well suited for mass
manufacturing to meet society’s energy storage needs. In addition, the lithiation degree and
distribution of Li within the grains and grain boundaries could provide a powerful tool for altering
the transference numbers and structure properties of SSBs, yielding high stabilities toward pure Li

metal anode and long cycle life.

1.4.3. Considerations Towards Lithionic Devices Integration

For Lithionic device manufacturing, there is vast knowledge available on Li-based thin-film
deposition techniques and materials; however, thus far, they have only been optimized for battery
integration and performance. Sensors or neuromorphic computing devices based on functional Li-
oxide films require fine control of the microstructure, phase, and especially the lithiation degree at
the local scale, presenting new challenges and requiring future synthesis optimization for Li-based

thin films and their ceramic manufacturing. Considering the opportunities provided by ceramic
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film processing, particularly for Li-oxide conductors and spinel, layered, and olivine materials, we
highlight the following observations for ceramic manufacturing. First, novel synthesis strategies
exist to tackle the challenge of Li loss associated with many film depositions. For vacuum-based
techniques, innovations include working with extra internal lithiation sources (Li2O or Li3N) in
the formation of films. For wet chemical techniques, innovations include the use of the ability of
many Li salts to act as grain-boundary agents to support even rather thick film formation of up to
10 um and more. Exploring more pathways to control Li stoichiometries coupled with an intimate
understanding of the effect of synthesis parameters on film structure—transport characteristics and
transference will enable the widespread realization of Li-oxide films as functional ceramic
components in Lithionic devices. Second, over the last decade, for most of the fastest conducting
Li-oxide ceramics and classic battery electrodes, the number of cations has been rapidly increasing
to be conventionally above 3—4 (e.g., LLZO, non-Co-containing battery electrodes such as
LiNiMnCo00O-4, NMC and LiNiCoAlOz-4, NCA). With the birth of more Lithionic device
functions to alter electronic states (metal-insulator transition and others or catalysis) through
lithiation/deintercalation, the number of dopants is possibly increasing, resulting in more degrees
to manipulate the phase structures and alter transference numbers. The use of vacuum techniques
is undoubtedly the fastest route to make initial prototypes and test new device characteristics.
However, rapid access to these technologies requires stronger and more active efforts to develop
low-cost (low-temperature) and mass-manufacturable Li-oxide ceramics using wet chemical
routes as films with multi-cation control via wet chemistry, which often makes their processing
more difficult. The understanding, chemistry, and formation of phases is by far more complex
during the initial development of materials using these routes, and most time—temperature—
transformation (TTT) diagrams remain unpublished to date; however, gaining this type of ceramic
processing know-how for Li-oxide ceramic films can result in new device manufacturing routes
and reduce associated costs. Wet-chemical processing of Li-ceramic film components remains
underdeveloped for most of the fastest conducting Li-electrolyte ceramics, with the exception of
LiPON and LATP. We encourage ceramic science and engineering efforts to be directed toward
this area to assure academic idea-to-tech product transfer for energy storage and Lithionic device

applications.
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1.5. Open Research Questions

Li-garnet-type LLZO, since its first discovery in 2007,!% has been considered as a promising class
of solid electrolyte Li" conductors for applications in batteries, as well as in other lithionic devices

123,158 gwing to their high room temperature Li*

such as Li* powered electrochemical gas sensors,
conductivity, wide electrochemical stability window (towards both high-voltage cathode at 6 V vs.
Li/Li* and Li metal anode at 0 V vs. Li/Li*),'*® non-flammability, and good ambient air stability.
However, high-temperature sintering (e.g., >1050 °C) is generally required to accomplish phase
transformation and densification and achieve their highly conductive cLLZO phases.!¢° This raise
concerns about interface stability with adjacent layers in lithionic devices (e.g., cathode in SSBs),
as well as high costs and non-sustainability in materials production. Developing low-temperature
processing routes to synthesize aLLZO and crystalline cLLZO can be alternative choices for

lithionic applications.!é! Moreover, the amorphous near-order structure of aLLZO requires a

proper definition for future structure and transport optimization.

In this thesis, we focus on the fundamental understanding of aLLZO amorphous structures and
aLLZO structure-transport relations and highlight alternative low-temperature and low-cost
processing options for these phases. In addition, we discuss the future and potential for integrating
LLZO and other Li-oxide materials into lithionic devices as well as their state-of-the-art challenges.

Specifically, this thesis aims to address and answer the following open research questions:

e Can Li'-conductive materials be used to operate thin-film devices beyond batteries? For
instance, memristors for neuromorphic computing and solid-state electrochemical sensors
for environmental gas sensing? What are their requirements?

e What classes of materials are suitable for achieving the ambitious goal of using Li* to
power, sense, and store/compute data?

e What suitable processing routes can be designed to enable the successful low-cost and low-
temperature scale-up manufacturing of the material class of Li-garnet LLZO, in both
amorphous and crystalline phases and their integration into lithionic devices?

e What are the advantages of amorphous Li garnets vs. the classic sintered crystalline cubic

Li garnets?
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e How to properly describe the near-order, medium-range order (MRO), and long-range
order (LRO) structure of amorphous Li garnets? What are the structural roles of each cation,
i.e.,, Li, Zr, and La, in amorphous Li garnets?

e What are some of the potential dopants that could be introduced to amorphous Li garnets?

e How to contextualize the aLLZO structures toward the existing Li*-conductive materials?
What is unique about amorphous Li garnets?

e What are the phase transformation and crystallization process and kinetics from amorphous
to crystalline cLLZO?

e Can one develop a TTT diagram to quantify the phase composition of LLZO based on
processing time and temperature?

e Are there alternative wet-chemical routes to process the highly conductive crystalline
cLLZO in reduced temperatures below 750 °C?

e What are the remaining questions that need to be addressed to ensure the successful
integration of low-temperature-processed amorphous and crystalline cLLZO into lithionic

devices?

1.6. Thesis Outline

This thesis contains four main chapters that address the open research questions outlined in
Chapter 1.5. Specifically, in Chapter 2, we explore the structural nature of high entropy
amorphous Li-conductors, namely, Li-garnet-type aLLZO, which has an unusually high number
of local bonding units (LBUs) > 4 and can be synthesized via low-temperature SDS. The synthesis
condition and local amorphous structure vs. their Li+ transport are studied, and the roles of Zr and
Li LBUs as network modifiers in determining local structure characteristics are defined. This high
entropy class of aLLZO is also contextualized and compared with the existing non-Zachariasen
and Zachariasen invert-glass Li"-conductive oxides for the first time. This comparison establishes
the basis for the next study on structure modifiers in aLLZO, as we detailed in Chapter 3.
Specifically, Chapter 3 focuses on the near order, MRO, and LRO structure of aLLZO. We present
a model study for aLLZO with different La concentrations that confirm the role of La as a network
modifier and identify the solubility limit of La in aLLZO. This provides effective ways to tune the

packing density and phase composition of aLLZO that may affect transport and mechanical
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properties. Alternative network modifier dopants are also suggested based on the structure findings
of the chapter. Apart from the low-temperature synthesized aLLZO phases, we also see promises
of developing low-temperature synthesis routes for the highly Li*-conductive crystalline cLLZO
towards lithionics applications. To enable rational design of the low-temperature routes,
in Chapter 4, we first gain a fundamental understanding of the phase transformation kinetics from
aLLZO to crystalline cLLZO and develop a first Time-Temperature-Transformation (TTT)
diagram for the multi-step phase transformations from aLLZO to crystalline cLLZO. Through the
TTT diagram, we design three alternative low-temperature processing routes via SDS and confirm
the successful synthesis of cLLZO at temperatures as low as 500 °C, the lowest temperature ever
reported. We see both the low-temperature synthesized aLLZO and cLLZO phases to benefit the
manufacturing sustainability and interface stability for battery applications and beyond.
In Chapter 5, we analyze the state-of-the-art research progress and recent advancements in the
device integration of Li*-conductive films in memristors, micro-batteries, and gas sensors. We
critically reflect on current challenges and opportunities in the research direction of lithionics. Last
but not least, the thesis closes with a conclusion and outlook chapter, Chapter 6, highlighting the
critical findings and perspectives stemming from this work and future research directions to assist

the successful integration of aLLZO and cLLZO films into lithionics devices.
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2. Chapter 2: High Entropy Amorphous Li-Garnet Electrolytes

Adapted from Yuntong Zhu, Zachary D. Hood, Haemin Paik, Pedro B. Groszewicz, Steffen P.
Emge, Farheen N. Sayed, Chengjun Sun¢, Moran Balaish, David Ehre, Lincoln J. Miara, Anatoly
L. Frenkel, Igor Lubomirsky, Clare P. Grey, Jennifer L.M. Rupp. High Entropy Amorphous Li-
Battery Electrolytes . Manuscript in-review (2022).

Chapter Abstract

Amorphous Li-oxides are promising solid-state electrolytes for use in hybrid or all-solid-state
oxide- and sulfide-based batteries as separators or protective layers. These amorphous Li*
conductors possess an intrinsic grain-boundary-free nature and require significantly lower
temperatures for synthesis as compared to their crystalline counterparts. To date, ‘low entropy’
amorphous LiPON with only one type of local bonding unit (LBU) reveals the highest cycle
number and battery lifetime. ‘High entropy’ amorphous Li* conductors, such as Li perovskites or
Li garnets, exhibit an unusually high number of LBUs. However, their local ordering and the Li*
dynamics remain poorly understood, in part owing to the difficulty in characterizing their
disordered states. This study employed a novel synthesis protocol to stabilize amorphous Al-doped
Li garnets (Al-LizLasZr;012), representing so far the highest number of LBUs (> 4) in an
amorphous Li" conductor. Their phase evolution and local structures were resolved by a
combination of spectroscopy, microscopy and calorimetry techniques. We identified a much wider
(<680 °C) but processing-friendly temperature range to stabilize various amorphous phases with
edge- and face-sharing Zr, La, and Li LBUs, not conforming to the formation rules for
Zachariasen’s glasses. These amorphous Li* conductors reveal an unusual setting in which Li and
Zr act as the network former and La acts as network modifier, with maxima in Li-dynamics
observed for smaller Li—O and Zr—O coordination among the amorphous phases. Our insight will
provide fundamental guidelines for the phase, structure, and Li-transport modulation for
amorphous Li garnets and pave the way for their integration in solid-state or hybrid battery designs

with improved safety and lifetime.

44



2.1. Introduction

With the increasing demand for EVs and portable electronic devices, breakthroughs to further

160,162-164 Extensive

improve the energy density and cycle life of battery technologies are necessary.
research efforts have focused on reviving lithium metal as the ultimate anode for ‘beyond Li*
batteries’ owing to the outstanding specific capacity of lithium metal (3860 mAh g!) and the low
electrochemical potential (—3.04 V vs. standard hydrogen electrode, SHE).!% Replacing the
conventional graphite anode with lithium should in principle provide a feasible path for increasing
the specific energy density by 35% to 350 Wh kg ™! at the pack level.!®%1% However, gas and heat
evolution during lithium dendrite growth and the electrochemical instability between lithium metal
and conventional liquid electrolytes remain major concerns.!¢” Solid-state electrolytes, such as Li-
garnet-type LLZQ%6-9%:105.168-170 and TiPON,*34° have been regarded as the key contenders for use
in Li-metal batteries with increased resistance toward dendrite growth while providing high Li*

conductivities.'3

The majority of these solid-state electrolytes, such as LLZO ceramics, exhibit
their highest Li conductivity in cubic polycrystalline phase with a large grain-boundary volume,
which, in turn, is more susceptible to Li dendrite growth and battery failure. Electron

MO.I7TLI72 and - opto-mechanical microscopy!” studies have revealed that Li

microscopy
preferentially deposits along the grain boundary for LLZO. This behavior in part stems from the
variation of the transference number, which can increase the electronic conductivity at different
localities of the grain boundary and thus promote Li-dendrite propagation.!’ A recent study also
suggests that cubic polymorphism (i.e., 220 vs. 230 space group cubic phase) could be related to
dendrite nucleation and propagation in polycrystalline cLLZO due to local stress formation around

230 space group grains.'74!175

While many other theories exist implying the vulnerability of grain
boundaries, the exact cause of Li-dendrite formation and propagation, however, remains to be
clarified. Remarkably, amorphous Li* conductors such as LiPON thus far represent an exception,
being inherently grain-boundary-free and offering the best cycling stability, i.e., maintained for
more than 10,000 cycles and at <10% degradation with a Li-metal anode.*® It has been argued that
LiPON forms a thin electronically insulating but stable interphase layer composed of
Li3POs4, LisN, LizP, and LiO toward pure Li at lower voltages, contributing positively to the high

cycle life.!76-178

45



H Functions of Amorphous Li-Conductors in Solid-State or Hybrid Battery Designs
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* Grain-boundary-free solid electrolyte: reduce the risk of
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Figure 2-1. (a) Functions of amorphous Li" conductors in solid-state or hybrid battery designs. (b) Newly
developed classification of amorphous local structure for Li’(O*)-ion conductors based on the number of
local bonding units (LBUs) ranging from 2 to 4. Each LBU in an amorphous structure is identified as either
a network modifier or a network former based on its structural role. Among the amorphous conductors,
LiPON is (in most compositions) a non-Zachariasen invert glass with P(O,N)4 as a network former and
interstitial Li" as a network modifier. Note that a special case of LiPON with ~1:1 ratio of Li" to P(O,N)4
can be considered as a Zachariasen glass. Quasi-amorphous O*-conducting perovskites (SrTiOs, BaTiOs,
or BaZrOs), amorphous Li'-conducting perovskite LLTO, and amorphous garnet LLZO are also classified
as non-Zachariasen glasses but with more complicated CRNs. In quasi-amorphous O*-conducting
perovskites (SrTiOs, BaTiOs, or BaZrOs), TiOs and ZrOg are identified as network formers and SrO, and
BaO; are identified as network modifiers.''”!'®!"!¥ In amorphous Li"-conducting perovskite LLTO, TiOs
is identified as a network former and LaO:, and LiO1; are identified as network modifiers. In amorphous
Li"-conducting garnet LLZO, we identified in this study that LiOs, LiOs, and ZrOg are network formers and
LaOgsis a network modifier based on the atomic radius of the La cation and the probed LBU connection. (c)
Discovery and battery-application timeline of crystalline and amorphous LiPON,**->3648:181 2-_conducting
perovskites (SrTiOs, BaTiOs, or BaZrQs),""! #1718 [ i*_conducting perovskite LLTO,'®*12"1%2 and Li'-
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conducting garnet LLZO solid-electrolyte conductors.'®!'?!""¥3 (d) Summary of structure properties,

conduction mechanism, and battery applications of amorphous LiPON, quasi-amorphous O*-conducting
perovskites (SrTiOs, BaTiOs, or BaZrOs), amorphous Li'-conducting perovskite LLTO, and amorphous
Li"-conducting garnet LLZO.

In addition to LiPON, there are many additional alternative amorphous Li-conducting materials,
such as amorphous Li garnets, and opportunities for new phase definition and synthesis are
manifold. These materials possess several attractive characteristics, such as their relatively low
manufacturing temperature (ranging from room temperature to 600 °C), which facilitates co-
synthesis with Co-substituted or even Co-free cathodes (e.g., LiNiMnCoO», LiNiCoAlO;, and
LiFePOy) that are often unstable at standard electrolyte sintering temperatures. Alternatively, they
can be applied as protective coatings (electrode-electrolyte interfacial layers) toward Li anodes
and other Li-free anode concepts, bridging the electrochemical stability voltage gap with liquid
electrolytes or catholytes and preventing uneven interfacial reactions, which may later lead to
uneven Li stripping/plating (Figure 2-1 a). An earlier study reported that by applying a 10 nm
aLLZO protective coating on both sides of a cubic Li-garnet pellet, a 4-fold increase in critical
current density (CCD) from 0.32 to 1.3 mA c¢m? can be achieved.'® In principle, an oxide-based
protective coating can also be extended to sulfide-based SSBs to bridge the large electrochemical
stability voltage gap between sulfide-based electrolytes (that generally have electrochemical
stability windows < 1 V)* and a Li anode. Their ultimate usage either as effective Li-electrolyte
separators or thin protective layers remains to be explored, providing new pathways for battery

designs.

In this chapter, we explore the fascinating nature of ‘high entropy’ aLL.ZO battery conductors,
which has an unusually high number of local bonding units (LBUs), generally beyond four, that
affect Li transfer. Although been successfully implemented in SSBs, the nature of the aLLZO
structures remains unresolved and requires a proper fundamental description. These high entropy
amorphous Li garnets can exist in various phases and differ substantially from lower-entropy
amorphous conductors such as Ohara glass, as the amorphous Li garnets discussed here are
technically not even ‘glasses’ based on the Zachariasen glass theory, and the high number of LBUs
(> 4) offer a much wider opportunity to tune the structure and transport properties. In this study,

the synthesis and local amorphous structure vs. Li migration interaction are studied, and the critical
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role of LBUs in determining network characteristics is explained for amorphous Li garnets. In
addition, we aim to contextualize and classify these high entropy aLLZO conductors for the first
time compared with existing non-Zachariasen amorphous electrolytes in the battery field.
Technologically, these fundamental efforts provide blueprints on how to further modify these

materials with dopants and synthesis routes for phase tailoring in follow-up studies.

2.2. Bringing Some Order into Disordered Amorphous Li Solid-Battery
Electrolytes

We introduce in Figure 2-1 b the varied range of existing non-Zachariasen amorphous Li*
conducting oxides as well as the concepts of LBUs, and network formers vs. network modifiers.
These electrolytes constitute two or more cation polyhedra LBUs in the continuous random
networks (CRNs). Depending on the arrangement and structural roles in CRNs, LBUs can be
distinguished as a ‘network former’ or ‘network modifier’ '3%: i) Network formers facilitate the
formation of a CRN by forming covalent bonds via bridging oxygen or other available atoms (e.g.,
nitrogen in LiPON). ii) Network modifiers alter the CRN through the formation of ionic bonds
with nonbridging oxygen atoms. The form in which the LBUs link, their distances and connection
affect the ionic transport. As a second parameter, it is relevant to define whether an amorphous Li*
conductor can be classified as a Zachariasen glass. Any solid amorphous oxide constitutes a
majority of network-former LBUs with network-former coordination of 3 or 4 and solely corner-
sharing (form covalent bonds) via bridging oxygens can be viewed as a Zachariasen glass. To
provide some material examples, Li-sulfide solid electrolytes, e.g., (100 — x)LixS-xP>Ss, are true
Zachariasen glasses with PS4 tetrahedra being the corner-sharing network former and Li" being

the network modifier.!8>186

In addition to Zachariasen glasses, there are many non-Zachariasen amorphous structures that

provide far more complicated CRNs with higher structural entropy, such as metallic glasses,!87-188

? and invert ion-conducting glasses.!”® Specifically, invert

high entropy disordered ceramics,!®
glasses attract attention in the battery field as they can offer high Li* conductivity thanks to their
network-modifier-dominated structures and ionic bonding characteristics.!”® For instance, the

majority of LiPON can be categorized as a non-Zachariasen invert glass because it contains less
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network former P(N,0)4 than the network modifier Li* in the CRN, not conforming to the classic
Zachariasen glass formation rules anymore.!*? Its glass structure and physical properties are largely

determined by the network modifier cations, Li*, and the predominate ionic bonds.

To lay the groundwork, we classify the various known non-Zachariasen amorphous Li*- (or O*)-
conducting oxides according to the number of LBUs in Figure 2-1 b. We briefly summarize the
implications of the number of LBUs on the structure coordination and transport properties and

herewith propose this general classification to the field for further discussion of the definition.

2.2.1. Low Number of LBUs for Solid-State Conductors (LBUs = 2) Forming Either a Non-

Zachariasen Invert Glass or a Classic Zachariasen Glass

LiPON consists of two types of LBU, i.e., P(N,O)s tetrahedra as a network former, and Li* as a
network modifier, and can be classified as either a non-Zachariasen invert glass or a classic
Zachariasen glass depending on the network former to modifier ratios. In most cases, LIiPON
consists of more network modifier Li* than network former P(N,O)s and can be considered as a
non-Zachariasen invert glass. The network former P(N,0)s is surrounded by a lithia matrix with
non-bridging O or N or holding together by corner-sharing N or O atoms (Figure 2-1 b).>*> The
ionic interactions between Li" and oxoanions become essential in determining the CRNs and glass
properties.!®® For P(N,0)s with corner-shared N, bridging N (double bond) and apical N (single
bond) prevail in the CRN when chemically satisfying x<1 for LizPO(4_x)N(2x /3)->> The presence

of N bridges destabilizes the Li—Li interaction because of its covalent bonds with P, thus enhancing
the Li* mobility,*® and is the essence to modulate conductivities to nearly 10> S cm! under
ambient conditions in the given CRN.!”! In a special case of LiPON, the network former to
modifier ratio is ~ 1:1; by definition, this less visited LiPON structure can be classified as a true

Zachariasen glass.!*>19

Techno-historically speaking, it is evident that over the last two decades,
the invert glass LiPON has been the best investigated amorphous Li" conductor and has been
integrated as a solid-state electrolyte in batteries, demonstrating the best long-term performance

and compatibility with Li metal anode thus far (Figure 2-1 ¢).*
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2.2.2. Low-to-Moderate Number of LBUs for Solid-State Conductors (LBUs = 2 or 3)

Forming No True Glasses

Amorphous perovskites typically consist of 2-3 different types of LBUs, which can be either
network formers or network modifiers (Figure 2-1 b). Some of the best-studied examples (LBU=2)
include amorphous BaTiOs, SrTiOs, and BaZrOj; perovskites.!!7:118:179.180.194 Ty thege structures, Ti
or Zr octahedra have been identified as network formers connecting via shared corners, edges, and
faces. In contrast, alkaline-earth-metal Ba or Sr cations have been observed to retard the transition
from random bonding to corner-sharing polyhedral arrangements by stabilizing nonbridging
oxygen for amorphous perovskites, serving as network modifiers. It is in fact the radii size within
the amorphous network of the octahedral LBUs that determines whether they serve as a network
modifier or network former. We wish to also highlight that these examples are by definition not
Zachariasen glasses, as they have significantly higher coordination (>4) octahedral LBUs. An
intriguing aspect in these amorphous perovskite examples is that the LBUs (i.e., octahedra) arrange
into a high variety of amorphous phases and condensation states through LBU connections,
disruption, and reorganization, which affect macroscopic properties such as ionic transport and
mechanics.!”” Consequently, the latter characteristics of the amorphous perovskite structures differ
completely from those of Zachariasen glasses such as silica or non-Zachariasen invert glass such
as LiPON in terms of their ability for LBU rearrangement into quasi-stable face- and edge-sharing

CRN:E.

We consider the aLLTO electrolyte to be classified as similar based on LBUs >2 (Figure 2-1 b).
Based on the structure information of previously studied amorphous BaTiO3, SrTiO3, and BaZrO;
perovskites, 1718179180 we classify the LBUs of LLTO as [TiOs] being the network former and
[LiO12] and [LaO12] being most likely the network modifiers. Despite successful application in

film synthesis!®-82127

, its local structure and LBU connectivity have not yet been resolved, nor has
the material been optimized toward Li" transport. This outcome is surprising, given its successful
operations in battery with 4.8 V LiNiosMn; 504 cathode!?” and technical success in excluding the
highly resistive grain boundaries in the amorphous form, which greatly improved the power

density and the CCD of LLTO-based batteries (Figure 2-1 ¢).81:1%
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2.2.3. ‘High Entropy’ and High Number of LBUs for Solid-State Conductors (LBUs > 4)

Forming No True Glasses

The local structure of aLLZO phases remains unexplored and represents a case with the highest
number of LBU arrangements known for an amorphous Li* conductor (Figure 2-1 b). Applying
the outlined nomenclature, we turn first to the crystalline LLZO polyhedra, which were identified
earlier as containing 4 LBUs of [LaOs] dodecahedra, [ZrOs] and [LiOs] octahedra, and [LiO4]
tetrahedra.*!'! The amorphous garnet structures are believed to have a higher degree of
complexity than the earlier outlined 2-LBU invert glasses (e.g., LIPON) or the 2-3 LBU examples
of amorphous perovskites (e.g., aLLTO) because the structural entropy is increased owing to the
higher polyhedra variety. Only recently in 2018, various aLLZO phases were successfully
synthesized;!'! however, their local ordering as well as the structural roles and connectivity of the
four LBUs in determining the Li* conductivity remain unexplored. Specifically, it is unclear which
LBUs act as network formers vs. network modifiers for aLLZO phases. Furthermore, unlike in the
crystalline garnet phase, where Li mobility is driven by structural defects and vacancies, the Li-
transport mechanism in this amorphous CRN remains unknown. Even though the structure is
unresolved, it holds technological relevance for the battery field. Recently, a 10-nm-thick coating
layer of amorphous Li garnet on a Li-garnet pellet electrolyte was demonstrated, successfully
preventing Li-dendrite formation at remarkable current densities up to 3.2 mA-cm? (Figure 2-1
¢).!> As a comparison point, the CCD reached for polycrystalline cubic Li garnet is usually
approximately 0.6—-1 mA ¢cm2.1%¢"19 These findings suggest, even though the exact structure of
the aLLZO remains unresolved, that a grain-boundary-free protective layer could help

significantly enhance the CCD of batteries.

In essence, we collect evidence and descriptive factors for the structural nature of the high entropy
amorphous Li* conductors, i.e., aLLZO, with an unusually high number of LBU to alter Li motion.
We define synthesis for various aLLZO phases as a model material class, representing the highest
number of known LBUs, namely 4 LBUs, in an amorphous Li* conductor. Unlike ‘low entropy’
amorphous Li* conductors, such as LIPON, amorphous Li garnets have a much wider temperature
range to stabilize and tailor LBU arrangements and therefore control the Li motion. In addition,
by gaining knowledge in this work through a wide combination of techniques, such as Raman

spectroscopy, high-resolution transmission electron microscopy (HR-TEM), X-ray absorption
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spectroscopy (XAS), and nuclear magnetic resonance (NMR) spectroscopy, we deconvolute for
the first time the types of LBU bonding and the definition of network formers and modifiers for
these high entropy amorphous Li" conductors. Eventually, this work guides efforts towards more

efficient and better performing grain-boundary-free electrolytes, or protective coatings for oxide-
and sulfide-based full or hybrid SSBs.

2.3. Results and Discussion

2.3.1. Structure and Stability of the ‘High Entropy’ Amorphous Li-Garnet Phases
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Figure 2-2. (a) SEM surface image of SDS Li garnet film annealed at 750 °C. (b) SEM cross-sectional
image of SDS Li garnet film annealed at 750 °C. (¢) In situ heating Raman spectra for a SDS Li garnet film
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measured from room temperature to 850 °C at a heating rate of 5 °C min™ controlled by a Linkam stage
under a constant flow of O,. Reference spectra of cLLZO and tLLZO and delithiated La,Zr,O- are also
presented. The spectra indicate that the local structure of the film evolves with increasing temperature and
that a fully crystalline film can be obtained at 750 °C annealing. Further increasing the annealing
temperature to 850 °C will lead to significant delithiation with the formation of La,Zr,O;. The film was
prepared with 75% over-lithiation. (d) Non-isothermal DSC of Li garnet films prepared by SDS from 150
°C to 800 °C. The two peaks shaded in red correspond to amorphous local structure rearrangement and Li-
garnet crystallization. (e) /n situ heating HR-TEM images of a Li garnet film at 500 °C, 600 °C, 650 °C, and
750 °C. (f) Schematics of phase evolution at 500 °C, 600 °C, 650 °C, and 750 °C. At 500 °C, the film is
composed of a lithiated aLLZO phase with the nucleation of La,Zr,O7 (grain size of 3—5 nm). At 600 °C,
nucleation and growth of La,Zr,O7 continues with an average grain size of 4-8 nm. The majority of the film
still remains alLLZO. At 650 °C, while the nucleation and growth of La,Zr,O; continues, tLLZO
nanocrystals are formed with lithiation of La;Zr,O7. The migration of Li from the aLLZO phase to tLLZO
nanocrystals results in a low Li concentration in the remaining amorphous phase. At 750 °C, the film is
fully crystallized into cubic-phase Li garnet.

Figure 2-2 a, b present top-view and cross-sectional scanning electron microscopy (SEM) images
of Lis2sAlo2sLasZr,012 (LLZO, or Li-garnet) films processed using the new method of SDS!3¢ at
a deposition temperature of 300 °C and are exemplified after post-annealing at 750 °C for 15 min.
The film presents an even coverage of the substrate with a relatively dense microstructure. The
film thickness was measured to be 2.0 + 0.3 um. Raman spectroscopy was used to track the phase
and lattice-vibrational evolution of the structure (Figure 2-2 ¢). Specifically, in situ heating Raman
measurement was selected to attain a better understanding of the phase and local structural
transition at different temperatures. The broad Raman signal for the as-deposited film indicates the
amorphous nature of the film, with the minor peak at 91 cm™ (T2 mode) attributable to O—La—O
vibration. Upon heating to 750 °C, more distinct peaks appeared, indicating phase transformation
toward cubic-phase Li garnet. The peak centered at 240 cm! was assigned to the oxygen-bending
band of Tae/A1,,'” and the uprising peaks centered at 368 and 468 cm™! were assigned to the O—
Li—O vibration bands (T2g and E¢/T2,) in LiOg octahedra.?’® In addition, the two intense peaks at
94 and 113 cm! are identified as T2 and E; mode of O-La—O vibration, and we also observe the
O-Zr-O stretching band (Aig mode) centered at 651 ¢cm™.1%%2% To avoid thermal-induced noise
and confirm the crystallization of Li garnet with better spectral resolution, we also recorded ex sifu
Raman spectra for the as-deposited film and the film after 750 °C annealing (see detailed data and
analysis in Figure 8-11). We confirm through the appearance of the Raman vibrational bands in
both the in situ and ex situ spectra the formation of cubic-phase Li garnet at 750 °C, and the

amorphous nature for the as-deposited film.
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Between the deposition temperature of 300 °C and the crystallization temperature of 750 °C, we
observed on-going phase evolution involving several amorphous states (i.e., polyamorphism).
Upon heating from 300 °C to 400 °C, a more significant peak appeared at 91 cm™! for O-La—O Tz,
vibration, and a few minor peaks are observed between 100 and 250 cm!, which may be attributed
to the T2g/A1z band characteristics for the oxygen bending (210 cm™).!® Between 500 °C and
600 °C, an additional broad peak centered at 143 cm'! is observed with a higher spectra noise level,
which we identified as the merged peak of the emerging T2¢/A1g band characteristic for the oxygen
bending; the noise in the spectra may indicate an ongoing local structure evolution (i.e.,
rearrangement of LBUs). At 650 °C, two new peaks at 389 and 656 cm™! emerged, which can be
correlated to the To; mode of O-Li—O vibration in LiOs octahedra?®® and the Az mode of O—Zr—

O stretching,!?%-200

respectively. We also observed that the spectral noise level is higher for peaks
between 150 and 550 cm! (oxygen bending and O-Li—O vibration) and comparatively lower for
peaks below 150 cm! (O-La-O vibration) and above 550 cm'! (O-Zr-O stretching). This
difference in spectra noise suggests that Li polyhedra and the corresponding Li—O bonds are more
actively rearranging in the local structure at elevated temperature. At 850 °C, however, a
completely different spectrum with low noise level emerged. Three major peaks at 275, 374, and
491 cm! are observed, which can be correlated to the E; mode, F2g mode, and A1,/F2; modes of

the (Li-loss) LaxZr,O7 phase, respectively. The low spectral noise level observed in the spectrum

also explains the complete loss of highly active Li (and the corresponding Li—O bonds).

Differential scanning calorimetry (DSC) is a well-established method used to study crystallization
in glass-ceramics, and we apply it here to further probe the occurrence of the amorphous-to-
crystalline transformation of Li-garnet observed in the in situ Raman spectra. The phase evolution
was confirmed by DSC, with two endothermic peaks observed between 500 °C and 720 °C (Figure
2-2 d), corresponding to the local structure rearrangement and the phase transition from amorphous
to crystalline Li garnet. Detailed analysis on the reactions stem from the initial SDS synthesis route

can be found in Figure 8-2 and Ref. !*6,

We used in situ HR-TEM to further explore the phase composition and nanostructure of the film
during the amorphous-to-crystalline phase transition process between 500 °C and 750 °C (Figure
2-2 e), which is the phase-transition temperature range suggested by the in situ Raman

spectroscopy and DSC analyses. The three representative microstructure images collected at
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500 °C, 600 °C, and 650 °C, correspond to the different amorphous phases and the one at 750 °C
corresponds to the cubic phase. At 500 °C, an atomic-scale disordered structure with a few darker
spots was observed in the HR-TEM image. A Fourier transform of the disordered region suggests
a homogeneous amorphous film with no separate regions of a Li-rich phase (Figure 8-3 a),
indicating the successful lithiation of the amorphous film after the decomposition of Li nitrate salt
during the post-annealing process between 400 °C and 500 °C (Figure 2-2 d), which is also
supported by the DSC (see Figure 8-2 for details). A Fourier transform of the darker spots in the
amorphous film indicates the presence of non-lithiated La;Zr,O7 pyrochlore oxide nanocrystals
with an average nuclei/grain size of 3—5 nm in (400) and (111) planes (Figure 8-3 b). Increasing
the post-annealing temperature to 600 °C induces only a very minimal growth of the LaxZr07
pyrochlore nanocrystals to an average grain size of 4-8 nm sitting in the predominantly amorphous
and highly lithiated film (Figure 8-3 b). The presence of La,Zr,O7 pyrochlore nanocrystals agrees
well with the minor La;Zr,O7 pyrochlore peaks observed from in situ XRD between 500 and
600 °C in our earlier work.!3¢ It is only at a higher temperature of 650 °C that changes in the phase
nature and chemistry are observed in both the predominantly atomic-disordered amorphous
structure and the isolated nanocrystalline grains. The crystalline grains grow to an average of 8—
12 nm, but the Fourier transform indicates the presence of tLLZO in (101) and (101) planes
(Figure 8-3 ¢), indicating an on-going phase transformation and lithiation of the originally isolated
pyrochlore to tLLZO nanocrystals in the still predominantly amorphous film. This observation
also corroborates with the in situ XRD results reported in our earlier work, where minor XRD
peaks corresponding to tLLZO first appear at a temperature of 650 °C.!3¢ Consequently, the
amorphous phase must become Li-depleted as Li diffuses to the isolated pyrochlore grains in its
matrix and thereby sets off the transformation to tetragonal Li-garnet phase in the nanocrystals.
This is per se an interesting finding as it suggests that the various amorphous phase states represent
changes in their Li concentration, which can be tailored by the synthesis/post-annealing
temperature and the isolated nuclei and nanocrystals. The differences in Li concentration and
isolated nuclei types also affects Li* transport, which will be discussed in a later section. Finally,
at 750 °C, the film surpasses the amorphous states as it exhibits a high level of crystallinity with
regions of uniform lattice fringes, as confirmed by the Fourier transform as cubic phase Li-garnet
in (112), (112), and (220) planes (Figure 8-3 d). The appearance of different plane orientations
of the lattice fringes suggests the polycrystalline nature of the film with high crystallinity, which
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agrees well with the cubic phase observed at 750 °C by in situ and ex situ Raman spectroscopy

(Figure 2-1 ¢ and Figure 8-1).

In conclusion, we confirmed with several independent spectroscopy, calorimetry, and microscopy
methods that various and predominantly alLLZO phases can be successfully synthesized and
stabilized through the SDS method within a wide temperature window below 680 °C. This result
is technologically relevant as the wide stability temperature window provides a vast amount of
opportunities to alter the local structure and LBU arrangement for this high entropy amorphous
material with 4 different LBUs. Comparatively, amorphous LiPON films can only be stabilized
from room temperature to 280 °C>° and consist of only 2 LBUs. We found that the amorphous
phases post-annealed between 500 and 650 °C must differ in their LBU arrangement and Li
concentration according to the variation in Raman vibrational mode and intensity and the HR-
TEM observation of different types and sizes of nanocrystals in the amorphous matrix. We also
gained the first insight on the nucleation and growth steps in this high entropy amorphous material,
where a temperature of 650 °C is required to induce Li depletion in the amorphous phase and
trigger Li diffusion to the pyrochlore nanocrystals which then leads to the phase formation of
tetragonal Li garnet and finally the crystallization of the whole film from tetragonal to cubic Li
garnet. It is also important to mention that this knowledge on local phase evolution stems from a
‘liquid-to-solid’ processing method that starts from a liquid precursor solution to a solid oxide film,
which differs in nature from the classic solid-state synthesis route that begins with calcination of
solid powders and requires a rather high temperature for sintering. To better understand the local
structure of each LBU type and their arrangements, we next applied XAS and NMR spectroscopy
to study the variation in Zr, La, and Li local environments among a wide range of non-Zachariasen

alLLZO phases.

2.3.2. Identifying the ‘Network Former for a 4-LBU Li* Conductor: The Role of Zr

XAS is capable of detecting the local structure changes with high sensitivity and was selected to
probe the local structure of the Zr LBU for the various amorphous vs. cubic crystalline Li-garnet
films. Generally speaking, the X-ray absorption near edge structure (XANES) region is sensitive
to a wealth of electronic structure information, which can be used to determine the oxidation state

and coordination number/geometry of the absorption atom. In addition to measuring the
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coordination numbers, the EXAFS region of the spectrum can also provide information about bond

distances between the absorption atoms and their nearest neighbors.
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Figure 2-3. (a) Zr K-edge XANES spectra of Li-garnet film processed at 500 °C, 600 °C, 650 °C, and 750
°C (shifted vertically for clarity). The spectra contain a pre-edge region for energy < 18,010 eV and a rising-
edge region for energy > 18,010 eV. Inset: enlarged pre-edge region with increasing absorption in shoulder
A, originating from 1s—4d transition. (b) Best-fitted Zr coordination number of Li-garnet films in different
amorphous and crystalline phases from EXAFS spectra. A gradually decreasing Zr coordination is fitted
with increasing post-annealing temperature. The large fitting errors suggest a considerable variation in Zr
local structure for all the phases. (¢) Zr K-edge EXAFS oscillation for the Li-garnet film processed at 500
°C, 600 °C, 650 °C, and 750 °C (shifted vertically for clarity). (d) Fourier-transform magnitudes of the k-
weighted Zr K-edge EXAFS for the Li-garnet film processed at 500 °C, 600 °C, 650 °C, and 750 °C (shifted
vertically for clarity). The peak regions corresponding to the Zr first-shell (Zr—O) and second-shell (Zr—La
or Zr—Zr) bonding are highlighted. (¢) Comparison of second-shell Zr-La distance and coordination number
between amorphous (600 °C annealed) and crystalline cubic phases. (f-g) Schematic representation and
corresponding LBU legends of the suggested ZrOx and LaOx connection in (f) amorphous (600 °C annealed)
and (g) crystalline cubic Li garnets.
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First, we evaluated the Zr K-edge XANES spectra in Figure 2-3 a in two regions, namely, the pre-
edge region (18,000-18,010 eV) and the rising-edge region (18,010-18,040 eV). The pre-edge
region can be used to estimate the spin state and local symmetry, and the rising-edge region
contains information about the charge state and coordination environment of the absorption atom.
We observed a hump in the pre-edge region at ~18,007 eV and two major peaks in the rising-edge
region centered at ~18,018 and ~18,031 eV in all the amorphous phases and the cubic one (Figure
2-3 a). In the pre-edge region, the hump at ~18,007 eV corresponding to the 1s—4d transition

energy range, is usually denoted as shoulder 4 in Zr-containing glasses.?"!

This transition is dipole
forbidden in the atom by the AL = 1 selection rule.?? Typically, the enhanced intensity in shoulder
A indicates distortion of the Zr site by comparison with Zr-containing alkali silicate glasses, where
Zr sits in symmetric octahedral sites.??3-2%5 Such an intensity increase is an evidence of the p-d
mixing via hybridization between O 2p and Zr 44 orbitals, a tell-tale sign of the deviation from the
centrosymmetry.?% In the 750 °C annealed crystalline film (inset of Figure 2-3 a), we see an
increased intensity of shoulder A as compared with the lower-temperature amorphous films, which
indicates an increasing Zr site distortion from the centrosymmetric octahedral sites (Figure 2-3 a).
In the rising-edge region, the two peaks centered at ~18,018 and ~18,031 eV are typically observed
in Zr K-edge XANES spectra of Zr(IV)-containing glass-ceramic oxides, e.g.,, ZrO,-SiO»
glasses?® and nanocrystalline Zr0O»,?%” indicating that Zr in all the samples is close to octahedral-
coordinated. Typically, higher coordination numbers cause absorption edge maxima to be shifted
to a lower energy and suggest a Zr coordination number larger than 6.22% We fit the Zr K-edge
EXAFS spectra and obtained a Zr coordination number of 6.9 £ 1.1, 6.2 + 1.0, and 6.3 £ 1.0, for
the aLLZO films post-annealed at 500 °C, 600 °C, and 650 °C, respectively, and 5.5 £+ 1.2 for the
750 °C annealed cubic one. We conclude that the Zr LBU exhibits a general decreasing trend on
its coordination number with increasing post-annealing temperature (Figure 2-3 b and Table 8-1).
Compared to the coordination numbers for the three lower temperatures amorphous films, the
aforementioned cubic phase has a smaller coordination number of < 6. Both the distortion from
centrosymmetric octahedral sites observed from the pre-edge XANES region and the under-
coordination varied from the ideal octahedral LBU fitted from the EXAFS region suggest that the
films possess a high local-structure disorder with non-centrosymmetry, as opposed to the classic

solid-state-processed ceramic pellets or tapes after sintering (see Ref.2% for comparison).
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Next, we turned to the EXAFS analysis of the next nearest neighbors to Zr. The EXAFS spectrum
is shown as a function of the photoelectron wave number, & (Figure 2-3 ¢). Fourier transform (FT)
was performed for each k?-weighted Zr K-edge EXAFS spectrum, and the normalized intensity of
the FT, y, was plotted as a function of the radial distance, R (Figure 2-3 d). In a Fourier-
transformed spectrum, the radial distances of the prominent peaks generally correspond to the bond
distances between the near neighbors and the absorbing atoms, albeit the peak positions are shifted
to the lower distances compared to the real space distances due to the photoelectron phase shift in
EXAFS equation. Specifically, we observed two major peak regions in Figure 2-3 d, with the first
one sitting between 1.0 and 1.8 A, and the second one sitting between 2.2 and 3.4 A, corresponding
to the first- and second-shell neighbors to Zr, respectively. Next, to best determine the first-shell
Zr—0 distance in the complex amorphous system with 5 different elements, we performed linear
combination fitting for the first-shell region of each Fourier-transformed spectrum in Figure 8-6
to Figure 8-9. The fittings indicated a decreasing trend of Zr-O radial distances of 2.12 + 0.01 A,
2.11+0.01 A,2.10+0.01 A, and 2.10 + 0.01 A for amorphous films post-annealed at 500 °C, 600
°C, and 650 °C, and the cubic one post-annealed at 750 °C, respectively (Table 8-1).

The second shell of the Zr spectrum fitting suggested that Zr—La fits exclusively to the second
shell, and the best fit results are illustrated and summarized in Figure 2-3 d, e. Notably, the Zr-La
distance in the exemplified 600 °C amorphous film (3.47 A) is significantly shorter than that
corresponding to the edge-sharing units in the previously reported cubic phase LLZO (3.626 A).21°
The Zr-La coordination of the 600 °C amorphous sample is 6.3 & 2.4, presenting a larger variation
than the number of second-shell La neighbors (6) in crystalline cLLZO.2!® We conclude from the
fitting data of the second-shell Zr—La interaction that in aLLZO, either LaOx and ZrOx are not edge
sharing but possibly face-shared (or that the LaOx units are undercoordinated and deformed)

(Figure 2-3 f, g). This differs clearly from the edge-sharing ZrOx and LaOx in cubic Li garnet.

Collectively, we obtained several pieces of information about the Zr and La local structure from
the XAS measurement. For the first-shell neighbor of Zr, we observed a deceasing trend for both
the Zr—O distance and Zr—O coordination as crystallization progressed from 500 °C to 750 °C. For
the second shell, we identified a higher second-shell Zr-La coordination and shorter second-
neighbor La—Zr distances than that of the crystalline cubic Li garnet, indicating a possibly face-

shared (or undercoordinated and deformed) LBU connection among LaOx and ZrOx (Figure 2-3
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f, g). Here, we identify Zr as a network former as the Zr LBU shares edges and faces with
neighboring LBUs in different amorphous and crystalline phases, promoting the formation of CRN.
On the contrary, La may be a network modifier that alters the CRN and retards the crystallization,
as La has a large atomic radius and is 8-fold coordinated, which prevents thermodynamically stable
connection with 6- or 4-fold coordinated LBUs. Doping at the La site with low-coordination
dopants can be a potential strategy to alter and stabilize the CRN in amorphous Li garnets. To
better understand the role of Li in local structure evolution, we next applied "Li NMR to probe the

Li coordination and short-range ordering in amorphous and crystalline Li garnets.

2.3.3. Understanding Local Li-Disorder and Li-Dynamics
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Figure 2-4. (a) 'Li MAS NMR spectra for Li-garnet film annealed at 500 °C, 600 °C, 650 °C, and 750 °C.
(b) FWHM of 'Li chemical shifts from MAS NMR spectra. With increasing annealing temperature, a
Lorentzian lineshape is observed with the largest FWHM for the 600 °C annealed film and smallest FWHM
for the 750 °C annealed film (crystalline cubic). The small fitting errors indicate that the changes are
significant. (¢) Changes of "Li chemical shift of MAS NMR spectra. With increasing annealing temperature,
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a monotonic increase in chemical shift is observed. The small fitting errors indicate that the changes in the
chemical shifts are significant. (d) FWHM of 'Li VT NMR for 650 °C annealed amorphous Li garnet and
750 °C annealed crystalline cubic Li garnet. (e-f) Schematic representation and corresponding LBU legends
of the suggested Li local structure in (e€) amorphous and (f) crystalline cubic Li garnets.

’Li NMR measurements are highly sensitive to the Li coordination and short-range ordering. Here,
’Li NMR was used to characterize both the various amorphous states (i.e., post-annealing at 500
°C, 600 °C, and 650 °C) and cubic one (post-annealed at 750 °C) of Li garnets. Magic angle
spinning (MAS) ’Li NMR spectra were collected to study the chemical shift (§) behavior in terms
of the mean value and distribution width, the latter being a possible indicator of the degree of local
structure disorder (Figure 2-4 a). Narrower peaks in MAS spectra suggest a higher degree of local
structural ordering; in contrast, a broader peak could be the result of slight differences in local Li
environments leading to a wider distribution of chemical shifts and thus indicating higher disorder
around Li. The position of "Li resonances is indicative of the Li coordination number and previous
studies on e.g., Li-containing phosphate glasses also indicate a possible correlation between lower

chemical shift and higher Li-O coordination numbers.?!!

From "Li MAS NMR measurement, we observed a significantly narrower peak for the cubic Li
garnet than for the various aLLZO phases (Figure 2-4 a). Specifically, a full width at half
maximum (FWHM) of 1.012 + 0.009 kHz was obtained from the cubic film, compared with a
FWHM of 1.168 + 0.014 kHz, 1.207 + 0.009 kHz, and 1.187 + 0.011 kHz obtained from the
alLLZO phases annealed at 500 °C, 600 °C, and 650 °C, respectively (Figure 2-4 a, b and Table
8-2). Within the amorphous phases, the FWHM showed an initial increase and peaked for the 600
°C post-annealed Li garnet, followed by a sharp decrease for the cubic sample (750 °C post-
annealed), exhibiting a narrower peak with a more Lorentzian than Gaussian line shape (Figure
2-4 b). Because contributions from dipolar coupling are averaged out under MAS, and a significant
contribution from broadening due to 2"-order quadrupolar coupling can be dismissed, we attribute
the line width in these 'Li MAS spectra to a distribution of chemical shift values. This
interpretation is corroborated by the Gaussian contribution to line shape of 'Li lines for samples
annealed below 650 °C. The width of this distribution, and hence the FWHM of the 'Li MAS NMR
signal, should reflect the disorder in Li local environments. We conclude that all aLLZO phases
exhibit larger disorder than the crystalline cubic Li garnet, with the maximum degree of structural

disorder observed for the 600 °C annealed film.
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In addition, we noted an increase of the chemical shift () from the 500 °C post-annealed aLL.ZO
to the cubic Li-garnet sample (Figure 2-4 a). Specifically, 0 of -0.439 + 0.015 ppm, -0.421 £ 0.013
ppm, -0.275 + 0.013 ppm, and 0.824 + 0.014 ppm were measured for the amorphous Li garnet
annealed at 500 °C, 600 °C and 650 °C, and the cubic one annealed at 750 °C, respectively (Figure
2-4 a, ¢ and Table 8-3). Previous studies of Li-containing phosphate and silicate glasses 2!!:1?
have indicated that lower 0 generally suggests a larger Li coordination. For Li garnets, the increase
in 0 could indicate a decreasing Li coordination from amorphous to crystalline phases. In this study,
Li coordination can be regarded as Li—O bonding coordination because of the oxide nature of the
material, which precludes direct cation interactions. Among the amorphous samples, negative
ranged from -0.44 ppm (for 500 °C Li garnet) to -0.27 ppm (for 650 °C Li garnet), suggesting
larger Li—O coordination. Conversely, the cubic sample exhibited a positive ¢ of 0.82 ppm, which
implies a significantly different and overall smaller Li—O coordination environment than the
amorphous ones. This suggests that possibly more Li LBUs in amorphous phases are 6-fold
coordinated (exist as LiOg) as compared to the 1:2 ratio of the 4- and 6-fold coordinated Li LBUs
(exist as LiO4 and LiOg, respectively) in cubic Li garnet. Similar to the Zr coordination and LBU
connection changes suggested by the XAS analysis, we rationalize that the comparatively larger
Li—O coordination in amorphous phases based on the interpretation of the NMR spectra may
suggest either deformed LiOx polyhedra or edge- and face- oxygen sharing of LiOx polyhedra with
other LBUs (Figure 2-4 e, f).

To further explore the Li-transport dynamics and deconvolute peak-narrowing causes (chemical
shift distributions and motional narrowing), we also performed "Li variable temperature (VT)
NMR for the cubic and 650 °C annealed aLLZO phases (Figure 2-4 d) without MAS. For the
cubic Li-garnet example, a typical motional line narrowing is observed from 224 K to 420 K
(Figure 2-4 d and Figure 8-10), similar to the dynamics observed in the previously reported cubic
Al-doped Li garnet.?!? Also, this coincides with a steep decrease in linewidth between 250 K and
300 K (Figure 8-10). In contrast, the exemplary aLLZO film presents a less steep transition from
the rigid to mobile lattice regime, which starts at 300 K and is not yet fully narrowed at 420 K
(Figure 2-4 d and Figure 8-11). The different line-narrowing behavior observed in static VT NMR
can be interpreted as a broader distribution of local Li environments with varying Li mobilities for
the amorphous sample and corroborates the observation of line width from MAS spectra. Although

VT-NMR spectra were not recorded for all amorphous samples, it is likely that they are also within
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the rigid lattice regime at room temperature. Similar peak widths were observed in the "Li static
NMR spectra for the amorphous films (Figure 8-12), with the FWHM varying in the range of
approximately 7.3—7.5 kHz (Table 8-4 and Figure 8-13). This contrasts sharply with the line width
of 3.074 kHz for the 750 °C annealed cubic Li garnet recorded under the same conditions, for

which the onset of motional narrowing lies below room temperature (Figure 2-4 d).

In essence, we conclude that amorphous Li garnets possess the following characteristics from the
’Li NMR analysis. First, all the studied aLLZO phases present greater structure disorder than the
cubic phase, based on the FWHM of Li MAS NMR spectra. Second, among the various
amorphous phases studied here, we observe variation in Li local structure disorder with the highest
degree of Li local disorder for the 600 °C post-annealed film, suggesting a generally looser LBUs
arrangement with higher structural entropy. Third, various aLLZO phases potentially possess
increased Li—O coordination, as inferred from the "Li chemical shift values, suggesting either
deformed LiOx polyhedra or edge- and face-sharing LiOx polyhedra with other LBUs as a part of
the CRN. Importantly, this finding differs substantially from the classic Zachariasen glass
formation rules where Li, with small atom radius, are generally considered as a network modifier
or an interstitial ion in the CRN, but not as a network former. Nevertheless, this result aligns with
the LBU connections as suggested by the independent EXAFS analysis, where ZrOx and LaOy are
either face-shared or undercoordinated and deformed. Fourth, amorphous and crystalline Li
garnets exhibit clearly different Li-transport dynamics. The earlier motional narrowing onset
temperature for the cubic sample in VT NMR suggests a generally faster local Li" motion. This
trend is in line with the later and less steep onset for motional narrowing of 'Li NMR lines upon
heating for the amorphous sample, which implies a broader distribution of Li* dynamics as a

consequence of the higher structural disorder of Li, Zr, and La LBUs.

2.3.4. Li' Transport in ‘High Entropy’ Li Garnets and Battery Integration Perspectives

Electrochemical impedance spectroscopy (EIS) was selected to study the Li-transport behavior in
the amorphous and crystalline Li-garnet films. All the EIS spectra were collected with an in-plane
geometry (inset of Figure 2-5 a), and a resistor—constant phase element equivalent circuit model

(inset of Figure 2-5 a) was used for fitting (see Figure 8-14 and Figure 8-15 for more details).
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Figure 2-5. (a) Arrhenius representation of Li" conductivity measured for Li-garnet films annealed at 500
°C, 600 °C, 650 °C, and 750 °C. Inset: schematic representation of in-plane EIS measurement on a Li-garnet
film. Inset: resistor—constant phase element equivalent circuit model used for fitting. (b) Calculated
activation energy and extrapolated room-temperature conductivity (30 °C) as a function of the annealing
temperature for the Li-garnet films.

We display in Figure 2-5 a an Arrhenius representation for the Li* conductivities measured among
the various aLLZO and cLLZO films. The films exhibited room-temperature Li* conductivities of
1.44 x 10, 1.85 x 10, and 5.59 x 10* S cm’! for the various amorphous phases post-annealed at
500 °C, 600 °C, and 650 °C, respectively, and 2.51 x 10°° S cm™! for the cubic one. The minimum
of activation energy is found from the amorphous phase post-annealed at 650 °C and the cubic
phase at 0.360 and 0.343 eV, respectively (Figure 2-5 a, b, and Table 8-5). The other lower
temperature annealed amorphous phases reveal rather high activation energies up to 0.78 eV. The
variation in activation energy agrees with the line-narrowing behavior observed in VT NMR,
where we observed a broader distribution of local Li environments with varying Li mobilities in
amorphous films. For the cubic Li-garnet film, the improved ion transport corresponds to the
formation of a LRO structure, which lowers the activation-energy barrier for Li" hopping (see
Figure 8-16 for more detailed analysis). It is also worth noting that the ionic conductivity of the
cubic Li-garnet film obtained in this study agrees well with the previously reported conductivity
values from the SDS-processed Li-garnet films!3® and films deposited using other wet-chemical

114-116

methods, which are generally lower in Li* conductivity compared with bulk Li-garnet pellets

or tapes.**>!%! The reduced conductivity can be related to the Li loss at elevated temperature during
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the deposition or the post-processing steps or the high grain boundary to grain bulk volume ratio
(generally, grain boundaries have lower Li* conductivities), which is commonly observed for
almost all solid-state Li-oxide conductors.!6%16! Importantly, we believe this structure—property
understanding of the 4-LBU amorphous Li garnets can not only benefit the fundamental materials
science for high entropy amorphous oxides but also brings new opportunities for next-generation

battery electrolyte advancement (Figure 2-6).
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Figure 2-6. Roadmap for the recent advancement of amorphous Li solid-battery electrolytes. The summary
includes progress of the local structure exploration and battery integration for amorphous LiPON,
amorphous perovskite LLTO, and amorphous garnet LLZO.

Compared with LiPON, which has only 2 LBUs of P(O,N)s and Li*, and the amorphous perovskite
LLTO, which has 3 LBUs of TiOs, LaO12, and LiO12, amorphous Li garnet sits in a unique position
with high structural entropy of 4 different LBUs. This structure offers vast opportunities to tune
the chemistry and CRN of the material, e.g., by doping on the network modifier site, to further
improve the transport properties. In terms of battery applications of amorphous oxide-based
electrolytes, LiPON thus far represents the highest level of battery performance with the best-
performing microbattery cycled over 10,000 times with less than 10% capacity loss.*s

Comparatively, aLLTO shows less progress in terms of battery integration. It was only in 2016
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that a microbattery half-cell with an aLLTO solid-state electrolyte and a high-voltage (4.8 V)
LNMO spinel cathode was demonstrated.'?” Even later, in 2021, the first aLLZO-based
microbattery was demonstrated with amorphous Li garnet acting as a solid electrolyte separator
layer, successfully cycled at 10 C for over 500 cycles; the same study also reported the use of a
10-nm amorphous Li garnet as a coating layer on cubic Li-garnet pellet, preventing Li dendrite
formation up to 3.2 mA c¢cm™.!®® This outstanding battery performance already achieved in this
early stage of the field justifies the potential of such high entropy aLLZO conductors with new
opportunities awaiting to be discovered. With both experimental and simulation efforts, we see a
vast space ahead for further optimizing the structure, conduction, and battery integration of high

entropy amorphous Li garnets.

2.4. Conclusion and Outlook

Next-generation hybrid and SSBs rely on electrolyte materials to guarantee good chemical and
electrochemical stability at interfaces to avoid the formation of high-resistance interfacial layers
and the growth of Li-dendrites. This chapter illustrates a class of high entropy amorphous Li*
conductors, namely amorphous Li garnets with the highest number of LBUs (> 4) been identified
so far, that can be stabilized over a wide thermal processing window at low temperatures. We
propose a sorting metric to the battery field by contextualizing this material class towards other
‘low entropy’ amorphous Li electrolytes based on the numbers and types of network formers and
network modifiers and their LBUs hierarchy. A multi-faceted investigation has been carried out to
resolve the structure of these high entropy aLLZO phases, to identify major roles of the LBUs, and
to understand their implications on Li-dynamics. Specifically, we observed edge- and face-shared
LiOx, LaOx, and ZrOx LBUs in aLLZO phases presenting a much higher structural entropy than
the solely corner-shared LiPON conductor with only 2 types of LBU. In addition, the high-entropy
edge- and face-sharing CRNs in amorphous Li garnets offers wider opportunities to tune the ion
transport as compared to the quasi-stable amorphous perovskites with 3 LBUs. Within these
aLLZO phases, Li and Zr have been identified as network former and La as network modifiers
with the highest Li" conductivity observed for films with smaller Li—O and Zr—O coordination.

These findings set the cornerstone for developing novel structure modulation strategies, e.g.,
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doping the network modifier La site or tunning Li concentration, to further influence the Li*

dynamics.

With a low but wide temperature window to stabilize the various amorphous states and the ability
to access multiple CRNs via structure modulation, we see opportunities for high entropy Li*
conductors to play different roles in both hybrid (i.e., liquid-electrolyte) and solid-state (i.e., oxide-
or sulfide-based electrolyte) batteries. In hybrid and sulfide-based SSBs, the amorphous Li garnets
can be applied as a thin protective layer on a Li-metal anode to bridge the stability voltage gap and
reduce the risk of uneven Li deposition and local strain formation in polycrystalline cubic Li
garnets and minimizing the subsequential growth of Li dendrite. Whereas in oxide-based SSBs,
the amorphous Li garnets can be used as the active electrolyte layer with the advantage of reduced
thermal processing budget (<680 °C) and therefore eliminates the need for a high-temperature co-
sintering step with cathodes. This is significant as it improves the accessibility to a wider selection
of Co-reduced or even Co-free cathodes (e.g., LINiIMnCoO., LiNiCoAlO», and LiFePO4), which
often show limited chemical compatibility with oxide-based electrolytes at a temperature above

700 °C.

Finally, this work demonstrates a successful protocol for describing the CRN of these high entropy
amorphous Li* conductors with 4 unique LBUs, investigating some of the many phases present,
and describing the local bond, coordination, Li environments, and LBU connections. While this
work is primarily focusing on the role of major LBUs in amorphous Li garnets, we anticipate
further attention on the role of various network modifiers (i.e., new dopant series) and Li
concentration and their implications on transport properties. Considering the two decades LiPON
took to successfully resolve the CRN and tune the Li dynamics to the best, research on high entropy
amorphous Li garnets is still in an early stage. We anticipate additional experimental and
computational efforts on amorphous Li garnets in the next 5—10 years to achieve their best
performance. Especially, the high number of LBUs (> 4) within amorphous Li garnets offers a
much wider room to tune the structure and transport properties than the 2-LBU amorphous LiPON.
Given the good cell performance recently reported with amorphous Li garnets employed both as
electrolyte separators and protective layers without much structure optimization, we see promise
and significance of our contribution here serving as a blueprint for structure and phase modulation

to enable hybrid or SSB designs with further enhanced safety, energy density, and lifetime.
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2.5. Experimental

2.5.1. Preparation of Amorphous to Crystalline Solid-State Li-Garnet Films by SDS

The SDS precursor solution was prepared in the Lis2sAlo2sLasZr2012 stoichiometric ratio with 75
mol.% extra Li by dissolving LiNOs;, AI(NO3);-9H>O, La(NO3);-6H>0, zirconium(IV)
acetylacetonate into methanol:1-methoxy-2-propanol:bis(2-ethylhexyl) phthalate (1:1:1 vol.%)

solvent. Our previous study!3®

suggested including a 75 mol% excess of Li in the SDS precursor
solution can lead to the successful synthesis of cubic Li-garnet phase with the highest Li*
conductivity and relatively high film density. Thus, 75 mol% of excess Li was used for the SDS
solution preparation in this work as a model case. There is room to further optimize the Li
concentration to achieve improved transport properties for amorphous Li garnets. The
concentration of the solution was 0.015 M. All the SDS solutions were stirred overnight for at least
12 h before use for SDS. LiNO3 (> 99%), zirconium(IV) acetylacetonate (97%), and 1-methoxy-
2-propanol (> 99.5%) were purchased from Sigma-Aldrich; AI(NOs)3-9H>0, La(NO3)3-6H>O
(99.99%), and bis(2-ethylhexyl) phthalate were purchased from Alfa Aesar; and methanol was
purchased from VWR. Because Li garnet does not react with MgO, single-side-polished MgO
(001) substrates (10 x 10 x 0.5 mm) were purchased from MTI Corporation and used as the
substrate for the SDS process.

To deposit the Li-garnet electrolyte film, the MgO substrates were placed on a heated stainless-
steel hot plate at 300 °C with the polished side facing up. A K-type thermocouple was placed on
the side of the MgO substrate to monitor the temperature of the substrate surface. During
deposition, the SDS solution was transferred from a polypropylene syringe and pumped at a rate
of 10 mL h'! into a spray atomizer (DeVILBLISS, AG361). Compressed gas with a pressure of 0.3
bar at the atomizer was used as the carrier gas for the deposition. The distance between the spray
atomizer and MgO substrate was maintained at 25 cm throughout the deposition. For all the films
studied in this work, a thickness of 2 um was achieved with 1-h deposition. After deposition, the
films were post-annealed in an alumina crucible in a temperature-calibrated tube furnace between
500 °C and 750 °C under a flow of pure O, (Airgas) with a ramp rate of 5 °C min’'. The post-
annealed films were stored inside an Ar-filled glovebox before measurements to prevent potential

exposure to ambient air and moisture and to minimize chemical degradation.
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2.5.2. Phase, Thin-Film Chemistry, and Microstructure Characterization

The local phase structure of the Li-garnet films was characterized using Raman spectroscopy
(WITec alpha 300 M+). A laser wavelength of 532 nm was applied with a power of 10 mW, a
grating of 300 g mm™!, and a spectral resolution of 0.1 cm™! to obtain all the Raman data presented
in the chapter. A 50x long-distance objective (Zeiss, Germany) with a numerical aperture (NA) of
0.7 was used for the laser focusing, giving an approximate laser spot size of 1 pm. A Linkam
TS1500 stage was used as the temperature- and atmosphere (synthetic air)-controlled stage for in
situ heating measurements from room temperature to 850 °C (calibrated actual temperature) with

a heating rate of 5 °C min’!,

Surface and cross-sectional SEM images of the deposited Li-garnet films were collected with a
Zeiss Supra55VP field emission scanning electron microscope using an accelerating voltage of
3.0-10.0 kV. An In-lens SE detector and Everhart-Thornley SE detector were used for SEM image
collection for all the samples in this study. For the cross-sectional samples, a diamond blade was
used to cut the sample before imaging. Conductive carbon tape was used to tape the sides of the

samples to ensure sufficient electronic conductivity during imaging.

2.5.3. Thermal Properties Characterization and Crystallization Kinetics Analysis

The sample for the DSC experiments was collected in powder form by scratching off the as-
deposited films from MgO substrates. MgO crucibles (Ozark Technical Ceramics) were selected
for the DSC experiments to avoid high-temperature reaction and diffusion between the Li garnet
and crucibles. Since the as-deposited amorphous Li garnets were processed via a wet-chemical
SDS method without the presence of Mg precursors during deposition, the tendency of Mg
diffusion from MgO crucibles/substrates to Li garnet films is low. Furthermore, we have confirmed
in our previous work!3® through the XPS depth profile of an SDS processed Li-garnet film that
there was no measurable Mg in the post-annealed film. The experiments were performed using a
Mettler Toledo Thermal Analysis System TGA/DSC 3+ under a constant flow of synthetic air
from room temperature to 1000 °C with a ramp rate of 10 °C min™!'. A constant flow of Ar (Airgas)

was used as protective gas during the experiments.
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2.5.4. in situ TEM

HR-TEM was performed on an aberration-corrected FEI Titan S 8-300 TEM/STEM equipped with
a Gatan Image Filter Quantum-865 operated at 300 kV. The specimens were prepared by
depositing films via SDS (thicknesses of 50—80 nm) onto a MEMS-based heating chip (Protochips).
A Protochips Aduro heating holder was used for all the in situ heating experiments. The specimens
were heated at a rate of 20 °C min™! with isothermal dwells of 0.5-60 min to evaluate the atomistic
evolutions during the post-processing of the films. The electron beam was carefully tuned to
minimize any electron-beam-induced damage to the films. All TEM images and data were post-

processed using DigitalMicrograph (Gatan Microscopy Suite) software.

2.5.5. Local Ordering Structure Characterization

EXAFS/XANES fluorescence Zr K-edge XAS was performed for the post-annealed Li-garnet
films at beamline 20-BM of the Advanced Photon Sources. The samples were deposited on MgO
substrates and sealed in a vacuum bag before conducting the experiments to minimize surface
contamination due to air exposure. The fluorescence mode was selected as it can penetrate through
the entire layer of the Li-garnet film, which minimizes the effect of possible surface contamination
caused by air exposure (i.e., Li2CO3 formation). The measurement on each sample was repeated

for 5 times and the averaged spectrum was used for data analysis.

Athena software, a part of Demeter software suite,?'*

is used for data analysis and linear
combination fitting. The collected XAS spectra were normalized in intensity for better comparison.
The model for data analysis had the amplitude factor fixed to 0.79, obtained from the Zr foil
analysis. The Zr—O coordination number and the distance and disorder parameters were varied in
the fit, along with the energy origin correction. In the first-shell region, the data were analyzed

concurrently with the same energy correction.

Room-temperature 'Li MAS-NMR spectra were obtained on a Bruker 700 MHz (16.4 T) magnet
with an Avance III console using a Bruker 1.3 mm HXY MAS probe. A MAS rate of 10 kHz was
applied to avoid sample heating due to friction. A single-pulse sequence with a total of four scans

was used, with a recycle delay of 100 s, using the appropriate Ernst angle as a compromise for
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long spin-lattice relaxation times (on the order of 100 s). The spectra were externally referenced

against Li»CO3 powder (0 ppm).2!3

Static VT "Li NMR spectra were acquired on a Bruker 500 MHz (11.8 T) magnet with an Avance
IIT console using a Bruker 4 mm HFXY MAS probe in static mode. The spectra were externally
referenced against LiCl saturated aqueous solution (0 ppm).?!*> High-temperature NMR spectra
were measured between 300 K and 420 K after an equilibration time of at least 20 min after each
temperature was reached where heated nitrogen gas was used as heating source. Low-temperature
NMR spectra were measured between 224 and 292 K using nitrogen gas and a Bruker cooling unit

(BCU-II). Powder Pb(NO3), was used for temperature calibration.?!¢

A regular zg/one-pulse pulse program was used to obtain the spectra using flip angles of <n/2 (2
us). All the samples were packed in 1.3 mm (MAS-NMR) or 4 mm (static VT NMR) ZrO> rotors
under an Ar atmosphere inside a glovebox (M. Braun; p(O:)/p0 < 1 ppm, p(H20)/p° < 1 ppm).
Bruker Topspin 3.5 pl7,2!” Mestrenova 11.0.0, and Origin 2019 were used for raw data handling
and processing. The uncertainty for the FWHM and chemical shift were based on noise
contribution and were estimated by determining their variation across 100 samples of random

points from the spectra.

2.5.6. Electrochemical Characterization

The Li* conductivity of the SDS Li-garnet thin films was measured with an in-plane geometry by
electrochemical impedance spectroscopy (Zahner IM6). Platinum (Pt)-blocking electrodes (3 mm
in length with a separation distance of 0.25 mm) were deposited on the Li-garnet films using a
Cressington 108 Auto sputter coater with a stainless-steel shadow mask. The measurement was
conducted with Au-coated W tips. A temperature- and atmosphere-controlled Linkam HFS-600E
stage was used for the measurements, with a thermocouple placed directly on the membrane
surface to rectify the temperature profile. An AC amplitude of 50 mV was applied with frequencies
between 1 MHz and 0.1 Hz. For each film, an impedance spectrum was obtained every 50 °C from
100 °C to 500 °C (set temperature) with 2-min stabilization time for two consecutive heating and
cooling cycles to ensure measurement accuracy. All the impedance measurements were performed

under a constant flow of dry synthetic air. The collected data were analyzed using ZView 3.4F.
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3. CHAPTER 3. Uncovering the Network Modifier for High
Entropy Amorphous Li Garnets

Adapted from Yuntong Zhu, Ellis R. Kennedy, Bengisu Yasar, Haemin Paik, Yaqian Zhang,
Zachary D. Hood, Mary Scott, Jennifer L.M. Rupp. Uncovering the Network Modifier for High

Entropy Amoprhous Li-Garnet Glass-Ceramics, Manuscript in revision (2023)

Chapter Abstract

High-entropy aLLZO, which possesses an unusually high number of LBUs of >4, is a promising
class of electrolyte separators and protective layers for hybrid or all-SSBs. Particularly attractive
features of these materials include their grain-boundary-free nature and wide electrochemical
stability window along with the possibility of using low-energy functional glass-ceramic
processing routes, thereby supporting sustainability goals for future battery designs. Unlike low-
entropy Zachariasen and non-Zachariasen ionic invert glasses such as LiPON, these high-entropy
aLLZO phases offer a higher number of stable structure arrangements over a wide tunable
synthesis temperature range, as they are not confined by the traditional Zachariasen’s glass rules
to tune the LBU-Li" transport relation. We reveal that lanthanum (La) is the active “network
modifier” for this new class of high-entropy Li" conductors, whereas zirconium and lithium serve
as “network formers”. Specifically, we demonstrate that within the solubility limit of La in aLLZO,
increasing the La concentration can result in longer bond distances between the 1% nearest
neighbors of Zr-O and La—O within the same LBU and the 2" nearest neighbors of Zr-La across
two adjacent network-former and network-modifier LBUs, suggesting a more disordered medium-
and long-range local structure in LLZO. The discovery of the network-modifier role of La and the
deeper understanding of these highly disordered structures open new avenues for the future design
of high-entropy amorphous Li" electrolytes and the selection of network-modifier dopants.
Moreover, the wide yet relatively low synthesis temperatures of these compounds make these
glass-ceramics attractive candidates for low-cost and more sustainable hybrid- or all-SSBs for

energy storage.
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3.1. Introduction

Unraveling the potential of Li* batteries requires innovations in materials and cell design to meet
the safety, manufacturing cost, and performance requirements for electric vehicles and emerging
decarbonized technologies.!®%:162164197 One of the most promising approaches is to replace the
traditional organic liquid electrolytes with solid Li*-ion-conducting electrolytes in an all- or semi-
solid-state hybrid battery configuration and to pair these electrolytes with a Si/C or Li-metal anode

for enhanced energy density, Figure 3-1 a.
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Figure 3-1. (a) Schematic illustration of EVs powered by next-generation Li" batteries, including a SSB
with a solid-electrolyte separator and a hybrid battery with a protective Li coating on the anode side. Both
designs have the advantages of improved safety and energy density compared with state-of-the-art Li"
batteries using organic liquid electrolytes. (b) Structure of aLLZO based on four LBUs, i.e., LiO4, LiOg,
Z1r0g, and LaOs.
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In an all-SSB design, the liquid electrolyte is fully substituted with a solid-state-electrolyte
separator, requiring the electrolyte material to possess high Li* conductivity and excellent
chemical and electrochemical stability with both the anode and cathode sides of the battery.!®’
Alternatively, a hybrid battery design includes a thin Li*-conducting protective coating layer
toward the anode side, bridging the electrochemical-stability voltage gap between the liquid
electrolyte or sulfide-based electrolyte towards the Li anode and thus preventing interfacial
reactions and Li-dendrite formation.!3%!®7 Solid-state electrolyte materials include oxide- and
sulfide-based ceramics and glasses, which are attractive because of their enhanced resistance to

173

Li-dendrite growth at high Li* conductivity'’® as well as the Li* transference number of nearly

unity for certain oxide-based ones.!”’

LicPSsX (X=Cl, Br, 1?1821 Li,S-P»S5,*?2% and Li0GeP2S12 glasses,??! have limited

The sulfide-based electrolytes, such as argyrodite-type

electrochemical stability windows (<1 V)>%197:222

and are not suitable for direct pairing with either
a high-voltage cathode or Li anode. Thus, Li*-conducting protective coatings are generally
required for their applications in Li* batteries to widen the electrochemical stability window. In
addition, sulfide-based electrolytes exhibit poor air stability, as they undergo a rapid hydrolysis
reaction with moisture in the air and generate toxic HS gas,?** which sets limits for their scalable
production. The alternatives are oxide-based solid-state electrolytes such as garnet-type
LLZ0,”195:170 which offer wider electrochemical stability windows> that can even enable direct
pairing with Li anodes. Although oxide-based LiPON>*!26 has by itself a limited electrochemical
stability window that is unstable against Li, its formation of a thin and stable interphase layer

176-178

composed of LizPO4, LisN, LisP, and Li,O at the anode—electrolyte interface results in

remarkable stability, i.e., cells can operate for >10,000 stable cycles with the Li anode.*8

Nonetheless, three major challenges remain in the battery integration of oxide-based solid-state
electrolytes to achieve higher energy and power density and longer cycle life at reduced processing

cost.

The first challenge concerns the “co-sintering of solid electrolytes and oxide-based cathodes”.
Oxide-based electrolytes often exhibit their best transport properties in crystalline phases,
requiring high-temperature sintering (e.g., >1050 °C for cLLZO) to stabilize the desired highly
conductive phase and achieve densification; see Refs. °%1¢:197 for a more in-depth discussion. This
high-temperature processing is not favorable for integration with the majority of Co-reduced and

Co-free cathodes such as LiINiMnCoO; and LiFePO4. The high temperatures required to solidify
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and stabilize the cathode—electrolyte solid interfaces lead to irreversible phase changes or
decomposition of the cathode materials into low-capacity variants.!?22* To ensure that the oxide-
based cathode materials remain in their high-capacity phases with conventional solid electrolytes
such as LLZO, unconventional manufacturing strategies are required to maintain the co-processing
temperature below 600 °C, which is approximately 400 °C lower than the classic co-sintering

temperature, see Ref.!2>-22* for details.

The second challenge is linked with the goal of “increasing CCDs” for SSBs to enhance their rate
performance. It has been commonly observed that Li preferentially deposits along the grain
boundary of a ceramic polycrystalline electrolyte.!#%171-173 One of the reasons is that the grain

boundary is a sink of defects that often exhibits a lowered local Li* transference number (see

140,171,172 3

evidence from electron microscopy and opto-mechanical microscopy!”® experiments).
The resulting local reduction and uneven deposition of Li can accelerate Li-dendrite growth and
lead to battery failure at low CCDs. Alternative “grain-boundary-free” electrolyte concepts have

been proposed as attractive options to mitigate dendrite growth at high current density.!”#!7

The third challenge is associated with “the high cost and energy consumption of SSB
manufacturing”. An earlier cost analysis® indicates that the high-temperature annealing and
sintering step is a major driver for the high processing costs in solid-state-battery manufacturing.
In addition, the same- or higher-temperature processes are generally required for the end-of-life
treatment for batteries, i.e., pyrometallurgy recycling,?*> which add additional energy inputs and
costs to the lifecycle of a battery and are unfavorable for environmental sustainability goals. This
issue is exacerbated when energy costs rise, triggering a severe increase in production costs, as
clearly exemplified in 2022, when the high cost of energy even led to the temporary closure of
some glass and ceramic production lines in the United States. Hence, any opportunity for lowering
the synthesis temperature of the Li"-conducting electrolyte material (which is responsible for ~75%
of its cost) is significant for the market entry of SSBs with further enhanced production

sustainability.>
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Timeline for the synthesis, structure investigation, and battery application of amorphous LLZO

«  First synthesis of Li;La:Zr,0,2
+ Room Temperature (25 °C) ionic conductivity

Discovery of crystalline LLZO
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with over 85% capacity retention.

Figure 3-2. Timeline for the discovery of crystalline cubic LLZO (cLLZO) and the synthesis, structure
investigation, and battery-cell application of aLLZQ,'0>107-111.138.183

Low-temperature-processed Li* electrolyte films have been developed in the past years and applied
in various solid-state and hybrid battery concepts. Amorphous oxide-based solid-electrolyte films
offer good chemical and electrochemical stabilities against Li and do not require high-temperature
sintering steps, attracting particular attention from the field. For instance, LiPON represents the
most studied Li" electrolytes that are generally deposited using energy-intensive radio frequency
sputtering. Its structure consists of only two types of LBUs connected solely via corners (i.e.,
P(O,N)s and Li), and it can be classified as a non-Zachariasen ionic conducting invert glass.3¢138190
Unlike the low-entropy LiPON electrolyte, alLLZO structures contain at least four unique LBUs,
i.e., LiO4, LiOs, ZrO4, and LaOg, and can be arranged in a greater variety of CRNs through a
widened and processing-friendly temperature range (room temperature to 680 °C). These aLLZO
phases contain edge- and face-shared LBUs, with Zr and Li being identified as “network formers”
(which facilitate the formation of LBU connections via bridging oxygen) and the 8-fold
coordinated La considered a “network modifier” (which modulates the local disordering and

therefore the Li* motion), Figure 3-1 b.!*® Similar to the techno-historic evolution of the low-

entropy glassy conductor LiPON, the promising cell performance of high-entropy aLLZO was first
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reported in all-solid-state thin-film batteries ahead of understanding of its structure,'®® as
summarized in Figure 3-2 (see Supporting Information for more details). Without any structure
optimization, the first aLLZO-based cell already exhibited excellent resistance against Li-dendrite
formation up to 3.2 mA-cm ™2 (in contrast to the CCD of 0.6—-1 mA-cm 2 generally observed for
polycrystalline ¢cLLZO).!** To further improve the Li-transport dynamics and therefore the
aLLZO-based cell performance, we consider modulating the near-order structure of aLLZO to be
an attractive option. Specifically, the 8-coordinated La, among the 4 LBUs in aLLZO, does not
form thermodynamically stable bonds with surrounding neighbors, and a small variation in its
concentration and coordination can strongly affect the local order in aLLZO. However, studies on

the effect of La on the aLLZO local structure and packing density remain lacking.

In the present study, we examine the hypothesis of whether La, as a network modifier in aLLZO,
can be used to modulate the local structure of aLLZO. A combination of multiple spectroscopy,
electron microscopy, and diffraction techniques are used to resolve the structural variation in MRO
and LRO upon changes in the La concentration. We confirm the role of La as a network modifier,
identify its solubility limit, and discuss its effect on the packing density and local chemistry. We
consider this work relevant for the development of alternative network-modifier doping strategies
in the high-entropy aLLZO material class for further performance optimization as battery

electrolytes or Li* protective coatings.

3.2. Results and Discussion

3.2.1. Role of La Concentration on the Phase Composition of aLLZO

H Li;La,Zr,04p4 n

a-LLZO

pyrochlore

i

surface

cross-section

Figure 3-3. (a) Surface and cross-sectional SEM images and (b) HR-TEM image of 600 °C post-annealed
alLLZO film with medium La concentration. The film is composed of a predominately amorphous phase
and isolated pyrochlore La,Zr,O7 nuclei.
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In amorphous materials, the concentration of the network-modifier elements can generally affect
the CRNSs due to their thermodynamically metastable or unstable connections with the surrounding
network-former LBUs. In this study, we test the hypothesis of whether the phase composition and
local structure of aLLZO can be controlled by tuning the concentration of the network modifier,
that is, the 8-fold-coordinated La. As such, we define as model structures three La concentrations
for the aLLZO ranging from 50 mol.% to 150 mol.%, i.e., LisLa;.5Zr2O12-4 (low-La-concentration
alLLZO0), LisLazZr012-¢ (medium-La-concentration aLL.ZO), and LijLas5Zr2O12-4 (high-La-
concentration aLLZO). These model structures were synthesized via SDS'3%137 at 300 °C, followed
by post-annealing at 600 °C to fully decompose the precursor salts and attain aLLZO (see Figure
8-17 for more details). The surface and cross-sectional SEM images of the post-annealed aLLZO
films reveal a continuous and dense microstructure with film thicknesses of approximately 1.1 £
0.3 um, Figure 3-3 a. Increasing the La concentration in aLLZO leads to a higher film density and
improved aLLZO surface smoothness, which can be attractive for application in solid-state or
hybrid batteries to minimize interfacial resistance; detailed analysis of the role of La in aLLZO
microstructure control can be found in Supporting Information, Figure 8-18. The HR-TEM image
in Figure 3-3 b reveals the glass-ceramic nature of a medium-La-concentration aLLZO film,
composed of a predominately amorphous Li-containing oxide phase and a minor phase of 4-8-nm

isolated pyrochlore La,Zr,O7 nuclei (see Ref.!*® for more details).

Raman spectroscopy can be used to detect vibrational changes based on the local inelastic
scattering of light and was therefore used to identify the local structure and phase composition of
aLLLZO films with La concentrations of 50 mol.%, 100 mol.%, and 150 mol.% (as compared to
LLZO stoichiometry of Li;LasZr,O12-q); the spectra are displayed in Figure 3-4 a. We assigned
vibrational modes to the observed Raman active peaks and performed a careful analysis on the O—
Li—O and O—Zr-O peak shifts for the three aLLZO films with different La concentrations. As Li
and Zr act as network formers in aLLZO (see analyses on Zr K-edge XAS and "Li NMR in Ref.!38
for details), understanding their corresponding Raman shifts provides information on the effect of

the La concentration on the CRN connection and packing density of aLL.ZO.
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Figure 3-4. Effect of La concentration on the phase composition and near-order structure of aLLZO films.
(a) Raman spectra of aLLZO with low, medium, and high La concentrations. Additional reference spectra
of Li,COs3, La,Zr,07, La,03, and cubic LisLa;Zr;O1; are displayed in black. Insets: Graphic illustrations of
E, mode (300 cm™") of ZrOs bending in La,Zr,O7 and of E, and A1, modes (406 cm™") of La—O stretching
in La;Os. (b—¢) Zoom-in of Raman spectra in (a), emphasizing the O-Li—O vibration bands (E, and T»,
modes) at (b) ~410 cm ' and (c) ~514 cm™' in LiOs octahedra. (d—e) Zoom-in of Raman spectra in (a),
emphasizing (d) the O—Zr—O stretching band (A1 mode) of aLLZO and (e) the ZrOs bending (E; mode) of
pyrochlore La,Zr,O7 nuclei. (f) Schematic illustration of the phase and local structure of aLLZO with low,
medium, and high La concentrations based on the interpretation of the Raman spectra.

We first focus on the Raman spectra of the aLL.ZO films with low-to-medium La concentration,
i.e., 50 mol.% and 100 mol.% La. These spectra suggest a glass-ceramic nature of the films with

peaks and uprising bands developing from alLLZO and minor crystalline phases of La,Zr,O7nuclei.
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Specifically, in aLLZO phases with low-to-medium concentrations of La, we detected broad peaks
centered at 410 and 514 cm™!, Figure 3-4 b, ¢, and assigned them to the O—Li—O vibration bands
(Eg and Ta) in LiOs octahedra according to Ref. 2°°. Blueshifts of these E, and T, peaks from 381
to 407 cm ! and from 499 to 506 cm™! occurred as the La concentration increased from low to
medium concentration, suggesting, on average, a shorter Li—O bond distance in LiOs octahedra,
Figure 3-4 b, ¢. Furthermore, a broad uprising peak center at 651 cm™! is attributed to the O—Zr—
O stretching band (Aig mode) in aLLZO;!%?% Figure 3-4 d provides a zoomed-in view of this
Aig Raman mode. In moving from low to medium La concentration, a pronounced redshift is
observed for O—Zr—O bond stretching from 588 to 578 cm™!, signifying a longer Zr—O bond in
Z1Og octahedra. Moreover, an intense peak at 100 cm (T2, mode) is attributable to O-La—O

vibration in aLLZQ.!%92%

In addition to the Raman modes that correspond to the near-order vibrations from the amorphous
phase, a prominent peak at ~300 cm™! was observed (attributed to the E; mode of ZrOs bending)
226227 suggesting the presence of minor La,Zr,O7 nuclei in the glass-ceramic aLLZO. The Raman
peak of the minor La>Zr,O7 phase agrees with our previous study on aLLZO phase evolution
during annealing, where La>Zr;O7 nanocrystals formed as an intermediate phase during the
crystallization of LLZO while the majority of the film remained amorphous (see Ref.!3® for further
details). As displayed in Figure 3-4 e, the E; peak experienced a redshift from 292 to 302 cm™!
when increasing the La concentration from a low to medium level, suggesting, on average, a longer
Zr—0 bond in La;Zr,O7 nuclei. We note that other lower-intensity Raman modes (i.e., F2, and A,
modes) of La>Zr,O7 are not separable from the spectra, which may be merged or overshadowed

by Raman modes of aLLZO and other minor phases.

Next, we turn to the Raman spectrum collected from the aLLZO film with high La concentration,
i.e., 150 mol.% La. The spectrum suggests the phase composition of aLLZO with a high
concentration of La differs significantly from that with a low-to-medium La concentration, as
additional Raman modes appear in the high-La-concentration aLLZO spectrum and are assigned
to the exsolution of La,0O3 nuclei. Specifically, we observed prominent peaks at 110, 197, and 410
cm ! in the spectrum of the high-La-concentration aLLZO film, corresponding to the E,, A, and
Eg and A1, modes of La—O stretching in and out of the (0 1 0) plane??®?%° in the hexagonal La,O3

structure, inset of Figure 3-4 a. Similar phenomena were observed with La-site dopants, Ce**, and
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Li site dopants, Fe**, in cLLZO, where nanocrystalline CeO, or FeLaOs precipitated out along the
grain boundaries when Ce or Fe surpassed their solubility limit.23%23! The rest of the Raman
spectrum of the high-La-concentration aLLZO, however, does not allow separation of vibrational
modes that originate from the aLLZO phase. This observation may be explained by the highly
disordered structure nature of aLLZO in high-La-concentration aLLZO that significantly increases
the variation in Zr—O and Li—O bond distances, thus broadening the peaks; the broad and weak
Raman modes may be overshadowed by the more pronounced Raman peaks from minor crystalline
phases, such as La;O3 nuclei. In addition to the aforementioned glass-ceramic structures in the
three different La-concentration aLLZO films, minor peaks were also detected at 101, 132, 160,
and 198 cm ™! in all three aLLZO spectra. These peaks are attributable to the rotatory and translator

motion of CO3*" from the surface chemistry variation of Li,CO3,23%233

which may originate from
the direct contact of the films with moisture in the air during sample transfer and spectroscopy

measurements (see further details on the as-deposited aLLZO films in Figure 8-19).

Collectively, based on the Raman spectra, we interpreted the role of the La concentration in the
phase formation and composition of the aLLZO films, as presented in Figure 3-4 f. We first
confirmed the glass-ceramic nature of the aLLZO films, composed in all cases of an aLLZO phase
with minor crystalline La,Zr>O7 nuclei (and additional La>O3 nuclei in the high-La-concentration
alLLZO). The aLLZO films with low-to-medium La concentrations, i.e., LisLa;s5Zr0O12—q to
LisLa3Zr,012-4, revealed that La acts as a network modifier in aLLZO; this is based on the
observation that smaller Li—-O bond distances and longer Zr—O bond distances prevail with
increasing La concentration. These results serve as the first evidence that the bond lengths of the
network modifiers Li and Zr with their 1% neighbor, O, can be successfully altered in these alLLZO
structures via the network modifier, La. A prior study based on XAS suggests that longer Zr—O
bond in aLLZO are associated with more disordered and “jammed” local structures, where the
network former, Zr LBU, exhibits a face-sharing tendency !*® with the network modifier, La LBU.
Therefore, the medium-La-concentration aLLZO, i.e., LisLa3Zr2O12-4, is suggested to consist of a
more disordered amorphous local structure than the low-La-concentration one, i.e.,
LisLa15sZr2012-4. In addition, we detected a solubility limit of the La modifier that can be
incorporated in an aLLZO structure with the threshold falling between 100 mol.% and 150 mol.%
La in LisLazZrO12-4.
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It is challenging to probe the structure of amorphous metal oxides. One may conclude from this
study that Raman spectroscopy provides useful insights for analyzing the near-order structure of
aLLZO glass-ceramics; however, it is limited in its ability to describe atomic interactions beyond
the 1% nearest neighbors. Thus, we turn to study the MRO structure of aLLZO through fluctuation
electron microscopy (FEM) to gain further understanding of the effect of La-network-modifier

modulations on the local packing density of aLLZO structures.

3.2.2. Medium-Range-Order (MRO) Structure in Disordered Amorphous Regions of High-
Entropy aLLZO

FEM is a scanning transmission electron microscopy (STEM) technique that measures the
statistical fluctuations in the scattering of electrons arising from nanometer-scale ordered regions
(generally in a length range of 0.5-2.0 nm)?** and was therefore employed to characterize the effect
of the La concentration on the MRO structure variations in the predominantly amorphous region
of the aLLZO films (see Supporting Information for more details about FEM data collection and

interpretation).

Figure 3-5 a—c presents the normalized variance of the image intensity as a function of the
scattering vector for the as-deposited and 600 °C in situ annealed aLL.ZO films with three different
La concentrations, i.e., 50 mol.% La, 100 mol.% La, and 150 mol.% La. The corresponding
nanodiffraction images of the annealed alLL.ZO films are displayed as insets of Figure 3-5 a—c.
Our aim here is to investigate i) the local structure variation between as-deposited films and 600
°C annealed films, ii) the effect of the La concentration, varying from 50 mol.% to 150 mol.% La,
on MRO formation. For aLLZO with all three La concentrations, two MRO peaks centered at
scattering factors of 3.2 and 5.3 nm™' (i.e., ~3.1 and ~1.9 A, respectively) are identified and
highlighted in gray and light orange in Figure 3-5 a—c; these peaks correspond to the 2" and 1%
nearest neighbor distances in aLLZO, respectively. The following characteristics are summarized
from the FEM plots. First, the peak centered at 3.2 nm ! appears in both the as-deposited and 600
°C annealed aLLZO, as opposed to the peak centered at 5.3 nm™!, which was not observed in the
as-deposited aLLZO with medium-to-high La concentrations. This observation suggests that the
MRO at 5.3 nm™' (1.9 A) is not readily formed during SDS deposition but only upon annealing at
600 °C. Second, for each of these film compositions, the full width at half maximum (FWHM) of
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the peak centered at 3.2 nm™! in the 600 °C annealed aLLZO film was smaller than that of the as-
deposited film, suggesting the formation of more uniform 2" nearest neighbor distance with less
disorder after the 600 °C annealing. This interpretation is corroborated by the Raman spectra
collected from the as-deposited and annealed aLLZO, see Figure 8-19 and Figure 3-4 a, where
more prominent Raman bands and less local disorder were observed after 600 °C annealing for all
three aLLZO compositions. Third, by comparing the intensity of the two peaks for each aLLZO
composition, we identified that the relative intensity of the peak centered at 3.2 nm™! to that of the
peak centered at 5.3 nm™! increases as the La concentration in aLLZO increases, suggesting that

higher La concentration promotes the local order in aLLZO with a bond length of 3.1 A.
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Figure 3-5. MRO measured by FEM applied to alLLZO with (a) low, (b) medium, and (c) high La
concentration. The peaks corresponding to the 2" and 1* MRO peaks are highlighted in light gray and light
orange, respectively. (d) 1% and 2" MRO peak positions as a function of the La content in aLLZO films.
The 1 MRO peak is predominately attributable to the Zr—O bond. The 2" MRO peak is predominately
attributable to Zr—La and La—O bonds. (e) Structure of the ZrOs LBU in aLLZO. The Zr—O bond length
matches most closely with the 1* MRO peak measured from FEM. (f) Structure of the edge- or face-shared
LaOs and ZrOs LBUs. The La—O and Zr—La distances match most closely with the 2" MRO peak measured
from FEM. The ZrOs is presented as blue octahedra, and the LaOgs is presented as yellow dodecahedra.
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We next performed Gaussian fitting for the two MRO peaks centered at 5.3 and 3.2 nm™! to
evaluate the effect of the La concentration on the MRO distances and their uniformity in the 600
°C annealed aLLZO. The fitted 1° nearest neighbor distance (peaks centered at 5.3 nm™!) and 2"
nearest neighbor distance (peaks centered at 3.2 nm™!) are presented in Figure 3-5 d, and their
corresponding FWHM are summarized in Figure 8-20. First, as depicted in Figure 3-5 d, both the
15t and 2™ nearest neighbor distances show an initial increase for aLLZO with low to medium
concentrations of La from 1.81 + 0.01 to 1.98 + 0.01 A and from 3.08 + 0.01 to 3.13 + 0.01 A,
respectively. A moderate drop in the 1% and the 2" nearest neighbor distances to 1.92 + 0.01 A
and 3.13 = 0.01 A follows for aLLZO with high La concentration, respectively. Second, the
FWHM of the 1®* MRO peak, Figure 8-20, exhibited a monotonic decreasing trend from 1.89 +
0.08 nm ! to 1.77 = 0.08 nm™! for aLLZO with increasing La concentration from 50 mol.% to 150
mol.%, indicating more uniform bond lengths of approximately 1.9 A for higher-La-concentration
aLLZO. Conversely, the FWHM of the 2™ MRO peak, Figure 8-20, exhibited a monotonic
increasing trend from 0.99 + 0.03 to 1.17 + 0.03 nm™! for aLLZO films with higher La
concentration, suggesting a wider distribution of the 2" nearest neighbor distance and the

corresponding bond lengths around 3.1 A when increasing the La concentration in aLLZO.

To understand the effect of the MRO distances toward bonding, we compared the fitted peaks with
literature data to identify the chemical bonds (and their bond distances) that correspond to the 1%
and 2" nearest neighbor distances in aLLZO. We note that each MRO distance obtained from
FEM measurements generally represents a group of bonds, and the Li-containing bonds are
generally not detectable by FEM. To set the groundwork, we first summarized the local bonding
distances of aLLZO"® and crystalline cLLZO,?!° Li>Zr,07,% and La>03?* in Table 8-6 as these
phases may exist in the 600 °C annealed aLLZO based on the Raman spectra in Figure 3-4 a.
Particularly, the nearest Zr—O bond was reported to have a bond length of 2.12 A in aLLZO and
cLLZO and 2.11 A in La,Zr,O7, suggesting that the 1t MRO peak observed in FEM (with a
distance of ~1.9 A) could be correlated to the Zr—O bonds. In addition, the nearest La—O bond
lengths and nearest Zr-La distances are also presented in Table 8-6, implying that the 2" MRO
peak observed in FEM (with a distance of ~3.1 A) may be associated with both La—O and Zr-La
distances. From a structure perspective, the Zr—O and La—O interactions indeed exist in aLLZO as
the 1% nearest neighbors to each other, forming direct bonds within the Zr and La LBUs, as

displayed in Figure 3-5 e, and the Zr-La interaction exists as the 2" nearest neighbors to each
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other, forming no direct bond, but rather as edge- or face-sharing LBUs, *° as illustrated in Figure

351

Collectively, the role of the network modifier La and its effect on the MRO of aLLZO can be
interpreted as consisting of two steps of structural evolution. First, for films with a low-to-medium
La concentration, i.e., LisLa;.5Z1012-4 to Li7La3ZrO12-4, increasing the La concentration leads to
further separation between both the 15 nearest neighboring Zr—O and La—O bonds within the LBUs
and the 2" nearest neighboring Zr-La bond between the adjacent network-former and network-
modifier LBUs. This finding corroborates the previous Raman spectra analysis, where we found
that increasing La network-modifier concentrations promoted local structure disordering, as
indicated by the red shifts of the O-Zr-O stretching band (A, mode) in Figure 3-4 d. We note
that the 2" MRO peaks are close to the Zr-La distances in edge- or face-shared LaOs and ZrOs
LBUs for the probed aLLZO, not as edge-shared in a classic crystalline cLLZO. This finding
agrees well with an independent XAS measurement, which previously indicated the face-sharing
nature of La and Zr LBUs in aLLZO (see more information in Ref.!*®). Second, smaller MRO
distances are detected for both the 1% and the 2™ nearest neighbors upon further increasing the La
concentration to 150 mol.% in aLLZO, which is possibly due to the presence of the exsolved La>O3

nuclei that promotes local-structure reordering, as detailed in the Raman section.

To obtain a full picture of the aLLZO phases and local structure upon variation of the La
concentration, we next used grazing incident X-ray diffraction (GIXRD) to study the LRO in the

nanocrystalline regions (i.e., Li2Zr,07 and La;03).

3.2.3. Long-Range-Order (LRO) Structure in Nanocrystalline La>Zr,0O7 Nuclei

We consider it important to investigate these structure variations in the nanocrystalline regions of
the films as different nuclei sizes and types could potentially alter the structure-reordering kinetics
and, as a result, affect the packing density of aLLZO and potentially their Li* transport. Herein,
we collected GIXRD patterns for the three aLLZO with different La concentrations to identify the
crystalline phases within the nanocrystalline regions and their structure and grain-size variation,
as displayed in Figure 3-6 a. For all three aLLZO, crystalline peaks emerged at approximately 26
= 28.5°, 32.5°, 47.2°, and 56.8°, attributed to the (222), (400), (440), and (622) planes of the
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LaxZr>07 pyrochlore phase (Fd-3m space group), as illustrated in Figure 3-6 ¢. The formation of
crystalline LLZO can be excluded as no cLLZO or tLLZO peaks were detected in the collected
GIXRD patterns. In addition, peaks corresponding to Li2CO3; were also observed in the three
aLLZO films, suggesting the variation in surface chemistry arising from the contact with moisture
in the air, possibly during sample transfer and measurements. Interestingly, although the Raman
spectra in Figure 3-4 a imply the local ordering of La>O;3 in the high-La-concentration aLLZO,
LaxO; crystalline peaks were not detected in the corresponding XRD pattern. This observation
presumably stems from the limited La;Os nuclei sizes with less confined LRO structures, which,
as a result, are not detectable by GIXRD. A peak at 20 = 42.5° appeared in all three aLLZO films,
corresponding to the (200) plane of the single-crystal MgO substrates, depicted in Figure 8-21.
Moreover, upon comparison to the GIXRD patterns of the as-deposited films in Figure 8-22, we
noted that no crystalline phase was formed in the as-deposited films. Only a general amorphous
background was observed with a broad hump centered at 26 = 28.5° for the three films, possibly
corresponding to the nano-sized local ordering of LaZr,O7 with less confined bond distances. This
result is consistent with previous studies on the LLZO phase evolution,!'*® where the clear presence

of LaxZr,O7 nanocrystals only emerged and evolved upon post-annealing beyond 500 °C.

Significant shifts of the LaZr>O7 crystalline peaks are observed in the XRD patterns of the three
aLLZO films in Figure 3-6 a, generally indicating variation in the d-spacing within the crystalline
nuclei. To better understand the effect of the La concentration on the structure and nuclei sizes of
LaxZr07, we performed peak fitting for the most prominent La,Zr,O7 peak at 20 = 28.5° (the peak
highlighted in red in Figure 3-6 a), and the results are presented in Figure 3-6 b. Specifically, the
peak positions of 28.81 + 0.01°, 28.32 + 0.01°, and 28.82 + 0.01° in Figure 3-6 b (more
information can be found in Figure 8-23 a) and FWHMs of 1.07 + 0.01°, 1.16 £ 0.02°, and 1.04
+ 0.01° in Figure 8-23 b were obtained from the XRD peak fitting for low-, medium-, and high-
La-concentration aLLZO, respectively. From a structure perspective, the peak at ~26 = 28.5°
corresponds to the (222) plane in the La;Zr,O7 pyrochlore structure, as presented in Figure 3-6 c.
The d-spacing between two (222) planes (denoted as the d»z2-spacing in later discussion) can be
interpreted as the distance between two planes consisting of ordered La and Zr atoms, as illustrated

in Figure 3-6 d.
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Figure 3-6. LRO structure for the crystalline regions in aLLZO. (a) GIXRD patterns for aLLZO with low,
medium, and high La concentrations. Broad peaks of La,Zr,O7 and Li,CO3 were detected in all three aLLZO
compositions. MgO peaks were detected from the substrates. References: La,Zr,O7 [04-021-4900], Li,CO3
[04-010-7186], MgO [00-045-0946]. (b) Fitting of GIXRD peak in a 20 range of 26.5-30.5° corresponding
to the (222) plane of the pyrochlore La,Zr,O7. The peak positions were fitted at 28.82°, 28.32°, and 28.81°
for aLLZO with low, medium, and high La concentrations, respectively. (¢) Structure of pyrochlore
La,Zr,07 (cubic, Fd-3m). The Zr, La, and O atoms are presented in blue, yellow, and dark gray, respectively,
and the ZrQg is presented as blue octahedra. The (222) plane is highlighted in red. (d) View of the d»»
spacing of La,Zr,O7 along the [110] direction. (e) Calculated d»» spacing of La,Zr,O7 as a function of La
concentration in aLLZO. (f) Calculated La,Zr,0O7 crystallite size (D) as a function of La concentration in
aLLZO.

Hence, we next applied Bragg’s equation?3® and the Scherrer equation?}” to calculate the d»o»-
spacing and the average crystallite size of La,Zr,O7 based on the peak position and FWHM data
obtained from peak fitting. Figure 3-6 e shows a volcano-shaped trend for the d222-spacing, which
increases from 3.10 = 0.00 A to 3.15 = 0.00 A in moving from the low- to medium-La-
concentration aLLZO films and then decreasing to 3.10 + 0.00 A for the high-La-concentration
aLLLZO film. Conversely, the crystallite size (D) summarized in Figure 3-6 f shows an initial drop
from 7.68 £ 0.08 nm to 7.09 + 0.09 nm in moving from the low- to medium-La-concentration

aLLZO films, followed by an increase to 7.90 = 0.08 nm for the high-La-concentration aLLZO
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film. The small errors in both the d»z-spacing and crystallite-size calculations indicate that the

trends are significant.

Several important conclusions can be made from the GIXRD peak analysis. First, the calculated
grain sizes of the La>Zr.O7 nanocrystals in the three amorphous films fall within the range of <8
nm, similar to the previously reported La>Zr,O7 grain size of 4-8 nm for the 600 °C aLLZO film
in Ref.!38, also displayed in Figure 3-3 b. We hence confirmed that the films were predominately
amorphous but exhibited a glass-ceramic nature with scattered La;Zr,O7 nuclei. Second, for
alLLZO with a low-to-medium La concentration, a larger d22>-spacing was observed for aLL.ZO
with higher La concentration; this result is in good agreement with the observed redshift of the E,
mode (ZrOs bending) in the Raman spectra, presented in Figure 3-4 d, and is similar to the
increased 1 and 2" MRO distances detected by FEM in Figure 3-5 d. We relate this trend to the
fact that La acts as a network modifier in aLL.ZO, promoting structure disorder and reducing the
packing density in both amorphous and crystalline regions. Third, for films with a medium-to-high
La concentration, increasing the La concentration leads to a larger La»Zr,O7 nuclei size with
reduced dx22-spacing. This feature can be attributed to the exsolution of heterogenous La,Os nuclei,
as suggested by Raman spectroscopy, which lowers the energy barrier for nucleation and growth
within aLLZO glass-ceramics. Fourth, we observed that the calculated dx-spacings (3.09-3.15 A,
the distances between two planes consisting of ordered La and Zr atoms in LaxZr,O7 nuclei) are
close to the 2" MRO distances (3.07-3.15 A, mostly associated with La—O and Zr—O distances in
alLLZO) obtained from FEM, as depicted in Figure 3-5 d. We understand this observed
concurrence in bond distances as the following. Part of the La and Zr LBUs in aLLZO that sit close
to the already formed La»Zr,0O7 nuclei may arrange in an MRO with similar bond distances as in
the La>Zr0O7 nuclei, although the phase transition from aLLZO to La;Zr;07 is far from being
completed and high local disorder in the LBU arrangement is still present and prevails. We present
in the next section a summary of the role of La in the aLLZO structure and phase evolution with

the MRO and LRO structure data collected from FEM and GIXRD and discuss their implications

toward battery integration.

88



3.2.4. Modulating La Concentration in aLLZO towards Battery Applications
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Figure 3-7. Schematic illustration of the phase and local structure of aLLZO with low, medium, and high
La concentration, based on the interpretation of the collected Raman spectra, GIXRD patterns, and FEM
diffraction data.

Figure 3-7 displays schematic illustrations of the phase and local structure of aLLZO with low-
to-high La concentrations, i.e., Li7Lai5Zr2012-4, Li7La3Zr2O12-q, and LisLas 5Zr2012-4, based on
the MRO and LRO structure analysis. First, we confirmed that aLL.ZO are generally composed of
a predominate disordered amorphous phase with a minor presence of crystalline nuclei. On a
microscopic level, we identify the role of La as a network modifier in aLLZO. When the La
concentration is below its solubility limit in alLLZO (low-to-medium concentration of La), La fully
dissolves in the amorphous structure matrix and promotes local structure disordering. Here, we
observed looser LBU connections and larger MRO distances from Raman spectra and FEM
analysis, as shown in Figure 3-4 a and Figure 3-5 d, as well as a larger dxx2-spacing in crystalline
LaxZr,0O7 regions with increasing La concentration up to 100 mol.% La, as displayed in Figure
3-6 e. These observations suggest a lower packing density of aLLZO upon increasing the La

concentration from a low to medium level. Once the La concentration exceeds its solubility limit
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in aLLZO, i.e., 150 mol.% La, the local ordering of La;Os3 appears as secondary nanosized nuclei
(detectable by Raman, but non-detectable by GIXRD) and promotes heterogenous nucleation with
a lowered energy barrier for structure reordering. This leads to a more ordered and higher-packing-
density local structure for aLLZO with high La concentration. Specifically, larger nuclei sizes with
a smaller dxx-spacing nuclei are detected for crystalline LaZr,O7 nuclei and tighter LBU
connections, and smaller 1% nearest neighbor distances are observed in the amorphous region of
aLLZO. These findings showcase the role of the La network modifier in aLLZO and the solubility

limit of La into various aLLZO phases, providing guidelines for future structure modulation.

Based on these findings, we see opportunities to modulate the local structure of aLLZO by doping
various alternative network-modifier ions at the La sites. It was well known in the glass-ceramics
field that not only the concentration of network-modifier elements but also the field strength (i.e.,
valence-to-radius ratio) can affect the coordination of the surrounding network-former LBUs,
therefore altering the packing density and glass properties.!®?3® For instance, we are convinced
that various to-be-explored La-site dopants can affect the coordination and packing density of the
aLLZO glass-ceramics and significantly alter the Li* transport through the modulation of the Li*
hopping pathway and distances. Future efforts can be focused on doping at La modifier sites with

239 which have the same valence number and the

elements in the lanthanide series, e.g., Ce and Er,
same outermost-shell electronic structure but different atomic radii. Alternatively, one may
consider group II elements, e.g., Ca and Sr, as network-modifier dopants, which offer a “1+”
difference in the valence state. Both strategies can alter the field strength surrounding the network-
modifier elements and help achieve precise control over the coordination and connection of LBUs

within aLLZO.

In terms of battery applications, the phase composition and glass packing density of aLLZO films
are considered to be critical properties in determining their suitability for use as electrolyte
separators or protective coating layers in cell designs, as they may affect the ion-transport and
mechanical properties of the aLL.ZO films. Indeed, earlier studies on many other Zachariasen and
non-Zachariasen invert glasses such as LIPON indicate that the local bonding and electronic
structure can be tuned by varying the type and concentration of network modifiers, and therefore,
is a way to alter the transport properties of the glass.!?%240241 We present here a model study that
confirms the role of La in aLLZO as a network modifier, identifies the solubility limit of La in

alLLZO, and provides effective ways to tune the packing density and phase composition of aLL.ZO
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films that may later affect the transport and mechanical properties. Technologically, we see
multiple opportunities for integrating the aLLZO films in solid-state or hybrid batteries, as
illustrated in Figure 3-1 a. They could be introduced as a Li protective coating layer between the
Li-metal anode and liquid or sulfide electrolytes, reducing the tendency of Li-dendrite formation
during Li plating and preventing the formation of a low-conduction SEI layer due to
electrochemical instability at the interfaces. Alternatively, aLLZO films could be applied as a
solid-electrolyte separator, providing Li" conduction while bridging the stability windows between
the anode and cathode. Together with these efforts, we foresee the importance and applicability of
our findings in guiding the design and optimization of aLLZO-based all-solid-state and hybrid

batteries.

3.3. Conclusion

Amorphous Li* electrolyte films have been identified as promising candidates for use in all-solid-
state or hybrid batteries as solid-electrolyte or protective-coating layers to further enhance the
energy density and battery safety. High-entropy Li-garnet-type aLLZO has attracted attention as
an alternative to amorphous LiPON electrolytes owing to its wide electrochemical stability
window, low vulnerability towards Li-dendrite growth (due to the elimination of highly dendrite-
susceptible grain-boundary areas), and reduced yet wider thermal processing window (room
temperature to 680 °C) to stabilize various amorphous phases.’*!3%16! In addition, aLLZO phases
offer the opportunity to bypass the classic high-cost sintering processes typically required for
crystalline Li*-electrolyte synthesis, which becomes especially relevant with the recent spike in
world energy prices. In 2023, high-entropy aLLZO phases, composed of four different LBUs
(namely, LiOs, LiOs, ZrOs, and LaOg) were described for the first time in terms of their LBU
connections with their structure-Li* transport relations established, see Ref. 138 for details. Based
on XAS and 'Li NMR analyses, Li and Zr were clearly identified as network formers. However,
it remained to be seen whether La was the effective network modifier in aLLZO and whether it
could be used to modulate the MRO and LRO in aLLZO. Furthermore, the solubility limit of La

in aLLZO solid solution remained unclear.

Through this study, we designed model cases of aLLZO structures, namely, LisLa;isZr2012-q,

LisLa3Zr2012-4, and LizsLassZr2012-4, to probe the structural role of La and define its solubility
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limit in aLLZO. This study is crucial in determining potential dopant sites for network modifiers
beyond La in aLLZO. Through near-order, MRO, and LRO structure probing techniques, we
confirmed the glass-ceramic nature of the aLLZO films composed of a predominate amorphous
phase and minor La>Zr>O7 nuclei when La remains within its solubility limit in aLLZO. The MRO
analysis via FEM confirmed, within the solubility of La, its role as a network modifier in aLLZO;
increasing the La concentration leads to larger distances between the 1% nearest neighbors of Zr—
O and La—O within the same LBU and the 2™ nearest neighbors of Zr-La across two adjacent
network-former and network-modifier LBUs. We also defined the solubility threshold between
100 mol.% and 150 mol.% for La in aLLZO via Raman spectroscopy. Through the definition of
the role of La in aLLZO as a network modifier, we see perspective to explore in future work doping
or co-doping strategies at La sites, including elements in the lanthanide series and alkaline-earth
metals in group II, for these high-entropy aLLZO structures to further modulate the Li"-transport
properties and identify the optimum Li concentration on the tetragonal LiOs site and octahedral
LiOg site. We encourage both computational and experimental efforts to investigate the role of
these network-modifier dopants in structure density modulation. Additional attention should be
paid to the electrochemical stability between various aLLZO phases vs. the Li-metal anode; it is
also suggested that critical current densities be measured for various aLLZO phases designed based
on careful selection of network-modulating dopants. Collectively, we are confident that with low-
temperature and low-energy synthesis options to achieve manufacturing sustainability, amorphous

Li garnets will be a material class of interest for future battery cell designs.

3.4. Experimental

3.4.1. Preparation of aLLZO Films by SDS

Three SDS precursor solutions were prepared in LisLassZrO12-q, LisLa3Zr;O12-4, and
LisLaj 5Zr2012-q stoichiometric ratio with 75% extra Li by dissolving LiNO3, La(NO3)3-6H>0, and
zirconium(I'V) acetylacetonate into a solvent mixture of methanol:1-methoxy-2-propanol:bis(2-
ethylhexyl) phthalate (1:1:1 vol.%). The concentration of the SDS solution was 0.015 M, and the
solution was stirred overnight for 12 h before deposition. LiNO3; (= 99%), zirconium(IV)
acetylacetonate (97%), and 1-methoxy-2-propanol (> 99.5%) were purchased from Sigma-Aldrich;
AI(NO3)3-9H>0, La(NO3)3-6H20 (99.99%), and bis(2-ethylhexyl) phthalate were purchased from
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Alfa Aesar; methanol was purchased from VWR. Single-side-polished MgO (001) substrates (10
x 10 x 0.5 mm) were purchased from MTI Corporation and used as the substrate for SDS to prevent

interfacial reactions.

The SDS of aLLZO starts with placing a MgO substrate on a heated stainless-steel hot plate at 300
°C with the polished side facing up. A K-type thermocouple was used to monitor the deposition
temperature by placing it aside the MgO substrate. To deposit a film, the SDS solution was pumped
through a polypropylene syringe at a rate of 10mL h™! into a spray atomizer (DeVILBLISS,
AG361). Throughout the deposition, compressed gas with a pressure of 0.3 bar at the atomizer was
selected as the carrier gas, and the distance between the spray atomizer and the MgO substrate was
maintained at 25 cm. For each film stoichiometry, the as-deposited films were obtained after a 30-
min deposition. To prepare the post-annealed aLLZO film, the as-deposited films were post-
annealed in an alumina crucible in a temperature-calibrated tube furnace at 600 °C under a flow of
pure O (Airgas). A heating and cooling rate of 5 min °C™! was used to minimize surface strain on
the films. The post-annealed aLLZO films were stored inside an Ar-filled glovebox before

measurements to prevent exposure to moisture and to minimize chemical degradation.

3.4.2. Microstructure Characterization

Surface and cross-sectional SEM images of the aLLZO films were collected using a Zeiss Ultra
Plus field-emission scanning electron microscope with an accelerating voltage of 3.0-5.0 kV and
a working distance of 3-8 mm. An in-lens secondary electron (SE) detector was used for SEM
image collection in this study. A diamond blade was used to cut the sample before imaging the
cross-section of the films. Conductive carbon tape was used to tape the side of the samples to

ensure sufficient electronic conductivity during imaging.

3.4.3. Local Structure and Phase Composition Characterization

The near-order structure of aLLZO was characterized using Raman spectroscopy (WITec alpha
300 M+). A laser wavelength of 532 nm with a power of 10 mW, a grating of 300 g mm™!, and a

spectral resolution of 0.1 cm™! were applied to obtain all the Raman data. A 50x long distance
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objective (Zeiss, Germany) with a numerical aperture (NA) of 0.7 was used for the laser focusing,

giving an approximate laser spot size of 1 um.

3.4.4. MRO Structure Characterization

To prepare samples for in situ FEM measurements, the precursor solutions (0.015 M) were diluted
to a concentration of 0.0003 M with methanol (VWR). The diluted solution was cast onto a silicon
TEM grid (Norcada, TA301Z). Each grid contained a 3 x 3 array of 0.1x0.1 mm windows covered

by 10-nm-thick silicon nitride membranes.

A FEI heating holder was used for the in situ experiments. The samples were heated at 300 °C and
600 °C, respectively, on the TitanX, operated at 200 keV. At each temperature, FEM patterns were
collected with a convergence angle of 0.51 mrad, a probe diameter of 2.2 nm, and a camera length
of 245 mm. For each sample, over 400 scanning nanodiffraction images were collected in one scan.
As FEM is a statistical approach, to reduce the error in FEM analysis, we collected four scans for
each sample. For FEM data analysis, we used a custom MATLAB script to calibrate the data by
removing the ellipticity and to determine the differences in variance as a function of the spatial
frequency as a function of the scattering angle. Data processing and analysis were performed,
following the procedure outlined in Ref.?*2, Two decimal places and a 95% confidence interval

were reported for the atomic distances and FWHM obtained from the fitted MRO peaks.

3.4.5. LRO Structure Characterization

GIXRD patterns of both the as-deposited and post-annealed aLLZO films were collected using a
Rigaku SmartLab diffractometer with Cu Ka irradiation (A = 1.5406 A). An omega angle of 1°, a
scan step size of 0.02° at a speed of 5° per minute, and an X-ray voltage of 45 kV and current of
200 mA over the 20 angular range of 15°-60° were used for all the measurements. Automatic z-
axis height adjustment was applied based on the intensity of the XRD signal. The XRD patterns
were used for peak fitting to obtain the changes in the peak position and FWHM for the annealed
samples. Note that the peak positions of the annealed samples were not corrected by the refractive
index as the films were mostly amorphous with undefined refractive index. This could potentially

lead to a maximum of 0.1° of error in the peak position due to minor differences in the sample
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alignment during the XRD measurements, which would not change the trend depicted from the
current peak fitting. Bragg’s equation, nd = 2d sin 8, was used to calculate the d-spacing of the
LaxZr,O7 nanocrystals, where n is an integer (n = 1 is used for this study), 4 is the X-ray
wavelength (1.5406 A), d is the spacing of the diffracting planes, and 6 is the Bragg angle. The
crystallite domain sizes (D) were obtained using Scherrer’s equation, D = KA/(f cos 8), where K
is the dimensionless shape factor (K = 0.9 used for this study), 4 is the X-ray wavelength (1.5406
A), B is the FWHM in radians, and 6 is the Bragg angle.

95



4. CHAPTER 4. Time-Temperature-Transformation (TTT)
Analysis of Phases for Low-Temperature Sustainable Synthesized

Crystalline Cubic Li Garnets

Adapted from Yuntong Zhu, Michael Chon, Carl V. Thompson, Jennifer L.M. Rupp. Time-
Temperature-Transformation (TTT) Analysis of Phases for Low-Temperature Sustainable

Synthesized Battery-Grade Li-Garnet Electrolyte Films, Manuscript in revision (2023)

Abstract

Developing more energy-efficient and cost-effective methods for synthesizing Li*-conductive
functional ceramics is crucial for the scalable production and sustainable use of Li" solid
electrolytes in all-solid-state and hybrid batteries. Among the plethora of solid electrolytes, Li-
garnet LLZO has garnered attention because of its high Li* conductivity and wide electrochemical
stability window. Nevertheless, the high sintering temperatures (>1050 °C) required to achieve the
highly conductive cLLZO phase raise concerns about the LLZO-cathode interface stability.
Additionally, the high costs of ceramic powder processing and high-temperature sintering pose a
challenge, especially when energy prices rise, as in 2022. A comprehensive redefinition of the
synthesis routes for cLLZO is thus desired to ensure sustainable production and cell integration.
In this study, we employed an alternative route involving SDS (a direct “liquid-to-solid” route
without sintering) to synthesize cLLZO films at half the temperature used in conventional sintering.
A 18 TTT diagram for amorphous-to-crystalline LLZO transformation was constructed and
analysis of the crystallization enthalpy was performed for guidance. The successful synthesis of
cLLZO at a record-low synthesis temperature of 500 °C was confirmed by Raman spectroscopy
and further compared toward existing synthesis processes. Our findings demonstrate the use of
TTT diagrams for the design of sustainable ceramic film processing and provide guidelines for the

low-temperature synthesis of cLLZO toward high-energy SSBs.
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4.1. Introduction

Battery performance and costs are the two most important factors when evaluating specific cell
design and cell chemistry for use in EVs.3%2%724 The former largely determines the driving
distance and lifetime of EVs, whereas the latter dictates the cost-competitiveness of EVs relative
to internal combustion vehicles (ICVs).24324 To date, Li* batteries have shown promise as the
most reliable energy-storage solution for EVs owing to their improved energy density and cycle
life compared with that of earlier developed battery systems (e.g., lead-acid batteries, nickel-
cadmium batteries). State-of-the-art Li* batteries with graphite (or graphite/Si composite) anodes,
NMC or NCA cathodes, and organic liquid electrolytes are able to achieve gravimetric energy
densities of 250-300 Wh kg ! at the cell level,>* associated with a cost of approximately US$100
kWh™1.2% To accelerate the transition from ICVs to EVs, the US Department of Energy (DOE) set
long-term objectives of reaching a production cost of <US$60 kWh™! at the cell level and a specific
energy density of >500 Wh kg ™! at the battery level by 2030.2*” One promising approach to achieve
this ambitious goal is to revive the use of a Li-metal anode in an all-solid-state or hybrid battery
configuration with partial or full substitution of the state-of-the-art organic liquid electrolytes and
polymer separators by thin ceramic solid-electrolyte separators to achieve high energy density
while minimizing the risk of Li dendrite growth and thermal runaway.’***® The ideal solid-
electrolyte separators should possess high Li* conductivity over a wide temperature range and
good electrochemical and chemical stability against both the Li-metal anode and the high-voltage

oxide cathode.3136:248

In addition, the electrolyte materials should be mechanically robust
(i.e., exhibit high fracture toughness) against Li-dendrite propagation.®-173-175249 State-of-the-art
ceramic solid electrolytes can be classified into two types based on their chemical composition,
namely, oxides and sulfides.?*® Sulfide-based electrolytes, including argyrodite-type LisPSsX
(X=Cl, Br, 1)?!821% and Li»S-P»Ss glasses,**??? possess limited electrochemical stability windows
(<1 V)**197:222 and poor air stability, restricting their energy density, scale-up processibility, and
safety toward application in battery cells.?*® Comparatively, oxide-based electrolytes offer wider
electrochemical stability windows and higher fracture toughness and require a less constrained

atmosphere for processing,3%:48-59,161,248
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H Annealing and sintering steps to achieve cubic LLZO (cLLZO)
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Figure 4-1. (a) Annealing and sintering steps to achieve cubic-phase LLZO under three different processing
routes, including conventional synthesis + sintering and rapid thermal processing for bulk pellet and tape
processing, and deposition + phase formation for thin-film processing. (b) Schematic illustration of the
state-of-the-art maximum processing temperature vs. processing time. Reducing the processing
temperature or time are both viable and preferred routes to improve the cathode—electrolyte interface co-
processability and reduce interfacial ion diffusion and chemical reaction. The energy and power density of
a SSB can be improved by reducing the solid-electrolyte thickness (shifting from ceramic pellets or tapes
to thin films).

Among the widely studied oxide electrolytes, garnet-type LLZO has demonstrated electrochemical
stability between 0 and 6 V,3*!1% enabling direct and stable pairing with high-voltage cathodes and
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a Li-metal anode, making this material an attractive option for use in high-energy-density all-solid-
state or hybrid batteries. To date, LLZO electrolytes can be processed either as bulk pellets or tapes

with thicknesses generally >25 um (tapes <100 um can be brittle and difficult to handle)*%-2>!

or
as thin films with thicknesses between 0.2 and 10 um (Figure 4-1 a).*!20:136 Depending on the
form and desired thickness of LLZO, either sintering (>1050 °C for pellets or
tapes)?%:105.129,168.169252-256 o1 annealing (>650 °C for films)?%100.113114116120.136 are required to
synthesize LLZO in its highly conductive cubic phase (Figure 4-1 b), see Ref. 2 for high-statistics
data mining on sintering. An additional summary of the bulk and thin-film LLZO synthesis is

presented in Table 8-7.

From a cell-integration perspective, these LLZO pellets, tapes, or films need to be co-processed
with high-voltage oxide-based cathodes (e.g., NMC and NCA) to achieve good mechanical
bonding and low interfacial resistance at the LLZO-cathode interface.'”” However, prior studies
have shown that oxide-based cathodes can be irreversibly reduced or decomposed into low-

capacity phases at a co-processing temperature above 600 °C,!2%-224

which is clearly lower than the
classic sintering temperatures for pellet and tape-type LLZO and therefore lead to a reduced total
capacity for the cathodes. Thus, the commercialization of oxide-electrolyte-based SSBs
necessitates a complete rethinking and redesign of electrolyte separator processing as well as the
cell-integration routes, preferably at lowered co-sintering or co-annealing temperatures.
Importantly, newly defined processing routes should ensure chemical stability at cathode—
electrolyte interfaces and show promise toward achieving the DOE cost projection of <US$60

kWh—l .247

From a second perspective, low-temperature processing is favorable for next-generation Li*
ceramic electrolytes as it can significantly reduce manufacturing costs by lowering the energy
input. An earlier cost analysis suggested that the high-temperature annealing and sintering steps
account for approximately 75% of the total production cost for Li* solid electrolytes.** This cost
can make up an even higher fraction of the production cost when there is a spike in energy prices.
For instance, the 2022 rise in energy costs led to temporary challenges for the energy-intensive
ceramic and glass industries. It is now critical for the industry to re-examine the state-of-the-art
processing routes and point toward a future where achieving greater energy efficiencies in

production is a top priority. Specifically, any option to achieve similar structure and functionality
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for a Li" ceramic (or glass) electrolyte at lowered processing temperatures without sintering steps
is of utmost importance for future sustainable and low-cost electrolyte and SSB production.
Alternative sinter-free processing routes stemming from the direct “liquid-to-solid” densification
of Li" electrolytes at low temperatures are promising options to be explored. Additionally, these
direct densification routes do not require ceramic powder processing, which is beneficial in
reducing the cost and energy consumption associated with the production of ceramic Li*
electrolytes. However, to date, only a few academic works have explored the direct “liquid-to-
solid” densification routes for battery-grade Li* ceramic electrolyte processing, see Ref. 26 and 38
for studies on the SDS of LLZO. Despite being a timely and relevant process, an annealing
temperature of 750 °C is still required to achieve the highly conductive cLLZO via SDS, which
can still be too high for LLZO-cathode co-processing. Low-temperature processing options have

yet to be explored.

In this work, we explore alternative synthesis conditions to crystallize the directly “liquid-to-solid”
SDS-processed LLZO electrolytes at reduced temperatures through the establishment of the first
TTT diagram. To enable rational design of the low-temperature routes, we first obtain a
fundamental understanding of the kinetics of the phase transformation from aLLZO to crystalline
cLLZO through Raman spectroscopy and DSC.*® A common approach to understand and
modulate the phase-transformation kinetics of a glass-ceramic or metallic glass is through the

259-262

construction of a TTT diagram, a 2D representation plot of the temperature and time at which

a material undergoes a phase transformation.?¢!263

Specifically, we deconvoluted the
crystallization process of SDS-processed LLZO into three unique steps and constructed the very
first TTT diagram for LLZO based on the analysis of crystallization enthalpies. From there, we
designed three alternative low-temperature processing routes and confirmed the successful
synthesis of cLLZO at temperatures as low as 500 °C.2** Fundamentally, we demonstrate the
establishment and use of a TTT diagram in analyzing the phase-transition and crystallization
kinetics of LLZO and designing alternative ceramic film processing routes. Technologically, we

see the promise of the newly proposed low-temperature processing routes to benefit the materials

integration and manufacturing scale-up at a reduced cost for LLZO-based SSBs and beyond.
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4.2. Results and Discussion

4.2.1. Synthesis and Phase Evolution from aLLZO to Crystalline cLLZO
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Figure 4-2. (a) Surface and cross-sectional SEM images of a 300 °C as-deposited LLZO film. The film
exhibits full surface coverage with a thickness of 3.0 + 0.8 um. (b) Raman spectra of the as-deposited LLZO
film, and the 520 °C, 620 °C, and 750 °C post-annealed LLZO films. Additional reference spectra of LiNOs,
LayZr,0y, tetragonal Li;La3Zr,O1», cubic LizLa3;Zr, 01, are displayed in black.

Figure 4-2 a displays surface and cross-sectional SEM images of the as-deposited Al-doped LLZO
film prepared by the SDS method (see Ref. !*¢ for more details about this low-cost “liquid-to-solid”

direct densification method that allows the direct formation of ceramic films without powder
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processing). The film exhibits an even and full surface coverage on the MgO substrate with a
thickness of 3.0 + 0.8 um. Raman spectroscopy provides insights into the LLZO phase evolution
and crystallization. Figure 4-2 b displays the Raman spectra of the 300 °C as-deposited film and
the 520 °C, 620 °C, and 750 °C post-annealed films (isothermal time = 15 min), along with
reference spectra of cubic LizLazZr>012, tetragonal LizLazZr>O12, pyrochlore La;Zr,O7, and LiNOs3,

the original Li salt used in SDS processing.

For the as-deposited film, we observed a general amorphous nature of the film with bands
developed from the undecomposed LiNOs3 precursor salt. Specifically, a broad Raman signal was

detected for wavenumbers between 300 and 700 cm!

with no appearance of the O-Li—O
vibrational band (E¢ and Tae) or O—Zr—O stretching band (A1), suggesting a highly disordered
amorphous structure with only short-range order. Outside of the 300—-700 cm™! wavenumber range,
the two predominant peaks at 240 and 738 cm ™! and two minor peaks at 100 and 131 cm™! indicate
the presence of undecomposed LiNOs3 precursor salt. At 750 °C, we observed a fully crystallized
cLLZO film, in agreement with the previously reported crystallization temperature from in situ
TEM and in situ Raman spectroscopy.'*® Specifically, the two intense peaks at 105 and 116 cm™!
were identified as the Tzg and E; mode of O—La—O vibration, and the two peaks centered at 655
and 691 cm™! were assigned to the O—Zr—O stretching band (A1, mode).!*-?®° The peak divergence
of the O-Zr-O stretching band may be defect-related, which causes deviation of the local
symmetry and introduces anisotropic strains to the lattice (similar effects have been reported in
metal-oxide thin films, including doped CeO: films in Ref.!!?2%%) Alternatively, the peak
divergence may be correlated to the co-existence of more than one LLZO cubic phase, i.e., 220 (/-
43d) and 230 (la-3d) space-group cubic phases. These phases have different Li coordination sites
and symmetries'’*, which may lead to the local structure deviation in ZrOs LBU. Other cLLZO
phase characteristics include the peak centered at 255 cm ™!, corresponding to the oxygen-bending

band of Ty, and A1g,'”? and the peaks centered at 368 and 527 cm™!, assigned to the O-Li-O

vibration bands (T2g and E,4/T», mode) in LiOg octahedra.?*

We next analyzed the local structure evolution between 300 °C and 750 °C based on the Raman
spectra displayed in Figure 4-2 b. Upon heating to 520 °C, the film was composed of aLLZO with
the additional presence of pyrochlore La>Zr,O7 nuclei. Specifically, the prominent peaks observed
at 96 and 127 cm™! (T2z mode) signify the O—La—O vibration in aLLZO, and the broad peaks at
415 and 697 cm™! can be correlated to the Eg and T2z modes of O-Li—O vibration?*® and the A,
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mode of O-Zr-O stretching in aLLZO,!%-** respectively. In addition, the peak centered at 279
cm! is attributed to the Eg mode of ZrOs bending in pyrochlore La;Zr,07.22%227 This result is
consistent with the earlier reported in situ TEM and in situ XRD results in Ref.!36138 where
LaxZr07 nuclei appear as an intermediate phase during LLZO crystallization. Crystallization
progressed with diminishing of the pyrochlore La>Zr>0O7 local ordering and the ongoing formation
of tLLZO local ordering as we further increased the film annealing temperature to 620 °C. The
peak at 279 cm™! (Eg mode of ZrOg bending from pyrochlore La>Zr,O7) disappeared, and three
broad peaks emerged at 296,361, and 410 cm ™!, corresponding to the A1z mode of oxygen bending,
E; mode of O-Li-O vibration, and T2z mode of O-Li—O vibration in tLLZO,** respectively. These
results also agree with earlier reported in situ TEM results (see Ref.!*® for more evidence), where
tLLZO nuclei emerged through Li diffusion from aLLZO to the prior formed La,Zr,O7 nuclei.!*8
We also observed minor peaks at 155 and 196 cm™! in all the spectra, attributable to the rotatory
and translator motion of CO3?" from the surface chemistry variation of Li>CO3,%3%?3 which may
be formed from the direct contact of films with moisture in the air during sample transfer and

spectrum collection.

We hereby confirm by Raman spectroscopy the formation of cLLZO at 750 °C for a heating rate
of 5 °C min~! through multi-step nucleation and phase evolutions from the original alLLZO phase.
Specifically, the 1% step involves the formation of pyrochlore La>Zr,O7 nuclei in the predominate
aLLZO structure, as evidenced by the 520 °C post-annealed aLL.ZO spectra. Upon further
increasing the temperature to 620 °C, the formation of tLLZO through lithiation of La,Zr,O7 nuclei
was confirmed, which we denoted as the 2" crystallization step. The 3™ crystallization step starts
off at a temperature above 620 °C with the transformation from aLLZO and tLLZO to cLLZO. As
suggested by earlier LLZO structure studies, see Ref. 2, this step involves Li local reordering in
the occupied sites within the crystalline tLLZO structure, which transforms tLLZO (with regular
and fully occupied Li sites) into cLLZO (with disordered Li site occupation). We next employed
DSC to further investigate the kinetics of the phase transformation from aLLZO to crystalline
cLLZO.
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4.2.2. Deconvolution of Crystallization Kinetics from aLLZO to Crystalline cLLZO

DSC measurements were performed at different heating rates (i.e., 5 to 20 °C min™!) to characterize
the kinetics and enthalpy changes during the crystallization from aLLZO to cLLZO. This analysis
forms the basis for constructing the first TTT diagram to enable precise phase definitions and to
guide future LLZO low-temperature processing. Four major peaks were observed for each of the
DSC measurements, as displayed in Figure 4-3, including an exothermic peak at ~341-450 °C
and three endothermic peaks at ~243-277 °C, ~490-663 °C, and ~667-710 °C. The two
endothermic DSC peaks at ~490-663 °C and ~667-710 °C in Figure 4-3 can be correlated to the
crystallization of LLZO according to the phase evolution depicted in the Raman spectra in Figure
4-2 b, where fully crystallized cLLZO is detected at 750 °C annealing. In addition, our previous
study on aLLZO suggested that the crystallization of LLZO occurs between 490 and 720 °C (see
TEM and in situ Raman analyses in Ref. 8 for more details), corroborating the DSC observation
in this work. Prior to the crystallization, the endothermic peak at ~243-277 °C can be assigned to
the melting of LiNO3, the Li precursor salt typically used in SDS processing, during which the
deposited LLZO sample intakes heat and leads to a solid-to-liquid phase transformation for
LiNO3.27 Furthermore, the exothermic peaks at ~341-450 °C can be related to the decomposition
of LiNOs (see detailed analysis in Fig. 2g of Ref.!3¢),

aLLZo

LiNO; melting and
decomposition

crysia V); i

exothermic
B ——

(a.u)

—

endothermic  DSC

1 1 1

250 500 750 1000
Temperature (°C)

Figure 4-3. Non-isothermal DSC of the LLZO films measured from 25 °C to 1000 °C at four different
heating rates of 5, 15, 20, and 25 °C min'. The two peaks at lower temperatures (shaded in light gray)
correspond to melting and decomposition of the LiNOj3 precursor. The two later peaks (shaded in light blue)
are considered to be the crystallization peaks for LLZO for further analysis. A schematic illustration of the
phase transformation from aLLZO to cLLZO is presented.
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Figure 4-4. (a) Fitting and deconvolution of the LLZO crystallization peaks for the DSC measured at a
heating rate of 10 °C min"'. Two peaks, denoted as the 1* and the 2™ crystallization steps, were deconvolved
from the endothermic peak ranges between 492 °C and 639 °C. The minor endothermic peak between 667
°C and 710 °C was identified as the 3" crystallization step. The peak temperature and peak area (enthalpy)
for each of the three crystallization steps are indicated in the figure as 7,;, Tp,2, and 7p3,and AH;, AH,, and
A Hy, repsectively. (b) Schematic illustration of the 1%, 2™ and 3™ crystallization steps. The 1%
crystallization step corresponds to the nucleation of La»Zr,O; within the aLLZO matrix. The 2™
crystallization step corresponds to the lithiation and phase transformation from La;Zr,0- to tLLZO. The 3™
crystallization step corresponds to the transformation from tLLZO to cLLZO with local Li reordering. (c)
Phase-transformation peak temperatures (7)) for the 1%, 2™, and 3" crystallization steps as a function of the
DSC heating rate. For all three crystallization steps, the peak temperature increases as the heating rate
increases. (d) Calculated phase-transformation enthalpy changes (AH) for the 1%, 2™, and 3" crystallization
steps as a function of the DSC heating rate. For the 1* and 2™ crystallization steps, the phase-transformation
enthalpy decreases as the heating rate increases. No direct correlation between the phase-transformation
enthalpy change and the DSC heating rate are observed for the 3" crystallization step, possibly due to the
small energy variation during the Li reordering step that lies within the error bars of the fitted enthalpy. (e)
Calculated non-isothermal crystallized fraction of LLZO measured at heating rates of 5, 10, 15, and 20 °C
min~'. The temperature and transformation fraction ranges corresponding to the 1%, 2™ and 3™
crystallization steps are highlighted in violet, lavender blue, and lilac, respectively, corresponding to the
events of nucleation of LayZr,O;, lithiation of LaZr,O7; to form tLLZO, and Li local reordering,
respectively.
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To better understand the kinetics of the observed crystallization peaks (i.e., the peaks at 490—
663 °C and 667-710 °C), we next performed peak deconvolution and fitting and obtained phase-
transformation peak temperatures (7,) and phase-transformation enthalpy changes (AH). We
present a DSC curve measured at a heating rate of 10 °C min™! in Figure 4-4 a, where the first and
second endothermic peaks sit between 492—639 °C and 667-710 °C, respectively, representing the
crystallization of SDS-processed LLZO. The asymmetric shape of the first crystallization peak
with a left-skewed tail (evidenced by different slopes) suggested a sequence of two chemical and
structural transformation processes and was fitted into two sub-peaks, including the lower-
temperature sub-peak fitted in violet at 492—-627 °C and the higher-temperature one fitted in
lavender blue at 547-639 °C in Figure 4-4 a. The lower-temperature sub-peak is associated with
the 1% crystallization step of pyrochlore La;ZrO7 nuclei formation illustrated in Figure 4-4 b, as
evidenced by the analysis of the Raman spectra in Figure 4-2 b and the in situ TEM results in Ref.
138 Furthermore, the Raman spectra indicate the emergence of tLLZO when the annealing
temperature increases above 620 °C, suggesting that the higher-temperature sub-peak may be
related to the 2™ crystallization step of lithiation and transformation from pyrochlore La>Zr>O7 to
tLLZO nuclei, depicted in Figure 4-4 b. Unlike the first DSC peak, the second DSC peak (7):
667-710 °C) in Figure 4-4 a has a symmetric shape and can be fitted into a single peak centered
at 689 °C. The fitted peak overlaps with the temperatures at which the formation of cLLZO was
observed in the Raman spectra, see Figure 4-2 b, and is therefore assigned as the 3 crystallization

step. We present further details on the DSC peak fittings in Figure 8-24 a—c.

Figure 4-4 ¢ and d denote the crystallization peak temperatures, i.e., Tp1, Tp2, and Tp3, and their
corresponding crystallization enthalpies, i.e., AH;, 4H,, and 4H5, with respect to the heating rates
for the three fitted crystallization peaks (also see data in Table 8-8). By increasing the heating rate
from 5 °C min! to 20 °C min!, T); and 7> significantly shift from 546 °C to 591 °C and from
571 °C to 617 °C, respectively. The delayed 7, at a higher heating rate is commonly observed in

calorimetric studies of ceramics and metals due to the kinetic limit of heat transfer.26®

However,
only a small variation in 7,3 was observed from 686 °C to 690 °C, possibly related to the
insensitivity of the Li* reordering step toward changes in the heating rate. The crystallization
enthalpies, i.e., AH;, 4H,, and 4H5, varied as the heating rate increased. Upon increasing the
heating rate from 5 °C min~! to 20 °C min™!, the phase-transformation enthalpies for the 1 and 2"

crystallization steps exhibited monotonic decreasing trends from 5.85 + 0.48 t0 4.73 £ 0.44 J g'!
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and from 8.05 + 0.38 to 5.02 + 0.34 J g!, respectively. Conversely, no direct correlation was
detected for the 3™ crystallization step between AH (ranging between 0.12 and 0.27 J g™!) and the

heating rates, which may also be related to the heating-rate insensitivity of the Li* reordering step.

We next developed the progress of the crystallization plot in Figure 4-4 e based on the three
crystallization steps deconvoluted in Figure 4-4 a. Different from classical glass-ceramic or
metallic glass TTT diagrams, where the cooling curves are recorded for the transformation from
the undercooled liquid to the crystalline state, the LLZO films crystallize upon heating to
temperatures higher than the SDS deposition temperatures.?! The progress of phase
transformation from aLLZO to biphasic aLLZO + LaZr,07 nuclei and tLLZO nuclei and finally
to fully crystallized cLLZO at different temperatures was calculated by dividing the enthalpy
consumed at a specific temperature by the sum of the measured enthalpies of the 1%, 27, and 3%
crystallization steps. Specifically, the 15t and 2™ crystallization steps account for over 95% of the
enthalpy consumed during transformation from aLLZO to crystallized ¢cLLZO, and the 3%
crystallization step only accounts for <5% of the total crystallization enthalpy. Importantly, we
note that the progress of crystallization only indicates the amount of heat consumed at a specific
temperature compared to the total enthalpy required to complete the crystallization and should not
be directly correlated to the percentage of cubic phase LLZO in the film. We also note that shifts
in the crystallization temperature and the progress of crystallization may be detected when
compared with the phase evolution detected via in situ techniques, such as in situ TEM!3,
primarily due to the difference in the sample forms used for the measurements (DSC was
performed with scratched-off LLZO films vs. the ultra-thin as-deposited LLZO films, i.e., less than
100 nm, used for the in situ TEM study).

We have now deconvoluted the three crystallization steps from DSC and revealed the progress of
the crystallization plot based on crystallization enthalpy analysis. In the next section, we apply this
information and construct the first TTT diagram for the transformation from aLLZO to crystalline

cLLZO films.
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4.2.3. Developing the Time-Temperature-Transformation (TTT) Diagram for LLZO

The TTT diagram provides guidelines on the phase evolution over temperature and time and can
be used to perform quantitative analysis on the status of the transformation from alLLZO to
crystalline cLLZO. By convention, a TTT diagram plots the temperature along the x-axis and the
percentage along the y-axis and contains iso-phase lines that represent 1%, 50%, and 99% of
transformation at different annealing times and temperatures.?60-262269.270 We obtained this
information for the transformation of aLLZO to crystalline cLLZO from the progress of the
transformation plot displayed in Figure 4-4 e and constructed the first TTT diagram for LLZO

crystallization in Figure 4-5.
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Figure 4-5. TTT diagram for LLZO from amorphous to crystalline cubic phase. The 1%, 25%, 50%, 75%,
and 99% iso-phase lines are presented. Specifically, the 1%, 50%, and 99% iso-phase lines are indicated as
the beginning, mid-point, and final stage of the phase transformation from amorphous to crystalline cLLZO.
The annealing condition of 500 °C, 10 h is highlighted. Schematic illustrations of the phase compositions
at each crystallization stages are provided.
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Specifically, we divide the TTT diagram in two sections: below 480 °C, the film remains

amorphous with undecomposed LiNOj3 salt precursor (Ref.!36138

indicates that LiNO3 decomposes
at 400480 °C), and above 480 °C, the film undergoes a three-step phase transformation, as detailed
in an earlier section, see Figure 4-4 b, from alLLZO to fully crystallized cLLZO. The percentage
of transformation data points presented in Figure 4-5 correspond to specific temperatures and
times (calculated based on the heating rates) required to achieve 1%, 25%, 50%, 75%, and 99% of
the transformation from alLLZO to cLLZO. The 1%, 50%, and 99% iso-phase lines represent the
beginning, mid-point, and final stage of the transformation, respectively. Specifically, for
temperatures above 480 °C and below the 1% iso-phase line, the film is in an amorphous state, i.e.,
aLLZO, highlighted in light blue. Between the 1% and 99% iso-phase lines, the region in lavender
blue represents phase compositions of alLLZO + LaxZr,O7 nuclei + tLLZO nuclei, indicating
ongoing phase transformations through the 1% and 2™ crystallization steps, see schematic
illustration in Figure 4-5. Finally, we highlight in violet the annealing temperature and time
needed to achieve fully crystallized cLLZO for temperatures and times above the 99%
transformation iso-phase line. Importantly, we note that the percentage of transformation in the
TTT diagram only indicates the ratio of enthalpy consumed at a specific temperature and time to
the total enthalpy required to complete the crystallization. This should not be interpreted as the
percentage of film that has been transformed into crystalline LLZO phases, as the transformation
from aLLZO to cLLZO involves three unique steps, as illustrated in Figure 4-4 b, and requires
different enthalpies to complete each step. With extended annealing time, the TTT diagram
exhibits a downward trend of annealing temperatures to achieve the same state of phase
transformation from alLLZO to crystalline cLLZO. The observed trend suggests that lowering the
annealing temperature with extended annealing time may be a route to crystallize LLZO in its

cubic phase, as highlighted in Figure 4-5.

In the next section, we discuss alternative low-temperature processing routes to stabilize cLLZO,
as inspired by the TTT diagram, and track their phase and local structure variation via Raman

spectroscopy.
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4.2.4. Achieving Cubic-Phase LLZO Films at Reduced Temperatures Based on the TTT

Diagram Phase Evolution Roadmap

In the previous section, we demonstrated the successful synthesis of cLLZO at 750 °C for 15-min
isothermal annealing (denoted as route I) and constructed the TTT diagram for the transformation
of aLLZO into crystalline cLLZO. Based on the as-developed TTT diagram, we proposed three
alternative post-annealing routes to synthesize cLLZO at lower temperatures and extended
isothermal annealing times (Figure 4-6 a). Specifically, these newly defined routes include
annealing at 650 °C for 5 h (route II), 525 °C for 10 h (route III), and 500 °C for 10 h (route I'V) at

an initial heating rate of 5 °C min ™!
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Figure 4-6. (a) [llustration of the four post-annealing routes (isothermal annealing temperature + isothermal
holding time) applied to synthesize cLLZO, including route I of 750 °C for 15 min, route II of 650 °C for 5
h, route III of 525 °C for 10 h, and route I'V of 500 °C for 10 h. All four post-annealing routes were performed
at a heating rate of 5 °C min"' for both heating and cooling. (b) Raman spectra of the four LLZO films
synthesized via post-annealing routes I-IV. Additional reference spectra of cubic LisLa:Zr,O;, are
displayed in black. All four LLZO films reveal a cubic structure with peak shifts observed for the O-Li—-O

vibration (352—412 cm '), suggesting variations in structure compaction and local strain among the four
cLLZO films.

Raman spectroscopy was performed to identify the phase composition and local structure vibration
for the LLZO films obtained from the three alternative post-annealing routes, i.e., route [I-IV. The

three Raman spectra were also compared with the spectrum of cLLZO synthesized via route I, i.e.,
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750 °C for 15-min isothermal annealing, as displayed in Figure 4-6 b. Overall, the spectra of the
four LLZO films all reveal cubic-phase structures but with noticeable shifts of the O-Li—O

vibration bands and peak divergence of the O—Zr—O stretching band.

We first summarize the Raman peaks observed in the four LLZO spectra. The two intense peaks
at 94 and 113 cm™! were identified as the T2z and Eg modes of O-La—O vibration, and the peaks
centered at 220 and 265 cm™! were assigned to the oxygen-bending band of Tzs and Ajg,
respectively.!® The pronounced peaks centered at 360 and 404 cm ™! and the minor peak centered
at 514 cm™! were attributed to the O—Li—O vibration bands (E and T2) in LiOs octahedra,?®® and
the two peaks at 651 and 686 cm™! correspond to the O—Zr—O stretching band (A1, mode). In
addition to the major Raman peaks in the four spectra corresponding to cubic phase LLZO, we
also observed minor peaks at 160 and 198 cm™! in all the spectra, attributable to the rotatory and

translator motion of CO32” from the surface chemistry variation of LiCO3.23%233

We next performed detailed analysis on the O—Li—O and O—Zr—O bands, as Li and Zr are the two
network formers that define the local structure and transformation from aLLZO to crystalline
cLLZO. Additionally, the Li—O bond distance can affect the activation energy needed for Li to
hop from one site to another, which is a critical property in determining its use in SSBs. To
understand how different annealing routes affect the local structures and bonding around Li, we
fitted the two major O—Li—O vibrational bands (E; and Tz,) and reported their fitted positions in
Figure 8-25. Upon lowering the annealing temperature from 750 °C to 650 °C (and therefore
prolonging the annealing time), the E, and T, peaks first exhibited redshifts from 368 to 354 cm™!
and from 407 to 401 cm ™!, respectively. Further lowering the annealing temperature to 500 °C led
to a blueshift of the E; and T, peak to 410 cm™! with no change of the T2 peak position near 354
cm !, In general, a redshift of the Raman peaks suggests longer bond distances (and vice versa for
a blueshift). The observed trend indicates a longer Li—O bond in LiOs octahedra when annealed at
650 °C for 5 h as compared to those annealed at 500 °C, 525 °C, and 750 °C. In general, a longer
Li—O bond suggests a lower bond strength and therefore reduced energy required for Li* to migrate
to its neighboring sites, which is preferred for application as a solid electrolyte or protective coating

layer in batteries.?’!-273

We also observed peak divergence of the O—Zr—O stretching band (A1, mode) with two peaks

emerging at various ratios at 651 and 686 cm™! for films annealed at different temperatures and
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times.!?>2% The appearance of the two peaks may be defect-related or may be correlated to the co-
existence of two LLZO cubic phases (i.e., 220 and 230 space-group cLLZO), introducing

anisotropic strains to the lattice (as detailed in the earlier Raman section).!!929

In summary, all four annealing routes with isothermal temperatures ranging between 500 and 750
°C resulted in successful synthesis of cLLZO films. We observed two interesting phenomena from
the collected Raman spectra, including: i. significant O—Li—O vibrational bands shifts and ii. O—
Zr-O stretching band divergence for LLZO films crystallized at different temperatures. Similar
O-Li—O vibrational band shifts have been reported in previous studies on PLD-processed alLL.ZO
and cLLZO films, with the shifts attributed to variations in the Li* concentration (lithiation) and
the small LLZO nanocrystallite sizes.!!!!?% Indeed, these may also be the reasons leading to the
O-Li-O vibrational band shifts in the current study, as different isothermal times can result in
different nucleation rates, affecting the size of the LLZO nanocrystallite and local strains.
Furthermore, variation in the annealing time and temperature may also lead to different amounts
of Li losses (that is, different Li concentrations remain in the LLZO films), therefore affecting the
ratio of the 220 and 230 space-group cubic grains and generating anisotropic local strains in
polycrystalline cLLZO films. Further investigation using experimental and computational methods
(e.g., DFT and high-energy X-ray spectroscopies) is needed to understand the origin of the Aig
peak divergence of the O—Zr—O stretching band and to clarify the role of the annealing temperature
and time on the grain distribution and cubic-phase compositions (i.e., 220 vs. 230 space groups),

as they may have substantial implications on the Li* dynamics for SSB applications.!”*!75

4.3. Advantages of Low-Temperature Annealed LLZO Films

We compared, from cost and battery integration perspectives, the processing temperatures and
times required to achieve cLLZO, as proposed in this study, i.e., route I-1V, to those reported in
the literature for bulk-type pellets/tapes and thin-film LLZO in Figure 4-7. Here, we only note the
maximum annealing/sintering temperatures and the corresponding isothermal time, as these
factors play a key role in determining the stability at LLZO-—cathode interfaces during co-
processing and defining the thermal budget and associated processing costs. Importantly, we
highlight the newly proposed processing routes with annealing temperatures of 500 °C and 525 °C,

representing the lowest annealing temperatures reported to crystallize LLZO films. These
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temperatures are particularly attractive for reducing interfacial degradation during LLZO—cathode

co-processing.

Temperature
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Figure 4-7. Comparison of the maximum processing temperature and processing time of
bulk!03:129-168:.169.232-236 (helets and tapes) and thin-film?®-1%-113:16120.36 [ [ 70 via different synthesis routes.

Specifically, we outline in Figure 4-7 the three major routes to process cLLZO, namely,
conventional synthesis + sintering for bulk pellets and tapes (highlighted in light blue), rapid
thermal processing for bulk pellets and tapes (highlighted in lilac), and deposition + phase
formation for thin films (highlighted in violet) and provide a brief discussion on their maximum
sintering or annealing temperature and time as follows. The bulk pellet and tapes processed via
conventional synthesis + sintering generally require a high-temperature sintering process at 1050—
1230 °C for 1-36 h (generally >5 h) to eliminate pores and achieve complete
densification.!05:129:168.252 There are a few variations of the conventional synthesis + sintering routes
for which the LLZO powder (starting material for LLZO pellet sintering) may be synthesized via

255,256

different routes, including sol-gel synthesis + sintering and co-precipitation + sintering!'®;
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hot pressing may also be used to facilitate densification during the process.!®*2% However, this
method is not cost-effective for LLZO—cathode co-processing because of the high sintering
temperature and long sintering time. Alternatively, we consider rapid thermal processing as a more
cost-effective route for sintering bulk pellets and tapes, which generally requires a sintering
temperature of >1300 °C for 10-15 s.253-%3* However, the thicknesses that can be achieved via bulk
pellet/tape sintering (i.e., <25 pm) are not of particular interest toward battery integration as they

will unavoidably increase the internal resistance and lower the energy density of the cell.

To further enhance the energy density, thin-film LLZO with a thickness <10 pm is preferred.’
Thin-film LLZO can be deposited using vacuum-based or wet-chemical methods and then
annealed at a much lower temperature to transform the film from the amorphous to crystalline
cubic phase without the need for sintering to achieve densification. The annealing temperature for
thin-film LLZO typically ranges between 600 and 950 °C with an isothermal time of 15 min to 24
h.98.100.113.114.116,120,136 More excitingly, our newly designed annealing method enables the synthesis
of cLLZO films using a direct liquid-to-solid method at temperatures as low as 500 °C (for 10-h
isothermal annealing), which is a significantly lower temperature than that used in previously
reported methods. Admittedly, there is still room to further shorten the isothermal time for the 500
°C annealing route to promote its direct integration with the state-of-the-art roll-to-roll processes
for battery cells. Future work is recommended to focus on exploring the crystallization kinetics for
LLZO with various dopants and optimized Li" concentrations to further reduce the processing time

needed to crystallize cLLZO.

In summary, solid-state electrolyte films are essential components in future high-energy SSBs to
enable direct pairing with a Li-metal anode and high-voltage cathodes. The newly developed low-
temperature annealing routes for cLLZO synthesis shed light on LLZO—cathode co-processing
strategies without the need for sintering, providing room to further boost the energy and power

densities of the cell at a reduced cost.

4.4. Conclusion

Novel lower-energy- and cost-intensive functional ceramic synthesis routes are essential to define

socio-economically tolerable solid Li*-conductive electrolytes for all-solid-state and hybrid
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batteries. The Li-garnet-type solid-state Li-metal batteries offer a promising option for achieving
these goals owing to its high room-temperature Li* conductivity up to 10™* S cm™! and wide
electrochemical stability window (i.e., 0—6 V) that enables stable pairing with Li metal and high-
voltage cathodes. Despite the promise, the scale-up fabrication for these functional Li-containing
ceramics has been hindered by their limited chemical stability toward co-processing and
integration with Co-reduced cathodes, such as NMC and NCA, at a temperature above 600 °C.
The high processing costs associated with ceramic powder processing and high-temperature
sintering is another obstacle limiting their scale-up, especially during energy price spikes, as
experienced in 2022. Therefore, there is a need for the SSB and glass-ceramic industries to redefine
the ceramic processing routes, such as for cLLZO solid electrolytes, toward lower temperatures

with a possible reduction of sintering steps.

In this work, we provide evidence and alternative routes to synthesize cLLZO films via SDS, a
“liquid-to-solid” direct densification method, to aid the integration of LLZO electrolyte separators
in SSBs at approximately half of the classic sintering temperatures typically used to densify
cLLZO pellets and tapes. We developed the first TTT diagram for the glass-ceramic LLZO based
on crystallization enthalpy analysis as well as local structure and phase evolution studies. This is
an important step, as we demonstrated in prior work, see Refs. 1*6138 that LLZO can be synthesized
and fully densified through an amorphous-to-crystalline cubic multi-step phase transformation at
750 °C. Nevertheless, the optimal heating rate and minimum crystallization temperature to reach
the fast-conducting cubic phase remain unclear. The TTT diagram established for the Li* solid-
electrolyte cLLZO provides insights on optimizing the synthesis conditions to achieve the lowest
crystallization temperature ever reported to stabilize cLLZO as a dense solid film at 500 °C with
10-h isothermal annealing, as proven through Raman spectroscopy in this work. Looking ahead,
we see a bright future for the use of liquid-to-solid densifications such as SDS synthesis in a
combination of TTT diagrams to define new processing routes for the functional Li-garnet ceramic,
cLLZO, and to design strategies to optimize not only the costs and sustainability for battery
production but also the chemical stability and processing compatibility with Co-reduced high-

voltage cathodes, such as NMC or NCA, to achieve long-life and high-energy batteries.
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4.5. Experimental

4.5.1. Preparation of AI-LLZO Films by SDS

The precursor solution for SDS was prepared in Lis2sAlo2sLa3Zr012 (AI-LLZO) stoichiometric
ratio with 75% extra Li by dissolving LiNO3, AI(NOs3)3-9H>0, La(NO3)3-6H20, zirconium(IV)
acetylacetonate into solvent mixed by methanol:1-methoxy-2-propanol:bis(2-ethylhexyl)
phthalate (1:1:1 vol.%) with a AlI-LLZO concentration of 0.015 M. The as-prepared SDS solution
was stirred overnight for 12 h before deposition. LiNO3 (> 99%), zirconium(IV) acetylacetonate
(97%), and 1-methoxy-2-propanol (>99.5%) were purchased from Sigma-Aldrich;
AI(NO3)3-9H>0, La(NO3)3-6H20 (99.99%), and bis(2-ethylhexyl) phthalate were purchased from
Alfa Aesar; methanol was purchased from VWR. Single-side polished MgO (001) substrates (10

% 10 x 0.5 mm), purchased from MTI Corporation, were used as the substrate for SDS deposition.

Four MgO substrates were placed on a heated stainless-steel hot plate at 300 °C with the polished
side facing up. A K-type thermocouple placed aside of the MgO substrate was used to monitor the
deposition temperature. To deposit a film, the SDS solution was pumped through a polypropylene
syringe at a rate of 10mL h™! into a spray atomizer (DeVILBLISS, AG361). Compressed gas with
a pressure of 0.3 bar at the atomizer was selected as the carrier gas, and the distance between the
atomizer and the MgO substrate was kept at 25 cm. The as-deposited AI-LLZO films were obtained

after a 30-min deposition.

4.5.2. Microstructure Characterization of the SDS-Processed AlI-LLZO Films

Surface and cross-sectional SEM images of the as-deposited Al-LLZO films were collected with
a Zeiss Ultra Plus field-emission scanning electron microscope using an accelerating voltage of
3.0-5.0 kV and a working distance of 3-8 mm. An in-lens SE detector was used for all the SEM
images presented in this paper. To prepare the cross-sectional sample, a diamond blade was used
to cut the sample into two pieces directly before the imaging to prevent surface contamination.
During imaging, conductive carbon tape was used to tape the side of the samples to provide

electronic conduction and improve the image quality.
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4.5.3. Thermoanalytical Characterization and Crystallization Kinetics Analysis

DSC was applied as a thermoanalytical tool to study the thermal properties and the crystallization
kinetics of the Al-LLZO films prepared by SDS. The samples for the DSC experiments were
collected in powder form by scratching off the as-deposited Al-LLZO films from the MgO
substrates. MgO crucibles (Ozark Technical Ceramics) were used for the DSC experiments to
avoid high-temperature reaction and diffusion between Al-LLZO and the ceramic crucibles. The
experiments were performed using a Mettler Toledo Thermal Analysis System TGA/DSC 3+
under a constant flow of synthetic air. Before each DSC measurement, the weight of the collected
Al-LLZO powder was recorded and used to normalize the DSC data. Four measurements were
performed from 50 °C to 1000 °C with heating rates of 5, 10, 15, and 20 °C min"!. A constant flow
of Ar (Airgas) was used as a protective gas during all the measurements. The collected DSC curves
were rectified by the background curve measured with empty MgO crucibles ahead of each
experiment. The obtained DSC curves were fitted and deconvoluted to peaks corresponding to

different crystallization steps. For each DSC curve, the peak temperature (T,,) and the enthalpy

change (AH) for each of the three crystallization steps were calculated.

4.5.4. Phase Evolution Characterization

The phase structure of the as-deposited and 520 °C, 620 °C, and 750 °C post-annealed (with a
heating rate of 5 °C min! and an isothermal holding at the annealing temperature for 15 min) Al-
LLZO films was characterized by Raman spectroscopy (WITec alpha 300 M+). A laser
wavelength of 532 nm with a power of 10 mW, a grating of 300 g mm!, and a spectral resolution
of 0.1 cm™! were applied to obtain all the Raman data. A 50x long-distance objective (Zeiss,
Germany) with a numerical aperture (NA) of 0.7 was used for the laser focusing, giving an

approximate laser spot size of 1 pm.

Raman spectroscopy was also used to analyze the phase structure of the AlI-LLZO films after post-
annealing routes suggested by the TTT diagram. The four AI-LLZO films were annealed at 500
°C for 10 h, 525 °C for 10 h, 650 °C for 5 h, and 750 °C for 15 min, respectively. The same laser
and objective length conditions described above were used for characterizing these four AI-LLZO

films.
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5. Chapter 5: Lithium Flim Ceramics for Solid-State Lithionic

Devices

Adapted from Yuntong Zhu, Juan Carlos Gonzalez-Rosillo, Moran Balaish, Zachary D. Hood,
Kun Joong Kim, Jennifer L.M. Rupp. Lithium Film Ceramics for Solid-state Lithionic Devices.

Nature Reviews Materials 6.4 (2021): 313-331.

Abstract

The search for alternatives to traditional Li" batteries has sparked interest in the chemistry and
manufacturing of solid-state Li" conductors. Li" conductors are traditionally processed as
millimetre-sized pellets using conventional ceramic processing routes. However, in thin-film form,
Li" conductors offer applications beyond energy storage, such as smart sensing. In this chapter, we
present the state-of-the-art progress and discuss challenges and opportunities for the integration of
Li-oxide films in microbatteries for energy storage and sensors for toxins and greenhouse gases.
Li oxides in thin-film form provide fast Li* movement, which increases cycle speed and endurance
of Li-conductor-based devices. We provide a future vision of lithionic devices integrating Li-based

ceramics for the design of microdevices beyond batteries.
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5.1. Solid-State Thin-Film Batteries

The increasing complexity of portable electronics and personal tracking devices has led to a
growing demand for energy storage solutions with improved gravimetric and volumetric energy
density.2?’*27 Current technologies mainly rely on Li* batteries with liquid organic electrolytes,
limiting the volumetric energy density of the battery. From an industry perspective, the targeted
energy density of next-generation batteries is >500 Wh kg!,2’” which is significantly higher than
that of state-of-the-art automotive Li* batteries (~210 Wh kg!),>’® with a target power output
density of 2000-4000 W L-! and a pack cost below 125 US$ kW h'1.2’” The replacement of liquid
organics with solid-state electrolytes is expected to not only reduce the volume and weight of
batteries, but to also enable the use of high-capacity anodes (for example, Li metal) and high-
voltage cathodes (for example, LiNigsMn;sOs or LiNij;3Co13Mny30;).126279280 Fyrthermore,
solid-state electrolyte films can be used as barriers for Li filament formation. To meet these energy

and cost targets, and to compete with liquid organic electrolytes, mass-manufacturable ceramic

processing techniques need to be developed that are suitable for thin films.

5.1.1. Thin-Film Battery Architectures

The fabrication of Li oxide solid-state electrolytes by ceramic thin-film processing technologies
gave rise to thin-film microbatteries, which are a promising solution for on-chip integrated energy
storage with 3D stacking potential and improved safety compared to liquid-electrolyte-based
battery packs.?8!-282 Solid-state microbatteries consist of two current collectors and an electrolyte
sandwiched between two active electrodes (Figure 5-1 a). Compared to classic Li* batteries, the
main difference is that microbatteries use a solid-state ceramic Li* conductor instead of an organic
liquid and a porous polymer separator. The rate performance of planar microbatteries is generally
lower than that of state-of-the-art Li* batteries. However, 3D microbatteries with a large interfacial
contact area can address this limitation, because they show better charge-transfer efficiency and
higher energy and power density owing to higher volumetric mass loading of the active electrode

materials.28%283
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Figure 5-1. Thin-film solid-state battery designs. (a) Standard design of a thin-film solid-state
microbattery.*® (b) 3D microbattery based on nanorods.”* (¢) 3D microbattery based on microchannels.”
(d) Interdigitated 3D battery.” (e) Energy density versus power density for various state-of-the-art battery
systems'2®?"3% panel (a) reprinted from Ref.*®. Panel (b) reprinted from Ref.?®*. Panel (c) reprinted from
Ref.*®. Panel (d) adapted from Ref. >

3D microbattery architectures can be fabricated by additive manufacturing using templates to
directly grow shapes, such as pillars or rods, for one of the electrodes, followed by film deposition
to add the electrolyte and second electrode. Alternatively, subtractive manufacturing can be
applied; for example, etching of channels in the substrate using shadow masking or
photolithography, followed by filling of the channels with the microbattery materials. Various 3D
microbattery architectures have been fabricated, including 3D microbatteries with nanorods, 3D
microbatteries with microchannels and interdigitated 3D battery structures (Figure 5-1 b-d).
Compared to planar batteries, the volumetric loading of the active anode and/or cathode is higher

in 3D architectures, leading to improved cycling performance.
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3D Microbatteries with Nanorods

Cu-nanorod current collectors grown by electrolysis can serve as template for the deposition of
conversion-type Fe3;Os (Figure 5-1 b).284287:301 The main advantages of this approach are the
simple fabrication of 3D electrodes and that the size of the nanorods can be tuned by using template
membrane or substrates. However, template-assisted deposition produces substrates with open

structures, which can affect the subsequent deposition of the battery layers.
3D Microbatteries with Microchannels

3D architectures of thin CuS films on gold- or nickel-coated silicon substrates can be fabricated
by forming microchannels using electrodeposition (Figure 5-1 ¢).?*° Electrodeposition allows the
control of the amount of deposited material, the formation of conformal layers onto 3D porous

structures and scalable depositions on large areas.
Interdigitated 3D Structures

Interdigitated 3D battery structures rely on the formation of 3D trenches (Figure 5-1 d). The
trenches are etched into polycrystalline Si, followed by low-pressure chemical vapour deposition
of TiN, which serves as current collector and Li-barrier layer. Compared to planar battery
geometries, the capacity of microbatteries with trench structures is at least 5 times higher.286-302
The main advantage of 3D trenches is the good processing compatibility with Si-based CMOS

manufacturing.

These 3D architectures permit solid-state diffusion of Li into the electrodes, which improves the
kinetics during charging and discharging of microbatteries. Furthermore, macroscopic film
techniques, such as bio-templating3°*3%* and 3D printing,?%>-% could be used in combination with
thin-film deposition techniques (vacuum-based or solution-based) to improve the electrochemical
performance of thin-film batteries with a better control of the charge-transfer kinetics at higher
charge and discharge rates. However, 3D printing is typically not used for thin films because it
requires post-sintering. In addition, details of the structure—performance relationships of 3D

microbatteries remain elusive thus far.
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5.1.2. Thin-Film Battery Materials

A variety of materials and electrode—electrolyte combinations are theoretically suitable for
microbatteries; however only two solid-state electrolytes have been used for the design of
microbatteries thus far (Table 5-1).4%126.127 For example, LiPON-based microbatteries show
impressive cyclability of up to 10,000 cycles at a rate of C/10 with a Li metal anode, a
LiNigsMn 504 cathode and a LiPON electrolyte film (thickness of 1-2 pm).*® In this microbattery,
a planar cell is deposited on an alumina substrate, and the cathode and electrolyte films are
fabricated by radio frequency magnetron sputtering.*® The good rate performance demonstrates

the potential of LiIPON as a solid-state electrolyte, which has already been commercialized.

Table 5-1. Li-oxide-based all-solid-state thin-film batteries.**'2¢1?7

Material Deposition method Capacity Cycling
-1

Electrolyte Cathode Anode Electrolyte Cathode Anode L)l

LiPON LiCoO, Li metal RF sputtering RF Thermal 137 4,000
sputtering evaporation

LiNi,sMn, O, Limetal RF sputtering RF Thermal 122 10,000

sputtering evaporation

Perovskite LiNi;sMn, O, LiNi;sMn,,O, PLD PLD PLD - 50

(amorphous

LLTO)

LiPON, lithium phosphorus oxynitride; LLTO, Li, La,,,_,;TiO,; PLD, pulsed laser deposition; RF, radio frequency.

Microbatteries based on perovskite-structured LLTO solid electrolytes have not yet reached the
maturity of LIPON-based microbatteries (Table 5-1). For example, aLLTO films can be deposited
by PLD onto LiNip.sMnj 504 to form a half cell, which maintains 98% capacity retention for 50
cycles up to 4.8 V.27 Only very recently, the first aLLZO-based microbattery was demonstrated
with aLLZO acting as a solid electrolyte separator layer and cycled at 10 C for over 500 cycles.!®?
Nevertheless, to the best of our knowledge, thin-film microbatteries with NASICON-based
electrolytes have not yet been developed, possibly owing to the fact that the high conductivity of

these materials in film form has only recently been reported.

The interplay between high current density (> 1 mA cm2) and safety is an important consideration

for microbatteries. Cycling at high current densities would enable faster charge and discharge,
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facilitating new applications of microbatteries in lithionic devices, for example, three-terminal
memristive devices. However, nucleation and growth of Li dendrites can occur in solid electrolytes,
including in poly- and single-crystal garnet-type LLZO and amorphous sulfide.'*® Grain
boundaries are susceptible to Li dendrites and facilitate their intergranular propagation through the

solid electrolyte (demonstrated in bulky pellet tests) at low current densities.!”3-%7

By contrast, in
amorphous LiPON, Li deposition is confined to an artificial LIPON-LiPON interface (prepared
by radio frequency magnetron sputtering), which is located parallel to a LiCoO, cathode.?*® The
confinement of Li dendrites to the LIPON-LiPON interface suggests that the homogeneous, grain-
boundary-free morphology of amorphous LiPON is crucial for the blocking of Li dendrite growth,
even at high current density (that is, 10 mA cm™).!263% QOther amorphous Li-oxide films, for
example aLLTO,%%° could also be integrated into microbatteries, which will require a thorough
investigation of the electrode—electrolyte interface to establish the electro-chemo-mechanics and
to develop microbatteries with high volumetric energy density. To overcome dendrite growth in
microbatteries, grain-boundary chemistry and interparticle structures could be modified to
improve the mechanical strength, toughness and elastic modulus of the solid-state electrolyte. In
addition, the strains at the interfaces in microbatteries, which can be induced by lattice mismatch
or by the substrate, need to be analysed in detail. Finally, fully amorphous and defect-free Li oxide
electrolytes with high Li* conductivities could be developed to minimize non-uniform current

densities and to prevent dendrite propagation; the bandgap, surface chemistry and transference

number of the electrolyte need to be considered to engineer barriers for Li dendrites.

5.1.3. Power and Energy Density

Cyclability of up to 10,000 cycles has been demonstrated for state-of-the-art microbatteries with a
Li-metal anode; however, cyclability at high current densities (>1 mA cm™) needs to be achieved
to enable their application in lithionic devices. The energy and power densities of microbatteries
can vary by nearly 5 orders or magnitude per unit area (Figure 5-1 e). The highest power density
(30 mW-cm™) has been reported for LiPON-based microbatteries.’® Therefore, a common
research goal is to increase the power and energy densities of Li-metal batteries to > 1 mW cm 2
pum 'and > 1 J cm2 pm™!, respectively (Figure 5-1 e), which requires the transformation of

conductors from pellet or tape form to thin-film form to produce thin-film solid-state electrolytes
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with high Li* conductivity (>10 S cm!' at room temperature) coupled with 3D architecture
electrodes. Indeed, integrating amorphous solid electrolytes directly into 3D microbatteries would
increase the power and/or energy densities of the entire cell; however, the electrode—electrolyte
interfacial compatibility needs to be thoroughly investigated and the interfacial resistance reduced.
The interfacial reaction, which can extend up to 100 nm and adversely affect battery
performance,®'? can be prevented by applying an interfacial barrier layer between the electrode

and the electrolyte (as thin as 5 nm).3!!

Thin-film processing enables the integration of different thin-film Li-conductors into
microbatteries and more precise tuning of grain-boundary chemistry and structure as compared to
sintered ceramics; however, the chemistry at grain boundaries needs to be resolved at the atomic
scale. Faster charging and discharging rates as well as higher volumetric and gravimetric energy
densities will be achieved in solid-state microbatteries by capitalising on the advances in Li-thin-
film conductor fabrication as solid-state electrolytes with higher Li ion conductivities (for example,
thin-film Li-garnets), as well as by designing batteries with porous electrodes enabling high

loadings of high-voltage cathodes.!?-248

5.2. Solid-State Electrochemical Sensors

Severe air pollution and emission of greenhouse gases in major cities around the globe caused by
human and industrial activities®!>3!3 has accelerated the irreversible melting of Antarctic glaciers,
triggering a rapid rise in sea levels.>!4316 Therefore, there is an increasing interest and need for
monitoring gas-phase chemicals, such as carbon oxides (COy), sulfur oxides (SOx), nitrogen oxides
(NOx), ozone and volatile organic compounds. The commercial small gas sensor market for
monitoring ambient gas is segmented by technology, that is, resistive (semiconductor metal oxide)
sensors, electrochemical sensors, and dispersive infrared radiation absorption and photo ionization
detection sensors. Solid-state electrochemical gas sensors are not as sensitive as resistive sensors,
but offer higher selectivity and stability, making them suitable for sensing of multiple gas
species.’!” Furthermore, solid-state electrochemical gas sensors do not require as high maintenance
as photo ionization sensors, which need periodic calibration and lamp replacement.!7318 In

addition, they are available for a wide range of gas chemicals, as compared to infrared radiation
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absorption sensors, which show water—vapour and multi-gas interference.’!’3!" Moreover,
electrochemical sensors have the potential for miniaturisation from ceramic pellet and thick-film
components to on-chip devices using functional thin films as sensor components.?!*-322 Solid-state
electrochemical gas sensors can be divided into three classes based on their operating principle
and their specific input and output sensing signals: potentiometric, impedancemetric and
amperometric gas sensors. As opposed to amperometric sensors, potentiometric gas sensors
operate under thermodynamic principles and are independent of device geometry, obviating the
need for complicated electronics and making them cost-effective and suited for a variety of

applications.

5.2.1. Potentiometric Gas Sensors

Potentiometric gas sensors are composed of an electrochemical cell with a sensing electrode (SE),
a solid electrolyte and a reference electrode (RE). Derived from the Nernst equation,’?* the
difference in the chemical potential and different partial pressures at the two electrodes define the
electromotive force (EMF) of the gas sensor, characterising the voltage of the cell. Depending on
the ionic species of the gas, potentiometric gas sensors can be classified into type I (mobile ions),

type IT (immobile ions) or type III (neither mobile nor immobile ions).!??

In type I sensors, the detected gas species reacts with the solid electrolyte at the gas—SE—electrolyte
triple phase boundary, and is then converted into a mobile ion in the solid electrolyte (Figure 5-2
a). Type I sensors are typically used as O, sensors,*?* for example, in automobile exhausts with a
zirconium dioxide electrolyte and porous platinum electrodes. However, these sensors are not
commonly used for complex gases composed of multiple elements owing to a lack of solid-state
electrolytes that can conduct complex and often immobile gas species in the solid state.*?! By
contrast, type II sensors (Figure 5-2 b) enable the detection of more complex gas species, such as
CO2, NOx and SOy, because the gas species is identical to the immobile ions in the electrolyte.
Unlike in type I sensors, in type Il sensors, ions different from the gas phase species have sufficient
mobility to conduct in the solid electrolyte.*2>326 From an electrochemical cell design perspective,
both type I and type II sensors require separate gas environments for the SE and RE, which makes
their integration into commercial applications more complex.??? In type I1I sensors (Figure 5-2 c¢),

an auxiliary phase is used for the SE, which contains both the gaseous ions and the mobile ions
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from the solid electrolyte.!%>321-322 Type III sensors offer high sensitivity independent of size, but

they rely on the number of triple-phase-boundary reactive sites in the auxiliary electrode.

Compared with type I sensors, type III sensors also allow the detection of complex gas species,

such as CO,, NOy and SOy.!?*327 Moreover, owing to the presence of an auxiliary phase, the

selection of mobile and immobile ions for the solid electrolyte is not restricted as in type Il sensors,

which opens the door for fast ions, such as Na* or Li",

and for as of yet unexplored material

combinations for sensing devices operating at low temperatures.
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Figure 5-2. Solid-state electrochemical gas sensors. Electrochemical gas sensors based on Weppner’s

classification.’?

(a) Type [ solid-state electrochemical gas sensors operate by direct measurement of mobile
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ions in the solid electrolyte. (b) Type II solid-state electrochemical gas sensors operate by indirect
measurement of immobile ions in the solid electrolyte. (¢) Type III solid-state electrochemical gas sensors
operate by analysis of other ion species through auxiliary solid phases. (d) Type III pellet-based CO;
potentiodynamic sensor with a lithium phosphorus oxynitride (LiPON) electrolyte and Li>CO; as the
sensing electrode.’”® (e) Type III CO, potentiodynamic sensor with a LisPO, thick-film electrolyte and
Li,CO; as the sensing electrode.”® (f) Comparison of sensor response time and operating temperature of
Li-conductor-based solid-state CO, sensors, including Na super ionic conductor (NASICON)-based
sensors, 3% i super ionic conductor (LISICON)-based sensors,™’** Li;La;Zr012 (LLZO)-based
sensors,' !  LisPOs-based  sensors,*?’**3*%  garnet-type  LigBaLa,Ta,O1-based  sensors,*
LisxLas;s—3TiOs (LLTO)-based sensor’* and LiPON-based sensors.**® (g) Comparison of sensor response
time and operating temperature of state-of-the-art solid-state potentiometric SOy sensors, including sensors
based on stabilized zirconia,*****’ NASICON,?7-348-351 [3”—211urnina,352"356 sulfates,®’ alkaline-ion-
conducting electrolytes®*®**° and Li-conducting electrolyte-based sensors.**® (h) Comparison of sensor
response time and operating temperature of state-of-the-art solid-state potentiometric NOy sensors,
including LISICON-based sensors,”’ zirconia-based sensors’®' " and NASICON-based sensors.***>"
Panel (d) reprinted from Ref.*?*. Panel (e) reprinted from Ref.*?’.

5.2.2. Type III Gas Sensors

Solid electrolytes for type III sensors must provide high ionic conductance to ensure a fast sensing
response with high thermal and chemical stability for the detection of a specific gas. Type I solid-
state gas sensors require a high operating temperature (> 600-1000°C) with zirconia-based
electrolytes to account for insufficient oxygen ion conductance (~107® S cm™ at 300 °C). By
contrast, type III sensors with a LiPON pellet-based electrolyte (Figure 5-2 d)*?8 or a Li3PO4 thick-
film electrolyte (Figure 5-2 e)*%* require a medium-to-low temperature range (<500 °C) for Li ion
conductivity (~1078-10"° S cm™' at ambient temperatures).!*%4! However, lower operating
temperatures and response times (<60 s) are needed for applications of these sensors on chips and
noses. The sensing speed of solid-state type III gas sensors is mainly limited by the low mobility
of Li* and Na" ions in the solid ceramic thin-film electrolyte, in addition to slow gas oxidation
kinetics at interfaces and poor long-term chemical and structural stability under a reactive
atmosphere (such as, humidity and SOx). Solid-state Li-conductors with high conductivities could

address these limitations.

The development of type III sensors has historically been related to progress in ceramic
manufacturing and to the phase determination of fast Li- and Na-ion conductors primarily applied
in batteries. Type III electrochemical solid-state potentiometric gas sensors using Li* or Na* have
been explored for the detection of COx (Figure 5-2 f), SOy (Figure 5-2 g) and NOy (Figure 5-2 h)

gas. Oxide-based Li-conductors, such as Li super ionic conductor (LISICON),337:338
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Li3PQ4,329-339:3415343 oqrnet-type LigBaLa,Tax012,>** perovskite-type LLTO,**® and garnet-type
LLZO have good structural and chemical stability and sufficiently high ionic conductivities (>107°
S cm! at room temperature)*37! for fast sensing at low temperatures. Oxide-based Li-conductors
are usually processed as millimetre-sized pellets and have mainly been used for environmental
CO: sensing thus far (Figure 5-2 f). Fast conductors, such as Ta-doped LLZO pellets, have also
been integrated in potentiometric type III gas sensors, showing high Li* conductivity and good
electrolyte stability, and thus, a fast CO2 sensing response time of <60 s at an operating temperature

of ~320 °C.!%3

In general, Li-electrolyte materials in sensors are thick (0.8—20 pm) and pellet- or tube-based, and
they require high operation temperatures and show slow response times (>60 s). For example, Na*-
conducting NASICON electrolytes, which can be used for the detection of CO»,330335372 guffer

373-375

from poor structural stability in humid environments, cross-sensitivity with other gaseous

species,’’® and, most importantly, the need for high operation temperatures (> 400 °C)330-333.377
owing to sluggish electrolyte conduction, electrode kinetics and long response times (>60 s)

(Figure 5-2 f).30377378 SO, sensors using stabilized zirconia,3*¢347

Na-conducting
NASICON, 327348399 B"" _alumina3>33¢ or other alkaline-ion-conducting materials**®%° (Figure
5-2 g) have similar problems (that is, high operating temperature, long response time and poor
electrolyte stability in an SOx environment). By contrast, state-of-the-art solid-state NOx sensors
(Figure 5-2 h) with perovskite-based,*” zirconia-based?¢!38038! or NASICON-based?%%-370-382
electrolytes require lower operation temperatures (~200 °C).These type III sensors are further

limited by poor selectivity, stability and sensitivity in corrosive environments (Table 8-9).

Li-based thin-film sensors could enable the design of cost-effective, low-power multi-sensing
arrays with a fast response, new sensing electrode chemistries and an expanded scope of gases (for
example, COx, SOx and NOx). However, this will require a reduction of the operating temperature
and response time, which may be achieved by thin-film processing of Li-oxide films by wet-

¢ and vacuum-based techniques,'?° which allow sufficient control of the lithiation

chemistry!?
stoichiometry during manufacturing and conductivities of >10~> S cm™! at ambient conditions. In
addition, films processed at low temperature, in particular, amorphous Li-phases, could reduce
fabrication costs and enable integration with on-chip applications. Fabricating stable Li-based thin

films for sensors may be challenging; however, clever material selection considering electrode,
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electrolyte and gas chemical compatibility and adequate encapsulation solutions may resolve the

stability issue, which will require multidisciplinary contributions.

5.3. Conclusions and Outlook

The development of new chemistry and processing methods for solid-state Li ceramics has enabled
a new generation of Li* batteries. The downscaling of solid-state chemistries to film form will
further increase the variety of Li" conductors, whose variability in terms of Li intercalation and
de-intercalation and fast solid-state ionic motion make them interesting for applications beyond
batteries; for example, Li" conductors for environmental, health and chemistry sensors. Indeed,

the functionalities can be further expanded by changing the electrode electrochemistry.

We envision that lithionic chip units could be made of one type of Li" conductor film. The
electrochemistry could then be defined simply by varying the electrode material. For example, by
reducing the size of Li ceramics from millimetres to micrometres or nanometres, a variety of new
functionalities can be achieved using one type of material. From environmental and economic
viewpoints, using less materials and reducing the effective ceramic mass per device volume also
decreases the amount of waste and costs; for instance, commercialized LiPON-based
microbatteries for small-scale energy storage could also become an integral part of electrochemical
sensing units or neuromorphic computing units. Similarly, multifunctional devices, such as three-
terminal computation units coupled with microbatteries (for example, Li reservoir), could combine

two or more functionalities in one on-chip device unit.*’

Solid-state lithionics offer vast application opportunities based on Li ceramics in film form, whose
chemistry and thermal processing can be modified to design a range of microdevices beyond
batteries. Collaborations between material scientists, chemists and device engineers will lead to
new material chemistries and device structures, to achieve the ambitious goal of using Li ions to

power, compute and sense the world.
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6. CHAPTER 6: Conclusions and Future Directions

6.1. Conclusions

In this thesis, we explore the local structure of a new class of high entropy Li* conductors, namely,
amorphous to crystalline LLZO, and their low-temperature processing options for future

applications in lithionic devices.

First, in Chapters 2 and 3, we explore the near order structure of high entropy alLLZO, with the
highest number of LBUs (> 4) being identified so far, that can be stabilized over an unusual wide
thermal processing window at low temperatures (up to 650 °C). A multi-faceted investigation has
been carried out to resolve the structure of these high entropy aLLZO phases, to identify the major
roles of the LBUs, and to understand their implications on Li-dynamics. Specifically, we observed
via XAS and 'Li NMR edge- and face-shared LiOx, LaOx, and ZrOx LBUs in aLLZO phases; these
edge- and face-sharing CRNs in amorphous Li garnets offer wider opportunities to tune the ion
transport. Within these aLLZO phases, Li and Zr have been identified as network former and La
as network modifiers, with the highest Li* conductivity observed for films with smaller Li—O, and
Zr-0O coordination. Moreover, we design a model study to probe the effect of network modifier
La concentration on the near order, MRO, and LRO structure of aLL.ZO, and define its solubility
limit in aLLZO. The MRO analysis via FEM confirmed La role as a network modifier in aLLZO
when La stays in its solubility limit in aLLZO; increasing the La concentration leads to greater
separations between the 1% nearest neighbors of Zr—O and La—O within the same LBU and the 2
nearest neighbors of Zr—La across two adjacent network former and modifier LBUs. We also
define the solubility threshold between 100 mol.% and 150 mol.% for La in aLLZO via Raman
spectroscopy. Further, we propose a sorting metric by contextualizing this material class towards
other ‘low entropy’ amorphous Li electrolytes based on the numbers and types of network formers
and network modifiers and their LBUs hierarchy. Collectively, we see these efforts set the
cornerstone for designing aLLZO local structures to achieve the optimal Li+ transport and

mechanical properties for use as solid electrolytes in batteries and other lithionic devices.

Second, in Chapter 4, novel annealing routes to synthesize cLLZO films via SDS that bypass
sintering is designed and validated, which only require half of the temperature used to densify

cLLZO pellets and tapes. To achieve this goal, we develop the 1% TTT diagram for the glass-
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ceramic LLZO based on the crystallization enthalpy analysis as well as the local structure and
phase evolution studies. The TTT diagram provides insights on optimizing the synthesis conditions
to achieve the lowest crystallization temperature ever reported to stabilize cLLZO as a dense solid
film at 500 °C as proven by Raman spectroscopy. This work provides guidelines for the use of
liquid-to-solid densifications such as SDS synthesis in a combination of TTT diagrams to define
new annealing routes to stabilize cLLZO and Li-containing ceramics beyond cLLZO, that assist

the low-cost sustainable Li* ceramic film production towards batteries and lithionic applications.
p pp

Finally, we present in Chapter 5 an overview of the state-of-the-art progress in applying Li*
ceramic film towards lithionic applications for energy storage and sensors for toxins and
greenhouse gases. We specifically discussed the existing challenges especially associated with Li*
thin-film processing, and the future opportunities we foresee from today. We anticipate the effort
of this thesis to aid the integration of low-temperature-synthesized aLLZO and cLLZO for

microdevice applications beyond batteries.

6.2. Future Directions

6.2.1. Alternative Network-Modifier Dopant for aLL.ZO to Optimize Li* Transport and

Thin-Film Mechanical Properties

Through the definition of the La role in aLLZO as a network modifier in this thesis, we see
perspective to explore dopants at La sites to further modulate the amorphous near-order structure
and optimize Li" transport as well as thin-film mechanical properties towards device integration.
Future work can focus on elements in the Lanthanide series, e.g., Ce and Er, which have the same
valance number and the same outmost shell electronic structure but different atomic radii, and
alkaline-earth metal elements in group II, e.g., Ca and Sr, which offer a “1+” difference in valance
state. Both groups of dopants can alter the field strength surrounding the network modifier
elements and therefore modulate the coordination and connection of LBUs within aLLZO, which
directly influences the Li" transport and mechanical properties of the aLLZO thin films. These
transport and mechanical properties can be crucial in determining their usefulness in lithionic
devices such as batteries and electrochemical gas sensors. We encourage both computational and

experimental efforts to investigate the role of these network-modifier dopants in aLLZO structure.

131



6.2.2. Integrating Low-Temperature-Processed aLLLZO and cLLZO Films into Lithionic

Devices

Another direction to be explored is towards device-level integration of these low-temperature and
low-cost processed aLLZO and cLLZO films. Specifically, these Li* electrolyte films can be
integrated as Li* electrolyte layers in SSBs, memristors, and electrochemical gas sensors or as
protective coating layers in hybrid batteries. No matter which lithionic devices they are functioning
in, special attention should be paid to the chemical and electrochemical stability at interfaces. For
instance, electrochemical stability between various aLLZO phases vs. Li metal anode should be
clarified for battery applications. Furthermore, CCDs, being critical in determining the battery
power performance, are also encouraged to be measured for various highly Li*-conductive aLLZO
phases designed based on careful selection of network modulating dopants. Furthermore, low-
temperature processing routes developed by this thesis can be explored for scaleable production
of batteries and other lithionic devices to lower processing costs and energy consumption and

achieve environmental sustainability goals.
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8. Appendices

8.1. Appendix A: Supplementary Information to Chapter 2

Discovery timeline of amorphous solid-state Li* electrolytes (bulk vs. thin films)

In the quest for alternative amorphous solid-state Li* electrolyte materials, we wish to briefly
review the discovery timeline (Figure 2-1 ¢), which is often connected to prior crystalline phase
discoveries and more complicated structure types. In the 1980s, a promising perovskite-type LLTO
electrolyte was first discovered to have high Li ion conductivity and was synthesized in crystalline
pellet form. However, it was only until 2004, about 30 years later, the first aLLTO was synthesized
in thin-film form through high-energy PLD deposition. Since then, aLLTO gained increasing
amount of attentions because of its improved Li" conductivity (than crystalline LLTO) and reduced
processing temperature requirement. However, the local structure of the aLLTO film, till now, has
not been resolved, although device level implementation has been successfully demonstrated.
Around the same time in the late 2000s, a few other amorphous perovskites oxygen film conductors
(i.e., BaTiOs, SrTiOs, and BaZrOs) also raised attention and the near order structure and O
conduction mechanism has been resolved in detail, which also offer structural insights for aLLTO.
In the year of 2008, a new structure of garnet-structure LLZO synthesized in its crystalline cubic

phase has been discovered with high Li* conductivity of 103 S cm!, 135094105 wide electrochemical

+) 20,383 170,371
3

stability window (nearly stable at 0 V vs. Li/Li good chemical stability, and non-
flammability,”! which was considered as a promising solid electrolyte candidate for solid state

batteries.

It is only rather recent, in 2012, that the first amorphous phases of LLZO were reported to be
existent by RF sputtering, providing ionic conductivity up to 4 x 1077 S cm!. In 2018, Rupp et al.
demonstrated that for several aLLZO phases existed for films synthesized by PLD at different
temperatures for which the conductivity and activation energy varied accordingly. However, it
remains unclear in these findings what are the structural roles of different metal cations and how
they affect Li ion conductions in the film. In addition, the so far reported aLLZO films were all
prepared by high energy vacuum-based deposition techniques (RF sputtering and PLD), which is
hard to achieve film thickness > 500 nm and limit its potential for scale-up manufacturing in

industry.
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Additional analysis of Raman spectra:

Intensity (a.u.)

Figure 8-1. ex sifu Raman spectra collected for as-deposited film and crystalline cLLZO film after 750 °C
annealing. Reference spectra of cLLZO and t LLZO, delithiated La,Zr,O7 and Li,COj are also presented.

For the spectrum of the as-deposited film (Figure 8-1), peaks at 241 cm™ and 738 cm™! were
observed, indicating the presence of undecomposed LiNO3 precursor salt. The LiNO; precursor

decomposes at 400 — 500 °C (detailed discussion about precursor decomposition and chemistry

E T 750 °C annealed
] ig ET
T, T, v 2
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changes can be found in Ref. 1),

We identified cubic phase Li-garnet from the spectrum of 750 °C annealed sample. The two intense
peaks at 113 and 130 cm™! are identified as T», and E; mode of O-La—O vibration. The peak
centered at 218 and 261 cm™! were assigned to the oxygen-bending band of T2z and A1g,'*” and the

uprising peaks centered at 377, 418, and 482 cm’! were assigned to the O-Li—O vibration bands
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(T2g and Eg/T2g) in LiOs octahedra.?”® The two broad peak centered at 587 and 648 cm! are

assigned to Aig mode of O—Zr-O stretching.!¥%-2%

It is also important to stress that the peaks in the in situ heating spectra (Figure 2-2 ¢) exhibit a
left-side shift toward lower wavenumbers compared with those in the reference spectra and the ex
situ Raman spectra. This phenomenon is commonly observed in in sifu heating experiments
because of the more significant thermal vibration at elevated temperatures, which leads to

increased average bonding distances and weaker bond strength.

DSC analysis:

O
£ organics and solvent
g decomposition
~ |2
5 Q
8
[6)
%)
o |e
E . . 2™ crystallization peak
o Li-nitrate melting
1=
=
o]
g 1% crystallization peak
L L L
200 400 600 800

Temperature (°C)

Figure 8-2. Non-isothermal DSC of LLZO films by SDS from 150 °C to 800 °C. The four peaks from lower
to higher temperature represent endothermic Li-nitrate melting, exothermic Li-nitrate decomposition, 1*-
step crystallization and 2™-step crystallization, respectively.

Fourier transform of TEM:

H Amorphous garnet E Pyrochlore La,Zr,0, tetra-LLZO n cubic-LLZO

(112) (230)

(112)

Figure 8-3. Fourier transform of HR-TEM images in the region of (a) aLLZO, (b) Pyrochlore La,Zr,O,
(¢) tLLZO, and (d) cLLZO.
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XAS analysis:

Table 8-1. Summary of the estimated Zr coordination and associated error from linear combination analysis
of XANES and summary of the estimated nearest neighbor distance (Zr—O) and associated error of Zr from
EXAFS of Li-garnet films post-annealed at 500 °C, 600 °C, 650 °C, and 750 °C. Fitting errors of Zr
coordination is shown in the parentheses. Uncertainties in the last significant digit of first nearest neighbor
distance are shown in parentheses.

Post-annealed Temperature (°C) 500 600 650 750
N(Zr-0) 6.9(1.1) 6.2(1.0) 6.3(1.0) 5.5(1.2)
R(Zr-0), A 2.12(1) 2.11(1) 2.10(1) 2.10(1)
c? (Zr-0), A? 0.0076(25) | 0.0042(20) | 0.0054(25) | 0.0047(28)

The in situ TEM data from Figure 2-2 e suggests that the nucleation of La>Zr,O7 already occurs
at 500 °C. However, the effect of La;Zr,O7 nucleation on Zr local structure arrangement remains
undefined. Thus, we specifically performed linear-combination fitting for the 500 °C Zr K-edge
XANES spectrum with the 750 °C crystalline garnet spectrum measured from this work and the
nanocrystalline-ZrO» (nc-ZrO) spectrum from the literature??” as standards. First, by comparing
the Zr K-edge XANES region of the 500 °C spectrum and the two standard spectra, we observed
the presence of six isosbestic points in the 500 °C XANES spectrum at 18,017, 18,027, 18,045,
18,065,18,086, and 18,110 eV (Figure 8-4), whereas at these energy levels, the X-ray absorbance
does not change among the 500 °C amorphous, 750 °C crystalline garnet, and nanocrystalline ZrO»
spectra. The isosbestic points indicate that the local structure around Zr is heterogeneous,
consistent with the phase mixture (aLLZO + nucleation of La;ZrO7) observed in in situ TEM
(Figure 2-2 e). Quantitatively, the linear combination analysis suggests that the 60.9 mol.% Zr
local structure at 500 °C is close to that of the 750 °C annealed sample and the 39.1 mol.% of the
Zr local structure is close to that of the nc-ZrOs structure (Figure 8-5).2°7 We may conclude that
those 39.1 mol.% of Zr in the 500 °C film, which has a similar local structure as nc-ZrO,
participated in the nucleation of La>Zr.O7 while the rest remained as ZrOx LBUs in the amorphous

Li garnet.
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Figure 8-4. Comparison of the Zr K-edge XANES spectra of the 500 °C and 750 °C samples with the
reference of ZrO; (nc). Multiple isosbestic points indicate heterogeneous environment of Zr in the 500 °C
sample. Inset: The local structure in monoclinic ZrO, and tetragonal ZrO, from Ref. *°".
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Figure 8-5. Fitting of XANES spectrum of 500 °C annealed Li-garnet film (LLZO 500 °C) after linear
combination analysis with spectra of 750 °C annealed sample (cubic phase) and nanocrystalline ZrO;
selected as standards.
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Figure 8-6 Fitting of the nearest neighbor (1* shell) of Zr k-edge EXAFS spectrum of 500 °C annealed Li-
garnet film (LLZO 500 °C).
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Figure 8-7. Fitting of the nearest neighbor (1% shell and 2™ shell) of Zr k-edge EXAFS spectrum of 600 °C
annealed Li-garnet film (LLZO 600 °C).
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Figure 8-8. Fitting of the nearest neighbor (1 shell) of Zr k-edge EXAFS spectrum of 650 °C annealed Li-
garnet film (LLZO 650 °C).
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Figure 8-9. Fitting of the nearest neighbor (1 shell) of Zr k-edge EXAFS spectrum of 750 °C annealed Li-
garnet film (LLZO 750 °C).
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NMR analysis:

Table 8-2. Summary of the FWHM and associated error after Gaussian fitting of ’Li MAS NMR peak of

post-annealed Li-garnet films at 500 °C, 600 °C, 650 °C, and 750 °C (room temperature, 16.5 T).

Table 8-3. Summary of the change of chemical shift, §, and associated error after Gaussian fitting of 'Li
MAS NMR peak of post-annealed Li-garnet films at 500 °C, 600 °C, 650 °C, and 750 °C (room temperature,

16.5 T).

Post-annealing Temperature (°C) 500 600 650 750
FWHM (kHz) 1.168 1.207 1.187 1.012
Error (kHz) +0.014 | +0.009 | +0.011 | +£0.009

Post-annealing Temperature (°C)

500

600

650

750

o (ppm)

-0.439

-0.421

-0.275

0.824

Error (ppm)

+0.015

+0.013

+0.013

+0.014

Sample 750C

224 K
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242 K
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262 K
272K
282 K
292K
300 K
330K
350 K
370K
390 K
420K

80 60 40 20 0 -20-40 -60 -80
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Figure 8-10. 'Li Variable Temperature (VT)-NMR spectra measured from 224K to 420 K for 750 °C
annealed crystalline cubic Li-garnet (11.8 T).
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Figure 8-11. 'Li VT-NMR spectra measured from 300K to 420 K for 650 °C annealed aLLZO (11.8 T).
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Figure 8-12. Static 'Li NMR spectra of Li-garnet films post-annealed at 500 °C, 600 °C, 650 °C, and 750
°C measured at room temperature on a 16.5 T magnet.

Table 8-4. Summary of the FWHM and associated error after Gaussian fitting of 'Li static NMR peak of
post-annealed Li-garnet films at 500 °C, 600 °C, 650 °C, and 750 °C (room temperature, 16.5 T).

Post-annealing Temperature (°C) 500 600 650 750
FWHM (kHz) 7.325 7.521 7.452 | 3.074
Error (kHz) +0.056 | £0.069 | +£0.063 | £0.079
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Figure 8-13. FWHM of "Li chemical peaks from static NMR spectra (room temperature, 16.5 T). With
increasing annealing temperature, a peak sharpening and a more Lorentzian than Gaussian lineshape is
observed. The largest FWHM is found for the 650 °C annealed film and smallest FWHM for the 750 °C
annealed film (crystalline cubic). Small fitting errors indicate the changes are significant.

Analysis on the Li* transport

Nyquist plots measured at 78 °C and 150 °C are shown in Figure 8-14 and Figure 8-15 where
only one semicircle at high-to-medium frequencies and a straight-line tail toward high impedance
values at low frequency are observed. The semicircle can be reflected as the bulk and grain
boundary contribution of Li" transport. Meanwhile, the low-frequency part of the straight-line tail
matches well with the typical behavior of a blocking electrode and was thus assigned to the top Pt

electrodes.
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Figure 8-14. Representative Nyquist plot for 750 °C annealed film measured at 78 °C.

147



5| —e—150°C
4+
G
23
£
N
2F °
o/
631 Hz o«
e
.
T .,d.l\. 40Hz .’./‘/Pt blocking electrode
o° Ry gamet ..ﬁjo'..
0 L \ !
0 1 2 3 5 6

Zreal (MQ)

Figure 8-15. Representative Nyquist plot for 750 °C annealed film measured at 150 °C.

Table 8-5. Summary of Li" conductivity at 30 °C and 188 °C and activation energy for amorphous and

crystalline Li-garnet films annealed at different temperatures.

Annealed temperature / °C

Conductivity at 30 °C
(extrapolated), 63,/ S-cm!

Conductivity at 188 °C,
G155 / Scem?t

Activation
energy, E, / eV

500 1.44 x 10° 2.77 x 103 0.782
600 1.85 x 10 3.44 x 10 0.604
650 5.59 x 108 4.58 x 106 0.360
750 2.51 x 10°¢ 1.66 x 10+ 0.343

Building a phase—local ordering— Li* transport relationship:

Based on the insightful data collected from various spectroscopy and microscopy techniques, we
reflect on the effect of phase evolution and local ordering on Li* conductivity for amorphous and
crystalline Li-garnet films. First, we compared the structure and transport properties among
amorphous films (Figure 8-16). In terms of phase evolution, the Raman spectra and in sifu HR-
TEM images (Figure 2-2 c, e) suggest a two-step crystallization event, with the first step being
the nucleation and growth of La>Zr,O7 nanocrystals in an amorphous film starting from 500 °C
and the second step being the lithiation of La>Zr.O7 nanocrystals and the formation of tLLZO
starting from 650 °C. Importantly, the second-step lithiation process consumes Li in the amorphous
phase, resulting in a lowered Li concentration in the aLLZO film at 650 °C relative to that in the
amorphous phase at 500 °C—600 °C. In terms of the LBU evolution among the amorphous phases,
the maximum local structure disorder was observed near the crystallization peak temperature

measured from DSC (Figure 2-2 d) at approximately 600 °C, with the highest Li disordering and
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largest Li coordination compared with those of the 500 °C and 650 °C phases (Figure 8-16). This,
in turn, suggests the formation of a vast amount of face- and edge-shared LiOx LBUs. The high Li
local disordering hinders the Li" transport and thus results in low ionic conductivity and high ion-
transport activation energy. Further increasing the annealing temperature to 650 °C, a reduced Li
disordering and smaller Li coordination numbers are observed (Figure 8-16). This implies that
more corner- and edge-shared LBUs are formed with improved short-range ordering during the

lithiation of La>Zr>O7, which leads to the increase in ionic conductivity.

Next, we compare the structure and Li" transport properties between aLLZO and the 750 °C-
annealed crystalline cLLZO. Unlike the amorphous structure, the HR-TEM images of the 750 °C
sample suggest a polycrystalline film with cubic-phase lattice structure. In terms of the Li*
transport, we see in Figure 8-16 a sharp increase in the room-temperature Li" conductivity to 1.66
x 10* S cm™!. The improved Li" transport is due to the formation of a LRO structure in the cLLZO
film, which is connected by corner- and edge-shared Li, La, and Zr LBUs but not the face-shared
ones. In addition, the Li local ordering significantly improved with a smaller Li coordination than

the values obtained for the amorphous phases, resulting in a reduced activation energy barrier for

ot
Li" transport.
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Figure 8-16. Comparison of Li local structure (chemical shift and FWHM of "Li MAS NMR spectra) and
Li" conductivity as a function of annealing temperature (500 °C, 600 °C, 650 °C, and 750 °C). A more
positive chemical shift of 'Li MAS NMR represents smaller averaged coordination of Li, and vice versa. A
larger FWHM indicates a higher degree of Li local structure disorder, and vice versa.
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8.2. Appendix B: Supplementary Information to Chapter 3

Discovery and development history of aLLZO

We provide a summary of the discovery and development history of aLLZO in chronological order
(Figure 3-1 c¢). This summary aims to provide background information for the field to better
identify the achievements made thus far in aLLZO electrolyte development in the past 10 years
and the challenges we are still facing. The first aLLZO film was synthesized by RF sputtering in
2012,'97 about 5 years after the first discovery and synthesis of crystalline cLLZO.!% In this thesis,
it was reported that the first aLLZO film provides a room-temperature (25 °C) conductivity of
4 x 107 S cm™! with the lowest activation energy measured at 0.70 eV.!%” However, it was only
until the year 2018, the polyamorphism nature of aLLZO was discovered with multiple amorphous
phases and conductivities observed in aLLZO films prepared by PLD.!'! Not long after the
discovery of polyamorphism in aLLZO, in 2020, the first aLLZO-based microbatteries were
assembled with a Li metal anode, a LiNbOs-coated LiCoO> cathode, and a 70-nm aLLLZO thin film
as the solid electrolyte layer.!3? The microbattery shows a remarkable cell performance that cycled
at 10C for 500 cycles with over 85% capacity retention.!83 It was only until 2023 the high entropy
nature of the aLLZO structures has been discussed, containing at least 4 unique LBUs, i.e., LiOs,

LiOg, ZrO4, and LaOg, that can be arranged in a greater variety of CRNs.

’7 Spray gun

Annealing: 600 °C

. Spray Mist I Amorphous Li-garnet film
Hot Plate As-deposited film
280°C-330°C r
SDS precursor solution l ’
For 2-step decomposition of /
Li salt and delithiated ceramics
SDS deposition of thick film
Reaction 1: Delithiated dense ceramics +
undissolved Li salt in film
LizLa; 52,0454 -50% La
Li;La;Zr,045.4 Same
i 0,
Li;La, 52,0454 +50% La

Figure 8-17. Schematic illustration of the SDS setup used to deposit aLLZO films. SDS precursor solutions
with three different La concentrations were prepared to synthesis aLLZO films with stoichiometry of
LisLa; sZr:012.4, LizLa3Zr;015.4, and LisLag sZr015.4. SDS schematic illustration adapted from Hood et al.'*
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Role of La on the microstructure and surface morphology of aLLZO films

To probe the effect of La concentration on the microstructure and morphology evolution, we
collected surface SEM images for the 300 °C as-deposited aLLZO films, and the surface and cross-
sectional SEM images of 600 °C annealed aLL.ZO films (Figure 8-18 a). Several interesting trends
and features are observed. First, all films exhibit full surface coverage on MgO substrates. Second,
the surface SEM images suggest that both the as-deposited films and the annealed alLLZO films
exhibit a reduced surface roughness with increasing La concentration. Specifically, unlike the
aLLLZO films with low and medium La concentrations, we noticed some needle-like crystalline
features with a length of 5-20 um on the surface of the aLLZO film with high La concentration,
which can be ascribed to the local nucleation during the crystallization process. Third, from the
cross-sectional images of the aLLZO films, we observed an overall increased film density with
reduced porosity and film thickness for aLL.ZO with a higher concentration of La (the schematic
representation displayed in Figure 8-18 b). Specifically, the aLL.ZO with low La concentration
has an average film thickness of 1.5 + 0.5 um, exhibiting a rough film surface with a high structure
porosity. On the contrary, the aLLZO films with medium and high La concentrations reveal a
generally dense microstructure with an average film thickness of 1.1 + 0.3 and 1.0 £ 0.2 um,

respectively.

In short, we conclude that a higher La concentration in aLLZO can positively influence the film
density and surface smoothness, which are generally more attractive for the application as solid
electrolyte layers or protective coatings in solid-state or hybrid batteries. Nevertheless, aLL.ZO
with low concentration of La may be of interest for the design of the electrolyte-cathode interface,
for which a composite cathode-electrolyte gradient layer with finely tuned porous microstructure
and high surface area has been proposed to reduce the interfacial resistance and improve the Li*

transport dynamics.!'?’
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Figure 8-18. Effect of La concentration on the microstructure and surface morphology for the alLLZO films.
(a) Surface SEM images of 300 °C as-deposited alLLLZO films in three compositions, i.e., Li;Lai5Z1r;012.q,
LisLa3Zr;012.4, and LizLas sZ1r,012.4. Surface and cross-sectional SEM images of 600 °C annealed alLLLZO
films in three compositions, i.e., LisLa; 5Zr:012.4, Li7La3Zr;,O12.q, and LizLas sZ1,012.4. All films exhibit full
surface coverage of MgO substrates. (b) Schematic illustration of the density, surface morphology, and
cross-sectional film thickness of the 600 °C annealed alLLZO films in three compositions, i.e.,
LisLa;5Z1,012.4, Li7LasZr2O12., and LisLas5Z1,012.9. The LisLa;1sZr,O12.4 film presents a rough surface
with high porosity. The Li;LasZr;012.4 film and LisLassZr>012.4 film exhibit a dense microstructure with
less surface roughness. The film thicknesses were measured at 1.5+ 0.5 um, 1 + 0.3 um, and 1.2 £ 0.2 pm,
for the LisLa; sZr,012.4, Li7La3Zr;O12.4, and LizLas sZ1,012-q. Overall, higher La concentration improves the
surface morphology and increases the film density, which leads to reduced cross-sectional film thickness.
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Figure 8-19. Raman spectra of 300 °C as-deposited alLLZO films in three compositions, i.e., LizLa; sZr,01»-
¢, Li7La3Zr,O12., and LisLassZr;012.4. In all films, La;Zr,0;7 and Li»COs local ordering emerged in the
surface layer. The formation of LiCO3 on film surface is due to the film exposure to moisture air during
the measurement. Additional reference spectra of Li,COs, LaxZr,07, LaxO3, and cubic Li;La3Zr,O1 are
displayed in black. Inset: Graphic illustration of E, mode (298 cm™) of ZrOs bending in La,Zr,0-. Inset:
Graphic illustration of E, and A, modes (406 cm™) of La—O stretching in La;Os.

Interpreting data collected from fluctuation electron microscopy (FEM)

In the FEM method, nanobeam diffraction patterns are collected across nano-volumes of a sample.
The variations in scattering intensity are attributed to the fluctuation incoherence that originated
from random atom alignments (i.e., statistical randomness, which can be eliminated by stacking

and averaging the image intensity) or local structural ordering (i.e., presence of medium range
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order, MRO). If MRO presents in the film, the normalized variance of the image intensity will
increase at specific scattering vectors (i.e., peaks at certain scattering vectors), corresponding to
the structural length scale of the MRO or average nearest neighbor distances.*®* In addition, the
height (i.e., intensity) and the full width at half maximum (i.e., FWHM) of the normalized variance
peak generally indicate the relative degree of MRO and the uniformity of the MRO distances (or
the corresponding bond lengths), respectively. A more prominent peak suggests a greater degree
of MRO. Conversely, a narrower peak indicates a more uniform distribution of MRO and higher

consistency of the corresponding nearest neighbor bond lengths.?%

MRO peak

19+

O
—~ 18F
£
C
= 1.7}
= 47}
Ir " Zr-La and La-O *
; 7//// -
Loqat i//
10t &
- 2nd MRO peak
Og 1 " 1 " 1
1.5 3 4.5

La stoichiometry

Figure 8-20. FWHM of the 1* and 2™ V(k) peaks corresponding to MRO as a function of the La
concentration in aLLZO films. The 1 MRO peak is predominately attributable to Zr—O bonds and the 2™
MRO peak is predominately attributable to Zr-La and La—O bonds. The FWHM value suggests the
uniformity of the MRO distance, i.e., the corresponding bond lengths. The larger the FWHM, the less
uniform the corresponding bond length is, and vice versa.
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Table 8-6. Summary of nearest neighbor distances in aLLZO"®, ¢LLZO0,*"° crystalline LayZr,07,% and
crystalline La;05?*® from literature.

Material (structure, space group) neigli)aJ:::airs Bond length (&)
Zr-0 2.12
Al-Li7La3Zr2012 (aLLZO)
Zr-La 3.47
Zr-0 2.12
. 2.54 or 2.66
Al-LisLa;Zr;,01; (cLLZO, la-3d) La-0 for different site of La
Zr-La 3.68
Zr-0 2.11
2.33 or2.61
La,Zr,0; (pyrochlore, Fd-3m) La-0 for different site of La
Zr-La 3.81
. 2.370r2.73
La,0; (trigonal, P-3m1) La-0 for different site of La

MgO substrate

MgO ref. (01-077-8619)

Intensity (a.u.)

Figure 8-21. GIXRD patterns of the MgO substrate. References: MgO [00-045-0946].
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Figure 8-22. GIXRD patterns of 300 °C as-deposited aLLZO films in three compositions, i.e.,
LisLa; 5sZ1,012.4, Li7La3Zr2012.4, and LizLassZr2012.4. A broad peak centered at ~29° was detected in all
three compositions, corresponding to the (222) plane of the pyrochlore La,Zr,O7. A sharp peak at ~43° was
detected, corresponding to the MgO substrate. References: La,Zr,O7 [04-021-4900].
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Figure 8-23. (a) The fitted 26 value of the GIXRD peak that corresponding to the (222) plane in La,Zr,O
as a function of the La content in 600 °C annealed aLL.ZO films. A smaller 26 value indicates a larger d»»»
spacing, and vice versa. (b) The fitted FWHM of the GIXRD peak that corresponding to the (222) plane in
LayZr,07 as a function of the La concentration in 600 °C annealed aLL.ZO films. A larger FWHM value
indicates a smaller crystallite size, and vice versa.
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8.3.

Appendix C: Supplementary Information to Chapter 4

Table 8-7. Summary of processing routes and their corresponding maximum processing temperatures and
processing time reported for bulk!0>!12%168:169:252256 apd thin-fijlm’%!00:113:114.116.120.36 o1 1 70 synthesis.

Forms of Maximum processing
¢LLZO Processing routes Chemical composition temperature (time) used to
achieve cLLZO
LisLa;Zr:012 1230 °C (36 h)
Conventional solid-state synthesis LiraLasZr2xNbxO12 (x=0-2) 1200 °C (36 h)
LigsLasZr) sTags012 1100 °C (5 h)
Al-stabilized Li;La;Zr,012 1230 °C (30 h)
LissAlo.1sLasZro0n s 1200 °C (36 h)
Sol-gel + sintering o i
Bulk . 1000 °C (4 h, with hot
pellets or Lis2sAlo24LasZr2012 pressing)
tapes -
LiesLasZr 75Tao25012
s L . 1050 °C (1 h, with hot
Co-precipitation + sintering Lig.1sLasZry 75Tag25Alp 2012 préssing;l ©
Lig.1sLasZry 75Ta025Gao2012
LigsLasZr sTao. sO12 1500 °C (10 s)
Rapid thermal processing o : :
Alstabilized LizLa;Zr,01; 1300°C (13 with clectric
ield)
LigasAloasLasZr012 660 °C (~1h)
PLD i
Vacuum- Al-stabilized Li;LasZr,012 600 °C (24 h)
based -
deposition RF Liz.3xGa,LasZr015, (x=0.14— 650°C 5 b)
sputtering 0.2
. Deposition + . 050 .
Thin films phase formation CVD Li7La;Zr,012 900-950 °C (15 min)
Spin coating Al-stabilized Li;Las;Zr;012 600-800 °C (10 min)
Wet-
chemical . X . . .
deposition Dip coating Al-stabilized Li;La;Zr,012 900 °C
SDS Lis2sAlo2sLasZr012 750 °C (30 min)

ramp rate: 5 °C/min 1k ramp rate: 15 °C/min 4 1 ramp rate: 20 °C/min
05
ot 0
B oo & g,
= =8 =
3 3 H
= 05 = = -2
® §2f s
o @ @
T © Rawdata T T 3k,
A0k — 1" crystalization step - 3k o Rawdata © Raw data
2 crystalization step| - — 1" crystaliization step —— 1" crystallization step
— 3 crystallization step. 2 crystalization step| 4 2" crystallization step)
— Fitted DSC — 3 crystalizaton step [ 3" crystalization step 1
A5 4 4 b |— Fitted DSC 4 — Fitted DSC
450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 750

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 8-24. Fitting and deconvolution of the LLZO crystallization peaks for the DSC scans measured at
a ramp rate of (a) 5, (b) 15, and (¢) 20 °C min™'. For each presented DSC, two peaks denoted as the 1" and
the 2™ crystallization steps, were deconvolved from the endothermic peak ranging between 490 °C and 670
°C, corresponding to the nucleation and growth of La,Zr,O; nanocrystals and the lithiation and phase
transformation from La»Zr,O7 to tLLZO, respectively. The minor endothermic peak centered at ~680 °C
was identified as the 3" crystallization step, corresponding to the transformation from tLLZO to cLLZO
with local Li reordering.
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Table 8-8. Summary of the phase transformation peak temperatures (7,) and the phase transformation
enthalpy changes (AH) for the 1%, 2™, and 3" crystallization steps obtained from different DSC ramp rates.

Ramp rate 5°C min™! 10 °C min™! 15 °C min™! 20 °C min
Tp 546 569 581 591
Tp2 571 594 606 617
Tp3 686 689 690 690
AH, 5.85 5.54 5.41 473
AH, 8.05 6.53 5.48 5.02
AH3 0.12 0.27 0.20 0.16

Developing TTT Diagram based on DSC data

TTT diagrams typically have C-shaped curves because they show the progression of a phase
transformation as a function of temperature and time.26%26-38¢ The shape of the curve reflects the
rate at which the transformation occurs at different temperatures and times, which is influenced by
the nucleation and growth process of the new phase.?6!:263-26%386 Dyring the nucleation process,
small clusters or "seeds" of the new phase form within the material. These seeds then grow and
merge to form the new phase, a process known as growth. The rate of nucleation and growth is
influenced by the temperature, time, and other processing conditions, and determines the overall
rate of transformation. At the start of the transformation, the rate of nucleation is low, and the rate
of growth is also low, resulting in a relatively slow rate of transformation. As the temperature
increases, the rate of nucleation increases and the rate of growth also increases, leading to a faster
rate of transformation. This is reflected in the steep slope of the curve in the initial stages of the
transformation. As the temperature continues to increase, the rate of transformation begins to level
off, and the slope of the curve becomes less steep. This is because the material has reached the
point where the rate of nucleation and growth are balanced, and the transformation is occurring at
its maximum rate. As the temperature approaches the maximum temperature at which the
transformation can occur, the rate of transformation begins to slow down again. This is reflected
in the downward slope of the curve as it approaches the end of the transformation. Overall, the C-
shaped curve of a TTT diagram reflects the changing rate of transformation as a function of
temperature and time, and can be used to understand the relationships between these variables and

the evolution of the microstructure.386-387
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Figure 8-25. Summary of the T, and E,/ T2, peak positions (O—Li—O vibration) for cLLZO synthesized via
different post-annealing routes, including route I of 500 °C for 10 h, route II of 525 °C for 10 h, route III of
650 °C for 5 h, and route IV of 750 °C for 15 min. Variation in peak positions suggests changes in the Li—
O bond distance, structure compaction, and local strain among cLLZO films processed via different routes.
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8.4. Appendix D: Supplementary Information to Chapter 5

Table 8-9. Summary of Type III COx, NOyx, and SO« gas sensors using different types of solid electrolytes and sensing electrolytes from the
literature, 123:328:329.333334,337-340,342-347,349-352,356,360,362.364-366,368-370,372,388-390

Pt, NOX+02+N2(YSZ| Au-YSZ, NOxsO2+N2 £ 20100 e Thick film
air[¥s2, Noxeair, Pt 550 30 Tube: OD8, ID5.
PLY, NO+02+N2|YSZ|WO3, NO+02+N2, Pt 425 180 2 Pellet: D-10; Thickness-1
PUNOxsair|Y52] La2Cu04, NOxsair, PL 500 30 o7 Commercial Substrate: 20X10X0.1
Pt, air | Mg0-PSZ| Li2504-Ca2504-5102|S02+air, Pt 650 15 916 Commercial Tube: OD-5; 1D-5
AgIAg B"alumina[$02+ $03:07, Pt 550 & Commercial Tube: 0D-10; ID8; Length 40
Ag|AgB"-alumina| SO2+ 503+02, Pt 700 12 %5 Tube
Pt, SO3, 02| Sr-B-Al203(+PSZ) | NASICON(+glass) |Na2504| 02, SO3, Pt 709 60 Tube+pellet; Length-14; D-6

Au|Li2TIO3-TiO2 | Li3PO4 |Li2CO3-BaCO3 | CO2, air, Au 500 500-1000 20 Pellet; D-12; Thickness-1.0
Au, Li2Ti03|Li3P04Li2C03|CO, aif, Au 500 500-5000 0 - i e Thick film: Thickness-1 um
AulLiZTIO3-TIO2|Li3PO4| CO2, aif, Au 530 250-5000 0 o ww! °"!""""‘"‘""""' Thick film: Thickness-0.8 um

Au, Li2TI03-Ti02|Li3P04|Li2CO3, a, Au 500 250-5000 300 For 1.2um: 61 “‘""“'m! 0N QWIINa SUDSUTE | rhick im: Thickness-0.3, 0,65, 1.2 um
AulLi3PO4Li2€03, air, Au 500 250-2500 10 767 “"""""'"'""""'g et “*";""'! substrate | ey flm: Thickness-1.2 um
Au, 502, 02|Li3P04-Li2503|Li2504-V205502+02, Au 450 10100 18 57.19 RF sputtering Thick film: Thickness-1 um
Au, S02+02] Li3PO4| Li2504-V205| S02+02,Au 500 0-100 300 3247 Wm“:m Thick film: Thickness-1 um
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