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i Abstract

Abstract

Solid-state devices, as the next generation of lithium-ion batteries, have the potential to
improve performance characteristics, meeting growing demands for energy storage infrastructure.
Electrode materials of importance focus on layered lithium metal oxides, while many candidates
for solid-state electrolytes have emerged. Lithium lanthanum zirconium oxide (LizLasZr,012) is an
electrolyte of significant interest, based on a competitive lithium conductivity. Electron microscopy
and associated spectroscopic techniques, from micron to atomic scales, can develop understanding
of bulk and interfacial characteristics regarding features fundamental to battery performance, such
as lithium intercalation routes and structural failure mechanisms. Atomic resolution microscopy has
the potential to develop upon current imaging and spectroscopic studies of solid-state materials.
In his project, GB spanning particle cross-sections and complex defect structures were revealed
within both LiCoO, and Li;LasZr,01,. Grain boundaries and defects exhibited variable potential
impacts on Li mobility both beneficial and detrimental to performance. Significant interfacial
decomposition occurs between LiCoO; and Li;LasZr,01, particles during annealing, forming Li.COs;
or LaCoOs depending on temperature. Pulsed laser deposition of LiCoO, onto Al;0Os, SrTiOs and
GdsGas01, substrates, at low temperature formed multi-phase systems, with nanograins of
rhombohedral LiCoO,, rock salt CoO and spinel CosQa. LizLasZr,01, grown on SrTiOs and GdsGas01z
crystallised at 600 °C, either during deposition or through annealing of amorphous films. Lithium
loss during deposition and annealing temperatures above 600 °C was a limitation for the studies
conducted, forming large grains of La,Zr,0;. Deposition of LiCoO,/Li;LasZr,01> heterostructures
provide samples where growth of crystalline interfaces and the influence of annealing are assessed
down to atomic resolutions. Annealing improved the quantity and orientation consistency of
rhombohedral LiCoO, within the electrode, although detrimental intermixing and crystallite
formation occurred at the LiCoO,/Li;LasZr,01; interface. LiCoO, crystallites growing into the
LizLasZr,01, layer may have a significant role to play in Li mobility through annealed solid electrode-

electrolyte interfaces.
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deficiency, structure and composition variations. Figure acquired from reference [176]. ...115

Figure 2.16: Dual-EELS detector achieving separation of low-loss and core-loss electrons through
the applied field within a spectrometer. Separation prior to a detector with control over
exposure time of each segment allows for combined acquisition of low- (red/yellow) and core-
loss (green) data from €ach PIXel. ...cc.ueeeiii e s 116

Figure 2.17: a) Model and simulated diffraction pattern of r-LCO, along the [100] ZA. b) Model and
simulated diffraction pattern of c-LLZO, also along the [100] ZA. Structural models and
simulations use atomic coordinate files for literature (ICSD) and The Materials Project
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Figure 2.18: a) HAADF and BF simulations of r-LCO phase along the [100] ZA, showing Co and O
atom positions. b) HAADF and BF simulations of c-LLZO along the [100] ZA, where La and Zr

atoms dominate the contrast. Both examples are produced using QSTEM simulation software.

Figure 3.1: a) XRD of pure LCO powder (top), as sourced from Alfar Aesar at 99.5% purity, with
simulated XRD patterns for rhombohedral, cubic and spinel phases included as reference
(bottom). b) Low magnification SE SEM image of surface of pellet pressed at 10 tonnes for 20
mins. c) Higher magnification (x43k) SE image region of pellet showing variation in LCO particle
size and shape. XRD collected in Panalytical Aries, SEM acquired using JEOL 7800F Prime..124

Figure 3.2: a) XRD of as-synthesised LLZO powder, sintered at 850 °C (12 hours) and 1150 °C (4
hours), the latter showing Li deficient characteristics (LZO(222) at 28°). Simulations of c-LLZO,
t-LLZO and LZO are included below as reference. b) Image of LLZO particles on the surface of
the sintered pellet with accompanying EDS spectra. The spectra contained La, Zr and O signals,
with a weak Al signal, suggesting contamination during thermal decomposition. c) EDS
spectrum of LLZO powder with atomic percentage compositions suggesting a 3 : 1.7 ratio
between La and Zr (expected to be 3 : 2). Data acquired in JEOL 7800F Prime..................... 125

Figure 3.3: Observation of electron beam induced formation of possible contamination structure or
Li,COs dendrites. The red box in a) indicates the area magnified in images b) and c). b) and c)
were taken one minute apart and show the growth of a structure occurring from the surface
of the LLZO particle-particle boundary. Collected on JEOL 7800F Prime at a working distance
of 3 MM, 15 keV aperture: 50 M. .....oeiiiiieee et e e sree e s e e e s e abae e e eabae e e eanes 127
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Figure 3.4: a) SEM-EDS element signal overlay in pristine LCO/LLZO pellet, with respective elemental
maps and electron image (30 keV and 10 nA). b) BSE image of LCO (dark-grey) and LLZO (light-
grey) particles with a higher magnification of the LCO/LLZO interface (right). Data acquired on
JEOL 7800F Prime at 25 keV (aperture, 30 M) ......ceeeeciieeeciieee e e e eireeeescitee e e eneree e snrneeeeans 128

Figure 3.5: Top) XRD data acquired for pure LLZO powder and mixtures of LCO and LLZO in pristine
condition, annealed at 600 °C for 1 hour or 900 °C for 4 hours. Spectra below this include
simulations of LCO and LLZO phases, alongside Li vacant LZO and LaCoOs secondary phase.
Structural files for simulation acquired from ICSD and Materials Project databases [51, 290,
DA 1 T 101 USRI 129

Figure 3.6: Upper) XRD data for pristine and voltage cycled LCO/LLZO mixed pellets for the voltage
values detailed in Table 2.4. Lower) Theoretical XRD peaks for phases expected to be present

in the simples. Simulated from .cif files from ICSD and the Materials Project [51, 290, 298-302].

Figure 3.7: SE SEM images of pristine sample showing individual small particles of LCO with variable
dimensions and gaps rather than continuous and close contact. The brighter particles are
identified as LLZO or LZO using EDS. Data acquired on JEOL 7800F Prime. .........ccccvveereurnennn. 132

Figure 3.8: a) SEM and EDS overlay image of region between two LLZO particles. b) Respective EDS
of this region indicating presence of C and O but no Co, La or Zr. This suggests the formation
of Li,COs3 regions occurs between particles during annealing or possibly FIB preparation....133

Figure 3.9: SE SEM images of; a) A pristine cross-section with LCO and LLZO interfaces showing
no obvious secondary phase. b) Cross-section of sample heated to 600 °C (1 hour) with no clear
formation of a SEI phase between electrode and electrolyte. Instead, some gaps between LCO
and LLZO are occupied by high carbon contents (likely Li,COs). c) Cross-section of lamella
annealed at 900 °C (4 hours) containing particles of LCO and LLZO and highlighted regions of
LaCoOs forming between particles of LCO and LLZO. Data acquired on JEOL SEM 7800F Prime
AE B0 KBV ettt bbbt et b e st et ebe et e sbeenee b 135

Figure 3.10: Tilt corrected SEM images (left) and band contrast maps (right) of lamella derived from
a) pristine, b) 600 °C and c) 900 °C sintered LCO/LLZO powder samples. Band contrast maps
reveal GB (dark lines) within smooth looking particles. Some particle cross-sections did not
produce Kikuchi patterns of suitable quality for indexing by the software. c) was not tilt
corrected by the software at the point of data acquisition. Data acquired at 30 keV on the JEOL
27800F Prime with probe currents between 4 nA and 20 nA using the 30 um CA. ............... 137

Figure 3.11: Particles within cross-sections of a) Pristine, b) 600 °C and c¢) 900 °C samples. The inset
DPs show a variation between r-LCO (a and b) and rs-CO (c) phases of LCO. The grain to the
right of b) remains unidentified and could be r-LCO or rs-CO. All TEM images are BF, acquired
in JEOL 2100+ with varying SAD aperture sizes, (camera length: 25 cm)......ccccocvveevveeenennnee. 139
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Figure 3.12: Particles within cross-sections of a) Pristine, b) 600 °C and c¢) 900 °C samples. The inset
FFTs show a variation between Li deficient LZO phases are weak LLZO phases that were quick
to disappear alongside the emergence of beam damage. All data are BF images taken in JEOL
2100+ with varying SAD aperture sizes, (camera length: 25 cm).....cccoeeveeiviiieiecccieee e, 141

Figure 3.13: a) Tangled dislocation network in Al-2%Mg alloy creating an irregular pattern of
combining defects, b) Network formed from three-fold nodes in Al-6%Mg alloy, displaying a
network with a repeating pattern. Images reprinted from reference [307]......cccccovveeeeunneenn. 143

Figure 3.14: Defects and grains observed in samples of pristine LCO particles. a) Pristine sample. b)
LCO/LLZO powder sintered at 600 °C. c) LCO/LLZO powder sintered at 900 °C. BF images
acquired at 200 KeV in JEOL 2100+ .......cccccuiieieeeeeeeeciiirieee e e e eeecirteeee e e e s eseanrrsaseeeesssnnnnssseseaaeens 144

Figure 3.15: Defects and grains observed in samples of pristine LLZO particles. A) Pristine, b)
sintered at 600 °C. c) sintered at 900 °C. Defects in the LZO grains of a) and c) are similar,
although more appear to be present post-sintering. The electron ion beam damage makes
resolving defects in LLZO grains in the images shown in b) challenging. Data acquired in JEOL
21004 3t 200KV . ....uveeeeetteeete ettt ettt sttt et e e s bt e s bt e sae e et b e bt e sbe e sbe e et e et e e b e e nheesaeesareeane 145

Figure 3.16: BF image of defect network parallel to GB in a particle of LCO. a) rs-CO grain on [100]
zone axis. b) Two-beam BF (left) and DF (right) images with sample tilted onto the two-beam
condition, exciting the 001 spot. c) BF (left) and DF (right) when the grain is tilted to create a
two-beam condition with the 110 diffraction condition. Data acquired on the JEOL 2100+ at
200 keV. DF images utilised the 20 UM OA. ......ooo i e 146

Figure 3.17: a) Weak beam condition for defect imaging along the 001 direction in rs-CO grain
shown. b) Low (upper images) and higher magnification BF and DF image relating to an area
with a more closely packed defect network where most defects excite. c) Low (upper images)
and high magpnification BF and DF images of region further down the sample with different
defect structure. The defect are also excited at this weak beam within this region of the defect
network. Data acquired on the JEOL 2100+ at 200 keV. Weak beam DF images utilised the 20
M OA t0 MaXimiSe SIZNAL. ceocuiiieiiiiie e e e e e e s e rtr e e e et a e e e e saraeee s 147

Figure 3.18: BF and DF imaging of the spots around the [001] zone axis of an r-LCO particle cross-
section. Most defects appeared to be illuminated with the aperture selecting the series of
[210] diffraction spots. Selection of the [110] and [110] spots illuminated significantly fewer
defects. BF images are shown to the left of each image pair and DF displayed on the right. Data

acquired on the JEOL 2100+ at 200 keV. DF images utilised the 20 um OA to maximise signal.

Figure 3.19: a) ROl with SAD pattern from grain orientated onto the [110] ZA of LZO or LLZO. The
lattice parameters determined from the distance to the direct beam (000) are closer to the

LZO phase than LLZO. b) Left to right: TEM, BF and DF images with the 222 diffraction spot



XV List of Figures

near a two-beam condition. c) Left to right: BF, DF image through selection of the 008 spot
(centre image) and DF relating to the 444 diffraction (right image) plane of LZO. Data acquired
in JEOL 2100+ at 200 keV, using the 5 um OA for DP of LZO or LLZO.........cccccvveeeecreeeeinnnnn. 149
Figure 3.20: a) Region of r-LCO with structure resolved along the [110] ZA in the HAADF image. The
Co0;, layers relating to the [001] plane run horizontally across the image. b) Two HAADF images
of LCO taken from region inclusive of a GB and defect network. A mix of orientations appearing
to be the r-LCO phase along the [110] ZA. In contrast, the red square returned HR image data
of the rs-CO phase with defects visible. Acquired on JEOL 2200FS, at 200 KeV...........cc....... 150
Figure 3.21: a) HAADF images of LZO or LLZO grain with spacing of spots and lattice planes (0.34 nm)
lying between the values expected for both phases and thus undeterminable within calibration
errors and diffractogram measurement accuracy. b) HAADF images of LLZO grain observed
along the [110] axis with the atomic structure resolved. The separate atomic columns along
this zone axis have been resolved. JEOL 2200FS, 200 K&V .....ccceeveirrrereeeeeeeiiirreeeeeeeeeecivneens 151
Figure 3.22: a) Region of interface between electrode and electrolyte imaged, with the closest zone
axis of each displayed. These relate to an interface between the [001] of r-LCO and [113] of
LZO. b) Interface region with LLZO/LZO on the [110] zone axis, while the r-LCO lattice planes
are not aligned and poorly resolved. An interface region with intermediate contrast is also
present and focus adjusted (100 nm defocus) to resolve the interface structure in image in
image c). Data acquired on JEOL 2200FS at 200 K&V .......uvveeeiiiiieeiiieee e e 153
Figure 3.23: a) Particle of LaCoOs with respective high magnification image b) showing the cubic
spinel structure along the [010] ZA. c) Interface from another region between LaCoO; and LZO
with a sharp interface. EELS maps are included for the scanned region (red), with the core-loss
spectra relating to the two phases also displayed (blue and green), highlighting the presence
of Co in the upper grain and absence in the low grain. Data acquired at York on JEOL 200FS at
200 keV (a, b) and SUPErSTEM at 60 KEV (C)..veeecrereirieiieeeirieecree e ecteeecee e reeevre e s 154
Figure 4.1: Models of possible orientations of LCO growth on a) Al,03(0001) viewed along the
[2110] (upper), [0110] (lower) ZA. b) STO(111) viewed along [110] (upper), [112] (lower) ZA,
c) STO(100) viewed along the [010] direction, with c-LCO (upper) and r-LCO (lower) phases,
where LCO would be expected to grow along (014) plane, as shown. These were informed by
studies into LCO growth above 500 °C [316]. Structure files acquired from literature and
computational databases [52, 124, 150]. ....ceeiciiiieeiiieee et et e et e et e e et e e e e 159
Figure 4.2: a) LCO on ALO(0001) showing triangular crystallite morphology anticipated for r-
LCO[001] growth [124]. Both images acquired at 15 keV, in JEOL 7800F SEM. ..................... 160
Figure 4.3: XRD for single layer depositions of LCO onto ALO(0001), showing intensities relating to
multiple potential LCO phases (top), simulations of the possible LCO and CO phases (middle),
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with the simulation for ALO (bottom) labelled where the weakly diffracting (0006) exists. XRD
data acquired on Panalytical Aries, using @ CU-KOL SOUICE.......ccuveeeiirieeeciiieeeeiieeeeeveee e 161
Figure 4.4: Three phases imaged in thin films of LCO on Al,05(0001) substrate. a) r-LCO (LiCo03), b)
rs-CO (CoO) with simulated HAADF of c-LCO included for reference to differences in intensity
between the Li depleted and Li rich cubic phases. c) s-CO (LixCosx04), where x is likely to be
near to zero. All images collected using JEOL ARM300F (ePSIC) at 300 keV.........cccveeeeunnen. 163
Figure 4.5: a) Low magnification BF TEM image of LCO film cross-section with surface facets relating
to the edges of triangular crystallites observed in SEM surface images. b) Structure models of
r-LCO, ¢-LCO and Cos04 with planes relating closely to the angles observed within the faceted
surface structure. Data acquired on JEOL 2200CF at 200 KeV. .....ceeveeeeiecirieeeeeeeeeicivieeee e, 164
Figure 4.6: a) HAADF image of twinned boundary between two r-LCO phases, joining along their
(014) lattice planes with atom model and HAADF simulation. b) HAADF of anti-phase twin
(APT) boundary between two r-LCO phases joined along their (010) plane. Red indices indicate
the growth directions and green the lattice axis at which the GB form. Images acquired at 300
KEV 0N JEOL ARIMBO0CE. ... eitieeteieeteetestt ettt sttt ettt ettt sat et s it et s bt et e seesaeenbesbeenteneesaeeneenne 167
Figure 4.7: HAADF images of GB in LCO thin film on ALO(0001). Phases include the HT r-LCO growing
along the [100] and [100] directions, cubic phase along the [110] and [110] axis, as well as the
spinel phase along the [110] axis. Inset are simulated HAADF images along the respective ZA
of each grain. Red indices indicate the growth directions and green the lattice axis at which
the GB form. Images acquired at 300 keV using the JEOL ARM300F microscope at ePSIC. Inset
HAADF simulations were produced in QSTEM from interfaces between theoretical r-LCO and
rS-CO Phase MOUEIS. ..ccc.eerieeiiiiie e e e e e aa e e e sata e e e esnsbeeeesasaeees 169
Figure 4.8: HAADF images of r-LCO to s-CO GB. a) r-LCO to s-CO boundary with r-LCO growth plane
(001) in contact with the (111) of the spinel phase. b) An r-LCO to s-CO interface with the
respective (010) and (112) planes forming the boundary. Red indices indicate the growth
directions and green the lattice axis at which the GB form. Acquired in a JEOL ARM300F
aberration corrected STEM at 300 keV. Inset HAADF simulations were produced in QSTEM
from interfaces between theoretical r-LCO and s-CO phase models.........ccccceecvveeecrieeennnee. 170
Figure 4.9: HAADF images of rs-CO to s-CO boundaries forming within the LCO film a) Contact
between (111) plane of s-CO and (111) of rs-CO with periodic steps at the interface. b) (115)
plane of rs-CO in contact with (111) of s-CO. Red indices indicate the growth directions and
green the lattice axis at which the GB form. Acquired in a JEOL ARM300F aberration corrected
STEM at 300 keV. Inset HAADF simulations were produced in QSTEM from interfaces between
theoretical rs-CO and s-CO phase MOdElSs. .......cc.ueiiiciiiiiiiiiie e 172
Figure 4.10: HAADF images containing examples of regions with multiple GB, providing insight into

the complexity of Li dynamics throughout the approximate 45 nm depth of the grown film. a)



Xvii List of Figures

r-LCO to rs-CO grain from the bulk to surface region of LCO. b) Four r-LCO to rs-CO grains in
the bulk of the LCO thin film where GB vary continuously. GB within the multi-grain SYSTEM
form coherent (light blue, white), semi-coherent (purple, red, yellow) or incoherent (orange)
boundaries. Data acquired in JEOL ARM 300CF at 300 KEV.......ccevveuiveeiiiireeeiiieeeecieee e 174
Figure 4.11: SE SEM of LCO deposited onto STO(111), showing fine crystallites structure with
spherical growths upon the surface. Data acquired on JEOL 7800F Prime at 15 keV............. 175
Figure 4.12: XRD figures for single layer depositions of LCO onto STO(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt
oxides phases (middle), and substrate simulation where the signal relating to the (111) plane
of STO is labelled. Data acquired on Panalytical Aries, using a Cu-Ka source...........cccuueeeee... 176
Figure 4.13: BF TEM cross-section of LCO on STO(111), showing STO/LCO/Pt layers, with LCO film
thickness ranging from 37 to 46 nm in depth, owing to the irregular, faceted nature of the
film’s surface. Data acquired on JEOL 2100+ at 200 KeV. .....ccoovcieiiiiiiieeiriee e 177
Figure 4.14: HR TEM (BF) of LCO grown on STO(111). a) Boudnary between the normal of the (001)
and (012) lattice planes of the r-LCO phase. Red indices indicate the growth directions and
green the lattice axis at which the GB form b) BF image of a rs-CO grain gowing along the (111)
plane. Acquried on JEOL 2100+ at 200 KEV. .....eeeeecuiiiieeiiiieeecieee et e et e et e e et e e e aaaee s 178
Figure 4.15: a, b) SE SEM images of LCO surface deposited onto STO(100). c) Accompanying EDS
spectra acquired from the sample. Data acquired on the JEOL 7800F at 15 keV for imaging and
25 KEV FOI EDS... ettt ettt ettt sttt et b e st sat e st e bt b e be e s be e sat e et e e be e nbeesaeesane e 179
Figure 4.16: XRD figures for single layer depositions of LCO onto STO(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt
oxides phases (middle), and substrate simulation (bottom) where the (100) and (200) relating
to the surface are labelled. Data acquired on Panalytical Aeries (Cu Ka X-ray source) ......... 181
Figure 4.17: BF TEM image of LCO grown on STO(100). The low-magnification of the STO/LCO/Pt
cross-section showing an almost uniform LCO layer, with a thickness of around 39 nm. Data
acquired at 200 keV 0N JEOL 21004 .......ccccuteruieenieenieeenireenieeesieeesreessneeesreesssseesseessseeesseenns 182
Figure 4.18: a, b) HAADF images from the cross-section along the [010] axis of STO substrate,
showing rs-CO and r-LCO within the same diffractogram. Growth of r-LCO along the [014] axis
is observed along the [841] ZA, with a slightly larger spacing of spots (=~ 4%) within the
diffractogram compared to the [100] ZA on rs-CO. c) s-CO grain, distinguishable by

diffractogram and different structural symmetry. Data acquired on the JEOL ARM200CF at 200

Figure 4.19: BF TEM images of lamella cut along the [110] ZA of the STO(100) substrate showing r-
LCO and rs-CO phases. a) Overlapping r-LCO grains in the bulk of the LCO layer, viewed along
their [100] and [100] ZA, with associated diffractogram. Both grains grown along the (014)
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plane. b) rs-CO grain and diffractogram near surface of thin film, growing along the (111)
plane. Images taken on JEOL 2100+ at 200 KEV. .......eeeeiireieeiiiieeeeiiieeeeciree e et eesvree e svaeee s 184
Figure 4.20: a, b) Surface images of LCO deposited onto GGG(111), showing a variety of crystallite
sizes and shapes across the surface of the thin film. c) Accompanying EDS spectrum detecting
Ga, Gd, O and Co, with Pt and Pd signals from the conductive coating. Data acquired in JEOL
TBOOF PriME..ccuiieuiieieetee sttt ettt e sttt st ettt e bt e s bt e s st et e et e e s bt e saeesate s bt e bt e sbeeaseesmeeenreenteens 185
Figure 4.21: XRD figures for single layer depositions of LCO onto GGG(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt
oxides phases (middle), and substrate simulation where the (111) orientation of STO is
labelled. Data acquired on Rigaku SmMartLab.........ccccviviiiiiiiiiiei e 186
Figure 4.22: Low-magnification cross-section of LCO thin film deposited onto GGG(111). The surface
was coated in a layer of Pt/Pd to reduce charging and drift in the FIB-SEM. LCO film depth
varied reaching close to 50 nm at the tips of facets. HAADF acquired at 200 keV in JEOL
ARIM200CEF ...ttt ettt ettt ettt ettt ettt te e ettt e et ettt et et et et e et e et et et et e e e e e e e e e e et ae e e e e eeeeesesenenesenesenenen 187
Figure 4.23: HAADF images Resolving lattice planes within LCO film deposited onto GGG(111)
substrate, cut along the [101] ZA. Lattice planes within the LCO layer are marked by yellow
lines. a) r-LCO growth with [001] growth axis offset 18° from the (111) plane of GGG. b) r-LCO
growth with the (001) plane, offset 7.5° from surface of GGG. c) Two different orientations
and therefore an interface between r-LCO grains or GB between r-LCO and rs-CO. d) Higher
magnification of two grains overlapping with orientations relating to b) and c). Images acquired
at 200 keV 0N JEOL ARM200CF .......c..cecuerierreeienieetenteeitentesteeeestesseesesbeestessesseensessesasessesseensens 188
Figure 4.24: SE SEM image of LLZO film, deposited onto STO(100) at 250 °C. A rough, fractured
surface is present across the electrolyte with no regular structures. Acquired in JEOL 7800F
PrIME @t 15 KEV ...ttt sttt et e s st s 190
Figure 4.25: XRD of LLZO deposited at a substrate temperature of 250 °C during PLD with pristine
STO reference and simulation of STO diffraction pattern. No signals relating to LLZO are visible
AbOVE the DASEIINE.....coiiiiee et 191
Figure 4.26: a) Low magnification BF TEM image of LLZO layer grown at 250 °C on STO(111). b) HR
TEM image of interface, with inset FFT of [110] ZA for STO, with no crystallinity evident at the
substrate-film interface. c) HR TEM image of amorphous LLZO within the bulk of the film, with
an inset SAD showing amorphous rings from the LLZO layer, alongside faint diffraction spots
where the SAD aperture overlapped slightly with the Pt layer deposited during FIB-SEM
preparation. Data acquired on JEOL 2100+ at 200 keV, SAD with aperture diameter of 10 um.

Figure 4.27: XRD of furnace annealed samples (4 hours, ramp-rate 20 °C min!) showing no clear

crystallisation in a) after attempts at 350 °C, 450 °C and 550 °C. b) Emergence of signals relating
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to the LZO phase at 650 °C, 950 °C and 1050 °C and potentially some c-LLZO. Data acquired on
Panalytical Aeris powder XRD (SOUrce: CU-KOL) ....cveeiieiiiiieiiiiiee e everee e 194
Figure 4.28: Intensity ratios between LZ0O(222) at 28° and LLZO(422) or LZO(004) at 33° and
substrate peaks 40° (STO(111)) and 46° (STO(200)) after annealing. The data points show a
tread of increasing intensity in both peaks as temperature increases, suggesting a greater
degree of crystallisation. The intensity of the peak at 33° after annealing at 750 °C suggests
either optimised growth for the LZO(004) or LLZO(422) growth or is an outlier. .................. 195
Figure 4.29: SE SEM images of furnace annealed LLZO film on a) STO(100) and b) STO(111)
substrates. Both films are porous, which is indicative of a significant change in structure during
annealing above the temperature threshold for crystallisation of amorphous LLZO. Images
taken on JEOL 7800F Prime at 15 keV, EDS data acquired at 25 keV. ......cooccciviveeeeieeecnnineen, 196
Figure 4.30: a) Low magnification TEM image of 2 micrometres of polycrystalline cross-section with
several on-axis nanograins (dark contrast). SADP from circled region illustrates the
polycrystallinity b) SAD pattern from circled region in TEM image, showing the polycrystallity
of the LLZO film after annealing at 950 °C.. Data taken in JEOL 2100+ TEM at 200 keV, with DP
acquisition using the 10 UM SAD @PEITUIE. ....ccueeeeeiiiieeeciree e et e e eciee e e e ebee e e e eree e e e eaneeeeeennees 197
Figure 4.31: Images showing variation in LLZO film’s orientation relative to the surface of an
STO(100) (a and b) and STO(111) (c and d) substrates. The nanoscale grain dimensions and
apparent independence of orientation relative to the STO(100)’s surface is indicated in a) and
b). cand d) BF TEM images of GB and overlapping nanograins within the bulk of the LLZO layer.
The polycrystalline nanograins were formed during annealing at 950 °C and 1050 °C for 4
hours. a, b) HAADF acquired on JEOL ARM200CF, c, d) BF TEM from JEOL 2100+, all datasets
tAKEN @t 200 KBV ...ttt 199
Figure 4.32: HAADF images of GB between the a) (111) and (111) planes of LZO observed along the
respective [121] and [110] ZA, b) [110] and undetermined LZO orientation, c) LZO boundaries
between three grains with twin boundary (red arrow) joining along the (111) and (111) planes
of LZO. a) and b) are symmetry inequivalent while the twin in c) forms with a symmetrically
equivalent plane. The GB runs horizontally across the image, the midpoint marked by the red
arrow. Data acquired on JEOL ARM200F at 200 KEV. .....cccvereiiiiieeeccieee ettt et 200
Figure 4.33: Secondary electron surface images of LLZO depositied onto a) STO(100), b) STO(111).
The porosity seen in annealed LLZO samples was not evident in these films grown at 600 °C.
LLZO grown on STO(111) exhibits small and large crystallites, while the film on STO(100) is
more uniform/flat. Aquired on JEOL 7800F Prime at 15 KeV. ....ccvvveevveeeceeeereeeree e 201
Figure 4.34: XRD of films deposited at 600 °C substrate temperature during PLD, showing
crystallisation relating to the LZO phase a) LLZO on STO(100) with LZO signals at 28° and 33°,
(001), alongside potential weak LLZO signals at 16.5°, (211) and 33.2°, (422). b) LLZO on
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STO(111) with similar prominence of LZO peaks, suggesting significant Li deficiency. Weak
signals at high angles (42° to 44° and 64°) may be related to a minority LLZO phase. Data
acquired on Panalytical Aeris powder XRD (source: CU-KOL).......ccceeeeureeeeeiieeeeeiieeeeeieee e 202
Figure 4.35: Intensity ratios between LLZO film and substrate peaks 40° (STO(111)) and 46°
(STO(200)) when grown at substrate temperatures of 600 °C during PLD. The data points show
relative percentage of LZO(222) at 28°, LZO(004) or LLZO(422) at 33° and potentially LLZO(521)

at 38°. LLZO deposited onto STO(111) contained a great number of orientations of either LLZO

Figure 4.36: a) Low magnification HAADF image of electrolyte deposited on STO(111) at substrate
temperatures of 600 °C, with a 40 nm film depth. Nanobeam diffraction was representative of
the spacings relating to the most intense spots in the diffraction pattern simulated for the
[100] ZA of LZO. HAADF acquired at 200 keV with JEOL ARM20O0CF...........ccceerriveeeercieeennnns 204

Figure 4.37: a) HAADF images of LZO grains grown at substrate temperatures of 600 °C during PLD,
on STO(111) (lamella cut along [101] ZA). a) HAADF simulation along the [100] of LZO
accompanies the STEM images. b) HAADF image of alternative grain orientations within the
electrolyte film, with diffractogram symmetry and spacing suggesting a minor grain orientation
of the LZO or LLZO (111) plane growing at 16° to the substrate’s surface (simulated DP of LLZO
included). Inset diffractograms show the slight misorientation from the (001) plane of the [100]
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Chapter 1

Introduction

Understanding the lithium (Li) intercalation processes within electrode and electrolyte
materials with respect to their crystal structure and chemistry requires a range of approaches.
These include bulk studies with X-ray diffraction (XRD), and scanning electron microscopy (SEM),
through to high-resolution (HR) analysis using transmission electron microscopy (TEM). The latter
can observe materials down to atomic resolution (AR), providing valuable insight into slight
variations in structure, lattice orientation and grain boundaries (GB) throughout solid-state battery

(SSB) electrodes and electrolytes.

The following chapter covers the two materials focused upon within the project, LiCoO,
(LCO) and Li;LasZr,01; (LLZO), the latter doped with niobium to promote conductivity and stabilise
the desired phase at lower temperatures. In addition to bulk studies, the chemistry of interfaces
between these electrode and electrolyte materials is discussed with reference to literature-based
theory and previous research into degradations resulting from redox reactions during charge
cycling of devices. The specific applications and wider role of electron microscopy within the SSB
field of research are presented, alongside potential applications at the forefront of microscopy.
Questions aimed at advancing upon current state-of-the-art literature are introduced based on the

observations and data presented in this chapter.
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1.1 Motivation for High-Resolution Analysis SSB Materials

As reliance on Li-ion energy storage devices increases to ensure the supply demands of
electric devices, such as phones and motor vehicles are met, there is a need to create battery
compositions that are longer lasting, with higher capacities, as well as safer. With a wealth of
different materials being discovered and refined, offering widely varying Li conductivities, research
into understanding the materials from the macro to atomic scales is fundamental to optimisation
and potential implementation on a commercial-scale[1, 2]. Important factors governing device
performance are the degradation mechanisms within the electrodes and electrolyte, as well as the
redox reactions raising impedance to ion transfer across the electrode-electrolyte interfaces
(EEN[3-6]. The current generation of commercial batteries is reliant on solvent-based electrolytes
where lithium phosphate salts provide conductivities of approximately 1 x102'S cm™ (Siemens per
centimetre)[4, 7]. These are prone to significant electrochemical decay at the EEl and well as
flammability upon failure where air exposure of the Li ion devices has occurred. Solid-state
alternatives are of significant interest as a replacement for liquid electrolytes (LEs). These include
materials such as lithium phosphates (LisPO4), sulphates (LisPSs) and garnets or ceramics
(Li7LasZr,012, LirxAlkGezx(POa4)s, LiosslaosTiOz04 etc.) proposed and under active research with

respect to computational and experimental approaches[8-11].

LizLasZr,01; is one such solid-sate electrolyte with optimised conductivities reaching
x103S cm™? for the cubic crystal phase, supported by the incorporation of transitional metal
dopants.[12-14] The particle morphologies on the micron scale have the potential to form a high
conductivity electrolyte with wider applications through the incorporation of binders and polymers,
creating durable and flexible systems[15]. Studying the nanoscale structure of a fully solid-state
device with respect to the bulk and interfacial characteristics of each layer has the potential to
inform more accurate computational analysis of ion conduction routes and understand the
deterioration mechanisms that occur[16]. Structural variations have the potential to arise through
changes in Li content between a charged and discharged states of the electrode, as well as chemical
reactivates based on windows of thermodynamic stability at the interface[10, 17]. Using HR
electron microscopy and spectroscopic techniques available in the York JEOL Nanocentre, alongside
time on instruments at SuperSTEM and ePSIC, it was possible in this project to pursue the objectives
of understanding the crystallinity and grain structures of LCO and LLZO based on various deposition,

substrate orientation and annealing conditions.
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The understanding of phase dynamics in LCO provides potential insights into structural
characteristics of other more complex Li metal oxide (LMO) electrodes (e.g. LiMnO; and
Li1.2Nio.4aRu0.407)[3, 18, 19]. Work on the HR imaging of LLZO aims to progress the understanding of
structures and interface chemistry previously investigated at low resolutions on the micron-to-
nanoscales[15, 20, 21]. The insights into atomic structures, that electron microscopy provides, has
the potential to allow visualisation of specific characteristics adopted by crystalline solid-state Li-
ion materials in relation to performance. There is significant scope to develop the understanding of
grain boundary (GB) and interface structures, alongside techniques to optimised particle and
controlled growth of thin films to model solid-state devices. Such data is fundamental for the
refinement of solid-state electrolytes (SSEs), such that compatibility in a functional device can be

achieved which improves upon the current generation of Li-ion batteries.

1.1.2 Overview of Chapter Contents and Aims

This thesis contains six chapters, where Chapter 1 provides an insight into the motivations
and insights into the important areas covered within each chapter of the thesis, alongside the
important theory and literature relating to LCO and LLZO studies. The introduction covers details
relating to the chemistry and structural attributes of both the electrode (LiCoO,) and electrolyte
(LizLasZr,013). This includes the attempts to achieve specific growth directions on single crystal
substrates, alongside the stabilisation of the cubic electrolyte phase with transitional metal doping,
to improve Li-ion conductivity. The potential of layered LMOs as electrodes is well documented,
with multi-metal systems including compounds of Co, Ni and Mn, cited to reduce reliance on Co
(environmental considerations) amidst other performance benefits[22, 23]. Similarly, for LLZO the
optimisation of conductivity through preparation conditions and metal ion dopants enables this to
be a SSE of significant interest. Interfacial chemical decomposition between electrodes and
electrolytes are fundamental to retaining performance across multiple battery cycles, with the
important changes to chemistry and crystallinity later lower Li mobility between the two
materials[4, 5]. Finally, an overview of the roles electron microscopy can play with respect to

structural and chemical analysis of battery materials are introduced.

Chapter 2 focuses on the experimental methods employed and theory behind them to
collect the data that comprises the results sections of Chapters 3 to 5. The experimental techniques
cover specific methods | have used to investigate SSB materials from micron to atomic scale analysis
of samples, alongside the spectroscopy required to investigate interfaces of LCO and LLZO. Sample
preparation methods (e.g. annealing, lamellae extraction and thinning) are also covered, as these
comprised a considerable amount of project time and are important with respect to achieving

electron microscope compatible samples.
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Chapter 3 presents the work focusing on sintering particle-based samples, with features
resolved on the micro and nanoscales in SEM and TEM where interfaces between particles of LCO
and LLZO are investigated. Interfacial decomposition between electrode and electrolyte were
detectable via energy dispersive spectroscopy (EDS), with GBs visible in electron backscatter
diffraction (EBSD) maps. Bright and dark field (BF and DF) images in TEM provide insight into

complex defect systems in both materials.

Chapter 4 covers work conducted on nanometre thick single layers of LCO and LLZO
deposited on Al,03 (ALO), SrTiOs (STO) and Gd3GdsOi, (GGG). HRTEM and scanning transmission
electron microscopy (STEM) allow identification of multiple phases and respective orientations of
crystal growth within LCO onto ALO(0001), STO(111) and (100), as well as GGG(111), achieved by
pulsed laser deposition (PLD) at low temperature (LT). Thin films of LLZO on STO(111) and (100),
alongside GGG(111) are similarly imaged to assess amorphous depositions at LT, as well as
crystalline films relating to development of suitable ex-situ annealing or substrate temperatures
during PLD. A significant focus is applied to the alignments between GB and the effects these may

have on Li mobility within the electrode and electrolyte.

Chapter 5 focuses on the HR (S)TEM analysis of heterostructures deposited using conditions
developed in Chapter 4. For STO/LCO/LLZO heterostructures subjected to annealing at 600 °C, the
bulk of the LCO thin films is investigated to assess any change to the electrode’s orientation and
crystallographic characteristics of the three phases detected in single layers. Alongside the changes
to the bulk of the electrode, the importance of intermixing and resultant changes along the EEl are
analysed by STEM, EDS and electron energy loss spectroscopy (EELS). This provides insights into the
presence of LCO crystallites at the interface, their phase, and orientations. Various annealing and
deposition conditions allow the observation of crystalline-to-amorphous (STO substrates) and

crystalline-to-crystalline (GGG substrate) interfaces between LCO and LLZO.

Chapter 6 concludes the project with a summary of how the important observations within
each results chapter contribute to the areas of LCO, LLZO and interfacial research introduced in
Chapter 1. In addition, potential alterations and future avenues of exploration are discussed with
regarding adjustments to PLD and annealing such that Li retention is improved, alongside
complications of ion milling and beam sensitivity of Li-ion battery electrolytes. Potential application
of current samples to in-situ heating and biasing experiments are also considered as opportunities

for future work.

Appendices include additional data and information, to support the results relating to

phase assignments and ex-situ biasing described in respective results chapters.
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1.1.3 What are Batteries and Their Important Features

Batteries are electrochemical devices functioning through the transfer of ions within the
crystallographic structure of electrodes and electrolytes. Li is the most used ion within current
commercial devices relying on the intercalation between an anode and cathode when subjected to
a potential difference [24, 25]. The application of a bias in the range of 4 V between a graphitic
anode and LMO cathode drives the Li-ions into the metal oxide (e.g. LiCoO,), subsequently
occupying sites within the respective crystallographic phases suitable for lithium intercalation[26].
The delivery of power drives the current through a device at a rate defined by the requirements of
the system drawing current. Li is deintercalated from the cathode, through the EEl, electrolyte and
into the graphitic anode. Li permeable separators between electrode and electrolyte are used to
protect against dendrite formation and shorting of the device[27]. During this process, the device
is susceptible to physical and chemical changes that influence the capacity and efficiency of the

device over multiple charge cycles.

The industrial fabrication of Li-ion devices currently utilises a multistep process, whereby a
suspension of electrode particles are supported in a polycarbonate binder, that acts as both a
medium to allow processing of the devices layers but also as a matrix to bind the powder/particles
together [28, 29]. Depending on the cells construction the electrode is pasted as a thin layer, rolled
(calendering) to compact the particles prior to layering with the electrolyte and anode to increase
the density of active material within the device. Heating the system during calendering aims to
improve the grain size and remove defects resulting from the strain effects as particles compact
[29-31]. Regarding the atomic ordering of electrode and electrolyte, crystallographic structures
defining conductivity throughout the bulk are important influencers of Li mobility, alongside
interfacial reactivity between electrode and electrolyte. EEl are most susceptible to decomposition
during charge cycles, through electrochemical redox reactions. The rate of structural and chemical
degradation within the device is also dependant on the rate of charge cycles. Rapid rates of charge
and discharge result in faster decay in capacity and efficiency of the device [32, 33]. Similarly, if a
device is over-charged or excessively depleted by application of voltages above the limits of specific
cathode-anode combination (e.g. 4.2 V for a LCO-graphite battery), phase transitions and lithium
plating can reduce capacity and induce structural fractures [33]. The overarching aim of literature
is to develop electrodes and electrolytes that are compatible in electrochemically active systems,
maximising the Li capacity per unit volume, alongside retaining of performance over numerous
charge cycles. This is analysed through a range of techniques covering electrochemical
measurements, x-ray spectroscopy and electron microscopy, each providing their own insight into

characteristics that define the suitability of new materials of interest for the next generation of LIBs.
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1.2 Structure, Phase and Lithium intercalation into Layered Cobalt Oxide

Electrodes

The standard description of a battery details three defining parts; the cathode, anode and
electrolyte. These determine the capacity and operating voltage of the battery, as well as mediate
the movement of active ions (e.g. Li). Significant research has gone into optimising the capacity and
lifespan of electrodes through structural and composition refinement [17, 22, 32, 34-37]. Similarly,
electrolyte composition has been refined to maximise conductivity, thus facilitating efficient Li-ion
transfer. Current commercial Li-ion batteries (LIB) utilise LiMO, (M = Co, Mn, Ni) cathodes and
graphite anodes [38]. While electrolytes consist of LiPFs salt in dimethyl carbonate (DMC) and
ethylene carbonate (EC) solvent mixtures [36]. These batteries can deliver power up to around 4V,
with lifespans suitable for small-scale, portable devices operating over 1 to 4 years. Improvements
in electron microscope resolution and electrochemical impedance measurements across electrode-
electrolyte boundaries have revealed thin (< 10 nm) solid electrode-electrolyte interface (SEI)
layers. These SEls grow through redox reactions at the respective anode and cathode. Importantly

they play significant roles regarding electron and ion mobility across the EEI[4, 5, 39].

The process of producing high quality electrodes requires optimised synthesis conditions. By
optimising structural characteristics, this can improve charge storage capacity and ion/charge
transfer dynamics. LCO and graphite are two main choices for cathodes and anodes in industrial
LIBs.[38] The rhombohedral structure (r-LCO, space group: R3m), allows intercalation of Li ions
between the CoOs layers. The occupancy between these layers increases during discharge cycles,
with an applied potential moving Li-ion back into the anode to charge the device[19, 40]. Both Co
and oxygen play a role in the changes in bonding environments during cathode cycling (Figure 1.1).
Use of XPS to track shifts in bonding environments as the lithium content in LCO varies. While exact
lithium contents are a challenge to accurately quantify, a reducing Li content (LixCoO,, x<1) can be
seen within the changing shoulder to the Co 3s orbital XPS spectrum. In Figure 1.1, a) Co shifts
between the low-spin Co®" (t,g°) and high-spin Co** (t,° e,?) states during the deintercalation of Li.
Electron delocalisation between Co® and Co* at lower Li contents leads to LixCoO; (x < 0.6) showing
traits of metallic conduction [35, 41]. With reducing Li content, the O 1s signal at 529.3 eV in LiCoO,
shifts to a slightly lower binding energy, while intensity of the shoulder peak at 532 eV increases as
Li content decreases. This sensitivity to changes in the binding energies of Co and O, allows
deintercalation or deficiencies in Li content to be tracked within an electrode. The extent of Co and
oxygen’s role is thought to differ, with the oxygen interacting directly with the Liion as an anion as

well as being closer to the Li layers in the r-LCO phase [18, 35].
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Figure 1.1: XPS of a) Co 3s for LCO, CoO, and CoO, showing decrease in the binding energy of the
LCO signal at 103 eV, to 102 eV. b) O 1s orbitals during Li deintercalation, where intensity of to
shoulder peak at 532 eV increases with reducing Li content (LixCoO;, x=1 to x=0). This illustrates
changes in bonding character of Co and O orbitals during deintercalation. Figure acquired from

reference [18].

The ideal structure of LiCoO; allows lithium insertion between the CoOg layers, as detailed
in (Figure 1.2). Altering specific structural characteristics through heat treatment/annealing is
fundamental to maximising performance (capacity and conductivity). Using LiCoO; as an example,
there is a clear difference between the structure obtained at temperatures below and above 550°C.
The r-LCO (Figure 1.2, b) that forms above 550°C (Figure 1.2, a), is preferential for Li-ion
intercalation dynamics, providing intercalation channels for the Li-ions to migrate along. The cubic
structure (c-LCO, space group: Fd3m) (Figure 1.2, c) has fewer channels of Li-ions and restricts
mobility trough intermixing of half the Li and Co sites [19]. The structures have been viewed using
high resolution (S)TEM, with phases varying in the bulk and Li deficiencies observed close to the

surface of thinned LCO samples [22, 42, 43].
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Figure 1.2: Plot of LCO phase transition between cubic and rhombohedral as a function of annealing
temperature. Plot acquired from reference [19], atomic models derived from .cif files from

literature and materials project databases[26, 44].

Layer spacing increases during intercalation, causing a volume change for the electrode.
Conversely, these layers contract during deintercalation when charging the battery. The applied
potential to reach lithium values below x = 0.4 for LixCoO, becomes much higher, due to the
decreased spacing [41]. Therefore, during charging, LiCoO, electrodes are not completely lithium
depleted into CoO,. Analysis shown in Figure 1.3 show the fracturing of a LiNio 6C002Mno 20, cathode
during cycling, especially during the first few cycles. In addition to several electrochemical (Li plating
and SEI formation) degradation pathways, the change in lattice structure can also be cited as

another reason for performance loss in LIBs [17, 22].

Performance of LIBs has been extensively modelled and evaluated, using electrochemical
techniques. Voltage-capacity curves have investigated the retention of active Li content and
achievable voltage delivery over numerous cycles, as well as the effect of charge/discharge rates
on the rate of cell decay. Studies have progressed the understanding of where performance is lost,
such as electrochemical electrode and electrolyte decay, as well as structural degradation [17, 45-
47]. The use of low-resolution electron microscopy studies has enabled observation of increasing
structural disorder and general deterioration of the electrodes bulk structure (Figure 1.3) [17, 22].
Combining information from both electrochemical and structural observations helps provide a

clearer picture of the system.
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Figure 1.3: Progress in structure of LiNip.sC00.2Mno 202 on the micron and nanoscales over multiple
charge cycles, showing change in grain contrast after 10 cycles (b) and significant cracking after

2500 cycles (c), relative to the pristine electrode (a). Figure from reference [22].

During Li intercalation, the charges in stoichiometry within LCO can lead to the presence of
four distinct phases (Figure 1.4). This can be distinguished using XRD, SAD or HR (S)TEM, with
distinctive symmetries of atoms and lattice spacings (Table 4.1), allowing r-LCO, c-LCO and Li-
deficient rock salt CoO (rs-CO) to be distinguished by their BF, HAADF and diffraction information.
Some zone axis (ZA) have similar lattice spacings, within expected calibration errors (1% to 15%) of
(S)TEM microscopes, leading to potential misidentification of r-LCO, rs-CO and s-CO along
symmetrically equivalent ZA. Appendix | uses the known lattice parameters of substrates in PLD
samples, where diffractograms from HR images are used as a reference/calibration for accurate
assignment of diffraction patterns (DP) or diffractograms relating to the LCO and LLZO (Figure 1.10,
a and b) phases in individual nanograins. A substrate image was taken as a calibration during each
microscope session for each sample, allowing ALO, STO and GGG substrates to be effectively used
as calibrations that are independent of Li or dopant content. Intensity differences within DP can
also differentiate between the rs-CO and s-CO, as well as LLZO and LZO to determine the phase and
extent of Li deficiency within electrode and electrolyte grains. However, double diffraction provides
additional complexity to using intensities and absences of specific spots for effective assignment of

these phases, so is mostly avoided [48-50].
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Figure 1.4: Atomic models of a) r-LiCoO,, b) c-LiCoO;, c) s-Cos04 d) rs-CoO phases along a ZA
commonly observed in sintered particles and PLD films on ALO, STO and GGG substrates in Chapters

3 to 5. Models formed using .cif files from literature databases and the Materials Project [51, 52].

Replacements for Co predominantly include Ni and Mn. These are more abundant and
considered to be less environmentally invasive alternatives[53, 54]. Regarding their respective
performance, research has determined good stability and improved capacity compared to LiCoO,
(capacity: 140 mA h g1). Examples include LiNio.sC002Mno20>, with an initial capacity of 170 mA h g
1 and capacity retention of 85% over 50 cycles, however only 40% over 2500 cycles [22]. Capacities
up to 250 mA h gt were also achieved by Thackeray et al. for LiMnoesNio3s0,, illustrating better

short term performance than LiCoO, [55].

The chemical reactions within a cell comprised of an LCO cathode and graphite anode
require a route through which the electrons can flow, to facilitate the redox reactions as Li
intercalates into and out of each material during charge cycles. The half reactions for the redox
couple and associated standard potential (E®) for LCO and graphite are shown in Table 1.1. These
combine to provide a standard potential of 3.6 V for the LCO-graphite redox couple. Equation 1
describes the method for calculating the standard potential (E®overan) from the oxidation (E®) and

reduction (E®.q) potentials of the cathode and anode.
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Table 1.1: Standard potentials and half reactions relating to a LCO — graphite cell

Cell state Positive Negative electrode
Charging (galvanic) Li* + CoO; + e- 5 Li* + [CoO3] Lis Lit+e
(Cathode) (Anode)
Discharge (electrolytic) Li* + [Co0,]" < Li* + CoOz + € Li*t+e s Li
(Anode) (Cathode)
E® -3.04V 0.56 Vv
Equation for E®overall = E®red— E®ox (Equation 1)

1.2.1 Alternatives to Lithium as the Active lon

Alternative battery materials of interest included Na, Zn and other replacements for cobalt
in LIBs. These have varying capacities compared to practical capacity of 140 mA h g for LiCoO; [22,
47,56, 57]. These may also help resolve issues around lifespan of the battery as well as abundance
and toxicity of the exploited materials. With respect to cobalt alternatives, nickel and manganese
are identified as more abundant, cheaper replacements. Cathodes incorporating these metals have

recorded capacities up to 226 mA h g and promising stability over 100 cycles [34, 58].

For example, sodium (Na) has been cited as a promising replacement to Li given its high
abundance, supply security and low cost [56, 57, 59]. A few key Na cathodes have included
titanates, layered metal oxides, and sulphides [56, 59]. Similarly to LiCoO,, the structure of titanates
allows intercalation and storage of ions between TixOy layers (Figure 1.5) [57]. These provide
structures with sites of suitable size to intercalate Na ions (radius (r) = 0.99 A), while achieving
reasonable capacities (90 - 100 mA h g?) and reasonable stability (approx. 100 cycles) [57, 60].
Dependence of capacity and Na insertion appears to rely on specific stoichiometry, with improved
performance for Na,Tiz07 compared to Na,TisO13 [57]. Capacities up to 200 mA h gt were achieved
for Na,TisO;, however, these rapidly decrease to a more stable 100 mA h g after a few charge

cycles. This is thought to be a result of structural distortion upon insertion and removal of ions [60].
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\ c Na,Ti, 0, Na,Ti,0,

Figure 1.5: Structure of Na titanates, a) NaTisO13 and b) NaTis0O5, displaying the Na ions (pink and

light blue) positioned between the titanium oxide layers. Reprinted from reference [57].

The goal is to find systems like LIBs, which provide adequate performance compared to the
current generation of batteries, but with improved resource security and device safety. As LIBs still
dominate the global battery market, it is clear Na-ion batteries and other alternatives (e.g. zinc) are
still not suitably advanced with capacity and long-term stability commonly cited as reasons [59, 60].
However, continuing research into these alternative cathodes means they remain potential

replacements for LMOs in the future.

1.2.2 Battery Capacity

The capacity of a battery can be defined by the energy per unit volume (Watt-hours per
litre, Wh 1) or per unit mass (Watt-hours per kilogram, Wh kg?). These two definitions describe
the volume and weight of the battery required to deliver the required performance. The specific
energy (Wh kg!) and energy density (Wh I'Y) are consequently related to the duration for which the
battery can supply a given power output (Watts, W) in relation to its mass or volume when subject
to a load during supplying power to a device. The electrode material, electrolyte volume and
packing density all impact the capacity of the battery. Compressing the same mass of material with

a specific capacity into a smaller volume will improve the energy density (Wh I2) of the battery [61].

In terms of application, the greater the capacity per unit volume and mass are the smaller
the device can be, while still maintaining the capacity suitable for supply of a required load over a
specific timespan. Solid-state devices have the potential to improve the energy density of a device,
by excluding the substantial volume of electrolyte. The gravimetric capacity of the electrodes can
then be maintained within a smaller, lighter device or used to enhance a cell’s capacity by utilising
the same battery volume, occupied by a greater capacity of active material (e.g. LCO and LLZO)

incorporated within the cell [62, 63].

Chapter 1 Introduction



40 1.5 Li Lanthanum Zirconium Oxide

1.3 Structure, Doping and Conductivity of Electrolytes and Electrochemical

Changes at EEls

The main role of the electrolyte in a LIB is to mediate transfer of lithium ions between the
cathode and anode, alongside limiting the potential for the device to short. The most common
electrolyte in modern commercial devices is lithium phosphate hexafluoride (LiPFg) salt, within
ethylene carbonate (EC) and dimethyl carbonate (DMC) solvents. This therefore exists in liquid
form, added after assembly of the battery electrodes [36]. A separator, with appropriate pore size,
acts to allow both efficient charge transfer, protect against shorting and stop battery function upon
overheating. Separators are commonly a thin, porous membrane of ceramic or polymer
construction [64]. LiPFsin DMC:EC electrolytes are convenient as they exhibit conductivities up to

1x10%S cm™ [36]. lon mobility and conductivities can be calculated using Equations 2 to 4.

u=-— (Equation 2)

D= Doe_"ETT (Equation 3)

U being the mobility, relating to the ion diffusion coefficient D (Equation 2 and 3), where ks and T

are the Boltzmann constant and temperature (Kelvin).

Equation 4 relates conductivity o, with Ex the activation energy of diffusion [65]. With
respect to atomic structure analysis of batteries, some techniques require the use of high-vacuum
conditions (e.g. (S)TEM and XPS). The volatility of LEs (LEs), including LiPFs, makes them relatively
incompatible to equipment such as electron microscopes [35, 41, 66, 67]. Alternatively, SSE can be
used that avoid the use of volatile and flammable solvents and could in principle have other
advantages with respect to stability and applications in extreme environments. Fully solid-sate
devices are also more amenable to study using vacuum methods of analysis such as electron

microscopies [10, 68].

o=2L¢ kpT (Equation 4)
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Limitations of SSE arise from their lower conductivity and complexity of synthesis.[8, 69]
These attributes still make LEs like LiPFs in EC:DMC solvents mixtures more attractive on an
industrial scale for most applications. However, the selling point for SSEs is their improved safety.
Dendrite growth through the liquid medium, gasification and combustion upon overheating are all
safety implications with LEs. In addition, the lower volatility, slower rates of deterioration and
resistance to shorting between electrodes would be significant benefits for the lifetime of SSEs [10,

68].

The direct contact between electrolyte and electrodes causes redox reactions at these
interfaces and formation of an SEI. Numerous chemical and thermodynamic factors influence the
formation rate and attributes of the decomposition layer [10, 17]. Figure 1.6 illustrates the
respective charge transfer and energy profiles for reduction and oxidation in relation to theoretical
redox potentials of the electrode. The electrodes operate at the standard potentials, defined by
each specific material, during the charge/discharge cycles. The cathode-anode energy gap
determines the voltage at which the battery can deliver power [5, 39]. Specific electrode and
electrolyte combinations are fundamental to the efficient power delivery, practically and stability

of a battery.
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Figure 1.6: Model of electrode and electrolyte layout, displaying theoretical chemical potentials of
the electrodes and direction of both electron and ion flow during charging and discharging. Dashed
regions highlight energies outside the thermodynamically stable window (WOS) where redox

reactions can occur to form SEls [70].

The voltages at LIB interfaces are extreme with respect to the LE during the charging and
discharging of a battery. Therefore, these interface sites become particularly reactive
environments, with most initially conductive to both electrons and lithium ions [4, 71]. Feasibility
of interfacial redox decomposition reactions depends on the chemical potential of the electrodes.
The key parameters being their relation to the electrolyte’s highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energies. The energy gaps of commonly
researched electrolytes are known and the thermodynamic ‘window of stability’ (WQOS), in relation
to the chemical potential energies of the cathode and anode can be determined (Figure 1.7) for a

given electrode-electrolyte combination [72-76]. A high potential anode in relation to the LUMO
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band results in reduction of the electrolyte at this interface. Alternatively, if the chemical potential

of the cathode is low enough to lie close to the HOMO energy levels, the electrolyte is susceptible

to oxidation [5, 39]. The rate and extent to which these redox reactions occur during EEl formation,

plays a role in overall battery performance.
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Figure 1.7: Electrolytes and their thermodynamic window of stability (WOS). A graphite anode’s

reduction potential lies close to 0 V vs Li/Li*,

reducing the interface with SSE with WOS above this

value. LCO cathodes operate up to potentials of 4 V vs a Li/Li* electrode, resulting in oxidation at

the boundary with SSE with WOS below this value. Figure acquired from reference [5].

Multiple reduction or oxidation products can be formed, depending on the constituent

elements of the electrode and electrolyte. This can lead to the complex mixtures of solid

compounds across the EEl [77, 78]. Experimental observations have seen increased impedance to

electron flow, as well as ion mobility across the boundary. Despite being only a few nanometres

thick, interface layers can be detrimental to the performance of the battery. This occurs once

impedance to lithium transfer becomes the dominant factor compared to the bulk electrolyte [5,
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78]. The formation of this layer can however provide the benefit of protecting the electrolyte from
further decomposition. This occurs when the EEI supports ion transfer but becomes sufficiently
insulating to the electrons required for continuation of redox-related decomposition. Structural
characteristics and thickness of the stabilised EEl are important factors, in terms of overall

resistance to ion transfer [16, 20, 39].

1.3.1 Interfacial Decomposition and LE Interfaces with Solid-State Electrodes

LEs are comprised of salts (e.g. LiPFg) dissolved into appropriate solvent systems that can
undergo oxidation and reduction reactions at the electrodes, giving a variety of solid decomposition
products at the interfaces. For lithium-ion batteries with LiPFs in ethylene carbonate, some
decomposition products include dilithium ethylene dicabonate, lithium carbonate and lithium
oxide. Formation occurs through reduction reactions at a graphite or lithium metal oxide electrode.
Combinations of these decomposition products produce complex SEI structures [20]. A reduction
or oxidation peak on cyclic voltammograms, that disappears after a number of cycles, can be
attributed to EEI formation [79]. Voltammetry techniques can therefore help identify the stability

window of electrolyte through peaks in voltage values.

EEl and SEI can exhibit a complex mix of characteristics, across structural transitions,
regional chemical composition, and local disorder. The point at which they become resistant to
electron transfer, and hence stable, is also determined by the interface layer thickness. Equally
important is the retention of ion conductivity upon formation of the stable, electronically insulating
layer. The final thickness and composition help define the impedance to ion (e.g. Li*, Na*) transfer
from the electrode to the electrolyte. Experimental observations have seen EEl layers from at least
3 nm (30 A) thick on LiMO, (M = Co, Mn, Ni) and graphite electrodes [3, 80]. Figure 1.8 shows the
formation of an SEI layer between LiPFs-based LE and Li-Au alloy electrode. Thicker EEls increase
the distance required for ions to flow between the electrode and electrolyte. Consequently, they
provide greater impedance across the boundary to Li* ions, reducing the transfer efficiency [6, 81].
Local structure also has a fundamental role to play in impedance of the SEl. Incompatible GB or

high-energy barriers for ion migration between lattice sites will raise the interface’s resistance.
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Figure 1.8: In-situ development of a SEI between Li-gold alloy electrode and commercial LiPF¢ salt-
based LE. Degradation occurs on the timescale of seconds when cycling the device between 0 V and

-3 V. Figure sourced from reference [82].

1.3.2 Formation and Properties of SSE EEls

SSE that have seen interest in literature include glassy solids (e.g. LisPSs) and lithium
phosphorous oxynitride (LiPON). More recently, structures of greater complexity with garnet
structure of Li;LasZr,012 and lithium lanthanum titanium oxides have seen development and
application within novel electrolyte designs, as well as electron microscopy related research into
their structure and chemistry [65]. A list of solid electrolytes and respective conductivities are found
in Table 1.2. Solid electrolytes such as LiPON and NaPON are recorded to have significantly lower
conductivities, compared to LiPFs, of around 1 x10® S cm™ [83, 84]. Zhao et al. showed this
conductivity is dependent on nitrogen pressure during deposition, hence content in the LiPON
electrolyte. A nitrogen pressure of 200 mTorr during PLD, promoted the greatest conductivity of
1.6 x10® S cm™ for their electrolyte [85]. Another prominent glassy solid electrolyte is lithium
thiophosphate (LisPSs). With a conductivity up to 1 x10% S cm™, LisPSs is significantly more
conductive than LiPON electrolytes [8]. In addition, the doping of LisPSs; and lithium titanate

(LiTiz(PO4)s) electrolytes can cause significant improvements in conductivity [8, 9].
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Table 1.2: Optimised conductivities in Siemens per centimetre (S cm™) for several SSEs of interest,

relevant to both Li- and Na-ion batteries.

Electrolyte Conductivity /Scm™?  Reference
LiPFs (liquid) 1x10? [36]
NaPFs (liquid) 6.8 x1073 [86]

LiPON / NaPON <2x10°® [83, 84]

LisPS4 1 x10% (8]
LizGeSs and LizPS4 1.8 x1073 (8]
LiTi»(PO4)s 1 x10" [9]
Li13Alo3Ti1.7(POa4)3 3.8x10°3 [9]
NazPS,4 2 x10* [10]
LizLasZr2012 1 x103 [65]
LizoGeP3S1, 1x107? [87]

While conductively is important, the transfer of ions at the electrode, electrolyte boundary
is fundamental to the function of the battery. Incompatible interfaces, whether that be due to
structure or morphology, will limit ion transfer efficiency through increased resistance. Therefore,
studies into the charge dynamics between Li electrodes and the respective electrolyte have been
carried out. These help to understand the effect of the interface at the point of charge intercalation
into the electrodes. The charge transfer resistance from the electrolyte and electrode, such as
LiCo0,, reduces efficiency and restricts the charge or discharge rate of the battery [88]. Similarly,
to LEs, the degradation of solid electrolytes at electrode interfaces is important in determining
performance and capacity retention [5, 39, 77]. LEs can interface well with the electrode surface,
given their fluid nature. SSE require either a complimentary structure or strong interfacial
mechanics by design. This can be achieved through heat treatment or structurally compatible EEI
formation. If the electrode and electrolyte are incompatible, then this will severally restrict the rate
and efficiency of ion transfer [39, 71]. Therefore, for both liquid and solid electrolytes, research has
gone into understanding and refining the compatibility with the electrode. Electrochemical, X-ray

and nanoscale imaging techniques have been exploited to further understand the interfacial layers.
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Like LEs, SSE are also susceptible to reduction and oxidation at the interface with a given
anode or cathode. Again, the type of decomposition products, thickness, structural arrangement
and conductivity are fundamental to determining battery performance and stability [21, 78].
Formation of only a thin electronically insulating but ionic conducting layer is ideal, to limit
electrolyte decomposition and minimise ion impedance. However, with SSE it is important to
ensure suitable structural integrity of the electrode-electrolyte boundary. A poor contact or
structural mismatch will increase defect site density, as well as allowing gaps to exist between the
electrode and electrolyte. Such a system would significantly increase impedance to ion mobility

across the boundary, hindering efficiency [5, 39].

Many SSE have gained interest, with a range of elemental compositions, conductivities,
structures, and thermodynamic stability windows. Electrolytes based on phosphates and
thiophosphates are popular, with lithium phosphorus oxynitride (LiPON) and lithium thiophosphate
(LisPS4) laying foundations in SSE research [5, 65, 74, 89]. Recent refinement of electrolytes, doped
with germanium or aluminium have achieved Li* conductivities close to industrial LiPFs — EC:DMC
LEs. For example, Aono et al. achieved 1 x103 S cm™ for Li13Alo3Ti1.7(PO4)s, while 1.2 x102 S cm?
was measured for LiioGeP,S12 by Kamaya et al [65, 90]. This compares to 1 x102 S cm™ of LiPFg—
EC:DMC electrolyte [65]. If SSE bulk and interfacial properties enable performance and lifespans to

equal that of current industry leading batteries, they offer safer alternatives to liquids.

Reasons why specific solid electrolytes show such high conductivity are explainable through
concerted ion migration mechanisms. Classical ion transfer observes the movement of a single ion
between different lattice sites, experiencing each energy transition barrier in sequence. However,
this predicts much higher transition energies and lower conductivity than measured experimentally
for SSE with high conductivities. In contrast, concerted migration illustrates a system where the
movement of one ion between lattice sites triggers simultaneous transitions of adjacent ions.
Electrolytes with high lithium density and ions in unstable lattice sites are most likely to facilitate
concerted migration events. The energy profile for concerted systems does not view each ion
individually. Instead the combination of ion transitions from high to low energy sites and vice versa,
combine to reduce the net energy barrier [91, 92]. The concerted process therefore lowers the
overall energy profile for lithium transfer, commonly between tetrahedral and octahedral sites. The
result is significantly easier ion movement, hence higher conductivities observed for SSE like

Li1,3A|0,3Ti1,7(PO4)3 and Li1oGeP2512.

Chapter 1 Introduction



48 1.5 Li Lanthanum Zirconium Oxide

Intercalation of lithium causes expansion and contraction of lithium metal oxide electrodes
and therefore leads to mechanical strain at the EEl. Consequently, an initially well-bonded EEI may
not retain its structural integrity over time. A SSE should be able to withstand these stresses and
strains of electrode volume changes, while maintaining a good interface.[93] Interface fracturing
will lead to greater defect site and grain boundary densities, plus vacant regions too large for ion
transfer. Wu et al. highlight that such interface fracturing, from volume cycling in silicon electrodes,
opens up fresh regions of unreacted electrolyte. This consequent continued decomposition will

thicken a given EEI, further raising impedance to ion transfer [81].

Current exploration of solid electrolyte EEl formation in the literature, has uncovered a few
key aspects. For LisPS; a dependence was found across aspects such as, degradation rate,
temperature of preparation and use of protective oxide layers.[21] The interface between LixPS,
electrolytes and LiCoO; electrodes has a higher impedance to Li* flow than the bulk electrolyte. As
mentioned, volume shifts during charge intercalation can put significant stress on the EEl, leading
to decay in structural integrity and interfacial contact [71]. Kitaura et al. used the glass transition
temperature of LisPSs (= 200°C), to improve contact with the electrode through electrolyte
softening. This technique also enhanced the capacity of the cell by 70 mA h g [21]. Protective oxide
layers, an example being LiNbOs, have been used to improve the interface between electrodes and
electrolytes [21]. In addition, to interface improvements, these must facilitate efficient Li-ion

transfer.

The ability for modern electron microscopes to reach Angstrom resolutions has opened the
window to exploring EEIl in substantial detail. Solid-state structures provide the added benefit of
enabling high-resolution imaging, without beam distortions or radiolysis associated with
environmental liquid systems [94]. EEl are commonly around 3 to 10 nm thick, hence only a small
number of unit cells across [4]. Therefore, understanding structure and ion diffusion mechanisms,
on atomic scales, becomes an exciting prospect with the capabilities of modern electron
microscopes [95]. Important aspects that can be resolved include; interface layer formation,
regional structures and GB, plus how these develop over charge cycles [96]. One important area of
research would be into routes ions travel between the electrode and electrolyte. Bulk structure /
composition, defect density and grain boundary effects could provide insights into how EEl can be

refined to maximise battery efficiency.
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Focusing on the structural aspects of the EEl, if a mismatch or inhibiting grain boundary is
present, impedance to Li* movement across the EEl increases [16, 21]. Therefore, a good match or
efficient structural transition between the electrode and electrolyte is important. Tuning the lattice
orientation may promote more efficient ion flow through the region by lowering energy barriers.
lon transitions can either occur through sequential movement between adjacent lattice sites, as
well as through unoccupied sites or vacancies. Ideally, the exploitation of structures exhibiting
concerted migration will help achieve high ion conductivities [91, 92]. A concerted system
integrated into the EEl would minimise energy barriers for Li transition between EEIl lattice sites,

maximising efficiency [16, 39].

1.2.3 Use of Passivation Layers to Improve EEI

Electronically insulating and ionic conducting layers can form naturally or be pre-deposited
between the electrode and electrolyte. Controlling the extent of electrolyte decomposition and
subsequent impedance to ion flow across the EEl is appealing. This has led to research around
methods to limit electrolyte decomposition and refine characteristics of the interface layer. As
previously covered, the addition of fluoroethylene carbonate to a standard LE forms a separate
protective EEI. This limited the extent of bulk electrolyte decomposition and helps increase battery
lifetime [21, 79]. A few solid-state materials show promise, with windows of stability in the region
of graphite and LiMO (M = Co, Mn, Ni) electrode potentials (0 V and 4 V vs Li/Li*). Figure 1.7 shows
compounds including LisPO,, LiNbOs, LisTisO12 and Li metal halides (e.g. LiAICl; and LisAlFs) have
thermodynamic WOS in the 4 V vs Li/Li* region [5]. Pre-depositing a thin (< 5 nm] layer of material,
known to have low impedance to ion transfer but be electronically insulting (Figure 1.9), can reduce
overall EEIl thickness. This is achieved by limiting the extent the electrolyte decomposes, before
reaching a stable electronically insulating state [5]. Reducing EEI thickness and ideally improving
structural contact, ion transfer efficiency and stability over numerous cycles should improve.
Kitaura et al. mention the effectiveness of LiNbOs in their LisPS4 electrolyte / LiCoO; cathode /
LisTisO12 anode arrangement. Here LiNbO3 supressed resistive interfacial layers between electrode

and electrolyte during cell preparation and hot pressing into a pellet [21].
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Electrode

Figure 1.9: Diagram representing the effect of passivation layers on Li conductivity across an
interface where an SEl forms. a) EEl without pre-deposited passivation layer, leading to formation
of a thicker SEI. b) Use of passivation layer is likely to reduce electrolyte decomposition creating a

thinner SEl and therefore improve Li mobility across the EEI.

Therefore, the following key points need consideration when selecting an effective
passivation layer compound. It needs to be stable in relation to the oxidation or reduction potential
of the respective electrode. Secondly, the layer should limit the extent to which the bulk electrolyte
decomposes. Finally, the passivation layer or additive must not excessively hinder the efficiency of
battery charging and discharging. If EEl formation from the bulk electrolyte cannot be easily
controlled, passivation layers provide a feasible alternative to reduce bulk electrolyte

decomposition and improve ion transfer.

1.3.1 Lithium Lanthanum Zirconium Oxide

The work in this thesis focuses on Lithium lanthanum zirconium oxide (LLZO) SSEs. LLZO is
a garnet-type SSE with a formula unit of Li;LasZr,01,. and either a cubic (space group) or tetragonal
(space group), providing lithium conductivity of around 1 x10* S cm™ for the cubic phase. The cubic
unit cell is built of eight formula units (LissLa24Zr16096), totalling 192 atoms per unit cell, where the
La and Zr atoms occupy LaOs and ZrOs dodecahedral and octahedral coordinated sites respectively.
Synthesis is achieved through mixing suitable ratios of, La;0s, ZrO; and Li,COs, prior to thermally
decomposing the mixed powder at 750 °C to form tetragonal LLZO (Equation 5) [97]. Subsequent
sintering above 700 °C should induce a phase change to a bulk cubic structure [98]. In addition,
sintering at such elevated temperatures leads to lithium evaporation, thus causing regions of
La,Zr,07 to form. However, an excess of approximately 10 wt% of lithium should be enough to

compensate for any major lithium loss during the sintering process [97].

7Li,CO3+3La03+4Zr0,—> 2Li7LasZr,01,+7C0, Equation 5
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LLZO has a large complex unit cell (Table 4.1), although smaller regions of repeating
symmetry occur within the backbone of La and Zr ions when viewed along the low-order ZA. These
heavy atoms will dominate the image intensity within BF and HAADF images, of the tetragonal and

cubic phases (Figure 1.10) [99, 100].
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Figure 1.10: Models of cubic and tetragonal LLZO (c- and t-LLZO) and cubic LZO (c-LZO) phases along

the [100] and [110] ZA. Structures from .cif files in computational and literature databases [44, 51].

The conductivity of the two phases is governed by a complex mechanism for lithium
transfer between sites in the lattice’s lithium network. In the low conductivity (1 x10® S cm™)
tetragonal phase, where all three distinct crystallographic sites are occupied by lithium [101]. This
resulting lower energy states of lithium ions hinders the tetragonal structure from achieving the
same conductivities as its cubic counterpart. In contrast, the potential sites which lithium can
occupy in the cubic phase are not all filled, leading to an energy profile for site-to-site transitions
that supports ion conductivity. Additional instability of lithium ions in specific sites lowers the
energy required to promote the motion of lithium ions within the structure. Initial motion of the
highest energy lithium ions can trigger a concerted process of local Li* rearrangement within the
cubic phase. The experimentally measured energy barriers for lithium diffusion in c-LLZO (0.32 eV)

match closely with the values relating to the concerted motion of lithium ions [92, 102, 103].
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Figure 1.11: Theoretical pathways for Li conduction through ceramic electrolyte, including LLZO.
Computational energy profiles show the differences between concerted (multi-ion) motion a-c) and
conduction with each Li ion overcoming an individual energy barrier e to f). Energy profiles for
concerted migration are shown to be lower than single ion migration mechanisms. Figure acquired

from reference [104].

Given the cubic phase of LLZO does not form at standard temperature and pressure, either
requiring temperatures above 700 °C or additionally doping with low weight percentages of metal
ions. The latter option has the additional benefit of potentially improving the conductivity of the
cubic phase if a suitable metal is chosen (e.g. Al, Bi, Ge, Ga, Nb, Nd, Ta, Ti, Y) [12, 13, 105-108].
Aluminium doping has achieved conductivity in excess of 1 x103 S cm™ and widely used in studies
for maximising conductivity [11]. The dopant commonly occupies the La or Zr sites within the
structure, depending on the oxidation state stability and size of the dopant ion. The substitution of
raises the energy of the adjacent Li site, promoting a lower activation energy pathway for ion
migration via this instability [92]. However, the purchase options for PLD targets meant the dopant
in this project is niobium. doping can improve conductivities of the electrolyte but also stability of
lithiated cathode materials [23]. Conductivities for Nb and Nd-doped LLZO have been measured up
to 1 x10° S cm™ for Nb or Nd as the only dopant. This increases to over 1 x10* S cm™, when
combined with a secondary dopant (e.g. Al or Bi). Nd** occupies the La®* site (Li;NdxLasxZr2012),
while Nb occupies the Zr sites (Li;NbyLasZr,4012), with the effect of reducing the lattice constant

when used as a sole dopant.
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Phase stabilisation and lattice dimensions are important the size of the substituent ion
needs avoid detrimental effects to the energetics of Li migration through raising the activation
energy of concerted ion migration mechanisms [13, 105, 108]. Conductivities for Nb-doped LLZO
have been measured at x10“ S cm™?, promoted by destabilisation of Li sites by the large ionic radius
of Nb3 ions (0.72 A) occupying Zr sites (Li;Nb,LasZr,012) [12]. Counteracting the stabilisation of the
cubic phase and promotion of lower energy Li transitions, the smaller lattice constant after Nb
doping limits the improvement in LLZO conductivity [108-110]. A co-dopant that occupies the La or
Zr site but increases lattice parameter would be a method of offsetting the effect of compressed
lattice parameters in Nb-doped LLZO. Purchase options for PLD targets meant the dopant in this
project was niobium. Nb doping can improve conductivities of the electrolyte but also stability of
lithiated cathode materials [23]. This may help acquire a cubic LLZO (c-LLZO) phase, stabilised at LT

and with suitable conductivity for electrochemical in-situ experiments.

1.4 Anodes Materials and lon Intercalation Characteristics

As with cathodes, it is important to have an anode for Li storage and delivery that allows
for high capacity and longevity of performance during intercalation cycles. For Li batteries graphite
functions effectively as an anode with capacities of 372mA h g™. Li inserts efficiently within the
graphite layers, with an interlayer spacing of 0.34 nm (pure graphite) to 0.37 nm (LiCs)), providing
a measured conductivity at a magnitude of x10* S cm™ [26, 111]. The anode material is also
fundamental to battery lifespan and performance. The bulk of research has been around
understanding and modifying graphite for LIBs. However, given graphite has a limited capacity (372
mA h g) and incompatibility with Na ions, silicones and hard carbons have also gained interest
[112]. Graphite’s layered structure, with a spacing of 0.34 nm, works well for incorporating Li ions
of 0.76 A in diameter [113]. Along with carbon’s abundance and simple industrial deposition

techniques, it is therefore the most common anode material in the LIB industry.
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Figure 1.12: Temperature profile of graphitic and non-graphitic hard carbon structure, showing
difference in the ordered layered and disordered structure of graphite and hard carbon

respectively. Acquired from references [114, 115].

With respect to alternative active ions in energy storage devices, larger metal ions (e.g.
potassium, calcium), will intercalate to some extent between graphite layers. However, the
energetic potential of Na ions within graphite is unfavourable, compared to metal formation on the
surface [115]. Hard carbons (Figure 1.12) have quoted capacities up to approximately 438 mA h g*
for intercalation of lithium where optimally prepared. This higher capacity and ability to intercalate
Na, has driven research into this class of anodes [115, 116]. The structure of hard carbons is still
debated, with the precise formation seemingly dependent on the precursor. Consequently, there
is no agreed intercalation mechanism for respective ions. It is thought the storage for ions occurs

predominantly in defect sites, which depend on the internal porosity of the electrode [115]. Coating

or doping of hard carbon anodes, has achieved improvements in their stability and capacity [116].
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Research into silicon anodes has yielded some interesting findings and progress. A high
theoretical capacity (approx. 4200 mA h g), makes it an anode material of significant interest.[112]
However, the underlying issue of large volume changes upon intercalation, leads to rapid structural
deterioration. Consequently, the initial advantageous capacity of silicon anodes quickly decreases.
Work on silicon anodes appears limited, despite the length of time since research in the field
commenced. This is likely due to the significant challenges posed by structural deterioration.
Methods including mixing silicon with graphite, as well as applying oxide coatings, have achieved

improved stability over a greater number of charge cycles [117].

With respect to the research into solid-state devices, the implementation of graphite or
other anodes is of less interest than the deposition and structural studies into the cathode and
electrolyte materials. The formation of SEI between graphite and SSE are also important to the
battery performance, and lattice orientations in relation to graphite planes [4, 118]. Analysis
focuses on cathodes and electrolyte in this project, where similar studies into the solid-state
interfaces with anode material would constitute a project focused on their specific interaction with

an SSE.

1.5 Role of GB in Conduction and Trapping of Lithium within Solid-State

Batteries

The role of GB within energy storage devices have the potential to provide significant
advantages and disadvantages for the mobility of ions during charge cycles [119, 120]. The ability
to acquire HR STEM images of crystal structures along regions were two different orientations of
the same phase meet or where two different phases converge can provide insight into systems of
Li transfer pathways. GBs can facilitate Li transfer within the space between two grains at a
boundary where lattice misalignment is significant, facilitating ion motion around adjacent grains
[120]. In contrast, the role of low-misorientation GB, good lattice match and therefore no
unoccupied space between grains, will be more dependent on the mobility across the two ZA in
contact. Where a highly conductive lattice directions align the Li flow through the GB will be more
preferable (e.g. LCO(100)) than a lattice axis with higher impedance to Li intercalation (e.g.
LCO[001]) [42, 121]. Three-dimensional contributions to the performance of electrodes and
electrolytes can be measured and modelled using slice-by-slice imaging, EDS and EBSD, to build a
picture of GB networks and potential features contributing to lithium migration or device failure

hotspots [122, 123].
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Figure 1.13: Degradations at GB and SSE resulting from routes of Li intercalation through a granular
SSE. These include Li flux through grains and along GB, with degradation mechanisms show to be Li

dendrite formation at the EEI or accumulation in the GB. Figure from reference [121].

Modelling of lithium movement through the grains and boundaries within lattices has been
achieved, for example LiOCls. This study illustrated the greater probability of lithium ions occupying
the GB due to spatial effects and lower local coordination. The ions in the GB are theoretically
retained until they can pass into the bulk grain, limiting the rate to which they flow through the
lattice [16]. This high resistance to ion transfer means Liions experience delays in GB regions, before
moving into the bulk material grain. Finding ways to control the density of GB in the EEl, may be

important towards improving battery performance for specific materials.

Examples of such boundaries within Li materials have been approached with theory and
modelling of the r-LCO phase boundaries observed in Li rich materials. Imaging allows aspects such
as the angle at which twins of the same phase align and mixing of cobalt present between the offset
layers of anti-phase twin (APT) boundaries [42, 48, 124]. Twin boundaries share points of symmetry
between two adjacent planes of the same phase, in contact along a symmetrically equivalent
plane/surface. A twin can include contact between equivalent crystallographic planes,
misorientation between the two grains that creates a coherent fit between the atomic structure
and a symmetry operation, commonly a mirror plane. The lithium diffusion across these boundaries

is aided by the alignment of lithium channels in the misorientated twinned boundary; however, the
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APT boundaries lithium is more susceptible to being blocked. The transition between cubic and
rhombohedral phases occurs for predominantly rhombohedral Li;;NiosRuo402, creating a GB
between the high-conductivity (rhombohedral)- and low-conductivity (cubic) grains, creating as a
bottle neck to lithium mobility [42]. A phase change from rhombohedral to cubic is unlikely to be
thermally induced at room temperature, rather it is a consequence of the charge transfer process
where lithium content decreases and increases during charge cycles [22, 48]. Charge cycling of
batteries results in the constant variation of lithium content in LMO’s like LixCoO,, where x=1 in the
charged state and x<0.4 in a safe discharged state [125]. Reducing lithium content below x<0.4 can
result in locking lithium capacity into the c-LCO phase, with reduced reversibility between c-LCO
and r-LCO. Such phase charges during discharge of a device are disadvantageous, with resultant
greater contribution of the c-LCO as a volume percentage. Phase shifts not only result in the
changing of conductivity and capacity of the electrode but also the strain within the electrode. The
slight differences in lattice parameters and therefore strain of various GBs between r-LCO, rs-CO
and s-CO have the potential to create sites more prone to structural failure [126]. Stain maybe
eased through defect formation on the nanoscale, however across many microns of a device the
combined strain has potential to contribute to fracturing. This may occur during synthesis, but is
observed to be more detrimental to creating multiple failure sites within electrode materials after

charge cycles [22].

Dynamical studies of the influence of GBs on micron scale devices have been performed.
Diffusion along nanoscale GBs is observed using STEM-EELS, as a route through micron-scale
regions of electrode material, with significant impact on net Li conductivity [127]. Fracturing of the
materials over multiple charging cycles, and dendrite formation is observed (Figure 1.14), on the
micron scale for LLZO when under electron beam irradiation [128]. This also highlights the
susceptibility of SSEs to damage mechanisms relating to charging under the electron beam as well
as illustration potential for Li accumulation along these GB during device operation. This potential
of Li plating leading to failure mechanisms in SSEs could be important, although specific studies into
Li dendrite formation at GB during charge cycles in a necessary dynamic experiment to carry out.
Such experiments would need to be ex-situ or in-situ under beam sensitive conditions to avoid

electron beam effects causing the Li accumulation [129].
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T A

Figure 1.14: Li dendrite formation at GB within LLZO during electron beam irradiation. Appearance

of bright spots along GB are indicative of Li accumulation resulting from LLZO charging under the

electron beam/probe. Sourced from reference [128].

Control of GB within the project may be achieved in different ways, depending on whether
the material is generally susceptible to GB growth via annealing or exhibits orientation dependant
GB growth during thin film formation [130, 131]. In principle, film growth can lead to a single,
optimised grain orientation between electrode and electrolyte with a defined interface. Of course,
in practical devices many interfaces are present. In this thesis orientated films of LCO and LLZO
resulted in polycrystalline films with dominant orientations containing several interfaces.
Developing synthetic routes to analyse single and polycrystallinity within thin LCO and LLZO films is

explored in results chapters 4 and 5.
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1.6 Conditions and Crystallographic Considerations of Substrates during

Pulsed Laser Deposition of Thin Films

Achieving consistent samples with fine control over their characteristics is desirable for the
analysis of materials with important characteristics on atomic scales. Techniques including PLD,
sputtering and atomic layer deposition (ALD), provide conditions such that thin crystalline films can
be deposited, with control over stoichiometry, thickness, and crystallinity. These attributes are
dependent on the chamber conditions, the substrate being deposited upon and the composition of

the source/target [132, 133]. The PLD process is divisible into several key steps:

e Absorption of irradiation energy into the solid target material.

e Formation of a plume of material ejected from the target’s surface.

e Three-dimensional expansion into vacuum chamber between target and substrate.

e Reduction in plume velocity and dispersion within residual air molecules or selected
background gas (e.g. nitrogen, argon) pressure.

e Deposition of atoms and particles onto substrate, thus contributing to film growth.

As depicted in Figure 1.15 the setup for PLD consists of a laser incident on the target
material within the vacuum chamber. The target rotates while under irradiation from the laser
(wavelength) to ensure even ablation of material from the surface. The intensity of light incident
on the target’s surface defines the energy quota collected across a given area and time, the units,
therefore, being ] m? s%. Alternatively, the laser energy can be referred to as laser fluency in ] m?,
defining the energy per unit area incident on the target per laser pulse. Absorption of the energy
from the laser beam requires the material to have a suitable band gap; otherwise, the material is
transparent to the beam. Upon absorption of the beam’s energy, a pocket of heat leads to explosive
dispersion of material toward the substrate. The substrate is mounted around centimetres from
the target, with background pressure and laser fluency moderating the flow and deposition rate, as

well as the spread of the plume [134].

The choice of laser wavelength, as well as the materials compatible with a given PLD
system, depends on the ability for the target to absorb the wavelength of the installed laser. For
example, at York this is a Nd:YAG, laser, operating at 248 nm, 5 eV. Compatible materials are
therefore required to be able to absorb the deep UV light of the Nd:YAG (248 nm) laser
implemented in this project. The band gaps of LLZO can vary between 3.96 eV and 6 eV depending

on preparation conditions and doping, with doping lowering the band gap [135, 136]. The band gap
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of LCO can also vary but is much smaller, being measured between 1.7 to 2.7 eV [137]. The effective
absorption of the excess energy within the 5 eV of incident Nd:YAG laser makes LCO and doped
LLZO suitable for applications in PLD, where the excess energy is dissipated as heat in the target

ablation process.

Incident
laser orion
beam

Substrate
holder

Laser window or

Substrate ion beam inlet
Deposited
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Particle chamber
plume Target
Gas inlet =— compound

Figure 1.15: Diagram of PLD system with ablation of target by laser in order to deposit material on
substrate located at a distance across the vacuum chamber. The type of laser, substrate
temperature, repetition rate, background pressure and target-substrate distance are important

parameters for each unique PLD design/setup.

During the ablation of the target material, the presence of a gaseous background element
can introduce a concentration of dopant into the composition of the deposited form. This aims to
acquire certain desirable characteristics, including stabilising a conductive phase and introducing
defects (e.g. dopants) that can alter the energetics of ion migration, alter band gap profiles or
facilitate surface reactions [133, 138-140]. Examples of this include the introduction of nitrogen
into the structure of Li phosphate SSE, to improve the conductivity of Li through the LisPO4 (Pam21),
through distortion of the structure [141, 142]. The LLZO target used in this project was niobium
doped, as purchased from MSE Supplies, therefore no additional dopant gas was introduced during
deposition of the electrolyte. Deficiency of lighter elements (e.g. Li and O) can occur within the
deposited film, due to their susceptibility to lose their momentum in collisions with background
molecules. For Li-based battery materials, this is a significant challenge to acquire stoichiometric
films without the consequent Li deficiency seen in literature [140, 143]. This would be significantly
detrimental to LCO and LLZO and therefore depositions are attempted at LT in this project, to limit

Li evaporation. This also allows the effect of low substrate temperature on crystal structure to be
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analysed at ARs in HRSTEM. Growth characteristics result from varying match between the atom
spacings within the substrate’s lattice and spacing of the atom arrangements along the growth
direction of the thin film can be investigated, without the influence of elevated substrate
temperature during PLD. While the match between lattice spacings is important to consider, the
minimum displacement distances between repeating symmetry along the planes at which substrate
and deposited material meet will drive epitaxial growth and determine strain. Ensuring ultra-high
vacuum or using targets with 10% or even 20% weight excesses of Li could have also offset any
significant Li deficiencies in deposited films. Excess sacrificial element mass in the target is not
always desirable in terms of a waste or cost effectiveness viewpoint, hence alternative methods are
preferable, including; shorter target-to-substrate distances, lower substrate temperatures, or

increasing laser repetition rate [134, 140].

1.6.1 The strain of substrate

While substrate orientation is related to the epitaxial growth of thin films, the match
between lattice constants for the deposited material and substrate can also have a significant effect
on crystallinity and strain effects near the interface (Figure 1.16). A perfect match between the
atom symmetries and their spacing, along preferentially aligned axis, is rare but small differences
in atomic displacement conditions (<0.5 A) between the substrate and the thin film will lead to
minimal strain between the two materials across the interface region (roughly 10 nm into each
film). Were the substrate or material symmetry and lattice dimensions are sufficiently mismatched,
the film may be compressed or stretched close to the interface. This will lead to mechanisms
whereby the strain energy is released in the form of defects. For example, this creates edge, screw
or induced misorientations of the deposited material near the interface of the sample [134, 144].
Another consequence of strain at the substrate-film interface will be the overall crystallinity of the
film’s bulk structure. If multiple defect sites exist before the next layer of material deposition, there
is a high likelihood for distinct grains to form, leading to a polycrystalline film .[145]. Depending on
the material and scope for alignment of lattice rotations within the bulk of the film, the number of
defects may increase of decrease with greater film thicknesses [144, 145]. Minimising the
displacement between the periodic structure of substrate and lattice is important to ensure the
electrode and electrolyte films have well oriented growth for optimising the plane along which Li

diffuses, in addition to lower interfacial strain-induced defect or misorientation densities.
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Bulk properties of the film often differ from the substrate-film interface, as initial defects
within the first few layers of growth transition into a more stable growth [145]. However, if
sufficient disorder occurs at the interface this will continue to influence disorder within the bulk of
the film. In extreme cases, the extent of disorder at the film-substrate interface cannot be

compensated and polycrystallinity dominates with minimal dependence on substrate orientation.
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Figure 1.16: Diagrams of coherent, semi-coherent and incoherent interfaces, illustrating the effects
of increasing lattice mismatch between the two distinct layers in a specimen, for example a

substrate and deposited electrode or electrolyte. Reproduced from reference [146].

PLD of LCO can be carried out in such a way that epitaxial growth can be achieved on specific
substrates. Al,05(0001) and STO(111) can induce growth in the [001] direction parallel to the
substrate surface (r-LCO(001)| | ALO(0001) and STO(111)), while STO(100) can induce growth along
the (014) plane (r-LCO(014)| | STO(100)) [147, 148]. Films with the [001] ZA of growth have the Co0O,
layers perpendicular to the film’s surface, although the faceted crystallite structure on the surface
lends itself to exposure of the Li layers. The uncovered edges of r-LCO[001] films are then exposed
to the electrolyte layer deposited on top of them. In contrast, LLZO has only shown epitaxial growth
on a GGG substrate and is therefore expected to be fairly polycrystalline with either the cubic or

the tetragonal phase present within the thin film [11, 149].
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1.6.2 Growth of LiCoO, and Li;LasZr,0:12, on Substrates to Induce Desirable

Crystallographic Orientations

LCO can be deposited in a controlled manner onto specific compositions and orientations
of substrates. This includes STO and ALO, where [001] and [014] growth directions of LCO are
obtainable, respectively [124, 150]. The ability to acquire such control over the crystalline growth
of LCO is both interesting but also important in the formation of consistent interfaces within
heterostructure devices in TEM, where electrode and electrolyte planes can be formed in contact
with at least one layer being a fairly constant variable. Growth along the [001] plane of LCO is
achievable on both ALO(0001) and STO(111) substrate orientations, with reasonable match
between the lattice parameters, most apparent when looking at the periodic Co spacing relative to
ALO and STO (Figure 1.17) [130, 151]. Similarly on STO(100) the more advantageous [014] plane of
LCO is achievable, allowing easier Li intercalation to an electrolyte boundary at the surface along
the exposed Li layers.[124] The high-temperature (HT) (> 400 °C) associated with such depositions
promotes the formation of r-LCO dominated films. While higher temperatures help acquire the r-
LCO phase, a 10 to 20% weight excess is beneficial for offsetting Li evaporation [152]. However,
acquiring orientated film growth at LTs without sacrificial lithium content is also of interest.
Assessing the atomic structure of LT LCO film deposition would give insight into the relative
contribution of r-LCO before heating. This is where the project aims to build upon previous

investigations.
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Figure 1.17: a) XRD of LCO films grown on STO substrates with (111), (110) and (100) surface
orientations, showing dominant LCO growth planes relating to the (001), (110) and (104) r-LCO

lattice vectors respectively. Acquired from reference [124].
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In addition to the optimal r-LCO phase, there is potential contribution from lithium deficient
or LT rock-salt phases [151]. With a LT (below 200 °C) pulsed laser deposition of LCO onto substrates
a significant contribution from the c-LCO phase may be anticipated.[19] If regions of excessive
lithium deficiency form within the electrode, a combination of cubic CoO and spinel Cos0,4 grains
also have the potential to appear. The intensities of every second site in HAADF images are
indicative of lithium content in the cubic phase. Respective diffraction patterns also differentiate

the lithium rich LCO phase from a structure closer to CoO [48, 153].

It has been shown to be possible to grow LLZO with a dominant orientation on GGG(111)
and (001), with an electrolyte orientation matching that of the substrate (Figure 1.18) [131]. The
importance of controlling the orientation of electrolyte growth, facilitates analysis of GB and Li
diffusion characteristics between a specific plane of LLZO and grains of LCO. From a functionality
perspective, the conductivity of the SSE may benefit from a dominant growth direction, more so
than an epitaxial LCO electrode. Depositing electrode-electrolyte systems with PLD of LCO or LLZO
onto suitable substrate can therefore provide different characteristics and perspectives for atomic-

resolution TEM analysis within this project.
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Figure 1.18: XRD spectra of LLZO grown on GGG substrates, showing a) LLZO growth achieved along
the (111) plane on GGG(111), and b) Growth of LLZO along the (001) plane on GGG(001). Figures

acquired from reference [131].

While contribution of Li-rich and deficient phases are easily tracked by XRD, in tandem with lower
magnification TEM imaging the Li deficiency after annealing thin films is a clear limitation [154].
This provides the incentive to find deposition and annealing conditions were crystallinity and Li
retention are sufficient to develop LCO/LLZO heterostructures where a crystalline-to-crystalline

interface can be analysed.

1.6.3 Potential Alternative Methods to PLD

The process through which electrode and electrolyte films are deposited can involve
methods including; vapour deposition, atomic layer deposition, sputtering, molecular beam epitaxy
and evaporation. Each method has advantages as well as limitations, with respect to compatibility
with materials, rate of deposition, uniformity of deposition, in-situ annealing effects and retention
of stoichiometry [155]. The following briefly summaries the advantages and limitations of the above

methods.
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Sputtering uses either plasma (magnetron) or an ion beam to ablate material from the
target. As with PLD sputtering can be achieved in chemically inert atmospheres, with a high degree
of control over thickness and uniformity of the thin film. The method is compatible with a wide
range of materials and can incorporate substrate temperature variation for in-situ annealing,
alongside creating high-density films with good adhesion to substrates. Sputtering limitations
include low deposition rates for creating thicker films, expensive and precise equipment setups,
requiring high vacuum and alignment of material targets with the plasma/ion-beam and substrate.
The incident plasma or ion-beam can also degrade heat sensitive target materials, potentially
changing phase or, similarly to PLD, potentially inducing undesirable Li evaporation [156, 157]. Use
of electron beams for dispersing material from the target may also induce charging effects and

dendrite formation within Li-rich materials.

Evaporation can be induced thermally as well as through interaction with electron or ion
beams. Particles within the vapour travel within the chamber towards the substrate. The thermal
sensitivity of LCO and LLZO towards the high temperatures required for thermal evaporation make

the method incompatible.

Vapour deposition techniques uses the volatility of a precursor within the target material,
allowing the materials to be moved into the gaseous phase via heating the target, applying a
plasma, laser or photochemical methods. Materials where the is a presence of Li makes continuous
heating of the Li-rich target potentially detrimental to retention of stoichiometry, as Li evaporation
rate will be in significant excess to heavier elements. Heating of the target may also induce
undesired phases change relating to excessive Li evaporation. The requirement for precursors that
may alter the electrode or electrolyte chemistry and Li retention within LCO and LLZO make vapour

deposition less applicable despite a suitable growth rate (10 to 20 nm min?) [158].
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1.7 Development and Compositional Analysis of Electrode-Electrolyte

Heterostructures Using Electrochemical and Spectroscopic Studies

The ability to create systems that replicate the electrode/electrolyte/electrode layering of
real-word devices, under carefully controlled conditions is fundamental for understanding the
specific dynamics and decomposition mechanisms of these materials in a device. Attempts using
numerous techniques including; PLD, hydrothermal, thermal evaporation, deposition and pressing
powders, have created heterostructures to investigate interactions between a pair of electrode and
electrolyte [151, 159, 160]. Sample preparation aimed at electrochemistry, spectroscopy and
electron microscopy has developed insight into the performance degradation through multiple
charge cycles. Electron microscopy has so far been able to monitor the chemical decompositions

by spectroscopy (EDS and EELS), supporting studies using XRD and XPS [18, 161, 162]

The variety of electrodes and electrolytes combined into heterostructures in literature have
differing chemistries and physical properties, which introduces complexity when comparing results.
Nevertheless, valuable knowledge can be gained in studying model systems although any
limitations must be acknowledged when drawing conclusions with systems including different
transitional metals (e.g. Ti, Ni and Mn) [80, 161, 163]. The focus of such studies includes the
measurement of increasing impedance over multiple charge cycles, and correlating this to the
changes within electrodes and interface compositions with spectroscopy after ex-situ
electrochemistry [88, 120]. This enables the understanding of chemical intermixing between
lithium metal oxide and LiPON, LLZO or lithium sulphate electrolytes, although limits the
understanding of any crystallinity within the variable chemistry along the interfaces [88, 164, 165].
It is clear that the intermixing of elements creates metal oxide layers with restricted Li mobility. For
example, the mixing of Co and La into a lanthanum-cobalt-oxide phase will raise the interfacial
impedance of an LCO/LLZO heterostructure. The low-conductivity of the most stable stoichiometry

(LaCoOs) is likely to define the interfacial mobility of Li in this system [51].

This project investigates the SEI region with HR (S)TEM, aiming to determine specific
compositions and crystal orientations within the decomposition region. Charging or cycling
LCO/LLZO heterostructures can be conducted ex-situ prior to extraction of cross-sectional lamella
or in-situ within the microscope using MEMS chips. Advantages apply to both methods, when ex-
situ work can collect data across hundreds of charge cycle measurements on a bulk sample. In-situ
experiments on lamella suffer from fragility of the sample as well as changes induced by electron
beam dose and current, although do allow insight into intermediate states of a solid-state

heterostructure at ARs, while under the influence of biasing or heat.
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It is important to consider that within this project and literature, the preparation method
has the potential to induce changes to the structure and chemistry of materials prior to in-situ
analysis. Mechanically polished samples may oxidise or be exposed to stresses that induce
deformation during preparation. The use of FIB-SEM is likely to induce some charging, heating, and
implantation related changes during lamella preparation and therefore it is reasonable to assume
structural and chemical changes relating to these mechanisms may have altered to pristine sample.
Changes may be inferred by XRD, XPS and other methods analysing the pristine sample, compared
to observations in the lamella and FIB-SEM preparation. However, it is difficult to precisely
determine the changes caused by the FIB on the nano and atomic scales, prior to an in-situ

experiment [166, 167].

Studies on LCO/LiPON heterostructure highlight the potential for in-situ tracking of
decomposition and lithium mobility through an interface using the O K-edges of Li (55 eV) and Co
(60eV) in pristine, ex-situ biased and in situ experiments (Figure 1.19) [168]. Separating out the Co
M, s-edge signal intensity from that of the Li core-loss signal can create challenges with respect to
accurately mapping lithium within a metal oxide electrode. Work into single layers of LLZO and
heterostructures where EELS data was collected as part of this project (Chapters 4 and 5) aimed to
try and extract the Li K-edge from the background signal. The weak lithium signal strength and
sample damage through radiolysis and noise in EELS data sets makes reliable detection of lithium a
challenge. Accurate quantification of lithium content from low-loss EELS is unreliable given the

contribution of Zr, La, Co and plasmons [169].
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Figure 1.19: a, b, c) Li K-edge maps across the LCO/LiPON interface for pristine (a), ex-situ (b) and
in-situ (c) biased heterostructures. d, e, f) respective Co M, s-edge low-loss EELS spectra with
respect to their position across the interface for pristine (d), ex-situ biased (e) and in-situ biased (f)

samples. Figure acquired from reference [168].
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With respect to heterostructure studies of LMO in combination with LLZO, these have
focused on the impact of sintering, by monitoring micron scale diffusions in a particle-based stack
or thin film layering of LCO and LLZO using XRD and XPS. In some instances, a LiNbO; passivation
layer is included to study the suppression of interface degradation with respect to retaining capacity
and reduced interfacial impedance over multiple charge cycles [162, 163, 165, 170]. Sintering under
dry oxygen, nitrogen, and CO; conditions, versus humid (2 wt% H,O0 in O) the interfacial
decomposition of a LiNipsMno2C00.202/LLZO interface showed dependence on the presence of CO,
or humidity in the sintering environment. The XRD spectra (Figure 1.20) suggested Li.COs
dominated the interfacial composition, up to 500 °C, while at 700 °C La,Zr,07 and lanthanum metal

oxides developed between the electrode and electrolyte.

300°C 500°C 700°C
3 0, LiLaZr,0, Lila,Zr,0,, UiLa,2r,0,,

N, LiLa,Zr,0y, LiLa,2r,0, Lijka,Zr,0y

Gourts (0.u.)
.
L) ad 4

R S — | | B S

" M 4 4 N " N L M
il ] = 35 3 -3 1] = ™ L]

T =T
28 (degress) (Co srode|

o =
(c) 2 wt% H,0 in O, Humidified 0,
WLLZO WHMCE2: M Lirla,Zr Oy Uila2r:0, LijLagZr 0y,
¥LaZrO o
g -
o,
LiLa,Zr,0,, Li,La,Zr,0,,
Li;LaZr,0,,
i) A
_ T AT AU A Ajri30l Li,La,2r,0,,
A bl P d Nl _u" \\-ﬂ““-\____F_— e UlarOy
e g M - A Ak Li,La,Zr,0,,

L] =T 2 L] L] i 5
20 (degress) (Co wrsds)

Figure 1.20: XRD and simplified schematic of interfacial products resulting from various annealing
environments. Use of pure O3 (a), N2 (b), CO: (d), alongside humid O, (c), and air atmospheres within
the furnace show H,0 and CO, were fundamental for interfacial decomposition into LiOH, Li»COs;,

LZO and LaCoOs. Reprinted from reference [170].
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The application of passivation layers and analysis on resultant changes during annealing
and cycling via a combination of STEM-EELS and electrochemistry has been studied for LCO/LLZO
heterostructures relevant to this thesis and gives insights into the chemical changes along the
interface influencing structure and charge transfer efficiency. Annealing at 500 °C shows a damaged
interface and mixing of La, Zr and Co over 25nm, creating an inconsistent, fractured interface
between LCO and LLZO [162]. A larger-scale system with LiNbOs layer between electrode and
electrolyte, highlights similar extents of La and Co mixing through analysis of a FIB-SEM cross-
section using EDS. With XPS measurements detecting Li,CO3; forming at the interface during the
annealing (500 °C) process. The extent of interfacial intermixing was suppressible via the

introduction of the LiNbOj interlayer.

The presence of La,Zr,07 (LZO) and lanthanum cobalt oxide is also anticipated, especially at
greater sintering temperatures. With XRD the presence of the LZO phase may indicate lithium
deficiency within the LLZO layer after annealing or be part of the interface layer. This is where AR
analysis of the interfacial region is required to observe whether LaCoOs and LZO are present within
the SEI. A LaCoOs; stoichiometry is expected to dominate as the most stable form, although
depending on the elemental rations in the SEI La,CoO4 may also be present [126]. The benefits of
the interlayer were also reflected in the reduced impedance measurements of devices containing
either LiNbO, LIAIO and LiTiO at the LCO/LLZO interface. Figure 1.21 also shows the enhanced

retention of capacity with the presence of a passivation layer [163, 165].
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Figure 1.21: Influence of passivation layers between LCO/LLZO in a stacked device. a to f)

Impedance measurements show significantly decreased interfacial resistance to Li transfer. g) Cyclic

voltammograms and specific discharge capacity, versus cycle number indicate the retention of

performance using different interfacial passivation layers. Figure acquired from references [163,

165].
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1.8 Application of Electron Microscopy to Studying Battery Materials from

the Micron to Atomic Scale

The applications of microscopy to battery research are extensive with the ability to conduct
surface imaging, analysis of particle morphology and spectroscopic chemical mapping of samples
from the micron the nanoscale. This provides the basis for understanding the size and shape of
particles after different annealing processes and for varying composition [171, 172]. This includes
focusing on cross-sections of pristine and used commercial cells as well as sample acquired from
customised cell or thin film depositions [124, 131]. The former enables electron microscopy to
observe the limitations of current Li-ion energy storage devices, while thin films can achieve
controlled crystalline growth with characteristics compatible with effective preparation of samples
for AR or in-situ microscope experiments. Figure 1.22 provides some example of microscopy
applications for device cross-sections, with micron devices easily being scaled down to nanometre

thick thin film devices [2].
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Figure 1.22: a, b) Battery cross-section with LCO electrolyte. SEM images of a device’s cross-section
where c) and e) relate to the particle structure of LCO, while d) and f) correspond to the graphite

anode. Figure acquired from reference [2].
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With SEM it is possible to analyse the cross-sections of samples on a larger scale with lower
beam energies than materials may be subjected to for transmission microscopy. Although the
resolutions of secondary electron (SE) and backscattered electron (BSE) signal does not allow for
the visualisation of atom structures, insight into the topography of samples alongside supporting
diffraction and spectroscopy methods provide a wealth of information. Examples of such imaging
and spectroscopy are performed on LCO and graphite electrodes, alongside LiPON and LLZO SSEs.
These contain information on particle size and morphology, with higher resolution imaging allowing
for the analysis of film roughness, including crystallite shapes or porosity [2, 84, 172]. This data
enables to understanding of the distribution and porosity on the micron scale relating to a variety
of annealing conditions, alongside effective surface areas from which Li transfer can occur through
between particles. Comparisons of preparation conditions between SEM and TEM allow for
features comparisons between ideal morphology on the micron scale in relation to optimising
crystal and grain structures on the nanoscale [100, 124]. Low magnification imaging and chemical
mapping of battery materials can observe the grain structures and chemical changes occurring

across the bulk and surface regions of particles and films [165].

The scope of experiments conducted in a TEM covers multiple avenues of structural
imaging and spectroscopy of steady state and dynamic sample conditions. The applications of TEM
to SSB materials are wide reaching, allowing comprehensive analysis of phases, grains and
boundaries within electrode and electrolyte materials. The ability to conduct HR imaging, with the
capabilities of resolving atomic structures provides insight into the structural dynamics influences
intercalation of the active ion (Li) during charge cycling. In order to observe Li, soft-beam
ptychography has the potential to observe Li ions through 4DSTEM phase reconstruction in
appropriate situations [173]. Combined with EELS and EDS a highly detailed map of systems can be
produced to investigate the different chemistries of grains and interfaces within a multi-

compositional system [162, 168].

1.8.1 High-resolution Electron Microscopy of Well-Oriented LCO Growth

When studying the characteristics of crystalline materials, it is highly desirable to have
control over the crystal phase and orientation of the sample. In an idealistic case this control
extends to acquiring specific single crystal growth directions of a material. Atomic arrangements
and dynamic characteristics including, but not limited to; conductivity, magnetism and charge
transfer can be assessed in a controlled manner along specific axis of a material of interest. Choice
of fluency, temperature and substrate material can strongly influence the phase and direction of
growth (epitaxy). The single crystal substrate’s influence on epitaxial growth is the most important

as it has a defined orientation a lattice parameter at the surface. The match in lattice dimensions
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and symmetry between the substrate and deposited material determines the subsequent
crystallinity and orientation of the thin film. A good match will result in the target material adopting
a preferential growth along a lattice vector. Figure 1.23 shows a project relevant growth of an
epitaxial LCO layer at 600 °C. HTs favour the formation of epitaxial r-LCO layer but are dependent
on excess Li to offset potential device limiting deficiencies [174]. Conditions for LCO and LLZO
depositions covered in the results chapters focused on crystallinity and grain characteristics
resulting from LT depositions to represent and analyse polycrystallinity, replicating aged devices.
For LLZO, higher substrate temperatures were required for crystallisation but enabled other

avenues of analysis aimed at progressing literature around growth and HR TEM of the electrolyte.

LCO{104} LCO(001)

LCO

Figure 1.23: Epitaxial LCO layer grown onto a surface at 600 °C using PLD, showing orientation along
the [001] plane when grown on an epitaxial SrRuOs (SRO) [111] buffer layer. a) HAADF image
showing layering of STO, SRO and LCO. b) SEM image of the sample’s surface, c) SAD DP from the
cross-section containing LCO and STO with ZA and orientations labelled, d)HAADF image of

interface between SRO and LCO. Reproduced from reference [174].
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At micrometre scales, contrast based on the position of GB and orientation shifts provides
visual reference to granular disorder from the nano to micron scale. It is also possible to detect the
presence and analyse defects at low magnifications. These are important for understanding
potential alternative mechanisms or traps within the crystalline structure effecting ion mobility
[120]. While features on the micron scale are important for long-range conductivity and impedance
to ion transfer through bulk and interfacial environments, investigation of the nano and atomic
scale is fundamental to moving forward understanding of features influencing capacity,
conductivity and overall performance of SSB materials [78, 120]. Investigation of atomic features
relating to battery materials focuses on the observing the precise misorientations and alignment of
atoms along GB of equivalent or differing phases. These attributes help understand the mechanisms
through which lattice structures of existing materials align and can help predict the alignment of
grains in similar ion intercalation materials. The alignment of grains is important within both the
bulk of the structure as well as interfaces between two materials. Applying HR TEM and STEM
imaging to controlled growth has provides the ability to assess the Li content and orientations of
phases specific to electrode materials inclusive of LMOs where the metal is a combination of Co,
Mn or Ni. The stability and resolutions of aberration corrected STEM provide the basis for imaging
Co and O sites in LCO and columns containing La and Zr in LLZO. Figure 1.24 shows the potential of
achieving atomistic images of phases within LMOs, showing suitable beam stability to achieve
analysis of phases and GB within the bulk and electrode side of a solid-state electrode/electrolyte

interface [42, 43].

Figure 1.24: HAADF images of a) rhombohedral LiCoO; along the [100] ZA and b) Li;.2Nio.4RuU0.40>
containing a GB between the layered and rock salt phases of the LMO electrode material. Figures

reprinted from references [43] and [42].
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EDS and EELS provide the ability to achieve and understanding of detailed sample chemistry
within a TEM in STEM mode. The scanning of the probe provides either x-ray or inelastic energy loss
signal for the illuminated region. The resolution of EDS is determined by the interaction volume of
the probe from which x-rays are generated, this limits the achievable resolution compared to EELS
where AR chemical analysis is possible [175]. Investigations have used EDS to probe the bulk
chemistry of battery materials, alongside chemical mixing at electrode electrolyte interfaces over
tens of nanometres [4]. EELS at lower magnification provides similar analysis capabilities, although
has the potential to probe the bonding states of elements within the bulk and interfacial regions
[176, 177]. This has been useful in understanding the oxidation states and therefore stoichiometry

of materials resulting from mixing of electrode electrolyte interfaces [88, 162].

It has been shown to be possible to grow LLZO with a dominant orientation on GGG(111)
and (100), matching that of the substrate [131]. However, lithium deficiency often occurs after
annealing thin films and is a clear limitation [154]. This provides the incentive to find deposition
and annealing conditions were crystallinity and lithium retention are sufficient to develop LCO/LLZO

heterostructures where a crystalline-to-crystalline interface can be analysed.

Successful high-resolution imaging has occurred within particles of Ta- and Ga-doped LLZO,
whereby observations along the [111] and [133] ZA were concluded to have been achieved. The
similarity in diffraction spot distances of LZO and LLZO make the use of FFTs or diffractograms
unreliable unless calibration of the microscope is certain. Alongside observations where atomic
plane spacing is inconsistent (Figure 1.25), these characteristics raise questions as to whether LZO
or LLZO is being observed [178, 179]. The examples shown in Figure 1.25 focus on the diffusion of
gallium into the layers of LLZO as an in-situ study. Images d to f provided images of Ta-doped LLZO
through a lower temperature molten salt synthesis. The image along the [111] ZA confirms that

LLZO can be imaged at high resolutions.
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Figure 1.25: TEM and HAADF images of a) Ga-doped LLZO particle, b) LLZO phase during Li
intercalation, c) LZO from (reference [178]). d,e,f) HAADF images along the [111] ZA of Ta-doped
LLZO phases at increasing magnification within electron transparent region of LLZO particle on

carbon grid (reference [179]).

1.8.2 Dynamic In-Situ Transmission Electron Microscopy

TEM is important for a variety of applications across nanoscale chemistry. Key uses have
included investigations into catalysis, material structure and biological systems including protein
imaging [180-184]. Focusing an electron beam through a thin (< 100 nm) sample, enables HR
structural images and diffraction patterns to be produced. The images or patterns relate to the
magnitude of electron scattering at the region being probed by the beam. The relative scattering
angles relate to atomic number, elemental size and periodic structure of the sample. While a vast
amount of information is obtainable from imaging initial and final structures (ex-situ), this limits
observations to already complete processes, giving little insight to important transitions. The ability
to record short movie-like sequences of dynamic nanoscale processes, is a more recent refinement
of the TEM equipment. The development in technology, has allowed in-situ imaging to become a
powerful technique across multiple scientific fields [180, 181, 185, 186]. With the power to view
structural developments at atomistic scales, it is vital for researching battery electrodes under

applied bias.
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Modifications may be required from standard TEM techniques, in order to capture multiple
images of processes occurring on second, down to nanosecond timescales [67, 187-189]. The
technology behind rapid in-situ imaging, requires short bursts of high-density electron beams, to
achieve adequate image brightness and contrast [187]. This high electron density results in space
charge effects including electron-electron repulsion, which hinder operation and resolution.
Accounting for this requires appropriate lenses and suitably wide apertures to accommodate dense

electron beams [187, 188].

Viewing the dynamic processes within battery materials instead requires an understanding
of the long-term effects the electron beam has on the material during image acquisition. Regarding
intercalation and dynamic structural response in battery materials under bias, these are expected
to occur on the second to minute timescales, depending on the desired charging or discharge rate.
Electron-beam scan rate and dose are adjustable for tracking dynamic processes on these
timescales, in tandem with beam sensitivity of LIB materials. This makes in-situ observations of
battery materials where duration of data acquisition must account for the dose thresholds as the
limiting factor to representative data collection of electrode and electrolyte. Use of rapid pulses of
beams with high electron densities should not be required; rather ptychography and other dose

limiting techniques are more appropriate for LIB materials [190, 191].

Beam damage can range from charging of the material’s surface, to rapid structural or
chemical degradation [192, 193]. It is therefore important to understand the dose limits of a given
material and differentiate any beam specific effects from relevant experimental results. Battery
specific artefacts may include structure degradation, leading to increased lattice disorder. This is
commonly observed through weakening of diffraction patterns [194]. Chemical changes may also
occur in many systems, including bond breaking and subsequent reactions. This is a side effect of
beam energies (10 to 300 keV), being greater than those of covalent bonds. Most LMOs are noted
to withstand up to 6 x10° electrons A2, without significant effect on structure [194]. Such doses can
be calculated using Equation 6; where a is the irradiated area of the specimen, N number of
electrons, D.the critical dose, F the fraction of electrons reaching the detector and e the charge of
an electron [195]. An example of quantifying beam damage is detailed by Brazier et al., who imaged
two separate solid-state batteries on the same sample stage. One was subjected to
charge/discharge cycles and the other purely to observe artefacts resulting from electron beam.[1]

This helped differentiate bias related effects, from beam damage induced artefacts.

N = F[%]a2 Equation 6
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To apply bias to micro battery systems on the scale required for TEM, micro electrochemical
systems (MEMS) are required. These take the form of TEM compatible sample holders, with the
sample requiring in-situ biasing placed across two electrical terminals (Figure 1.26). A bias can then
be applied to the sample during standard TEM analysis, such that the effects of charge cycles can

be observed in-situ [196].

Terminals connected to

power source
\ Electron Window

|
v

[ 1
1 1
L.l

Sample location

Figure 1.26: Scheme of MEMS chip for applying bias to fabricated nano-battery lamella. The sample
is positioned in centre of chip, above the electron transparent window. Contacts allow the
application of selected potential differences between the each side (e.g. anode and cathode) of the

sample [196].

The benefits of in-situ TEM to batteries studies include; observation and modelling of the
electrolyte and electrode changes, over multiple charge cycles. Conducting these dynamic studies
on an atomic scale, would help progress understanding further. Structural disordering and
pathways of ion intercalation would be important aspects to evaluate under bias. However, in-situ
TEM alone cannot reveal to what extent any observed changes are affecting the batteries
performance. Simultaneous acquisition of relevant electrochemical data would be ideal. A real time
reference between structure, ion intercalation and electrochemistry, would link the physical and

chemical changes.
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1.9 State-of-the-Art and Project Aims

The electrochemical changes and cross-sectional imaging of devices on the micron and
nanometre scales has provided insight into the performance changes during intercalation cycles
and packing of particles with SEM [2, 32, 33, 40]. Investigations at the electron transparent edges
of particles and cross-sections have evaluated phases of LMO with different lithium contents,
allowing identification of lithium deficient grains with HR TEM. The importance of layered to rock
salt GB is presented by different studies and highlight the importance of evaluating other
boundaries at AR [42, 43, 48]. Phase transitions are shown to be of importance computationally
and experimentally, where GB and electrode fracturing also occur [22, 197]. The process of
calendering and heating solid electrodes for commercial devices makes understanding the
influence of temperature on solid-state devices important. Subsequently determination of whether
annealing is advantageous enough to be applicable to preparation of commercial devices or
detrimental to the EEI. This creates incentive to track the changes between LCO and LLZO on the
nanoscale by sintering samples combining both materials. The work on powders (Chapter 3) in this
project aims to answer questions relating to the influence of sintering on grain size, phase of both
materials, development of GB and extent of decomposition between electrode and electrolyte
particles. Observations will consider the impact on Li capacity, mobility and trapping mechanisms

relating to different crystallographic features on the nanoscale in SEM and TEM.

Growth of thin films of LCO has been achieved on three different substrates in literature,
using the following substrates and respective orientations: ALO(0001),as well as (111) and (100) for
STO and GGG. This has provided a basis for achieving orientated growth, where recent studies
report depositions or annealing at temperatures up to 600 °C [48, 124, 150]. Depending on match
between the substrate parameters, associated interfacial strain and deposition temperature, two
Li-rich phases, c-LCO and r-LCO are expected favour LT and HT conditions respectively. Pursuing PLD
of LCO at LT and LLZO at a range of temperatures, on ALO, STO and GGG, has three aims with this
project. Firstly, to explore the growth orientations of the four potential phases within LCO
depositions without substrate heating during PLD. Secondly, an approximation of Li content, within
the LCO grown at LT and as grown or annealed LLZO, on each substrate is important to determine.
Finally, conduct analysis of GB at AR using STEM, with the aim of furthering understanding of
alignments between specific lattice directions relating to homogenous and heterogeneous phase
GB. Compiling this analysis should determine the extent to which Li-rich and deficient grains
comprise the thin films, as well as any dominant growth axis they adopt relative to the substrate.
An assessment of the best choice of conductive STO substrate, between (111) and (100), can then

be made for optimised heterostructure growth, whereby the ultimate goal is to create samples that
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can be prepared for in-operando biasing (S)TEM experiments. Depositions of LCO on GGG
investigate the quality and characteristics of LCO growth on a substrate yet to be reported in
literature. If Li retention issues occur during similar deposition of LLZO films, this may allow the
similar lattice constant and structure of GGG to provide insight into the orientations LCO may adopt
if grown on an epitaxial LLZO(111) layer. The aims for LLZO deposition replicate those described for
LCO, with optimisation of substrate temperature during PLD or post-deposition annealing requiring
optimisation for the system at York to achieve crystalline growth on STO and replicate epitaxial

growth on GGG [131].

Developing upon literature, can LLZO films on STO and GGG be analysed with HR (S)TEM to
determine GB orientations between grains on the nanoscale, as achieved with LCO on ALO? Upon
successful crystallisation of LLZO, does one phase dominate, and what insight do the orientations
and boundaries Li transfer dynamics within electrolyte? Stability of such films under STEM probe
irradiation is important to evaluate further given the importance of successful imaging of battery
samples without significant beam damage influences. The use of PLD deposited LLZO on both GGG
and STO with (111) and (100) surface orientations at vary growth and air-based annealing
temperature will determine the single or polycrystallinity. XRD can assess phase and growth planes,
with HRSTEM used to understand the single or polycrystalline characteristics achieved by growth
and annealing temperatures. HR HAADF and BF images will support understanding of GB and inform
potential modelling of these systems with respect to Li transfer across the normal to the adjoining
planes of two neighbouring grains. In addition, could EELS analyse amorphous and crystalline films
to confirm Li presence by resolving a peak at 55 eV, aided by the absence of Co in contrast to the
electrode? This is attempted using STEM EELS on amorphous and crystallised LLZO films, aiming o

resolve the Li signal from the background and nearby Co M, s-edge at 60 eV.

Current work on heterostructures has achieved chemical and interfacial decomposition
analysis tracked at low resolutions, using STEM, EDS and EELS. Alongside electrochemical
impedance studies, XRD and XPS, this has provided insight into the influence of thermal and
electrical changes at interfaces inclusive of LCO and LLZO. Studies indicate the presence of LZO,
LaCoOs and Li,CO3 within the SEI of these heterostructures. To advance upon these observations
the important focuses of HR (S)TEM studies in Chapter 5 include the following. Firstly, can
heterostructures of LCO and LLZO be deposited or prepared in such a way that both the electrode
and electrolyte are crystalline at the interface? If LLZO remains amorphous after LT PLD, can
annealing help form crystalline interfaces between LCO and LLZO? Establishing uniform LCO/LLZO
interfaces aimed to provide a basis for AR imaging relating to the formation and crystallinity of
lanthanum-cobalt-oxide layers forming during annealing or biasing of LCO/LLZO particle

heterostructures. The use of GGG substrate aims to avoid thermal decompositions resulting from
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LLZO crystallisation via annealing, the goal being to assess the interfacial characteristics relating to
deposition of crystalline LLZO, then a crystalline LCO layer, both at LT. This has the potential to
create a more effective heterostructure interface for in-situ biasing experiments where conductive
GGG (e.g. Ca" or Mg" doped) would be used? Subsequently, does the LCO layer adopt a specific
crystalline orientation on the surface of LLZO and how may this influence the Li-ion transfer

dynamics of the resulting GB between LLZO and LCO?

Analysing the extent to which annealing time affects diffusion distances of elements within
the two materials, will make effective use of EDS and EELS at high magnification and may be
monitored in steady-state or dynamically if mounting onto a heating chip in-situ is successful.
Similarly, ex-situ or in-situ biasing of these thin film heterostructures would expand upon electrode-
electrolyte systems studied in literature. In-situ biasing is the ultimate aspiration if heterostructure
preparation is effective. Work within this thesis lays the groundwork for in-situ experiments in
future projects by attempting to effectively prepare a sample suitable for in-situ heating and biasing
analysis. Further comparisons between structural changes and decompositions micron-scale

(particles) and nanoscale (PLD heterostructures) can then be made.
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Chapter 2

Experimental and Methodology

The methods and techniques fundamental to the completion of the project are presented
in the following chapter. Techniques provide the methodology of creating and analysing particle-
based and PLD samples of LCO and LLZO. The information provides covers the key sample
preparation steps and annealing of each PLD specimen, alongside the milling conditions for lamella
extraction, as well as parameters for imaging acquisition and spectroscopy within electron
microscopy. Conditions utilised for TEM and STEM imaging, inclusive of beam energies and
apertures, present the most common and effective parameters for various resolutions of image and

spectroscopy acquisitions.
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2.1 Powder Synthesis and Heterostructure Pellets

LiCoO; (LCO) with a purity of 99.5% was purchased from Alfar Aesar and used as received.

LizLasZr,0:, powders were synthesised to achieve an electrolyte with the desired
stoichiometry and cubic phase. Mixing of Li,COs; (STREM, 99%), La;,0s (Merck, 99.99%), ZrO,
(Merck, 99%) was achieved with small additions of propanol to the mixture, grinding together with
a mortar and pestle. A 10% excess weight of Lio.CO3 was used to account for thermal evaporation of
Li during the annealing process. The resulting powder was pressed into pellets (mass: 0.6 + 0.1 g,
diameter: 13 mm) at 10 tonnes, before being annealed at 850 °C (12 hours, ramp rate 10 °C minl),
to induce a thermal decomposition into LLZO. Further grinding and re-pressing of pellets for
sintering at 1150 °C (4 hours, ramp rate 20 °C min) attempted to improve the percentage
contribution of the cubic phase [98, 101, 198]. Cooling rates for sintered pellets were done at the
maximum achievable with the furnace, beginning at approximately 20 °C min* before slowing to

around 5 °C min't, Removal of pellets occurred once the temperature was below 50 °C.

All sintering occurred with several LLZO pellets stacked (minimum stack height: four pellets)
within an enclosed ZrO, crucible, attempting to limit Li evaporation from the exposed surface area.
In addition, this provides an extent of protection from contaminants in the furnace. The use of a

ZrO; crucible aimed to avoid Al doping of the structure if in the presence of an alumina crucible.

Heterostructure powder samples used the as purchased LCO, and as prepared LLZO powder
after the thermal decomposition step (850 °C, 12 hours). LLZO, annealed to 850 °C, was mixed with
LCO to limit the Li deficiency observed in the electrolyte seen after heating to 1150 °C (6 hours).
Powders were ground together in a 1:1 mass ratio, with a combined mass of 0.35g + 0.05 g providing
suitable pellet thickness (= 2 mm) and structural stability. The pellets were a uniform grey-blue
mixture with no significant LCO and LLZO segregation visible. The mixed powders were pressed into
pellets (13mm diameter), at 10 tonnes and left in either a pristine state, annealed at 600 °C for 30
minutes (ramp rate 10 °C min?) or annealed at 900 °C for 4 hours (ramp rate 10 °C min). Again,
pellets were stacked during annealing to reduce Li evaporation from the surface. Pellets at the top

and bottom of the stack were sacrificial.

XRD analysis was conducted using a Malvern Panalytical Aeries, with a CuKa X-ray source

between angles of 5° and 70°, with a step size of 0.022°.

Samples were mounted onto pin stubs using conductive silver paint or conductive carbon

tabs for SEM analysis and ion beam milling to create TEM compatible lamella.
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2.2 Pulsed Laser Deposition of Thin Films

The research questions in this project depend on successful PLD of thin films, using an
instrument with multiple target stages, which facilitates single layer and heterostructure deposition
without venting the chamber. Substrate heating can induce crystallisation and potentially achieve
the formation of desirable Li-conductive phases (e.g. r-LCO) during film formation. Dr Stuart Cavill
in the University of York’s Physics Department carried out deposition of the thin films. Decisions
regarding deposition temperatures and film thicknesses considered both literature and the results
of preceding thin film samples. PLD provides the necessary conditions and control for producing
layers of electrode-electrolyte films of LCO and LLZO with amorphous and/or crystalline
characteristics. A high-vacuum chamber (10 Pa) provides an inert atmosphere for material transfer
and deposition, while partial oxygen or nitrogen pressure can be used to retain oxygen content,
dope the material with nitrogen or aid the quality of material deposition. The LCO and Nb-doped
LLZO target in the project did not contain an excess wt% of Li, with LT (no substrate heating)
depositions aiming to determine the contribution of phases, grains, and boundaries without the

influence of annealing the films.

Substrates selected aimed to induce controlled crystallisation within thin films of LCO and
LLZO, based on the orientations shown to be achievable within literature for different substrate
temperatures. The use of ALO(0001) would provide a lattice match and hexagonal symmetry well-
suited to growth of r-LCO, while cubic STO substrates with (111) and (100) surface orientations
would have greater strain between their surface and r-LCO. However, Nb-doped STO is suitable for
creating thin film devices that can be developed into lamella for in-operando HR STEM experiments.
Therefore, achieving a crystalline growth of LCO on STO, despite limitation relating to greater strain

from lattice mismatch is advantageous compared to ALO.

To account for LLZO deposited not being crystalline on the LCO layer, PLD of the electrolyte
onto a suitable substrate was attempted prior to making thin film heterostructures. To test the
characteristics of LLZO PLD at LT, the use of STO allowed growth to be trailed on STO(100) and (111),
to assess the orientations of crystalline growth and whether these provide an epitaxial or
polycrystalline basis for deposition of an effective STO/LLZO/LCO heterostructure. Based on
literature studies of LLZO growth on GGG [131], this provided an alternative substrate, with a small
lattice mismatch (4.8%) between the repeating symmetry of the oxygen framework along the same

ZA of LLZO.
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2.2.1 Substrate Preparation

All compositions of substrate were cut into 5 x 5 mm? and cleaned by sonication in acetone,
isopropanol, and deionised water (each for 15 minutes). STO substrates were annealed at 900 °C
(ramp rate: 20 °C min?) for 10 minutes to remove any surface contamination. ALO and GGG

substrate were cleaned with three sonication as above but not annealed.

2.2.2 LiCoO; Deposited on Al,0s, SrTiO; and GdsGasO:2

LCO deposition was achieved by PLD with material ablated from a solid-state target of
LiCoO; (supplier Testbourne Ltd.), forming a series of crystalline thin film on ALO, STO and GGG
substrates. The laser was a Nd:YAG (wavelength 248 nm) laser; with the substrate remaining
unheated during deposition. Laser repetition frequency was 10 Hz, with deposition time varied to
achieve film thicknesses in the range of 40nm in single layers and 80 nm in heterostructures.
Greater thickness in heterostructures was use to distinguish the bulk characteristics of LCO from

the interface region.

Orientations in Table 2.1 and Table 2.2 are determined by either SAD or FFT of HR (S)TEM
images acquired from within the substrate region of lamellae. The SAD or FFT are used to
assign/reference the crystallographic direction of the substrate, along which the lamellae
containing LCO, LLZO or the heterostructure thin film has been cut. Directions were commonly
known prior to cutting the lamellae, based on the crystal symmetry and substrate orientation
markings (e.g. cut corners), however the TEM and STEM data is used as an addition check to visually

confirm the axis along which the substrate has been cut.

Table 2.1: Substrates and respective orientations upon which single layers of LiCoO, was deposited,
with subsequent annealing conditions prior to lamella preparation and the ZA along which the

lamella were cut.

Substrate Surface Temperature Annealing prior to ZA of substrate in
orientation during PLD / °C preparing lamella lamella
Al;0O; 0001 No heating Remained pristine [1230]
SrTiOs 111 No heating Remained pristine [121]
SrTiOs 100 No heating Remained pristine Lamella 1: [010]

Lamella 2: [110]
GGG(111) 111 No heating Remained pristine Lamella 1: [121]
Lamella 2: [101]
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2.2.3 LisLasZr;0;; Deposited on SrTiO; and GdsGasO0i;

An Nb-doped LLZO (Li;LasZr,xNbsO13) target (MSE Supplies) was deposited onto single
crystal STO substrates (5 x 5 mm?), with surface orientations [100] and [111]. The dimensions of
the LLZO target were a diameter of 25 mm and thickness of 2.5 mm. The PLD involved a Nd:YAG
laser (266 nm), 10 Hz repetition rate with deposition temperatures ranging from 250 °C to 600 °C.
Amorphous films were annealed between 350 °C and 1050 °C, for 4 hours (20 °C min ramp rate)
to induce crystallisation. Cooling rates for thin films were equivalent to the ramp rate (20 °C mint),
although the rate of cooling decreased as the maximum rate of heat dissipation (below 300 °C)
reduced rate of cooling to below the programmed value of 20 °C min’. No further annealing of LLZO
films, deposited on STO(100), STO(111) and GGG(111) at 600 °C was conducted, as these
crystallised during deposition. Depositions achieved LLZO film thicknesses of 60 nm to 80 nm,

except for the heterostructure on STO(111) where 150 nm was observed.

Table 2.2: Substrates and respective orientations upon which single layers of Nb-doped Li;LasZr,012
was deposited, with subsequent annealing conditions prior to lamella preparation and the ZA along

which the lamellae were cut.

Substrate Surface Temperature Annealing prior to ZA of substrate in
orientation during PLD / °C preparing lamella lamella
SrTiOs 100 250 Lamella 1: pristine [010]
Lamella 2: 450 °C (4 h)
SrTiOs 100 350 550 °C (4 hours) No lamella
SrTiOs 100 350 1050 °C (4 hours) [010]
SrTiOs 100 600 Remained pristine [010]
SrTiOs 111 250 Lamella 1: pristine [101]
Lamella 2: 650 °C (4 h) [121]
SrTiOs 111 350 950 °C (4 hours) [101]
SrTiOs 111 350 650 °C (30 minutes) [121]
SrTiOs 100 600 Remained pristine [101]
GGG(111) 111 600 Remained pristine Lamella 1: [121]
Lamella 2: [101]
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2.2.4 Deposition of Heterostructures Containing LCO and LLZO

Using the same conditions for single layer describe above, heterostructure devices were
deposited without heating onto STO(111) and (100) substrates, then annealed as a whole device
in a furnace after PLD. Alternatively, LLZO was deposited at 600 °C on GGG(111) prior to LT LCO
deposition and no post-PLD annealing was carried out. Samples are summarised in Table 2.3,
covering substrate, layer ordering and specific annealing conditions. Samples were analysed by XRD
in pristine condition and in (S)TEM after applying heat treatment for crystallisation (STO
heterostructures only), and post-biasing at different voltage ranges (both STO and GGG
heterostructures). This allowed for comparisons to be made between STO substrate orientations
changing the growth direction of LCO, the order of deposition, and post-deposition annealing. At
least two lamellae were prepared from each heterostructure to compare data along two ZA.
Lamella for heterostructures on STO(111) were prepared along the [101] and [121], similarly
STO(100) samples were cut along both the [110] and [010] and GGG(111) the [101] and [121] ZA.

Table 2.3: Heterostructure depositions of electrode and electrolyte onto single crystal substrates,

each layer’s composition, and respective thermal preparation conditions.

Substrate Layer1l Layer2 PLD /Annealed Temp. /°C Duration / hours
STO(111) #1 LCO LLZO Annealed 600 4
STO(111) #2 LCO LLZO Annealed 600 0.5

STO(100) LCO LLZO Annealed 600 0.5

Substrate heated LLZO: 600

GGG(111) LLZO LCO (During PLD)

during PLD LCO: no heating

2.2.5 X-ray diffraction

X-ray diffraction patterns were collected in two different instruments. With a Malvern
Panalytical Aeries, with a Cu-Ka X-ray source, recording between angles (26) of 5° to 70° a step size
of 0.022°. Alternatively, a Rigaku SmartLab rotating anode 6/20 or 20-w diffractometer, using
Cu-Ka radiation (A = 1.54 A), collecting data across various angle ranges between 0° and 90°, with a

step size of 0.01°.
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2.3 Ex-situ Application of Voltage Cycles to Sintered Particle and PLD
LCO/LLZO Heterostructures

Biasing of samples was achieved using different voltage ranges between -12V and 12V with
various numbers of charge cycles (Table 2.4 and Table 2.5) to replicate the conditions under which
the LCO/LLZO interfaces are worked, and acquire voltage-current plots. Pristine and pellets sintered
at 600 °C samples were used as these did not suffer from significant Li evaporation during annealing
and thus tracking extent of any charge-related decomposition was potentially possible. A
potentiostat was used to apply bias and acquire voltage-current plots for each cycle between two
preselected voltage limits. Two probes brought into contact either side of the pellet (Figure 2.1, a),
with bias cycle between the voltage limits carried out over a time period of 30 minutes. For
example, 15 minutes from 12 V to -12 V and 15 minutes to return to 12V. Heterostructures were
returned to a positive voltage to try to acquire a charge state with the Li occupying the LCO

electrode.

\

Figure 2.1: Probe setup for ex-situ voltage-current biasing experiments. a) Powder-based particle
samples of LCO and LLZO. b) Thin film samples with on probe touching pristine substrate and the
other the surface of the STO/LCO/LLZO or GGG/LLZO/LCO heterostructure.
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Gold is deposited onto the surface of the single-layer LCO and LLZO sample set to improve
conductivity with the potentiostat probes. Heterostructure samples, as well as pristine and sintered
powder sample are not coated in gold as it was determined to be an unnecessary additional layer

for crude biasing experiments.

IV sweeps were run using an Keysight B1500A semiconductor parameter analyser, running
software by Agilent Technologies Inc. A pair of source measure units, in the form of sharpened
graphite rods, are lowered onto the sample surface using the screw adjustments. These enabled
precise alignment and gentle contact to be made with the surface of the thin film, substrate or
sintered pellet samples. The two-probe set-up is inclusive of a common mode acting as a constant,
while the second probe is a variable. The probes constitute a pair of source measure units, allowing
application of potential different and subsequent simultaneous measurement of voltage and

current response from the sample [199].

The voltage cycle runs were set up to sweep between two voltage limits, over 801 voltage
steps, with the step size varied depending on the difference between the two voltage limits. This
allowed charge cycles to occur over approximately 30 mins for each complete cycle (e.g. 4V to -4V

and back to 4V).

The two-probe setup excludes a reference electrode such as Li/Li*, limiting the accuracy of
measurements given the absence of a stable reference with defined potential (Li/Li* E® = -3.04 V).
In addition, the probe nature of the electrochemical setup at York means that the distribution of
electric field across the sample is unlikely to be uniform, potentially making the changes to the
sample variable across samples surface. Ideally, a setup with a reference electrode and uniform
contact across the surface of the sample would have been preferable but was not possible with the
equipment available. This would be something to consider in the future, although likely more
applicable to coin cells, whereas thin film samples are more compatible with the dimensions and

techniques of in-situ biasing of solid-state battery lamellae.

Table 2.4: Biasing conditions applied to each type of annealed heterostructure sample. All cycles

were carried out over a period of 30 minutes per cycle between the Voltage values.

Biasing range  Pristine pellet 600 °C pellet
2V to 4V - 10 cycles
-6V to 6V - 10 cycles

-12Vto 12V 100 cycles 10 cycles

Chapter 2 Results



91 2 — Experimental and Methodology

For PLD heterostructure samples, biasing experiments were run according to Table 2.5, to
assess the effects of voltage window and number of charge cycles on the bulk crystal structure and
EEI within STO/LCO/LLZO and GGG/LLZO/LCO. Varieties of voltage-current cycles were applied to
samples of LCO and LLZO on STO and GGG substrates. The set-up aimed to run the current between
the surface of the LCO or LLZO layer at the surface of heterostructures and pristine corner of the
STO or GGG substrate (Figure 2.1, b). A constant separation distance (3 mm) between probe
contacts was maintained across every sample and voltage-current cycle. To avoid shorting between
the contacts if a Pt/Pd or Au coating had been applied this layer was scrapped off the corner of the

sample not coated in LCO and LLZO.

Table 2.5: Voltages and number of cycles applied to heterostructures at room temperature. All
samples were subjected to ten charge cycles at each voltage, with each cycle between the two-

voltage values over 30 minutes.

Heterostructure Voltage range

2V to 4V
STO(100)/LCO/LLZO 6V to OV
6V to -6V

2V to 4V
GGG(111)/LLZO/LCO 8V to -8V
12V to OV
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2.4 lon Beam Sample Preparation

Producing lamella suitable for HR TEM analysis, required cross-sections to be prepared with
electron beam transparent thickness at a desired acceleration voltage. TEM compatible samples
were milled from pellets and thin films with dimensions of millimetres, into micron sized
rectangular wedges. Thicknesses below 150 nm were acceptable for HR (S)TEM at 200 keV,
although reducing this to 100 nm facilitated atomistic imaging of phases and boundaries. The FIB
utilises a dual beam setup containing a FEG-SEM and gallium ion source (GIS) to achieve respective
imaging for alignment and milling of a sample from bulk to a state of electron transparency.[200-
203] Secondary electron (SE) imaging, accompanied by limited exposure to the gallium beam,
enabled sample alignment and tacking during milling without excessive damage [166, 204]. The

angle between both sources in the FEI Nova 200 is 52°, the layout shown in Figure 2.2 [205, 206].

FEG-SEM

Specimen Chamber : .....

Figure 2.2: Diagram of FEI NOVA 200 FIB used throughout the project, with top mounted FEG-SEM
and gallium source at 52° to the electron beam axis. Stage is mounted to the chamber door with

computational and manual control of x, y, z, and rotational axis.

The steps of FIB-SEM preparation used in this project are displayed in Figure 2.3. Dwell
times per pixel for electron and ion beam scanning was set to 0.3 us, while for Pt deposition this
was 1.0 pus. Standard Ga* beam milling operated with 200 ns per pixel during trenching and thinning
of the lamella. The first step was protection of the region of interest (ROI) with platinum, using an
ion beam current of 0.3 nA. Platinum is injected into the region above the sample through a needle

attached to a reservoir of (CHsz)sPt(CpCHs). The ion beam scanned over the ROI, where transfer of
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kinetic energy and heating of the local area deposited a rectangle of Pt, while the volatile organics
evaporate through the beam induced heating. The following procedure was developed based on
existing working practices within the facility, alongside the guidance of the FEI user manual and

consideration of ion currents required to limit the damage to specimens containing Li [208, 209].

Pt coated ROI dimensions were length: 17 um, width: 2 um, depth: 6 um to achieve a
lamella that was durable enough for extraction and manipulation within the vacuum chamber,
alongside being long enough to facilitate formation of a TEM transparent region of at least 2 um.
The rough cutting step required the use of high beam currents of 7.0 nA or 20 nA depending on the
lamella size and substrate material (ALO, STO or GGG) [207]. A high current, high sputtering rate
allowed for the rapid milling around the ROIl. However, the greater interaction volume at large
beam currents require consideration of excess milling and damage around the selected region [208,
209]. To compensate for error in the precision of milling and potential sample drift, approximately
1to 2 um of error was accounted for either side of the lamella to limit damage to the ROI. Significant
redeposition of sputtered material also reoccurred onto the surrounding area of the sample,
removed by lower ion beam currents during a later step. A milling depth of 6 microns was
consistently sufficient with a 24 x 10 um? region each side of the Pt region, allowing ion beam access

at 0° tilt for undercutting lamella.

After the rough milling around the ROI to achieve a lamella of suitable depth, the edges and
end to be connected to the extraction needle were milled up to the Pt using a 1.0 nA ion beam. The
left-most edge of the lamella remained attached to the bulk of the sample as an anchor point until
lift-out was required. Using 1.0 nA allowed for formation of clean sides and ends to lamella in
comparison to high beam currents. Tilting back to 0° allowed the lamella to be undercut (1.0 nA),
in preparation for extraction once the needle was attached. With the sample remaining at 0° tilt
(perpendicular to e-beam, 52° to ion beam), the exposed edge was attached to the tungsten needle
with a small region of platinum deposition (0.1 nA). Milling of the edge connected to the bulk of the
sample freed the lamella, allowing for transferal to a copper grid. Platinum deposition welds the
lamella to the grid, with the proceeding step being to cut the needle free. A copper grid was suitable

given the absence of copper from electrode, electrolyte, and substrates.
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Figure 2.3: a) Schematic of process of lamella extraction from protection of ROI, through to
mounting and thinning of sample to electron transparency. b) SEM images acquired during the
extraction process of a lamella during the project, with the bottom right image showing the electron

transparent region in a TEM after argon milling.

Low current milling is used to thin the sample to electron transparency (<150 nm thick). A
slice-by-slice process is used along the front and back face of the lamella to incrementally reduce
thickness. Starting at an ion beam current of 1 nA, the thickness was gradually reduced, following
the steps in Table 2.6, until the contrast within the SE image acquired at 5 keV showed increased
brightness in the thin region. This contrast change was indicative of sufficient electron transparency

for TEM.
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Table 2.6: Standard preparation steps with respective, sample tilts, alongside ion beam voltages

and currents used to extract lamella, and then thin to electron transparency.

Preparation Step Beam voltage Beam current /nA Tilt/° Thickness / nm
/ keV

Rough milling 30 7.0 52 4000
Fine milling 30 3.0 52 2000
Undercutting 30 3.0 0 2000
Lit out 30 1.0 0 2000
Rough thinning (Front) 30 0.5 56 1200
Rough thinning (back) 30 0.5 48 800
Thinning 30 0.1 54 600
Thinning 30 0.1 50 400
Thinning 30 0.05 53 300
Thinning 30 0.05 51 200
Fine thinning 30 0.03 52.5 150
Fine thinning 30 0.03 51.5 120
Cleaning 5 0.03 45 100
Cleaning (180°) 5 0.03 45 100

2.1.1 lon Polishing and Thinning

Further thinning and removal of gallium-damaged layers uses an argon ion-beam precision
ion polishing system (PIPS) [167, 210, 211]. The PIPS setup is shown in Figure 2.4, with two ion guns,
85° apart at the front of the system, with the sample situated on a rotating stage at the centre of
the vacuum chamber. A low acceleration voltage of 0.2 keV or lower allowed for reduction of
sample thickness by around 40 nm to 50 nm per 10 minutes of milling. The PIPS guns were tilted to
milling angles of £6°, while the fixed sample rotates through 360°. In addition, to improve electron
transparency the PIPS aided to reduce the influence of gallium implantation on AR imaging [212,

213].

Thickness of the lamella was gradually reduced at 0.2 keV until either the Pt layer was
almost removed, or hole appeared in the sample. The latter is shown in Figure 2.5, where a hole
formed in the LCO film after 15 minutes of milling. Either side of the hole is sufficiently thin for AR
STEM. A summary of standard parameters for milling of lamella were 0.2 keV, gun currents =18 uA,

gun tilt £6°, modulated milling sector angles of 25°, milling duration per cycle of 5 minutes.
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Figure 2.4: Diagram or PIPS layout with two ion guns with variable tilt angles and acceleration
voltage suitable for gradual, low voltage cleaning and thinning of lamella. The sample is mounted

in a central stage with 360° rotation, whereby customised milling segments allow the guns to

selectively mill the lamella and avoid excessive Cu sputtering from the grid.

100 nm

Figure 2.5: Sample before a) and after b) argon beam milling in the PIPS. The hole seen in ¢) formed

at the thinnest region of the sample (red square) and a reference for effective sample preparation.
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2.5 Scanning and Transmission Electron Microscopy for Imaging and

Spectroscopic Studies of LCO and LLZO

2.5.1 Illlumination Sources

To form an image in any microscope, a source of illumination in the form of particles or
phonons interacting with the sample is required [214-217]. For electron microscopes, electrons
ejected from the tip of a filament act as the source of illumination. In this project, applying a bias
of between 5 keV and 300 keV accelerates electrons from the source’s tip towards the sample.[218,
219] The SEM and TEM at York, SuperSTEM and ePSIC utilise either tungsten, LaBs, Schottky-FEG or
cold-FEG filaments (Figure 2.6). Each source has their own operation parameters, characteristics
and design, with maximum brightness and obtainable resolution [220]. Common operational

parameters for electron sources are shown in Table 2.7 [221].

Figure 2.6: Thermionic and field emission source images and diagrams showing differences

between a) tungsten, b) LaBs, c) Schottky-FEG, with ZrO, reservoir, and d) cold-FEG sources. SEM

images of source tips acquired from figures in references [222] and [216].

Ensuring the tip of a field emission source remains pristine required periodic removal of
contaminations that reduce probe currents and increase the energy spread (AE) of the electron
source. This is a significant disadvantage with respect to chromatic aberration and spectroscopic
analysis (EELS), as well as lowering brightness, signal-to-noise ratios and therefore attainable
resolution. The established method for contamination removal requires the gun to be heated to
high temperatures [223]. This method was used prior to beam emission on the JEOL ARM200CF,
ARM300CF and NeoARM instruments at ePSIC and York respectively.
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Table 2.7: Important operational parameters of thermionic and FEG electron sources used in

electron microscopes. Informed by reference [224]

Tungsten LaBs Schottky-FEG  Cold-FEG
Work function / eV 4.5 2.4 2.8 4.5
AC/ AmK? 6 x10° 4 x10° - -

T/K 2700 1700 1800 300
Cross-over size / um 50 10 <1 <0.01
Brightness / Am2sr? x10° x10%° x10 x10%?
Energy spread (AE) / eV 3 1.5 =0.8 =0.3

Required vacuum / Pa 102 10* 108 108
Lifetime of source / hr 100 500 >1000 >1000

For the same emission current from different electron sources, the ability to focus the
available current onto the first cross-over point determines the obtainable resolution of the
microscope. A smaller diameter of the first-crossover point is achievable for FEG sources, compared
to thermionic sources (Table 2.7), enabling higher resolutions to be achieved. The smaller the cross-
over point, the higher the required source brightness, in order to ensure the beam has sufficient
current density to generate a signal on the subsequent detectors. A smaller probe also requires less
work by the electromagnetic lenses to demagnify the beam into a usable probe. These parameters
of cross-over and high source brightness enable microscopes fitted with field-emission source to
achieve the highest resolutions.To achieve transmission images of samples and acquire images at
the ARs shown throughout this project the electrons are accelerated to velocities where relativistic
effects become influential. Equation 7 describes the relativistic wavelength (A) of an electron
accelerated within a TEM. The mass and charge of an electron are m. and e respectively, whilst h is
the Plank constant and c is the speed of light in a vacuum. Relativistic effects are fundamental to
electrons accelerated to the velocities of voltages on the order of keV. The theoretical maximum
obtainable resolution is related to this wavelength alongside the aberrations induced by the

magnetic lenses [225].

A= h Equation 7

ev
2meeV(1+W>

The JEOL 7800F Prime SEM utilised a Schottky FEG, while the JEOL 2100+ TEM operates
with a LaBs and JEOL ARM200CF and NeoARM STEM instruments operated with a cold-FEG.
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2.5.2 Scanning Electron Microscopy

The JEOL 7800F Prime SEM provides topographic imaging with spectroscopy evaluating
composition near the sample’s surface. Layout of lenses and detectors is shown by the diagram in
Figure 2.7. Applications within this work focus on bulk samples prior to creating a TEM transparent
cross-section or viewing the TEM cross-section prior to loading into the transmission microscope.
SEM of particle and thin film surfaces and lamella included; chemical mapping and phase analysis
using EDS and EBSD, aiding selection of regions of interest to focus on in the TEM.[226-229] The
JEOL 7800F Prime utilises a Schottky-FEG source with applied potentials between 1 keV and 30 keV,
depending on the desired approach to imaging and spectroscopic data collection for each sample.
Probe currents could range from 0.01 nA to 40 nA depending on the combination of probe current,

acceleration voltage and aperture size (30 um to 110 um).
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Backscattered electron detector @

F] Specimen
exchange

Vacuum system

Figure 2.7: Diagram of SEM showing a standard aperture and lens arrangement in the JEOL 7800F
Prime, with positions of detectors required for various imaging and spectroscopy modes including

Everhart-Thornley Detetcor (EHT), SE, BSE, EDS and EBSD.
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Elastic scattering of incident electrons follows the principles of Rutherford scattering, with
a dependence on the average atomic number (Z) of the ROI [230-232]. Interaction volume with the
sample reduces at lower beam energies or higher atomic mass, allowing analytical backscattered
electron (BSE) imaging [233, 234]. At incident electron beam operating voltages over a few keV, the
energy difference between BSE and SE is significant (Figure 2.8). BSE detectors positioned above
the sample maximise collection efficiency, allowing less obstructed SE collection from an offset

Everhart-Thornley detector.
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Figure 2.8: Plot of signals with repect to the beam energy Eo. Positions are indicative of their
approximate energy dispersions that enable SE, Auger electron and BSE signals to be distinguised.
BSE electrons possess energies similar to the incident beam Eo (keV), while SE electrons have energy

distributions on the scale of eV. Figure reprinted from reference [235].

The detectors within the JEOL 7800F Prime include an EHT, EDS and EBSD within the
specimen chamber. Enhancing collection of SE is achieved via the use of detectors with an applied
bias, the EHT in the JEOL 7800Prime detector is equipped with a faraday cage for this purpose.
Given SE electrons have low energies relative to elastically scattered BSE, they are easily deflected
by an applied positive electric field [236]. Applying a positive bias to the EHT cage attracts the low
energy electrons meaning images are dominated by the SE signal. For BSE detectors, with geometry
and working distance influence collection efficiency, with in-lens detectors requiring working
distance of 2 to 4 mm used for sufficient signal-to-noise [237, 238]. Additional in-lens SE and BSE
detectors are present above the pole piece and were utilised for short working distance. These
enabled image acquisition across rough surfaces of PLD thin films, with crystallite features on the

scale of tens of nanometres, requiring higher resolutions of imaging than the EHT provides.
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For particle samples, SE and BSE imaging were used to assess porosity and compositional
variation across the LCO/LLZO particle heterostructures. The Z dependant BSE signal contrast on
allows analysis of areas within LCO/LLZO particle mixtures where EEls were present for subsequent
extraction of LCO/LLZO interfaces using the FIB. Imaging conditions with sufficient signal-to-noise
and resolution acquired between 15 keV and 30 keV, with apertures of 30 um and 50 um providing
control of current density. LCO and LLZO were stable at these voltages and tens of nanoamps of

beam current for exposures lasting of several seconds (LLZO), to minutes (LCO).

2.5.3 Energy Dispersive Spectrometry

EDS is the use of the characteristic x-rays produced during inelastic electron interactions
with elements comprising a given specimen in the SEM or TEM. Detection is achieved using a silicon
drift detector (SDD) whereby incident x-rays are converted into electrical signal in a similar manner
to backscattered electron detectors [239]. X-ray collection efficiency is dependent on the solid
angle of emission from the sample. Two EDS detectors (Oxford Instruments, Ultim® Max, supported
by Aztec software) were used in combination around the sample to increase collection angle for
standard EDS acquisition [240]. One EDS detector was used above the EBSD detector when
collecting EBSD and EDS data simultaneously. The processing time was adjusted depending on the
number of x-rays emitted from the sample in the direction of the detector(s), with lower processing
times used for powders and high values for lamella or combined EBSD-EDS experiments. This

provided the ability to enhance the count rate alongside the use of apertures detailed below.

The radiative transitions between energy levels are characteristic of each element in the
periodic table. Electron energies can be characterised as shells, labelled K to O in (Figure 2.9)
relating to the specific electron orbitals to the 1%t (1s) 2" (2s, 2p) etc., with relaxations to the K shell
(n=2 =» 1, n=3 =>» 1 etc.) designated as K transitions. Suitable acceleration voltages were between
20 keV and 30 keV to facilitate detection of the Zr K-edge at 15.7 keV. A 30 um aperture was
frequently used, with the 50 um diameter required when low count rates became a limitation, for
example with lamellae thicknesses below 150 nm, where electron transmission through the sample
increases. Electron beam and detector collection conditions ensured input counts rate exceeded
2 x10° counts per second and detector dead times were above 20% but did not exceed 90%. Pixel
resolution were either 1024x1024 or 512x512, depending on sample dimensions and desired scan

rate.
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Figure 2.9: Characteristic EDS signals, relating to transitions between electron orbital energy levels

within atoms. Illustration repsrinted from reference [225].

2.5.4 EBSD to Map Crystal Phase, Orientation and GB

Mapping crystal phase and orientation within complex samples can be a labour-intensive
process, using diffraction patterns and local chemical data. EBSD utilises the patterns created
bybackscattered electrons from crystal planes satisfying diffraction conditions, to determine phase,
orientation, and boundaries between grains across the surface of a sample. This enabled analysis
of phase variations and grains across suitable samples, whereby phase distributions, composition
and structural characteristic can be determined [241]. The EBSD system comprises a phosphor
screen detector (Figure 2.10); the sample was tilted to 70° to align the diffracted electron with the
detector and maximise signal. Working distance within the SEM was set to 14 mm to align the

diffraction pattern with the phosphor screen.
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Figure 2.10: Diagram of EBSD dector positioned at 70° to the sample surface with inset diagram of
Kikuchi line formation from crystal planes within the sample, leading to the projection of diffraction

pairs (hkl) and (hkl) onto the detector.

Applications for particle cross-section lamella of LCO and LLZO included; band contrast
mapping to reveal GB within materials, phase detection if a sample contains two or more crystal
phases, and orientation mapping to determine the orientation of each unique phase.[242] Data was
collected using electron beam voltages of 25 keV and 30 keV, with an aperture size of 50 um. The
software requires informing of anticipated phases through atomic coordinate files (e.g. .cif) relating
to LCO and LLZO, acquired from the Materials Project or literature published on the ICSD database
[44, 51]. Detector exposure, adjusted within the software, optimised Kikuchi pattern signal-to-noise
without overexposure, thus optimising detection of phase and orientation. Exposure times are
varied within the magnitude of 10* ms. Image resolution was 622 x 512 pixels or 1244 x 1024 for
sensitivity and resolution options respectively. The scale of PLD thin films were not compatible with

the resolution achievable in the JEOL 7800F Prime.

For both the EDS and EBSD data, Aztec software from Oxford Instruments was used to
interface with the detectors and construct associated elemental maps (EDS), as well as grain, phase
and orientation maps (EBSD). EDS was acquired simultaneously with the EBSD to support

identification of the phases within the grains or particle-based lamellae.
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2.5.5 Transmission Electron Microscopy

Transmission electron microscopy can facilitate the observation of specimen structure from
micron down to atomic spatial resolutions of 0.2 A [243]. This allows for viewing and analysis of
crystal structures, defects and chemical compositions where specific characteristics can reside over
only a few nanometres. To improve the achievable resolution and simultaneously collect
spectroscopic data, aberration correction and accompanying spectrometers for x-ray and inelastic
collision analysis have been developed. The JEOL 2200FS, ARM200CF, ARM300CF, and NeoARM all
make use of aberration correction and a combination of EDS, EELS or both. The parallel beam of
conventional TEM (Figure 2.11, a) provides the capability for BF and DF imaging, alongside
diffraction from selected areas. STEM (Figure 2.11, b) supported the acquisition of AR images
through access to aberration-corrected microscopes, alongside EDS and EELS data relating to each
probe position within the sample [225]. 4D-STEM in the form of pencil beam diffraction provides

potential insight into nanograin phase and orientation within thin films samples.
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Figure 2.11: Schematic of a) conventional TEM and b) STEM setup illustrating electron path,

condenser lenses (e.g. CL), apertures (e.g. CA) sample location and common detector positions.
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To acquire projected images at various magnifications, electrons with sufficient energy to
penetrate through the atomic lattice of a material, without excessive backscattering from within
the lamella’s thickness, are required. While in TEM and STEM modes, electrons between 30 and
300 keV passed through sample sufficiently thinned by the FIB [244]. Samples were thinned to at
least 150 nm for 200 and 300 keV studies, with sub 100 nm thicknesses required for analysis with
beam energies as low as 30 keV. Maximum theoretical resolution of the image is dependent on
electron source as well as the specimen, design of lenses and aberration corrections in advanced
microscopes [225, 245]. The focusing of electrons is achieved using a sequence of cylindrical lenses
comprised of a coiled copper wire, wound around a soft iron core of each pole piece. The field
strength for a given lens current is uniform within core of the lens, with the field strength tailing off
at the edges of the entry and exit of the lens. Equation 8 describes the force on the electron within

a magnetic lens at a given distance from the optical axis.

2
F = evBsin(0) = evB = % Equation 8

F = force on electron, e = electron charge, E = electric field strength, v = electron velocity, B =
magnetic field strength, m = mass (electron), r = radial distance of electron from optic axis, © =

angle between electron velocity and magnetic field.

Resolutions achievable in STEM mode are dependent on the probe size and have the
potential to exceed standard TEM imaging [225, 243]. However, the ability to run electron beams
at energies in the MeV range, providing electrons with sub-angstrom wavelengths, alongside
aberration correction in both STEM and TEM, means modern instruments have comparable
resolution values. TEM has the advantage of spreading electron dose over a wide area for beam
sensitive materials (e.g. Li electrolytes), although dose can also be controlled within modern STEM
instruments through use of rapid exposure techniques. STEM has the advantage of providing local

chemical and bonding data through precise positioning of the electron beam in probe form [216].

Within this project systems of two condenser lenses is used in JEOL 2100+, NeoArm and
ARM200CF microscopes, while the ARM300CF uses three condenser lenses. These define the beam
spread and illumination intensity; this is in combination with the condenser apertures (CA). The first
condenser lens (CL1) operates on the electron beam after emission from the source and determines
the spread of the beam passing through the second CL. A more excited first condenser lens (CL)
allows a few electrons to pass through CL number two (CL2). Therefore, the condenser aperture
determines the maximum spot size obtainable after CL1 has focused the beam. CL2 then focuses

the electrons, converging the beam around the area of interest on the specimen. In the JEOL 2100+
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this convergence formed a parallel beam condition for TEM imaging, while in the other microscopes
the beam is converged into a probe for STEM imaging. Varying the post-sample intermediate lens
conditions allows extraction of either an image, or the diffraction pattern from within the image

forming plane (Figure 2.12).
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Figure 2.12: Diagrams showing difference between image forming (right) and diffraction mode (left)
in TEM. Variation in the intermediate lens condition determines the resultant observation on the
screen or camera. Introduction of the OA enhances contrast between diffracting planes by blocking
higher-order diffractions at greater distances from the optical axis figure reprinted from reference

[225, 247].
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2.5.6 Apertures

The condenser aperture (CA) controlled the probe current/electron dose reaching the
sample, as well as influencing the angular spread of electrons passing through the microscope. This
also serves the role of controlling the maximum semi-angle of the electron beam, also limiting the
extent to which the image suffers from spherical aberrations. The most common aperture
diameters used in the JEOL 2100+ were 100 um and 250 um. For nanobeam diffraction the smallest
(10 um) CA was introduced for analysis with spot sizes of 5 nm to 15 nm. In the ARM200CF and
NeoARM CL2 diameters were selected as 30 um or 40 um depending on the size of the aberration
free region of the Ronchigram. Specific beam currents for camera lengths and apertures can be

found on the ePSIC/Diamond Light Source Website.[248]

Objective apertures (OA) allowed for selection of specific proportions of the waveform
emitted from the sample. Inserting a centrally aligned OA will select the central spot containing the
bright-field information, while the size determines whether spots or rings diffracted away from the
central axis are included. The narrower range of signals collected by the projector lens systems
allows for greater contrast between diffracting and non-diffracting regions of the sample.[225, 249]
They are used within literature and this project to create annular BF or DF images in a STEM system

by blocking the angular distribution relating to the direct beam.[250]
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Figure 2.13: a) BF imaging condition with no offset OA or beam tilt. b) Shift of OA to align with a
desired diffraction condition. c) Beam tilt with central OA alignment whereby the beam tilt matches

the Bragg diffraction condition of the crystal plane of interest. Figure acquired from reference [225].
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Using an OA heightens the contrast between the strongly diffracting crystallite and
surrounding film. Using quadrupoles to tilt a diffraction spot in the DF onto the central axis of the
image formation plane allows a small OA to select the signal provides within this part of the wave
function. Using a sufficiently small OA to select either the BF or any DF spot allows for formation of
a BF or DF image through re-selecting the image forming mode [225], These images can provide
information on the regions of crystalline materials contributing to specific diffraction spots, for
example phase and grain distributions and defect orientations [251-253]. For DF imaging of
boundaries and defects in LCO the second smallest OA was used (20 um). Owing to the spacing of
intensities in the LLZO and LZO DPs, DF imaging was best approached with the smallest 5 um OA in
the JEOL 2100+.

2.5.7 Aberration Corrected Imaging

Modern microscopes can achieve ARs (0.2 A) not only through improvements in gun
brightness, stability, and energy monochromator but also the introduction of effective correction
of aberrations of higher orders. Spherical aberration can simply be offset using a lens acting in
convex fashion to correct for the difference in electron focal points as a function of orbit radius. To
achieve correction of the spherical beam’s aberrations the spherical symmetry must be broken and
then refocused to achieve a common focus point for a greater angular radius of the electron beam.
Higher-orders of aberration correction are achieved through the reduction of contributions from
two- to five-fold astigmatisms, comma, and aberrations. Depending on the symmetry of the
aberration, either a hexapole or octupoles/quadrupole arrangement is required for odd- or even-
fold aberrations respectively [225]. A hexapole creates triangular distortion to the incident electron
beam, allowing adjustment to odd orders of aberration, while quadrupoles and octupoles create
square distortions to the spherical symmetry of the electron beam, correcting aberrations, and
stigmatisms with even-fold symmetries. The corrections are achieved by computationally
determining the beam tilts, shifts and defocus required to offset the aberrations in the uncorrected
beam of spherical symmetry. The software (JEOL COSMO) controlling the lenses and high-order
aberration correction, determines the amplitude of the aberration based off a under focussed
Ronchigrams of an amorphous region of sample (e.g. carbon or platinum). Iterative steps are
applied to correct aberrations to values suitable for atomistic BF and high-angle annular dark field

(HAADF) imaging [254].
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2.5.8 Detectors

In a TEM the position of detectors, relating to image formation, is below the specimen and
proceeded by a set of projector lenses. The JEOL 2100+ TEM utilised a CCD for signal collection
relating to the chosen BF or DF imaging condition. Exposure times of between 1 second for DP
acquisitions, to protect the detector from overexposure, between 1 and 4 seconds for BF and up to
40 seconds for weak beam DF images were used. Some variations outside of these ranges were
required for thin or thick regions of certain samples. The exposure for each sample and image
accounted for the intensity of the beam for a given CA or spot size, alongside the brightness for a

near-parallel beam condition at specific magnifications within the range of x8000 to x800k.

STEM detectors take the form of radial discs with holes in the centre. Similar to BSE
detectors in the SEM section, these convert the energy supplied by the scattered or direct electron
beam into charge through a p-n junction or photomultiplier tubes (PMTs). The semi-angles of
collection are important with respect to the probe’s convergence angle [225, 255]. The diagrams in
Figure 2.14 show detectors up to the convergence angle (a) of the STEM probe can be used for BF
and annular bright field (ABF) imaging, where the sites of atomic columns are dark. Wider-angle
detectors with central radii above the probe’s convergence angle translate the detected electron
signal to an ADF or HAADF image. Based on the instrument parameters relating to the ARM200CF,
ARM300CF and NeoARM, camera lengths between 8cm and 20 cm are used in conjunction with a
specific radius of CA, such that the convergence angle is suitable for ADF or HAADF imaging. This
information is provided within the instrument calibrations ePSIC provide online, as well as in the

instruction manuals [248].

HAADF ADF BF ABF

Figure 2.14: Annular detectors, where inner and outer collection angles of the detector are
fundamental to the image contrast observed. The collection angle is dependant on apertures and
camera lengths selected by user, with values commonly differing between specific makes and

models of microscope. Example images acquired from reference [256].
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To effectively deal with the lower signal incident at high-angles onto the HAADF detectors,
low-noise electronics, and scintillator/photomultiplier tubes are commonly utilised to ensure
suitable signal-to-noise ratios. These can detect electron signals at low fluxes, amplifying low signal
count rates, optimising the contrast in images formed from the information detected by angular

detectors [257].

The direct beam contains wave front information where atoms have deflected intensity
away from the optical axis. While a mass relationship influences the intensities in the image to the
intensity/contrast of the image, the direct beam is coherent and thus contrast depends on
additional components, hence intensity doesn’t directly relate to the mass of the atomic columns
[258]. The use of ABF detectors excludes the direct beam, utilising the electrons scattered at small
angles. ABF utilises either a annular detector or aperture blocking at least half of the internal semi-
angle of the BF detector. This can enhance the contrast of the signal detected, enabling easier
observation of light elements (e.g. Li) and low-mass atomic columns, simultaneously with heavier
atoms, within an ABF image [259]. The feasibility of light element detection is proven with the
resolving of single Li atoms in battery materials [256, 260]. As the intensity scales with the atomic
mass of the elements illuminated by the probe, HAADF is effective in regions containing elements
that have sufficient scattering coefficients to provide adequate intensity at high collection angles
[261]. It makes compositional information can be assessed with HAADF as the intensities relate to
the Z-number of the elements in the atomic column illuminated by the probe. The limitation with
HAADF imaging providing atomic mass information for both heavy and light elements, for example
within battery materials containing Li and La. This is related to the contrast difference between the
two extremes being dependant on the square relationship between HAADF contrast and atomic
number of the element. For example, in LLZO the atomic mass of La (Z=57) and Zr (Z=40) is far
greater than Li (Z=3) and O (Z=8), making the latter elements challenging to observe in the image
contrast relating to the scattering coefficients, hence La, Zr, O and Li intensities collected by a
HAADF detector. ADF imaging collects electrons at lower scattering angles as potentially has
applications for strain mapping in SSB materials [262]. All imaging conditions were applicable to
samples containing LCO and LLZO with collection of BF, ABF and HAADF images consistently made
on the JEOL ARM200CF and NeoARM STEM microscopes.

Typical STEM imaging conditions for the ARM200CF and ARM300CF were 12cm camera
length, with a condenser aperture of 30 um (semi angle: 23.0 mrad). EDS and EELS data was
collected with the same convergence aperture but with a 3 cm camera length. Images on the
ARM300CF were collected with either a 40 um (semi angle: 33.6 mrad) or 50 um (semi angle: 44.0
mrad) condenser aperture, in tandem with a 12 cm camera length. The condenser aperture

diameters were selected based on the quality of the Ronchigram with respect to the semi-angle of
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the aberration free region. Further details of beam currents, calibrations and semi-angles for
various condenser lenses and camera lengths are available on the ePSIC (Diamond Light Source)
confluence pages via references [248, 263]. On the ARM200CFthe JEOL BF, ADF and HAADF were
used for image acquisition, while BF and HAADF detectors on the ARM300CF where used for image
acquisition. On the ARM300CF an aperture was used to mask the centre of the BF detector for ABF
imaging with a detector inner angle of 10.0 + 1.3 mrad and outer angle of 20.8 + 0.2 when using a

12 cm camera length.

2.5.9 Reducing contamination

The use of a cold trap within the instrument acts as a collection point for material or
contamination emitted from the surface of the sample holder during (S)TEM experiments. The
temperature gradient draws molecules onto the surface, cooled by liquid nitrogen. Consequently,
improvements in vacuum quality around the sample are achieved, alongside avoidance of
contaminants collecting on the pole-piece of the microscope. All TEM and STEM imaging was

conducted with the use of the cold-trap installed on all instruments.

Contamination of the sample can also be a common problem, significantly limiting the
achievable resolution across a given region. Carbon-based contaminants can be ablated and
redeposited by the electron beam onto the surface of the sample, creating regions of
contamination. This layer of carbon both increases sample thickness and obscures the atomic
columns within the sample. To limit this type of contamination a ‘beam shower’ was used, exposing
samples to a broad electron beam for several minutes to clean the surface of volatile hydrocarbons
contributing to the contamination. Alternatives for beam sensitive materials included
contamination reduction procedures prior to loading into the microscope, such as pre-pumping the
specimen in the sample holder, low voltage argon or xenon ion milling of surface layers, or plasma

cleaning. All methods were attempted during the project to varying success.

2.5.10 Spectroscopyin TEM and STEM

Chemical data can be acquired in both TEM and STEM microscopes, with the latter being
able to resolve the composition of neighbouring atomic columns. The deflection of the beam in
STEM mode is such that probe movement occurs without tilt effects with scan directions and
patterns allowing control over aspects including specific illumination area and exposure time [264,
265]. The dwell time of the probe provides the signal at each position analysed, requiring
consideration of maximum dose limits for each material, alongside obtaining sufficient signal

counts for EELS and EDS acquisitions [266-268]. Potential exposure times vary greatly, between
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nanoseconds for rapid in-situ or beam sensitive sample measurements, up to seconds for higher
resolution EELS and EDS data acquisitions [269, 270]. Conditions used for imaging and spectroscopy

of particle and thin film sample are covered below.

Acquiring chemical information from samples subjected to incident electrons is also
achievable in TEM. However, for electrons with sufficient energy to penetrate a thin specimen it is
possible to acquire chemical energy signatures in the form of X-ray or inelastic electron energy
losses between source/pre-specimen and post specimen. EDS operates by the same principals as
discussed in the SEM section, with the detector positioned just above the sample. In contrast, for
electron energy loss spectroscopy (EELS) the energy loss detector on the ARM200CF and NeoARM
was positioned at the end of the microscope column [225, 271]. The advantage for TEM-based EDS
acquisition is the better vacuum conditions that enable the use of windowless detectors with
improved efficiencies and potential for detection of light elements [260]. The lowest energy X-rays
emitted from a given sample’s surface are not blocked by the detector’s window, potentially
allowing signals relating to Bi, B and Li to be observed in EDS spectra. Li detection is likely to still
require materials suitable to producing detectable quantities of Li signals, alongside specialised
equipment and conditions including stable microscope environments and low-noise electronics

[272].

Li has an EELS K-edge around 55 eV and requires a detector and signal that can resolve this
peak from the zero peak and background signal. Detection of Li has been possible within EELS
studies into Li,COs; and Li,O. These published articles highlight the need for the system to be
sufficiently Li rich to produce an adequate signal strength for the K-edge. In addition, the 2S orbital
needs to be occupied to facilitate the production of the K-edge signal [272]. The Li K edge is
absorbed by the window (Be, silicon nitride or thinner polymers) of a standard EDS detector,
requiring a windowless detector to collect the Li signal [26]. Energy resolution of the EDS and EELS
detectors lay was expected to be below 2 eV, theoretically allowing characteristic signals from all
elements to be resolved. However, the low intensity, broadness and background signals in EDS and

EELS spectra limited the detectability of Li signals.

The EELS signal is a result of inelastic collisions that transfer of momentum from the
electron in the incident beam to an electron in the orbital space of a constituent atom. If the energy
transferred matches that required for a core electron to be ionised up to a higher, unoccupied
orbital within the atom, this equates to a defined energy transition in the core-loss region of the
EELS spectrum (usually above 100 eV). lonisation of electrons in valence or weakly bound orbitals
lead to a lower energy loss during the inelastic collision, therefore these energy losses are in the
low-loss region, where the broad plasmon peak also resides [270]. This is in contrast to EDS where

transitions are the result of radiative relaxation of electrons into orbitals from which electrons have
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been ionised or excited from, leading to emissions of photons with wavelengths in the X-ray range.
K-edge transitions describe the inelastic energy transfer with the innermost orbital (1s), L-edges
relate to the 2p orbitals, M to the 3p and d orbitals and so on. The subsets (e.g. L;, L,3) relate to the
specific fine structure separation of characteristic peaks determined by the different spin states of
electrons in occupied orbitals. The 2s1/; (L1) will have distinctly different energy signature compared
to 2p (Lz3). However, the two possible spin states in the p orbital (1/2 and 3/2) equate to a small
shift in energy loss of between below one and a few electron volts. The low-loss and core-loss
energies for elements within LCO and LLZO detailed in Table 2.8, required consideration of energy
dispersion and dwell time settings to detect specific characteristics edges effectively. The low- and
core-loss energies for Zr and Nb are considerably greater than Co, La and O, hence STEM-EDS was
used to detect and map these elements rather than select high dispersion setting for EELS
acquisition. The intensity of the signals for Zr and Nb above 200 eV were also too weak to resolve

at the chosen ‘per-pixel’ exposure times.

Table 2.8: Table of major EELS edges for constituent elements in LCO and LLZO. Values acquired
from EELS Atlas [246].

Element Edgel/eV Edge2/eV Edge3/eV Edged4/eV Edge5/eV
Li 55
Co 60 779 794 7709
0] 532
La 14 99 832 849
Zr 29 180 182 1112 2307
Nb 34 205 207 2371 2465

This momentum transfer alters the energy of the incident electron and electron within the
element. Excitations of the electrons are allowed between distinct values of energy levels within
each element and thus changes in the incident beam electron energy can be related to these
elemental fingerprints [273, 274]. As the detector is positioned on the BF/direct beam axis, very
low angle elastically scattered and unscattered electrons are also recorded. These form the zero-
loss peak, which can be used to determine the energy spread from the electron source as well as
the sample thickness. Energy spread is commonly on the order of 0.2 to 2 eV and can be reduced
through the use of a FEG source and a monochromator system.[270] A value for sample thickness
can be computed from the integral of the zero loss intensity and intensity (l,) of low-loss region of

the spectra (l;). Equation 8 provides a value of thickness in terms of mean free path, relating to the
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expected number of scattering events for an electron of given energy passing through the sample.
Table 2.9 provides ranges of thickness values from which different types of analysis can be
considered acceptable. As the atomic weight of the sample also has an influence on mean free path
between scattering events, this is a rough guidance and appropriate thickness for accurate
quantification will be composition dependant.[275] For samples within the project, samples were

measured to have values between 0.8 and 2 mean free paths.

% = —In[2] Equation 8

Table 2.9:Sample thickness requirements with respect to mean free path for various analytical

applications of collected EELS datasets [275].

Application Sample thickness / mfp

Qualitative mapping (edges <800 eV) 0.1-1.2

Qualitative mapping (edges >800 eV) 0.3-25

Quantification 0.1-10

Quantification (edges >1.5 keV) <1.5-2.0

Energy loss near edge structure (ELNES) mapping ~0.0-1.5
Thickness maps <6.0

Plasmon energy analysis 0.1-6.0

Low-loss EELS analysis 0.1-3.0

Low-loss EELS analysis with deconvolution 0.5-6.0

The K-edge of oxygen has a characteristic core-energy loss signal between 520 eV and 550
eV, with the profile and peak positions providing insight into the bonding environments relating to
specific s-, p-, d- and f- orbital interactions. The influence of crystal field effect, alongside covalence
and oxidation states provide insight into specific characteristics within a material. Figure 2.15 shows
the influence of changing geometry and covalence on the O K-edge for a series of Li\Mn,0,
stoichiometry [176]. This can provide insight into the composition within the bulk of both LCO and
LLZO, as well as across the interfacial regions of heterostructures, depending on the Li deficiency of
the material or the formation of secondary phases through thermal or electrochemical
mechanisms. Dynamic studies using K-edge variations to track Li intercalation through an anode or
cathode could provide information about composition and phases change on the nanoscale during

charge cycles, alongside acquisition of TEM or STEM images.
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Figure 2.15: Impact of varying 3d electron occupancies and geometries of Li manganese oxides on
the profile of O K-edges. Shifts and profiles of the O K-edge may be used as insight into Li deficiency,

structure and composition variations. Figure acquired from reference [176].

The acquisition of EELS on modern microscopes relies on a three-dimensional data set with
dual-EELS acquisition of low and core-loss spectra [276]. An EELS dataset for each pixel in the
acquired image is comprised of x and y dimensions alongside a plot of the energy loss acquired by
the respective energy channel. The low-loss region of the spectrum is high intensity, due to the
energy loss of electrons in the region being minimal compared to the incident beam (0 to 200 eV).
In contrast, the intensity of the background signal alongside any characteristics elemental energy
losses diminishes exponentially towards high energy losses (> 200 eV). To ensure sufficient signal
to noise ratios for core/high energy loss values the exposure time must before greater than for the
low-loss spectrum. Dual acquisition from both low-loss and core-loss channels allows for efficient
acquisition of data at each sample point, minimising the effects of charging and drift on the element

signatures acquired.
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Figure 2.16: Dual-EELS detector achieving separation of low-loss and core-loss electrons through
the applied field within a spectrometer. Separation prior to a detector with control over exposure
time of each segment allows for combined acquisition of low- (red/yellow) and core-loss (green)

data from each pixel.

For the system to achieve dual acquisition for each pixel in the EELS dataset the incident
electrons are offset between two regions/channels of the detector, set up to acquire data at
different exposure times. One segment is optimised for the acquisition of low-loss data, without
overexposing the detector, while the other receives lower energy electrons, having experienced
greater energy loss during passage through the sample. Switching between detector elements
required the dynamic switching between electrostatic optical element settings to deflect electron

intensity onto the low-loss and core-loss segments of the detector.

Elemental quantification requires the detection of quantifiable signals and their profiles
with respect to the baseline intensity. If acquisition time and quantity of element within the probe
area are sufficient compared to the simultaneously acquired background and noise, then it is
possible to extract compositional information. This involved confirming the elements present in the
sample in Digital Micrograph software (GATAN), before applying Hartree-Slater models to

determine composition within each acquired pixel [277, 278].

All TEM and STEM images were acquired at 200 kV, in either a JEOL 2100+, aberration-
corrected JEOL ARM200CF or NeoARM microscopes. Dual-EELS and EDS acquisition utilised a range
of dispersion and exposure times. Energy dispersions on the order of 0.25 eV to 0.5 eV were used
depending on the range of low and core loss energies inclusive of Co, La and Zr signals at 850 eV,
950 eV and 2200 eV respectively. Dual-EELS exposures were < 2x10* seconds for the low-loss
detection, while core-loss exposures were set to < 0.2 seconds. This ensured suitable scan rates and
resolution while avoiding excessive sample drift and sample contamination relating to longer

exposure times.
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2.5.11 Pencil beam diffraction

Four-dimensional STEM techniques, providing image and diffraction data for each probe
position covered within the scan area. Subsequent combination of the signal and diffraction data
sets allows for an intensity profile with respect to orientation to be complied across the area of
interest.[279, 280] Site by site analysis can detect slight changes in phase, orientation and stress
across a crystalline material, with the ability to provide detailed insight to the variations within
multi-grain specimens where crystal orientation and phase are important characteristics.[280] Data
was collected using the 300 keV JEOL ARM300CF, allowing polycrystalline films to be analysed with
respect to the orientation and phase shifts over nanoscale distances unsuitable for SAD. Specific
alignment conditions are set at ePSIC (Diamond Light Source) in order to calibrate and align the
pencil beam. Steps involved calibration of the diffraction spacing and roundness of the

polycrystalline diffraction pattern for gold nanoparticles on a carbon grid.[248, 263]
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2.6 Modelling and STEM Simulation of Substrate, Electrode and Electrolyte

Phases as well as Interfaces and GB

2.6.1 Crystal Models and Diffraction Simulation

For crystal models and diffraction simulations a combination of Vesta (JP-Minerals) and
CrystalMaker (CrystalMaker Software Ltd.) were used [281]. These enabled the observations of
multiple unit cell in three-dimensions and application of visual plane slices for aiding understanding
of observations in TEM and STEM images data. CrystalMaker and JEMS (JEMS-SWISS, Dr. P.
Stadelmann) both provide an interface from which the diffraction pattern deduced from the atom
coordinate file of each phase observed and aligned along various ZA to assess the fit. They proved
useful for understanding the plane alignments at GB and differences between similar phases
including c-LCO, rs-CO and s-CO for the electrode, as well as LLZO and LZO for electrolyte analysis.
Examples of the interfaces shown in Figure 2.17, cover the modelling, XRD simulation and TEM

diffraction pattern simulation where appropriate.
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Figure 2.17: a) Model and simulated diffraction pattern of r-LCO, along the [100] ZA. b) Model and
simulated diffraction pattern of c-LLZO, also along the [100] ZA. Structural models and simulations

use atomic coordinate files for literature (ICSD) and The Materials Project databases [44, 51].
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2.6.2 Use of QSTEM for BF and HAADF STEM image simulations

The implementation of simulations to support real electron microscopy image data is
important to support conclusions drawn from atomic arrangements in samples. Two approaches to
electron image simulation are commonly used, these being Bloch wave or multi-slice simulations
[282]. In support of data collected by electron microscopy BF and HAADF simulation focused on the
confirmation of phase and orientations. Diffraction and image simulations also could differentiate
between cubic LCO structures closer to LiCoO; or CoO, achieved through use of structure models
and Vesta, CrystalMaker, QSTEM and JEMS software. GBs were simulated to support the

observations made with atomic-resolution analysis of crystalline LCO and LLZO thin films.

Two simulation programs are used to produce images from structural models of
orientations specific to a single phase of LCO or LLZO, as well as specific interfaces between
substrates and GB orientations. Models of the specific phases are acquired from the materials
project or inorganic crystal database [44, 51]. Inserting these atomic coordinate files into the
QSTEM model builder (Figure 2.18), allowed for the formation of interfaces between substrate and
LCO or LLZO, as well as GB within the bulk of these materials. Selection of ZA and alignment between
the lattice orientations has full freedom of rotation and movement for aligning models with the
information provided in STEM images. Applying separate atom coordinate files to each region
provides the ability to rotate and align two regions along theoretical boundaries, such as the

interface between substrate and thin film or two grains within a single material.

Simulation of images utilised QSTEM for both STEM and TEM images. Atom coordinate files
relating to single crystals of electrode and electrolyte phases, or interface models built in QSTEM
model builder were imported. Expansion of the models in all three dimensions was used to produce
images with sufficient fields of view to compare to HAADF and BF data. The thickness of the sample
was increased to include simulation thicknesses of up to 40 nm of multi-slice simulations. Electron
microscope parameters including accelerating voltage and focus were adjusted to relate to the
conditions at which the crystal phase or GB data was collected. An example of a HAADF and BF
simulation for the r-LCO and cubic LLZO phase are shown in Figure 2.18. Thicknesses for image
simulations were determined by creating model parameters in QSTEM, of sufficient thickness to
form contrast and intensities representative of real images, while also being achievable within
reasonable simulation times (2 hours). This was such that multiple simulated STEM images of grain
boundaries could be produced, compared to real data (BF and HAADF images), with suitable
improvements made to the model to describe the contrast and structure observed at grain
boundaries. This meant limiting simulations to thicknesses of 20 nm to 40 nm for most phase and
GB simulations, where the update time to render adjustments to models of greater depth, along

the simulated observation axis, also became a limitation.
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Figure 2.18: a) HAADF and BF simulations of r-LCO phase along the [100] ZA, showing Co and O

atom positions. b) HAADF and BF simulations of c-LLZO along the [100] ZA, where La and Zr atoms

dominate the contrast. Both examples are produced using QSTEM simulation software.
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Chapter 3

Structure and Defects of Sintered LiCoO,/LisLasZr,01>

Heterostructures on the Micron Scale

Commercial devices utilise electrodes and electrolytes on the micron to millimetres scales
in batteries compatible with applications on small to large scales (e.g. phones and cars). This
requires combining active Li conductive materials, with layer thicknesses of tens of microns [283-
285]. As introduced in Chapter 1, heat treating (calendering) the system during the rolling process,
aims to improve the grain size, phases and optimise active material density within the device [29-
31]. The consequences of this thermal treatment results in desirable phase changes with altering
the interfacial chemistry between two solid-state materials, where altering particle size, phase and
composition can change Li mobility through EEls [161, 162, 286]. Investigating the bulk properties
of materials on the micron scale, more applicable to commercial devices, allows comparison with
nanostructures observed in thin films (Chapter 5). The range of magnifications and resolutions
achievable by electron microscopy are utilised in this Chapter to further the understanding

characteristics from the micron, nano and atomistic scales within LCO and LLZO grains.

Work conducted on sintered samples comprised of LCO and LLZO, is focusing on the
differences between pristine and annealed (600 °C and 900 °C) heterostructures. A comparison of
grain size, phases and interfacial compositions was done by a combination of electron microscopy
techniques, including SEM and TEM imaging, alongside EDS and EBSD. Low-magnification TEM can
observe the distributions of GB and defects within microns of material, applied effectively within
this project to LCO and LLZO. Comparisons of results relating to each sintering method, consider
the influences on characteristics affecting transition of Li through a micron scale device [119, 287,

288].

Binders are important components of commercial batteries, providing adhesion between
the particles comprising the particles within the electrode layers. They form a component of the
electrode slurries used for pasting the positive and negative electrode material onto the current

collectors.
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While work presented in this thesis focuses on binder-free particles and thin film
heterostructure depositions, it is important to consider the role binders may have and their
composition, given they play a fundamental role in to design and performance of commercial
batteries. The design of an effective binder achieves good slurry and electrode film formation
during deposition and drying. Also remaining stable while subjected to the harsh temperature and
electrochemical conditions experienced during battery operation. Binders including, resins, rubbers
and polymers are therefore designed to be pliable and suitable for maintaining electrode integrity
over thousands of charge cycles [26]. Electron transfer from within the active electrode material,
to the current collectors requires an electrically conductive binder or additives to facilitate efficient
movement of charge during the intercalation and deintercalation of Li between cathode (e.g. LCO)
and anode (e.g. graphite). Typical binder materials include polyvinylidene fluoride and styrene

butadiene copolymer [289].

The exclusion of binders within the work presented is based on the potential volatility of the
polymers and rubbers at high annealing temperatures, alongside the susceptibility to damage,
sputtering and contamination of LCO and LLZO during FIB-SEM processing to form lamellae of
suitable quality for HRSTEM. The presence of high-carbon materials in HRSTEM would have also
been a potential limitation with respect to beam damage and subsequent carbon contamination of
the electrode and electrolyte surfaces. Excluding the binder provided what was considered the best
environment for effectively analysing the particle and grain interfaces in pristine and annealed

states.

Regarding the analysis of alignments between grains in a solid-state battery system, the
absence of these binders does not negatively impact understanding of GB between crystal planes
in LCO, LLZO and the heterostructures. The main limitation may have been understanding the
impact of a binder on particle aggregation during annealing, given they would have occupied the
space between electrode and electrolyte particles. Also, any potential diffusion of carbon into the
LCO and LLZO during annealing is not accounted for in the binder-free samples presented in this

thesis.

The work has focused on defining the consequences of a set of sintering conditions on the phase,
Li content, interfacial chemistry and GB of LCO and LLZO heterostructures, that develops insight
into the potential benefits of heat treatment of electrode and electrolyte particle systems,
alongside the limitations. The contribution of results towards how phase, GB, defect and interfacial
decomposition develop with temperature can inform studies and refinements of these materials

within the preparation parameters defined in this chapter.
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3.1 Structure and Morphology of LiCoO: and LisLasZr,01. Powders

As purchased LCO and as synthesised LLZO powders were analysed by SEM, to observe
morphology and surface features resolvable using a variety of beam energies, current, and
magnifications. The combination of XRD signals at 19° (r-LCO(001)), 45° (r-LCO(104) alongside the
two peaks at 66° and 67° (LCO(108) and (110)) relate to the r-LCO phase (Figure 3.1 a). In the SEM
images (Figure 3.1, b and c) the presence of layers possibly relates to where Li and CoO, layers are
periodically slipping along glide planes, forming the layering effect. The detection of the r-LCO
phase suggests good Li content within the powder, as this is expected to be present under Li-rich
conditions. Thus any subsequent phase changes to into c-LCO, rs-CO or s-CO phases could be
attributed to Li losses during sample annealing. These Li-deficient phases, relating to Li evaporation
are presented in literature [49, 290], occurring at substrate temperatures of 550 °C during PLD, as
well as at 500 °C during attempts to reprocess used LCO cathodes . No visible damage to the
particles occurs during exposure to the scanning electron beam, using nanoamp currents at
voltages between 5 keV and 30 keV. This resistance to electron beams between 5 keV and 300 keV
and nanoamps of current density (A cm?), allows effective use of SEM and atomic-resolution TEM
throughout the project. Most LCO particles from the as-purchased powder have distinct layers
along a consistent direction within the particles (Figure 3.1, c). The presence of these layers,

consistently 100 to 200 nm thick, likely relates to glide planes within the crystal structure.
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Figure 3.1: a) XRD of pure LCO powder (top), as sourced from Alfar Aesar at 99.5% purity, with
simulated XRD patterns for rhombohedral, cubic and spinel phases included as reference (bottom).
b) Low magnification SE SEM image of surface of pellet pressed at 10 tonnes for 20 mins. c) Higher
magnification (x43k) SE image region of pellet showing variation in LCO particle size and shape. XRD

collected in Panalytical Aries, SEM acquired using JEOL 7800F Prime.

The LLZO prepared by thermal decomposition (850 °C), shows an inhomogeneous particle
morphology, with a near complete conversion of precursors (Li2COs, La;0s; and ZrQ;) into the
electrolyte. In addition to particle shape and composition, susceptibility to beam damage at low
voltages was assessed at varying magnifications whereby the sample was charged with electrons.
Figure 3.2 shows smooth particles of varying size, ranging from below 5 pum to 20 um. The packing
of inhomogeneous particle sizes creates porosity across the surface and bulk of the electrolyte,
reducing the Li capacity of LLZO for a given volume of electrolyte. Despite this, well defined
interfaces between particles, show a clear contact area for possible Li mobility through the porous
sample. The incorporation of binders into this material, to form a flexible electrolyte can make use
of the porosity, such that controlling LLZO particle size may allow tuning a balance of capacity and
flexibility characteristics of devices [291-293]. SEM data for the LLZO pellet was mostly acquired
under a beam energy of 20 keV to 30 keV, for EDS purposes (Zr K-edge 15.7 keV) and beam currents
between 7 nA and 20 nA to provide sufficient count rates. At low magnifications under these

conditions the material appears stable over time periods of minutes.

Chapter 3 Results



125

3 — Particle Heterostructures

Intensity

1 1
/'I (W WY NV LW T Y
T T

Li;La,Zr,0,, - annealed at 1150°C
Li,La,Zr,0,, - annealed at 850°C

I
\ A

A Ny

Ly \ \
b AR ALY A LN A P
. »Jv‘w‘ NIV Wi S/ \‘.t‘ VW’“ Yy

| |

A
A [laflah || \
WA W LTS \

\ A Ve WV U WLV,

(222)

La,Zr,0;
Tetragonal Li;La,Zr,0,,
Cubic Li;LayZr,0,,

R

Zr

50:m

(o]
&

La
Ir
Al

Powered by Tru-Q®

Figure 3.2: a) XRD of as-synthesised LLZO powder, sintered at 850 °C (12 hours) and 1150 °C (4

hours), the latter showing Li deficient characteristics (LZO(222) at 28°). Simulations of c-LLZO, t-

LLZO and LZO are included below as reference. b) Image of LLZO particles on the surface of the

sintered pellet with accompanying EDS spectra. The spectra contained La, Zr and O signals, with a

weak Al signal, suggesting contamination during thermal decomposition. c) EDS spectrum of LLZO

powder with atomic percentage compositions suggesting a 3 : 1.7 ratio between La and Zr (expected

to be 3 : 2). Data acquired in JEOL 7800F Prime.
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Charging of the specimen under the electron beam was minimal, showing LCO and LLZO
had sufficient electron conductivity to facilitate SEM analysis at low (micron scales) and high (tens
of nanometres) magnifications. Areas detected by EDS as unreacted ZrO; precursor did show signs
of charge accumulation during irradiation (Figure 3.2, b). Grains of La;0s are also present in some
lamellae of particle cross-sections, support the observation that complete thermal decomposition
was not achieved, though its presence has a minor contribution of the synthesised LLZO. Remaining
La,03 and ZrO; grains in an active device will be a disadvantage regarding Li conduction through the
electrolyte. This potential limitation also highlights the need to check for segregation of LLZO into

Zr0; and La,0s3 grains during PLD (Chapter 4 and 5).

The LLZO surface had varying coverage of small particles (Figure 3.3) likely to be the result
of reaction between Li and CO,, forming a Li,COs layer across the surface [294, 295]. The EDS data
acquired across regions of both LCO and LLZO particles shows differing carbon content on the
surface of each material. Examples of larger carbon content on LLZO are shown in Figure 3.4,
relating to a sample of LCO/LLZO sintered at 600 °C. The relative atomic percentages in EDS maps
provide ratios of La to Zr of 3 : 1.7 (pure pellet, Figure 3.2), with a similar ratio in a sample sintered
at 600 °C (Figure 3.4). This is not far from the target 3 : 2 stoichiometry of Li;LasZr,01, and correlates
with the XRD throughout this chapter containing peak positions indicative of c-LLZO rather than Li

deficient LZO for samples in pristine and post sintering at 600 °C.

LLZO imaging at higher SEM magnification conditions (15 keV, 2.0 nA, 3 mm working
distance), was used to investigate regions of contact between particles. During exposure at these
conditions, the dynamic formation of structures growing from the surface, occurring over tens of
seconds, was imaged (Figure 3.3). These are likely to be rapidly forming Li.COs dendrites, induced
by the beam current charging the electrolyte [296]. Tang et al., provide similar observations with Li
dendrite growth along GB within their samples during irradiation by electrons. Similar formations
develop close to the edges of lamella during FIB preparation, showing Li loss could occur at multiple
stages of preparation and analysis of Li containing materials. Throughout the project, potential
mechanisms of Li loss can therefore be attributed to kinetic energy transfer (sputtering in SEM, TEM
and FIB), electrical charge accumulation (SEM, TEM and FIB) or thermal evaporations (annealing,

PLD, FIB) [297].
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Figure 3.3: Observation of electron beam induced formation of possible contamination structure or

Li,CO; dendrites. The red box in a) indicates the area magnified in images b) and c). b) and c¢) were
taken one minute apart and show the growth of a structure occurring from the surface of the LLZO
particle-particle boundary. Collected on JEOL 7800F Prime at a working distance of 3 mm, 15 keV

aperture: 50 pm.

3.2 SEM Imaging and EDS of Sintered Heterostructure Samples in the Form

of Pellets and Cross-Section Lamella

Upon mixing LCO and LLZO powders and pressing into pellets, they were sintered at 600 °C
and 900 °C, with aim to facilitate transformation into r-LCO and c-LLZO for maximum Li conductivity.
This also heightens the chance for thermal decomposition between the two materials through
element diffusion, rather than electrochemically induced SEI formation. Therefore, a range of
annealing conditions were explored to determine the best approach to heating the two materials
that optimises phase and grain structure, without inducing excessive interfacial degradation. A set
of samples were kept in pristine conditions in order to provide a baseline in terms of crystal phase,

grain size and boundaries within LCO and LLZO particles.

Assessing the samples in the form of pellets within the SEM using BSE detector (Figure 3.4),
demonstrate that there are clear differences in contrast between LCO and LLZO. The contrast
differences in combination with EDS maps allowed assessment of the regions where electrode and
electrolyte particles were well-mixed, allowing ROI to be selected. Both materials were well mixed
with numerous regions where LCO and LLZO particles are in contact and thus suitable for lamella
containing heterostructure interfaces. Surface assessment only provides a rough guideline to
optimal regions from which to mill lamella. Multiple lamella from pristine (mechanically pressed)
and sintered samples contain varying amounts of porosity and composition were prepared, and

used for analysis of LCO, LLZO or their interfaces.
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Figure 3.4: a) SEM-EDS element signal overlay in pristine LCO/LLZO pellet, with respective elemental
maps and electron image (30 keV and 10 nA). b) BSE image of LCO (dark-grey) and LLZO (light-grey)
particles with a higher magnification of the LCO/LLZO interface (right). Data acquired on JEOL 7800F

Prime at 25 keV (aperture, 30 um)

XRD results are shown in Figure 3.5 and Figure 3.6. The bulk crystal phases are also shown
for comparison, also to easier follow a possible decomposition of sintered electrode-electrolyte
particles subjected to the different temperatures and subsequently voltage cycled pellets. Figure
3.5 compares the samples with different annealing temperatures of the pellets, with both the
pristine and 600 °C (1 hour) samples providing very similar diffraction results with the
rhombohedral phase of the LCO powder dominating the intensity alongside a clear set of c-LLZO
peaks. The effect of annealing at 600 °C is difficult to assess since the peak intensities relating to
LLZO broaden, hinting a LLZO phase distribution with smaller grains is occurring after an hour of
sintering. Sintering at 900 °C (4 hours) leads to a significant proportion of the Li deficient LZO phase

dominating the diffraction intensity. This is shown by the presence of the strong peak at 29°, not
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seen in pristine and 600 °C sintered samples. The XRD is dominated by the rhombohedral r-

LCO(001) peaks at 19°, while no signs of rs-CoO (rs-CO) or s-Cos04 (s-CO) presence after sintering,

suggests greater susceptibility to Li evaporation from the LLZO compared to LCO.
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Figure 3.5: Top) XRD data acquired for pure LLZO powder and mixtures of LCO and LLZO in pristine

condition, annealed at 600 °C for 1 hour or 900 °C for 4 hours. Spectra below this include simulations

of LCO and LLZO phases, alongside Li vacant LZO and LaCoOs; secondary phase. Structural files for

simulation acquired from ICSD and Materials Project databases [51, 290, 298-302].
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The biasing of sample at a variety of voltages was performed to determine if any
decomposition occurs. The XRD data and of these heterostructure pellets is shown in Figure 3.6.
Voltage cycles were conducted at 4V, 6V and 12V to assess the extent of interfacial decomposition
induced by increasingly harsh electrochemical conditions. The XRD results show that after the
voltage application there are no new phases or phase changes within the samples tested. The r-
LCO(001) peak at approximately 19° remains dominant, the pristine samples also retain the LLZO
distribution of XRD signals, while the appearance of a signal at 28° for LZO(222) is again present for
samples annealed at 600 °C. The higher voltage experiments contained some hysteresis within
voltage-current curves, suggesting potential electrochemical change (Appendix Il). However, no
clear development of LZO or lanthanum-cobalt-oxide phase occurs when investigated by XRD. A
doublet of peaks near 33° would be expected for LaCoOs, relating to the LaCo03(110) and (104)
planes. While potentially weakly present in pristine and 600 °C samples biased between 6 V and -6
V, aswell as 12 V and -12 V, the similarity in position to LLZO(442) means assignhing them as LaCoO3
cannot be done confidently without supporting SEM-EDS, TEM, STEM-EELS or other chemical data
such as XPS. The extent of interface decomposition into LaCoOQs in pellets sintered at 900 °C is also
undetected with XRD, though later shown that this phase is present on micron-scale (e.g. Figure
3.9). Seen within literature and this project, the scale of electrochemical degradation appears to be
on the nanoscale, making higher resolutions of microscopy and spectroscopy fundamental for

detecting SEI [303, 304].
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Figure 3.6: Upper) XRD data for pristine and voltage cycled LCO/LLZO mixed pellets for the voltage
values detailed in Table 2.4. Lower) Theoretical XRD peaks for phases expected to be present in the

simples. Simulated from .cif files from ICSD and the Materials Project [51, 290, 298-302].
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3.3 Electron Microscope-Based Analysis of Pristine and Sintered

Heterostructures Containing LCO and LLZO

Lamella from pristine cross-sections contains no visible intermixing, when observed by the
SEM (JEOL 7800F Prime). There are many instances, as in Figure 3.7, where small particles of LCO
occupied regions between larger particles. These small particles with limited inter-particle surface
contact will limit a devices performance, owing to the voids between them, through which Li cannot
transfer. Annealing can develop smaller grains into larger regions of the same phase and
orientation, hence sintering attempts to achieve similar conversions of small LCO and LLZO particles
into larger volumes. This may reduce the volume of isolated material within the electrode,
maximising the volume within which Li can transfer without encountering a boundary with vacuum
or air. While formation of larger particles is beneficial, the effect of variable grain orientations and
phases within sintered particle cross-section is an area of importance. Small grains of LCO

consistently dominate the pristine particles, while the electrolyte LLZO grains are consistently

larger.

4 um

Figure 3.7: SE SEM images of pristine sample showing individual small particles of LCO with variable
dimensions and gaps rather than continuous and close contact. The brighter particles are identified

as LLZO or LZO using EDS. Data acquired on JEOL 7800F Prime.

Heating the pellets to 600 °C for 1 hour allowed analysis of the grains, boundaries and
phases within particles subjected to the annealing conditions that avoid large Li evaporation. This
sintering temperature and duration provides some differences when compared to pristine and
long-sintered samples. Cross-sectional areas revealed larger grains of LCO with similarities to high

temperature sintering (900 °C). SEM-EDS of the pellet annealed at 600 °C for 1 hour assesses the
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chemistry between different LCO and LLZO regions, with interfaces observed in multiple cross-
section specimens. The first indications of decomposition relating to sintering of the
heterostructure occur within these samples, with carbon rich regions (Figure 3.8) occupying space
between LCO and LLZO, most likely to be Li,COs. The EDS in Figure 3.8 highlights a region of this
material and as with later LLZO thin film specimens the potential presence of Li,COs appears to
correlate with a greater lithium content in LLZO particle or thin films. Further TEM work provides
insight into the characteristics of sintered LCO, LLZO regions, as well as a high rate of Li,CO3; damage,

in the form of these regions disappearing within seconds of irradiation.

5 MR

Figure 3.8: a) SEM and EDS overlay image of region between two LLZO particles. b) Respective EDS
of this region indicating presence of C and O but no Co, La or Zr. This suggests the formation of

LioCOs3 regions occurs between particles during annealing or possibly FIB preparation.
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In Figure 3.9 the comparison between all three annealing approaches contains cross-
sections with interfaces between LCO and LLZO. EDS mapping differentiated between regions of
LCO and other particles comprised of La, Zr and O. Some areas providing a La signal were devoid of
any Zr, instead containing a Co Ka signal and formed between regions mapped as LCO and LLZO.
LaCoOs would be expected either as a thermally or electronically induced product of decomposition
between electrode and electrolyte in this system.[305] This has been detected using Raman
spectroscopy and XPS within mixtures of LLZO and transitional metal (Co, Mn, Ni) electrode
materials annealed at 900 °C [306]. The energetic stability of this stoichiometry is favourable
compared to LaCoOs [51]. The extent to which annealing or biasing the system leads to the growth
of this lanthanum cobalt oxide phase was a question approached by ex- or in-situ sintering

experiments.

With respect to the presence of Li,COs and LaCoOs after sintering at 600 °C and 900 °C
respectively, the carbonate is assignable to the surfaces of LLZO rather than a product of LCO-LLZO
decomposition. The lack of LaCoOs grains resolved by SEM after annealing at 600 °C suggests the
intermixing is on either a nanoscale requiring TEM-EDS analysis or initiates at a temperature
threshold between 600 °C and 900°C. In contrast, the intermixing at 900 °C is an attribute of
decomposition resulting from the contact between LCO and LLZO, while this temperature likely has

exceeded the temperature limit of Li,CO3; decomposition, removing it from these cross-sections.
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Figure 3.9: SE SEM images of; a) A pristine cross-section with LCO and LLZO interfaces showing
no obvious secondary phase. b) Cross-section of sample heated to 600 °C (1 hour)
with no clear formation of a SEI phase between electrode and electrolyte. Instead,
some gaps between LCO and LLZO are occupied by high carbon contents (likely
Li,COs). c) Cross-section of lamella annealed at 900 °C (4 hours) containing particles
of LCO and LLZO and highlighted regions of LaCoOs; forming between particles of
LCO and LLZO. Data acquired on JEOL SEM 7800F Prime at 30 keV.
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3.4 Using EBSD to Map the Positions of GB in Cross-sections

Here we present the EBSD of the sintered specimen, on LCO/LLZO lamella, where several
micron scale features important for Li dynamics were present. EBSD mapping acquired data
provides structural indexing of individual particles and their grains. The simultaneously acquired
EDS maps has provided chemical characterisation of the grains, which turn out to be very useful
since solely analysis based on indexing was not sufficient to differentiate between the LCO, rs-CO,
s-CO and LLZO or LZO phases. While the phase data sets for cross-sections of electrode and
electrolyte particle were ambiguous, they indicated most of the regions in 900 °C sintered samples
kept the crystalline structure sufficiently long to acquire Kikuchi patterns. In contrast, the particles
with a La, Zr and O signal in pristine and 600 °C sintered samples return successful indexing within
LCO regions; however, LLZO particles do not provide Kikuchi pattern intensity, indicating beam
damage. The Li deficient LZO phase dominates the XRD spectra of 900 °C sintered samples, while
the XRD of pristine and 600 °C sintered samples show the presence of LLZO. This data therefore
suggests Li content appears to limit the material stability under a focused probe even at 30 keV in
SEM. Consequently, the LLZO is has likely been damaged/transformed into amorphous or
polycrystalline state (evidence in later TEM work). The susceptibility to beam damage could be an

indication of Li presence in the lanthanum-zirconium-oxide structure.

The band contrast did map GB locations within the cross-sections of LCO and LZO particles
in pristine and sintered samples. In Figure 3.10 the grains within particle with no contrast variations
in SEM images are distinguished by dark lines in the band contrast maps. These indicated that large
LCO particles contain multiple grains. Use of TEM contrast and SAD confirms the presence of the
GB shown by EBSD, as well as orientation variations between the grains. The large particles in
sintered samples contain multiple grains, supporting the assumption that smaller LCO particles
coalesce during the annealing process. Large GB within particles have the potential to act as region
for Li accumulation, allowing ions to move between grains. The GB can be beneficial by enabling
channelling of Li between LCO and LLZO, or a detrimental role if the GB terminates within the

electrode or electrolyte particle [119, 288].
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Figure 3.10: Tilt corrected SEM images (left) and band contrast maps (right) of lamella derived from
a) pristine, b) 600 °C and c¢) 900 °C sintered LCO/LLZO powder samples. Band contrast maps reveal
GB (dark lines) within smooth looking particles. Some particle cross-sections did not produce
Kikuchi patterns of suitable quality for indexing by the software. c) was not tilt corrected by the
software at the point of data acquisition. Data acquired at 30 keV on the JEOL 27800F Prime with

probe currents between 4 nA and 20 nA using the 30 um CA.

GB within LCO were more frequent than within LLZO particles of the sample. No grains of
electrode or electrolyte appeared to be amorphous when combining EBSD and TEM diffraction
information throughout the project, with LLZO being more susceptible to rapid damage at imaging
conditions where LCO and LZO were stable. The influence of GB on Li intercalation is expected to
increase as they integrate within particles that have been annealed. Their impact on Li mobility is

likely to be beneficial as GB networks within LCO interconnected and terminate at the particle
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surfaces. If particle surfaces have a boundary with another LCO or LLZO particle, these annealed GB
networks could benefit the Li transfer compared to the smaller particle in pristine specimens. The
SEM images for heterostructure particle samples, tilted to 70° for EBSD, had significant roughness
to their surface, either due to non-uniform milling or via decomposition occurring on the surface
during lamella storage. The pristine surface required for EBSD mean these regions provide low-
quality Kikuchi patterns and thus limiting the successful indexing of grain boundary contrast and
phase indexing. TEM imaging and diffraction acquisition suffers less from the surface’s roughness
and reaction of the surface with air. Hence, diffraction patterns to assess orientation and phase are
more reliable using TEM. Improving the preparation of the sample’s surface, would improve the
quality of the EBSD data, as this remains a more efficient method of mapping phase and

orientations across large areas.

3.5 Transmission Electron Microscopy to Study Crystallinity, Grains and

Defects within Sintered Heterostructures

TEM analysis of the polycrystalline films/heterostructures involved sample tilting to align
individual particles on their ZAs and thus reliably determine phase of LCO and LLZO. Acquisition of
diffraction, phase information and HR imaging within micron-scale grains of both materials
observes details of nanoscale to atomistic structure, including defects of varying scale. EBSD data
in previous section has highlighted that GB exist within the particles, resolvable by SEM. The
inaccuracy of EBSD phase assignment has been improved by SAD phase identification, within
particles. Crystalline phases were identified utilising the characteristic diffraction patterns for each

phase in different zone axes [44, 51].

Below we present the TEM results from the pristine and sintered samples, focusing on
crystallography and visualisations of defects such as GB, dislocations, etc. Potential conductivity
influencing structural characteristics are highlighted with respect to the impacts these can have on
efficiency of Li mobility and device degradation over a battery’s lifespan. The main LCO phase in
pristine samples appeared to be r-LCO, with common diffraction patterns relating to [100], [110]
and [001] ZAs. Figure 3.11 shows examples of diffraction patterns from pristine and sintered
samples, the latter containing rs-CO. The diffraction patterns in pristine specimens (Figure 3.11 a)
show that the majority phase is r-LCO in the electrode grains. For the 600 °C sintered sample both
r-LCO and rs-CO were found in the electrode, with the latter reflecting Li deficiency (as discussed in
Chapter 1), distinction between rs- CO and c-LCO was made by measuring the spacing of the

diffraction spots. Some Li may still be present within these rs-CO grains, but would require
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spectroscopic signature of Li, by EELS to confirm this assumption. The lamellae from samples
sintered at 900 °C were comprised of the rs-CO phase, with r-LCO phases becoming a minority. This
contradicts the XRD, where the electrode signal retains a dominant r-LCO signal even after sintering
at 900 °C. This is indicative of Li deficiency near the surface, from which the lamella were extracted,
whereas within the bulk of the sintered samples the XRD shows Li-rich grains of r-LCO likely remain
as the majority. The diffraction along the [100] axis of rs-CO and s-CO are similar with only a 6%
difference in reciprocal spacing for the observed spots. The visual symmetry of atomic columns in
HR imaging, analysed later in this chapter, confirms the presence of the rs-CO phase, rather than

the s-CO.

Figure 3.11: Particles within cross-sections of a) Pristine, b) 600 °C and c¢) 900 °C samples. The inset
DPs show a variation between r-LCO (a and b) and rs-CO (c) phases of LCO. The grain to the right of
b) remains unidentified and could be r-LCO or rs-CO. All TEM images are BF, acquired in JEOL 2100+

with varying SAD aperture sizes, (camera length: 25 cm).
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The presence of large regions of r-LCO suggests reasonable Li retention for pristine and
600 °C sample, advantageous for capacity and conductivity of the electrode, while the deficiencies
above 900 °C create rock salt phases, lessening Li conductivity [49]. The balance for annealing
appears to be between inducing the merging of small particles, without over exposing the LCO to
HT such that Li evaporates. This association between reduced Li content and the formation of the
rs-CO or s-CO phases, shown by XRD and TEM of LCO prepared in literature with Li contents ranging
from 0% (CoO and Co304) to 100% (LiCoO>) [162, 304, 308].

Electrolyte grains within pristine and sintered samples (Figure 3.12) where located in the
TEM using SEM-EDS data. The SAD from grains in pristine samples (Figure 3.12, a) shows they are
LZO, with no LLZO grains present in the sample set of pristine lamellae. This is despite the strong
presence of LLZO in the XRD for pristine samples. In contrast, samples sintered at 600 °C, also
retaining an XRD signal indicative of LLZO, contained grains where beam exposure resulted in rapid
loss of diffraction information and formation of damage spots (Figure 3.12, b and Figure 3.15, b).
While condensing the probe for accurate alignment of ZA is possible on grains of LCO and LZO, the
beam dose this provides forms circles of damage on grains containing La, Zr and O thought to be Li-
rich. This is based on the absence of damage in Li poor La,Zr,07[309]. The lamella from samples
sintered at 600 °C are likely to contain Li-rich electrolyte grains and while difficult to identify the
specific ZA of observation, provide insights into the phase changes resulting from specimen
charging during FIB preparation and high electron doses. Examples of damaged LLZO in Figure 3.12,
b provide polycrystalline SAD patterns containing nanograins (Appendix I). Given the stability of the

DP obtained from these regions, the locations have likely having decomposed into LZO.

ZA where LZO is identified within pristine and 900 °C sintered samples [110] and [121] axis
are shown in Figure 3.12. The 600 °C annealed sample did have a grain where a diffraction pattern
with LLZO characteristics were visible. However, this was challenging to align, prior to
disappearance of diffraction information, owing to rapid damage under the 200 keV electron beam.
Susceptibility of LLZO to Li evaporation during sintering (XRD), and damage during electron and ion
beam exposure (FIB and TEM) can explain the consistent dominance of LZO in particle and highlights
the limitations of HR (S)TEM for analysis of SSE. DP from within samples sintered at 900 °C are
related to LZO, based on the intensities, absences and spacing between identifiable planes, e.g.
(000) and (111) spots (LZO: 1.6 nm™L, LLZO: 1.8 nm?). Despite limitations with Li retention, analysing
GB and defects within the identified LLZO and LZO grains remains important for furthering the
understanding of this SSE. While literature has acquired STEM images at ARs, within particles of
LLZO, the distribution of boundaries on the nano-to-micron scales remains an important area to

investigate [178, 179].
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Figure 3.12: Particles within cross-sections of a) Pristine, b) 600 °C and c¢) 900 °C samples. The inset
FFTs show a variation between Li deficient LZO phases are weak LLZO phases that were quick to
disappear alongside the emergence of beam damage. All data are BF images taken in JEOL 2100+

with varying SAD aperture sizes, (camera length: 25 cm).
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Low magpnification TEM images of electrode and electrolyte particles (Figure 3.14 and
Figure 3.15) reveal numerous defects in isolation or combining to form networks within individual
grains. These range from lone dislocations to complex clusters in an extensive network spanning
micrometre of both materials. Figure 3.14 focuses on particles within pristine (a) and sintered (b
and c) LCO, where defects exist within the bulk, and near the GBs or interfaces between
neighbouring particles. Defect networks mostly span pristine particles of cluster close to GB, while
individual defects are randomly scattered throughout the bulk of r-LCO and rs-CO grains. The
lengths vary greatly, from nanometres parallel to the surface or microns when combined into defect
networks. Defects running at an angle to the aligned ZA are distinguishable by their zigzag or spotty
appearance, owing to the effects of extinction distances within the electrode and electrolyte.
Lengths of defects not parallel to the optical axis are undetermined. The 3D structure of defects
within LCO creates complex pathways for Li movement within the grains. Conductivities limiting the
efficiency of Li intercalation along specific lattice planes within r-LCO and rs-CO may be improved

by defects directing Li along a more efficient lattice plane, or towards GB.

Dislocations are excited when the tilt angle meets the Bragg condition of the defect’s
direction through the crystalline material. Tilting the sample onto a two-beam condition allows for
the excitation of a single g-vector (g ) and the direct/zero beam (go). Defects satisfying the condition
for diffracting beam intensity onto the spot relating to a given g vector of the crystal’s lattice. These

defects have a Burgers vector relating to the respective crystal plane represented by the excited
diffraction spot (e.g. Go0). Defects with a dot product (§.b=0) will not appear illuminated in a DF

image, whereas dislocations satisfying j.B:n (n being an integer) are observed as bright features in
the DF image. This brightness is representative of the excited g-vector in the diffraction pattern,
from which the DF image is projected by via selection of the spot with an objective aperture. The

orientations of dislocations can be determine using the cross-product of two g vectors, g and g»,

where b = §ixg, [216, 310].

The formation of defect networks is driven by the combinations of deformation within the
crystal structure, commonly occur near to grain boundaries or structural interfaces (e.g. substrate
and film), where the effects of stress and strain lead to the formation of defects along different
directions. The orientation and plane along which the defects climb can vary within the material,
with the distributions dependant on the phase, formation process and boundary orientations.
Where two or more defects growing along the same or differing burgers vectors meet they have
the ability to attractively combine or annihilate, creating various interfaces within the defect
network pattern [26, 307]. Defects have the ability to combine or annihilate each other dependant
on their orientation, creating a continuous network or termination points within a complex

combination of defects. Depending on the planes upon which the defects climb within a network

Chapter 3 Results



143 3 — Particle Heterostructures

and the symmetry of the defect system, defect networks can combine to form irregular (Figure 3.13

a) or patterned networks (Figure 3.13, b) [307]

Figure 3.13: a) Tangled dislocation network in Al-2%Mg alloy creating an irregular pattern of
combining defects, b) Network formed from three-fold nodes in Al-6%Mg alloy, displaying a

network with a repeating pattern. Images reprinted from reference [307].

There are differences between the defects in relation to variation of annealing
temperature. Pristine LCO had fewer defects, seemingly adopting longer structures with a specific
direction through a particle (Figure 3.14, a), compared to sintered samples (Figure 3.14, b and c).
Annealing appeared to create networks combining shorter defects forming along various
orientations in 3D throughout r-LCO and rs-CO. The density of defects within the bulk of the grains
after sintering at 600 °C and 900 °C also increases. Within large, single crystal grains of r-LCO, fewer
defects would be advantageous for allowing uninterrupted ion migration through the LCO phase of
highest conductivity. In an electrode comprised of polycrystalline nanograins, the presence of
defects may provide routes of lower resistance for Li mobility through rs-CO and s-CO grains. Unlike

GB networks spanning the micron-scale cross-sections of particles, isolated defects may trap Li in
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the bulk to the electrode. However, the networks of defects that appear in both LCO and LLZO may
be effective at channelling Li towards the GB, benefiting mobility. Further study of the defect
networks is required to determine whether these defects have a net positive or negative effect. In-
situ TEM studies to observe the changes in defects during annealing are possible and an important

future experiment to carry out.

Figure 3.14: Defects and grains observed in samples of pristine LCO particles. a) Pristine sample. b)
LCO/LLZO powder sintered at 600 °C. c) LCO/LLZO powder sintered at 900 °C. BF images acquired
at 200 keV in JEOL 2100+
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In the electrolyte, defects were also found in LLZO and LZO particles (Figure 3.15). The
difference between pristine (Figure 3.15, a), 600 °C and 900 °C (Figure 3.15, b and c) annealing is
more challenging to assess, owing to the sample size of electrolyte grains and beam damage (Figure
3.15, b), where differentiating defects from the changes as LLZO is damaged is not possible. While
extended networks of defects were present in LCO, fewer of them were observed within the grains
of electrolyte. Increased number of defects appeared to be present after sintering at 900 °C (Figure
3.15, c), appearing to aggregate in clusters rather than of long networks. The reason for greater

defect formation after sintering at 900 °C could be due to the decomposition of LLZO into LZO.

Figure 3.15: Defects and grains observed in samples of pristine LLZO particles. A) Pristine, b)
sintered at 600 °C. c) sintered at 900 °C. Defects in the LZO grains of a) and c) are similar, although
more appear to be present post-sintering. The electron ion beam damage makes resolving defects

in LLZO grains in the images shown in b) challenging. Data acquired in JEOL 2100+ at 200keV.
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BF and DF imaging at a variety of tilts observes the defects and attempts to assess their
respective orientations within the different networks present in LCO or LLZO. Figure 3.16 to Figure
3.18 provide examples of this work into both materials where specific network of defects was
imaged at higher magnifications. A distinct set of network defects running parallel to a GB and [110]
diffraction vector for the rs-CO ZA [100] is shown in Figure 3.16. The extended network of defects
evolves along the direction parallel to the GB. We have also acquired DF images of this region by
tilting towards two-beam and subsequent weak beam (g — 3g) diffraction conditions for BF and DF
analysis from the [001] ZA. Diffraction patterns for tilts relating to DF images are labelled with

respective g vectors. Within pairs of BF and DF images, there were tilt conditions where intensity
of specific defects reduces significantly. Given clusters of defects do not meet the same g b=0

condition; this suggests multiple b (Burgers) vectors of complex dislocation system. These defects

are likely to have significant influence on the Li mobility across different crystallographic directions.

The network of defects in Figure 3.16 was representative of a few regions in LCO where
tightly packed clusters of dislocations existed. Through two-beam (Figure 3.16) and weak-beam
(Figure 3.17) imaging of this defect network, some dependence on the (010) or (110) plane became
apparent. With both planes containing defects illuminated in their respective DF images the
network allows interconnection of defects that may be active to Li intercalation through different

LCO planes.

Figure 3.16: BF image of defect network parallel to GB in a particle of LCO. a) rs-CO grain on [100]
zone axis. b) Two-beam BF (left) and DF (right) images with sample tilted onto the two-beam
condition, exciting the 001 spot. c) BF (left) and DF (right) when the grain is tilted to create a two-
beam condition with the 110 diffraction condition. Data acquired on the JEOL 2100+ at 200 keV. DF

images utilised the 20 um OA.
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BF DF

Figure 3.17: a) Weak beam condition for defect imaging along the 001 direction in rs-CO grain
shown. b) Low (upper images) and higher magnification BF and DF image relating to an area with a
more closely packed defect network where most defects excite. c) Low (upper images) and high
magnification BF and DF images of region further down the sample with different defect structure.
The defect are also excited at this weak beam within this region of the defect network. Data
acquired on the JEOL 2100+ at 200 keV. Weak beam DF images utilised the 20 um OA to maximise

signal.

BF and DF sets of images around [001] r-LCO ZA are shown in Figure 3.18, with different
defects becoming visible in the DF at more than one g vector condition. Within the cluster of
dislocations in a grain of r-LCO, viewed along the [001] zone axis, g vector orientations used for
imaging appeared to satisfy ﬁB =nalong planes such as the [120] and [210]. In contrast, diffraction
spots relating to the [110] and [110] directions did not display defect contrast, as observed in the
respective DF images (Figure 3.18), thus satisfy a gB = 0 condition. The defects shown in this grain
are not as interconnected as in Figure 3.17, alongside having an apparent orientation dependence.
The density of defects suggests that within a device they can have a considerable influence with
respect to the volume they occupy, their overall impedance to Li transfer would be important to
determine. This will likely depend on the phase of the grain they occupy, their orientation, length

and proximity to GBs.
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Figure 3.18: BF and DF imaging of the spots around the [001] zone axis of an r-LCO particle cross-
section. Most defects appeared to be illuminated with the aperture selecting the series of [210]
diffraction spots. Selection of the [110] and [110] spots illuminated significantly fewer defects. BF
images are shown to the left of each image pair and DF displayed on the right. Data acquired on the

JEOL 2100+ at 200 keV. DF images utilised the 20 um OA to maximise signal.

Similar BF and DF images collected within the LLZO (Figure 3.19) provides less insight into
orientation, with fewer visible defects and the spacing of the LLZO or LZO DP too small for one spot
to reside within the 5 to 20 um apertures for DF imaging. Dislocation defects, seen in Figure 3.19
c), were now visible, unlike within the LCO grains. The dislocations in Figure 3.19 appeared to be
mostly parallel to the [110] axis based on the lack of contrast variation along their length. Although
while providing strong contrast in the BF images for two-beam tilt conditions there, we did not find
appropriate g vector conditions that would clearly show dislocation defect contrast changes to

assign directions.
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wonf

[110]

Figure 3.19: a) ROI with SAD pattern from grain orientated onto the [110] ZA of LZO or LLZO. The
lattice parameters determined from the distance to the direct beam (000) are closer to the LZO
phase than LLZO. b) Left to right: TEM, BF and DF images with the 222 diffraction spot near a two-
beam condition. c) Left to right: BF, DF image through selection of the 008 spot (centre image) and
DF relating to the 444 diffraction (right image) plane of LZO. Data acquired in JEOL 2100+ at 200
keV, using the 5 um OA for DP of LZO or LLZO.

As an overall influence on electrode and electrolyte performance, the presence of defects
has the potential to provide regions of disorder within the grains of electrode and electrolyte,
whereby Li may accumulate or be channelled, with lower resistance, through the device, with
literature suggesting they are closely related to diffusion characteristics [24]. A high concentration
or network of defects near to a GB or LCO-LLZO interface is likely to support Li movement into
boundaries and through a grain. In contrast, isolated defects within the bulk of a particle’s grain are
more likely to act as Li traps if they do not provide a more efficient route into an adjacent grain [24,
119, 288]. Computational analysis of screw and edge defects coupled with experimental studies is
required to understand their effect on the Li mobility, i.e. whether inducing formation of defect

networks with controlled annealing, helps or hinders device performance.
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3.6 HR (S)TEM of LCO, LLZO and LaCoOs Phases in Sintered Particles,

Resolving Atomic Structure at GB and Interfaces

In this part, we provide HR STEM imaging of LCO, LLZO and LaCoOs (secondary phases) that
result from thermal decomposition of LLZO, in attempt to determine the nanoscale details of
phases and orientations at GB and EEls. In Figure 3.20, the LCO structure (a) and a grain showing rs-
CO (b) are resolved. The layer spacing in the r-LCO grain is 0.48 nm, close to the 0.46 nm expected
for r-LCO, which is within the error of spacing determination from FFT. Resolving of atomic columns
within these planes is likely limited by the thickness of the sample or slight misorientation from the
ZA. Imaging across the GB and defect network in Figure 3.20, b shows the rs-CO phase within this

grain as well as overlapping grains and orientations at the GB.

Grain overlapr LCO + rs-CO

Multiple
grain overlap

10 1/nm

Figure 3.20: a) Region of r-LCO with structure resolved along the [110] ZA in the HAADF image. The
CoO0; layers relating to the [001] plane run horizontally across the image. b) Two HAADF images of
LCO taken from region inclusive of a GB and defect network. A mix of orientations appearing to be
the r-LCO phase along the [110] ZA. In contrast, the red square returned HR image data of the rs-
CO phase with defects visible. Acquired on JEOL 2200FS, at 200 KeV.
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The bulk of particles remained too thick for effective analysis of defects and lattice
alignments at GB on atomic scale. While the edges of LCO and LLZO particles were thinner, Ga* and
Ar* damaged during milling lead to amorphisation of these thin regions. The porosity of the particle
samples is the limiting factor when attempting to thin the LCO and LLZO to the extent that
characteristics of GB and defects on the atomic scale can be analysed. The use of PLD thin films in

Chapters 4 and 5 resolves this problem.

Figure 3.21 shows regions of electrolyte where atomic columns are resolved. The FFT
diffractograms and SAD diffraction are used to find the spacing which is consistent with LZO, as

covered in Appendix I.

LLZO or LZO |

5 1/nm

LLZO/LZO

Figure 3.21: a) HAADF images of LZO or LLZO grain with spacing of spots and lattice planes (0.34 nm)
lying between the values expected for both phases and thus undeterminable within calibration
errors and diffractogram measurement accuracy. b) HAADF images of LLZO grain observed along
the [110] axis with the atomic structure resolved. The separate atomic columns along this zone axis

have been resolved. JEOL 2200FS, 200 KeV
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Atomic columns were observable near EEI, providing insight into the bulk structure of grains
as well as LCO/LZO interfaces. At the interface with LCO, the misorientation between the grains of
adjacent particles is such that simultaneous atomically resolved imaging was not possible (Figure
3.22). The example in Figure 3.22 shows the [110] axis of LZO or LLZO in contact with LCO, near to
the [110] zone axis and touching along the (001) plane. The lattice planes of likely CoO layers are
visible but alignment with the nearby [110] r-LCO axis was not simultaneously possible. A layer of
4 nm between the two materials is present, with crystallinity resolvable with additional defocus
Figure 3.21, c. This region could have either been an overlap between the two materials or an SEI
formed by La and Co intermixing during annealing. The lack of a large LaCoOs grain between the
LCO and LLZO particle in Figure 3.22 suggests that interfaces away from the particle-air interface
are less susceptible to significant La-Co intermixing. This was also the case in thin film
heterostructures (Chapter 5), where the interfaces do not have contact with air during annealing.
An interface on the scale of a few nanometres (Figure 3.21 b and c) will be significantly less
detrimental to Li conduction in comparison to micron scale secondary phases of LaCoO3; as shown
in Figure 3.22. Maximising the contact between particles of LCO and LLZO at their interface could
limit the formation of LaCoOs on the micron scale and create EEls dominated by the thin SEl seen

in Figure 3.22.
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c) 100nm defocusﬂ :

10 nm

Figure 3.22: a) Region of interface between electrode and electrolyte imaged, with the closest zone
axis of each displayed. These relate to an interface between the [001] of r-LCO and [113] of LZO.
b) Interface region with LLZO/LZO on the [110] zone axis, while the r-LCO lattice planes are not
aligned and poorly resolved. An interface region with intermediate contrast is also present and
focus adjusted (100 nm defocus) to resolve the interface structure in image in image c). Data

acquired on JEOL 2200FS at 200 keV

Figure 3.22 is from a region where LCO and LaCoOj3 grains are shown to have been formed
during the sintering at 900 °C. The cut lamella provides opportunity for HR imaging within these
grains and their interfaces with either electrode or electrolyte. An example of one LCO/LaCoO3
interface is displayed in Figure 3.23, alongside an EELS element map showing the shape transition
between LCO and the decomposition phase. The LaCoOs; was shown to match the diffraction
spacing along the [010] axis of spinel structure [306, 311]. The spinel structure of LaCoOs provides
potential for Li migration; however, it does not provide a highly conductive route for Li as an

interface layer between LCO and LLZO, due to rather low conductivity of x10® S cm™ [312, 313].
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The less energetically favourable LixLa,Co1.xO4 composition is possible but not seen within LaCoO3;
and therefore formation of these near micron-scale decomposition layers between LCO and LLZO

would be significantly limiting within devices.
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Figure 3.23: a) Particle of LaCoOs with respective high magnification image b) showing the cubic
spinel structure along the [010] ZA. c) Interface from another region between LaCoOs and LZO with
a sharp interface. EELS maps are included for the scanned region (red), with the core-loss spectra
relating to the two phases also displayed (blue and green), highlighting the presence of Co in the
upper grain and absence in the low grain. Data acquired at York on JEOL 200FS at 200 keV (a, b) and
SuperSTEM at 60 keV (c).
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The other clear challenge created by LCO and LLZO with respect to imaging across the
interfaces within heterostructures was the difference in atomic weight. This has the consequence
of creating large contrast gradients across the sharp interfaces of materials. This presented
difficulties in particle samples, washing out the contrast in atomic planes within grains either side
of the LCO/LLZO interfaces. Atomic structure could still be resolved, although methods of
deposition LCO and LLZO in a controlled manner have the potential to create EEl where both
materials were had a ZA aligned with the electron beam axis allowing imaged containing lattice
information LCO and LLZO simultaneously. This approach was utilised and data presents in Chapter

4 and 5.

3.7 Conclusions from Investigation into the Micron and Nanoscale

Crystallographic features in Sintered LCO/LLZO Heterostructures

Using a range of sintering conditions on samples containing LCO and LLZO particles,
assesses the composition, grain, and defect structures, as well as interfacial decomposition
between the electrode and electrolyte on the micron to atomic scale. Each sintering method causes
changes to compositional and structural features, including coalescing smaller LCO grains seen in
pristine samples, into larger particles containing multiple grains and boundaries after heat
treatment. Distributions of defects also change alongside the formation of large regions of LaCoOs,
between LCO and LLZO particles, when the EEls are exposed to 900 °C. These changes can have
important influences on a devices performance relating to the Li-ion conduction through electrode
and electrolyte. The XRD of pristine and 600 °C samples show these contain Li rich r-LCO and c-
LLZO, while heat treatment at 900 °C provides strong evidence of Li deficiency within the LLZO.
Retention of the r-LCO phase after sintering at 900 °C suggests the electrode is less thermally
sensitive to Li evaporation than the electrolyte. Susceptibility to beam damage and annealing thin
film samples in literature and later chapters reported from my work, further support the

susceptibility of LLZO to Li evaporation [143, 314].

The apparent coalescence of smaller LCO particles into larger, multi-grain particles during
sintering can be advantageous for maximising the density of material in electrodes, potentially
improving the capacity and efficiency of the device. The formation of GB systems through the
merging of smaller LCO grains, create new routes for Li intercalation through LCO electrodes.
Increasing the size of LLZO particles due to sintering was not seen, potentially a result of particle
growth/decomposition during sintering process and fewer adjacent LLZO grains to coalesce with

during sintering. Evaporation of Li will offset improvements due to grain size enlargement by
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reducing capacity during annealing over 600 °C for timespans of hours. Li conductivity through LCO
and LLZO also will reduce as the contribution of rs-CO and LZO phases increases, as identified in this
Chapter. A greater weight excess of Li in starting LCO and LLZO would be advantageous when
subjecting the samples in this chapter to sintering/annealing. This would lessen the influence of
lithium deficiency when applying temperatures of 900 °C, while retaining the apparent growth of

LCO grain sizes.

GB and interfaces appear to have a role in inducing dislocation/dislocation networks within
the electrode and electrolyte grains, most visible through the presence of defects forming close to
boundaries or staking faults. The latter is dependent on whether the contrast variations at the GB
are related to overlapping grains or crystallographic defects forming stacking faults. The extended
network of defect loops (Figure 3.16) is one example of the range and potential significance of

increased defects regions within crystalline grains of LCO. Two-beam and weak-beam experiments

have tried to find ﬁl? = 0 conditions for defects, with future work, focusing on additional and
refined two-beam datasets, to accurately determine orientations of Burger’s vectors. Given their
significant volume defects, appear likely to occupy a significant volume of LCO electrodes.
Experimentally determining defect types and their orientations can enable important
computational work focused on the Li dynamics within these complex features. With literature
focusing on analysing, crystallographic and compositional details electrodes and electrolytes at
nano-to-ARs [124, 163, 315], determining the impact of defects on performance, relating to type
(edge, screw etc.), orientation and scale, is an important area of research to pursue further.
Controlling defect length, network formation and developing insight into their influence on

mobility, through computational work, are all interesting avenues to research.

SEl formation between LCO and LLZO, through La and Co intermixing occurs during annealing at
900 °C, creating grains of LaCoOs; with low Li conductivity, detrimental to performance. The
potential for excessive decomposition between solid-state electrode and electrolyte is significant
and thus thermal treatment of the two in direct contact is undesirable. Annealing separately with
an excess of Li before forming the EEI, would optimise the system of LCO grain interconnection, and

phase of both materials without La and Co intermixing.
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Chapter 4

Orientation and Grain Boundary Analysis of LiCoO

and Li;LasZr,01, Grown by Pulsed Laser Deposition

This chapter aims to build upon the thin films of LCO and LLZO presented in literature [131,
147, 148] by focusing on the distribution of phases and coherence between grains of equivalent
and different phases. Understanding and refining single layer depositions, for formation of thin film
electrode-electrolyte heterostructures, required the investigation of crystalline properties at
various PLD growth conditions and annealing temperatures. We show in this chapter multi-phase
growth of LCO occurred, originating from Li deficiency throughout the thin films. The growth
orientation of r-LCO, c-CO and s-CO films is variable but controlled across the used substrates,
ALO(0001), GGG, STO(111) and STO(100), although with varying dominant growth directions. While
LCO provides crystalline films on all substrates at low deposition temperatures, LLZO is crystallised
using temperatures of 600 °C, up to 1050 °C for annealing and 600 °C during PLD. HR STEM was

used to investigate the orientations and GB in crystalline electrode and electrolyte samples.

For LCO a focus on LT PLD aims to develop methodology where Li retention between target
and substrate is high. This is potentially at the expense of epitaxial growth, therefore provides the
opportunity for gaining insight into phase distributions and consequent modelling of lithium
dynamics in polycrystalline LCO thin films. LLZO preparation continues with the LT PLD approach
for improving Li retention during deposition, but in response to the results obtained then attempts
to define suitable parameters for annealing thin films. Locating the minimum onset temperature
for crystallisation of amorphous thin films and applying this to PLD such that crystalline growth can
be achieved in the system at York and potentially elsewhere. Analysis of grains and their boundaries
within crystalline LLZO films then match the objectives set for LCO studies, providing HRSTEM data
as the basis for observing coherence at GB in LLZO and thus acting as a basis for modelling

potentially complex grain systems in LLZO and other garnet electrolytes.

Figure 4.1 displays the anticipated orientations for LCO on ALO(0001), STO(111) and
STO(100), based on the lattice parameters in Table 4.1 and films acquired at higher temperatures
in literature [51, 316, 317]. The a/b lattice parameters and periodic oxygen atom spacing of Al,Os,
on the (0001) plane are 4.76 A, with a y angle of 120 °C for the rhombohedral crystal structure
(R3c). For epitaxial orientated r-LCO, the lattice dimensions along the a/b vectors are 2.82 A. This

creates a 0.88 A (30%) mismatch between O atom spacing on the 001 plane of LCO, deposited upon
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the Al,03(0001) plane. Significant strain should occur due to this scale of mismatch between
substrate and LCO at their interface. Despite the mismatch the periodicity of major defects along
the interface is later shown to be infrequent. Either through lack of interfacial strain or aided by the
hexagonal symmetry of ALO sharing similarities with r-LCO, the interface did not appear excessively

strained or defect dense.

Table 4.1: Table of lattice parameters for substrates, LCO and potential phases resulting from Li

deficiency.
Composition Phase Space group Lattice Parameters / A Angles /°
a b C a | B v
Substrates
Al,03 Hexagonal R3c 4.76 13.00 90 120
SrTiO; Cubic Pm3m 3.90 90
Gd3GasO1, Cubic la3d 12.55 90
Electrode phases
LiCoO; Rhombohedral R3m 2.82 14.05 90 120
LiCoO; Cubic Fd3m 8.22 90
rs-CoO Cubic Fd3m 4.26 90
Co304 Cubic Fd3m 8.05 90
Electrolyte
Li;LasZr,01, Tetragonal l41/acd 13.20 12.87 90
LizLasZr,01; Cubic (>900 °C) la3d 13.18 90
LazZr,07 Cubic Fd3m 10.75 90
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Figure 4.1: Models of possible orientations of LCO growth on a) Al,03(0001) viewed along the
[2110] (upper), [0110] (lower) ZA. b) STO(111) viewed along [110] (upper), [112] (lower) ZA, c)
STO(100) viewed along the [010] direction, with c-LCO (upper) and r-LCO (lower) phases, where
LCO would be expected to grow along (014) plane, as shown. These were informed by studies into
LCO growth above 500 °C [316]. Structure files acquired from literature and computational

databases [52, 124, 150].
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4.1 LT Deposition of LCO onto ALO, STO and GGG substrates

Deposition onto ALO(0001) provides the opportunity to observe the influence of LT
deposition of LCO and correlate possible Li losses during PLD could contribution to variable Li
content within the thin film, inclusive of phase and GB contributions. The orientations of Li rich and
deficient phases are important with respect to Li mobility across GB and within the electrode [124,

130].

Surface analysis of LCO thin films was using a combination of SEM and TEM, monitors
surface roughness, crystallite morphology (Figure 4.2) and profile of crystal facets along the cross-
section (Figure 4.5). Film thickness is used as a reference for deposition time when aiming to
produce films between 80 nm to 100 nm thick in heterostructure devices. In the depositions on
ALO(0001) and STO(100) or (111) substrates, film thickness was in the range of 35 nm to 50 nm.
The variations result from an uneven, faceted nature of the film’s surface when grown on
ALO(0001) (Figure 4.5). Depositions on STO(100) were more uniform at the surface (Figure 4.17),

deposited with a consistent thickness of 50 nm (+ 2 nm).

5 1m

Figure 4.2: a) LCO on ALO(0001) showing triangular crystallite morphology anticipated for r-
LCO[001] growth [124]. Both images acquired at 15 keV, in JEOL 7800F SEM.

However, the match and symmetry between hexagonal ALO(0001) and r-LCO(001),
provides a basis for inducing consistently orientated LCO growth. The surface morphology observed
in SEM differed between LCO on all substrates, ALO(0001), STO(100), STO(111) and GGG(111). As
based on literature reports for LCO grown on ALO(0001), a film should be dominated by growth
along the [001] axis of LCO with triangular facets on the surface. The triangular crystallites are
indicative of LCO growing along the (001) plane, with edges to the triangles representing exposure

of (014) and (012) lattice planes of r-LCO.[130]
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Figure 4.3: XRD for single layer depositions of LCO onto ALO(0001), showing intensities relating to
multiple potential LCO phases (top), simulations of the possible LCO and CO phases (middle), with
the simulation for ALO (bottom) labelled where the weakly diffracting (0006) exists. XRD data

acquired on Panalytical Aries, using a Cu-Ka source.

The three main phases observed with HR STEM imaging were the rhombohedral, cubic and
spinel phases (Figure 4.4). The cubic phase was shown to relate closely to the Li deficient atomic
column intensity and diffraction pattern of rock salt CoO rather than Li rich LCO. The direct
detection of Li content is a challenge to quantify, due to very low sensitivity of atoms with low Z
values and overlap with the Co M;3-edge in the low-loss EELS spectra. It is assumed that a small

amount of Li remains in the rs-CO phase if the s-CO phase has not formed. These rs-CO are Li
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deficient with respect to the LiCoO, PLD target. This correlates well with the XRD in Figure 4.3 where
the r-LCO, rs-CO and s-CO phases all have the potential to be present, with the Li deficiency of the
cubic phase suggesting the rs-CO phase XRD signal may be visible on LCO grown on STO substrates
instead on c-LCO. The presence of the Li deficient rock-salt structure appears to be consistent in
this project and when reference in similar cathode materials such as Li1;Nio4Ruo.40; in literature
[42]. The main distinguishing feature between the c-LCO and rs-CO phase is the intensities in HAADF
images, where rather than alternating bright, dark atomic columns (shown in the c-LCO simulation
(Figure 4.4, b)) the near uniform intensity distribution exists in all HAADF images containing a cubic
electrode phase. This suggests stoichiometry closer to CoO, where Li content in LixCoO; can be
assumed to be between 0<x<0.4, while a negligible Li content (x = 0) is more likely to form to s-CO
phase. Assessment of the precise Li content is near impossible, hence while approximations can be
made based on the observed spacing in DP and diffractograms, shown to be close to LiCoO; for the
r-LCO phase and potentially nearly completely Li deficiency in rs-CO and s-CO grains. Deviation from
the lattice parameters of DP simulations relating to r-LiCoO,, rs-CoO and s-Co304 is small, as well as

lying within the error ranges of diffractograms and microscope calibrations shown in Appendix I.

The contribution and orientation of r-LCO and s-CO phases in the LCO on ALO correlates
with the XRD intensities of the r-LCO(001) and s-CO(111) signals in Figure 4.3. Shown later, the AR
STEM imaging of grains also support the approximations made from XRD results regarding
contribution and orientation within the electrode grown on ALO at LT. The presence of rs-CO and
s-CO phase are both restrictive to Li mobility within and around these grains, as well as the potential
for Li trapping upon intercalation into the regions. Device performance will be dependent on the
ability for these grains to facilitate Li intercalation as well as retrieval when transferring Li capacity

to the anode during device discharging.

Where crystalline material forms a boundary between either substrate and thin film or
grains within LCO and LLZO, the boundary is referred to by the normal to the plane at which the
two crystal orientations meet. For example, a boundary between the r-LCO(001) and r-LCO(012)
plane of two LCO grains is labelled in reference to the direction these two grains are touching,
rather than parallel to the boundary. In Figures this is noted by g vectors, hence for this system to

Goo1 and G120 would be pointing towards to GB.
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The r-LCO phase, observed in two ZA with respect to ALO, has an orientation where the
[100] and [120] ZA align with the alternate [120] and [100] axis of Al,Os. Crystallinity along the ALO-
LCO interfaces was dominated by the r-LCO phase, orientated along the [001] direction. The
observed crystallographic alignments between substrate and the film create anisotropic lattice
mismatch which are: ALO[1230]]| |LCO[100], with a mismatch of 1.3% between repeating columns.
Rotating through 90° the ALO[1010]||LCO[120] have a 9.4% mismatch when assessing the
distances of repeating symmetry along the planes of contact between film and substrate. A minority
of growth at the interfaces occurs with the r-LCO phase adopting a (012) growth plane, driven by
the minimisation of the strain energy at the ALO-LCO interface, additionally the strain can be

relieved by formation of twin boundaries, where were observed in the grown films.
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Figure 4.4: Three phases imaged in thin films of LCO on Al,05(0001) substrate. a) r-LCO (LiCo0), b)
rs-CO (CoO) with simulated HAADF of c-LCO included for reference to differences in intensity
between the Li depleted and Li rich cubic phases. c) s-CO (LixCo3xO4), where x is likely to be near to

zero. All images collected using JEOL ARM300F (ePSIC) at 300 keV.
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Deposition of LCO onto ALO created the faceted surface structure seen in the SEM image
(Figure 4.2) with a more in-depth analysis achieved through TEM imaging of the cross-section
(Figure 4.5). The faceted surface islands contain all three main phases identified by XRD, nanobeam
diffraction and HRSTEM images (r-LCO, rs-CO and s-CO). These island surfaces have variation with
respect to the (001) surface of r-LCO. The angles related to r-LCO facets exposing the (012) and
(014) lattice planes, (001) and (111) for rs-CO, as well as (001) for s-CO contribute to the uneven
electrode surface. Most of the islands contain the rock salt or spinel CO, as shown by HR imaging
revealing the susceptibility to Li deficiency within the surface regions. This may have occurred
through evaporation during PLD, or through surface decomposition extracting the Li to form Li»COs.
FIB preparation could also be contributing to Li loss and could not be dismissed as one of the causes

of Li deficiency, although less likely for the LCO films [318].

b)

(001] r-LCO [110] rs-CO [111] s-CO

[100] [111] [110]

Figure 4.5: a) Low magnification BF TEM image of LCO film cross-section with surface facets relating
to the edges of triangular crystallites observed in SEM surface images. b) Structure models of r-LCO,
¢-LCO and Co30,4 with planes relating closely to the angles observed within the faceted surface

structure. Data acquired on JEOL 2200CF at 200 keV.

Chapter 4 Results



165 4 —Single Layer Growth of LCO and LLZO

Absence of flat LCO films should not be detrimental in forming well-defined crystallo-
graphic heterostructured interfaces between LCO and LLZO. Such structures will have multiple
routes of Li transfer across the electrode and electrolyte. Efficient Li transfer has the potential to
be occur from the LCO crystal planes exposed by the faceted surface, or through the GBs running
between the different phases with exit routes at the film’s surface. The surface contains many
regions of Li deficient cubic and spinel phase, which will restrict the efficient movement of Li from
bulk to surface of the electrode. However, r-LCO facets exposing (014) and (012) planes would
promote greater Li mobility through an EEl given the exposure of Li planes directly with an
electrolyte. If Li deficiency at the surface is avoided the faceted structure of the r-LCO phase is
consequently beneficial to r-LCO grown along the (001) plane, given intercalation along the [001]
ZA is restricted by the cobalt oxide (Co0,) layers. In addition, the greater surface area between LCO
and LLZO created by interlinking with LCO facets should facilitate a improved rate of Li transfer
between the two materials with reduced risk of bottleneck and Li plating [319]. This assumes the
interface is not adversely affected by limitations of SEl formation specific to a faceted structure and
subsequent enhanced impedance [162, 163, 165, 170, 311]. Passivation layers on the faceted LMO
would preserve the greater surface area of electrode-electrolyte with minimised influence of

thermal or electrochemical interfacial degradation [162].

4.2.2 Grain Boundary symmetries and Defects

The presence of three phases in the LT deposited LCO films creates conditions where a
variety of GB form between different combinations of phases creating variety of homogeneous or
heterogeneous interfaces between lattice vectors suitable for HR STEM. The HR data in Figure 4.6
to Figure 4.10 provides additional insights to the GB introduced within literature. Current research
focuses on twin and anti-phase boundaries between r-LCO grains, grown at higher temperature
within a Li-rich electrode [43, 48, 124]. A variety of grains with heterogeneous GB between different
phases are presented here, this has provided a diverse sample set for investigation of how Li-rich
and poor grains may combine in a device. This analysis provides a basis for considering potential Li
routes between each phase relating to the lattice directions forming the GB shown below. During
charge cycling grain phases and dimensions dynamically vary as Li is removed and inserted from
LCO. The strains from lattice mismatches along each identified GB may therefore have a potential
impact on electrode structural stability, especially in a working device. The resolution achieved by
HR STEM, at 300 keV, provides a dataset for building accurate models to potentially to serve as a
basis for realistic computational modelling of ion mobility across the GB. The goal would be to
address Li mobility across these specific types of multi-phase boundaries to understand their impact

within a charged (Li-poor LCO) and discharged (Li-rich LCO) device [119].
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Within BF and HAADF STEM images it is apparent that some of these grains are twins (Figure
4.6), viewed along the [100] and [100] ZA of the r-LCO phase, with the (010) and (014) lattice planes
in contact. The twinning was determined using the symmetry of the lattice within the phase
alongside support from nanobeam diffraction and FFT information. Misorientation between these
r-LCO nanograins occurs, creating the twin boundaries between the (014) planes of the two
mirrored r-LCO grains (Figure 4.6, a) seen in literature [124]. These relate to an interface between
a (014) plane of the r-LCO grain, growing with the r-LCO(001) | | ALO(0001), in contact with the (014)
of another r-LCO grain growing along the (012) plane. The exposed lattice plane along the
misorientated r-LCO grains is the (014), an energetically preferential direction for Li intercalation
between electrode and electrolyte [124, 320]. The interface between (001) and (012) orientated
grains has the potential to provide escape routes for Li ions in [001] surface via transfer into Li
channels between CoO; layers with a component of the lithium layers directed towards the film’s
surface [321]. This would create a more efficient route for Li between in electrode and electrolyte

in heterostructures.

In Figure 4.6, b), the HAADF and respective diffractogram information relates to the [100]
and [100] ZA of r-LCO grains, forming an anti-phase twin (APT) GB. Across the APT boundary the Co
atomic planes are misaligned, this will be restrictive of Li mobility across the boundary, given the
blocking effect from the misaligned CoO, layers [320]. The intensity at the incoherent interface is
indicative of either intermixing of Co in the Li layer or overlapping grains along the viewing axis,
with a misorientation into the plane of the image, which is not resolvable by viewing the cross-
section. The decreasing intensity of these anti-phase cobalt layers further into the neighbouring
grain suggests intermixing is the cause rather than overlap of the grains along the viewing axis. This
does however highlight the importance of considering lattice alignment in three-dimensions. It is
possible an offset between Co layers exists along the observation axis, improving the alignment of
Li layers between two grains, that otherwise appear to be blocking in the two-dimensional cross-

section.
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Figure 4.6: a) HAADF image of twinned boundary between two r-LCO phases, joining along their
(014) lattice planes with atom model and HAADF simulation. b) HAADF of anti-phase twin (APT)
boundary between two r-LCO phases joined along their (010) plane. Red indices indicate the growth
directions and green the lattice axis at which the GB form. Images acquired at 300 keV on JEOL

ARM300CF.

Variation in the Co layer spacing is a common characteristic of GBs within the grown layers, and
could be attributed to the offset the strain caused by slight incoherence between in lattice
parameters and symmetry between GBs where equivalent or different phases combine (e.g. r-LCO-
to-r-LCO and r-LCO-to-rs-CO) [42]. Depending on the mismatch of lattice parameters between
specific lattice vectors of r-LCO, rs-CO and s-CO phases, these phases create a compression or
widening of layer spacing, most noticeable in r-LCO grains. This likely will have a measurable effect
on the ion mobility through the electrode depending on the extent to which Li channels are closed
or widened. The exact influence of these strains would require computational analysis of Li diffusion

in accurate atomic models based on this work.
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Grains of the rs-CO and s-CO present throughout LCO film on ALO(0001) create GB between
different combinations of the three phases, as well as some minor occurrences of twinned rs-CO
grains, the latter being shown in Figure 4.10. The presence of GB forming between different phases,
along a variety of lattice directions and crystal orientations, creates distinctly different routes where
Li transfer could occur at varying rates and dynamically changing strain compromising the

electrodes structural integrity [22, 46, 125].

The r-LCO, rs-CO, s-CO create boundaries which are slightly strained due to difference in
lattice constants with some being coherent interfaces, and in some areas they appeared
disordered, for example atomic columns at the very boundary are not resolved. (Figure 4.7 to Figure
4.10). A minority of rs-CO and r-LCO combinations result in poor alignment due to mismatch in
atomic symmetry (Figure 4.10, orange boundary), forming GB with (amorphous like region)
between the grains. Phase analysis could be further supported with nano and pencil beam
diffraction in future work, the latter potentially being able to illustrate the distribution of phases
when effectively processed in the future. . Digital diffractograms are used in this chapter and

assignments in Appendix .

Continuing with boundaries containing the r-LCO, the Figure 4.7 illustrates examples of
interfaces between r-LCO and rs-CO, while r-LCO and s-CO are presented in Figure 4.8. These phases
consistently appeared to form coherent GB with well-defined boundaries between rs-CO and r-LCO
inclusive of contact between the (110) and (100) planes of the cubic and rhombohedral phases.
Other boundaries formed between the rs-CO (111) and r-LCO (001) plane (Figure 4.7, a), rs-CO
(112) and r-LCO (010) (Figure 4.7 b), as well as rs-CO (111) and r-LCO (001) (Figure 4.7, c) lattice
planes. The Li-deficient rs-CO grains are Li-ion mobility limiting, although shares similarities in terms
of cubic symmetry with Li-rich c-LCO. It may accept lithium during intercalation into LCO and
therefore undergo phase transition in an active device, changing the lattice match and strain at the
GB with r-LCO [42, 322]. The rs-CO(111) interfacing with the r-LCO(001) creates a combination
between a phase of lower Li conductivity and planes of r-LCO (i.e. (001) planes) where Li mobility

is limited by passing through CoO; layers.
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Figure 4.7: HAADF images of GB in LCO thin film on ALO(0001). Phases include the HT r-LCO growing
along the [100] and [100] directions, cubic phase along the [110] and [110] axis, as well as the
spinel phase along the [110] axis. Inset are simulated HAADF images along the respective ZA of each
grain. Red indices indicate the growth directions and green the lattice axis at which the GB form.
Images acquired at 300 keV using the JEOL ARM300F microscope at ePSIC. Inset HAADF simulations

were produced in QSTEM from interfaces between theoretical r-LCO and rs-CO phase models.
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Other types of two-phase GB combine the r-LCO with s-CO, Figure 4.8 contains two HAADF
images of well-resolved boundaries. The first example (Figure 4.8, a) is an interface forming along
the [001] direction of the r-LCO phase. This combines the (001) plane of r-LCO with the (111) plane
of the spinel phase. Figure 4.8, b) illustrates the interface between the (112) axis s-CO and (010) of
the r-LCO phases, with a 1 nm region of transitional contrast in the HAADF between the layered
and spinel structure. Interfaces between Li rich r-LCO and s-CO (Li free), are likely to create a region
at which Li is blocked or one where s-CO absorbs the Li ions, balancing the Li content between the
two phases [323]. Subsequent phase transitions during electrode charge cycling may include the
formation of a larger grains of Li deficient s-CO or rs-CO phase, a hypothesis which could be

supported through in-situ biasing experiments focusing on a s-CO-to-r-LCO GB.
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Figure 4.8: HAADF images of r-LCO to s-CO GB. a) r-LCO to s-CO boundary with r-LCO growth plane
(001) in contact with the (111) of the spinel phase. b) An r-LCO to s-CO interface with the respective
(010) and (112) planes forming the boundary. Red indices indicate the growth directions and green
the lattice axis at which the GB form. Acquired in a JEOL ARM300F aberration corrected STEM at
300 keV. Inset HAADF simulations were produced in QSTEM from interfaces between theoretical r-

LCO and s-CO phase models.
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The final phase combination within the cross-section is rs-CO to s-CO GBs (Figure 4.9),
whereby Li transfer between two significantly, Li deficient phases is of less significance compared
to boundaries with r-LCO. Alignment between the s-CO (111) and rs-CO (111) creates a twin-like
boundary with atomic columns mirroring at the interface. The boundaries shown in Figure 4.9
contain coherent interfaces with moderate lattice mismatch between the rs-CO and s-CO, leading
to visible dislocations along the stepped interface (Figure 4.9, a (red arrow)). Incoherent interfaces
between the two Li-deficient phases, that would be spatially advantageous for Li migration between
rs-CO and s-CO were not observed, therefore routes for Li around these grains require a local r-LCO
grain. Therefore, the cubic to spinel boundaries are both unlikely to experience significant volumes
of Li migration or provide a route between these phases, limiting the efficiency of Li intercalation

into and out of the electrode.
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Figure 4.9: HAADF images of rs-CO to s-CO boundaries forming within the LCO film a) Contact

between (111) plane of s-CO and (111) of rs-CO with periodic steps at the interface. b) (115) plane

of rs-CO in contact with (111) of s-CO. Red indices indicate the growth directions and green the

lattice axis at which the GB form. Acquired in a JEOL ARM300F aberration corrected STEM at 300

keV. Inset HAADF simulations were produced in QSTEM from interfaces between theoretical rs-CO

and s-CO phase models.
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The presence of the spinel phase indicates potential significant Li deficiency and limited Li-
ion mobility through these films deposited at LT. Future work determining the Li content in LixCos.
«Os and rs-CO may help understand the abundance of these phases based on thresholds of Li
content [323]. Spinel phases are not consistently near the substrate or surface (greater rs-CO
content) of the films where deficiency is be anticipated (Figure 4.5). Their presence within the bulk
of the thin films creates strain during the dynamic processes of charge cycles. Electrode fracturing
in addition to blocking Li migration through these deficient grains are two areas of limitation to

lifespan and performance.

Phase changes or growth of specific grains during charge and discharge cycles will lead to
the constantly varying combinations of the GB presented, each with varying effects on Li mobility.
Figure 4.10 is an example where the r-LCO and rs-CO phases form GB, where several different lattice
vectors form homogeneous and heterogeneous GB within a film depth of about 40 nm. The changes
in lattice alignments at the GB every 5 nm to 20 nm (Figure 4.10, b) can be attributed to the system
reaching limits of strain and thus realigning onto an energetically preferable set of GB planes. Such
shifts in GB orientations on the nanoscale will result in varying conductivities along an interface
between two grains. The samples in Chapter 3 suggest grains are consistently larger in particles,
with a few long GB traversing the micron scale of particles. Nano size grains may only be more
relevant to electrodes and electrolytes in the form of thin films, but particle samples were not
compatible with thinning to thicknesses where HR STEM analysis within the bulk of the grains could

confirm this.
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[001]

r-LCO
[100]

ALO(0001)

Figure 4.10: HAADF images containing examples of regions with multiple GB, providing insight into
the complexity of Li dynamics throughout the approximate 45 nm depth of the grown film. a) r-LCO
to rs-CO grain from the bulk to surface region of LCO. b) Four r-LCO to rs-CO grains in the bulk of
the LCO thin film where GB vary continuously. GB within the multi-grain SYSTEM form coherent
(light blue, white), semi-coherent (purple, red, yellow) or incoherent (orange) boundaries. Data

acquired in JEOL ARM 300CF at 300 keV.
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4.2.3 Low Temperature Growth of LiCoO; on SrTiO3(111) Substrate

The use of STO substrates aims to develop similarly controlled LCO growth at low substrate
temperatures during PLD, whereby the orientations of all three phases and dominant axis of crystal
grown relating to STO(111) and (100) can be assessed at AR. Attributes of LCO on STO are compared
to ALO, alongside evaluating combinations of phases forming GB not yet shown. Importantly for
development of good heterostructures samples, potentially compatible with in-situ experiments,
the suitability of STO(111) and/or STO(100) regarding growth of LCO layers with preferable
characteristics (lattice orientations and surface structure) is discussed. Beginning with growth of
LCO on STO(111), literature expects similarities to the orientation control achieved on ALO, where

the [001] axis of LCO can be analysed at the interface with LLZO [124].

In the SE SEM image in Figure 4.11 the same triangular crystallite morphology, seen on ALO,
is not for LCO deposited onto STO(111). Instead, in smaller crystallites of inconsistent shape are
present, with larger spherical particles protruding from the surface. While potentially the
consequence of decomposition into Li,COs in air, these are not observed in other samples, e.g. the

EDS maps do not show presence of high carbon content within.

Figure 4.11: SE SEM of LCO deposited onto STO(111), showing fine crystallites structure with

spherical growths upon the surface. Data acquired on JEOL 7800F Prime at 15 keV.

Acquisition of XRD from the STO(111) sample (Figure 4.12) provides similar insights to
Figure 4.3 where both r- and c- LCO phases are likely present, identifiable by signals relating to their
respective (001) and (111) growth planes at 19°. The broad peak around 38° and weak feature at
35° could be assigned to the s-CO, rs-CO phases, again requiring the use of TEM cross-section to
determine the contribution of either the spinel or RS structure and their position within the bulk or
surface of the thin film. The intensity and ratio between the signals at 19° and 38° suggest similar

contributions from LCO and CO phases within the thin film.
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Sharp onsets in the XRD spectra, for example, around 45° for STO(100) in Figure 4.16 are a
result of emission impurity from the X-ray source. They are not a property of the LCO or LLZO thin
films, rather an artefact resulting from the operation of the machine. They may be obscuring crystal
phases present within the LCO and LLZO thin films, while quantification of any peaks relating to LCO

and LLZO that are resolved within these steps is avoided.
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Figure 4.12: XRD figures for single layer depositions of LCO onto STO(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt oxides
phases (middle), and substrate simulation where the signal relating to the (111) plane of STO is

labelled. Data acquired on Panalytical Aries, using a Cu-Ka source.
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Across the film depth (37 nm to 47 nm) (Figure 4.13), many different nanograins and phases
appear to be present, based on the contrast effects of overlapping crystal lattices. The cubic lattice
dimensions of STO are 3.9 A and therefore a greater degree of mismatch exists in terms of lattice
dimension and symmetry differences between STO and LCO, compared to the hexagonal surface of
ALO(0001). The surface of LCO on STO(111) still contains the rough, faceted structure, although
with less defined set of surface structures. Therefore, more strain is anticipated at the interface

between STO and LCO, potentially leading to inducing greater disorder in the electrode material,

with Figure 4.13 supporting this thesis.

Pt

LCO

STO(111)

Figure 4.13: BF TEM cross-section of LCO on STO(111), showing STO/LCO/Pt layers, with LCO film
thickness ranging from 37 to 46 nm in depth, owing to the irregular, faceted nature of the film’s

surface. Data acquired on JEOL 2100+ at 200 keV.

Similarly, to ALO, deposition onto STO(111) resulted in another polycrystalline single layer
of LCO, with a mixture of all three phases. Despite some directional growth of the r-LCO phase along
the [001] axis, misorientations, defects and phase variations were observed across the thin film.
Unlike ALO(0001), the defects and strain along the interface between the STO and deposited LCO
was clearly visible (Figure 4.14Figure 4.13, a). An r-LCO-to-r-LCO GB between the (001) and (012)
lattice planes is visible in Figure 4.14, a) as well as rs-CO grains (Figure 4.14, b). Moiré fringes
indicated consistently varying overlapping of different orientations and phases, visually suggesting
the increase variation in growth compared to LCO on ALO. There appeared to be a greater content
of r-LCO growing along the (012), likely due to greater strain effects at the STO-LCO interfaces.
Conductivity along the [100] or [010] ZA (4.0 x10®S cm™) of LCO is two orders of magnitude greater
than the along the [001] axis (2.4 x108S cm™) [324]. A greater volume of r-LCO with crystal growth
orientated along the (012) plane would improve the overall Li-ion mobility from within the

electrode towards an EEl due to the vertical component of the [010] axis.
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For LCO on STO(111) the GB between to r-LCO grains, in contact along the respective (001)
and (012) lattice planes stood out in the sample’s cross-section. Li migration across the boundary is
made difficult by the low conductivity of the [001] ZA. This GB may not be as detrimental to
uninterrupted Li flow through the electrode as the APT (Figure 4.6, b) but will hinder Li mobility
more than the twin where both grains join along their (014) plane, with CoO; layers remaining in

phase.
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Figure 4.14: HR TEM (BF) of LCO grown on STO(111). a) Boudnary between the normal of the (001)
and (012) lattice planes of the r-LCO phase. Red indices indicate the growth directions and green
the lattice axis at which the GB form b) BF image of a rs-CO grain gowing along the (111) plane.
Acquried on JEOL 2100+ at 200 keV.
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4.3.4 Low Temperature Growth of LiCoO; on SrTiO3(100) Substrate

On STO(100) the aim was to achieve growth dominated by an r-LCO phase growing along
the (014) plane. This is beneficial regarding the intercalation pathways for Li towards the surface
of the electrode material using LT PLD, based on literature observations and ion diffusion
calculations [124]. The match between LCO and STO(100) surface should have been suitable for
such growth, developing upon literature with AR observation of phases. Different growth
orientations on the (100) substrate surface has the potential to create a new dataset of GB between
the three main phases observed on ALO and STO(111). The SEM image in Figure 4.15 contains
crystallites smaller than observed for LCO on ALO(0001) and with a square morphology compared
to the triangular shapes of LCO with the r-LCO(001) growth and associated rhombohedral, RS and
spinel planes exposed on these surface islands. The structure seen in Figure 4.15 is likely to be more

representative of the cubic phase or r-LCO growing along the more conductive (014) plane [124].

200 nm =

. Map Sum Spectrum

At%
0o 634
Ti 187
Sr 169
Co 0.9

Powered by Tru-Q®

Figure 4.15: a, b) SE SEM images of LCO surface deposited onto STO(100). c) Accompanying EDS
spectra acquired from the sample. Data acquired on the JEOL 7800F at 15 keV for imaging and 25
keV for EDS.

Chapter 4 Results



180 4 —Single Layer Growth of LCO and LLZO

The XRD was supportive of crystalline growth on STO(100) with a differing orientation to
growth on ALO(0001) and STO(111). The absence of a signal at 19° suggests neither the r-LCO(001)
or ¢-LCO(111) were present in significant proportions within the thin film. In contrast, the
emergence of the signals at 42° and 45° are representative of LCO phases along the r-LCO(014) and
rs-CO(001) growth planes. This correlates with the surface orientation of STO(100) inducing growth
of LCO and CO phases along planes differing from ALO and STO(111) examples. The presence of the
r-LCO(014) growth needed confirmation with TEM imaging with respect to either the STO[010] and
[110] ZA to assess r-LCO and rs-CO or s-CO contributions. This was achieved and displayed later in
this section. The r-LCO phase is identified growing along the (014) plane. In addition, data relating
to heterostructures grown on STO(100) (Chapter 5) show the (014) plane of growth more clearly

after annealing the respective samples.
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Figure 4.16: XRD figures for single layer depositions of LCO onto STO(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt oxides
phases (middle), and substrate simulation (bottom) where the (100) and (200) relating to the

surface are labelled. Data acquired on Panalytical Aeries (Cu Ka X-ray source)

The low-magnification cross-section images in the TEM shows a flatter surface compared
to the LCO film than the facets on ALO(0001) and STO(111). This would contribute to a consistent
Li transfer from the surface of the electrode into the electrolyte, assuming a single crystal growth
of the Li-rich r-LCO c-LCO or rs-CO phase. The LCO film thickness is consistent, while the Moiré
fringes indicted grain overlap along the observation axis. Understanding the combination of grain

orientations creating the complex image contrast in Figure 4.17 required HR STEM imaging.
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Figure 4.17: BF TEM image of LCO grown on STO(100). The low-magnification of the STO/LCO/Pt
cross-section showing an almost uniform LCO layer, with a thickness of around 39 nm. Data

acquired at 200 keV on JEOL 2100+

In Figure 4.18 and Figure 4.19, two differing axis of observation are shown with respect to
the STO(100) substrate. Observing the LCO growth along the [010] and [110] ZA reveals the
presence of r-LCO, rs-CO and s-CO phases, although clarity is restricted by the similarity of the phase
dimensions along their [010] ZA. In Figure 4.18 the rs-CO and s-CO are identified by the slight
differences in the two patterns spacings within the diffractograms. The use of the [110] ZA for
samples grown on STO(100) (Figure 4.19) provides a ZA where the three phases of LCO were more
easily distinguished along the respective r-LCO[100], rs-CO[110] and s-CO[110] ZA respectively. The
lattice growth occurred along r-LCO(014) (Figure 4.19, a) and rs-CO/s-CO(100) (Figure 4.18 and
Figure 4.19, b), with growth of these grains creating a multi-phase system similar to growth on ALO
and STO(111). The contribution from the rs-CO phase appears to be greater compared to LCO on
ALO and STO(111), possibly aided by the cubic symmetry of the STO(100) surface. The growth of
the r-LCO phase along the (014) lattice plane is beneficial for extraction of Li between the CoO
layers into electrode-electrolyte boundaries, making STO(100) a best substrate in heterostructures
if PLD conditions allow r-LCO to become the dominant phase. HR STEM data in Chapter 5 provides

a greater resolution for clearer assignment of all three of these phases.
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Figure 4.18: a, b) HAADF images from the cross-section along the [010] axis of STO substrate,
showing rs-CO and r-LCO within the same diffractogram. Growth of r-LCO along the [014] axis is
observed along the [841] ZA, with a slightly larger spacing of spots (= 4%) within the diffractogram
compared to the [100] ZA on rs-CO. c) s-CO grain, distinguishable by diffractogram and different
structural symmetry. Data acquired on the JEOL ARM200CF at 200 keV.
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Figure 4.19: BF TEM images of lamella cut along the [110] ZA of the STO(100) substrate showing r-
LCO and rs-CO phases. a) Overlapping r-LCO grains in the bulk of the LCO layer, viewed along their
[100] and [100] ZA, with associated diffractogram. Both grains grown along the (014) plane. b) rs-
CO grain and diffractogram near surface of thin film, growing along the (111) plane. Images taken

on JEOL 2100+ at 200 keV.

4.3.5 Low Temperature Growth of LiCoO; on GdsGas01,(111) Substrate

The deposition of LCO onto gadolinium gallium garnet is not covered by literature. Rather
the large lattice constant is better suited to the epitaxial growth of LLZO [131], however four
consistent orientations were observed to grown upon the GGG(111) substrate (Figure 4.23). The
lattice match between the lattice parameter of GGG (111) plane (7.1 A) and a/b vectors of LCO (2.8
A) is a 1:2 ratio with 21.1% mismatch, while with the c axis of LCO (12.99 A) this is only 8.5% in a
2:1 between GGG(111) and LCO[001] [51]. This suggests it would be well suited to achieving some
extent of orientated growth during PLD of a LCO film, similar to the multi-phase systems using STO

as the substrate.

Looking at the surface crystallite morphology in the SEM it is apparent crystallisation has
likely occurred during LT deposition of the LCO film (Figure 4.20). An assortment of crystallite
shapes are present, indicating that growth along one dominant ZA has not occurred on GGG(111),
rather a mixture of orientations, dissimilar from controlled axis of LCO growth on ALO and STO.
Again, the surface roughness is significant, creating different planes of exposure to Li
layers/channels along the edges of these islands, resulting in a surface of inhomogeneous ion
transfer efficiency with the electrolyte. The surface roughness may also be interesting to analyse in

a GGG/LCO/LLZO heterostructure but is not a sample construction attempted within this project.
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Figure 4.20: a, b) Surface images of LCO deposited onto GGG(111), showing a variety of crystallite
sizes and shapes across the surface of the thin film. c) Accompanying EDS spectrum detecting Ga,
Gd, O and Co, with Pt and Pd signals from the conductive coating. Data acquired in JEOL 7800F

Prime

Signals detected in Figure 4.21’s XRD related to the presence of the same phases seen on
STO and ALO substrates. The XRD for data acquired on the Rigaku SmartLab has a greater noise
compared to data acquired on the Malvern Panalytical Aeries due to the grazing angle sampling a
smaller volume of material, alongside a lower step size resolution. This is also observed for later
data related to LCO, LLZO and heterostructures samples, also acquired on the Rigaku Smartlab. The
signals for r-LCO, c-LCO, rs-CO and s-CO were shown to potentially be present prior to further
investigation with HR STEM imaging. The intensities of signals at both 19° and 45° show the (001)
and (014) growth planes of r-LCO were present with the absence of c-LCO in the data above
suggesting this phase remains absent. Overall, the XRD indicate a multi-phase thin film with greater
variance in film orientation than LCO on ALO and STO substrates owing to the additional rs-CO and

s-CO intensities at 37° (rs-CO or s-CO(111)) and 42° (rs-CO(100)).
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Figure 4.21: XRD figures for single layer depositions of LCO onto GGG(111), showing intensities
relating to multiple potential LCO phases (top), simulations of the possible LCO and cobalt oxides
phases (middle), and substrate simulation where the (111) orientation of STO is labelled. Data

acquired on Rigaku SmartLab.

In Figure 4.22, LCO on GGG(111) is deposited at a layer thickness of approximately 50 nm
(5 nm), with the height of irregularly shaped islands varying along a seven-micron cross-sectional
area of TEM transparency. The surface roughness is consistent with SEM observations with various
angles to facets. While similar to those seen on ALO and STO, the surface on LCO on GGG(111) is
less regularly shaped with respect to the angles at the edges of these islands, suggesting variation

in growth directions.
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Figure 4.22: Low-magnification cross-section of LCO thin film deposited onto GGG(111). The surface
was coated in a layer of Pt/Pd to reduce charging and drift in the FIB-SEM. LCO film depth varied
reaching close to 50 nm at the tips of facets. HAADF acquired at 200 keV in JEOL ARM200CF

Multiple regions at the substrate-LCO interface were imaged to understand any
relationships between the (111) surface of GGG and growth directions of LCO, expected to be
present in grains of r-LCO, rs-CO and s-CO. We see a few different orientations of LCO phases
relating to the atomic structure of the GGG substrate (Figure 4.23). The layered structure of the r-
LCO phase appeared to dominate the electrode layer, with a varying growth direction. The
dominant phase on all the substrates after PLD at LT does not seem to be dependent on heating

above the c-LCO to r-LCO transition temperature [325].

The HAADF images in Figure 4.23 show crystalline grains present from several nanometres
from the films surface, up to the full height of the film. Direction of the grains was assessed at higher
resolutions, also shown in Figure 4.23, where three dominant orientations appeared to exist. Firstly,
the phase in Figure 4.23, a), has an offset of the layers at 18° from the substrate surface.
Alternatively, a grain with r-LCO grown along the (001) plane, is only 7.5° from being parallel to the
GGG(111) surface (Figure 4.23, b and d). This is either a result of competing preferential alignments
with the atomic column symmetry of the GGG substrate or a consequence of difference between
the symmetries of the r-LCO twin orientations ([100] and [100]). Other regions were occupied by
layers running vertically from the substrate surface (Figure 4.23, c), likely along the r-LCO(001)
plane, based on spacing of the layers. The closer layer spacing was thought to potentially relate to
observing the r-LCO phase along the [122] ZA, where growing occurs along the (011) plane.
Excluding these layers observed to form parallel to the substrate surface, there was no identifiable
low-index plane of intersection at the GGG(111)-LCO interface. It was difficult to assess the extent
to which LCO on GGG(111) was comprised of multiple phases given the ZA of the electrode material
did not align nicely with the [121] of GGG.
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10 nm GGG

Figure 4.23: HAADF images Resolving lattice planes within LCO film deposited onto GGG(111)
substrate, cut along the [101] ZA. Lattice planes within the LCO layer are marked by yellow lines. a)
r-LCO growth with [001] growth axis offset 18° from the (111) plane of GGG. b) r-LCO growth with
the (001) plane, offset 7.5° from surface of GGG. c) Two different orientations and therefore an
interface between r-LCO grains or GB between r-LCO and rs-CO. d) Higher magnification of two
grains overlapping with orientations relating to b) and c). Images acquired at 200 keV on JEOL

ARM200CF

With respect to advantage of LCO growth with the characteristics seen on GGG(111), the
orientation of Li routes towards the surface will improve efficiency of Li transfer towards an
electrolyte. In addition, the similarities between GGG and LLZO with respect to lattice parameter
and crystal structure make these orientations suitable for insight and comparison into growth of
LCO and Li mobility at the interfacial boundary. The results here suggest the variable angle of CoO
layer resolved in HAADF image would allow more efficient Li intercalation into LLZO than if the LCO

on GGG was dominated by the r-LCO[001] oriented growth seen on ALO.
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4.3 Growth and Structural Characteristics of Single Layer LLZO Thin Films at

Different PLD Deposition Temperatures

The growth of LLZO is firstly approached with PLD around 200 °C, aiming to minimise Li
evaporation, before progressing to higher temperature deposition, and annealing to induce
crystallisation. STO and GGG were used as substrates for the controlled growth of LLZO, where
lattice parameters are compared in Table 4.2. The closest lattice parameter ratio between STO and
LLZO is a 3:1 mismatch of 1.48 A (11%) relative to the lattice parameters of c-LLZO or 0.95 A (8%)
relative to c-LZO. In contrast, GGG is a 1:1 ratio with a mismatch of 0.63 A (4.7%) relative to cubic
LLZO and 1.8 A (14%) of LZO. With similar structure and symmetry between GGG and LLZO the
potential for well-orientated electrolyte growth for potential applications to LCO/LLZO
heterostructures. As covered in Chapter 1, GGG has been shown by XRD studies to achieve
orientated growth in an LLZO film along the same atomic plane as the GGG’s surface [131]. This
would be advantageous with respect to providing a consistent electrolyte and based on which to

grow LCO in GGG/LLZO/LCO heterostructures, if well-orientated growth is not achievable on STO.

Table 4.2: Lattice parameters for STO and GGG substrates used in this section of the Chapter, with

t-LLCO, c-LLCO and c-LZO phases as reference to the crystal growth in data presented

Composition Phase Space group | Lattice Parameters / A Angles /°
a b C A B y
Substrates
SrTiOs Cubic Pm3m 3.90 90
Gd3GasO1, Cubic la3d 12.55 90
Electrolyte
LizLasZr,012 Tetragonal l41/acd 13.20 12.87 90
Li;LasZr,01, Cubic (>900 °C) la3d 13.18 90
Li deficient phase
La2Zr,07 Cubic Fd3m 10.75 90
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4.3.2 Deposition of Amorphous Li;LasZr.0;, Layers and Consequences of Annealing on
Crystallinity

SEM images of LLZO depositions at LT on STO formed rough, fractured surfaces with
variable particle dimensions (Figure 4.24). It was not clear if the roughness was related to
crystallinity given a lack of regular shape to any particles. Another possibility is that the roughness
is reflective of Li,COs, given the electrolyte’s susceptibility to reaction with CO; in air [318]. A 10 nm
to 20 nm Pt/Pd layer is deposited on samples containing LLZO films in Chapter 4 and 5, to provide
sufficient sample conductivity for SEM imaging. A side effect is it is also likely contributed towards
roughness observed at the film’s surface. However, without the conductive coating the sample drift
did not allow for acceptable SEM resolutions or effective FIB preparation at beam voltages between

5 keV and 30 keV.

Figure 4.24: SE SEM image of LLZO film, deposited onto STO(100) at 250 °C. A rough, fractured
surface is present across the electrolyte with no regular structures. Acquired in JEOL 7800F Prime

at 15 keV.

The XRD of LLZO deposited at 250 °C, shown in Figure 4.25, has no visible intensities relating
to crystallisation in the form of LLZO or LZO phases. TEM is later used to confirm the lack of
crystallinity and crystallographic order near to the interface between LLZO and STO substrates. The
low conductivity of amorphous LLZO again makes LT PLD undesirable for bulk electrolyte

conductivity and transfer of lithium between lattice planes at the EEI.
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Figure 4.25: XRD of LLZO deposited at a substrate temperature of 250 °C during PLD with pristine
STO reference and simulation of STO diffraction pattern. No signals relating to LLZO are visible

above the baseline.

A lamella prepared from a sample of LLZO on STO(100), formed with a substrate
temperature of 250 °C during PLD, can be seen in Figure 4.26. Figure 4.26, a) shows a uniform
contrast to the LLZO layer, with a flat surface, with b) and c) using higher resolutions showing no
ordering of atoms near substrate/electrolyte interface, neither within bulk of the electrolyte. Given
the conductivity value of x107 S cm™ for amorphous LLZO, it was deemed important to achieve

crystallisation, via either annealing or raising substrate temperature during PLD of LLZO [326].

The TEM observations, of the films deposited at 250 °C, show no signs of crystallinity across
microns of the lamella. Higher resolutions and SAD patterns support the majority of these films
being amorphous. Short range order may be indicated by spots in the amorphous SAD, in Figure
4.26, c), but this is likely a consequence of diffraction from crystalline grains in the Pt layer at the
edge of the areas selected by the smallest SAD aperture. A Li,CO3; decomposition layer around 20
nm thick was visible at the surface, resulting from reaction of the electrolyte’s Li content with the
air. This decomposition layer is clearly visible in Figure 4.26, a) between the amorphous LLZO and
Pt/Pd coating (dark contrast). This would not be a problem in commercial devices, where fabrication

would be optimised/isolated to decomposition reactions with air.
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Figure 4.26: a) Low magnification BF TEM image of LLZO layer grown at 250 °C on STO(111). b) HR
TEM image of interface, with inset FFT of [110] ZA for STO, with no crystallinity evident at the
substrate-film interface. c) HR TEM image of amorphous LLZO within the bulk of the film, with an
inset SAD showing amorphous rings from the LLZO layer, alongside faint diffraction spots where the
SAD aperture overlapped slightly with the Pt layer deposited during FIB-SEM preparation. Data
acquired on JEOL 2100+ at 200 keV, SAD with aperture diameter of 10 um.

The lack of long-range crystallinity coincides with XRD observations, where Figure 4.27, a)
show no significant LLZO or LZO signals after annealing amorphous samples between 350 °C and
550 °C, with crystallinity only apparent at 650 °C and above Figure 4.27, b). Relevant to samples
containing amorphous LLZO is the attempt at shortening the annealing duration of films in section
4.4, from 4 hours to 30 minutes (ramp rate; 50 °C min). A film LLZO film (PLD, 250°C) was annealed
at 650 °C using this shorter duration of annealing. This contained some nanograins but the
amorphous phase still dominated, indicating longer annealing was required. Considerations need
to be made with respect to crystallisation versus Li loss as can result in significant Li evaporation,

which becomes apparent in the data presented below [110, 143].
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4.4 Annealing of Amorphous LLZO Films to Determine Crystallisation

Temperature and Consequent Crystal Structure of the Electrolyte

Annealing of amorphous LLZO films, formed during PLD at substrate temperatures up to
450 °C, aimed to determine the threshold temperature for crystallisation. The use of this threshold
annealing temperature as a substrate temperature during PLD then assessed the extent to which
crystallinity is induced during deposition (section 4.5) and if a specific growth direction is achieved.
This threshold temperature would be applied to growth on GGG substrates, shown by XRD in
literature to induce growth of thin films matching the substrate’s crystal orientation [131]. For post-
PLD annealed samples, focus at HR is placed into determining structural differences indicative of
LLZO or LZO grains and correlating orientation and Li content with furnace or PLD substrate

temperatures.

The XRD analysis of annealed films shows the temperature threshold for significant
crystallisation of LLZO grown on STO. Definitive peak intensities for LLZO or LZO did not appear for
depositions or annealing below 650 °C. This is apparent in the series of XRD relating the increased
annealing temperatures in Figure 4.27. A weak signal may be present at 32° for samples annealed
at 450 °C and 550 °C on STO(100), which matches with the (332) plane of LLZO (Figure 4.27, a), but
this is not intense enough to be certain. An LZO signal for the (111) plane appeared at 28° for
samples exposed to temperatures of 650 °C, 950 °C and 1050 °C (Figure 4.27, b). The signal at 34°
could be assigned to the (001) or (211) plane of LZO and LLZO respectively. Prior to TEM confirming
the presence of crystallinity the XRD suggests the threshold for crystallisation was somewhere
between 550 °C and 650 °C, with 600 °C being used as a substrate temperature during PLD for data

presented in section 4.5.
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Figure 4.27: XRD of furnace annealed samples (4 hours, ramp-rate 20 °C min!) showing no clear

crystallisation in a) after attempts at 350 °C, 450 °C and 550 °C. b) Emergence of signals relating to

the LZO phase at 650 °C, 950 °C and 1050 °C and potentially some c-LLZO. Data acquired on

Panalytical Aeris powder XRD (source: Cu-Ka)

A plot of the ratio between LZ0(222) at 28° and LLZO(422) or LZO(004) at 33° and substrate

peaks 40° (STO(111)) and 46° (STO(200)) after annealing is shown in Figure 4.28. There is a positive

correlation between the annealing temperature (4 hours) and the intensity of both of the LLZO or

LZO peaks relative to the substrate intensity. The outliers relating to the signal at 33° when

annealing at 450 °C and 750 °C are indicative of either error in data analysis, due to noise in the

spectrum, or optimisation of the temperature for crystallisation of a thin film with an orientation

of LLZO(422) or LZO(004).
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Figure 4.28: Intensity ratios between LZ0(222) at 28° and LLZO(422) or LZO(004) at 33° and
substrate peaks 40° (STO(111)) and 46° (STO(200)) after annealing. The data points show a tread of
increasing intensity in both peaks as temperature increases, suggesting a greater degree of
crystallisation. The intensity of the peak at 33° after annealing at 750 °C suggests either optimised

growth for the LZO(004) or LLZO(422) growth or is an outlier.

The presence of LZO signals in the XRD is indicative of Li evaporation, detrimental to the
electrolyte’s capacity, and conductivity within the volume occupied by these Li-deficient grains.
Electron microscopy studies aim to determine if the peaks labelled at LLZO and LZO in Figure 4.27
related to significant crystallisation within these samples or if a significant proportion of amorphous
electrolyte remained. Li evaporation is undesirable and would require a method of offsetting to
maintain LLZO conductivity and capacity within a device. SEM of films (Figure 4.29) annealed at
950 °C (a) and 1050 °C (b) show porous films on both STO(100) and (111). This creates a network of
electrolyte with inactive volume and internal surface areas exposed to decomposition in contact
with air. Porosity at 1050 °C appeared slightly greater, although both show evidence of reduction
in the volume of contact between LLZO where Li transfer can occur. Crystallisation without inducing
this level of porosity is preferable; however, TEM analysis was still undertaken to understand the

characteristics of these films annealed at HT.
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Figure 4.29: SE SEM images of furnace annealed LLZO film on a) STO(100) and b) STO(111)
substrates. Both films are porous, which is indicative of a significant change in structure during
annealing above the temperature threshold for crystallisation of amorphous LLZO. Images taken on

JEOL 7800F Prime at 15 keV, EDS data acquired at 25 keV.

Variation in contrast across the cross-section (Figure 4.30, a) illustrated regions providing
different diffraction conditions. This is an indicator of the widespread polycrystallinity running
throughout the thin film after crystallisation at 950 °C and 1050 °C. The surface roughness and
contrast are similar on both STO(100) and (111), suggesting the single crystal substrate has no
significant influence over orientation of the crystallised material. Data from nanoscale to atomic
resolutions is presented in (S)TEM Figures due to phase and orientation characteristics being
indistinguishable between the two substrates and temperatures. SAD patterns from the film further
supported the highly polycrystalline nature of the film, with many regions relating to the LZO
phase.[51]
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Figure 4.30: a) Low magnification TEM image of 2 micrometres of polycrystalline cross-section with
several on-axis nanograins (dark contrast). SADP from circled region illustrates the polycrystallinity
b) SAD pattern from circled region in TEM image, showing the polycrystallity of the LLZO film after
annealing at 950 °C.. Data taken in JEOL 2100+ TEM at 200 keV, with DP acquisition using the 10

pm SAD aperture.

Compared to the amorphous LLZO (Figure 4.26), the TEM taken across lamella after
annealing contains a distinct change in surface roughness, also shown by the low-magnification
TEM images in Figure 4.30. The lack of a Li,CO; layer between LLZO and Pt/Pd (Figure 4.30, a)
suggests a deficiency in Li available for surface decomposition. The approximate method of tilting
the sample to align to constituent nanograins onto a ZA was achieved,either by maximising the
contrast of a specific grain or using Kikuchi lines where possible (e.g. larger grains), as this is a
method of greater accuracy. Cross-sections of nanograins ranged from around 10 nm to 40 nm.
Such diversity of grain structure creates wide ranging dependence for Li conductivity on the
alignment of planes between each grain and space for Li to move within the GBs. The use of STEM
resolving the nanograin structure attempted to accurately determine the phase and orientations

within these polycrystalline films of LLZO or LZO.
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HAADF images (Figure 4.31 and Figure 4.32) confirmed a dominance of crystalline
nanograins throughout the film’s cross-section. A minority of amorphous grains remain
uncrystallised or are a result of the porous structure being filled with amorphous redeposited
material during FIB-based preparation. Crystallisation from the initially amorphous LLZO would
have either occurred from the surface or nucleated randomly throughout the thin film. LZO
nanograins dominated the structure, with lattice plane spacings of 0.31 nm (Figure 4.31, b), or
resolved structures and their diffractograms indicative of this Li-vacant phase (Figure 4.32). Some
LLZO appears to exist, assigned by their greater lattice spacings (0.36 nm), although a significant
minority. Variations caused by image drift and expected errors in microscope calibrations, alongside
lattice strain, may lead to misidentification of LLZO and LZO phases, owing to similar spacings along
similar ZA. This is possible within the data presented in this project as well as literature working on
HR STEM of LLZO [178, 179]. Prolonged, annealing above 900 °C is clearly significantly detrimental
to Li content and therefore capacity of LLZO electrolytes. Powders annealed at 850 °C during
synthesis do not show significant Li deficiency in XRD, but do in lamella extracted near the surface,
showing the volume of material in thin films is more susceptible to Li deficiency throughout the
sample. The temperatures used for polycrystalline films were effective at creating a crystalline
network of nanograins whereby a complex route for Li transfer is formed. This assumes LLZO had
crystallised into similar nanograins prior to Li evaporation, with short annealing durations (e.g. 10

minutes) at 950 °C, or lower temperature is required to avoid development of LZO grains.
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Figure 4.31: Images showing variation in LLZO film’s orientation relative to the surface of an
STO(100) (a and b) and STO(111) (c and d) substrates. The nanoscale grain dimensions and apparent
independence of orientation relative to the STO(100)’s surface is indicated in a) and b). c and d) BF
TEM images of GB and overlapping nanograins within the bulk of the LLZO layer. The polycrystalline
nanograins were formed during annealing at 950 °C and 1050 °C for 4 hours. a, b) HAADF acquired
on JEOL ARM200CF, c, d) BF TEM from JEOL 2100+, all datasets taken at 200 keV

Higher resolution examples, including HAADF images in Figure 4.32, identified some GB
alignments between grains of LZO. The rock-salt structure provides easy identification of the lattice
axis, phase and therefore the planes at which the grains meet. In Figure 4.32, a) grains between
two LZO grains viewed along the [121] and [110] axis touch close to the (311) and (111) lattice
planes, while in b) lattice planes of an undetermined orientation, create a boundary with the (111)
plane of a grain viewed along LZO[110] ZA. Based on the HAADF contrast, atom symmetry and FFT
between the two LZO planes in Figure 4.32, c), a symmetrically equivalent twin boundary appears
to have formed. This interface between LZO twins, viewed along their [110] axis, create a boundary
between the (111) and (111) lattice planes. The contrast in the upper-right grain indicative of grain

overlap along the observation axis.
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Figure 4.32: HAADF images of GB between the a) (111) and (111) planes of LZO observed along the
respective [121] and [110] ZA, b) [110] and undetermined LZO orientation, c) LZO boundaries
between three grains with twin boundary (red arrow) joining along the (111) and (111) planes of
LZO. a) and b) are symmetry inequivalent while the twin in c) forms with a symmetrically equivalent
plane. The GB runs horizontally across the image, the midpoint marked by the red arrow. Data

acquired on JEOL ARM200F at 200 keV.

As mentioned in section 4.3, heating to 650 °C for 30 minutes at a ramp rate of 50 °C min™*
achieves a small degree of crystallisation within the thin film, although the majority remains
amorphous. A layer of Li>COs/Li,O was present at the surface, suggesting Li content remained within
the LLZO film. This supports shorter durations of heating at higher temperatures potentially
promoting crystallisation of the cubic phase, without excessive Li evaporation from the bulk of the
electrolyte. Future work on the rapid crystallisation of amorphous LLZO films would develop
understanding of whether crystallisation of this electrolyte is possible at temperatures near 1000 °C
on sub-10 minutes timescale. This differs from the longer timescales and lower temperatures used

in this work (minutes to hours) and current literature (hours) [97, 143].
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4.5 Surface and Structural Analysis of Crystalline LLZO Deposited onto STO
Substrates Heated to 600 °C during PLD

The heating of the STO substrates to 600 °C during PLD of LLZO also results in the formation
of different surface roughness compared to amorphous and annealed thin films. The topography
of the LLZO illustrates differences between the electrolyte grown on STO(111) (Figure 4.33, a) and
(100) (Figure 4.33, b). The film on STO(111) has greater roughness, with varying crystallite size and
shape, potentially suggesting inhomogeneous grain sizes and variable growth orientations across
the sample. The LLZO on STO(100) has a more uniform surface, closer to the appearance of the

amorphous films in Figure 4.24.

9] STO(100)

Figure 4.33: Secondary electron surface images of LLZO depositied onto a) STO(100), b) STO(111).
The porosity seen in annealed LLZO samples was not evident in these films grown at 600 °C. LLZO
grown on STO(111) exhibits small and large crystallites, while the film on STO(100) is more
uniform/flat. Aquired on JEOL 7800F Prime at 15 keV.

XRD spectra in Figure 4.34, acquired from the thin films on both STO substrates, indicate a
dominance of LZO. The signal at 33° for LZO on STO(100) is likely to relates to a dominant [001]
growth orientation within the electrolyte layer. This is shown later to match well with the most
common grain orientations observed in TEM cross-sections of both samples (Figure 4.38 to Figure
4.40). A couple of weaker signals at 17° and 34° may relate to the presence of LLZO regions,
although a minority in comparison to the LZO phase. For LLZO on STO(111) the XRD are similarly Li-
deficient, with strong peaks relating to the LZO phases at 28° and 33°, assignable as a potential
dominance of LZO grains growing along the [111] and [001] axis. The broad feature between around
44° was potentially LLZO but analysis of crystal structure in (S)TEM was required to confirm or

exclude the presence of any Li-rich grains.
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Figure 4.34: XRD of films deposited at 600 °C substrate temperature during PLD, showing
crystallisation relating to the LZO phase a) LLZO on STO(100) with LZO signals at 28° and 33°, (001),
alongside potential weak LLZO signals at 16.5°, (211) and 33.2°, (422). b) LLZO on STO(111) with
similar prominence of LZO peaks, suggesting significant Li deficiency. Weak signals at high angles
(42° to 44° and 64°) may be related to a minority LLZO phase. Data acquired on Panalytical Aeris

powder XRD (source: Cu-Ka).

The plot of thin film intensity at 28° (LZ0O(222)), 33° (LLZO(422) or LZO(004)) and 38°
(LLZO(521), in Figure 4.35 shows that, growth of LLZO onto STO(100) at substrate temperatures of
600 °C during PLD, the main crystallisation direction relates to the LZO(004) as the intensity of the
signal at 33° is dominant. In contrast, all three orientations are present within the film grown at
600 °C on STO(111). Here the peak at 38°, possible related to LLZO(521) is the dominant peak
intensity. In order to confirm and clarify these observations in XRD, work to observe the presence
of these phases and their orientation is analysed by TEM and STEM was therefore required and is

presented later in this chapter.
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Figure 4.35: Intensity ratios between LLZO film and substrate peaks 40° (STO(111)) and 46°
(STO(200)) when grown at substrate temperatures of 600 °C during PLD. The data points show
relative percentage of LZO(222) at 28°, LZO(004) or LLZO(422) at 33° and potentially LLZO(521) at
38°. LLZO deposited onto STO(111) contained a great number of orientations of either LLZO or LZO.

Figure 4.36 provides low-magnification TEM images, the roughness apparent in Figure 4.33
is shown to relate to an uneven surface with no consistent angles, unlike LCO grown on ALO(0001)
and STO(111). Nanobeam diffraction indicates the dominance of a grains observed along the [100]
ZA (or equivalent), relating to growth of LZO along the [001] direction, relative to the [121] and
[110] ZA of STO(111).
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Figure 4.36: a) Low magnification HAADF image of electrolyte deposited on STO(111) at substrate
temperatures of 600 °C, with a 40 nm film depth. Nanobeam diffraction was representative of the
spacings relating to the most intense spots in the diffraction pattern simulated for the [100] ZA of

LZO. HAADF acquired at 200 keV with JEOL ARM200CF.

Maghnifications suitable for resolving atomic structure reveal a crystalline film, dominated
by LZO, without any visible porosity. The lack of porosity benefits utilisation of the full volume of
electrolyte material between cathode and anode for Li transfer. In Figure 4.37 (a), large grains cover
the depth of the deposited electrolyte with some variation in the form slight variations in growth
axis and GB with grain occupying a minority of the sample. Despite the consistent and significant
proportion of LZO[100], the contribution of GB with and defects Is significant enough to have an
impact on the electrolyte. In some regions the growth close to the [001] axis deviates from 4°
relative to the STO surface, to 8°, creating the Moiré pattern seen in Figure 4.37, a) (highlighted by
a red box). Regarding the misorientations relative to the substrate, the lattice mismatch between
STO(111), LZO and LLZO is such that this tilted growth is thought to be energetically preferable to
the [001] orientation growing directly parallel to the substrate’s surface. The second grain
orientation, occurring in the minority, are the lattice planes running approx. 16° from parallel to
the STO(111) (Figure 4.37, b). These provide diffractogram spacings relating to the LLZO phase,
viewed along the [101] ZA. While the diffractogram suggests LLZO, the structure adopts layering of
atomic planes similar to LZO viewed along the [121] ZA. The small grain observed in Figure 4.37, b),
near the STO interface, were present at irregular intervals along the cross-section. The
diffractogram suggests either overlapping grains or a phase that nano or pencil beam diffraction is

needed to confirm as LLZO or LZO.
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Figure 4.37: a) HAADF images of LZO grains grown at substrate temperatures of 600 °C during PLD,
on STO(111) (lamella cut along [101] ZA). a) HAADF simulation along the [100] of LZO accompanies
the STEM images. b) HAADF image of alternative grain orientations within the electrolyte film, with
diffractogram symmetry and spacing suggesting a minor grain orientation of the LZO or LLZO (111)
plane growing at 16° to the substrate’s surface (simulated DP of LLZO included). Inset
diffractograms show the slight misorientation from the (001) plane of the [100] ZA. Acquired on
JEOL GrandARM300CF at 300 keV.

On STO(100) a well-crystallised film is also achieved with substrate temperatures of 600 °C
during PLD (Figure 4.38), with contrast suggesting a columnar structure with grains (Figure 4.38, a).
The observation axis, shown by the SAD from the electrolyte film shown in Figure 4.38, is
representative of LZO or LLZO along the [110] ZA. Assuming both phases are present, their
respective growth direction would be along the [001] for LZO and [110] for LLZO, where either STO
or energetic stability of this growth orientation leads to adopting these orientations. Spacing of the
diffraction pattern is closer to LZO than LLZO, suggesting similar Li deficiency as films grown on
STO(111). The cutting of the STO(100) substrate along the [110] ZA mean the LZO phase is observed
along a different direction to the [100] of LZO in Figure 4.37 despite a near equivalent growth
orientation. PLD at a substrate temperature of 600 °C, onto an amorphous layer would define

whether the [001] growth is dependant or independent of STO as a substrate.
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Figure 4.38: a) HAADF image of LLZO on STO(100), showing a 90 nm film depth and contrast
variation. b) Diffraction pattern from SAD within the LLZO film, accompanying diffraction simulation
of [110] ZA for LLZO phase. The orientation of the diffraction related to the [001] or [121]
orientations of LZO or LLZO respectively, with diffraction spacings closer to the LZO phase. Data

acquired on NeoARM200CF at 200 keV.

HR STEM provides more detailed analysis of the orientated growth of electrolyte on
STO(100). The electrolyte growing is resolved along the [110] ZA in Figure 4.39 with consistent
phase and orientation between the STO/LLZO interface up to the surface of the deposited material.
While boundaries and defects do exist, their distribution and number are fewer compared to
furnace annealing, reducing potential barriers to Li transfer relating to diffusion through GB
interfaces and networks. Figure 4.40 illustrates lateral variation in crystallinity, observed as contrast
variations in low magnification images (a) and shifting crystallinity in HR STEM (b and c). Columns
where LZO growing along the [001] axis was not resolved, may either be amorphous or a different
axis of growth, where the crystalline structure of the electrolyte does not align well with the [010]

ZA of the STO substrate in the lamellae analysed.
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Figure 4.39: HAADF images of the LLZO film deposited onto STO(100) (lamella cut along the [010]
ZA) with the diffractogram pattern and spacing (= 3.1 nm?) relating to the [110] ZA of LZO instead
of LLZO. This shows the sample is likely to have substantial Li deficiency. Images acquired in JEOL

ARM?200CF at 200 keV.
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Figure 4.40: Boundaries showing misorientations and changes in crystallinity between adjacent
grains. a) Low magnification BF image, displaying the contrast variations where boundaries are
present (red arrows) along the cross-section of the LLZO film. b) Transition between boundaries
close to the [110] axis of LZO with variation in both orientation and degree of crystallinity. c) Higher
magnification of grain boundary between [110] axis and partially amorphous grain. JEOL ARM200CF
at 200 keV.

EELS (Figure 4.41, a)) and EDS (Figure 4.41, b)) measurements detect the presence of La, Zr
and O within the LLZO layer near the STO substrate. Dwell time versus specimen drift and
contamination rate meant that an acquisition time of 0.2 seconds per pixel was suitable when
acquiring data with resolutions of at least 20x10 pixels without excessive sample drift or
degradation. This meant accurately quantifying at% of Zr was not possible. The dispersion required
for detection of a weak core-loss Zr signal at 1112 eV and 2307 eV was not compatible with drift
rate (approx. 0.4 nm in x axis, 20 seconds) versus dwell time. Drift correct was applied but this also
required consideration of contamination rate given the requirements for a reference frame to be

acquired for appropriate correction.
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Figure 4.41: a) Image with ROI (red box) for EELS and EDS acquisition and core-loss EELS spectra. b)
EDS spectra and associated maps of O, Zr and La distributions for each pixel/probe position. c) Core-
loss EELS spectrum relating to the ROI, with O and La signals. d) Chemical map from EDS spectrum
confirming presence of O, Zr and La in the electrolyte layer. Data acquired at 200 keV in JEOL

ARM200CF at 200 keV.

Summarising annealing versus in-PLD crystallisation, inducing crystallisation of LLZO during
PLD appears to lead to directional growth of both the LLZO and LZO phases present in these films,
in contrast to the polycrystallinity of annealing amorphous films. Having oriented LLZO growth can
promote a more consistent energy barrier to ion mobility through the crystal. The formation of
crystalline layers with substrate temperatures of 600 °C during PLD matches the crystallinity in LLZO
layers induced by annealing between at 650 °C (e.g. XRD in Figure 4.27). Similar to annealing, the
limitation with elevated substrate temperature during PLD is the rate of Li loss, versus the time
required to deposit a film to the desired thickness (50 nm to 100 nm). Subsequent work attempted
growth on GGG(111) at 600 °C (presented in section 4.6), with ongoing studies into use of lower
temperatures for LLZO on GGG(100) as well as annealing at 900 °C (less than 10 minutes) aimed at

achieving a crystalline LLZO layer with consistent lattice orientation without significant Li deficiency.
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4.6 High-Resolution Electron Microscopy of LLZO Grown on GGG(111) at

600 °C, Aiming to Achieve Epitaxial Growth of the Electrolyte

Deposition onto GGG substrates with a [111] single crystal surface orientation has been
shown by XRD in literature, to acquire LLZO film growth by PLD along the respective (111) planes of
c-LLZO.[131] Applying this with a focus of analysing the film growth at AR aimed to assess the
epitaxy, grain structure and Li content of individual grains. In addition, the potential for orientated
LLZO growth would provide a basis for easier analysis of the SSE-electrode interface by deposition

of LCO onto the LLZO layer where GB between the two materials exist.
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Figure 4.42: Models of LLZO growth anticipated on GGG(111) substrate, accounting for potential
formation of LZO phase in regions of significant Li evaporation. Models show growth of LLZO and
LZO viewed along matching [101] and [121] axis cut along the edges of GGG(111) substrates.
Interface models produced using QSTEM model builder and structure files from online databases

[44, 51].
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The SEM images in Figure 4.43 show a more textured surface compared to amorphous
layers on STO, although are different from crystalline electrolyte films deposited onto STO(111) and
(100) at 600 °C. While the SEM observations show crystallinity has likely occurred, based on
comparisons to similar surface structures in LCO and LLZO on ALO and STO, the variation in shape
and size indicates potential polycrystallinity owing to inconsistent distribution of larger crystallites.
Understanding the atomistic features of LLZO growth on GGG(111) at 600 °C includes investigations

of phase and grain orientation using XRD and (S)TEM presented in Figure 4.44 to Figure 4.47.
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Figure 4.43: a, b) SEM images of LLZO films deposited onto GGG(111), containing a dense film with
crystallite structures across the surface. c) EDS spectrum of sample containing all anticipated
elements. High at% of Zr could again be attributed to the use of a Pt/Pd coating to reduce sample

charging and drift to acceptable levels. Images and EDS data acquired on JEOL 7800F Prime.
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Owing to the challenges producing crystalline LLZO through PLD onto STO substrates at
temperatures below 600 °C, deposition at 600 °C aimed to produce epitaxial electrolyte crystalline
films without the need to anneal LLZO on GGG. This substrate temperature was expected to create
Li-deficient LZO grains within the layer of LLZO on GGG(111), however ideally retaining some Li-rich
grains along the same crystal plane as the substrate. The XRD in Figure 4.44, taken from the LLZO
film after deposition onto GGG(111) shows a dominant signal at 28°, relating to the (111) plane of
LZO. The dominant intensity of this LZO signal is indicative of a well-orientated growth of the film,

but with clear Li deficiency.
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Figure 4.44: XRD of LLZO on GGG(111) showing clear presence of the c-LZO phase through the (111)

peak close to 28°. This is also representative of the film’s dominant growth orientation along the

(111) plane. XRD acquired on Rigaku SmartLab, using Cu-Ka radiation (A = 1.54 A).
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Initial low-magnification TEM imaging of the samples revealed an approximately 70 nm
thick film is relatively flat on the surface, with no facet/island formation, relative to the [121] axis
of the GGG substrate along which the lamella was cut. Slight contrast variations (red arrows) may
be indicative of grains within the deposited film. HRSTEM presented in subsequent figures

investigating the orientation and granular properties of LLZO on GGG(111).

Figure 4.45: Low magnification HAADF image of LLZO on GGG(111), with a electrolyte film thickness

of approximately 70 nm. The film’s surface is slightly rough, slight contrast variations in the film
potentially indicative on grains or orientation variation. Data acquired on JEOL ARM200CF at

200 keV.

The cross-sections of LLZO deposited onto GGG(111) shows epitaxial growth of films
containing the LZO phase throughout most of the film’s depth. This counteracts the data in
literature where Li-rich LLZO films are obtained on GGG at substrate temperatures of 600 °C to
800 °C [131]. The deficiency is most likely occurring during PLD given the XRD is indicative of LZO
prior to FIB preparation. A predominantly LZO film was imaged using HR STEM, where the LZO phase
is visible along the [121] ZA, growing along the (111) plane (Figure 4.46). While, epitaxial growth
of LZO dominates the thin film, small grains within the structure, indicative of LLZO were observed
close to the interface, also growing along the (111) plane of the lattice. The HAADF, and EDS in
Figure 4.47 show these grains contained La, Zr, Nb, O and Ga, whereby the additional Ga diffusion

may have stabilised the LLZO phase closer to the interface [327].

If the Li loss at these deposition temperatures can be offset, a well-orientated LLZO film
grown on conductive GGG substrates would provide a strong basis for creating heterostructures

where analysis of the c-LLZO(111) plane is in contact with a crystalline LMO electrode.
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Figure 4.46: a) HAADF of grains with LLZO (yellow) and LZO (red) growing along the [111] axis,
viewed along their [121] ZA. A grain of LZO observed along the [110] ZA (blue region). The
respective diffractograms from each grain and simulated DP for the respect ZA are included as
reference to lattice parameters in literature databases.[44, 51] Images acquired at 200 keV with

JEOL ARM200CF.
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Figure 4.47: a) HAADF images of GGG/(L)LZO interface, with EDS acquired from ROI (red box)
covering the transition from substrate to deposited electrolyte. b) EDS spectrum showing presence
of elements anticipated in both layers of the sample. The inset chemical maps indicate a few

nanometres of gallium diffusion into the LLZO or LZO. Acquired on JEOL ARM200CF at 200 keV.
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Compared to literature, which shows the presence of Li in XRD [131] and some STEM images
[179], the data presented in this project does not show the same trends for deposition at over 600
°C on either STO or GGG substrates. The LLZO powder synthesised in labs is Li-rich, based on XRD
data, the limitation being beam sensitivity rather than preparation. Annealing of thin films is a clear
limitation within this project, where the duration of annealing is likely to be a significantly damaging
factor with respect to Li retention. However, this does not explain the Li-rich, epitaxially grown films
achieved by Kim et al. achieving epitaxial growth on GGG at over 600 °C during PLD [131]. This is
likely achieved using an excess of Li in their LLZO target used for deposition, although they do not
state a value for Li excess in their experimental information. Literature providing HRSTEM images
of what they claim to be LLZO, base their assignments on the spacing between planes in the images
[178]. The complexity of the crystal structure and the small differences between plane spacings in
LLZO and LZO leave analysis open to analytical errors regarding accurately measuring the spacing
and coming to incorrect conclusions when assigning the LI-rich or deficient phase. When comparing
the contrast in their STEM images to Li-deficient phases in annealed thin film samples (Figure 1.25)
the similarities raise significant scepticism regarding correct assignment of LLZO in some literature.
This is in addition to discrepancies between simulated HAADF images of the ZA literature claims to
be viewing (e.g. along ZA [133], in ref. [178]). Ambiguity in assighment of phase made have been
due to the number of ZA in LLZO and LZO, where atomic columns can be resolved as well as similar
d-spacings that may be misassigned (DPs or FFT from HR images) within reasonable error due to

calibration or microscope instability (e.g. noise).
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4.7 Conclusions to Analysis of Crystal Structure and GB within Single Layer

LCO and LLZO Films Grown on ALO, STO and GGG

This chapter has worked through the analysis of LCO and LLZO thin films deposited onto a
range of substrate compositions. Temperature has been varied for LLZO films during and after
deposition on the electrolyte materials allowing crystallisation temperature and orientation

relationships to be explored.

Thin film deposition of LCO onto single crystal ALO and STO substrates at LT in relation to
the cubic-to-rhombohedral transition results in the formation of multiple Li-rich and Li-deficient
cobaltate phases. Rhombohedral LCO grows along the (001) and (012) planes, switching between
the mirrored [100] and [100] ZAs to create systems of twinned and misorientated GBs. The rs-CO
phase also displays two possible mirror growth directions on ALO(0001), along the (111) and (111)
planes, while s-CO only grew along the [111] plane. Grains of r-LCO are dominant and contained a
variety of twinned and APT GBs. The surface facets where occupied by Li-deficient rs-CO and s-CO
phases, which is limiting to Li conductivity nearer to the electrode’s surface. The complexity of
multi-phase, nanograin LCO creates a variety of homogeneous (e.g. r-LCO to r-LCO) and
inhomogeneous (e.g. r-LCO to rs-CO) GB. The dynamics of Li transition through the three-phase
electrode material are therefore considerably more complex than large grains observed in particles.
From the GB data collected there is considerable scope to computationally model and understand
the lattice matching, strain, and Li intercalation dynamics across each combination of phase and
orientation. These LCO films deposited at LT provide a good basis for creating and observing

orientations at GB in a LCO/LLZO heterostructure.

LCO on STO(111) contained similar contributions of r-LCO, rs-CO and s-CO to ALO(0001),
displaying the same growth orientations (r-LCO(001) and (012), rs-CO(111)) for each phase,
although grain size and orientation is ore variable. Regarding application to heterostructures, this
remains a acceptable method of LCO deposition onto conductive STO substrate intending to create
a LCO/LLZO device for in-situ STEM experiments. LCO grown on STO(100) contained a
predominantly rs-CO phase, with a minor contribution from r-LCO and s-CO. The growth of rs-CO
was along the (100) plane, matching the substrate orientation. The change of LCO growth axis
makes these useful for alternative LCO/LLZO heterostructure, although improving the percentage
contribution of the r-LCO phase is desirable. LCO on GGG(111) was also crystalline, growing close
to a plane orientation of(001) in relation to the [121] ZA of GGG(111). Orientations of the r-LCO
layers have some relationship to the lattice structure of GGG, although are significantly more

variable than on ALO and STO.
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Thin films deposited via PLD from a target of LLZO are amorphous on STO, below
temperatures of 550 °C during deposition and after subjected to post deposition annealing. When
annealed from 650 °C up to 1050 °C, porous, polycrystalline films for with significant Li deficiency,
leading to a dominance of LZO. Assuming retention of Li and LLZO phase with similar polycrystalline
characteristics after annealing, the numerous GB and porosity may limit lithium conductivity but
provide an interesting basis for analysis of LCO-to-LLZO GBs, using HR STEM-EELS experiments.
Films crystallising at substrate temperatures of 600 °C during PLD creates growth of large,
crystalline grains, dominated by LZO(001) or LLZO(110) orientated growth. Spacing of the
diffraction spots and lattice planes is indicative of LZO rather than successful acquisition of LLZO,
continuing the trend of Li deficient crystallisation at 600 °C. This contrasts, retention of LLZO at
substrate temperatures over 600 °C in literature [131]. On STO(111) LZO grains adopted a slight
misorientation (1.5° to 6.8°) from the [001] growth direction, with potential LLZO grains (lattice
plane spacing: 0.36 nm) having a 20° misorientation with the substrate. On STO(100) the orientation
of LZO and LLZO are also along the [001] axis, with a columnar structure to the grains where either
amorphous or different orientation of electrolyte occupy the space between grains viewed along

the [110] ZA, relative to the [110] of STO(100).

On GGG the LLZO film was similarly dominated by Li deficiency, although grains of LLZO
near to the surface and the dominant LZO phase both grew along the [111] plane and were viewed
along the same ZA as the GGG was cut. Small grains along the [110] ZA and some intermixing of
gallium into the LLZO layer occurred near the interface, possibly driven by the 600 °C substrate

temperature during deposition.

The limitation for HR (S)TEM of LLZO films within this project may therefore be the extent
to which Li is lost during PLD, due to annealing, or damage during FIB preparation.[318]
Conductivities for amorphous LLZO films PLD at LT will have low conductivity (x107 S cm™) even if
Li retention is good when annealing below 600 °C [156, 328-330]. The results on STO and GGG
shows potential, but refinement is required to achieve single orientations of the LLZO phase rather

than LZO.
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Table 4.3: Summary of single layer growth of LCO and LLZO films on ALO, STO and GGG substrates.

Data is inclusive of substrate temperatures during PLD, alongside annealing conditions, as well as

phases and dominant growth orientations indexed by SAD and digital diffractograms from HR STEM

image.
Substrate  PLD substrate temperature Phases Dominant Plane of Growth
LiCoO>
ALO(0001) No heating r-LCO (001) and some (012)
rs-CO (111)
s-CO (111)
STO(111) No heating r-LCO (001) and (012)
rs-CO (111)
STO(100) No heating r-LCO (014)
rs-CO (001)
s-CO (001)
GGG(111) No heating r-LCO Variable growth directions
rs-CO Variable growth directions
Li;LasZr,012
STO(100) 250 °C Amorphous -
- Furnace annealed 450 °C Amorphous -
- Furnace annealed 550 °C Partially -
crystalline
(from XRD)
- Furnace annealed 1050 °C  Polycrystalline No dominant orientation
STO(111) 350 °C amorphous -
- Furnace annealed 650 °C  Polycrystalline No dominant orientation
- Furnace annealed 950 °C  Polycrystalline No dominant orientation
STO(100) 600 °C LZO (001)
STO(111) 600 °C LZO (001)
(Minor contribution from
other grains with undefined
growth axis)
GGG(111) 600 °C LZO and some LZO: (111)
LLZO LLZO: (111)
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Chapter 5

Interfaces in Thin Film LCO/LLZO Heterostructures

Building upon the work on single layer LCO and LLZO, we deposited heterostructures with
aim to study the interface between the two materials at nano and atomic scales. Using HR STEM,
advancements on literature are made by focusing on the crystalline structure between LCO and
LLZO with attention on the influence of Li conductivity and device degradation mechanisms.
Controlled growth of LCO and LLZO on STO and GGG substrates, with interchanged order of
deposition created samples were ex-situ characterised and investigated, with the evaluation of
compatibility with in-situ experiments. The following chapter focuses on the growth of
heterostructures, comparing pristine, annealed and voltage-cycled interfaces. Imaging and

spectroscopy within TEM and STEM, resolve atomic structures in the bulk and at the EEI.

The intention is to progress the understanding of LCO/LLZO interfaces built by previous
electrochemical, XPS, XRD and low magnification microscopy in literature [163, 165, 170]. Using HR
STEM, EELS and EDS attempted to answer questions related to crystalline or amorphous interface
layers impact on Li transfer. Assessments of the possible consequences on Li impedance and
potential structural failure mechanisms are considered within the data discussed. Heterostructure
sample preparation was informed by LCO and LLZO growth in Chapter 4, whereby LCO deposited at
LT provides reasonable Li retention and controlled, directional growth of r-LCO, rs-CO and s-CO.
LLZO as a primary layer on GGG or secondary layer on LCO required two post-deposition approaches
to heterostructures. Crystalline electrolyte growth was possible on GGG, while the requirement to
anneal LLZO deposited below 600 °C onto LCO are covered with respect to heterostructure samples
on STO(111) and (100) (Table 2.3). Covering the STO samples with a pellet of LLZO during annealing
also aimed to offset Li evaporation from the LLZO surface layer. The process of annealing
heterostructures at 600 °C, enables the bulk of LCO to be analysed after this heat treatment, with
comparisons made to the single layers containing three-phases in Chapter 4, alongside depositions
at higher temperature in literature [124, 130]. With respect to the interfacial regions, STEM and
EELS were used to analyse thermally and ex-situ biasing induced structure and compositional

features at the interface, providing insight into how these may influence performance of a device.
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5.1 Structure and Chemical Analysis of STO(111)/LiCo02/Li;LasZr.01.

Heterostructure

Heterostructures grown on STO(111) include the growth of LCO as the first layer. This aims to
replicate the multi-phase thin films in Chapter 4 with oriented growth along the r-LCO[001] and
[111] of rs-CO and s-CO, creating a polycrystalline base for LLZO deposition. The combination of the
three phases may allow analysis of alignments between crystalline electrolyte-electrolyte GB at
ARs. To avoid Li evaporation from the LCO layer if depositing LLZO at substrate temperatures of
600 °C, the electrolyte is deposited as an amorphous layer without heating the STO(111)/LCO

sample during PLD.

To observe the structural characteristics in the heterostructure prior to annealing, XRD aims
to understand to what extent crystalline phases of LCO and LLZO were present. Figure 5.1 shows
that there is crystalline LCO in the heterostructure, with the peak at 19° indicative of r-LCO(001),
while the broad signal at 38° to 40° could contain contributions from r-LCO, rs-CO or s-CO. It is
possible this broad signal also contains c-LLZO(211), however, the lack of other distinct electrolyte
peaks and data in Chapter 4 for LT LLZO deposition, supports the presence of an amorphous
electrolyte layer in the pristine heterostructure. The limited conductivity (x107 S cm™) and absence
of lattice planes for analysis of crystalline GB at the heterostructure interface is a clear drawback of
amorphous LLZO. Hence, annealing at 600 °C (4 hours) attempts to induce crystallinity in the

electrolyte layer and observe the impacts this has on the atomic scale using HR (S)TEM and EELS.
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Figure 5.1: XRD of pristine STO(100)/LCO/LLZO heterostructure, with simulated XRD of Li rich and
deficient phases of both materials between 10° and 70°. Signals relating to crystalline LCO are
present, however unless contributing to the LCO signals, crystalline LLZO appears to be absent.
Acquired on Rigaku Smartlab rotating anode ©/20 or 26-w diffractometer, using

Cu-Ka radiation.

Figure 5.2 shows the surface of the LLZO layer grown on LCO, after annealing at 600 °C for
4 hours. Based on LLZO films deposited onto STO and crystallised above 600 °C in the furnace, the
annealing of the heterostructure aims to form polycrystalline nanograins of LLZO in contact with

the LCO layer. The surface has adopted a porous structure of electrolyte particles with nanoscale
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dimensions, similar to the polycrystalline films annealed at 950 °C and 1050 °C. Subsequent
inspection of crystallinity within the bulk of the electrode and electrolyte, as well as across the
LCO/LLZO interface is approached with HR (S)TEM analysis (Figure 5.3 to Figure 5.9). The
orientations and chemistry influencing routes Li transfer between the two materials are
investigated in atomic detail, to further the XRD and nanoscale studies within literature studies. Li
evaporation is expected during annealing, although the Li content in the LCO layer could offset

deficiencies near the interface, retaining a region where crystalline LCO and LLZO for interfaces.

Figure 5.2: SEM SE image of STO(111)/LCO/LLZO heterostructure surface showing a porous
structure of particles or crystallites with dimensions on the nanoscale. Image acquired in JEOL

7800F Prime at 5 keV (due to sample drift at high voltages).

The low magnification BSE images of heterostructure lamella show the depth of deposited
films, alongside structural and chemical distributions mapped by EDS. Figure 5.3, a) shows an LCO
thickness of 60 nm and LLZO thickness of 150 nm for the heterostructure on STO(111) with uniform
electrolyte deposition. The HR BSE images and EDS (Figure 5.3, b) identifies the LLZO layer in the
form of columns containing La and Zr, rather than the contrast distribution expected for
polycrystalline nanograins forming during annealing (Figure 4.30). The formation of a porous
electrolyte is likely to have exposed the voids to redeposition of sputtered material during ion
milling. Rather than creating a polycrystalline film, during annealing at 600 °C a different process
has occurred to form the column structure where nanograins are not observed to be present. The
porosity likely limits the efficiency of Li transfer between electrodes, assuming the columns of La,

Zr and O contain grains of crystalline LLZO.
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A four-hour annealing at 600 °C may have been too gradual to crystallise amorphous LLZO
effectively. The polycrystallinity seen in LLZO films crystallising at 950 °C in Chapter 4 may therefore
have relied on more rapid crystallisation of the electrolyte, prior to Li evaporation. The different
characteristics of the annealed electrolyte are thought to be the result of a different crystallisation
rate, where rate of crystallisation alongside lithium evaporation forms a more porous structure.
The columnar formations match with LLZO deposited on STO(100) at a substrate temperature of
600 °C during PLD as well as studies at 700 °C by Garbayo et al [143]. HR STEM attempts to
understand the characteristics of the LCO and interface regions alongside any crystal structure

within this porous LLZO.

Figure 5.3: a) Low magnification images of the Nb-doped STO(111)/LCO/LLZO. The cross-section
contains platinum from FIB processing throughout the electrolyte layer, creating the contrast
variations. b) EDS maps from selected region of heterostructure, showing Zr, O, La and Co maps,
where diffusion of Co into the LLZO layer is observable in the Co map. Images taken at 200 keV

using JEOL ARM200F at ePSIC.
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In the EDS data (Figure 5.3, b) the bulk of LLZO and LCO are distinguishable from the
interface region where Co diffuses non-uniformly into the electrolyte, up to distances of
approximately 100 nm. La diffusion into the LCO layer does not match the distance of Co diffusion
into the electrolyte. The change to composition on this scale, through the formation of thick
interface comprised of La, Co, O and Zr, creates a significant Li conductivity disadvantage through
annealing LCO and LLZO when in contact. The intermixing is thought to be the precursor to the
formation of LaCoOs grains in the samples sintered at 900 °C analysed in Chapter 3, although
occurring on the nanoscale in these thin film heterostructures. As with the formation of LaCoOs in
particle systems, the development of amorphous and/or crystalline SEI through thermal
decomposition, is detrimental to device performance, due to the lower conductivity of these
secondary phases [304]. With LaCoOs3, Li,CO5; and LZO detected by XRD and XPS in literature [170],
the sample in Figure 5.3 is analysed using STEM-EELS to evaluate the composition and atomic

structure within the SEI formed at 600 °C.

It is also important to determine why the electrolyte layer crystallises differently at 600 °C
compared to 950 °C. In-situ heating experiments would be most informative for understanding the
changes at 600 °C, as well as higher temperatures (e.g. 950 °C). Data collection would focus on
nucleation points, crystallisation rates and transition between LLZO and LZO as Li evaporates. This
would further the work present on ex-situ annealing studies into crystallisation of electrode or
electrolyte and consequent decompositions presented within this project and relevant literature
[110, 163, 294]. For electrolytes forming a porous network, mapping the LLZO film using slice-by-
slice FIB, combined with EDS and EBSD, can construct a 3D model of the heterostructure. This could
give insight into the density and composition of LLZO networks shown in Figure 5.3, and to what

extent capacity and Li transfer rates are impacted on the wider scale.

HR STEM focused on the bulk of the LCO, acquiring images of atomic structure and the
orientation of the electrode phases present, this is summarised by Figure 5.4. The bulk of the LCO
layer is dominated by the r-LCO phase, orientated along the (001) plane, with no detection of rs-CO
or s-CO in the LCO layer of heterostructures on STO(111) after annealing for 4 hours. These HAADF
images (Figure 5.4 a, b and c) for the LCO layer after annealing at 600 °C all suggest phase transitions
have occurred during heating, from the substrate to the LCO/LLZO interface. Li deficient grains in
the single layer could be transforming into the r-LCO phase through Li diffusion from the LLZO layer,

or the temperature of annealing is forcing r-LCO formation despite partial Li deficiency.
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Compared to multi-phase single layer depositions at LT, the enhanced presence of the r-
LCO phase is beneficial for conductivity between the CoO, layer compared to the structure of rs-CO
and s-CO. Twinned phases between the (014) planes (Figure 4.6) are not observed, appear to be
lost during annealing. APT GB were still present within the r-LCO(001) orientated electrode (Figure
5.4, b), creating barrier to Li at the resultant boundaries between the (010) planes where CoO; block
efficient transfer of Li into the twinned grain. Starting with a single crystal r-LCO electrode for in-
situ biasing experiments would allow analysis of strain development during the growth of rs-CO and
s-CO grains during Li deintercalation. Literature has provided some insight into this with
experiments observing transitions from r-LCO to c-LCO or rs-CO [22, 80]. However observing the
changes with respect to characteristics such as nanograin formation in LCO/LLZO heterostructures

would provide direct observation of grain growth, GB formation and structural failure mechanisms.
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Figure 5.4: HAADF images of LCO structure from the surface of STO(111), to the LCO/LLZO interface.
a) Epitaxial r-LCO(001) layer after heating to 600 °C for 4 hours. Lamella cut along the [101] ZA of
STO shows this ZA align with the [100] ZA (or equivalent) of r-LCO b) Lamella cut along the STO
[121] ZA showing same epitaxial r-LCO(001) lattice orientation by viewed along the [110] ZA of r-
LCO. c) The r-LCO phase is present up to the surface of the electrode/electrode interface.
Amorphous material, intermixed with crystalline structures, are observed within 20 nm the
interface. d) Diffraction patter simulation relating to the observed ZA for LCO (top) and STO
(bottom). Images taken at 200 keV on JEOL ARM200.
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Also shown in Figure 5.4 is an interface region of r-LCO in contact with the brighter contrast
of the LLZO layer in the HAADF image. The phase of the electrode is r-LCO up to the sharp change
in contrast at the interface with the electrolyte (Figure 5.5), with a mixture of amorphous and
crystalline regions seen within the intermixed (Co, La and O) region. This posed questions with
respect to the exact composition of the intermixed region and if the atomic structure of any
crystalline grains could be resolved, as achieved for LaCoOs in particle samples. STEM, EELS and
diffractogram information, targeting the amorphous and crystalline regions at the interface, is used
to determine the composition and phases of crystallites (Figure 5.4, ¢ and Figure 5.5) and

amorphous regions near the interface.

The dominant structure along the interface consists of amorphous material occupying the
first 5 to 10 nm from the LCO surface into the LLZO. This is seen as a bright, uniform band in HAADF
images and matches the thickness expected for SEl in literature [162, 303, 331]. After the first 5nm
to 10 nm of amorphous SEl, a change in contrast or the presence of crystallinity extends. Although
a minority of the cross-section, compared to amorphous intermixed regions, these crystalline
regions near the interface, examples of which are shown in Figure 5.5, are consistency present.
They can therefore be considered an important contributor to Li dynamics within the interfacial
region. These crystallites contained consistent spacing between the lattice planes, alongside atomic
columns near enough to the selected ZA of the STO to be individually resolved. This structure was
identified as the r-LCO phase owing to both the atom symmetry and diffractograms taken from the
crystallites (Appendix 1). Their orientation is different to the r-LCO(001) electrode layer and
dimensions of each crystallite vary in length and width along the r-LCO[010] and r-LCO[001]
directions. The number of lattice planes along the r-LCO(001) axis creates crystallites consistently
shorter in this direction compared to the length of crystallites along the r-LCO(010). Spectroscopic
analysis of the crystallites determines their composition and further support the conclusions that
the composition of crystallites in Figure 5.5 is LCO, likely forming at 600 °C as Co diffuses into the
electrolyte layer. While the surrounding region contains La, Co and O, the presence of LCO crystals
suggests 600 °C is sufficient for segregation of LCO from the large region of intermixed lanthanum,

cobalt, and oxygen.
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10 1/nm

Figure 5.5: HAADF images of amorphous and crystalline regions along the LCO/LLZO interface. a)
Amorphous interface layer at the surface of the r-LCO(001) layer. b) Varying orientations of
crystalline regions near the surface of r-LCO. c) Higher magnification of crystallite, with the
diffractogram acquired from highlighted region (red box), relating to the r-LCO phase viewed along
the [100] ZA. The growth direction is close to the [001] axis of r-LCO. d) A crystallite where the
structure of r-LCO is resolved along the [100] ZA, growing along the (012) lattice plane. Crystallites
are anisotropic, with dimensions significantly shorter along the (001) growth plane (CoO; layers) of

r-LCO. Images taken at 200 keV using JEOL ARM200F at ePSIC.
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Figure 5.6 shows the STEM-EELS data acquired from different regions across the LCO/LLZO
interface. The data highlights the Co content in a crystallite emerging from the amorphous SEl layer
of greater La content than both the crystallite and LCO layer. Alongside the diffractograms (Figure
5.5), the strong Co signal within the crystallite, further supports this interface structure being LCO,
although with seemingly no correlation to the bulk [001] orientation of the r-LCO electrode layer.
The residual La signal in line scans is likely to be material above or below these crystallites along
the observation axis. This has made analysis more complex, especially when understanding

crystallite composition and the profile of O K-edges.

The brighter amorphous layer seen in Figure 5.6, at the surface of the LCO, was consistently
present and uniform across most of the interface, always preceding further Co diffusion into the
electrolyte. The at% across the interface indicate a ratio between La and Co of approximately 1:1,
while at% of O is higher than anticipated for the stoichiometry of LaCoOs. Without accurate
guantification of Zr or Li content, the precise composition of this amorphous SEl was not certain.
Detection of the core-loss Zr signal was not achieved with dwell time limitations relating to sample
drift, damage, and contamination rates. Therefore, the zirconium content is unknown in this 5 nm
layer and EDS analysis did not provide sufficient resolution to conclusively say Zr is absent.
However, Figure 5.3 and Figure 5.12 do lower contrasts in element maps of Zr when transitioning
from the bulk of the LLZO layer into the SEI. If annealing thin films replicates the characteristics of
LaCoO; formation at LCO/LLZO interfaces in Chapter 3, it would be expected that upon the
formation of a lanthanum-cobalt-oxide layer, Zr does not participate in the composition of these

regions.
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Figure 5.6: Element intensity maps formed from EELS spectra across a small region of the interface
containing a crystallite. Co diffusion clearly occurs more than 10 nm into the electrolyte layer,
whereas La diffusion into the electrode is approximately 2 nm. Acquired in JEOL ARM200CF at 200
keV.

The O K-edge is sensitive to changes in bonding environment within the sample, allowing
assessment and identification of specific attributes (e.g. bonding) and compositions across the
complex heterostructures [176, 177]. EELS were acquired at a several regions along the interface
containing epitaxial LCO, interface crystallites of unknown composition and within the LLZO layer.
EELS and EDS acquired within the bulk of the electrolyte layer contained the anticipated La, Zr, O
peaks, with the addition of a platinum signal in EDS spectra. The acquisition of EELS data within the
bulk of the LCO and LLZO or LZO layers provides measurable shifts between the main O K-edges
expected throughout the transition between electrode and electrolyte are clear, Figure 5.7. The
oxygen EELS system shows clear transitions between electrode and electrolyte layers are shown to
be variable with a region of extensive lanthanum and Co intermixing. Figure 5.7 shows the O K-
edges taken from the LCO and LLZO layers within the electrode-electrolyte systems as well as the

interface region and crystalline LaCoOs, as shown in Figure 3.23 in Chapter 3.
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Supporting HAADF data and chemical maps, the O K-edges helped inform assignment of
potential phases within the heterostructure device. The overlap between amorphous and
crystalline materials with different compositions was a challenge where K-edge profiles relating to
LCO and LLZO could help distinguish two phases overlapping along the viewing axis. There was a
clear change through the interface region between the two materials, were the signal relating to
LCO at 528 eV and 540 eV reduces in intensity during the appearance of the LLZO or LZO related
signal at 532 eV. The interfacial region is distinct in the HAADF and BF images, with a O K-edge
profile indicative of LCO and LLZO of varying intensities. The profile of LaCoOs, acquired from
interfacial decomposition in Chapter 3, were not clearly observed in core-loss spectra. While the
amorphous interface layers (Figure 5.5) may have composition of LaCoOs, this was not certain from
EELS data. Improvements to assignment of these amorphous layers closest to the interface would
require thinner samples and reducing energy dispersion in the STEM-EELS acquisition such that the

important core-loss edges within LCO, LLZO or lanthanum cobalt oxide could be resolved [176, 177].
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Figure 5.7: Left) core-loss spectra and right) O K-edges relating to a) LLZO, b) LCO, c) the interface
layer from heterostructures (Chapter 5), and d) crystalline LaCoO; from sintered particle samples

(Chapter 3). Data acquired in JEOL ARM200CF, at 200 keV.

Application of O K-edge structure to the bulk and interfacial regions helped with the
determination of composition of the crystallites (Figure 5.8). The profile within the crystallite has
strong peaks relating to the bulk of the LCO electrode and is clearly distinguishable from the LLZO
and broad SEI layer (Figure 5.7). The Co:La signal ratio significantly differs between the interface
and crystallite regions and while La remains in the EELS spectrum the combined information from
HAADF, EELS chemical maps and diffractogram pattern spacing strongly supports the crystallites

being LCO, adopting the rhombohedral phase.
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Figure 5.8: Core-loss (left) and O K-edge (right) profiles taken from within; a) an interfacial
crystallite, b) the interface layer. The regions from which the EELS spectra were acquired are shown

in the HAADF images by red boxes. Acquired in JEOL ARM200CF at 200 keV.

These crystallites have the potential to provide Li pathways through the nanometres of
elementally complex SEl, the variance in dimension and orientation LCO dendrites, may create
strain within a crystalline LLZO layer, potentially leading to structural failures during charge cycles.
The influence of reducing annealing time on the intermixing and formation of such crystallites is
important to understand the thresholds of intermixing distance and crystallite formation and
possibly the influence they have on structural stability within the electrolyte. Annealing at 900 °C
for 4 hours led to evaporation of Li down to the base LCO-substrate interface. In Figure 5.9 we can
see the [110] ZA of the spinel phase in contact with the STO, with an epitaxial orientation growing
along the (111) plane of Co304. The full phase transition from r-LCO to s-CO suggests that at least
some Li content in cubic phases observed within LCO thin films in Chapter 4. Accounting for the
limitations of applying temperature to Li-rich heterostructures, annealing conditions were
subsequently kept at 600 °C for no more than 30 minutes of annealing to try and limit both Li

evaporation and interfacial mixing for the heterostructure on STO(100).
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Figure 5.9: HAADF images of s-CO layer on STO(111) substrate after annealing the heterostructure
to 900 °C for 4 hours. The s-CO Li phase dominates throughout the electrode layer, suggesting the
presence of s-CO reflect near complete Li deficiency in these grains. s-CO is observed along the
[110] ZA with a (111) growth, as illustrated by the diffractogram and supporting simulation. Data
acquired at SuperSTEM by Khalil El Hajraoui.

5.2 Structure and Chemical Analysis of STO(100)/LiCo0-/Li;LasZr,01,

Heterostructure

The process of depositing STO(100)/LCO/LLZO heterostructures was pursued with
achieving a similarly the well-orientated LCO layer to the observations on the STO(111)
heterostructure. The aim was to achieve films with the anticipated (014) growth of the r-LCO phase
when deposited onto STO(100), creating a preferable orientation of Li channels towards the
LLZO.[174] The same LT PLD conditions were used for LCO on STO(100) and LLZO onto LCO, although
given the porosity and damage to the LLZO layer in heterostructures on STO(111) the STO(100)
heterostructure was only annealed for 30 mins at 600 °C. Differences in LLZO crystallinity, extent of

Co diffusion and crystallite formation are compared as a function of annealing time.
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The XRD in Figure 5.10 contains strong support for a film with r-LCO and s-CO phases
growing along their respective (014) and (001) crystal planes (signal between 42° to 47°). No peak
at 19° shows LCO growth along the (001) plane is less prevalent than in the STO(111)
heterostructure sample. The absence of LLZO or LZO peaks indicates amorphous electrolyte growth

at low substrate temperatures during PLD.
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Figure 5.10: a) XRD of as deposited film showing LCO or CO signal at 42° to 47°, alongside STO(100)
signals. Supporting XRD simulations are included below the data from the as-deposited
STO(100)/LCO/LLZO heterostructure. Acquired on Rigaku SmartLab rotating anode 6/20 or

206-w diffractometer, using Cu-Ka radiation.
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SEM images of the heterostructure surface show the same rough, slightly fractured
structure observed for amorphous depositions of LLZO on STO in Chapter 4. The EDS confirmed the
presence of each element within the heterostructure, although at% of Zr is uncertain due to
overlapping La x-ray (2.042 keV) and with the M-edge of Pt (2.048 keV) in the Pt/Pd conductive
layer required to offset sample charging and drift for SEM and FIB. This correlates with the lack of
LLZO or LZO signals in the XRD spectrum before and after annealing, therefore 30 minutes appeared
unsuitable for extensive crystallisation of the electrolyte layer although the extent of Co diffusion

and interface changes would be assessed by (S)TEM of cross-sections.

Powered by Tru-Q®

Figure 5.11: a, b) SE SEM images of LLZO surface in the STO(100)/LCO/LLZO heterostructure. B) EDS
spectrum acquired from sample, showing element from film and substrate. Acquired in JEOL 7800F

Prime using 15 keV for managing and 25 keV (10 um aperture) for EDS.

Similarly to the STO(111) heterostructure, irregular diffusion of Co into LLZO was shown by
the low-magnification EDS of the cross-section (Figure 5.12). Given single layer deposition of LCO
onto STO(100) had a flat surface, diffusion rather than overlap of a faceted LCO structure was
concluded as the route of intermixing during annealing. The smooth, amorphous layer of LLZO in
the STO(100)/LCO/LLZO heterostructure clearly differs from the electrolyte layer after annealing at
600 °C (4 hours). The LLZO was only 60 nm in depth and returned EDS showing a dense electrolyte

layer, rather than the porous columns of La and Zr seen in Figure 5.3.
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EDS spectra closer to the interface, illustrated a transition from Co and O within the
electrode, to a mix of La, Co and O in the crystallites near the interface. The line scans are indicative
of around 30 nm of Co diffusion to form a slightly thinner intermixed layer than after 4 hours of
annealing. Another distinct region of contrast 5 to 10 nm thick between the two layers, prior to
further Co diffusion further into the LLZO. Higher magnification STEM and EELS was used to assess
this thin SEI with brighter HAADF contrast. The La signal again decreases more sharply into the LCO

layer, supporting Co dominating the diffusion of metal ions during annealing.
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Figure 5.12: a) Cross-section of STO(100)/LCO/LLZO heterostructure with EDS maps showing
distribution of elements across the interface. Region from which composition is analysed is shown
by the red box. Co diffusion into the LLZO layer, seen in the elemental maps, is measured to be
approximately 40 nm using a line scan b) where La is orange and Co blue. Data acquired on JEOL

ARM 200CF at 200 keV.
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For LCO within the heterostructure on STO(100) (Figure 5.13), shorter annealing duration
at 600 °C, contains a mostly r-LCO film orientated along the ([014) plane. A component of Li
deficiency in the form of cubic and spinel phases was more prevalent in the annealed STO(100)/LCO
structure cross-sections. The retention of multiple phases after 30 minutes of annealing show this
duration was insufficient to create the apparent full phase conversion to r-LCO seen on STO(111)
after 4 hours of sintering. Accounting for the selectivity of lamella compared to the 5 x 5 mm? scale
of the bulk sample, the quantity r-LCO may be circumstantial with respect to the ROI. Additional
lamella derived from heterostructures on STO(100), annealed at 600 °C for 30 minutes show similar
contribution from r-LCO, with small grains cubic and spinel phase.
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Figure 5.13: LCO layer on STO(100) after annealing of heterostructure sample at 600 °C for 30
minutes. a) STO/LCO interface, b) bulk of LCO layer, c) LCO near to interface with amorphous LLZO.
All three LCO phases are present in the electrode layer after annealing, with dominant orientations
relating to growth along the r-LCO(014), rs-CO(001) and s-CO(001) planes. HAADF images collected
on JEOL 200ARMCF at 200 keV.
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The surface structure of the LCO film remains predominantly rhombohedral phase with the
layers of Co oxide terminating at an amorphous interface with the LLZO layer (Figure 5.14). Presence
of Li in the electrolyte was again likely to be offsetting Li deficiency at the LCO surface, although rs-
CO and s-CO remained present in the bulk. Retention of the layered structure of LCO along the
(014) plane this is preferential for Li intercalation form the surface of the electrode layer into an
electrolyte. Common GB within the electrode layer include transitions between rs-CO(110) plane
in contact with s-CO(110), alongside interfaces between the (014) planes of the r-LCO phase along
the respective [100] and [100] ZA. Figure 5.14 displays examples of these boundary types, with a
variety of influences on Li intercalation. Boundaries with the cubic and spinel phases will have
reduced Li transfer efficiency compared to overlapping r-LCO grains. The overlapping of r-LCO
grains, with GB along the viewing axis contain channels of Li, for efficient transfer into overlapping
grains. This twin boundary along the (210) planes at the BG of the overlapping r-LCO phases
therefore create potentially efficient route between the two grains. These Li columns are expected
to be periodic regions of no intensity between CoO; layers in the HAADF images. While potentially
occupying the regions of low intensity between these CoO, layers, future work implementing
methods like ptychography and ABF would potentially allow observation of Li to visually confirm its

presence.
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Figure 5.14: GB in LCO grown on STO(100) between r-LCO, rs-CO and s-CO phases. a) HAADF image
of overlap between two twinned r-LCO grains growing along the (014) plane, with Li expected to
occupy the region within the diamond-shaped voids. Here GB exist between the (210) and (210)
plane of r-LCO. b) rs-CO and s-CO grains growing along their [001] planes with various GB
alignments, with an interface between (110) of rs-CO and (110) of s-CO labelled on the image.
Acquired at 200 keV in JEOL ARM200CF

The BF and HAADF STEM images show no crystalline regions within the bulk of the
amorphous LLZO layer. The HR images also contain the same 5 to 10 nm thick SEl layer, which
remains amorphous throughout the thin film’s cross-section, for example Figure 5.3, Figure 5.8, b)
and Figure 5.13, c). Diffusion of Co extends tens of nanometres into the amorphous electrolyte,
with sporadic clusters of anisotropic crystallites that match the layered structure of r-LCO with
respect to the spacing of atomic layers and atom symmetry. The extent of Co diffusion into the
electrolyte suggests even 30 minutes, thermal treatment would have a negative impact on the Li

mobility. This is despite the formation of r-LCO crystallites seen to form after 4 hours of annealing,
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also forming after 30 minutes. Given the challenge of achieving LLZO crystallisation at 600 °C from
30 minutes to 4 hours, utilising much higher temperatures (e.g. 950 °C) for annealing times of at
most 10 minutes is the best future approach to attempt LLZO crystallisation. This facilitates the
conditions of crystallisation temperature, alongside minimising time for Li evaporation and element
diffusion. This method of rapid HT annealing the heterostructures could create conditions not

reported in the literature for treatment of electrode and electrolytes, if proved effective.

Similarly, to the samples of STO(111)/LCO/LLZO, heated to 600 °C for 4 hours, regions of
crystallites could be analysed in detail (Figure 5.15). For the STO(100) heterostructure the
crystallites were sporadic in comparison to the amorphous region where CO had diffused into the
LLZO. EELS data supports the presence of Co within the structures, with the crystallites consistently
penetrating around 20 nm into the electrolyte, with HAADF contrast hinting at La or Zr presence
along the edges of the crystallites. The chemical mapping again indicated the heavier elements
along the edge of the crystallites was La. Co content of the crystallites was less distinct in the EELS
data from the STO(100) heterostructure compared to within STO(111) is likely to be a result of
amorphous LLZO and lanthanum-cobalt-oxide overlaying the crystallites, Figure 5.6.
Diffractograms, atomic structures and lattice plane spacing within the crystallites matching r-LCO
were therefore used for assigning the structures in conjunction to chemical mapping. While the
amorphous lanthanum cobalt oxide SEI will increase impedance to Li transfer between the
electrode and electrolyte, the presence of these crystallites penetrating the electrolyte may
facilitate routes for Li intercalation between the two materials. Crystallite penetration of tens of
nanometres into the electrolyte suggested consequences of even short durations of thermal

treatment are extensive with respect channelling Li into the electrolyte through LCO channels.

Chapter 5 Results



241 5 — Interfaces in LCO/LLZO Heterostructures
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Figure 5.15: HAADF images and La-Co EELS maps within crystallite regions forming along the
interface between LCO and LLZO during annealing. a) STO(111) lamella annealed at 600 °C for 4
hours for references. b, c) STO(100) lamella annealed at 600 °C for 30 minutes. Data acquired in

JEOL ARM200CF at 200 keV.

The orientations of r-LCO crystallites remained close to the (014) plane with some minor
angular deviations and GB. Lanthanum remains consistently implanted along the edges of the
crystallites with a combination of HAADF contrast and La intensity in EELS maps used to conclude
this. Some overlap along the viewing axis and (014)| | (014) twin GB between crystallites were also
present. A future question to investigate would be the extent to which lanthanum along the edges

of the crystallites limits Li diffusion out along the (001) plane of the r-LCO phase.
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Despite the lack of LLZO crystallisation it would be possible to prepare such sample for in-
situ experiments to observe changes occurring through heating or biasing experiments. This would
further the depth of determining the processes in thermal and electrical degradations with a focus
on LLZO crystallisation and formation crystallite during annealing, alongside changes when a bias is
applied. The interfacial structure and chemistry for heterostructures on STO substrates annealed
for 4 hours and 30 minutes has many similarities. A region of roughly 8 nm to 20 nm along the
interface between the LCO and LLZO layer shows distinctly different contrast to the LCO and LLZO
layers. This initial interface region was consistently amorphous, even when crystallites were
growing into the LLZO layer. The EDS data across the interface supports the intermixing of Co and
La in this region, while Zr appears to remain in the electrolyte layer. The uniformity of the SEIl layer

will provide a consistent impedance to Li mobility across the interface.

Imaging and EELS data (Figure 5.15) revealed the extent of intermixing of La and Co had
occurred over 20 nm along the LCO/LLZO interface heated to 600 °C. This was to a lesser extent
than for the samples heated for longer on STO(111) (Figure 5.3), but substantial with respect to
expected electrochemical SEI mentioned in literature [331, 332], The SEl is clearly amorphous,
alongside the majority of the LLZO electrolyte layer, indicating the annealing was sufficient to cause

interfacial decomposition but without crystallisation of the electrolyte.

Crystallites forming at the interface (Figure 5.5) are one of the most interesting findings,
even present after shortening the annealing time. The LCO crystallisation in the STO(100) interface
region retains similar orientation to the bulk of the electrode layer. In contrast, the deviation in
crystallite orientation from the (001) in the STO(111) heterostructure interface suggested a degree
of independence as crystallites form. Intermixed amorphous regions were more dominant than the
occurrence of crystallites, however the presence of crystallites occurrence at least every few
microns in both heterostructure likely makes their contribution to performance significant on larger
scales. While mostly obscured by the SEI layer, some crystallites could be resolved to be in contact
with the LCO layer, indicating a direct contact route for Li could possibly circumnavigate a SEl layer
with low Li conductivity. There is potential for in-situ STEM heating experiments of pristine
STO/LCO/LLZO heterostructures focusing on observation of crystallite formation mechanisms and
potential strain they induce upon successful crystallisation of the LLZO layer. Fracturing and grains
in the surrounding electrolyte as the LLZO layer crystallises would be important when concluding

the benefits, versus structural damaged LCO crystallites creates at the interface.
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5.3 Structure and Chemical Analysis of GdsGaz012(111)/Li;LasZr.012/LiCo0>

Heterostructure

Due to the low lattice mismatch the GGG substrates provides a strong basis for potentially
producing heterostructures whereby a pristine, crystalline EEl could be created. LLZO and LZO were
seen to form epitaxial layers along the same direction as the GGG substrate’s surface plane owing
to the close lattice match between the two. Therefore, depositing the electrolyte onto GGG, prior
to LCO, provides the opportunity to acquire a crystalline electrolyte layer. The SEM in Figure 5.16
shows a LCO surface layer with irregular crystallites, similar to when deposited onto GGG(111), as

shown in Chapter 4.

Figure 5.16: SE SEM images of LCO surface layer on GGG(111)/LLZO/LCO heterostructure, showing
a rough surface of irregular structures. The EDS spectrum show the presence of both layers on the

GGG substrate. Data collected in JEOL 7800F Prime

While the XRD peak at 30° in Figure 5.17 suggests some LLZO (211) planes presence in the
initial deposition of GGG/LLZO/LCO films, the intensity of LZO phase signals at 28° LZO(111) and 58°
LZO(444) dominates the bulk of this layer. The direction of LZO growth is along the (111) plane (as
in Chapter 4), correlates with these XRD signals for the GGG/LLZO/LCO heterostructure. No
significant LCO signals are present to help determine crystallinity or orientation, hence the

importance for HR STEM analysis.
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Figure 5.17: Thin film XRD spectra of GGG(111)/LCO/LLZO heterostructure sample, with respective
simulations of phases anticipated within the electrode and electrolyte, as well as GGG substrate
included below the experimental data. Peaks at 28° and 58 ° indicate presence of LZO, while the
peak at 30° may represent the (420) plane of LLZO. XRD acquired on Rigaku SmartLab rotating

anode 6/20 or 20-w diffractometer, using Cu-Ka radiation

A low magnification image is shown in Figure 5.18 to assess the layering of the
GGG/LLZO/LCO heterostructure with the electrolyte layer roughly 12 nm thicker than the LCO. The

interface appears mostly flat and uniform with some irregular contrast (red arrow).
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Figure 5.18: Low-magnification HAADF image with clear contrast different between the 72 nm (15
nm) thick LLZO layer and 60 nm (+10 nm) thick LCO layer. Data taken on JEOL ARM300CF at 300
keV.

Lattice planes of LZO, viewed along the [121] axis are visible in Figure 5.19, with this
structure running consistently throughout the electrolyte layer in the pristine GGG(111)
heterostructure. Both sides of the interface were crystalline, with the LCO adopting a range of
orientations whereby CoO layers, with spacing relating to the r-LCO phase, grew with the Li
channels directed into the electrolyte layer. The layered LCO growth shared similarities with the
variable orientation seen when grown on GGG substrates. While not epitaxial, the growth of
crystalline LCO with these orientations at interface with a LLZO layer are promising for efficient Li

transfer, if Li rich LLZO growth on GGG can be achieved.
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Figure 5.19: HAADF STEM images of a) GGG(111)/LLZO interface with Li deficient LLZO or LZO
structure orientated along the (111) plane, shown clearly by the higher magnification image b). c),
d) Interfaces between crystalline electrolyte layer and LCO, showing an interface of crystalline
material with no amorphous SEl layer. Due to the sharp contrast between electrode and electrolyte,

yellow lines mark LCO lattice planes. Images acquired at 200 keV on JEOL ARM200CF

Depositions at of LLZO as a single layer and heterostructure on GGG(111) both suffered
from Li deficiency. The presence of the LCO layer, in contact with the electrolyte, did not appear to
facilitate any LLZO grain retention or formation along the interface as a pristine sample. The
intermixing and formation of an SEl were minimal compared to annealing the heterostructure, with
most of the LZO/LCO interface having no significant amorphous layer between the two layers. This
is shown in the HAADF images and EELS maps across the interface shown in Figure 5.19 and Figure
5.20, where either a negligible or at most 10 nm overlap/intermixing were seen to have occurred.
Absence of LCO crystallites in the LLZO layer was also apparent, and therefore could be concluded
to be a feature specific to Co diffusion and crystallisation during annealing. Avoiding annealing and
achieving a crystalline interface as seen in Figure 5.19 would be ideal for future analysis and in-situ

experiments if a Li rich electrolyte can be retained during PLD.
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The EDS and EELS data collected for samples grown on GGG(111) highlights the effects of
thermal treatment on an LCO/LLZO system from particles and heterostructures on STO. In Figure
5.20, containing the element maps of an as deposited interface, significant intermixing was not
visible in STEM or EELS data along most of the interface. LT LCO deposition onto the LLZO layer is
clearly insufficient to create the same extent of intermixing and amorphous SEI formation as
observed in heterostructures furnace annealed to 600 °C. This would be advantageous with respect
to order of devices fabrication, where the LLZO is heat treated to crystallisation prior to application
of the electrode layer, without further annealing that would thermally degrade the interface. In
both Figure 5.20 a) and b) there is a suggestion of oxygen deficiency in regions where Co appears
to be more abundant close to the interface. This is supported by a slight dip in the relative
percentage of oxygen in the associated interfacial line scans in Figure 5.20, prior to the greater O
content of the LZO/LLZO layer. La diffusion appears to be minor (< 5 nm), hence this could either
be a layer of CoO or metallic Co near to the interface, where the relative percentage of O is lower
than in the bulk of the LCO film. Given the difficulty aligning grains of LCO in HRSTEM imaging it is
difficult to be certain where O deficiency is real at the interface or an error of EELS element mapping

and pixel value assighment when processing the data in DigitalMicrograph.

Later application of bias would therefore become the contributor to SEI formation.
Regarding crystal structure, no obvious change was observed in the LLZO layer with the layering of
Li deficiency LZO phase running epitaxially from the substrate through to the interface with LCO.
The interface retained LCO and LZO separation, with at most 10 nm of intermixing or overlapping
grains between slight roughness along the electrolyte’s surface. A thin band of brighter contrast is
potentially visible in Figure 5.20 a), suggesting some SEl formation, similar to the amorphous
LaCoO; layer seen in STO heterostructures. This remains significantly less than thermal
decomposition of the SEl in heterostructures on STO as well as data presented later in this chapter
relating to GGG(111) heterostructures that were subjected to voltage-current cycles. The minor SEI
formation and mixing in pristine GGG samples may be a result of intermixing during deposition of
the first LCO atomic layers onto the electrolyte’s surface. Alternatively, some electron transfer and
charge balancing at the interface of the two materials when first coming into contact may have

resulted in a small layer of electrochemical decomposition in pristine samples.
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Figure 5.20: HAADF images EELS of an as-deposited GGG(111)/LLZO/LCO heterostructure, showing
no significant intermixing of La and Co at the interface. a) ROl = 100nm across the interface, b)
higher magpnification analysis of the interface at higher resolution. ¢) and d) Line scans integrated
across the EELS acquisition regions in of a) and b) respectfully, where the red arrows on the ADF

image show the direction of both line scans. Data acquired on JEOL ARM200CF at 200 keV.
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Along the three heterostructures/interfaces created through LT PLD and annealing or
crystalline deposition of LLZO, similarities and difference are apparent. In annealed interfaces, the
electrolyte either remained amorphous or became porous with tens of nanometres of Co diffusion
from the electrode into the LLZO. This is not observed in the GGG/LLZO/LCO samples where
crystalline LCO and LZO are in contact at the boundary, without significant La or Co diffusion
occurring. Growth of LCO crystallites is common within annealed heterostructures but absent in
the GGG sample. All three types of sample show difficult in either retaining Li or alternatively limit

by significant Co diffusion during annealing, reducing Li mobility over the interface.

[111]

[121]
LLZO

5 nm
Figure 5.21: HAADF images as comparisions between; a) STO(111)/LCO/LLZO interface, b)
STO(100)/LCO/LLZO interface, and c) GGG(111)/LLZO/LCO interface, showing the crystallin-to-
amorphous transition in STO heterostructures and a crystalline-to-crystalline EEl in the GGG

heterostructure. Data acquired on ARM200CF at 200 keV.
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5.4 Interfaces within Biased STO(100)/LCO/LLZO Heterostructure

With respect to biasing a variety of voltage-current cycles were applied to samples of LCO
and LLZO on GGG. The set-up aimed to run the current between the surface of the top layer and
substrate upon which the heterostructure was deposited. Common set-up for the probe positions
on the heterostructure films aimed to apply one contact to the film’s surface and other to the
corner of the substrate with not material coverage during PLD. Ten, thirty-minute biasing cycles
between the voltage values in Table 2.5 attempted to assess the effects of voltage windows on the
crystal structure and interfaces within the STO(100)/LCO/LLZO and GGG(111)/LLZO/LCO systems.
These two systems were selected as they represented a system that had been annealed and
therefore already thermally degraded at the interfaces (STO heterostructure), compared to the
GGG heterostructures with no significant thermally induced element diffusion. The influence of
charge on the system could then be analysed on both the degraded and pristine heterostructures,
with the consequence of ex-situ biasing on element diffusion and SEl formation compared between

the two types of sample.

The application of bias to the samples appeared to have no influence on the phase of the
LCO layer within the STO(100)/LCO/LLZO samples (Figure 5.22). With the same orientation and
phases present in the cross-sections after milling. The voltage-current profile had a varying
hysteresis throughout the 10 charge cycles, suggesting changes were occurring, however image
data does not indicate significant change in the contribution of r-LCO, rs-CO and s-CO. All were still

present in lamella cut along the [110] and [100] ZA of STO, as shown in Figure 5.22.

The extent of interface decomposition caused by thermal treatment at 600 °C appeared to
be significantly greater than any changes occurring during the cycling of the heterostructures
between the various voltage limits. The interfacial composition and extent of Co diffusion may have
altered during ex-situ biasing but without in-situ EDS or EELS experiments observing a change within
the intermixed region of STO heterostructures confirmation was difficult. The bulk of the LLZO layer
was still amorphous with crystallites running through the region of Co diffusion and SEI of greater
contrast and La content near the LCO surface. Even voltage cycles between 8V and -8V provides no

distinguishable difference in interface chemistry.
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Figure 5.22: a) Bulk LCO and LCO/LLZO interface after 600 °C annealing for 30 minutes. b, c) After
application of 10 ex-situ biasing cycles between 6V and -6V, with b) cut along the [110] ZA of STO
and c) the [010]. Both show a multi-phase electrode of r-LCO, rs-CO and s-CO is still present and no
obvious changes in contrast from the annealed sample have occurred. HAADF images acquired at

200 keV in JEOL ARM200CF
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Figure 5.23: ADF images and associated EELS maps from the ROI (red boxes), showing Co and La
distribution across the interface of STO/LCO/LLZO heterostructure. a) annealed (600 °C, 30 mins),
b) biased 2V to 4V for ten cycles, c) biased 6V to -6V for ten cycles. Each charge cycle was
approximately 30 minutes in length, EELS collected at 200 keV DualEELS setup with collection time
per pixel of at most 0.02 seconds (JEOL ARM200CF).

The application of bias cycles (Table 2.5) to heterostructures on GGG(111) provides a basis
to assess any clear changes to the electrode, electrolyte and their interfaces up to applied voltages
of 8V. The charge curves acquired during the biasing show the passing of current, although in the
nano Amp range rather than micro-Amps of STO samples. This may be related to the resistivity of
the GGG substrate or Li poor LZO layer observed in the pristine sample. The retention of an
amorphous structure after current cycles and heating provides no crystalline channels or GBs for Li

to migrate through.

Chapter 5 Results



253 5 — Interfaces in LCO/LLZO Heterostructures

A slight hysteresis, showing deviation from resistor-like (linear voltage-current plots)
behaviour of single layers and heterostructures on GGG(111), was present in heterostructures on
STO(100), as shown in Appendix Il. This suggests some charge and ion flow in the STO(100)
heterostructure. The predominantly resistor behaviour of samples and absence of oxidation and
reduction peaks within the voltage-current cycles suggests absence or insufficient charge and ion
flow for battery-like behaviour to be seen in the data collected. Either the setup and voltage ranges
chosen for the voltage-current cycles are insufficient to cause any Li flow from electrode to
electrolyte or the process was not detectable by the sensitivity of the equipment. Refinement to
the electrochemical measurement setup and technique for thin film analysis is required to effective
ex-situ experiments where confident correlations between voltage-current experiments and
(S)TEM observation may be made. Alternatively, coin cell scale tests could have the potential to be
more compatible with setups that can effectively and accurately measure electrochemical changes
during charge cycles and understand how LCO and LLZO interact when prepared under the

conditions of crystallisation chosen for thin film samples. This would be an avenue for future work.

STEM-EELS shown in Figure 5.24 suggested that some SEI formation through redox activity
or La diffusion had occurred (blue arrows). The bright layer with La and Co intermixing of around 3
nm suggests some change because of charging the heterostructure when compared to the pristine
sample. This change needs to be observed in-situ to confirm the change occurs during biasing. Use
of conductive GGG substrates make such experiments possible, ideally with improved Li retention

to analyse crystalline-to-crystalline LLZO-LCO interfaces.

The oxygen map for the sample biased up to between 0V and 12 V shows a region of oxygen
deficiency along the interface where a contrast change between the bulk of the LCO and LLZO layers
occurs. This appears to coincide with a greater Co content within the element maps, in the region
of the deficiency in the O maps. It is difficult to know for certain from the data acquired but this
could be related to CoO formation, segregation of metallic Co at the interface during preparation
or biasing, as well as potentially misassignment during data processing in DigitalMicrography. The
presence of Co does however suggest this is not a gap between LCO and LLZO at the interface,

rather a change in chemical composition.
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Figure 5.24: a) HAADF image and EELS maps of interface where biasing had occurred for 10 charge
cycles between 2V and 4V. Contrast at the interface and intermixing in the EELS maps suggested
presence of a 3 nm thick SEI layer, as shown by the line scan in (b), along the direction of the red
arrow. c) Sample biased between 0V and 12V (10 cycles) where some La and Co diffusion has based

on the combined information regarding HAADF contrast and EELS. Images and EELS data acquired

on JEOL ARM200CF at 200 keV.
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5.5 Conclusions from Investigation into PLD LCO/LLZO Heterostructures

Subjected to Annealing and Biasing on STO and GGG substrates

Heterostructures containing interfaces between LCO and LLZO are deposited using PLD,
with investigation and comparison of the bulk and interfacial characteristics between as-deposited,
annealed, and ex-situ biased LCO-to-LLZO boundaries. The results provide insight into crystallinity
as well as extents of thermal and potential electrochemical decompositions, with varying degrees

of success and clarity.

The process of electrolyte deposition at temperatures below crystallisation, aimed at
retaining Li, requires the input of thermal energy to achieve crystallisation of the electrolyte layer.
This appears to lead to rapid La, Co, O intermixing within 30 minutes at temperatures of 600 °C,
without significant crystallisation of the LLZO layer. Changes within amorphous LLZO films after
annealing at 600 °C for 4 hours create a porous electrolyte with visible regions of crystallinity. At
600 °C the LCO layer on STO(111) and STO(100) was dominated by the r-LCO phase, oriented along
the (001) and (014) planes respectively. Annealing in presence of the Li-rich LLZO layer and above
the rs-CO-to-r-LCO transition temperature potentially promotes the improved proportion of r-LCO
compared to three-phase, single layers in Chapter 4, with Li deficiency. After 4 hours a completely
r-LCO layer was observed on STO(111), while some s-CO and rs-CO grains remained after 30 minutes

at 600 °C on STO(100).

Intermixing of Co into the LLZO layer after 30 minutes and 4 hours of annealing was similar,
with Co signal consistently observed up to 50 nm into the electrolyte layer. This is greater than the
height of the facets in the single-layer LCO films and does not resemble the regular angular
structure. While diffusion of Co is potentially occurring from overlap between the LLZO and small
surface islands of LCO, the presence of similar mixing between LCO on STO(100), expected to form
a flat electrode surface, supports the argument for diffusion over overlapping material. The
presence of LCO crystallites, not seen in literature, growing within the electrolyte layer in both
lamellae are of significant interest. The atomic symmetry and spacing of spots in the diffractogram
support identification as LCO in regions where overlapping LLZO or LZO complicate the EELS spectra.
Their ability to grow through the amorphous SEl, potentially allows them to channel Li between
electrode and electrolyte, through the low-conductivity interfacial region. In-situ heating and
biasing can attempt to determine their formation mechanisms and contribution to Li mobility

across the SEl, alongside phase changes during charge cycles.
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The deposition of LLZO onto GGG substrates at 600 °C provides an epitaxial LLZO or LZO
film, with clear Li deficiency. While Li deficient the lack of porosity is encouraging regarding the
potential deposition of epitaxial LLZO layers in a heterostructure system. The dominance of the Li
deficient phase suggests a significant percentage excess in the LLZO target is required to offset
losses during HT deposition The interface did not show the same extent of intermixing from
deposition of LCO at LT during PLD, relative to the annealed samples. This suggests that thermal
degradation of the interface could be avoided by acquisition of crystalline LLZO prior to coating of
the electrolyte in electrode materials. Despite the lack of well-orientated growth, the crystallinity
of the LCO electrolyte on the Li-deficient electrolyte layer is promising given this order of deposition

would not require annealing if the first layer deposition of LLZO achieved crystallinity.

Biasing appears to have some effect on the GGG/LLZO/LCO interface where a SEI appears
to have formed in HAADF data, however in-situ experiments are required to confirm development
this layer under ex-situ charging or if crystallite and diffusion characteristics dynamically change in
annealed heterostructures. No clear change between annealed and biased heterostructures on STO
substrates (STO/LCO/LLZO) is observed due to the extent of non-uniform decomposition and
diffusion of Co across annealed interfaces. Again in-situ analysis would be fundamental for

observing real-time changes at interfaces already heavily degraded by annealing.

The certainty in conclusions relating to the effect of biasing is limited based on the
equipment and potential effect of FIB-SEM charge accumulation on the samples. The potential for
non-uniform electric fields across the sample during I/V sweep experiments, using the source
measure unit probes, and degradation from current accumulation during lamella preparation mean
the changes between ‘pristine’ and ‘biased’ sample may be the effect of the biasing experiment or
artefacts of preparation technique. In-situ experiments based on the preparation of optimised

heterostructure samples, with pristine interfaces (GGG/LLZO/LCO).
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Chapter 6

Conclusions and Future Work

6.1Project Conclusions

Studying particles and thin films, with a focus on atomic structure and composition has
furthered the understanding of how LCO and LLZO evolve function within their bulk structure and
structural changes owing to chemical interactions at an EEI. The aims set out in Chapter 1 described
development of heterostructures of LCO and LLZO with characteristics defined by annealing and
PLD conditions suitable for future dynamic studies of SSB interfaces of lamella devices. HR (S)TEM
for develops understanding of the coherence in LCO GBs in sintered particles and thin films,
alongside defect distributions and networks, as well as interface characteristics from the micron to
atomistic scales using imaging and spectroscopy. The acquisition and analysis of the structures and
compositions in this thesis across EEIl at these resolutions, as well as STEM-based EDS and EELS adds
to the available knowledge in the literature [16, 22, 88, 161, 162, 304]. From this project, the use
of GB resolved at atomic resolutions, which provide a basis for accurate modelling of coherent and
semi-coherent GB with varying influence on Li conductivity related to alignment between lattice
planes, defects and strain. The chemical and structural insights into LCO/LLZO interfaces show
crystal alignments between electrode and electrolyte can be resolved to understand boundaries
between the materials in a steady state and are therefore applicable to in-situ studies. The data
here provides the opportunity to index the coherent and incoherent relationships between
different phases and planes at which GB form. Processes through which strain is managed between

two phases at their boundary (e.g. dislocations) can aid modelling of Li dynamics at the GB.

Sintering LCO and LLZO particles influences particle morphology, and characteristics of
disorder on the micron scale. Merging of smaller LCO particles during sintering, forms GB networks
spanning cross-sections of larger post-sintering particles, potentially improving Li conductivity.
Annealing also appeared to increase the density of defects in isolation and as networks. These are
thought to include dislocations, point and line defects, with type and orientation varying along their
length and direction within the lattice. Individually these are nanoscale scale features, combining
into networks on the micro scale. Two possible impacts relating to defects are Li accumulation [319]
or creating spatially advantageous routes [197, 333] for improved Li mobility within grains of LCO.
The benefits of defects will rely on their size and termination points, where Li may transfer from

within the bulk of LCO or LLZO to a GB or adjacent particle, rather than becoming accumulation
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sites. After sintering, the number of LZO and rs-CO grains observed increased because of Li
evaporation. This is detrimental to capacity and conductivity, despite improvements in particle size
and GB networks. The XRD of annealed particle samples show Li evaporation from LCO is limited to
the surface, from which the lamellae were acquired, whereas the decomposition of LLZO to LZO

occurred throughout the millimetre thick pellets of LCO and LLZO.

Thermally induced SEI formation also followed a temperature-dependant trend, with
significant formation of LaCoOs3 on the micron scale at 900 °C. Pristine and 30 minutes of heating at
600 °C did not contain noticeable intermixing of La and Co on the same scale. However, Li,CO3 was
prevalent in the space between both LLZO and LCO particles after exposure to 600 °C, a route of Li
loss through thermal decomposition. This is likely to be a reaction with CO; in air, rather than any
decomposition specific to contact between LCO and LLZO. Exclusion of air or thermally resistant
binder filling of porosity could avoid this Li,COs; formation, although electrode-electrolyte
intermixing would persist. Overall, a combined insight into the micron and nanoscale is achieved,
linking decomposition between LCO and LLZO within thin films also analysed with XRD, XPS and
impedance measurements in literature [6, 163, 165]. Particles of electrode and electrolyte provide
insights on to scales that more representative of commercial devices, while thin films are better

suited for AR imaging in electron microscopy.

PLD of LCO at LT maintains sufficient Li content that a high proportion of the r-LCO phase
remains present within the thin films on ALO, STO and GGG. This was apparent in XRD (r-LCO peak
at 19°), in addition to most LCO films containing large grains of r-LCO across micrometres of TEM
transparent lamella. Precise contributions of each phase are difficult to determine based on
broadness of XRD signals potentially containing signals from r-LCO, rs-CO and s-CO lattice planes.
Lamellae provide a method of directly observing the contribution of each phase, while specific to
the micro-scale region selected, enable a better assessment of the amount of each phase and

dominant growth orientations.

The presence of rs-CO and s-CO grains, due to Li deficiency, allow atomic-resolution analysis
of the phase disorder expected in commercial LMO electrodes. The combination of multiple
nanograins with varying orientations and phases provides additional insight into the ranges of
routes Li can take within the electrode. GB between rs-CO, s-CO and r-LCO grains had various lattice
mismatch depending on the axis of contact between planes (e.g. r-LCO(001)| |rs-CO(111) and r-
LCO(010)| |s-CO(112)) likely resulting in widely varying Li mobility across the GB observed, with rs-
CO shown in literature as providing lower Li conductivity but able to accept Li during charging [197,
333]. The LCO depositions on all substrates were suitable for heterostructures for HR STEM analysis
between r-LCO, rs-CO and s-CO and a crystalline LLZO, providing a basis for modelling and

computational studies of Li conductivity along real lattice directions of LCO and LLZO at a GB. The
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variety of GB and the networks within thin films on ALO, and STO substrates have provided addition
insight beyond the homogeneous and heterogeneous combinations on phases creating GB
observed in literature [22, 43, 48]. For example, in this work the numerous lattice alignments
between the three main phases, creating GB throughout LCO films, are expected to create dynamic
changes in Li mobility on the nanoscale, alongside fatigue from strain as the device ages during
charge cycles [22]. The data presented provides references for GB systems that could develop as Li
moves in and out of LCO, which can inform realistic models of how the electrode may evolve during

charge cycles and associated Li-ion conductivities.

Deposition of LLZO onto two substrates, allowed investigation of thin film crystallisation
and Li retention. Study of temperature conditions for crystallisation either in-situ during PLD or by
sintering ex-situ, identified conditions potentially suitable for heterostructure samples within which
crystalline interfaces between LCO and LLZO would form. The crystalline phases of LCO and LLZO
are orders of magnitude more conductive than their amorphous counterparts and therefore a
system where both are crystalline is important to develop when considering a commercial-scale

device [107].

Temperatures below 600 °C during PLD or annealing did not result in a significant
crystallisation of LLZO, nor did shorter annealing times to 30 minutes at higher temperature (650
°C). However, while successful at acquiring crystalline electrolyte films, annealing at 950 °C and PLD
with substrates heated at 600 °C were detrimental to Li content. A relationship between the STO
orientation and polycrystalline films was unclear, suggesting random nucleation within the
amorphous layer. This granular structure forms many GB with may lead to variations in conductivity
owing to the diversity in nanograin alignments [197]. This would require ensuring sufficient Li
retention to observe LLZO-to-LLZO GB, informing accurate modelling and computational studies of
Li conductivity across the boundaries, as is possible from the HRSTEM data for LCO. The network of
GB running between these grains would have the potential to direct Li throughout the electrolyte
from bulk to interface with cathode or anode. PLD of LLZO at 600 °C on STO and GGG all created
crystalline films of Li-deficient LZO with dominant orientations and some residual grains of LLZO

near the substrate-electrolyte interface.

In Chapter 5 the process of preparing and investigating heterostructures of LCO and LLZO
subjected to various annealing conditions has expanded insight into interfacial intermixing and
crystallisation phenomena. HR STEM, EDS and EELS data, of LCO/LLZO heterostructure were
obtained in the interfacial region, resolving crystallites after annealing on STO substrate. These
were structures that, as to my knowledge, are not currently presented in literature, where previous
studies have focused on the chemical composition and Li diffusion across the interface rather than

the crystalline features and GB at the electrode-electrolyte interface [163, 165, 168, 170]. These
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small interfacial crystalline of LCO may be important structural feature with respect to the
interfacial impedance and resultant electrochemical performance of SSB. The HR STEM BF and
HAADF data, supported by EELS, across the LCO/LLZO interface has achieved additional insight into

the electrode-electrolyte system than data provided by previous literature.

Annealing produced dominant diffusion of Co into the LLZO layer with minor La transfer
into the electrode. While the intermixed region remains predominantly amorphous, periodic
regions of crystallites could be observed determined to be channels of r-LCO, in contact with the
electrode surface, indicating they might act as a route of greater Li-ion mobility through the SEI
[163]. LLZO/LCO heterostructures on GGG enabled the growth of an interface without annealing
promoting intermixing of La and Co between electrode and electrolyte. Crystalline-to-crystalline
contact between LCO and LLZO shows orientated growth of LCO could be achieved on LLZO and
LZO phases, with similarities to the variable growth directions of LCO on GGG(111). Refinement of
the electrolyte deposition on GGG is still required to improve Li retention, thus determine the
dependence of r-LCO orientation during PLD onto epitaxial LLZO. The lack of intermixing and
amorphous SEI further illustrates the rapid detrimental impact annealing has on the interface
between these two SSB materials. Ex-situ biasing appeared to form thin amorphous layers in the
GGG heterostructure with intermixing of La and Co, like that for STO heterostructures. Co and La
diffusion further than 10 nm is not substantial in the EELS data, showing more localised
decomposition at the interface during charge cycles compared to annealing. While still detrimental
to Li conduction at the interface, the volume of lanthanum-cobalt-oxide ions is less than in annealed
samples. Crystallinity and orientation of the electrode and electrolyte appeared to remain stable

after applying charge cycles up to 12V.

Crystalline-to-crystalline contact between LCO and LLZO was possible on the sample utilising GGG
as a substrate, without the need to anneal the heterostructure to induce LLZO crystallisation. The
preparation method for GGG/LLZO/LCO is therefore better suited to achieving in-situ studies of a
pristine-to-charge cycled SSB device, using conductive GGG substrates. While an anode cannot be
included in a sample prepared by depositing LLZO as the first layer, it would provide insight into a
device where annealing electrode and electrolyte is achieved separately. Insight may be obtainable
into how a pristine interface between LCO and LLZO electrochemically degrades independent of
annealing. Including the work presented, the limitations of annealing LCO and LLZO when in contact
are consistent on the nanoscale in this project (Chapter 5) and literature, alongside more significant
decomposition microscale (Chapter 3) [170]. On a commercial scale, the extent diffusion related
decomposition between LCO and LLZO, means combined annealing should be avoided. Therefore,
further research into pristine interfaces under thermal and electrochemical stresses related to final

applications is required [163, 334].
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6.2 Future Work

Future focus within the field of LMOs and LLZO may include refinements to the preparation
conditions of particle or thin film samples. Focus should be applied to optimising annealing
temperatures and duration to maximise the potential benefits of annealing these materials (e.g.,
phase, grain size and density of particles) and limit undesired elemental diffusion of La and Co that
form SEI that reduce Li-ion mobility between electrode and electrolyte. Using the best preparation
processes for heterostructure growth, developed in Chapters 4 and 5, HR STEM could achieve
insights into LCO/LLZO into the dynamic (in-operando heating and biasing (S)TEM experiments)
structural changes within GB and interfaces susceptible to electrochemical degradation. The best
sample for this is deposition of LLZO onto GGG and finally LCO as the top layer, where the interface
remained crystalline and pristine for HR STEM data uninfluenced by annealing. This would progress
upon literature in the form of resolving crystal structure at the interface, alongside facilitating

samples suitable for dynamic in-operando annealing and biasing experiments.

Studies on practical micron-scale powder systems, relevant to devices should focus on the
refinement of particle-based heterostructures aiming to GB and defects within an LCO/LLZO
heterostructure device. To achieve this, an effective method of combining EDS and EBSD would
enable improved indexing through determination of phases and crystallographic orientations,
based on information provided by simultaneous EDS. Developing these into 3D datasets for particle
samples using FIB-EBSD is achievable, allowing the influence of particle size, grain orientation, GB

networks and decomposition to be mapped throughout a device replicating commercial scales.

In-situ annealing to track the development of LaCoOs; decomposition phases can be
achieved through heating experiments within (S)TEM. Forming an amorphous or crystalline SEl with
nanometre to micron dimensions, this would be relevant to commercial-scale devices where heat
is applied to the electrode and electrolyte whilst in contact during deice fabrication.[30] If aiming
to optimise SSBs analysis of annealing LCO and LLZO whilst in contact is of less interest as interfacial
decomposition on scales of 100 nm would be too detrimental to Li-ion conduction throughout a
commercial device. However, the extent to which a passivation layer supresses diffusion during
annealing may be an area of research to pursue regarding testing if the benefits of sintering are

maintained without the La and Co intermixing forming the secondary phase.

Operating temperatures of Li-ion devices are such that thermal decomposition between
LCO and LLZO in a commercial device during use is unlikely but may still occur on a nanoscale. Long-
term effects of 60 °C on the solid-state interface would be one area of investigation relating to non-

electrochemical changes [334].

Chapter 6 Conclusions



262 6 — Conclusions and Future Work

It is also relevant as a thin SEl resulting from device charge and discharge, with ex-situ
biasing on particles and thin films giving a rough insight into the development of a thin lanthanum-
cobalt-oxide interface layer. In-situ work on the micron-scale particle can provide valuable insight
into the decompositions, as well as dynamic changes to GB and defect networks. These
crystallographic characteristics will be important to the efficiency of Li conduction throughout the
materials and their interfaces, as well as lifespan of solid-state batteries. HR electron microscopy
experiments must consider of LLZO’s beam sensitivity with low-dose or ptychography experiments
utilised to ensure effective analysis of the Li-rich structure. Li deficiencies may be addressed by the

following considerations:

1. Limiting target temperatures caused by laser irradiation during ablation, where Li
evaporation could occur prior to deposition

2. Reduction of annealing temperatures and durations, that lead to Li evaporation during
crystallisation occurs.

3. Loss of Li through sample damage and charging when preparing lamella in the FIB or PIPS.

Advancing the understanding of SSE with electron microscopy requires careful preparation
(e.g. cryogenic FIB conditions) with limitation of charge, electron beam or heat induced damage
mechanisms. Crystallisation temperature with respect to single layer and heterostructure samples
should be adjusted. Flash annealing at temperatures in significant excess to those required for
crystallisation (e.g. >900 °C), over 10 minutes or less may be a a potential route to achieving LLZO
crystallisation from amorphous films, while avoiding excess Li deficiency and thermal interface
degradation. The progress made with heterostructure illustrates the applications of HR electron
microscopy to interfaces between solid-state electrode and electrolyte to successfully resolve the
SEl and resolve crystal structure either side of the interface. Continued development of LCO/LLZO
heterostructure samples would also focus on testing the application of rapid annealing above
900 °C to try to achieve LLZO crystallisation without excessive Li loss. In terms of in-situ
experiments, focus should be applied to how atomic structures within the bulk of electrode and
electrolyte develop over the first charge cycles of experiments. Using both the thermally
decomposed interfaces and pristine LLZO to r-LCO heterostructure could enable dynamic
observation of changes to interfaces, Co, and La diffusion, as well as influence of crystallites during
the application of bias. These are all structural features of interest arising from data within this
project, which are of interest to dynamic microscopy studies aimed at understanding the influence
of specific lattice orientations at EEl and the consequences of crystallites when the LLZO layer

crystallises.
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Outside of microscopy, the new HR STEM GB and interface data can then be applied to
computational studies, whereby the impact of orientations and LCO-to-LLZO crystallographic
alignments on Li conductivity can be modelled. This would give further insight into the importance
of specific GB and optimising the lattice alignments of electrode and electrolyte in fabrication

methods where controlled deposition of heterostructures is possible.
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Identification of Phases within Particle and Thin Film

Samples Using Selected Area Diffraction and Diffractograms

The determination of phase and orientations discussed in the results Chapters requires the
identification of phases within particles and thin films in through the application of simulation with
respect to databases of crystal models. SAD and nanodiffraction in TEM (JEOL 2100+ and
diffractograms from HR STEM (JEOL ARM200CF) allow for calibration of d-spacing from atomic-
resolution images of the ALO, STO and GGG substrate, that are applied to the HAADF and BF images
of LCO and LLZO films to determine phase and orientation throughout single layer and

heterostructure samples.

Below are examples relating to each important samples, where the key phases have been
identified from the symmetry of the diffraction patterns and the spacing between spots in the SAD
or diffractogram patterns. Theoretical spacings for spots in the LCO and LLZO phases are displayed
in individual in , while Figure Al.1 to Figure Al.19 work through samples of important to show how

the phases in each sintered pellet or PLD sample are identified.

Figures provide identification of important diffraction spots within simulated DPs, where
the distances from the (000) (direct beam) to lattice plane of importance are labelled. These are
shown in red and used to compare the theoretical or experimentally derived lattice parameters for
LCO, LLZO, LZO and LaCoOs in literature, to those acquired during (S)TEM experiments in this
project. Where possible the diffraction patterns or diffractograms relating to substrates (ALO, STO
and GGG) are presented as a reference to a lattice of known and consistent dimensions,
independent of Li content. The spacings from the substrates are used for each dataset as a
calibration to account for error in the scaling provided by the any of the (S)TEM instruments used

at York, ePSIC or SuperSTEM.
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Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.5496 1.820 0.00 70.33
2 0.2892 3.457 101.68 172.01
3 0.2827 3.537 71.85 142.18

Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.6989 1.431 0.00 137.86
2 0.2077 4.814 87.10 50.76
3 0.2000 5.001 71.22 66.64

Figure Al.1: Examples of electrode and electrolyte grains in pristine powder heterostructures. a) r-
LCO grain observed along the [100] ZA with a 13% difference between simulated and experimental
lattice spacing. b) LZO along the [121] ZA with an 11% error in experimental and simulated lattice

spacing. Data acquired on JEOL 2100+ at 200 keV, camera length 25 cm.

Appendicies



266 Appendix |

Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.4401 2.272 0.00 18.44
2 0.2315 4.319 97.22 115.65
3 0.1971 5.073 123.15 141.58

Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.3433 2.913 0.00 10.42
2 0.2866 3.490 32.49 42.91
3 0.2750 3.636 91.68 102.11

Figure Al.2: Examples of electrode and electrolyte grains in 600 °C sintered powder
heterostructures. a) r-LCO grain observed along the [100] ZA with a 3% difference between
simulated and experimental lattice spacing. b) LLZO along the [421] ZA with a 4% error in
experimental and simulated lattice spacing. Data acquired on JEOL 2100+ at 200 keV, camera length

25cm
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e 002

L]
L]
Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.2141 4.670 0.00 92.09
2 0.1522 6.569 44.95 137.04
3 0.2164 4.621 89.26 -178.65

[110]

Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.5063 1.975 0.00 52.45
2 0.1535 6.516 90.25 142.70
3 0.1539 6.496 89.93 -37.48
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Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.7008 1.427 0.00 57.11
2 0.6179 1.618 54.20 111.30
3 0.3087 3.239 54.35 111.46

Figure Al.3: Examples of electrode and electrolyte grains in 900 °C powder heterostructures. a) rs-
CO grain along the [100] ZA with a 1% error in simulated and experimental diffraction spacings. b)
r-LCO grain observed along the [110] ZA with an 8% difference between simulated and
experimental lattice spacing. c) LZO along the [110] ZA with a 12% error in experimental and

simulated lattice spacing. Data acquired on JEOL 2100+ at 200 keV, camera length 25 cm
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Figure Al.4: a) Diffractogram from ALO substrate along the [120] with a 0.7% error on the y-axis

and 6% error along x axis. b) s-CO phase along the [110] ZA with a 6% error between acquired and

simulated DP. c) rs-CO phase along [110] ZA with a 3% error in the selected spots in experimental

and simulated DPs. d) r-LCO grain along [100] ZA, with a 5% error between experiment and

simulation. Data acquired on JEOL ARM300CF at 300 keV

Appendicies



Appendix |

110

L]
. "2.60m
N
y - * [111]
/,/ .
¢3.6 nme
. . —
. . [110]
Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.4223 2.368 0.00 118.58
2 0.2978 3.358 90.87 -150.55

L
*\
4.1 nm",_, o
° 46 nm
Ld
.
[110]
Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.2600 3.846 0.00 135.77
2 0.2280 4.385 126.66 9.11
L
L]
.
.
003 ;o
. ®./4.2 nm,
* 2.1 nm*
L] L]
L
.
*  [100]
Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1 Degrees to x-axis
1 0.5013 1.995 0.00 -39.26
2 0.2618 3.819 80.90 41.64
3 0.2617 3.821 70.73 -109.99

Figure AL5: a) Diffractogram from STO(111) substrate along the [110] ZA with a 8% error between
simulated and experimental lattice parameters. b) rs-CO grain on STO(111), along [110] ZA with a
6% error between experimental and simulated diffraction spots. c) r-LCO phase along [100] ZA with

a 9% error between experiment and simulation. Data acquired on JEOL 2100+ at 200 keV
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Figure Al.6: a) STO substrate along [010] ZA with a 6% error relative to simulation. b) rs-CO (red)
with a 5% error and r-LCO or s-CO along the respective [110] or [421] ZA with a 5% error between
experimental DP and simulated spacings for the associated ZA. Data acquired at 200 keV on JEOL

ARM200CF
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1 0.4982 2.007 0.00 -174.65
2 0.2028 4.931 128.71 56.65

Figure Al.7: Overlapping r-LCO grains along the [100] and [100] on STO(100) substrate, with a 5%

error between DP spacing and simulated values. Data acquired on JEOL 2100+ at 200 keV.
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Figure Al.8: GGG(111) substrate along a) [121] ZA with a 5% and b) [101] ZA with a 3% error between
simulated and experimental diffraction patterns. Data acquired on JEOL ARM200CF at 200 keV

Appendicies



272 Appendix |

{100}

Spot# d-Spacing (nm) Rec. Pos. (1/nm)
1 0.4945 2.022

{110}

Spot# d-Spacing (nm) Rec. Pos. (1/nm)
1 0.2482 4.029

Figure AL9: LCO films grown on the GGG(111) (same sample at Figure A.8). a) Spacing for the 001
diffraction spot is 4% shorter than simulated. b) Spacing relating to the 111 direction (4.0 nm™) of
rs-CO is the closest simulated spacing accounting for the error in GGG spacing within the same

sample, 2% short of the simulated value. JEOL ARM200CF, at 200 keV

Spot# d-Spacing (nm) Rec. Pos. (1/nm) Degrees to Spot 1

1 0.2600 3.846 0.00
2 0.2187 4.572 90.30
3 0.1577 6.343 40.76
4 0.1324 7.555 58.99

Figure Al.10: Amorphous LLZO on STO substrate with possibly some short-range order from within

electrolyte or Pt/Pd layer. Image and DP taken on JEOL 2100+ at 200 keV, camera length: 25 cm
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Figure AlL11: Polycrystalline LLZO and LZO on STO substrate with rings of diffraction spots

potentially relating to both phases. ADF Image taken on JEOL ARM 200CF for best representation
of grain contrast. DP acquired on JEOL 2100+ at 200 keV, camera length: 25 cm
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Figure Al.12: White box) STO(111) along [101] ZA with a 10% error between experimental and
simulated DPs. Red box) c-LZO, along [100] ZA, with a 6% difference between simulated and
experimental spacings. Red and yellow box) Unidentified ZA either relating to the [121] of LLZO or
LZO (blue), yellow remains unknown and could be a combination of grains overlapping. Data

acquired on JEOL ARM 300CF at ePSIC (300 keV)
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Figure A.131: a) [010] ZA on STO(100) substrate with a 3% error in experimental DP spacing to the
100 spot. b) [110] ZA of LLZO or LZO, with a 3% error short of the spacing expected for LZO
(simulation shown) and 14% short of the simulated spacing for LLZO. Relative to the 3% error of the

STO diffractogram the film is identified as LZO. Data acquired on JEOL ARM200CF at 200 keV.
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Figure Al.14: White box) GGG(111) substrate along [121] ZA with a 2% error in experimental and
theoretical DP spacing. Red box) [121] ZA of LLZO with 2% error, blue box) [110] ZA of LZO with a
4% error, and yellow box) [121] ZA of LZO with a 1% error between experimental and simulated DP.

Data taken on JEOL ARM200CF at 200 keV
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Figure Al.15: a) STO(111) substrate along [110] ZA in STO/LCO/LLZO heterostructure samples, with

a 1% error in experimental and simulated DP distances. B) r-LCO along the [110] ZA, with a 1% error

and c) r-LCO along [100] ZA with a 1% error between experimental on simulated DP values. Data

acquired on JEOL ARM200CF at 200 keV
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Figure Al.16: Crystallites at LCO/LLZO interface on STO(111) substrate (calibrated in Figure Al.15).
a) 2% error in simulated r-LCO phase, although with matching symmetry between the experimental
DP and simulated DP for the [100] ZA. b) Second example of r-LCO simulation matching the spacing
of the diffractogram within a 2% error, alongside equivalent angles between the constituent spot

in the patterns. Data acquired on JEOL ARM200CF at 200 keV.
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Figure Al.17: a) STO(100) substrate in STO/LCO/LLZO heterostructure, viewed along [110] ZA with
1% in experimental and simulated values. b) s-CO (red box) along [110] ZA with 2% error and r-LCO
(blue box) with a 2% error along the [100] ZA. c) Overlapping r-LCO grains, along the [100] and [100]
ZA as HAADF contrast does not match that of s-CO, with a 1% error between experimental and

simulated lattice parameters. Data acquired on JEOL ARM200CF at 200 keV.
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Figure Al.18: LCO crystallites on sample presented in Figure Al.17. a) r-LCO with spacing of lattice
planes within 1% of simulated values. b) Crystallites close to a ZA, matching the [100] of r-LCO within
a 1% to 3% error relative to the simulated r-LCO[100] DP. Error here is likely to originate from the
size of the spots and pixel contribution in the diffractogram. Data acquired on JEOL ARM200CF at
200 keVv
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Figure Al.19: a) GGG(111) substrate viewed along the [121] ZA, with a 5% error in observed and
simulated DP. b) LZO along the [121] ZA with a 3% error between experimental and expected values.
c) Lattice planes of crystalline LCO in contact with electrolyte surface, diffraction pattern spacing of
the spot relating to the 003 DP spot in the simulation has a 5% error from the experimentally
observed distance. The LCO grains is likely r-LCO, viewed near to the [100] or equivalent ZA. Data
acquired on JEOL ARM 300CF at 300 keV
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Appendix Il

Voltage-Current Plots Relating to Charge Cycled Particle and

Heterostructure Samples

Below are Tables and Figures relating to the process of charge cycling through all three
heterostructure samples. Table x contains the detailed information of biasing applied to sections
cut from each lamella, including the particle samples. Subsequent voltage current curves are
displayed in Figure x to Figure x whereby current was passed through the samples ten times, with
the exception of one pristine pellet sample subjected to a hundred cycles. Each cycle between the
two voltage limits lasted 30 minutes (+ 2 minutes). For clarity of plotting the voltage cycles, every

second voltage cycle over ten cycles, or every tenth cycle for a hundred cycles are plotted on the

graphs.
ki s
a ) % Cycle number (Pristine particles) b) % Cycle number (Pristine particles)
024" 1 0.2 1
i 20 20
40 40
. 60 60
0.14 T 80 0.1 80
< e - M, 100 < 100
b TRl b .
E -ﬁ%\.ﬂ‘%hn S o ~
o ""0.4:'-\ -~ 3
WOy .
-0.1+ L -0.1
-0.2 -0.2
T T T T T T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
Voltage / V Voltage / V

Figure All.1: Selected voltage cycles between 12V and -12V, applied to a pristine pellet of LCO/LLZO
powders. A large increase in resistance (gradient) is seen between charge cycle one and charge
cycle 20, with a more gradual increase up to chare cycle 100. a) Raw data, b) linear fits to curves in

a) as a visual guide to approximate changes in gradients.
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Figure All.2: Selected voltage cycles between 6V and -6V, applied to a samples of LCO/LLZO powders
sintered at 600 °C. No considerable increase in resistance is observed after 10 cycles, suggesting
electrochemical changes in the pristine samples do not occur in on a scale clearly distinguishable
from thermal decomposition cause by sintering at 600 °C for 1 hour. a) Raw data, b) linear fits to

curves in a) as a visual guide to approximate changes in gradients.
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Figure All.3: Selected voltage cycles between 12V and -12V, applied to samples of LCO/LLZO
powders sintered at 600 °C. No considerable increase in resistance is observed after 10 cycles,
although some hysteresis is present suggesting minor electrochemical changes at these extreme
voltage limits. This further supports that major contribution to reduction in Li conductivity in
particle and heterostructure samples being thermal decomposition cause by sintering. a) Raw data,

b) linear fits to curves in a) as a visual guide to approximate changes in gradients.
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Figure All.4: Selected voltage cycles between 6V and -6V, applied to a STO(100)/LCO/LLZO

heterostructure annealed at 600 °C for 30 minutes. A linear increase in negative current is observed

at positive potentials, with small positive currents under negative applied bias.
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Figure AIll5: Selected voltage cycles between 8V and -8V, applied to a GGG/LLZO/LCO

heterostructure annealed in pristine condition. The current changes linearly at all applied voltages

and did not significantly change across 10 charge cycles.
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Abbreviations
Aluminium oxide ALO
Annular bright field ABF
Anti-phase twin APT
Atomic resolution AR
Backscattered electron BSE
Bright field BF
Cobalt Co
Cobalt Oxide co
Condenser aperture CA
Condenser lens CL
Dark field DF
Diffraction pattern DP
Dimethyl carbonate DMC
Electrode-electrolyte interface EEI
Electron backscatter diffraction EBSD
Electron energy loss spectroscopy EELS
Energy dispersive spectroscopy EDS
Ethylene carbonate EC
Everhart-Thornley EHT
Focused ion beam FIB
Gadolinium gallium garnet GGG
Grain boundary GB
High angle annular dark field HAADF
High resolution HR
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Abbreviations

Highest occupied molecular orbital
Lanthanum

Liquid electrolyte

Lithium

Lithium cobalt oxide

Lithium lanthanum zirconium oxide
Lithium metal oxide

Lithium phosphoxinitride

Low angle annular dark field

Low temperature

Lowest unoccupied molecular orbital

Manganese

Nickle

Objective aperture
Photomultiplier tube
Precision ion polishing system
Pulsed laser deposition
Rock salt

Secondary electron
Selected area diffraction
Sodium

Solid electrolyte interface
Solid-state battery

SSE

Strontium titanate

Transmission electron microscopy

HOMO

La

LE

Li

LCO

LLZO

LMO

LiPON

LAADF

LT

LUMO

Ni

OA

PMT

PIPS

PLD

RS

SE

SAD

Na

SEI

SSB

SSE

STO

TEM
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Abbreviations

Upper electron detector

Upper secondary electron detector
Window of stability

X-ray diffraction

X-ray Photoelectron spectroscopy

Zirconium

usb

WOS

XRD

XPS

Zr

UED
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