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Lithium Titanate Anode Thin Films for Li-lon Solid State

Battery Based on Garnets

Reto Pfenninger,* Semih Afyon, Ifigo Garbayo, Michal Struzik, and Jennifer L. M. Rupp

Solid state electrolytes, such as Li-Garnets, are fastest Li-ionic conductor
materials that have attracted attention for safe hybrid and full solid state
battery architectures. Turning to oxide-based low voltage anodes gives
opportunities to avoid Li-dendrite formation and also to reach full thin

film microbattery architectures based on garnets as high energy density
replacement for supercapacitors. Herein, it is demonstrated that Li,TisO;,
thin films deposited by pulsed laser deposition can show stable structures
and cycling kinetics reaching almost close to theoretical capacity of

175 mAh g~ when combined to Lig 55Al, 25La;Zr,0,, pellets. Stable operation
at room temperature with 90% of theoretical capacity retention at 2.5 mA g™
over 22 cycles is achieved on bilayer half cell batteries. Rate capability
studies show promising charge and discharge capacities and act as a case
study for the well-known Li,TisO,, thin film anode, demonstrating its good
compatibility with the investigated solid garnet electrolyte. This gives new
perspective on the use of oxide-based low voltage anodes for future strategies
avoiding Li-dendrite formation or safe solid state microbattery thin film

assemblies based on Li-garnets.

1. Introduction

Next generation energy storage technologies for stationary and
mobile electronics rely on materials and devices with high gravi-
metric and volumetric capacity.!! Safety aspects such as operation
in rough environments and at a widened temperature window
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maintaining the device material structures
are also equally important?l Here, all-
solid-state batteries are promising, since
they show superior chemical stability,
better packagingl®* and improved safety
(i.e., no inflammable liquidsP)). In addi-
tion, one may even use the opportunity to
gain higher endurance during operation
and option to work at high temperatures
to further enhance its Li diffusion kinetics.
Latter is attractive if we consider integrating
solid state battery components as future
integrated circuit components co-operating
and managing waste heat for chip architec-
tures!® in the internet of things or simply for
industrial large-scale power management.
Considering the scalability, ceramic
all-solid-state  battery constituents are
easily transferrable to thin film micro-
battery architectures”® for powering
of portable electronics and chip units
such as sensors or actuators. Recent
reports show clear potential to surge
forward to replace supercapacitor structures.’! This is
on the one hand due to the high inherent energy densi-
ties of solid microbatteries, which can omit by their nature
classic packaging requirements and also minimize elec-
trode distances by the employment of thin film processing of
the components by two to three orders of magnitude.'*'2l Com-
paring state-of-the-art performances, up to 7.4 mW cm™2 pum™!
can currently be reached as recently demonstrated by Lewis
group for a NiSn/LiMnO,-based hybrid microbattery showing
high potential, but still including a liquid type electrolyte.”""!
Now, using solid state thin film techniques classic liquid and
polymer separators can be eliminated for a simplified structure,
whereby high packaging density and safety are improved and
Li diffusion length is shortened due to its tenth of nanometer
in film thickness, as demonstrated by the Van Notten group.”!
Looking at feasible all-solid state electrolytes, it becomes
apparent that several requirements on such materials are
desired, among which high lithium ionic conductivity, the
temperature and mechanical stability, and chemical stability
versus metallic lithium are equally important. Among the dif-
ferent all-solid state electrolytes available today!3! (e.g., Na
Super ITonic CONductor,"1¢ Li Super Tonic CONductor,!'7-%]
or Li Phosphorous Oxy-Nitride?%) cubic garnet Li;La;Zr,04,
(LLZO)-based structures?!l are of particular interest. First
reported by Weppner and co-workers,??l LLZO with fast Li*-
conduction of up to 1 mS cm™! has been demonstrated at room
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temperaturel?!] that positions the garnets as one of the highest
solid-state inorganic Li* conductors available. Li;La;Zr,0q,
exhibits two different crystallographic phases, a low conductive
tetragonal phase and a high conductive cubic phase, as first
described by Awaka et al.?>?Y However, the stabilization of the
cubic Li;La;Zr,0;, phase at room temperature is challenging,
as is its processing to dense ceramic pellets due to Li-losses at
elevated temperatures.?>2¢ Different attempts to stabilize these
structures by doping on either the Li-site (Ga** and Al3*),125:27-2]
the La-site (Nd3*, Sr?"),223931 or the Zr-site (mainly Ta>*)3233
have been successful. Among the highest Li conductivities and
stable structures have been achieved through, doping on the
Li-site with AI3*,34361 which we will depict through this study
as the solid state electrolyte material of choice. Furthermore,
transferability to thin film form has been shown to be chal-
lenging and is not yet fully understood, leaving a lot of room
for improvement to the field, thus giving reasons to the impor-
tance of understanding electrode interactions and battery per-
formance starting from bulk pellet-based model systems first.
From an electrode perspective, all-solid-state batteries have the
potential to integrate new and mostly unexplored high capacity
and energy electrode materials such as vanadate-based?®”! or
sulfur®®-based composites which show conventionally a low
stability in standard liquid or polymer-based Li-ion batteries for
long term cycling. Despite the progress on LLZO as a solid state
electrolyte, only a few systematic studies have been conducted
on the combination of electrodes with garnet-type Li;La;Zr,04,
electrolytes, so far; viz. the chemical stability and operation
conditions of full LLZO-based battery cells are still under dis-
cussion.*l Previously, main focus in the field has been set on
pulsed laser deposition (PLD) and investigation of cathodes for
Li-garnet electrolytes: i.e., LiCoO, cathodes, see Asaoka group,
reporting capacities of 130 mAh g with cycling stability chal-
lenges.**3 Very recently, first oxide-based anodes of Li,TisOy,
were fused with Li-garnets and successfully cycled as stable
solid state batteries based on cost-effective ceramic processing
by Van den Broek et al.*Yl Apart from this, there is only one
additional literature report on Al-doped Li;La;Zr,0,, electrolyte
in a battery assembly with Li,TisO;, and LiMn,0, by Jin and
Mc Ginn.! In general, the anode material Li TisO;, crystallizes
with space group Fd-3m and was shown to be a mechanically
very stable battery-anode material for tests upon standard liquid
electrolytes. With 175 mAh g! theoretical capacity,*® Li Ti5O;,
remains moderate with an average voltage of =1.5 V versus Li
when tested in liquid electrolyte-based Li-ion batteries.*’] How-
ever, fast discharge rates,*®l a flat voltage profilel*”! at around
1.5 V and very similar lattice parameters of the fully delithiated
phase Li,TisO;, and the lithiated phase Li;TisO,, give rise to
very low lattice strain upon cycling which is attractive to manage
the chemomechanics.”® The latter is particularly important in
the case of all-solid-state batteries, since induced strain due to
large volume expansion during lithiation/delithiation is one of
the main causes of cracks, delamination and poor battery per-
formances potentially restricting lifetime for all-solid batteries.
Here ceramic processing strategies to form strong interfacial
bonds between the electrolyte and the electrode are needed, as
is the electrochemical study of the material interface Li TisO;;
anode/Li;La;Zr,0;, electrolyte. One challenge that needs to
be addressed particularly for future microbattery integration
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of Li-garnets is the processing of Li,TisO;, in the form of
thin films. In this regard, several attempts have also been
taken already to deposit Li,TisOq, as thin films either by radio
frequency-sputtering,!! sol-gel methodP? or PLDP3 on
classic Li-electrolytes such as quartz, oriented Al,O3;, MgAl,O,,
or coated silicon substrates. Testing in liquid-based electro-
lytes have usually shown capacities around 90% of the theo-
retical maximum.P3 It remains open at this point whether
nanograined Li;TisOy, films are electrochemically stable toward
Li-garnets in terms of their interface. Recent progress of Van
den Broek et al.*Y does confirm high stability for micrometer-
sized thicknesses of =40-50 pm slurry-coated layers when com-
bined with Li-garnet bulk pellets. However, at the thin film level,
the nanoscopic grain structures and high grain boundary vol-
umes may lead to differed Li-ionic transfer and capacities,>®>’]
which are to be explored, in particular in very low C-rate cycling
with careful focus on the observable oxidation and reduction
reactions. Besides, it is known that strain effects can strongly
be imposed when turning to thin film, which can alter even the
interfacial impedance characteristics toward a solid electrolyte
and can vary the ionic transfer over orders of magnitude.8>%
Despite the effort of the transfer, all-solid-batteries of Li-garnet
structures with thin films of the anode material Li,Ti;O;, still
have to be constructed and tested thoroughly. It remains even
unclear from previous reports, whether such interfaces of pellet-
Li;La;Zr,0;,/anode-Li,TisO;, electrode are stable, for which
thin film structures are viable objects of study. The implica-
tion of these investigations would further allow to judge on the
potential of Li,TisO;, material as an alternative to pure Li anodes
in safe and large scale ceramic batteries with extended tempera-
ture window but also as thin-film anode material for future
microbattery architectures. In addition, we rate the exploration
of alternative anodes for Li-garnet solid state electrolytes as sig-
nificant as also recent reports of Aguesse et al.l®% revealed that
the employment of pure lithium may lead to short circuiting
by Li dendritic growth upon prolonged cycling. From a general
materials perspective, one may learn deeply from the anode-
application use of Li TisOy, as it has been studied extensively in
the field of liquid electrolyte-based batteries!*>*1-03 and hybrid
cell microbattery applications,”! for example, where Li Ti5O;,
has been 3D printed on a glassy substrate immersed in a liquid
electrolyte. In essence, we see a huge prospect for integration
and novel battery cells combining the Li,TisO;; in the form of
thin films to Li-garnets as model structures to understand the
interface stability and electrochemistry for large-scale battery
storage and particularly in the area of thin film microbatteries.
Through this work, we demonstrate the fabrication and inves-
tigate all-solid-state Li-ion batteries combining the anode material
Li;TisOq, in the form of thin films with the Li-garnet electrolyte
c-Lig 55Alg 25La3Zr,04,. We show composition control and deposi-
tion of dense and crack-free Li TisO;, thin films on Li-garnet pel-
lets as well as on single crystalline substrates such as MgO. We
probe the near order vibrational characteristics and confirm their
phase stability when deposited as thin films via Raman spec-
troscopy. Electrochemical impedance spectroscopic techniques
were employed to investigate the impedances relative to the
nanostructure and phase for the anode thin films of Li TisOy,.
Eventually, we probe the lithium dynamics in charging and
discharging, as well as its incorporation to Li TisO;, electrodes
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Figure 1. a) Cross-sectional SEM image of a Li TisO4, thin film deposited by pulsed laser deposition on an electrolyte substrate. b) Raman spectra of
thin film of Li,TisOq, deposited on MgO recorded with 10 mW power and 532 nm wavelength and comparison to powder reference patterns (LisTisO1,)
as well as overlithiated PLD target (Li;;TisO1,). ) Nyquist plot of impedance measured in in-plane geometry with platinum top contacts at 200 and
300 °C, respectively (dots) and fitting according to a resistive element in parallel with a constant-phase-element (lines). d) Arrhenius plot of Li,TisO;
thin film on MgO. The thin film is compared toward literature references obtained from Li TisO;; pellets. The activation energy of 0.78 eV is in line with
pellet dc-conductivity as well as spin-alignment echo (SAE) nuclear magnetic resonance (NMR) spectroscopy reported in literature.[67:6879

in combination with the Li-garnet electrolyte, studying the devel-
opment of cell potential and capacity with respect to (dis)charge
rates toward Li counter electrode. Ultimately, we conclude on the
potential of lithium titanate anodes as future electrodes for Li-
garnet electrolytes, discuss their stability as solid-solid interfaces
for large scale storage and microbattery applications.

2. Results and Discussion

2.1. Thin Films of Li TisO,; Anodes on MgO Substrates

We first turn to the investigation of the anode Li,TisO;, thin
film microstructure and its crystallinity after PLD deposition
on MgO substrates. Figure 1a displays the cross-sectional SEM
image of a thin film deposition of lithium titanate of roughly
80 £ 5 nm in thickness deposited on an electrolyte pellet. A
continuous, flat, and dense microstructure was observed for
the Li,TisO,, anode films forming a sharp interface after depo-
sition toward the Lig;5Al),5LasZr,0y, pellet electrolyte. (Lower
magnification SEM images of the electrolyte pellet as well as the
thin film grown on the electrolyte can be found in Figure S4a,b,
Supporting Information, respectively). Microstructure of the
Li,TisO;, films reveals tendency of slightly columnar grain
growth. We use Raman spectroscopy as well as XRD (Figure S1,
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Supporting Information) to analyze the phase constituents of the
Li,TisOq, film (Figure 1b). Herein, Raman spectrum of the thin
film is compared versus the respective powder reference data
for Li,TisO;, powder and to the overlithiated Li;;Ti;O;, PLD
target in use. In general, three main Raman active bands can be
observed for pure Li,TisO;, positioned at 671, 421, and 231 cm™
corresponding to the symmetric stretching vibration mode Ay, of
the Ti—O bond, the asymmetric stretching mode E, of the Li—O
bond and the bending vibration mode F,, of the Ti—O, respec-
tively. These are well distinguished in the deposited lithium
titanate films, whose spectra match perfectly with the reference
powder, thus confirming the formation of the spinel Li TisO;, in
the films as deposited from the overlithiated Li;;TisO;, target.
We also note additional Raman vibrations at =300 cm™! and peak
splitting are around 421 cm™ which are ascribed to Li-vibrations
occurring from the strong overlithiation for the pellet target, this
is in line with previous pellet-based reports from literature./+-¢¢]

To study the implication on the Li-transfer of the deposited
film to the MgO substrate, we now turn to electrochemical
impedance spectroscopy probing the Li-ionic transport kinetics.
Figure 1c shows an example of two impedance spectra acquired
in the deposited films with zero bias at two selected measuring
temperatures, being 200 and 300 °C. The in-plane measuring
configuration with top rectangular platinum electrodes is
depicted as an inset of Figure 1c. Analyzing the Nyquist plot, we
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Figure 2. a) Optical image of Lig 25Alg 25La3Zr,04, pellet with thin film of
LisTisO5, on top. b,c) SEM images of the surface morphologies at different
magnifications. d) Cross-sectional SEM image of the Lig ;5Alg55La3Zr,04,/
LisTisO4, heterostructure. €) Raman spectra recorded with 10 mW power
and 532 nm wavelength of the respective thin film/target and comparison
to powder reference patterns recorded in our lab (Li4TisO;).
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confirm a clear semicircle for the impedance at high frequen-
cies with an additional tail attributed to the platinum blocking
electrodes (see Figure S2, Supporting Information) based on
frequency comparison and literature. Impedance characteris-
tics of the system shown in this geometry contain contributions
from both majority ionic as well as potential minority electronic
transport. The first semicircle was therefore attributed to the
thin film and fitted to an equivalent circuit model of a resistor
in parallel with a constant-phase element. We employ the resist-
ance fitted by the equivalent circuit model for the Li,TisO;,
thin film to study the Arrhenius behavior of conductivity. In
Figure 1d, the thin film of Li;TisO;, grown on (001) MgO is
compared to literature of spinel Li,TisO;, bulk pellet.l768l
Both, the measured activation energy of 0.78 eV and the cal-
culated conductivity are in agreement with values obtained in
literature for Li,TisO4, pellets such as of Wilkening et al., which
also shows some spread.l®”%8l We find a one to two orders of
magnitude lowered conductivity measured for the nanocrys-
talline Li TisO;, thin films, when compared to the macrocrys-
talline bulk pellets. However, it is important to highlight here
that transfer from microcrystralline pellets to nanocrystalline
thin film often lowers conductivity due to the changed grain-
to-grain boundary volume ratio, see, i.e., ref. [69]. This is also a
known phenomenon in other classes of oxides."*7%

Based on the results obtained from this thin film pro-
cessing and structural analysis we confirm for Li,TisO;, on
MgO that dense Li,TisO,, thin films can be deposited in the
desired phase of spinel Li,TisO;, and can now be grown on
Lig 25Aly55La3Zr,0,, electrolyte ceramic pellets to be investi-
gated as all-solid-state battery assembly in the following.

2.2. Thin Films Of Li4Ti50'|2 on Li-Garnet Li6.25A|0'25L33Z|’2012
Substrates for Pellet-Based Battery Assemblies

We now turn to the battery assembly for which Li,TisO,, films
were grown by PLD on home-made dense Lig,5Al, 55La3Z2r,04,
pellets. The microstructure of Li,TisOq, films deposited on the
electrolyte pellets (Figure 2a), which was investigated by SEM
and is displayed in Figure 2b—d. The top view of the polished
electrolyte pellet surface with PLD-deposited Li,TisO;; thin film
on top exhibits homogeneously flat and continuous microstruc-
ture for the thin film anode (Figure 2c), opposed to that of a
fresh polished pellet surface without thin film (Figure 2b). It is
assumed that the particle agglomerates in that image formed
during exposure of the pellet to ambient atmosphere. Since
Li;La;Zr,04, is known for reacting with humidity and CO,, to
form Li,CO5”>74 on the surface of the pellet without Li,Ti5O1,
coating, as observed also by other investigators.?’] In Figure 2d,
cross-sectional SEM has been performed on the anode film/
electrolyte pellet interface before battery cycling.

In Figure 2e, the Raman spectra of the battery half-
cell comprised of Li,TisO;; thin film deposited on the
Lig p5Aly55La3Zr,04, pellet is displayed and compared to an
anode powder of Li,TisO;, and an electrolyte Lig,sAl),5LaZ
1r,01,. Here, the observed spectrum shows bands from thin film
of Li;TisO, as well as contribution from the underlying electro-
lyte substrate. This is expected, since the penetration depth of
the Raman signal were to penetrate more than the 80 nm of thin
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Figure 3. a) Sketch of a battery half-cell assembled for cycling experiments based on the system Li foil | Lig 25Alg 2sLa3Zr,0q; pellet | LigTisO4, thin
film | Cu current collector. Tungsten needles (black) were used to contact top and bottom electrodes. b) Charge and discharge profiles for the battery
half-cell with thin film Li,TisO, electrode. The typical voltage plateau of Li,TisO, at around 1.5 V can be clearly observed. c) dQ/dV-plot of cycle number
3 at rate of 2.5 mA g7'. d) Rate capability study of the same cell under different current rates. The discharge rate (red) was higher with respect to the

charge rate (black).

film thickness reaching into cubic garnet Lig,5Al,,5La3Zr,04,
who's Raman modes have already been described by several
authors and matching well to the ones observed here.[?>7375.70]

We confirm that the observed spectrum shows existence
of both desired structure types for the battery and near order,
namely, the spinel phase for thin film of Li,TisO,, as well as
Lig »5Aly55La3Zr,0,, from the underlying electrolyte substrate
after processing which is subjected in the following as half-cells
for battery tests.

2.3. All-Solid-State Battery from Thin Film Li,TisO,, and Cubic
Garnet Li6'25A|0.25L332I’2012

The successful deposition of Li;TisO;, phase therefore gave rise
to an assembly of a battery cell: Figure 3a shows the schematic
of the cell measured (LigysAly,5La32r,01,, with the LijTisOq,
thin film), including a current collector of Cu and Li metal foil
as reference. Chemical comparability of the Li,TisO;, thin film
deposited on MgO and on the garnet pellet was based on the
assumption that a close phase transfer of 1i TisO,, is present;
however, changes in the interface chemistry by nature of dif-
ferent substrate have to be accounted. We demonstrate the
successful galvanostatic charge and discharge profiles for the
assembled cell (Figure 3b) over 22 cycles. A discharge capacity of
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=300 mAh g! is obtained at the 1st discharge cycle that recovers
close to the expected theoretical value of =175 mAh g! at the
subsequent cycles. Note that we assign the irreversible discharge
capacity obtained in the 1st cycle to potential additional oxide and
hydroxide phases present at the solid electrolyte/Li,TisO;, inter-
face as a result of the air exposure. In order to exclude the for-
mation of TiO, (anatase or rutile) impurity phases, the Raman
spectra of both grown Li TisO;, thin films on MgO as well as on
the Lig 55Aly 55La3Zr,04, pellet have been compared to powder ref-
erence spectra of TiO, anatase as well as TiO, rutile, as shown
in Figure S3 in the Supporting Information. Typical charge and
discharge plateaus for Li,TisO;, can be clearly observed and the
cycling is reversible for the tested cell. In Figure 3c, the dQ/dV
plot taken from the 3rd charge/discharge cycle also corroborates
our findings with oxidation and reduction peaks at 1.57 and
1.53 V, that can be clearly assigned to Li; TisO;, and comparable
to similar solid*¥ and liquid*" electrolyte-based batteries oper-
ating with Li;TisOq, slurry-cast anodes in literature. Oxidation
and reduction peaks show the polarization in the system that can
be quite expected in an all-solid-state cell due to interface resist-
ance effects. The rate capability test within the first 22 cycles is
shown in Figure 3d. The battery cell was tested with charge/
discharge rates of 2.5 mA g! (6.3 X 10~ mA cm™), 12.5 mA g!
(3.1 x 107* mA cm™), 25 mA g! (6.3 x 10 mA cm™?), followed
by 2.5 mA g! (6.3 X 10 mA cm™?). Due to the nature of the
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Figure 4. Overview on published workl0-4430-87] on garnet LLZO-based
battery assemblies in voltage versus achieved gravimetric capacity rep-
resentation. Different deposition techniques are distinguished by color.
Black indicating thin film electrode work, blue indicating any type of slurry
deposition technique, and green standing for cosintering approaches.

low cycling speed chosen, stable operation of the cell was main-
tained for 29 d. Though the Coulombic efficiency is rather lim-
ited at lower rates (e.g., 2.5 mA g!), it recovers to above ~95%
at the higher rates (e.g., 12.5 mA g!). A discharge capacity
of 97 mAh g! is obtained at the 15th cycle even at the highest
rate of 25 mAh g' that is an encouraging value considering
the similar Lig,sAly,5La3Z1r,0;,-based solid-state systems which
are not thin film based and often operate at higher than room
temperature.[*4

In summary, Li,TisO,, thin film/Lig,sAl, ysLa3Zr,04, pellet/
Li batteries could successfully be used to build and cycle the first
thin film-based anode/Lig ,5Al; 55La3Z1r,04,-system with charac-
teristic and reproducible voltage plateau at around 1.5 V close
to theoretical capacity of 175 mAh g='. In comparison to litera-
ture work on Li-garnet all solid state batteries, one could state
that the results demonstrated in this work are a step forward in
the field of all-solid-state batteries based on Lig 55Aly 55La3Zr,04;
solid electrolytes (see Figure 4). The previous investigations of
thin film electrodes with Lig,5Al,,5La3Zr,0;;, solid electrolytes
delivering capacities close to the theoretical values under stable
cycling conditions mostly focused on cathodes (e.g., (LiCoO,)
from Ohta et al.l*!l). Thus, this study gives new perspective on
the use of oxide-based low voltage anodes for future strategies
avoiding Li-dendrite formation or safe solid state microbattery
thin film assemblies based on Li-garnets.

3. Conclusion

In this work, we demonstrate that Li-garnet electrolytes pro-
cessed as pellets and combined with Li TisO;, thin films can
show stable cycling kinetics and reach almost close to theo-
retical capacity of 175 mAh g'. We demonstrate here the
stable operation at room temperature during 29 d with 90% of
theoretical capacity retention at 2.5 mA gt over 22 cycles. The
results clearly indicate two implications to the all solid state
battery field and technology: First, although a lot of effort was
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already put in the development of suitable cathode materials
for garnet electrolyte-based batteries, the conducted work
positions itself as one of the first successful attempts to also
implement thin film anode materials. This represents an
important step forward toward the successful fabrication of
full metal oxide-based batteries with Li;La;Zr,0,, electrolyte
compounds. It also opens up new pathways in fabrication of
future batteries with various solid oxide electrode materials, as
well as to form fully ceramic microbatteries possibly on chips.
Second, we report by the stable cycling kinetics a high sta-
bility of the Li,TisO,, oxide anode toward Lis,5Al,,5La3Zr,01,
which is of relevance in view of current Li-dendrites forming
easily for systems with metallic lithium anode solely.®” Den-
sity functional theory calculations by the Ceder group””! sug-
gest that Li,Ti;Oy, with its voltage plateau around 1.5 V fits
perfect into the stability window of the presented electro-
lyte and agree with the presented findings. This benchmarks
the suitability of oxide-based anodes such as Li,TisO;, as alter-
native to lithium for safe microbattery to large-scale storage.

4. Experimental Section

Material ~ Synthesis of the Li-Garnet Electrolyte Pellet Substrates:
Lig25Alg 25LasZr,O1, powder was synthesized and dense pellets were
prepared from it based on the methods shown by Van den Broek et al. in
ref. [44]. Stable sols were obtained by dissolving stoichiometric amounts
of LiINO;3 (99.99%, Merck), La(NO3);(H20)¢ (99.9%, Alfa Aesar), and
zirconium(lV) 2,4-pentanedionate (Alfa Aesar) in a water and ethanol
mixture which were fired at 600-650 °C after drying. After uniaxial as well
as isostatic pressing (440 bar for 3 min) sintering took place at 1050 °C for
12 h. Sintered pellets of 11 mm in diameter were obtained and all showed
>85% of theoretical density and initial thicknesses of around 1.2 mm.
They were polished equally on both sides to <600 um (see the Supporting
Information for a detailed description of the polishing process).

The corresponding reference materials for Raman analysis LisTisO5;,
(>99% Aldrich) TiO, (rutile, 99.5% Aldrich) as well as TiO, (anatase,
99.7% Aldrich) were delivered from Aldrich and used as received.

Thin Film Processing of Li TisO;, Anodes: It was first turned to the
processing of a suitable target for Li,TisO;, to deposit in Pulsed Laser
Deposition eventually the films. For this, dense LisTisO, pellets were
sintered for their use as target in PLD. In accordance, LisTisO;, (Sigma-
Aldrich, >99% purity) and Li,O (Alfa Aesar, 99.5% purity) were used
as initial precursors in the adequate amount to match a final nominal
stoichiometry of Li;;TisO;,. A solid state route was used for the
synthesis, for which the powders were first mixed under inert atmosphere
inside an Ar-filled glovebox and grounded in an agate mortar and then
calcined at 850 °C for 12 h. Reground powder was pressed into pellets,
then uniaxially pressed followed by cold isostatic pressing (440 bar for
2 min) and sintered in an alumina-tube-furnace under constant flow
of 30 sccm O,. The sintering was conducted at 1000 °C for 12 h with
heating and cooling ramp rates of 5 °C min~'. With this, pellets with
82% relative densities were achieved. Pellets were then stored in an
argon-filled glovebox to avoid exposure to CO, and humidity and their
surface polished thoroughly prior their use as targets for pulsed laser
thin film deposition.

Eventually, the fabricated targets were used to deposit thin films
of LisTisOy, by means of pulsed laser deposition. The deposition
equipment (PLD, Surface, Germany) was equipped with a KrF excimer
laser of 248 nm wavelength and films were deposited at a frequency of
10 Hz with a target to substrate distance of 70 mm and background
pressures of 13 mTorr O,. The temperature of the substrate was kept
constant at 500 °C during thin film growth. Two different substrates were
used for thin film deposition in this study: First, (001) oriented MgO
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substrates (Crystec, Germany) were used for thin film structural and
electrochemical analysis. Then, Li,TisO;; films were grown on top of the
Lig 25Alg25La3Zr,0q; electrolyte pellets, for building and testing all-solid-
state Li-ion cells. In all of the cases, the resulting thickness of the thin film
was adjusted by the number of laser shots applied, extrapolating linearly
from measured growth rates by profilometry (Bruker Dektak, USA).

Electrolyte Lig y5Alg 5LasZr,O;, Pellet and Anode Li,TisO;, Thin Film
Structural Characterization: Li; 1 TisO4, pellets as well as Lig ,5Alg y5La3Zr,04,
electrolyte pellets were characterized by X-ray diffraction (XRD, Bruker
D8, USA) with Cu K. Microstructure of the deposited thin films were
investigated by scanning electron microscopy (SEM, Leo 1530, Germany).
Raman spectroscopy at 10 mW power and 532 nm wavelength to ensure
low required penetration depth (WiTec, Germany, spectral resolution of
0.7 cm™') was used for near order structural analysis.

Electrochemical Characterization of Thin Films and All-Solid-State Cells:
Electrical impedance spectroscopy was performed for electrochemical
analysis of the fabricated thin films. An in-plane geometry was used,
with 100 nm thick electron beam evaporated platinum electrodes of
lateral dimensions of 3.25 mm x 0.5 mm, separated 0.25 mm (Plassys
MEB 550, France)—see inset picture in Figure 1c. An impedance
measurement device (Zahner IM6, Germany) was attached to a heated
Linkam stage (Linkam Scientific, UK) and the respective Nyquist data
in the frequency range of 1 Hz to 1 MHz was analyzed with ZView 3.4f
and OriginPro 9.1. In order to measure Arrhenius activation energies of
thin films, samples were heated between 50 and 400 °C under synthetic
air flow of 50 sccm. At each temperature, samples were stabilized for
several minutes to assure an equilibrium was reached before any
measurements took place.

Battery cells of the Lig,sAlg,5LasZr,0q, pellets with LigTisOq, thin
films deposited on one side were then built. The complete cell was built
by depositing 100 nm of copper (Plassys MEB 550, France) on top of the
LisTisOq; thin film working electrode for current collection and pressing
a Li-metal foil on the backside of the pellet acting as the reference and
counter electrode. Prior to press contacting of the Li-metal, both the
pellet and the Li-foil were polished thoroughly to remove any resistive
Li,CO; (which is prone to form on Lig,sAlg2slasZr,Oq, pellets),l”l
as well as traces on the surface of the Li-metal. All cell construction
experiments were carried out inside an Ar-filled glovebox. In order to
maintain good contact between the Li-foil and the pellet, a ceramic
disc of 5 mm diameter has been used to firmly press the pellet to the
Li-foil and ensure good contact. The cell geometry and design can be
seen in Figure 3a. Electrical contacts were done through tungsten needle
contacts placed directly on top of the Li-foil and the platinum or copper
top contact, respectively.

Galvanostatic cycling was carried out inside the glovebox with a
source measurement unit (Keithley 2602B, USA) with own written
code (Python)78 and took place between 1.0 and 2.6 V. Measurements
were carried out at room temperature. The applied current rate for the
following galvanostatic cycling was calculated with the assumption
of a dense, homogeneously flat thin film of constant thickness of
80 nm. Rates between 2.5 and 25 mA g! were applied. The effective
area of active electrode which was broken away was kept minimal and
the new geometry of the cell was measured by top view microscopy
image and Image) was used to assess the new surface area with high
accuracy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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