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Summary

Transportation is a major contributor to global COg emissions and electrifying
fossil fuel based vehicles could lead to a significant reduction of those emissions.
As safety is paramount for vehicles, the use of lithium metal as an anode material
has been avoided, due to flammability of the electrolytes and the propensity of
lithium dendrite formation. Instead graphite is used as an anode, though its
capacity is 10 times lower than the one of lithium metal. Through the use of non-
flammable solid electrolytes the safety issue can be remedied making the lithium
metal anode viable again, but the issue of dendrite growth remains. Which is
why this work focuses on investigating dendrite growth in solid electrolytes and
on developing possible mitigation strategies.

In the first paper of this work the influence of a pulse charging protocol com-
pared to a direct current charging protocol on dendrite growth in Ta doped-LLZO
(LLZTO) solid electrolytes was investigated. Hot pressed polycrystalline and
Czochralski grown single crystalline LLZTO were shaped to cuboids and sub-
jected to extensive surface polishing to minimize surface defects. The surface
roughness was determined via Atomic Force Microscopy (AFM). After heat treat-
ment, to remove contamination layers, the samples were coated with a Li/Sn
(30wt% Sn) alloy and cycled with increasing current density to an assumed ca-
pacity of 200 pAh/cm? until failure, reaching the critical current density (CCD),

vii
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where dendrites grow, with direct current charging, as well as pulse charging.
For the pulse charging 1 MHz pulses with a 1:1 pulse pause ratio were used. For
single crystalline LLZTO there was no improvement through the usage of pulse
charging, whereas polycrystalline LLZTO showed a threefold increase in the ef-
fective CCD, which takes the longer charging duration into account. Further-
more, the growth speed decreases for polycrystalline LLZTO when pulse charg-
ing is used. Since previous, purely mechanical, mechanisms do not explain the
change occuring only for polycrystalline LLZTO, as confirmed by stress relax-
ation simulations for this condition, showing no change between direct and pulse
charging, the mechanism was extended to take the local Li activity into account.
Cross sectional nano XRD measurements show a diffusion-based stress decay at
the dendrite tip which supports this hypothesis.

The second paper explored the change of material properties via ion implanta-
tion and the effect on the fracture properties, especially in regard to dendrite
growth. After following the same surface preparation as in Paper I, Ag ions were
implanted into the top 1 pm of the surface. The impact on the material structure
was investigated via scanning precession electron diffraction (SPED) and cross-
sectional nano XRD, showing amorphization of the top 650 nm as well as the
creation of a compressive stress zone of up to -700 MPa below the amorphized
layer. The determination of the Ag location in the LLZTO was attempted via
Atom Probe Tomography, APT, but the implanted Ag content was too low for de-
tection. A qualitative Ag detection was achieved via TOF SIMS. Nanoindentation
was used to mechanically induce cracks in the implanted region showing cracks
growing parallel to the surface. Electrochemically induced cracks show a similar
behaviour and deflect after the implanted zone. Electrochemical impedance re-
veals that the amorphous layer has a significantly lower ionic conductivity and
therefore annealing procedures may be necessary for future work. Nevertheless,
it suffices as a proof of concept that ion implantation can potentially help extend-
ing the lifetime of a battery by deflecting a growing dendrite.

The third paper investigated the state of the solid electrolyte in close proximity
to a lithium dendrite via Dark Field X-Ray Microscopy, DFXM, to provide a novel
understanding of the point of failure in the solid electrolyte, where the dendrite
causes crack growth. It was found that dislocations are created close to the den-
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drite tip possibly caused by the stress of the dendrite. We hypothesise that those
dislocations could pose a weakness in the material guiding the direction of the
fracture and why it branches out.
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1.1 Background and motivation

The impact of climate change can already be felt in various ways. The first
and most prominent indicator is the increase in natural disasters, like droughts,
which can damage crops and dry out the land, increasing its flammability. This in
turn makes wildfires more likely and harder to deal with, such as in the extended
forest fires in Australia in 2019-2020.'-3 There the land was rather parched
when there was little precipitation for over 2 years. Bushfires then laid waste
to an area of 0.24 - 0.34 million km?, the area varying due to different reporting
standards employed, causing significant damages. 4

According to the IPCCS sixth assessment report these effects will only continue.
Increased temperatures over the oceans are likely to cause an increase in evapo-
ration from ocean water. This can boost the intensity and occurrence of storms,
hurricanes and flooding events.® Increasing temperatures over landmasses
makes droughts and heatwaves more prevalent and more intense. A recent
example is the deadly heatwave in India in 2015 which claimed around 2500
human lives in just a few days.® The contradictory seeming prediction that
droughts and floods are going to be more common is caused by the fact that
while more extreme precipitation events, or floods, are likely going to increase,
the total rainfall frequency is decreasing.® Then there are the more long term
effects, which are noticeable over decades, such as the change of ground fertility
in swathes of Africa and southern Europe lowering food production and making
hunger crises more likely.” A reduction in COg-emissions is therefore necessary
to keep the deleterious effects of the increased temperature to a minimum. One
of the major contributors to COg emissions is individual transport using vehicles
powered by gasoline or diesel. In 2019 the transport sector emitted 8.9 Gt of
COg equivalent and was responsible for around 15% of total greenhouse gas
emissions. ® Figure 1.1 shows the increase in COg emissions from transportation
since 1990, containing a slight decrease in 2020 which can be attributed to the
COVID 19 pandemic. By phasing out the combustion engine, which is already
planned by the European Union to occur until 2035, and using an electric motor
instead emissions of greenhouse gasses from transport could be reduced by up to
68%. %9
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Figure 1.1: Global CO2 emissions from transport by sub-sector from 1990 to 2022.
Adapted from IEA 10

One vital component of electric vehicles is energy storage and a large focus is
placed on lithium-ion batterie systems to fulfill this need. Though lithium has
a rather energy intensive and, in some regions, ethically questionable mining
and production process and is not the most abundant material, with the largest
sources being in Chile, Australia and China, it brings quite few performance
advantages to the table.!112 It is the lightest and most electronegative choice
possible, which translates into a very high specific energy density. For an electric
vehicle this means increased range per weight. Other alternatives, which can try
to compete with lithium-ion batteries in this regard are sodium and magnesium
based systems, neither of which have the technological maturity that lithium ion
based systems possess. 1314

An added benefit of vehicle electrification is that charging electric vehicles via
smart meters, which allow charge of the batteries when there is a peak in energy
production, e.g. from intermittent producers like solar or wind and discharge
of batteries if there are peaks in the demand on the power grid, levels the de-
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mand on the grid itself. 1

Furthermore, it increases the energy storage potential
available for renewable energy sources. So far large amounts of energy from re-
newables can only be reliably stored in hydroelectric pump storages, which can-
not be built in all parts of the world. They are also, to some degree, vulnerable
to weather events, such as droughts and extreme rainfall, forcing the release of
water, to alleviate a drought or to keep the storage from overflowing, reducing

available storage capacity. 1617

Energy storage in vehicles has safety concerns attached to it, regardless of the
type of storage. Gasoline and natural gas are both flammable. Hydrogen is
flammable, invisible, odorless and its reaction partner is readily available in the
air.'8 Similarly state of the art lithium ion batteries are also flammable, due to
the organic electrolyte and the reactivity with water. An additional challenge is
that the most commonly used electrolyte salt, LiPFg creates hydrofluoric acid,
HF, in reaction with water. %2 This and the fact that lithium metal, if present,
can react upon contact with water, enabling it to reignite later on its own, makes

it a more hazardous and complicated endeavor to completely douse the flames.

When an electric vehicle crashes in a catastrophic way, that parts, which should
be kept away from each other and from the outer atmosphere, like a flame from
gasoline, find themselves exposed and in intimate contact it is only expected that
it bursts aflame. Unexpected though is that an electric vehicle has the possibility
to ignite on its own. One such case of spontaneous combustion was a Tesla in
January 2023.21:22

A contributor to the spontaneous self ignition can be lithium filaments or den-
drites growing within the battery, which is one of the main challenges in lithium
battery technology. They can form during the charging of the battery, consum-
ing part of the electrolyte when a passivating solid electrolyte interphase (SEI)
grows around them, stopping further reactions. As a result capacity is lost as
less lithium ions are available for storage but there is no failure of the cell.?3 The
dendrite can also continue to grow, piercing the separator layer, finally causing
a short circuit once it connects both electrodes.?* The subsequent discharge of
the battery, which can heat up and ignite the liquid electrolyte used in commer-
cial cells, necessitates multiple safety features. These are voltage controls with
automatic disconnects, to prevent overcharging and short circuiting. Pressure
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vents, also called Current Interrupt Devices, which burst open and electrically
disconnect the cell if the internal pressure is too high, which can be caused by
evaporating electrolyte. For larger battery packs in electric vehicles there are
sensors monitoring temperature, voltage and other safety parameters which shut

off electrical connections in case those parameters are exceeded. 2>

If those safety features fail, the worst case scenario can be a thermal runaway,
where one cell failure propagates to the neighboring cells, heating them up caus-
ing undesired side reactions, which in turn increase the temperature creating a
vicious cycle.?* Particular noteworthy examples of a thermal runaway are the
lithium ion batteries of the Samsung Galaxy Note 7 in 2016, which self ignited
and exploded during charging. 26

For the issue of the flammability of lithium ion batteries, there is a solution in
sight in the form of solid electrolytes, which are reaching performance close to lig-
uid electrolytes without being flammable. This would allow the usage of lithium
metal as an anode material, which was phased out in the 90s due to safety con-
cerns for the graphite anode, even though the capacity of graphite is 10 times
lower.2” The problem of dendritic growth on the other hand still remains un-
solved and present, even for solid electrolytes, though it was hoped that they
would pose a mechanical barrier for the soft growing lithium metal.?® The pur-
pose of this work is therefore to investigate the underlying mechanism of lithium
dendrite growth in solid electrolytes and the establishment of mitigation strate-
gies to overcome this issue.

1.2 Aim of work

The overarching objective of this work is to further our understanding of the
formation of lithium growth in solid electrolytes, more specifically in the garnet
Li7_,LasgZrg_,Ta,O12, LLZTO, as a model system, and to develop possible miti-
gation strategies to inhibit dendrite growth. This work is split in three parts.

The first part is an investigation into the effect of different current waveforms,
such as current pulses, on dendrite growth and if there is a variance in the
dendrites between single crystalline and polycrystalline LLZTO. Pulsed current
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waveforms are already known in literature to lead to denser layer formation, be
it in metal deposition or in lithium ion batteries using liquid electrolytes, extend-
ing their lifetimes substantially. 2°-32 Theoretical work also predicts an inhibiting
effect on dendrite growth by employing pulsed currents.?3 Therefore, the effect
of pulsed currents on dendrite growth in solid electrolyte was investigated exper-
imentally and a mechanism for the effect was established. The main results are
found in Paper I.

The second part focuses on inhibiting dendrite growth by introducing residual
stresses into the surface layer via ion implantation. Theoretical work has shown
that a zone of compressive stress should be able to stop dendrite growth in a
solid electrolyte.3* Recent experimental work delivered a practical proof of this
concept by deflecting dendrites via compressive stress introduced by mechani-
cally bending the solid electrolyte, also using LLZTO. 3% Ion implantation has the
possibility to introduce such compressive stresses and has already been shown
to increase fracture resistance.3® Though there has been a publication which
investigated the effect of ion implantation on cycle life the effect on the den-
drite growth behaviour was not investigated.3” Therefore, residual stress was
introduced by Ag ions implanted into LLZTO, characterized and investigated if
dendrite deflection, which has been achieved by mechanically induced stress,
also occurs. The findings are included in Paper II.

The third work concerns itself with the region of LLZTO surrounding a
dendrite tip. The main challenge in gaining information from this region is
locating and investigating it without changing the properties. One available
non destructive method is Dark Field X-ray microscopy, DFXM, which is able to
probe a larger region with high resolution and delivers information about the
strain state of the material, the mosaicity as well as revealing dislocations. 3840
Therefore the near tip region of a dendrite is investigated with DFXM to shed
more light on the impact of the dendrite on the surrounding regions and how it

can influence propagation of a dendrite. The results are summarized in Paper
II1.
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2.1 Li-ion batteries - Working princi-
ple

2.1.1 Working principle of a Li ion battery

Cu-Electrode ° Separator + Electrolyte _ Al-electrode

Figure 2.1: Schematic of a lithium ion battery during the discharge process

The working principle of a lithium ion-battery is shown in Figure 2.1 above. Li*
ions move from the anode, through a separator, containing an organic electrolyte,
to the cathode during discharge. At the same time electrons move via the outer
connection powering the attached device. In this example the anode consists
of graphite in the charged state LiCg and the cathode is delithiated Li;_,CoOs.
Both of those are intercalation materials where lithium ions can be reversible
moved in and out of according to the following reaction equations depicting the

discharge process. 27
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LiCg— Cg+xLi* +xe” 2.1)
Lii_,Co03+xLi* +xe”™ — LiCo0Oy 2.2)
LixC6 +Li1_xCOOZ—>CG +LiCOOQ (2.3)

Equation 2.1 depicts the reaction at the anode side, which occurs at a potential
of 0.06 V to 0.2 V, depending on the state of charge, using Li/Li* as a reference.*!
Equation 2.2 shows the reaction at the cathode side occurring at a potential of
3.9 V to 4.2 V, again state of charge dependent, against Li/Li*.4% Here x can be a
value between 0, when the battery is fully charged and 1 for the fully discharged
state. Equation 2.3 shows the total cell reaction which also gives the cell poten-
tial, being the difference between cathode and anode potential, of 4 V.

These potentials depend on the electrochemical potentials of the materials used.
It should be noted that, depending on convention, the naming of anode and cath-
ode can change depending on the current flow. For this work the negative elec-
trode possessing the lower electrochemical potential will be referred to as the an-
ode and the one possessing the higher electrochemical potential will be referred
to as the cathode, regardless of the current flow. Furthermore, discharge process
will refer to Li* ion flow from anode to cathode, whereas a charge process will
indicate the reverse.

The amount of lithium that can be stored per amount of charge is referred to
as the capacity, though more often the material dependent specific capacity in
mAh/g is used. Here the theoretical value, of the maximum amount of lithium
able to be stored, would be 372 mAh/g for the graphite anode and 274 mAh/g
for LiCoOs.*3* Since those capacities differ in practice the weight of anode and
cathode are adjusted so an equal capacity is available on both sides.*® Combin-
ing this capacity with the cell potential gives the theoretical energy storage ca-
pability of the battery, typically given in Wh/kg. The separator drenched with a
organic liquid electrolyte keeps the electrodes separate, while allowing for ions
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to traverse. It does not contribute to the energy storage capabilities, same as
other components such as current collectors and housing, while adding weight to
the battery. Which is why practical energy storage values are always below the
theoretical maximum.

Another factor which reduces the attainable capacity is the fact that the reac-
tions shown in equations 2.1 to 2.3 are not the only ones that can take place in
the battery. If those reactions were exclusive to what is taking place inside of a
lithium-ion battery, and were perfectly reversible, energy could be stored rather
indefinitely. There are multiple side reactions which can take place, either during
operation or during storage which reduces cycle and calendar life. One of those is
the reaction of the organic electrolyte with anode and cathode. If the electrochem-
ical stability window, which has its upper bound at the oxidation potential and
the lower bound at the reduction potential of a material does not exceed the po-
tentials of anode or cathode, then an oxidation/reduction reaction will take place
at the respective electrode. During battery operation, overpotentials needed for
the electrochemical reactions to occur, can help to surpass the electrochemical
window and cause reactions in a material deemed to be stable.*’

For lithium-ion batteries this means that in the first few cycles part of the elec-
trolyte and the mobile Li* ions are consumed and form a layer of degradation
products on top of the anode and cathode, which is called the solid electrolyte
interphase (SEI).“8 This SEI layer is passivating the surface, while still allowing
the transport of lithium ions through it. As lithium and electrolyte are consumed
part of the battery capacity is lost. The other dominant side reaction and a main
focus of this work is the formation of lithium metal on the electrodes.*’ This is
illustrated in equation 2.4.

xLit +xe” —xLi (2.4)

While it is possible for the back reaction to occur, the formed lithium can detach
and be lost in the electrolyte again losing capacity.®® More critically though the
lithium metal can continue to deposit and bridge the gap between anode and
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cathode, leading to a short circuit. This deposition often takes the shape of den-
dritic structures, also called lithium dendrites.®! In recent literature references
to dendrites generally have taken to mean just the growth of lithium metal, re-
gardless of the shape it takes on. Especially if it is rather difficult to determine
said shape, such as in solids. For simplicities sake and since this work focuses on
dendrites in solids, this terminology of dendrites describing any lithium filament,
though somewhat inaccurate, will be used, deviating slightly from the historical
and factual meaning.
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2.1.2 History of Lithium-ion batteries

The earliest steps for Lithium-ion batteries were made in the late 1950s with the
intent of using the low potential of lithium. A suitable solvent was required, as
aqueous solvents reacted violently with lithium and were not stable at its poten-
tial. Therefore, the solubility of lithium in aprotic electrolytes was investigated
and the formation of a passivation layer was found. This layer, which is now
known as the solid electrolyte interphase in the battery field stops the reaction

of the electrolyte with lithium, while still allowing for the transport of Li* across
it, 27:48

This discovery then led to the development of the 3 V primary lithium-ion bat-
teries, using a variety of cathode materials, such as SOy, MnOg, while employing
propylene carbonate as an electrolyte. >’

First attempts of rechargeable lithium batteries were made in the beginning of
the 1970s when a research focus was placed on cathode materials which could
intercalate Li", instead of plating it on top. During an intercalation reaction, the
Li* inserts into the host lattice, without changing or destroying it. Later on it
can be removed electrochemically. This way the reaction could be more reversible,
with appreciable capacities. The earliest commercial examples are the Lil| TiSy
battery patented by Whittingham in 1976 and commercialized in the 1980s.%2
Other chalcogenides such as MoSg and NbSe3 were also used as cathode mate-
rials and commercialized.2” With a move up in the periodic table from Sulfur
to Oxygen a breakthrough was made in 1973, when Goodenough first reported
LiCoOg as a suitable cathode material, with a potential of 3.9 V vs Li*/Li and
good electrochemical properties.*? The development of those cathode materials
resulted in the award of the Nobel prize for Goodenough and Whittingham in
2019.%8

Though lithium metal batteries were commercialized, there were safety concerns
due to the growth of lithium dendrites, combined with the flammability of the
organic electrolyte, a concern which remains to a lesser degree even today. To
alleviate this concern the anode was exchanged from the highly reactive lithium
metal to a different candidate, which would emerge to be graphite. Though it
was reported already in the 1950s that lithium could insert into graphite, the
reversible electrochemical intercalation was presented in 1976.%* At that time
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the electrolyte that was used, propylene carbonate, lead to co-intercalation into
the graphite matrix which delayed its usage. Using an intercalation electrode on
the anode as well as on the cathode side was proposed by Armand in the early
1970s to avoid the formation of lithium metal in the cell by only transporting
Li* back and forth, thus reducing the safety problem.®® In 1978 Armand showed
that graphite is a viable intercalation anode using a polymer electrolyte.?® Fur-
ther work by SONY and Yoshino Akira lead to the creation of the carbonaceous
anode, that is widely used in lithium ion batteries today and for which Akira was
honored as the third co-recipient of the Nobel Prize of 2019.%3
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2.2 Li-ion batteries - State of the art.

2.2.1 Anode materials

Looking at the state of the art of Li-ion battery technology starting from the
anode side, the materials can be divided into 4 categories.

¢ Intercalation anodes
¢ Alloy formers
¢ Conversion type materials

e Lithium metal

Examples for intercalation-based anodes are graphite, which is the most commer-
cially used one and the other one of interest is LigTi5sO19, LTO. 57,58 Graphite has
a theoretical specific capacity of 372 mAh/g if it reaches its fully lithiated form
LiCg. 37 Lithium intercalates into graphite at a potential between 0 and 0.25 V
vs Li*/Li (or 3 V vs. normal hydrogen electrode NHE). Through the insertion of
the Li* in between the graphite layers a slight volume expansion occurs due to
the increased interlayer distance, which is 10% larger in the lithiated state.?®

During the first charging in contact with aprotic electrolytes a SEI layer forms
on the graphite which protects the electrolyte kinetically from further electro-
chemical reduction. The morphology and composition of this layer depends on
the electrolyte, salt used, temperature and parameters, like current density,
used during the first reduction. Typical thickness of the SEI can range from
0.02 to 1 pm, varying from the age of the electrolyte.?” Due to the potential
of graphite being relatively close to the one of metallic lithium, the formation
mechanism of the SEI is similar. One issue of this similar potential though is
its propensity for plating metallic lithium, especially at low temperatures and
high currents where the overpotentials can shift the reaction from intercalation

of lithium to formation of metallic lithium. *°
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This is a problem that LTO solves by having a much larger working potential,
of around 1.55 V vs Li*/Li, which is why it is preferred in areas where safety
is paramount, such as batteries for medical devices. This comes at the cost of
“only” being a 1.5 V battery and a lower specific capacity of 175 mAh/g, about
half of that of graphite.?®%0 Its volume expansion is much lower than the one
of graphite, with only 0.1% change in the unit cell volume from the lithiated to
the delithiated state. It has a flat potential plateau for charge and discharge,
owed to its mechanism, where it undergoes a phase transition upon reaching
a sufficient lithium content of Li;Ti5sO19 6! Its disadvantage is that LTO has a
low Li* diffusion coefficient and a low electronic conductivity below le-13 S/cm,

which translates into a poor performance at high charge rates. ?3:62:63

The most researched alloy forming anodes are Si and Silicon Oxides (SiO,). Sil-
icon offers a very high specific capacity of up to 3579 mAh/g and energy density

57,64 Tts voltage against Li*/Li is

of up to 2194 mAh/cm?® at room temperature.
slightly higher than graphite at 0.4 V and it is a readily available nontoxic ma-
terial.?” The biggest issue for Si is the severe volume expansion it undergoes
during lithiation, where it can expand up to 300% if its full capacity is lever-
aged. %455 On the one hand this leads to cracking of the particles, which damages
the SEI layer, that formed on its surface and leads to a consumption of elec-
trolyte and available Li* each time this happens, causing a rapid capacity fade.
On the other hand this can cause the silicon particles to lose electrical contact
from the current collector, due to delamination, which also lowers the coulombic
efficiency. % The most common method to circumvent this is to size down the Si
particles to the nanometer regime, so the individual volume expansion is com-
paratively low. These structures range from just nanoparticles to nanowires and
nanosheets. To keep the electrical contact, as Si alone is a rather poor electrical
conductor, different 3D nanostructures with conductive carbon coating have been
used, such as Core shell structures, to further improve the cycling stability. This
cycling stability comes at a lower capacity, as the large surface area consumes
more Li*™ and electrolyte to form a SEI layer. %567 Therefore, Silicon oxides are
often used, which contain a mixture of Si and SiOg. Due to the oxygen present,
there is a smaller volume expansion at the cost of a lower initial capacity. Since
the c-Li;5Si4 phase, responsible for the largest volume expansion, is not acces-
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sible due to the SiO, structure the cyclability is improved.®”-%® Though there is
still a large volume expansion present, through the usage of binders, keeping
everything together and mixing it with graphite, batteries with Si/C composite

anodes have already been commercialized. %70

In the conversion type anodes transition metal compounds, which can be sulfides,
oxides or phosphides, get reduced by the Li* ions upon charging and the corre-
sponding lithium sulfide, -oxide or -phosphide forms. A general reaction equation
is shown in equation 2.5, where M can be Fe, Co, Cu, Mn or Ni and N can be O,
P, SorN.

MNy+zLi* +ze” =Li,N,+xM (2.5)

They can have high capacities (500-1000 mAh/g), since there are a lot of electrons
participating in the reaction. The main drawbacks are that they have a low
coulombic efficiency and a poor cycle life, owed to an unstable SEI formation,
large overpotentials and higher insertion potentials, which is why they remain

mainly a research focus and have not been commercialized so far. "1="3

The last one is lithium metal, which is a category of its own. It possesses the
lowest electrochemical potential at -3.04 V vs NHE and the highest theoretical
capacity, achievable for an anode in the lithium-ion system with 3860 mAh/g.2’
It is also rather lightweight, owing to the low density of lithium. The main is-
sues for lithium metal as an anode material are twofold. The first issue is that
due to the low potential of lithium metal, there is no electrolyte, so far, which
does not react with it. The formation of a SEI layer and the passivation of the
surface makes operation of a lithium metal anode in a battery cell possible. 2748
Since there is no host material for the lithium to intercalate into or alloy with,
the whole surface morphology can change during cycling. " This can damage the
SEI and lead to low coulombic efficiency, as the SEI has to reform regularly, con-
suming electrolyte and lithium. The bigger issue is the high likelihood of lithium
to deposit in dendritic structures, as many metals do when electrodeposited. "47°
These dendrites can continue to grow through the electrolyte, penetrating the
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separator and causing an internal short circuit.”® The Joule heating of the cell
can cause the electrolyte to evaporate and in the worst case to ignite. These safety
concerns were the main reason why the lithium metal anode was discontinued in
favor of the graphite anode, as the likelihood of dendrite growth is reduced due

to the intercalation mechanism. 2’

2.2.2 Cathode materials

For cathode materials on the other hand there are only two main categories,
which can be characterized on the mechanism

¢ Intercalation materials

e Conversion materials

Lithium cobalt oxide LiCoOg is the first oxide-based cathode material that was
researched in the 1970s and it follows an intercalation mechanism. *? It possesses
a layered structure with alternating Co3* and Li* planes in a rock salt crystal
structure, which changes into a layered CdCly structure upon removal of the
lithium. The 2D layers allow for a fast diffusion for Li" into and inside of the
structure. The theoretical capacity is 272 mAh/g but practically only around
140 mAh/g is accessible as only half of the Li* can be intercalated and removed
reversibly. If more is removed, a phase transition to a monoclinic structure oc-
curs at a Li content of 0.4 and the layered structure cannot be maintained. 4445
Though the material is a commercial success, its comparatively low capacity and
ethical concerns regarding the mining of cobalt have led to the search for alter-

natives.”’

Lithium manganese oxide, LiMngO4 or LMO, has a lower capacity than LiCoOg
with a theoretical capacity of only 148 mAh/g, but Mn is less expensive, more
abundant and less tainted with ethical concerns for its procurement.’® It pos-
sesses a spinel-type crystal structure and has a 3D Li* diffusion path compared
to the 2D layer insertion of LiCoOg.”® Though it is rather safe during charging,
it shows poor cycling performances. This is attributed to the dissolution of Mn
ions into the electrolyte, which can be remedied with additives, and loss of crys-

tallinity when discharged due to Jahn-Teller distortions caused by Mn3*.80-82
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LiNiOg is structurally similar to LiCoOg and has a theoretical capacity of 275
mAh/g.8% During cycling Ni2* can form and block Li* pathways causing a low
capacity retention.5* This formation of Ni%* can also happen in reaction with
ambient air, reducing calendar life.3® Through substitution of Ni with Al and Co
this phenomenon can be somewhat suppressed. The most common composition
is LiNiggCoq.15Alp.0502, NCA, with a theoretical capacity of 279 mAh/g and a
potential of 3.7V. Its good cycling stability has led to the commercialization as

cathodes in electric vehicles. 5786

In order to improve the energy storage capacity of LMO it can be doped with
Ni and Co to increase the amount of Li that can be stored inside of the structure
and the operating potential. The common formula of Lithium Nickel Cobalt Man-
ganese Oxide, often shortened to NMC, is LiNi;Mn,Co,O2, where x,y and z can
be between 0 and 1 and form a total of 1. Compared to NCA the energy density is
lower but the lifetime and the safety was improved. The most common mixtures
are NMC111, with equal Ni, Mn and Co contents at 0.3, NMC622, with 0.6 Ni
content and 0.2 for Mn and Co and NMC811, with a Ni content of 0.8 and Co and
Mn of 0.1.57

If the goal is using more abundant materials then Lithium iron phosphate is the
clear choice. LiFePO4, LFP, has a theoretical capacity of 170 mAh/g and a poten-
tial of 3.5 V. Almost all of the lithium can be reversibly removed and reinserted
into the structure, which is an olivine type crystal structure, where PO4 forms a
rather stable lattice for the Li*. During cycling a metastable Li,FePO4 phase is
generated allowing for a high rate capability contrary to an expected two phase
reaction mechanism.8” It also has very good thermal stability during charging
and excellent cycling performance, though a rather poor electronic conductivity,
necessitating carbon coating. ?7-88-89

Looking at energy storage chemistries with a different mechanism there are
Lithium sulfur batteries and more specifically sulfur anodes. There Li* ions are
converted into LigS according to equation 2.6. This reaction takes place at 2.15V
vs Li*/Li and results in a theoretical specific energy of 2500 Wh/kg. *°

16Li" +16e” +Sg=8Li2S (2.6)
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This is still in the research stage and a few steps away from commercialization
due to poor cycling behaviour and large capacity fading. The reaction from S
to LigS brings a large volume expansion with it (up to 80%) and this crushes
the cathode and removes conductive coatings, which are necessary as sulfur is
insulating.°* Furthermore sulfur can dissolve into the electrolyte in the form
of polysulfides. Those polysulfides can pass through the separator, if they have a

short length, to the anode and transform into LisS further reducing capacity. °1-92

Lithium air batteries are another large research focus of Li battery systems with
conversion-based mechanisms. The reaction of Li metal with oxygen to different
lithium oxides or hydroxides, if an aqueous system is used, has the potential to
store the most energy, of all lithium based battery chemistries. The cell setup
uses lithium metal as an anode and a porous oxygen permeable cathode, which
can catalyse the reaction of oxygen.?® The typical reaction mechanism is shown
in equation 2.7 below.

2Li* +26_+02 :Li202 2.7

This reaction to LigOg is chosen because LisO is deemed to stable to get the
reversible reaction pathway. It occurs at 2.96 V vs Li*/Li and can reach a theo-
retical energy density of 8 kWh/l, slightly lower than 10.5 kWh/I that the reaction
to Li2O could theoretically achieve. The biggest issues for lithium air batteries
remain in allowing only oxygen to pass through the permeable cathode, if atmo-
spheric conditions are to be used, as well as finding a suitable electrolyte, stable
against lithium metal and with a good ionic conductivity. The most promising so
far are ether based solutions, while a solid state based approach could also be an

avenue to choose. ?*

2.2.3 Electrolytes

The last remaining part of the cell is the electrolyte, which is often put in a poly-
mer or glass fiber separator. 2 It is responsible for allowing ion transport between
the electrodes and should in the best case fulfill all of the following criteria.

The electrolcyte should possess a high ionic conductivity, for a fast Li* ion trans-
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port. The potential window of the electrolyte should be large, so it does not react
or decompose during operation of the battery. There should be no chemical re-
action between the electrolyte and other battery components. It should be cheap
while also being chemically and thermally stable. Last but not least it should be
non toxic, or only of low toxicity. So far there are no electrolytes that fulfill all of
those criteria and so tradeoffs have to be made. %’

Organic liquid electrolytes are one of the most common electrolytes used in
Lithium ion batteries, commercially sold today. It consists of one or more organic
solvents with a lithium salt dissolved in them. The key parameters are melting,
boiling and flash points, solvability of the lithium salts, viscosity and dielectric
properties. 8 The first point is more safety related, whereas the later ones focus
more on the performance. The solvents can range from linear carbonates, like
Dimethylcarbonate, DMC, Diethylcarbonate, DEC and Ethylmethylcarbonates,
EMC, to cyclic carbonates like Ethylenecarbonate, EC and Propylenecarbonate,
PC. There are also ethers in use like Dimethoxyether, DME and Tetrahy-
drofuran, THF. Other solvents used are Acetonitrile, Dimethylsulfoxide and
Butyrolacetone. Linear and cyclic carbonates are often used as a mixture to tune
the solvability and viscosity, e.g. EC/DMC in a 1:1 ratio.

For the lithium salts large anions are preferred, as they release the Li* ions more
easily into the solvent such as LiPFg or Lithium bis(trifluoromethanesulfonyl)imide,
LiTFSI.?7:95:96 Al of these electrolytes mentioned so far are not stable against
the low potential of the anode, regardless if it is graphite or lithium metal, and
thus reduce upon contact and further electrochemically during cycling. The
products of this reduction, which are stable at the anode potential, deposit as a
layer on the anode. This layer, which was a key factor for allowing lithium-ion
batteries to work, was named the solid electrolyte interphase and passivates the
surface while still conducting lithium ions. The properties of the layer depend
on the decomposition products of the specific electrolyte and any additives,
which may be added to improve said properties.?”?7 Furthermore, the initial
electrochemical reduction plays a major role in the morphology and attributes of
the layer. Ideally the layer should be electrically resistive, to self-limit further
growth, ionically conductive, while only transporting Li* for battery performance
and the surface morphology should be as homogeneous as possible. Quite often
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though the SEI is quite heterogeneous, both in topography and in the lithium ion
mobility. °®%9 This in turn causes the current distribution to be inhomogeneous,
which will be relevant for the discussion of dendrite growth later on.

2.3 Li-ion batteries - Safety issues

One important property of lithium ion batteries, with their ubiquitous presence
in our daily life, in powering electronics, transportation and medical equipment

100,101 Ag with any energy storage form, a spontaneous release of the

is safety.
banked energy can have severe consequences, so understanding how and why
it can happen is rather important. For lithium ion batteries this can occur in
multiple ways. The organic liquid electrolytes often used, have a rather low ig-
nition point, which depending on the mixture used is between 100 and 200°C,
and can easily catch fire when the battery is damaged, heated or overcharged. 1°2
As the battery cell is sealed to protect it from the atmosphere due to the mois-
ture and air sensitivity of its parts, it can also transform into a pressure vessel
if the temperature is at a level where the electrolyte evaporates but does not ig-
nite yet. At elevated temperature levels where the electrolyte is still liquid, the
battery performance can often increase as ionic conductivity rises and the vis-
cosity of the electrolyte decreases. Increased temperatures also enable parasitic
side reactions in the cell, which can be further promoted by overcharging. Those
side reactions can be decomposition of individual components, be it cathode, elec-

trolyte, the SEI layer on the electrodes or a combination of all of them.
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Figure 2.2: Overview of overcharge side reactions at different state of charge for a
NCM-LMO lithium ion battery culminating in a thermal runaway with battery rupture.
Reprinted with permission from Ren et al 24

This process of depcomposition followed by failure from overcharging is shown
schematically in figure 2.2. Heat is often generated as a byproduct which starts
the vicious cycle, as the rising temperature boosts those side reactions. If the
temperature cannot be controlled anymore it enters what is called a thermal
runaway and can affect the surrounding cells by heating them up as well.>* This
way if a single cell heats up it can affect the whole battery and in the worst case,
if the safety features fail, ignite the battery, most often the electrolyte, or cause
an explosion if the pressure gets too high. 19194 Next to mechanical abuse of the
battery this process can also be caused by a short circuit, be it an external one or
one happening within the battery, through dendrite growth.
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2.4 Li-ion batteries - Dendrite growth

Taking a step back from Li-ion batteries and looking at a more general case
where dendrites can grow, that is in principle the same, the electrodeposition
of metals. When depositing metals from a solution onto a flat surface the
morphology of the deposited surface can be divided into three cases, split up
according to the exchange current densities, which is the current density I,
where no net current flows and there is no overpotential of the system. Assuming
low overpotential, if I is low, a compact layer will be deposited, for a large Ij it
will be of a spongy morphology and at a very large Iy boulders will deposit. In all
cases if the overpotential gets higher dendritic growth will occur. 1% Therefore
the conditions for electrodeposition can be tuned, by changing the solvent and
inserting additives to shift the exchange current density to the desired level for
a process. In lithium metal batteries the desired case is to achieve a compact
metal layer and simulations agree that a low exchange current density would
lead to such a layer. % This is shown in figure 2.3

Low exchange current density High exchange current density

Figure 2.3: Schematic of electrodeposition behaviour of Li under different exchange cur-
rent densities. Reprinted with permission from Liu et al106

Another important aspect is the surface morphology of the substrate plated onto.
For real substrates the surface is not atomically flat and will possess a certain
surface roughness. Under the caveat that the deposition takes place under diffu-
sion control, the surface roughness can increase under deposition. This is caused
by preferential deposition on protruding parts of the surface, which have a thin-
ner effective diffusion layer and therefore experience an increased diffusion flux
and current density. This increase in the roughness of the surface rises with
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the applied current density. If deposition occurs under conditions where only a
tip experiences diffusion control, then carrot like growth can occur, even at low
overpotentials. Once the overpotential is high enough it will change to a den-
dritic growth type.'%® Critically for Li-ion batteries charging quickly, with a high
current, leads to high overpotentials, which in all cases mentioned here cause
dendritic growth. Furthermore, compared to electrodeposition, where a flat pol-
ished substrate surface can be chosen to avoid going into the dendritic growth
regime, the available morphology is determined by the SEI layer, which can be
quite heterogeneous. 7 This combined with the fact that the battery as a whole
is a rather complex system with many tunable variables and many different ob-
servations of dendrite growth behavior makes the elucidation of the mechanism
rather difficult.

Observed phenomena so far regarding the growth mode are, that dendritic
growth can be base controlled, where the deposition takes place at the base
and this pushes the inactive tip forward!'°8-110 to the opposite, that certain
conditions cause a tip controlled growth, where the tip is electrochemically active

111

and the focal point for the depositing lithium """, as well as transitions between

those two states. 110,112

Using this knowledge different mitigation strategies are employed for conven-
tional lithium ion batteries. Often additives are put into the electrolyte, which
can influence the formed SEI layer, or inhibit continued dendrite growth by co
depositing with the lithium, or increase the overpotential necessary for lithium
deposition, making intercalation more likely. 113-11%> The current waveforms dur-
ing charging can be varied, with current pulses being able to extend the lifetime
significantly, by allowing diffusion gradients to dissipate in between current ap-
plications.?? This concept will be explored in more detail in later parts of this
work.
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2.5 Solid electrolytes

One possible remedy for safety issues caused by dendrite growth and maybe even
dendrite growth itself, is to exchange the flammable liquid electrolyte with a
non-flammable solid electrolyte. Being a solid it could also pose as a mechanical
barrier against the soft lithium metal, whose growth encountered little obstacles
in a liquid electrolyte and the polymer separator which it could penetrate. 28

Performance wise they should fulfill the same criteria as liquid electrolytes,
allowing fast ion transport, preferentially only of Li*, while not conducting
electrons, being chemically stable, thermally stable and affordable. They shoud
also be compatible with lithium metal, as the decrease in energy density from
the increased weight of the electrolyte, can often only be compensated by
increasing the capacity of the anode, moving from graphite to lithium metal. 16
Some promising candidates are based on a sulfide chemistry, such as the
Li-P-S systems, which can be doped and varied in its composition to arrive at
argyrodite based structures with the general formula LigPSsX, where X can
be Cl, Br, or I, or at LijoGeP2S12.11""119 They have high ionic conductivities,
with Lig 54Si174P1.44S11.7Cj0.3 possessing the highest reported one so far at
2.5e-2 S/cm at room temperature, which exceeds the conductivity of liquid
electrolytes. 20 The sulfide based materials are also rather soft and can easily
be densified by cold pressing or calendering, if a tape casting process is used,
allowing for rather easy scaling up from a lab production to an industrial
one. However, they are very sensitive to moisture, forming HoS as a toxic
decomposition product. Furthermore, they are not thermodynamically stable
against lithium metal, decomposing on prolonged contact and during cycling,

necessitating interlayers for stability. 12!

2.5.1 LLZO

Another promising chemistry is based on oxides, more specifically LizLagZroO19
(LLZO) based solid electrolytes, which show more stability against lithium
metal and is therefore used throughout this work. 122 The first LisLagMyO19
garnet, where M can be a transition metal like Nb or Ta, was reported in
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2004 by Thangadurai et al.'?® Cubic LLZO, with a higher lithium content
than the aforementioned garnets, was first synthesized in 2007 by Murugan
et al. At the time its lithium-ion conductivity at room temperature was rather
high with 5e-4 S/cm closing in on liquid electrolytes, which are in the range
of 1e-2 S/em.'2* The tetragonal polymorph, which is thermodynamically more
stable, was first properly characterized in 2009 by Awaka et al. and has a
ionic conductivity two orders of magnitude lower than the cubic counterpart. 12°
Through the introduction of dopants into the structure the cubic phase can be
stabilized at room temperature and the ionic conductivity can be increased even
further. LLZO belongs to the garnet structure, which is derived from the general
orthosilicate in the form A3Bo(SiO4)3, where A is a divalent transition metal or
metal cation, and B is a trivalent cation. The three different cation sites make
for a rather complex structure with the A dodecahedra, B octahedra and the
Si tetrahedra. Looking at it from the Anion site, shows that there is only one
possible coordination environment. The Oxygen is bonded to one Si**, two A%+
and one B3* and this repeats throughout the structure. The crystal structure is
shown in Figure 2.4

Figure 2.4: Crystal structure of the cubic garnet MgzAlySigO1g created in VESTA. 126
The A13* is shown in green, the Mg2* in orange and the Si** in blue.
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For LLZO there is a tetragonal and a cubic polymorph with their crystal struc-
tures shown in Figure 2.4a and b respectively. The tetragonal structure has the
space group I41/acd (no. 142) with Li* sitting on the three different, fully occu-
pied interstitial sites. The tetrahedral 8a site and the distorted octahedral 16f
and 32g sites. Two different LaOg dodecahedra occupy the 8b and 16e site and
ZrQOg octahedra are at the 16¢ site. The lattice constant a is 13.134 A and the
lattice constant c is 12.663 A.125

a)

Figure 2.5: a) Crystal structure of tetragonal LLZO. b) crystal structure of cubic LLZO
both created in Vesta. 126 Li* shown in green, La®* in grey and Zr** in blue

The cubic structure, which is energetically favoured at higher temperatures, has
the space group Ia3d (no. 230). Here the Li is at also at interstitial sites, the
tetrahedral 24d, octahedral 48g and 96h sites. The occupancy of those is random
and partial allowing for easier Li* conduction, compared to the tetragonal struc-
ture where the fullly occuped sites block the Li* passage. The LaOg dodecahedra
is at site 24c and the ZrOg octahedra is at site 16a. The lattice constant a is
12.9682 A 127
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2.5.2 Phase transition

According to DSC the phase transition from tetragonal to cubic starts at around
700°C. 2% Depending on the dopant and synthesis method used, temperatures
between 750°C and 1230°C are necessary to create the cubic phase. Higher tem-
peratures are preferable to sinter a more dense ceramic but increases lithium loss
due to vaporization, which can change the stoichiometry. During the phase tran-
sition from tetragonal to cubic the a-axis shrinks while the c-axis elongates. For
the tetrahedral interstice the fully occupied Li* 8a site and the fully vacant 16e
site transform into the partially occupied 24d site. In the octahedral interstice
the Li* from the fully occupied 16f and 32g site moves into the partially occupied
octahedral 96h site. The spacing between La and O does not change. The ZrOg oc-
tahedra on the other hand gets slightly distorted, the bond length changing from
2.125+0.005 A to 2.130+0.020 A. The bond angle between Zr and O also varies
more, due to the disorder, from 180+0.01° in the tetragonal structure to 180+4.0°
in the cubic one, which is energetically more unfavourable. This is balanced out
by the higher entropy at high temperatures making the more symmetrical cubic
structure possible.'?? The phase transition can be described as a mixture of a
displacive transition, in the ZrOg octahedra and an order-disorder transition in
the lithium sublattice.

2.5.3 Dopants and Defects

The cubic phase of LLZO is not thermodynamically stable at room temperature
and therefore has to be stabilized by the addition of dopants. These increase
the disorder in the structure, introduce more vacancies and create more possible
configurations and therefore make it energetically more favourable to stay in the
cubic structure, even at lower temperatures. In LLZO there are three possible
dopant sites, the Li site, the La site and the Zr site. For the lithium site Fe?,
Ga®*, AI3* or Ge** have already been used. In the lanthanum site Sr?*, Ce**
Ca®* and Nd3* were substituted. The Zirconium site has the largest number of
possible dopants with Gd3*, Y3*, Ta%*, W8+ just to name a few. 13°

Introducing slightly different sized ions widens the lattice parameter, while ad-
ditional vacancies are induced by the need to compensate the charge difference.
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This is shown prototypically for Ga3* at the lithium site in equation 2.8 using

Kroger-Vink notation, vacancies are introduced to satisfy charge neutrality.

Ga®* +3Li%, = Ga}* +3Li* +2V), (2.8)

Intrinsically, for the Lithium sublattice, it is possible for Li to move to a vacancy
site, shown in equation 2.9 or to an interstitial site again in Kroger-Vink notation,
in a Frenkel cation defect, shown in equation 2.10 to form point defects.

Li¥ =Liy, +V,, (2.9)

Li¥, =Lil +Vy, (2.10)

Computational studies have shown that lithium movement to interstitial sites

131

is not favored and vacancy formation is more likely. *°* For orthosilicate garnets

in general, the stability of the structure depends on the relation of the cation

132 Tn regard to single ion doping this means that there

sizes in the A and B site.
is only a specific amount of the different sized dopant ion, which can be incor-
porated into the structure before it breaks down. This should also hold true for
LLZO and there seems to be an optimum in the lattice parameter, where the ionic
conductivity peaks. This is the case when the lattice parameter is in the range of
12.91-12.98 A, with every kind of dopant and on every dopant site. Any further
expansion of the lattice destabilizes the garnet structure. Lower lattice parame-

ters can reduce the size of the lithium channel impairing Li* movement. 13°
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2.5.4 Ionic conductivity and conduction pathway

In a purely ionic conductor, the conductivity depends on the number of mobile
ions n, their charge q*e, and the mobility of the ions 1. This is expressed in
equation 2.11.

og=2iniq;el; (2.11)

For LLZO the number of mobile ions is determined by the lithium and the va-
cancy content, whereas the mobility depends on the energy barrier for Li* hop-
ping influenced again by the vacancy content, the vacancy distribution and the
possible conduction pathway given by the crystal structure. In the cubic struc-
ture Lit ions sit at the centre of tetrahedra in the 24d site, and at the octahedral
96h sites, which are slightly displaced from the 48g site. Neither of those sites are
fully occupied and the vacancies allow for single ion motion. The connected octa-
and tetrahedra form the complete pathway throughout the unit cell as shown in
Figure 2.6.

Figure 2.6: VESTA created depiction of the connected lithium-polyhedra, colored green,
forming the Li* pathway in cubic LLZO 126
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NMR results suggest that the lithium ions at the 24d position are not mobile
at lower temperatures and only participate in the conduction in inconsequential
amounts. 133 Molecular dynamics simulation show that depending on where a
lithium ion jumps it can either be a single ion motion or cause cooperative mo-
tion. ¢ The experimentally determined ionic conductivity for cubic bulk LLZO
is in the range of le-4 to 1e-3 S/cm, depending on the exact composition and the

dopants used. 130

Figure 2.7: VESTA created depiction of the connected lithium-polyhedra, colored green,
forming the Li* pathway in tetragonal LLZO 126

In the tetragonal structure on the other hand the tetrahedral 8a site is fully
occupied and there is an ordering in the partially filled octahedral 16f and 32g
sites. The pathway is shown in Figure 2.7 This prohibits single ion jumps and
Li* ion transport is only possible when there is a concerted motion of vacancies
and Li*. This increases the energy barrier necessary for Li* movement to 0.54
eV and is a reason why the ionic conductivity is two orders of magnitude lower

compared to the cubic structure. 125-134
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2.5.5 Electronic structure

According to density functional theory, DFT, calculations by Thompson et al. the
calculated band gap of pure cubic LLZO lies between 4.33 eV and 6.42 eV de-
pending on the calculation method and k-point sampling density. Introducing
dopants increases the calculated bandgap of a undoped cubic LLZO, from 5.79 eV
to 5.87 eV for 0.25 formula units Al doping and to 5.85 eV for 0.5 Ta doping. 1%°
Calculations of different LLZO surfaces put the position of the upper band edge
of LLZO above the one for Li, albeit the difference can be small such as 0.2 eV,
and the lower band edge far below an assumed hypothetical 5V cathode. The
resulting electrochemical window is shown in Figure 2.8. While this would sug-
gest that the electrochemical window of LLZO is wide enough for the use of a
lithium metal anode and a high voltage cathode, the energy difference between
the band edges of LLZO and Lithium can be rather small. Furthermore, effects at
the interface, which were not considered in this calculation since it only assumes
a LLZO slab in contact with vacuum, can vary the electrochemical window lo-

135 Other DFT calculations regarding the stability

cally influencing the stability.
of LLZO with various anode and cathode materials at the interface show a dras-
tically lower electrochemical window of around 3 eV though the decomposition

likely stops kinetically since the products are more stable. 122136
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Figure 2.8: a) LLZO in the lowest energy orientation (100) used for the model, with
the planar-averaged electrostatic potential at the bottom. b) Calculated electrochemical
window. Reprinted with permission from 135
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2.6 Dendrite growth in solid elec-
trolytes

The underlying issue of preferential plating causing dendrite growth still re-
mains for solid electrolytes and is arguably even more severe. In contrast to a
liquid electrolyte, which will wet the electrodes given enough time, contacting
the electrodes is a more difficult endeavor using solid electrolytes. It was theo-
rized that a solid could pose a mechanical barrier for lithium dendrites and so
the preferential plating should be less of an issue. Simulation work, e.g. done by
Monroe and Newman or Barai et al, supports this hypothesis. 5137 To the detri-
ment of this idea, dendrites are still able to penetrate solid electrolytes and short

circuit cells, though with less severe consequences. Shown in Figure 2.9 are den-
drites grown in LLZTO and LPS. In contrast to liquid electrolytes the dendrite
growth happens at much lower current densities, limiting charge rates that can
be applied.

Figure 2.9: Dendrites grown in LLZTO (a) and LPS (b). b) is adapted with permission
from Porz et al 138
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The question is therefore how the softer lithium metal is able to create a path
through the more mechanically stable solid electrolyte. One theory is that the
lithium cracks open the solid electrolyte mechanically starting from existing
flaws on the surface of the solid electrolyte. This was explored by Porz et al and
their postulated mechanism is summarized briefly below. 138 The premise is that
surface flaws are present on the solid electrolyte, size and density of the flaws
depending on the surface treatment. The flaws can be filled first by the plated
lithium. The local current density is going to be higher at the flaw, compared
to the surface that is at a higher distance apart from the other electrode.??
Once the flaw is filled, lithium continues to deposit and the lithium flux away
from the flaw is exceeded by the flux towards the flaw. Therefore, mechanical
stresses will rise in the filled flaw. Porz et al set up a model to determine the
stress exhibited in a crack that progresses inside the solid electrolyte, where it
relates the thickness of the deposited lithium filament, the Poisson ratio v and
the friction coefficient j1 to the stress along the length of the filament. Inserting
values gained from their experiments, with filament thicknesses of 300 nm

and assuming typical values for v and p they arrive at a filament length of

f 300nm
1um

pressure buildup leading to fracture. One assumption taken for the model is

1 pm. Cracks exceeding the aspect ratio o can experience hydrostatic
that the stress far away from the tip of the filament is zero. Cracks which have a
smaller aspect ratio could extrude the lithium which, combined with other stress
relaxation effects near the surface can cause it not to propagate. The hydrostatic
pressure 0o mqx exerted during fracture is related to the overpotential 6® , the
Faraday constant F and the molar volume of lithium plated V,f;i according to the
following equation 2.12.

00,max = _F/Vrl,;i * 0D (2.12)

The stress needed to fracture the material then depends on the crack geome-
try and the fracture toughness of the material. The fracture toughness of solid
electrolytes can vary, depending on the density, grain size, and chemical inhomo-

geneities. 140
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Evidence is also shown that lithium can penetrate along grain boundaries and
voids in solid electrolytes, which can be mechanically weaker than the bulk ma-
terial, lending further credence to a fracture based mechanism.*1-1*3 Another
theory, which is based on neutron depth profiling measurements of the lithium
concentration profile within LLZO, LisS-P2S5 and Lithium Phosphorus Oxyni-
tride, LiPON, while plating lithium metal, is that an increased electronic conduc-
tivity causes the reaction of electrons with Li* within the solid electrolyte. This
forms dendrites which are detached from the cathode it is plated onto. '** Han et
al base this hypothesis upon a uniformly rising lithium profile, as opposed to a
expanding peak, they would expect from a growing dendrite combined with seem-
ingly non connected dendrites in a FIB cross section of a shorted solid electrolyte.
Though recent results from transparent solid electrolytes, LLZO specifically, do
not repeat this observation of non-connected dendrites. 3> A weakness of this the-
ory is that it does not explain how the electrons are able to skip all the available
lithium ions in the LLZO to form lithium metal within the solid electrolyte.

Since most solid electrolytes are not transparent, locating and observing den-
drites is now a not trivial issue. One solution is to use highly dense solid elec-
trolytes, such as single crystals or hot pressed polycrystals, which can have a
higher transparency. Another approach is to thin down the solid electrolytes un-
til they are almost see-through. This can be combined with using small electrodes
so the area where the dendrite has to be located in gets smaller. This combina-
tion was used on Al doped LLZO by Kazyak et al to investigate the morphologies
of the growing dendrites. They found that when low current densities were ap-
plied straight cracks dominated. At higher current densities it transitioned into
a more branching structure, coming close to the traditional dendrite structure.
Due to being limited in the observational capabilities it is still unknown why the
dendrites branch.*® Focused ion beam scanning electron microscopy, FIB-SEM
can be used to cut into the material and get a 3D overview of the shape and ex-
tent of dendrite growth at given parameters, though the milling of the material
with the ion beam causes some information to be lost. X-ray computer tomogra-
phy can observe the inner parts of solid electrolytes, but the temporal and spatial
resolution can be lacking to detect lithium dendrites. 14 Therefore, information
about what happens in the environment next to the dendrite tip is rather lack-
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ing in solid electrolytes. Due to the difficulty in linking the employed conditions,
such as local current, and when a dendrite grows in the solid electrolyte, there
are often only phenomenological descriptions of dendrite growth. Therefore, fail-
ure criteria such as the critical current density, also called CCD, which describes
the current density when dendrites grow, were established to create an improv-
able parameter in relation to dendrite growth. The CCD can often be sample
specific and is not necessarily material specific, as the sample conditions, such
as surface quality, wetting behaviour and surface layers, can influence it quite

significantly, 147-149

2.6.1 Countermeasures against dendrites

So far most of the mitigation strategies against dendrites in solid electrolytes
have focused on improving the interface between the electrolyte and lithium
metal. The idea is to stop the dendrite as early as possible to stop the vicious cycle
of current inhomogeneity promoting dendrites, increasing the current at the den-
drite tip, in its infancy. Focusing just on LLZO the methods range from a mechan-

ical surface polishing followed by heat treatment in Argon atmosphere to remove
151,152
9% or

153,154

less conductive LioCO3 1%, to introducing interlayers, like LiF or CozO4
alloying the lithium metal with Na or Sn to improve the wetting behaviour
Another approach is to increase the available surface area with a porous-dense-
porous trilayer structure, thus keeping the equivalent planar current density be-
low levels at which dendrites grow.°® It is theorized that introducing compres-
sive stress into the solid electrolyte can increase the fracture thoughness and
thus inhibit the penetration of the dendrite into the solid electrolyte.3* Eperi-
mental proof of this concept was shown in LLZO, deflecting dendrites via me-
chanically introduced compressive stress. > This concept is explored further later
on in this work.
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3.1 Overview

This chapter provides an overview of the experimental work performed as part of
the Papers I-III. The experiments are presented in detail in the methods section
of the corresponding appended paper. A simplified outline is shown in figure 3.1
below

Laue diffraction

v

Sample preparation

(cutting, polishing) \

i lon implantation

Lithium coating

v

Electrochemical measurements
(galvanostatic cycling, impedance)

— W

Optical microscopy FIB-SEM Dark Field-
Finite element- TEM X-ray Microscopy
Modelling APT
FIB-SEM CS Nano XRD
AFM Nanoindentation
CS Nano XRD TOF SIMS

Figure 3.1: Outline of the experimental methods used, color coded to the corresponding
paper
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3.2 Sample preparation

In this work Czochralski drawn single crystalline Lig 5Tag 5sLagZr; 5012, courtesy
of the KIZ Berlin Germany and commercially purchased hot pressed polycrys-
talline Lig 4Tag gLagZr; 4019 from Toshima were used. They were cut into cuboid
shapes using a Well 3500 diamond wire saw. The surfaces were mechanically pol-
ished using SiC grinding paper, grit size 500, 800, 1200, 2400, 4000, followed by
polishing using MD Dac polishing cloth with diamond suspensions ranging from
3 um, 1 pm and 1/4 pm employing Isopropanol as a lubricant. In order to remove
LiaCOj3 layers either a heat treatment of around 400°C in Argon atmosphere was
applied, or a short acid removal in 0.1M HCI for 10-20s followed by a rinse with
Isopropanol was used.

3.2.1 Laue diffraction

Laue diffraction was employed on single crystalline LLZTO to orient it to a
known crystal plane before cutting and shaping as described above. A Photonic
Science Laue diffractometer was used with the sample mounted on a goniometer
to vary the orientation of the sample.

3.2.2 Ion Implantation

As detailed in Paper II ion implantation was performed at the university of Oslo
by using a Pelletron implantation system type 3 SDH-2 NEC with a beam energy
of 1.930 MeV and a beam dose of 1e14 197 Ag ions/cm? . Two parallel sides were
implanted, flipping the sample in between the procedure.

3.2.3 Lithium coating

A lithium tin alloy (30 wt% Sn) was applied to two opposite edges of the cuboid
shaped samples for electrochemical testing. For this the alloy was molten inside
of a stainless steel crucible in an Argon filled glovebox. A stainless steel spat-
ula was used to spread the still molten alloy onto the LLZTO edges, similar to
spreading butter on a piece of bread.
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3.3 Electrochemical measurements

3.3.1 Impedance measurement

In order to ascertain the coating quality and changes throughout stripping and
plating of lithium, potentiostatic impedance measurements were carried out us-
ing a Solartron Modulab with a perturbation voltage of 10 mV, from 1 MHz to 0.1
Hz, 19 points per frequency decade. Sometimes the lowest measured frequency
was set to 10 Hz if no significant changes were expected in order to save time.

3.3.2 Galvanostatic cycling

To determine the currents at which dendrites formed and penetrated the solid
electrolyte constant current was applied and the potential measured. A large
focus is placed on this in Paper I where the effect of the applied pulse form during
current controlled cycling was investigated. For the duration a constant capacity
was assumed and so the duration of current application reduced with increasing
current. In Paper II and III currents above the threshold determined in Paper I
were used to deliberately cause dendrite growth in the solid electrolyte.

3.4 Material Characterization

3.4.1 X-Ray Diffraction (XRD)

To confirm phase purity of the commercially bought sample a Bruker Da Vinci
Diffractometer with a Cu Ka radiation source (1 = 1.5406 A) was used. A polished
and cleaned pellet was placed in a deep Si cavity holder on a piece of plasticine
with the surface of the pellet on the same height as the edge of the holder.

3.4.2 Atomic Force Microscopy (AFM)

The Atomic Force Microscopy measurement was carried out on a Cypher ES
Atomic Force Microscope from Oxford Instruments(Asylum Research), equipped
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with a Si cantilever from Budgetsensors(model Tap300GD-G, resonant frequency
300 kHz) and operated in tapping mode under inert gas (Ar).

3.4.3 Cross-sectional nano X ray diffraction (CS nano XRD)

The Cross-sectional nano X ray diffraction was carried out at the beamline ID13
at the ESRF and for this measurement the LLZTO sample had to be mechanically
thinned to around 100 pm to allow for x-ray penetration as La and Zr are rather
X-ray attenuating atoms. A 13 keV photon energy, monochromatic X-ray beam
was focused via multi-layer Laue lenses to an approximately 80 nm spot. The
Dectris Eiger X 4M two-dimensional X-ray detector was placed downstream of
the beam to measure the diffracted x-rays with an exposure time of 50ms.

Figure 3.2: CS Nano XRD Setup in the beamline ID13 at the ESRF. The sample being in
the middle of the image, covered in Kapton tape. Behind it the X-ray optic can be seen.
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3.4.4 Dark Field X-Ray Microscopy (DFXM)

The Dark Field X-Ray microscopy measurement was carried out at the Beamline
ID06 at ESRF Grenoble. A LLZO sample was oriented, so a known crystal plane
was pointing out of plane and was mechanically thinned to around 100 pm to
allow for better x-ray penetration. For the measurement a dendrite was grown
partway through the sample. Near Field and Far Field images were taken with
the near field detector placed at 25 mm distance in the diffracted beam path,
which was swapped after alignment for x ray focusing lenses and the far field
detector placed at 5 m distance.

3.4.5 Scanning electron microscopy (SPED)and focused ion
beam (FIB)

SEM was carried out on a FEI Helios NanoLab DualBeam FIB or a Helios G5
PFIB, to study the morphology of the solid electrolyte after dendrite growth.
Cross sections were made using Focused ion Beam either using Ga ions at the
Helios DualBeam or using Xenon ions in the PFIB, to make the effect of the
dendrite within the material observable. The TEM lamella was produced and
thinned using the standard focused ion beam (FIB) liftout method, with a FEI
Helios G4 UX dual-beam instrument. The tips for APT analysis were prepared
from a lamella that was lifted out from the Ti coated Specimen, flipped upside-
down and welded to flat Si posts inside the FIB. In this way, the Ti surface coating
acts as a buffer between the specimen and the carbon-containing welding mate-
rial, and the apex of each tip could be formed at a controlled distance from the
original surface. The tips were formed using annular Ga ion milling, finishing
with 2 kV for the final sharpening.

3.4.6 Transmission Electron Microscopy and Scanning Pre-
cession Electron Diffraction

Transmission electron microscopy was performed on a JEOL 2100F transmis-
sion electron microscope. Scanning precession electron diffraction was performed
with a precession angle of 0.8 degrees and a frequency of 100 Hz. 20 ms diffrac-
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tion patterns were acquired with a MerlinEM direct electron detector. Virtual
dark-field imaging was used to separate grains and crystalline/amorphous areas.

3.4.7 Atom Probe tomography (APT)

The atom probe tomography measurement was carried out on a a LEAP 5000 XS
from CAMECA equipped with a UV laser with the specimen temperature at 60K.
Laser pulses with an energy of 20 to 30 pJ were used at a frequency of 200 kHz
to trigger field evaporation. The standing voltage was automatically adjusted by
the software to maintain a detection rate of 0 0.3 percent ions per pulse.

3.4.8 Nanoindentation

Nanoindentation was performed on ion implanted single crystalline LLZTO
(Lig 5LagZr; 5Tap 5012). The sample was placed in a FT-NMTO03 nanomechanical
testing system utilized within a Cross Beam 340 ZEISS SEM. Indents were
controlled by displacement and were made using a Berkovich indenter tip with
an indentation depth of 0.1 pm. After attaching a few pm of Pt protection layer
a 20x12x10 pm cross section was cut with FIB using a 20 nA beam current,
reduced to 4 nA and 600 pA for final polishing on a cross-beam SEM from Zeiss
(AURIGA® - CrossBeam workstation).

3.4.9 Finite Element modelling

A finite element model was employed in an attempt to explain the varying be-
haviour of pulse plating in Paper I using COMSOL Multiphysics 5.6.
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4.1 Foreword

In this chapter the main findings of the three papers attached to this thesis are
summarized. The following sections contain the main results of those appended
papers. The more detailed descriptions can be found in the appendix containing
the respective manuscripts.

4.2 Paper I: Effect of pulse current
on lithium dendrites

4.2.1 Overview

The first paper focuses on the effect of pulsed currents on the critical current den-
sity, the current density where lithium dendrites grow, of LLZO. Commercially
acquired hot pressed polycrystalline and Czochralski drawn single crystalline
Ta-doped LLZO (LLZTO) were employed in a symmetrical Li-LLZTO-Li cell and
cycled with constant current, both with direct current and pulsed current to as-
sess the effects of pulse plating. In operando microscopy observed the dendrite
growth and FIB SEM was used for post mortem investigations. To elucidate the
mechanism Finite Element simulations were used and the stress caused by den-
drites was investigated via CS nano XRD.

4.2.2 Sample Preparation

The hot pressed polycrystalline Lig 4LiagZr; 4Tag 012 (HP) and the single crys-
talline LigLagZriTa;012 (SC) were cut into cuboids with a diamond saw and a
multi step mechanical and vibrational polishing procedure was used to minimize
surface defects. The effect of this is shown in SEM images in Figure 4.1a and b.
Figure 4.1a shows the single crystalline sample, with the geometry visible in the
inset, where no polishing marks can be found. Figure 4.1b shows the hot pressed
sample, the geometry again visible in the inset, where a slight porosity is still
present and the grains are visible with a size of around 2 pm in diameter. To
determine the surface quality AFM was used on a HP and a SC sample deemed



50 Chapter 4. Summary of results

representative for the whole. The height profile is shown in Figure 4.1c and a
RMS roughness of 3 £ 1 nm for the single crystalline sample and 8 + 3 nm for
the polycrystalline sample are achieved. The samples were heat treated in Ar
atmosphere at 450°C to remove contamination layers and coated with a molten
Li:Sn alloy (30 wt% Sn) to achieve good and consistent wetting. Impedance spec-
troscopy was employed to determine the quality of the coating and the sample
preparation procedure. The effect of the preparation, especially of the heat treat-
ment, is visible in Figure 4.1d, where the Nyquist plots of a single crystalline
sample that was coated after heat treatment (black) and one without heat treat-
ment (grey), show a significant second contribution for the sample that was not
heat treated. The second contribution is attributed to a LioCOgs contamination
layer, which is dealt with via the heat treatment. Figure 4.1e shows the con-
ductivity isotherm of the single crystalline and the hot-pressed polycrystalline
sample.
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Figure 4.1: a) SEM image of the single crystalline LLZTO, sample geometry shown in
the inset. b) SEM image of the hot pressed LLZTO, sample geometry shown in the inset.
¢) AFM height profiles of single (orange) and hot pressed LLZTO (green), the single crys-
talline is shifted by -20 nm. d) Nyquist plot of single crystalline LLZO with (black) and
without heat treatment (grey). e) Conductivity of the single crystalline (orange) and hot
pressed LLZTO (green) in a Bode plot.

4.2.3 Electrochemical Measurements

The coated samples were cycled galvanostatically inside of an Argon filled glove-
box, to an assumed capacity of 200 pAh/cm?, with increasing current densities
after each cycle until failure. This was performed with direct current and with
a pulsed current program, employing 1 Mhz pulses with a 1:1 pulse to pause ra-
tio. The current density at which dendrites grow is deemed the critical current
density. The dendrite growth was also documented via optical microscopy, to bet-
ter correlate the electrochemical data with the actual growth. The results are
summarized in Figure 4.2, where the CCD is plotted for the single crystalline
and polycrystalline samples, as well as reports from literature. There is no no-
table beneficial effect for the use of pulsed currents for single crystalline samples,
whereas there is a significant increase in the CCD for the polycrystalline sam-
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Figure 4.2: CCD values achieved for the single crystalline LLZTO with direct current
(grey) and pulsed current (orange) and hot pressed LLZTO with direct current (grey) and
pulsed current (green). The effective CCD taking the capacity into account is shown in
light orange for the single crystals and in light green for the hot presed LLZTO. On the
right the highest reported CCD values from literature are shown.



4.2. Paper I: Effect of pulse current on lithium dendrites 53

In order to explain this performance improvement the first approach was to in-
vestigate the type of dendrite grown to determine if there is a preferential shape
or growth category for direct current or for pulsed current. The detected growth
types are shown in Figure 4.3a-b and grouped into three different categories,
similar to Kazyak et al, straight, cone or diffuse.!*® There were also examples
for multiple initiation sites at once.

O SCPP
1 2 3 4 5
CCD_,/ mA/cm?

! multiple initiation

Figure 4.3: a) observed lithium dendrite types in single crystalline LLZTO. b) shorted
LLZTO single crystal, the white box denotes the investigated region in the SEM c¢) FIB
SEM cut of single crystalline LLZTO showing the dendrite path. d) FIB cut of a hot
pressed LLZTO, no dendrite path could be found with the available resolution. e) growth
rate in single crystalline LLZTO for direct current (grey) and pulsed current (orange). f)
growth rate in hot pressed LLZTO for direct current (grey) and pulsed current (green)

The crack width was determined via FIB- SEM, being 40 nm in width for the
sub-surface cracks found in a single crystalline sample, Figure 4.3c, whereas no
signs for crack propagation were found for the hot pressed sample, Figure 4.3d,
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though this may be due to the resolution limit of the SEM. All of the crack types
could be observed for both current waveforms, with the multiple initiation case
being limited to high CCDs, so the growth type was not deemed to be the main
cause for improvement. The growth rate of the dendrite was also determined via
the optical images. It is shown to increase linearly, with the dendrites growing
faster at higher CCDs. There was no change in the growth rate between direct
and pulsed current for the single crystalline samples, shown in Figure 4.3e. For
the hot pressed samples, Figure 4.3f, on the other hand the growth rate decreased
when pulsed currents are employed.

4.2.4 The Mechanism

As a basis for crack propagation it was assumed that defects are filled with
lithium metal, exerting increasing pressure until the solid electrolyte fractures.
Finite element simulations showed that failure occurred instantaneously with
applied current and that there should be no effect from the application of pulsed
current. Hence our hypothesis is that the Li* ion activity surrounding the crack
tip is in part responsible for the critical pressure buildup, weakening the sur-
rounding region.

The proposed mechanism is schematically explained in Figure 4.4. Upon appli-
cation of current Li* move toward the filled crack tip and generate the activation
front. As the activation front grows larger and distorts the lattice the material is
weakened and ultimately fractures, allowing for a growth of the dendrite. If fast
enough pulses are employed the activation front can decay and the lattice is only
minorly distorted, increasing the applicable current density.
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Figure 4.4: Proposed mechanisms in constant current and pulsed current electrochemical
experiments

Evidence to support this theory comes from operando cross sectional nano XRD
measurements of a growing dendrite, where a deviatoric stress in the order of 750
MPa can be detected surrounding the dendrite tip during growth with direct cur-
rent. This stress does not decay instantaneously, as would be expected from crack
extension which would relax at phonon speed, but after ~10 minutes. Other ma-
terials such as LiCoOg have a similar behaviour where Li ions inserted into the
particle cause a volume mismatch, once the relaxation kinetics is slower than the
transfer rate. °® This volume mismatch causes a high enough chemo-mechanical
strain to induce plastic deformation, amorphization and mechanical fracturing.
To conclude it is demonstrated that pulsed current application can have a benefi-
cial effect for polycrystalline LLZTO, both for the critical current density as well
as the growth rate and extends the mechanism for crack propagation.
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4.3 Paper II: Deflecting dendrites
via ion implantation

4.3.1 Overview

In the second Paper the mitigation of dendrites through deflection via compres-
sive stress was explored. Therefore, Ag ions were implanted into the surface
of LLZTO up to 1 um deep, according to SRIM simulations. The implantation
profile and the compressive stress was characterized by CS Nano XRD. It was
attempted to locate the Ag ions via SPED and APT, though only a qualitative
determination via TOF SIMS was successful. Cracks were induced mechanically
as well as electrochemically and successful crack deflection is shown.

4.3.2 Sample Preparation

Similar to Paper 1 the first step was shaping the samples. Hot pressed polycrys-
talline Lig4LagZri 4TaggO12 (HP) and the Czochralski drawn single crystalline
LigsLagZri 5Tag 5012 (SC) were cut into cuboids with a diamond saw. Then two
parallel sides of the samples were polished in a multi step mechanical and vibra-
tional polishing procedure. At the University of Oslo Ag ions were implanted up
to 1 pm deep into both polished sides of the sample, flipping over after implanta-
tion on one side. Two polycrystalline samples were thinned to a final thickness
of around 80 pm by conventional mechanical polishing, same as for the initial
surface preparation, to allow for sufficient X-Ray penetration in the Synchrotron
measurements. For electrochemical experiments the implanted sides were coated
with a molten LiSn alloy, containing 30 wt% of Sn.

4.3.3 Implantation Profile

According to the SRIM simulation, Figure 4.5a, an implantation depth of up to
1 pm with a concentration peak at around 630 + 30 nm and a damage peak at
around 430 + 25 nm, can be expected. In order to visualize the changes from
the implantation virtual dark field imaging applied to a SPED measurement of
an implanted polycrystalline LLZTO sample as shown in Figure 4.5b. An amor-
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phous region from the ion implantation is visible in the top 650 nm. However,
the material showed itself to be rather beam sensitive, being also amorphized
by the stationary electron beam, denying atomic resolution, reliable detection of
the Ag with EDX and EELS and determination of strain in the material from
the diffraction patterns. Since the depth of the amorphized region, correlates
well with the SRIM simulation, atom probe tomography was performed at the
peak implantation depth at 700 nm as well as after the peak damage depth of
1300 nm. The noise level of the mass spectra under the chosen analysis condi-
tions does, however, not allow to detect the low Ag content. Through the use of
FIB-SEM with correlative TOF-SIMS the presence of Ag ions in the implanted
region was confirmed. Depth dependent CS nano XRD, Figure 4.5c¢, also depicts
an amorphization in the top 700 nm as indicated by the broad diffuse scattering
peak centered around 18 degrees 20. A depth resolved stress profile was calcu-
lated, showing a compressive stress peak up to -700 MPa at a depth of 850 nm
below the surface, shown in Figure 4.5 d. Based on this stress value and previ-
ously established methodology the flaw size of a dendrite which can be deflected
and if the implanted depth is sufficient for deflection can be determined. For our
values this behaviour should occur for the growing dendrite.

a Irradiation demage / dpa b C 3.06 239 1.72 105 logla.u. d
00 01 02 03 r £ . 3 4 ‘ L 5 1
0.0 max. demage |ﬂiv|'q 0
0.1 i) | |
02 ma I
E o3 g
= = 24
g 04 g
F 05 z
8 83
< 06 <
- =
8 o7 g 4
08
09 ! 5
1.0 i
1.1 T
0 2 500 0
[Ag]/ x10% at.-% Stress (ip) / MPa

Figure 4.5: a) SRIM simulation of the damage and Ag ion distribution b) SPED com-
posite dark field image of an implanted hot pressed Lig 4Tag gLagZr; 4012 polycrystal an
amorphous layer 650 nm deep is clearly visible ¢) Compilation of cross-sectional nano X-
ray diffraction patterns of the implanted polycrystalline LLZTO sample. The implanted
region is shaded in orange. An amorphous region can be seen, starting from the surface
down to a depth of 700 nm. d) Depth dependent compressive in plane stress
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4.3.4 Crack Deflection

V-limitation

adjusted i

Figure 4.6: a) SEM image of a mechanically induced crack by nano indentation in Ag
implanted LLZTO. b) Voltage profiles during the short circuiting measurement, spliced
together.(c) Optical microsope image of the thinned hot pressed LLZTO during the short-
circuit measurement. (d,e) SEM image of an electrochemically induced crack in Ag im-
planted LLZTO. Top view (d) and 51° angled view (e) implanted region shaded in orange.

An implanted single crystalline sample was probed via nanoindentation followed
by FIB SEM to investigate the crack propagation. As can be seen in Figure 4.6a
the fracture runs parallel to the surface at the stress maximum, determined be-
forehand. An amorphized region is again visible. There are no cracks connecting
the indent with the fracture below, which should be present if it was a radial
fracture. To test if a similar deflection occurs for dendrites, they were induced
by applying current well above the CCD to a thinned implanted sample with Li
metal on both sides until device limitations were reached, due to reducing contact
area from lithium stripping. The voltage curve and the setup is shown in Figure
4.6b-c. Subsequent FIB-SEM cuts show the path of the dendrite. In the top down
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view in Figure 4.6d the initial crack begins to kink at around 700 nm and is fully
deflected at 1.5 pm, the path is highlighted with dashed lines surrounding it. In
the angled view in Figure 4.6e, the fully deflected dendrite is visible. The later
deflection is attributed to locally differing stress, as the value gained from XRD
is averaged over the width.

Impedance spectroscopy was performed to assess the influence of the amorphized
layer on the ionic conductivity of the LLZTO, which is reduced by four orders of
magnitude compared to the bulk conductivity. Annealing procedures could be
employed to regain crystallinity, while they can also affect the stress zone in the
material. Therefore this was not further pursued in this work. To conclude the
deflection of dendrites via an ion implanted compressive stress zone is shown and
can be a viable strategy for dendrite free solid state electrolytes but further work
will be needed on the annealing procedures to regain performance.
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4.4 Paper III: Dislocations and den-
drite branching

4.4.1 Overview

The third paper investigated the immediate environment of a dendrite in LLZTO
with Dark field X-ray Microscopy to gain more information on how dendrites can
penetrate the solid electrolyte. The DFXM measurement revealed dislocations
near the dendrite tip, with one of them pinning the tip. The effect of those disloca-
tions is discussed and through correlation with the dendrite shape a mechanism
for the influence on the dendrite path is established.

4.4.2 Sample preparation

Czochralski drawn single crystalline LigsLagZri5Tags012 was oriented with
Laue diffraction to a known crystal orientation. The single crystal was cut into
cuboids with the known orientation pointing out of the large surface and two
parallel sides of the samples were polished in a multi step mechanical polishing
procedure. The samples were thinned to a final thickness of around 100 um
by conventional mechanical polishing, same as in Paper I and II, to allow for
sufficient X-Ray penetration in the Synchrotron measurements. The polished
sides were coated with a molten LiSn alloy, containing 30 wt% of Sn. A current
density of 1 mA/ecm?, increased to 5 mA/cm? was applied to grow a dendrite
partway into the solid electrolyte.

4.4.3 DFXM measurement

The first DFXM images were taken in the near-field configuration. 17 keV pho-
tons were selected by a Si monochromator and the beam was focused vertically
using a Compound Refractive Lens. A single plane through the crystal was illu-
minated by the horizontal line beam, defining the observation plane of the mi-
croscope. The results of the near field rocking curve measurement can be seen
in Figure 4.7. The shape of the dendrite from the optical microscopy image in
Figure 4.7a corresponds well to the measurements in Figure 4.7b. From the ori-
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entation spread in Figure 4.7c it shows that the orientation of the dendrite, or at
least from the main crack in blue, differs from the surrounding matrix. The full
width half maximum map in Figure 4.7d confirms that the orientation spread
around the dendrite is significantly higher than the matrix.
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Figure 4.7: a) optical image of the LLZTO with the dendrite visible. b) background cor-
rected raw image from the nearfield projection. c) generated center of mass map of the
rocking curve showing the local orientation distribution. d)generated full width half max-
imum map of the rocking curve indicating the high angular spread of the dendrite. The
yellow box marks the field of view for the far field measurement

After the alignment in the near-field was completed, the near-field camera was
removed, and the image was magnified by an X-ray objective lens. The Com-
pound Refractive Lens was aligned 269 mm from the sample along the diffracted
beam using a far-field detector. Three scan types were conducted in the far-field:
rocking scans, mosaicity scans, and axial strain scans. Rocking scans involved
a tilt angle ¢ range of A¢= 0.15° in 25 steps (0.006° per step) to map displace-
ment gradient tensor field components. Mosaicity scans and axial strain scans
assessed distortions along orthogonal tilts y and ¢, and the 26 axis, respectively.
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Voxels were associated with (HKL) pole figure subsets, allowing the generation
of Center of Mass (COM) maps for voxel-level (HKL) orientation. Finally, axial
strain scans quantified residual strain by scanning the 20 axis (A26 = 0.01°) and
were reconstructed into the COM maps. The results are shown in Figure 4.8. The
COM maps in Figure 4.8a, for the rocking tilt, and Figure 4.8b, for the rolling tilt
show an inhomogeneous orientation around the dendrite, with it acting like a
boundary between the different spreads. Furthermore isolated dislocations can
be seen, recognizable from their strain field. One is pinning the dendrite tip and
is marked with a yellow arrow. Two more can be found to the side of the den-
drite, marked with red arrows and it is plausible taking the dimensions of the

dendrite into account, that they are connected to the sideways branching part of
the dendrite.
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Figure 4.8: a) Far field center of mass map of the rocking tilt. b) Strain map. c) Far field
center of mass map of the rolling tilt. d) Mosaicity map of the two sample tilts with the
color key on the right showing the intensity.
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Taking into account the typically low dislocation density of single crystalline ce-
ramics, which can be as low as 10e6 m~2, it is highly unlikely that the dislocations
appear randomly in the surrounding of the dendrite. Assuming that they are con-
nected it is also not expected that the dislocations move ahead of the dendrite as
their speed is much slower. The growth speed of the dendrite, at the current
densities applied here, is in the range of ~50 um/s, whereas the speed of dislo-
cations in ceramic is in the range of nm/s up to pm/s at room temperature. It is
feasible for the dislocations to be nucleated by the stress of the growing dendrite,
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which can reach up to GPa levels. Reported values for dislocation nucleation
in garnets at high temperatures, around 1000°C, are in the GPa range, though
recent deformation tests for single crystalline LLZTO only needed 100 MPa at
1000°C. The necessary stresses at room temperature are likely higher but could
still be in range. Those dislocations could then pose a mechanical weakness in
the material and enable a direction for the fracture to continue on or to branch
out. This mechanism of stress generated by the dendrite, nucleating dislocations
where the fracture can continue, is briefly summarized in Figure 4.9. In order to
confirm this an operando DFXM measurement would be necessary to determine
if the dendrite nucleates dislocations and continues along their direction. .

b) Q)
— > —>

Lithium flux Stress buildup Dislocation nucleation

e) f)

Fracture Dislocation nucleation Fracture

Figure 4.9: Proposed mechanism for the dislocation nucleation and fracture in LLZTO.
a) high current is applied causing increased Li* flux towards a lithium filled flaw, based
on Porz et al. b) the filled flaw exerts pressure on the LLZTO and causes the stress (zone
drawn in orange) to increase. c) the high stress causes dislocations to nucleate. d) fractur-
ing of the LLZTO and the crack fills with lithium. Note here that the precise order and
timing of the events is not known. The stress zone adapts to the new cracks e) new dislo-
cations nucleate in the stressed zone. f) cracks grow further until the current is switched
off, extinguishing almost all dislocations
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Next to paving the way for dendrites, dislocations could also be used to stop them
in their tracks. By increasing the dislocation density the fracture toughness of
the material can be heightened by allowing plastic deformation as a competing
mechanism to fracture. For sintered ceramics this could be achieved via flash sin-
tering or blacklight sintering to reduce the time for diffusion to occur at elevated
temperatures.

To conclude dislocations in the vicinity of a dendrite were detected for the first
time in LLZTO. They are likely to be connected to the growing dendrite and could
offer them branching paths, though further experiments are necessary to confirm
this. Increasing the amount of dislocations could diminish dendrite growth by
increasing the fracture toughness of the material.
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This work has encompassed multiple aspects of lithium dendrites in solid elec-
trolytes, from the localized effect of the dendrite on the surrounding material, to
locally stressing the material via implanted ions and to investigating the influ-
ence of the charging protocol on the dendrite growth and the mechanism behind
it. The goal was to get more insight into dendrite growth in solid electrolytes and
to formulate mitigation strategies to increase the lifetime of future solid state
Li ion batteries. This chapter presents the conclusions of each part and where
future steps could be taken.

Literature for electrochemical metal deposition and for lithium ion batteries,
which could be seen as just a special case of metal deposition where certain de-
grees of freedom are removed, already show that using pulsed current can lead
to a denser deposited layer.2° This translates to an extended lifetime for lithium
ion batteries as the denser, more homogeneous, layer means a reduced likeli-
hood of dendrite growth. Paper I replicated the method onto solid electrolytes,
though the focus is moved from the dense layer deposition to the propensity of
dendrite growth, as that issue plagues solid electrolytes quite a bit. While no im-
provement is shown for single crystalline LLZTO, dense, polycrystalline LLZTO
showed an increase in the critical current density and a reduction in the growth
rate of the dendrite. As a purely mechanical failure mechanism is not sufficient
to explain why this improvement is only occurring for the polycrystals the local
lithium activity was added as an additional factor contributing to fracture. The
time to reach a critical activity causing failure is dependent on the flaw size,
which for single crystals is smaller than for polycrystals, and thus would require
faster current pulses to mitigate. Synchrotron measurements detecting the local
stress at the tip of a dendrite show that it decays based on a diffusion like pro-
cess over time, giving further credence to this mechanism. Though a significant
performance improvement is shown, the experiments were limited to symmetric
Li-LLZTO-Li cells, and full cell tests would likely be needed to confirm simi-
lar improvements before it is implemented in actual solid state batteries. The
method of pulse plating has seen industry interest and there is already a patent
filed on pulse plating by Quantumscape, an American manufacturer of solid state

lithium metal batteries. 17

In Paper II Ag ions were implanted into the top surface layer of LLZTO, up to 1
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pm deep, causing a compressive stress of up to -750 MPa. This residual stress
causes mechanically induced cracks, as well as dendrites to deflect parallel to
the surface. The beam damage from the implantation amorphizes the top 650
nm, which causes a decrease in the ionic conductivity of four orders of magni-
tude for this layer. Locating the implanted Ag ions was attempted via TEM and
APT, but the high beam sensitivity denied EDX and EELS results from TEM
and the concentration was too low for APT to detect the Ag reliably. A quali-
tative detection of the Ag was managed using TOF-SIMS. This work serves as
a proof of concept, that dendrite growth can be inhibited through compressive
stress caused by implanted ions. In literature it was already speculated that
compressive stress in the soid electrolyte can stop dendrites and in mechnically
stressed LLZTO a similar deflection was already shown.343% However the de-
crease in the ionic conductivity from the amorphisation is something that would
need to be adresses, as otherwise the internal resistance of the battery will be a
significant power drain. This can be achieved in keeping the implantation depth
low and therefore the amorphous layer small as well. Though this runs the risk of
encountering surface effects during implantation and defects extending past the
implanted layer diminishing the effect on dendrite growth. Another approach is
to anneal the solid electrolyte after ion implantation though research into the
correct parameters, which are annealing time and temperature, to recrystallize
the amorphous zone while keeping the diffusion of the implanted ions and the
effect on the compressive stress to a minimum, will be necessary. Once these
parameters are known this technique can be scaled up to industrial processes, as
is already the case in the semiconductor industry.

The last part of this work observed the environment next to a dendrite tip in
LLZTO with DFXM. Through this method dislocations could be observed for the
first time near a dendrite tip in LLZTO. Due to the typically low dislocation den-
sity in ceramics and the near vicinity of the dislocations to the tip, they are likely
to be connected and not just products of chance. Dislocations are therefore an ad-
ditional parameter to be kept in mind when describing the fracture of LLZTO by
a dendrite. A preliminary mechanism how it could occur is established and possi-
ble dendrite mitigation using dislocations are proposed, though operando DFXM
measurements are necessary to confirm the mechanism. The other method typ-
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ically used to investigate dislocations, TEM, needs a thin FIB lamella created
by removal of material. Therefore either the dislocation density in the material
needs to be high enough or the exact location where dislocations are expected
needs to be known. Following from our results the near tip region of a dendrite
is a good place to start looking. Though it has to be said that even finding the tip
of a dendrite in a solid electrolyte is a non trivial problem.

The problem of dendrite growth itself will continue to accompany lithium ion bat-
teries further, as it is in part an optimization issue. Just looking at LLZO this can
range from dopants, to surface condition and applied current programme. These
challenges are not necesarily the same for other solid electrolytes. Once a set goal
of charge rate or lifecycles is reached it is often enough to move the bar slightly
higher, like Icarus reaching for the sun, for dendrites to rear their head again. So
this work concludes in front of this seemingly sysiphean task hopefully having
singed some of the hydras heads that are lithum dendrites but with numerous
remaining for the torch to be carried on for this Odyssey in pursuit of knowledge.
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™ Check for updates Understanding the cause of lithium dendrites formation and propagation is

essential for developing practical all-solid-state batteries. Li dendrites are
associated with mechanical stress accumulation and can cause cell failure at
current densities below the threshold suggested by industry research (i.e.,
>5mA/cm?). Here, we apply a MHz-pulse-current protocol to circumvent low-
current cell failure for developing all-solid-state Li metal cells operating up to a
current density of 6.5 mA/cm?. Additionally, we propose a mechanistic analysis
of the experimental results to prove that lithium activity near solid-state
electrolyte defect tips is critical for reliable cell cycling. It is demonstrated that
when lithium is geometrically constrained and local current plating rates
exceed the exchange current density, the electrolyte region close to the defect
releases the accumulated elastic energy favouring fracturing. As the build-up
of this critical activity requires a certain period, applying current pulses of
shorter duration can thus improve the cycling performance of all-solid-solid-
state lithium batteries.

Providing future generations with sustainable and emission-free elec-
trified transportation requires the development of energy storage
concepts with specific energies of at least 400 Wh/kg'. This demand
exceeds, however, the limit which can be reached by conventional Li-
ion batteries (LiBs; -250 Wh/kg)*°. One viable solution to this issue
could be the replacement of the flammable non-aqueous liquid elec-
trolyte solution with an inorganic solid-state electrolyte (SSE), which,
not only allows for an improved safety, but also the application of
Li metal as the negative electrode, leading to a substantial increase
in energy density (up to 50%)*’. One of the most promising SSEs
to enable such high performance solid-state Li batteries is cubic

Li;La3Zr,04, (LLZO) and its variants. In comparison to other SSEs, it can
provide a high room-temperature Li-ion conductivity approaching that
of a conventional non-aqueous liquid electrolyte solution, whilst
simultaneously showing good chemical and electrochemical stability
toward Li metal and high-voltage cathodes®™®.

However, to reach the promised performance, solid-state Li bat-
teries must plate a large Li thickness of at least 15 um or 3 mAh/cm? ata
high (charging) current rate (>5 mA/cm?) for a minimum of 1000 full
cycles” 2 Today, under such conditions, these batteries invariably fail
due to the formation of Li dendrites penetrating the SSE and causing a
short-circuit’**'°*>, One of the main reasons for this battery failure are
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current constrictions at the Li|SSE interface that arise from, e.g., (1)
poor contact between the Li metal electrode and the SSE, (2) grain
boundaries, or (3) void formation at the Li|SSE interface during Li metal
stripping”’°. The resulting high local current densities lead to electro-
chemo-mechanical stresses high enough to initiate Li penetration into
the SSE, finally resulting in a short circuit and even cell failure”.
To address this issue, various concepts have been explored like
the introduction of Li-alloys/interphases (e.g., Sr, ZnO, and Mo)'*",
additives (e.g., LisPO, or excess LIOH)"*® or interface engineering (e.g.,
introducing different atomic interlayers or creating 3D structures)'*?°,
all of which are measures to enhance the SSE’s wetting and/or increase
the LilSSE contact area. Applied on their own, these approaches are,
however, not sufficient to meet the performance demand for practical
applications. Only in combination with a constant heat supply, leading
to a faster Li* diffusion”, or the application of stack pressure to
enhance the Li creep from the anode toward the interface”, the
necessary current density threshold becomes tangible. An increased
operating temperature is, unfortunately, not applicable under all cir-
cumstances and additionally represents a constant energy drain. Fur-
thermore, the application of stack pressure increases the risk of
mechanical failure and is technologically challenging, as are some alloy
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d/um og(f/ Hz)

Fig.1|Ph; and elect of the
solid-state electrolytes. a (inset) Single crystalline LigLa;ZrTaO,, (SC) specimen
and b (inset) hot-pressed polycrystalline Lie 4La3Zry4Tao ¢01> (HP) specimen in top
view after shaping and thorough polishing on millimeter paper. The samples were
additionally investigated via scanning electron microscopy (a, b) prior to coating
with Li:Sn. In the case of the SC sample no indication of any microstructural defect
was found, whereas the HP pellet shows a very dense microstructure composed of
grains with diameters around 2 ym and pores up to 1.5 um. ¢ Corresponding atomic
force microscopy analyses were conducted to assess the defect concentration of
the SC (orange) and HP (green) surface, and the measured height & profile plotted
against the distance d covered. Note: for comparison reasons the topography
profile of the SC sample was shifted by -20 nm. d Impedance data of an SC sample
with (black) and without (gray) a proper surface treatment, measured in a sym-
metrical Li:Sn cell at 21+1°C without stack pressure. The inset demonstrates the
homogeneity of the coating procedure after polishing. The negative imaginary part
-Z"is plotted against the real part of impedance Z in form of a Nyquist plot. In case
of the polished sample, only the bulk contribution (R,) can be properly identified,
whereas the interfacial contribution (Ri,) is negligibly small. Fits were calculated
using the circuit shown on top, consisting of resistance elements R and constant
phase elements CPE. Experimental data are represented by circular markers, fitted
data by line markers. e Conductivity g is plotted against the frequency in form of a
conductivity isotherm of an SC (orange) and HP sample (green), again, measured in
a symmetrical Li cell at 21+1°C.

formations”. To make use of the already achieved progress while
bypassing critical temperature and pressure conditions, a different
approach is needed that is compatible with the aforementioned
methods. One such solution could be the alteration of the external
current application. Pulsed currents are often utilized in electroplating
of metals to achieve more uniform deposits*° and have already been
applied in Nal|O, battery and N,O electrochemical reduction
systems?”?%, Current pulses therefore represent a potentially useful
method for inhibiting Li dendrite formation® %

Upon application of a direct current to a conventional LiB, Li-ions
start to deposit throughout the whole electrodelelectrolyte interface
and can gather in certain areas causing concentration gradients. In
case of a pulsed current program, where the current profile is inter-
rupted by pausing/current-off times, the Li-ions have time to diffuse
from regions of high concentrations toward regions of low con-
centrations (during said pausing times) which overall results in a
denser and uniform Li-ion deposition® . Implementing a voltage
pulse into the charging protocol of an all-solid-state high-voltage Li
metal cell has already proven to reduce the interfacial impedance by
refilling formed voids via Joule heating™®. While a single pulse was not
found to significantly enhance the current density limit, a repetitive
application of pulses in a LillLiFePO4 cell with conventional non-
aqueous liquid electrolyte solution has turned out to produce dense
microstructures. The application of conventional direct current on the
other hand initiated rapid growth of porous Li film structures,
degrading the cycling performance significantly”’. Moreover, it has
been shown that the mitigation of current constrictions by pulsed
current waveforms enables a substantial suppression of the dendrite
growth*%*°, Another application is to intermittently apply a reverse
current in a pulse form or a very small direct current (1-20 uA/cm?) to
remove grown dendrites and receive a denser Li morphology**.
Besides for morphological aspects, pulsed currents have also been
studied as a measure to adjust the operating temperature of a battery
by means of a self-heating mechanism***.

Despite the potential of pulse plating to surmount the limitation
imposed by Li dendrites in conventional LiBs, its effectiveness with
respect to solid-state Li batteries has received only minor attention.
Theoretical work has mostly focused on the effects of pulsed currents
on non-aqueous liquid electrolyte solutions and the mechanisms stu-
died therein are not necessarily transferable to solid electrolytes,
where ions are spatially confined and much less mobile?***>35°,

Specifically, it is not clear to which extent and how pulsed current
waveforms can increase the so-called Critical Current Density (CCD) of
solid-state batteries, which is the current density up to which safe
cycling can be conducted without the formation of Li filaments'****
and what impact setting parameters like the pulse/pause ratio, fre-
quency or applied current density have. Since the application of
pulsed currents is an external electrochemical measure and does not
interfere with any internal measures taken to increase the CCD, such as
the application of alloys, additives, or interface engineering, it can be
widely applied on top of such methods.

Herein, to analyze the impact of current pulses on different
inorganic solid-state electrolyte morphologies, single crystalline
Ligla;ZrTaO;, (SC) and hot-pressed polycrystalline Lig4lasZry 4
Tag.6012 (HP) cuboids of high geometrical and interfacial quality were
prepared and subjected to different pulse plating protocols. A wide
spectrum of techniques, such as focused ion beam, scanning electron
microscopy, transmission electron microscopy, atomic force micro-
scopy and electrochemical impedance spectroscopy were applied to
retrieve a full sample profile. Afterwards, all samples were galvanos-
tatically cycled in symmetrical Li cells using either direct or pulsed
currents, whereby short circuits have been identified and tracked via
operando Optical Microscopy.

This study reveals that MHz pulses enable up to a six-fold increase
in CCD, leading to values as high as (6.6 - 0.1) mA/cm? The increase in
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Fig. 2 | Analysis and of the elect mea- potentially soft shorted samples or values obtained at temperatures higher than

surements. Ranking of the critical current density (CCD) values achieved for single
crystalline (SC) and hot-pressed polycrystalline (HP) samples during either direct
current application (DC; marked in gray) or pulse plating (PP; marked in orange and
green for single crystalline and polycrystalline samples, respectively) operation.
CCD values obtained during pulse plating are represented by black circular mar-
kers, whereas effective CCDe values, considering the time increase during the
measurement compared to the values when direct current has been applied, are
plotted as white rectangular markers. The violet section shows CCD values above
1mA/cm? reported in literature for different LLZO chemistries (excluding

room temperature and/or high stack pressure, to our best knowledge; based on
refs. 14-20,23,55-63. from left to right—see also Supplementary Table 5). Values
were grouped into one or two of three categories depending on their strategy being
either (1) the coating of an alloy onto the SSE (petrol), (2) application of an additive
during the sintering procedure (pink) or (3) the engineering of the SSE interface by
e.g., structuring or application of an additional interlayer (purple). For the right-
most value the full circle corresponds to the reported current density for the
porous structure and the empty circle to the current density if the porous structure
were planar.

CCD can be associated with the application of current pulses shorter
than the time required to build up a critical Li activity near a defect tip
located at the Li|SSE interface. Once reached, this critical Li activity
leads to the structural destabilization and fracture of the SSE, which is
accompanied by Li dendrite initiation and propagation.

Results and discussion

Ensure minimum sample-to-sample variation

One of the main challenges in studying the CCD in a reliable and
reproducible manner is its dependency on microstructural features
like grain boundaries, voids and flaws**** or also chemical variations
even within similarly prepared samples**°. In order to reduce the
impact of sample-specific parameters on the CCD measurements and
guarantee comparable starting conditions for all experiments, special
attention was paid to minimize sample-to-sample variations for each
morphology type. Therefore, rectangular shaped SC and HP samples
exhibiting similar sizes of roughly 3mmx3mmx0.5mm (width,
length, thickness) with densities of 100% and >99%, respectively, were
prepared (see Fig. 1a, b, details regarding the sample preparation can

be found in “Methods” section and Supplementary Figs. 1 and 2). To
achieve a minimal defect concentration at the electrolyte surface, a
thorough surface treatment procedure consisting of multiple rota-
tional and vibrational polishing steps was applied. Scanning electron
microscopy images of the SCs did not reveal any macroscopic pores or
larger scratches (Fig. 1a) present at the polished surface. The HP
samples showed a dense microstructure with grains in the size of about
4 um in diameter (Fig. 1b) and only minor pores up to about 1pm in
diameter. In both cases, a smooth surface profile was achieved with
root mean square (RMS) roughness values of (3 +1) nm and (8 +3) nm
for the SC and HP samples, respectively (Fig. 1c and Supplemen-
tary Fig. 3).

Besides its morphological dependency, the CCD has been found
to be heavily influenced by current constrictions along the LilSSE
interface”’. Current constrictions are related to missing contact
associated with insufficient Li wetting or surface contaminants for
instance.

Moreover, the ratio between the conductivity of the SSE and the
exchange current density has been shown to have a significant impact
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Fig. 3 | Microscopy investigations of the Li metal depositions. a Overview of
different Li dendrites observed during optical tracking of single crystalline samples
being of either straight, cone or diffuse, type. In some cases, multiple dendrite
initiation was spotted, where dendrites started growing from several initiation sites
at the same time. The dendrite growth can be seen in motion in Supplementary
Videos 1-5. Crack analysis performed on an SC (b-d) and HP (f), cut parallel to the
formerly coated electrolyte surface with a focused ion beam. For the single crys-
talline sample small subsurface cracks at a width of 40 nm were found, whereas for
the hot-pressed no cracks large enough to resolve were found. Growth rates plotted
against the effective critical current density (CCDeg) values in case of direct current
(DC) or pulsed current (PP) operation for single crystalline LLZTO (SC, e) and hot-
pressed polycrystalline LLZTO (HP, f). The trends have been colored in gray (DC),
orange (SC PP) and green (HP DC) for visualization purposes.

on the uniformity of metal deposits’. The area specific resistance
(ASR) directly reflects both, the exchange current density (according
to Butler-Volmer) and the degree of physical contact’*. Hence, a
reliable experimental platform has to ensure similar ASR values, as well
as similar Li-ion conductivities within one experiment series. There-
fore, potential contaminants at the SSE surface, such as LiOH and
Li»CO;, have been removed by a proper polishing sequence with a
subsequent heat treatment at 400 °C in Ar atmosphere*’. Moreover, a
molten Li:Sn electrode (70:30 wt%) has been used to improve the
wetting of Li on the SSE™. The combination of both approaches led to a
reproducible reduction of the ASR value down to negligible values (see
Fig. 1d and Supplementary Note 1). This is elaborated further in Sup-
plementary Tables 1 and 2 as well as Supplementary Fig. 4. The varia-
tion in Li-ion conductivity across the SC and HP samples was
investigated by plotting the electrochemical impedance spectroscopy
data in a Bode-like fashion (Fig. 1e). Both conductivity isotherms reveal
a single direct current plateau, which, in the case of the SC, can be
related to the bulk conductivity due to the lack of grain boundaries. In
case of the HP sample, the grain boundaries appear to not significantly
contribute to the total resistance of the SSE, resulting in a single con-
tribution as well. The averaged conductivities and deviations of the SC
and HP samples amount to (0.25+0.04) mS/cm (mean+std) and
(0.63+0.05) mS/cm at (21 +1) °C, respectively, pointing toward minor
sample-to-sample variations in terms of resistance. Additional infor-
mation can be found in Supplementary Figs. 5 and 6.

In addition to these parameters, experimental conditions, like
temperature” and pressure’® impact the CCD. Increasing either of
the two can significantly elevate the CCD value, e.g., by enhancing the
creep of Li metal and its diffusivity. Therefore, all experiments
were conducted at a constant temperature (21+1) °C and without the

application of significant stack pressure (less than 3 kPa, see Supple-
mentary Note 2).

The critical current density

Different pulsing sequences were tested in preliminary experiments
with polycrystalline LLZTO (PC) pellets prepared by conventional
solid-state synthesis, where the pulse-pause ratio was varied from1:1 to
1:10 in the ms-range. Whereas these cycling conditions did not improve
the electrochemical performance of the PC pellets, reducing the
respective timeframes to the ps-regime enhanced the CCD values
achieved in contrast to direct current operation for a 1:1 pulsed current
condition (see Supplementary Note 3 and Supplementary Table 2). The
same pulsing sequence was then applied to the SC and HP samples and
compared to the CCD values achieved under direct current operation
(see Fig. 2, Supplementary Note 4 and 5 and Supplementary Tables 3
and 4). Since the pausing time in the pulsing sequence prolongs the
overall cycling time, an “effective” CCD value (CCDg) was defined on
the basis of the plated capacity for better comparison. For a 11 pulsing
sequence, taking twice as long as direct current cycling, the obtained
CCD value was therefore divided by two. Prior to any cycling experi-
ment conducted with pulsed waveforms, the efficiency was evaluated
by galvanostatic titration and plating experiments. The measurements
revealed that pulsed currents down to the ps-range can achieve effi-
ciencies up to 100% (see Supplementary Note 6 and Supplementary
Figs. 7 and 8). In the case of the SC and HP samples, the cycling profile
was complemented by simultaneously taken optical microscopy ima-
ges, easing the identification of Li dendrite formation (details are given
in Supplementary Note 4, Supplementary Figs. 9 and 10 and Supple-
mentary Videos 1-5).

For the SC samples, CCD values up to (4.95-0.05) mA/cm?
(current at potential drop-current step size, taken as range con-
taining actual CCD value) have been achieved by using direct current
application. Compared to similar samples lacking an extensive sur-
face treatment®, this represents an increase of around 170%, thereby
highlighting the sensitivity of the CCD on the electrolyte’s surface
condition. In Fig. 2 and in Supplementary Table 5 previously reported
CCD values are summarized (note: based on the effective surface
area; values related to potential soft shorts, higher temperature and
high stack pressure are excluded). Values up to 4 mA/cm? have so far
been achieved by using alloys (e.g., Li:Mo, Sr:Li), additives (e.g.,
LiOH*H,0) and/or interface engineering (e.g., MgO, Cu-doped
Li3Zn)'*2055%3 While the SC samples exceed these values by 1 mA/
cn??, they are, however, not practicable for large-scale production,
due to possible cost and manufacturing concerns. Applying a direct
current protocol to the HP samples, however, led to average CCD
values below 1mA/cm?, proving that the presence of grain bound-
aries and small pores reduces the CCD (see Supplementary Tables 3
and 4). When switching to pulsed currents, no significant difference
in electrochemical performance could be found for the SC samples.
While the maximum CCD reached a similarly high value of
(4.8-0.1) mA/cm?, the overall average was lower, taking on a value of
(2.1£1.6) mA/cm?, as opposed to (2.7 +2.0) mA/cm? for direct cur-
rent cycling. Based on the CCDg of (1.0 + 0.8) mA/cm? it becomes
evident that in the case of SCs, pulsed currents cannot effectively
enhance the CCD. For HP samples on the other hand, an improve-
ment could be observed with a maximum CCD of (6.6-0.1) mA/cm?
and an average of (3.3 +1.8) mA/cm?. Even based on the CCDef of
(1.7+£0.9) mA/cm?, pulsed currents can by far outperform cells
cycled under direct current conditions reaching average CCDs
around (0.6 +0.3) mA/cm?2.

These results indicate that MHz pulsed currents can mitigate cri-
tical defects up to a certain current density range, enabling current
densities as high as (6.6-0.1) mA/cm?, and an increase by a factor of
three concerning the plated capacity. Notably, despite our efforts to
mitigate as many influencing factors as possible, large variations in
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Fig. 4 | Proposed mechanisms in constant current and pulsed current elec-
trochemical experiments. Flow diagram showing the proposed mechanistic dif-
ferences between direct current and pulsed current (us) operation of a solid-state
cell employing a Li metal anode: a pristine condition of the Li|SSE interface exhi-
biting a surface scratch of the SSE filled with Li, along with the lattice orientations of
the adjacent grains near the defect tip. b Once the current is switched on Li-ions
start to concentrate near the defect tip and ¢ cause the buildup of an activation
front, increasing over time ,. LLZTO is thereby locally reduced and the lattice
parameter in this region changed. d In case of direct or long current pulse (>s)

(d) major lattice
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(f) dendrite
growth

(g) minor lattice (i) Li* accumulation
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current off

application this continuous lattice distortion causes a continuously increasing
amount of pressure which, at some point, is released in form of (e) mechanical
fracture. As a consequence, Li is plated along the new cracks (f) and drives the
mechanical fracture even further until a short circuit is caused. g In case of short
current pulses (us) the time for the activation front buildup is short enough to just
cause a minor lattice distortion before the current is switched off again. h The
accumulated Li-ions start to diffuse and distribute into the neighboring regions,
hindering a significant pressure to arise. i Afterwards, the current is switched on
again like in (b) and the process repeats itself.

CCD values were still observed. This suggests that studies on CCDs
should, in general, be statistically evaluated to ensure reproducibility.

Li dendrite characteristics

During optical tracking of Li dendrite initiation and propagation in SCs,
a multitude of different dendrites has been observed, which were
essentially grouped into one of three different categories similar to the
classification used by Kazyak et al.**: straight, cone or diffuse type (see
Fig. 3a). The straight type is characterized by a 2D Li deposition
throughout the SSE, whereas the cone type branches out at the sides
causing more of a 3D growth pattern. In the case of the diffuse type, Li
did plate ina flowing manner followed by a macroscopic fracture of the
electrolyte. For the multiple initiation type, filament growth started at
several initiation sites at once and continued growing at the same time.
Figure 3b-d shows the analysis of the crack widths of a typical shorted
SC and HP sample using a focused ion beam-scanning electron
microscope. In the SC sample sub-surface cracks with widths of about
40 nm were observed, whereas the HP sample did not show any signs
of intra- and/or intergranular crack propagation. This observation
could, however, also be related to the formation of dendrites below the
resolution limit of the scanning electron microscope. As all dendrite
types were observed in both cycling programs, no clear correlation
between the current waveform and the respective shape of the den-
drite could be found. In most cases, either a straight or cone-like Li
propagation was observed, whereas the diffuse type was encountered
very rarely. In contrast to the observations Kazyak et al.** have made,
the propagation of each dendrite type was accompanied by a decrease
in potential. Overall, initiation sites were found to be randomly dis-
tributed across the whole interface and only numerous in case of high
CCDs (Fig. 3a bottom). As for the HP samples, Li dendrite formation
was not observed to follow a single initiation event, but multiple ones,
starting simultaneously throughout larger areas of the Li|SSE interface
(Supplementary Fig. 11). Next to so-called hard shorts, soft shorts, in

some cases exhibiting seemingly reversible Li deposition, have also
been observed but were not further studied herein (see Supplemen-
tary Note 7 and Supplementary Figs. 12 and 13).

The growth kinetics

Growth rates were determined by dividing the distance between the
electrodes overcome by the time needed to reach the opposing
electrode. Figure 3e, f shows the average growth rates of both mor-
phology types obtained under either direct or pulsed current con-
ditions. A linear relationship between the CCD and the growth rate
becomes evident, which is in agreement with previous studies®. In
the case of the SCs, Li deposition rates as a function of CCD pro-
gressed at speeds of 8.4 um/(s(mA/cm?)) and 10.5 um/(s(mA/cm?))
under direct and pulsed current operation, respectively, indicating
little dependence of the Li deposition mechanism on the pulse
waveform. Applying the same approach to the HPs, pulsed currents
were observed to reduce the growth rate increase with increasing
CCD from 13.7 um/(s(mA/cm?)) to 1.1um/(s(mA/cm?)). These obser-
vations suggest that Li propagation follows a different mechanism in
polycrystalline samples under pulsed currents as opposed to in sin-
gle crystalline ones.

The growth rate of a dendrite can be expressed by dx/dt and
based on our observation takes on a value of about 10 um/s at 1 mA/
cm?. The current density at the tip, required to enable growth rates up
to 10 um/s, can be derived from Eq. (1):

(]

- A - A o2

The total current flowing is denoted by /, the molar volume by V%,
which amounts to 13.148 cm?/mol and F represents the Faraday con-
stant. Note that the tip area of the dendrite A cancels out in the
equation, which means that the current density is independent of the
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size of the dendrite in a first approximation. If the current for the entire
cell is much larger than the current needed for driving the dendrite,
whichis typically the case evidenced by no or only minor voltage drops
before a short circuit, such an approximation can be made. According
to this relation, the current densities needed to achieve the observed
growth rates are in the range of 7 A/cm? when considering the required
charge transfer to provide the necessary volume of Li. This value is
larger than the exchange current densities reported for LLZO so far,
which lie around 0.3 A/cm? ®°, Hence, the high current density causes a
significant polarization at the dendrite tip during plating with detri-
mental consequences.

The mechanism

As previously mentioned***, the propagation of dendrites through
ceramic electrolytes is suggested to be associated with the geome-
trical constraint for Li within a defect. Due to this constraint, a critical
pressure builds up as soon as the defect is filled, causing a protrusion
of Liinto the SSE. This failure occurs instantaneously with the applied
current (see finite element calculation described in Supplementary
Note 8 and Supplementary Figs. 14 and 15), which would indicate that
the longer pulses in the ps-range should not have any implications on
the propagation of Li dendrites. The experiments with the HP sam-
ples, however, showed that the CCD is increased by a factor of six,
whereas the Li growth rate decreases by one order of magnitude
when switching from direct to MHz pulsed currents. Hence, the
previously proposed mechanism of mechanical failure associated
with the penetration of Li needs to be revisited to describe our
observations.

Our main hypothesis is that the buildup of a Li-ion activity front in
the neighboring region of a defect tip is responsible for a critical
pressure buildup, eventually followed by fracture of the SSE and
dendrite propagation. As the buildup of this critical Li-ion activity does
not occur instantaneously once the current is switched on, current
pulses of short enough duration can prevent the incident of this case.
In this sense mechanical fracture actively drives the formation of Li
dendrites rather than merely accompanying it. This suggested new
mechanism not only explains the formation of Li dendrites under DC
operation (see Fig. 4a-f) but would also be in accordance with the
electrochemical performance increase observed for pulsed current
operation (Fig. 4a-c, g-i), as elucidated in the following.

In its pristine condition (Fig. 4a), a solid-state cell employing a Li-
metal electrode and polycrystalline LLZTO electrolyte will show
surface defects like scratches (as observed in Supplementary Fig. 3)
ultimately filled with Li after construction. In order to extend cracks
within an SSE and allow the propagation of Li dendrites, bonds need
to be broken. We suggest that the corresponding driving force is
introduced locally and not as approximated previously by a homo-
geneous load*. The required energy gain to overcompensate the
energy needed to break bonds can come from (1) the release of
the chemical driving force from a Li chemical potential (or activity) in
the SSE being above that of Li metal, and (2) the release of elastic
energy due to an enhanced Li activity near the dendrite (and crack)
tip. Both energy contributions emerge from the same phenomenon,
being the accumulation of Li-ions and electrons in close proximity to
the Li-filled crack tip once an electrode overpotential is applied
(Fig. 4b). This is in accordance with Han et al. where a substantial
enhancement of the electronic conductivity is found close to the Li
electrode upon polarization®”. In Solid-State lonics this is well
known as stoichiometry polarization or Wagner-Hebb polarization,
where a blocking of ionic charge carriers at the electrode is
present” %, This is valid, as long as the critical conditions leading to
the initiation and growth of Li dendrites are not met. Then, LLZTO is
locally reduced and thus the electron concentration enhanced,
driven by the very high current densities of beyond 1A/cm? (see
Eq. (1) above).

a Lianode

strain / arb. units
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stress relaxation

position / pm
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Fig. 5 | Operando microscopy and X-ray measurements of the Li metal and
solid-state electrolyte. a The dendrite is highlighted in an optical microscope
overview image, while the mapped region of 10 x 10 ym is marked as a black-dashed
square. The corresponding operando synchrotron X-ray nano diffraction strain
maps show the region ahead of a Li dendrite directly after its growth and after a
waiting time of -10 min. A single grain is highlighted and exhibits a deviatoric strain
of -0.0045 (b, 0 min), and -0.0015 (¢, 10 min), equivalent to a change in deviatoric
stress of -750 MPa. This relaxation was not detected when comparing the state
during the dendrite’s growth and to the state directly thereafter. The grain is
located -8-10 um in front of the assumed dendrite tip.

The local stoichiometry change (i.e., additional Li-ions and chan-
ged ionic valences due to additional electrons, Fig. 4c) induces a
change of the local lattice parameter similar to, e.g., doped ceria (i.e.,
SSE for solid oxide fuel cells) under very reducing conditions®’. This
change only arises near the defect-tip region and is therefore sup-
pressed by the mechanical constraints toward the bulk part of LLZTO,
which is unaffected by Li activity changes (Fig. 4d). Accordingly, a
substantial elastic energy builds up until a critical Li activity is reached
resulting in stress relaxation by fracture (Fig. 4e) followed by Li den-
drite propagation (Fig. 4f). Further evidence for this theory is given by
observations of grain relaxation in an HP sample (Fig. 5a) measured by
operando synchrotron XRD (1) directly during dendrite growth
(Fig. 5b) and (2) after 10 min of current pause (Fig. 5c), allowing for
diffusion. These measurements highlight the apparently strong
mechanical sensitivity of LLZTO toward the local Li activity. Specifi-
cally, the 2nd-order (grain-average) deviatoric strain was observed to
change from -0.0045 to - -0.0015 within a single grain located
between 8 to 10 um away from the dendrite tip within 10 min. This
corresponds to a difference in deviatoric stress on the order of
750 MPa. Other phenomena such as crack extension would act much
faster, i.e., with the propagation speed of phonons, and can therefore
be ruled out as explanation for this observed relaxation. Similar
behavior can be also found, e.g,, in LiCoO,”, and Si”* where the
insertion of Li-ions into the particle causes a volume mismatch
between the new phase near the surface and the existing phase in the
bulk once the relaxation kinetics is slower than the transfer rate. This
volume mismatch causes a high enough chemo-mechanical strain to
induce plastic deformation, mechanical fracturing and even amor-
phization. This effect can also be found in, e.g., fracture of rock for-
mations as a consequence of water uptake, which could be seen as an
analogous mechanism. The change of the unit cell upon incorporation
leads to an expansion or shrinkage, inducing stresses which eventually
cause the stone to crack’.

Overall, these arguments strengthen the theory that dendrite
propagation is promoted by the mechanical weakening of the SSE (i.e.,
decrease of the fracture resistance) at the crack tip caused by the
constant increase in Li activity under current application. The time
dependence of this process can be described by the ambipolar (che-
mical) diffusion coefficient of Li-ions in LLZTO. The exact time and
space thereby depend on the geometry of the defect and the location
at which Li-ions are injected and where electrons originate from”.
Contrary to the concept of Sand’s time, which has been used to
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Fig. 6 | Trends and observations concerning Li activity front and defect size.
a Activity front at SSE|Li interface and growth of rim with increasing time (arbi-
trary chosen times &, ¢, and t; where ¢; <t, <t3). b Schematics illustrating that a
smaller activity front (red) with a critical width w is sufficient to crack up the
environment of small defects, (black) in the solid electrolyte (gray) whereas a
thicker activity front is needed for the same result in case of bigger defects. It
therefore takes for a longer time to induce fracture in the vicinity of big defects as
opposed to smaller ones. ¢ Increase of Li activity as a function of plating time
between pulse plating (PP) and direct current (DC) application. The illustration
shows that if the current is applied for a shorter amount of time () than what is
needed to reach the critical Li activity (t.), a structural degradation can be avoi-
ded/delayed, while relaxing for t,. d Time required until a defect gets critical (i.e.,
filled completely) by considering a plating rate of 0.27 nm/s (assuming a current
density of 0.2 mA/cm?), demonstrating that smaller defects are most critical in
terms of filament initiation and propagation. Further elaborated in Supplemen-
tary Note 9.

describe the transition from mossy Li growth to dendritic growth in
liquid cells via the formation of a Li-ion depletion layer and subsequent
Li-ion deposition in current hotspots’”, we postulate a local increase
of Li-ions. As already mentioned, this increase in Li-ion activity takes
place at a defect near the Li|LLZTO interface (Fig. 4b), whereby in a first
approximation a few assumptions can be made. On the one hand that
there is an equilibration of electrons and on the other hand that any
change of the interfacial double layer and any additional contribution
of the interfacial charge transfer to the kinetics (i.e., considering dif-
fusion rather than the Butler-Volmer limited case, due to the local
constrain of Li metal in a filled crack tip) can be neglected. Hence, the
applied overpotential directly transfers to a locally enhanced Li activity
creating an activity front at the Li dendrite tip. The diffusion into the
surrounding LLZTO regions (Figs. 4b and 6a), is determined by the
chemical diffusion coefficient of Li-ions, D. Assuming radial symmetry
for diffusion with the concentration C(R) at the center, a constant D
value and concentrations instead of activities, the additional Li-ion
concentration C(r,t) at radius r and time ¢ in the corresponding region
can be determined with Eq. (2):

C(r,t)=C(R) - erf\/r/Dt ?2)

The quantitative relation between the additional Li-ion con-
centration and the activity of Li (or the overpotential) is not known.
However, the effective thickness w of such a diffusion front with the

diffusion coefficient D and the time ¢ can be approximated according
to Eq. (3):

w=~Dt 3)

It shows that this “rim”, having an enhanced Li-ion activity,
increases with time (Fig. 6a). From a mechanistic point of view, the tip
radius R defines the stress concentration at a flaw. We suppose that to
reach the critical condition for dendrite growth, a certain Li-ion activity
is needed at the tip. For example, based on Eq. (3), it will take 100 times
longer to reach critical conditions for a ten times larger R (Fig. 6b).
Therefore, a tip with a large radius R (e.g., pores, scratches) requires a
thicker activity front as opposed to a sharp tip (e.g., grain boundaries).
In other words, the time required to reach the critical activity front is
shorter for a tip with smaller R. Since the accumulation of a critical
activity front at a dendrite takes place in the sub-ms range (depending
on the applied current), this time dependence does not play a sig-
nificant role for direct current charging.

In the case of pulsed currents, however, this time dependence
becomes significant. For 1 MHz pulses the activity front can build up
for just one microsecond, which is too short to reach critical condi-
tions and only a minor lattice distortion takes place (see Figs. 6¢
and 4g). In the subsequent microsecond the Li-ion activity front can
then relax again during the pausing time (Fig. 4h). As the current is
switched on again, a similar starting condition is given and the cycle
repeats itself (Fig. 4i). Hence, the propagation of Li dendrites is sup-
pressed by taking away the driving force, i.e., fracture of the SSE at high
Li-ion activity.

This explains the increase in CCDs and lower propagation rates of
Li dendrites in case of the HP samples when pulsed currents are
applied and why the SC samples remain unaffected under the same
conditions. Considering that grain boundaries are sharp defects with
lower fracture toughness compared to the bulk, Li dendrites are pre-
dominantly formed in these regions (see detailed discussion on the
failure likeliness of different types of defects and defect sizes in Sup-
plementary Note 9 and Supplementary Fig. 16). Hence, when the
pulsed current frequency is sufficiently high, Li penetration will then
take place, e.g., along grain boundaries at much higher currents (or any
other defect for which the time required to reach a critical Li activity
front is less than the pulse frequency) explaining the six-fold increased
CCD for HP samples. The lower propagation rate during pulsed current
application can be associated with local fluctuations in Li-ion transport
and Li deposition rates®’. These cause stress accumulation at the
branch tips, which are created once Li starts to penetrate the SSE.
Considering that the branch tips are “sharper”, as opposed to the
primary tip, they are most sensitive to failure (see Fig. 6d). Conse-
quently, dendrites under pulsed conditions must pass a longer path-
way, hence, require more time until a short-circuit occurs. Due to the
absence of grain boundaries, SCs naturally short at higher current
density values approaching those of HP under pulsed current condi-
tions. At these current densities, however, 1 MHz pulses are not suffi-
cient anymore to mitigate the build-up of a critical activation front,
keeping the CCD unaffected by pulsing. Hence, the application of
pulsed currents appears to be particularly powerful for improving
the behavior of industrially relevant polycrystalline solid-state
electrolytes.

To this date, lithium dendrites remain the weak point of solid-
state Li batteries and hinder their implementation in practical elec-
trochemical energy storage*. In order to overcome the critical current
density (CCD) barriers set by industrial researchers (>5 mA/cm?) and
become a competitive option for electric vehicles, different strategies
are needed to exceed this limitation. Herein, we demonstrate that the
application of 1 MHz-pulsed currents increases the CCD by a factor of
six, leading to values as high as 6.5 mA/cn??, thereby exceeding values
reported in literature so far. To understand the origin of this
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improvement, the preexisting mechanism of Li dendrite formation
must be extended. We propose that an enhanced Li-ion activity close
to the filament tip arises once Li deposition within a defect is limited by
geometrical constraints, which, in turn, causes the effective current
density at the crack tip to exceed the exchange current density. The
increase in Li activity is accompanied by a lattice expansion that is
constrained toward the bulk causing a buildup of elastic energy. Once
a critical current has been reached, this energy is released by fracture
of the ceramics. Since the buildup of a critical Li-ion activity requires a
certain time, the application of current pulses with shorter durations
can be used to extend the stability range of the solid-state electrolyte,
and therefore increase the achievable CCD. We speculate that a com-
bination of pulsed current waveforms in combination with other
established methodologies, like the application of interlayers or
increased interfacial surface areas, can significantly boost the perfor-
mance of solid-state Li batteries.

Methods

Sample preparation

For this study, three different model systems of LLZTO were
used. For preliminary tests, e.g., to determine coating and plating
behavior and find suitable pulsing parameters, polycrystalline
Lie sLasZry sTag s012-pellets (PC) were prepared via solid-state synth-
esis. Therefore, stoichiometric amounts of La,03 (Alfa Aesar, CAS
No.1 preheated for 8 h at 900 °C), ZrO, (Millipore Sigma, CAS No.
1314-23-4) and Ta,Os (Alfa Aesar, CAS No.1314-61-0) were mixed with
LiOH (Alfa Aesar, CAS No0.1310-65-2) in 10 wt% excess to account for
any Li losses during synthesis. The powder was then wet milled with
isopropyl alcohol (Sigma-Aldrich, CAS No.67-63-0; 15 ml) in 100 ml Zr
jars with Zr balls for 6 h at 400 rpm. The finished slurry was dried in a
Nabertherm oven at 60 °C followed by a calcination step (950 °C, 6 h)
in an Al crucible. The sample was again wet milled with isopropyl
alcohol (6 h, 400 rpm) to obtain a fine powder and isostatically
pressed into green bodies of 10 mm diameter by applying a load of 5
tonnes for 1min. The pellets were transferred to a Pt crucible,
stacked and each covered in calcined power to avoid Li-evaporation.
The crucible was again transferred to the oven and subjected to a
two-step sintering procedure (950 °C for 0.5h, 1180 °C for 16 h). A
more detailed description of this procedure can be found in ref. 76.
For the main cycling experiments hot-pressed, and therefore denser,
polycrystalline Lig 4LasZry 4Tag 6012 (HP) pellets were purchased from
Toshima Manufacturing Co., Ltd. Materials System Division. Finally,
single crystalline LigLa;Zr;Ta;04, pellets (SC) were prepared via the
Czochralski pulling technique. Composition of the starting melt was
stoichiometric with an additional excess of Li,O of 20 mol%. The raw
materials, Li;CO3 (99.99% Merck), La,05; (99.999% Fox Chemicals),
ZrO, (Puratronic© Johnson Matthey), and Ta,05 (99.999% Alfa Aesar)
were weighed, mixed, isostatically pressed at 2 kbar, sintered for 6 h
at 850 °C, ground, pressed again, and sintered for 6 h at 1230 °C. For
the growth process, this starting material was melted in an induc-
tively heated, 40 ml iridium crucible enclosed by alumina ceramic
insulation in a pure N, ambient environment. After melt homo-
genization a thick iridium wire was immersed in the melt to initiate
crystallization. With some material attached, the wire was slowly
pulled upwards (0.5mmh™) and the generator controlled by the
automatic diameter control routine of the pulling station. After the
growth was completed, the crystal was withdrawn from the melt and
cooled down to room temperature in 15 h. The obtained crystal had a
length of 40 mm at a diameter of 15mm. The single crystals were
compressed along a [150] direction which allows a maximum Schmid
factor of 0.38 for the <111> {1-10} slip system. The influence of crystal
orientation was excluded by cross-check experiments with a com-
pression axis tilted by 45°. Testing in these two directions makes sure
that any slip system is oriented with a Schmid factor >0 in at least one
experiment.

The polycrystalline pellets were used for proof-of principle
and coating experiments, so no special attention was paid to keep
the surface roughness and defects to a minimum. Therefore, the
cylindrical pellets were simply sanded and polished using up to
4000# grit SiC paper and a polishing cloth (Supplementary
Figs. 2a and 4a). The SC and HP samples on the other hand were
cut into geometrical cuboids with a diamond saw to obtain
dimensions of -2.7 mm x3.3mm x 0.5mm and 2.3 mm x 2.5 mm x
0.8 mm (width, length, thickness), respectively. Special attention
was paid to assure a parallel arrangement of both interface areas
(Supplementary Fig. 2b) to avoid stress concentration at elevated
regions when clamped into the measuring setup. Afterwards, the
samples were glued (with Crystalbond) to a steel ingot for
mechanical stabilization and polished in a multi-step mechanical
and vibrational polishing procedure. To get rid of any surface
contaminants, all samples were finally heat-treated at 450 °C for
3 h (heating rate 5°C/min) in Argon atmosphere according to a
study executed by Sharafi et al.”> and wiped down with the pol-
ishing cloth directly prior to coating.

Coating

In order to achieve good contact between the metal anode and the SSE
throughout the whole interface, various Li:M-alloys (M =Sn, Zn, Na)
were tested instead of pure Li to improve the wetting behavior and
therefore reduce the interfacial resistance. In addition, combinations
with Carbon (C-) and Au-interlayers were investigated to check for
further improvements (Supplementary Fig. 4c and Supplementary
Table 1). All tests were carried out with the PC samples. Interlayers
were applied after the final polishing step in an Ar-filled glovebox from
Braun (O, and H,O levels below <1 ppm) at (21 +1) °C directly prior to
application of the Li:M alloy. The C-layer was applied by abrading a
pure graphite crucible onto the pellet, whereas the 10 nm-thick Au-
layer was sputter-coated in a Leica EM QSG100. The alloys were heated
to around 250 °C and the pellet immersed for up to 10 min. Residual
Li:M alloy at the sides of the pellet were removed by sanding, such that
only the top and bottom sides were coated (see Supplementary Fig. 4b,
d, e). While interfacial resistances were comparably low for all alloys,
the Li:Sn-alloy stood out the most in terms of success rate and ease of
handling, which is why this coating approach was chosen for all later
measurements. In case of the SC and HP samples, only the polished
sides (Supplementary Fig. 2b, green arrows) were dipped into the Li:Sn
bath for around one second.

Physicochemical characterization

For the synthesized polycrystalline and purchased hot-pressed poly-
crystalline samples, phase purity was checked via powder X-ray dif-
fraction. The measurements were carried out with a Rigaku MiniFlex
X-ray diffractometer with a step size of 0.1°/min in a scanning window
ranging from 10 to 60° (see Supplementary Fig. 1).

Focused ion beam cross-sectioning and scanning electron
microscopy imaging of cracks after failure were carried out using a FEI
Helios G4 dual-beam instrument. The samples were placed in a sealed
container with Argon atmosphere in the glovebox, transferred to the
electron microscope and installed as quickly as possible with an esti-
mated air exposure of 1 min. Additionally, atomic force microscopy
measurements were conducted on polished SC and HP samples to
analyze their surface roughness. Topography images were acquired
with a Cypher ES Atomic Force Microscope from Oxford Instruments
(Asylum Research), equipped with a Si cantilever from Budgetsensors
(model Tap300GD-G, resonant frequency 300 kHz) and operated in
tapping mode under inert gas (Ar).

Operando synchrotron X-ray nanodiffraction studies were carried
out at the nanofocus extension of beamline ID13 at the European
Synchrotron (ESRF)”’. Images of the experimental setup can be found
in Supplementary Fig. 17. HP samples were placed on microscope
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slides and mapped by an X-ray beam of 0.09537 nm wavelength
~80 nm in diameter. The region of interest was chosen to include an
area of 10 x 10 um in size placed directly ahead of a growing Li den-
drite, identified using an optical microscope. Diffraction patterns from
the gauge volume ~80 nm x 80 nm x 80 um included the diffraction
signal from several grains at each mapped position and were collected
on a Dectris Eiger X 4 M detector placed 104.9 mm downstream of the
sample. Evaluation was performed using the pyFAI’>”* software pack-
age and custom python scripts according to the methods described in
refs. 80,81. Compared to the referenced earlier works, the diffraction
statistics were poor and therefore the evaluated strains and stresses
represent a mixture of second-order (grain-averaged) values and first-
order (polycrystal-averaged) values. In the case of the maps presented
(Fig. 5) the values for the highlighted grain can be understood to
represent second-order strain. The grain stands out from the sur-
rounding material probably due to its comparatively large size.

Electrochemical characterization
Electrochemical impedance spectroscopy measurements were per-
formed with either a Novocontrol Alpha analyzer or a Solartron Mod-
ulab ECS XM with an FRA module exhibiting a range of 1 MHz. A 10 mV
sinusoidal perturbation signal was applied in a frequency range of
1MHz to 10 Hz with 10 points per decade after a 1min open circuit
voltage (OCV) period and the resulting signal response of the material
was probed. A 10 mV signal was used due to the very small sample
geometries present and the concern that galvanostatic electrochemical
impedance spectroscopy (GEIS) may lead to Li deposition, especially at
lower frequencies. For commercial batteries, which can have much
lower impedance due to the large area, GEIS can result in a better signal
to noise ratio®’. Furthermore, it was found that for our specific setup
GEIS is more vulnerable to interferences, especially at higher fre-
quencies (see Supplementary Fig. 18). The combination of this led to the
use of potentiostatic electrochemical impedance spectroscopy (PEIS).
Cycling under direct and pulsed current conditions (ms-, ps-
regime) was conducted with either a Solartron ModuLab XM-unit or a
2450 SourceMeter from Keithley. For the determination of the applied
current density, the apparent contact area was used (see Supplemen-
tary Note 10 and Supplementary Figs. 19 and 20). Li filament formation
and propagation during electrochemical cycling was visually tracked
with an optical microscope and images recorded on a 2-7 s period.
The electrochemical impedance spectroscopy measure-
ments, plating proof of concept test and efficiency measurements
(see Supplementary Note 6) of the PC-samples were conducted
with a two-electrode Swagelok-setup, whereas plating experi-
ments were conducted with a self-assembled coin cell setup as
shown in Supplementary Fig. 21a, b. The estimated pressure in
these setups is below 1.8 kPa. A homemade setup was also used
for the electrochemical characterization of the SC- and HP-sam-
ples, where the pellet was clamped between two brass current
collectors by means of a screw (see Supplementary Fig. 21c). All
regular cycling experiments were conducted with a symmetric
cell employing the Li:Sn alloy as both electrodes, whereas in case
of the efficiency and plating experiments one side was switched
for either Cu or Au, respectively. It should be noted that when
contacting the Li:Sn electrodes only around (1.8 + 0.8) kPa pres-
sure was applied (details see Supplementary Note 2), which is
three orders of magnitude lower than what is used during battery
assembly****** and that all measurements were performed in an
Ar-filled glovebox under inert conditions (O, and H,O levels
below <1 ppm) at (21+1) °C.

Modeling stress buildup inside a filament under pulsed plating
conditions

In modeling the stress buildup within a metal filament, the authors
used COMSOL Multiphyics 5.6. A Li metal electrode was modeled using

elastic-rate-dependent plastic material behavior. The elastic and plas-
tic material behavior were calibrated using data from Fincher et al.*.
The elastic modulus was taken as 9.4 GPa, while the rate-dependent
plastic behavior was modeled using a Norton Power Law Model, where
the strain rate & is related to the stress o through Eq. (4):

n
=4[ 2 ) . @
Oref

Here, 0, (a reference stress) is taken as 1MPa, and fitting coef-
ficients A and n were taken as 0.0052 and as 7.04, respectively. The
sample was modeled as in the geometry shown in Supplementary
Fig. 14, using red boundaries as “roller” boundary conditions. Under
such a specification, the displacement normal to a “roller” boundary is
set to zero. In this way, the resulting part effectively models a filament
against an infinitely stiff solid electrolyte. Such a model would tend to
experience larger stress buildups (and thus, potential relaxation) than
one with a compliant solid electrolyte.

The temperature within the metal “filament” was prescribed as a
function of time such that an equivalent amount of thermal strain was
induced to the metal that would otherwise be plated. That is, one can
define a “strain-rate” induced by plating as Eq. (5):

e= L Yl ®
ro Fry

where F is Faraday’s constant, V,, is the molar volume, and r,, is the
initial radius of the filament, r is the radius of the filament and i is the
current density. The strain rate can then be defined as a function of
time such that the temperature within the filament follows Eq. (6):

o Vol
E—F—ro—aAT. 6)

Where a is the coefficient of thermal expansion. Thus, by pre-
scribing temperature as a function of time, the strain rate within the
filament was controlled to match that of pulsed currents. The elastic
energy in the filament was then calculated with Eq. (7) as:

/cr cedV, )

integrated over the body of the filament. The metal filament were
meshed with free triangular mesh, for a total of 22,160 elements.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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Supplementary Fig. 1: XRD data of polycrystalline samples. Obtained X-Ray Diffraction patterns of

polycrystalline LissLasZri5TaosOx synthesized via solid-state route (PC, blue) and polycrystalline hot-pressed

(HP, green) Lis4LasZri4Tao 6O in comparison to cubic Li;La;ZrO.. from ICSD (#422259, black).
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Supplementary Fig. 2: Geometries of samples. Schematics illustrating a typical cylindrical PC pellet (a) and

a SC/HP cuboid (b). The polished and heat-treated surface areas are highlighted in orange, which in the end

were coated with a molten Li:Sn alloy as indicated by the green arrows.
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a)

Topography Phase image

3 2 21
Supplementary Fig. 3: AFM results of samples. Atomic Force Microscopy analyses were conducted to assess

the roughness and defect concentration of the SC (a) and HP (b) surfaces. Both topography images reveal
scratches on the polished electrolyte surface. The depth of these scratches is, however, lower for the SC (a) than
for the HP (b) pellet, denoting a lower surface roughness (see height profiles in Figure 1c). Average RMS surface
roughness was calculated from these measurements and resulted in (3 + 1) nm and (8 + 3) nm, for SC and HP

respectively.

Supplementary Fig. 4: Coating approaches of pellets. (a) finished PC samples after the polishing and heat
treatment. (b) PC pellet half immersed in the Li:Sn alloy when heated up to 250 °C in a Pt-crucible. (c)

Comparison of the Li:alloy wetting capabilities of some different coating approaches tested. The Li/Zn alloy
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contained 5mol% Zn and the Li/Na alloy 21.4mol% Na, +C denotes the use of a carbon interlayer. (d,e) Images

of a PC pellet completely coated with the Li:Sn alloy.
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Supplementary Fig. 5: EIS data of SC samples. (a) Impedance data of the SC samples in a Li|SC|Li cell
measured at 21+1°C measured prior to direct current (DC) or pulse plating (PP) experiments along with the

respective (b) Bode plots.
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Supplementary Fig. 6: EIS data of HP samples. (a) Impedance data of the HP samples in a Li|HP|Li cell
measured at 21+1°C prior to direct current (DC) or pulse plating (PP) experiments along with the respective (b)
Bode plots. HP DC 1 (black marker) represents a non-heat-treated sample and HP DC 2 did not undergo a proper

polishing sequence which demonstrates the importance of a proper sample treatment prior to coating.
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Supplementary Fig. 7: Plating experiments of polycrystalline samples. Plating profile of a PC sample

coated with Au on one side and Li:Sn on the other, in a Li|PC|Au cell treated at 1:1 ps pulse pause (PP) ratio at
100 pA/cm? at 21+1°C.The close-up inspection window shows the switch from the plating to the stripping step
and the open circuit voltage (OCV) in between. In situ Optical Microscopy images on top show the surface of
the Au electrode in its pristine condition (a) and confirm Li is being plated at the opposing Au electrode (b) and

stripped again in the subsequent half cycle (c).
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Supplementary Fig. 8: Efficiency experiments of polycrystalline samples. Voltage profile of a PC-sample

in a Li|PC|Au cell undergoing an efficiency measurement where 200 pAh/cm? of lithium are plated at 50 pA/cm?

pulsed current application (again 1:1 us pulse pause ratio, PP) and subsequently stripped with direct current (DC)
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application at 21+1°C. A close-up inspection window shows the switch from the PP plating step to the direct

current stripping step and the open circuit voltage (OCV) in between.

(a) intact (b) initiation (c) propagation (d) propagation (e) failure
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Supplementary Fig. 9: Cycling performance of SC sample. Cycling profile of the SC sample measured in a
Li|SC|Li cell at 21+1°C (a, intact state) which achieved the highest effective CCD value during this study being
(459 £ 0.05) mA/cm? after application of a direct current program. A close-up inspection window and
simultaneously taken in situ Optical Microscopy images of the SC at the top show failure. First, the voltage
increases drastically, presumably due to contact loss from void formation. In the subsequent plating step, the

voltage response drops as the lithium filaments initiate (b) and propagate through the SC (c-d) until the cell fails

(e).
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Supplementary Fig. 10: Cycling performance of HP sample. Cycling profile of the HP sample measured in a
Li|HP|Li cell at 2141°C (a, intact state) which achieved the highest CCD during this study being (6.6 + 0.1) mA/cm?
after application of a 11 (ps) pulsed current program. In contrast to the direct current program, here, 10 mV
perturbation Potentiostatic Electrochemical Impedance measurements from 1 MHz to 10 Hz with 1 minute OCV
were performed in between half-cycles . Again, a close-up inspection window along with simultaneously taken
in situ Optical Microscopy images of the HP at the top show the dropping voltage response as the lithium

filaments initiate (b) and propagate through the HP (c-d) until the cell fails (e).

i i K — | —
Supplementary Fig. 11: Typical dendrite growth in HP samples. In situ Optical Microscopy images of a
selection of failed HP samples. Note that, in contrast to the SC samples, where mostly single dendrites were
observed, the filaments in the HP samples rather showed an areal growth. An example of such a dendrite growth

can be found in Supplementary Video 5 showing sample (c).
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Supplementary Fig. 12: Reversibility of Li dendrites. Voltage profile of an SC sample, measured in a Li|SC|Li

cell at 21+1°C, treated with a direct current cycling program combined with in situ Optical Microscopy images.
It shows the rarely encountered peculiar behavior, that at high currents a dendrite can seemingly retract to an
apparently intact sample. After short circuiting for the first time, which happens after the switch of current from
(a) to (b), the lithium filaments apparently form back in the following half-cycle (c), and the sample appears to
be optically and electrically intact again. In the subsequent half-cycle, a Li filament once more grows through
the upper area of the SC and short-circuits the sample for good this time (d). This process can be seen in motion

in Supplementary Video 4.
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Supplementary Fig. 13: Proof of Li filament reversibility. Measured impedance responses of an SC sample
in a Li|SC|Li cell at 21+1°C prior to failure (grey markers representing older cycles, green markers the last cycle
prior to first failure), once short-circuited (light red) and after the Li filaments formed back completely (dark

red). In the subsequent half-cycle, the sample then shorts again (light red).
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Supplementary Fig. 14: COMSOL modelling of Li penetration. Model used for the COMSOL Multiphysics
finite element analysis to study the deformation of an expanding metal filament. The thickness tefectrode and
height heiectrode of the metal electrode were set to 250 pm and 100 pm, respectively and the length of the formed

metal filament [, was assumed to have a length of 10 pm. The “roller” boundary conditions are marked in red.
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Supplementary Fig. 15: Analysis of total elastic energy evolution. The total elastic energy in the “filament”
plotted as a function of normalized time when Li metal is being plated (green region) and when the current is

switched off during a pausing time (blue region).
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Supplementary Fig. 16: Fracture stress intensity factor K; as a function of the defect length (crack). The
minimum flaw size for a grain boundary (gb) and a grain are shown for a randomly chosen critical stress intensity

factor of 500 MPa, assumed as a homogeneous pressure p inside (arbitrarily chosen as the real value is not known

so far).
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Supplementary Fig. 17: Setup used for nanoXRD studies. Images of the setup used for the nanoXRD study
at the beamline ID13 at the ESRF. An HP sample is placed on a microscope slide coated with Li:Sn contacting a
Cu current collector. A small opening below the sample helps to reduce interaction of the slide with the beam.
The whole sample is encapsulated in Kapton tape to protect the Li from air and moisture. A schematic sideview
of the setup is shown at the bottom. The X-ray optics are placed behind the sample in the beam path to focus

the beam down to a spot size of 30 nm. The measurement was done at a temperature of 22°C.
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Supplementary Fig. 18: EIS data comparison of GEIS and PEIS mode. Nyquist plot comparing a 10 mV
Potentiostatic Electrochemial Impedance Spectroscopy (PEIS) measurement (green) to a 1 pA Galvanostatic
Electrochemical Impedance Spectroscopy (GEIS) measurement (orange) done on a Li:Sn-coated HP sample in a
Li|HP|Li cell at 21+1°C. Frequencies were varied from 1 MHz to 1 Hz. Except for the inductive loop at high

frequency parts for the GEIS measurement similar results are obtained.

Supplementary Fig. 19: SEM images of FIB cuts performed at an HP|Li interface, at two different
positions. In both cases, the Li electrode was coated afterwards with a protective Pt layer at the cut position
for imaging purposes. Images were taken at 10 kV and 0.69 nA (a,b) or 0.17 nA (c,d) at a working distance of 4.1
mm. The HP sample treated with direct current is shown in subfigures a and b and was cycled until failure at
21+1°C (200 pA/cm?). Subfigures c and d show the interface of the HP sample cycled with pulsed currents until

it reached the same current density as the sample treated with direct current. No significant difference
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becomes apparent as both interface regions show occluded voids and an intimate contact between LLZTO and

Li. Therefore, it can be assumed that the deposition of Li, as expected, works smoothly with pulsed currents.
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Supplementary Fig. 20: EIS data of HP samples. (a) Nyquist plot showing the impedance evolution of an HP
sample cycled in a Li|HP|Li cell at 21+1°C with direct current (DC) until failure. (b Nyquist plot showing the
impedance evolution of an HP sample cycled in a Li|HP|Li cell at 21£1°C with pulsed current application (PP)

until the same current density as the sample in (a).
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Supplementary Fig.21: Self-assembled setups used for electrochemical characterization.(a,b) Homemade
setup for the plating experiments consisting of a measuring station and a coin cell that can hold a PC pellet and
a top grid as current collector. (c¢) Measuring setup used for the cycling and efficiency experiments of the SC and
HP samples consisting of two parallel aligned brass current collectors equipped with a junction and a white foam

in the middle to help with filament tracking. A screw is used for adjusting the distance to the respective sample.
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Supplementary Tab. 1: Listing of the different coating approaches pursued during this study along with the

formulation used for preparation of the alloy, tested interlayers (carbon or gold) and a final qualitative rating

ranging from - (worst case), over ~ (satisfactory) to + (best case). While the Li:M alloys were applied via

dipping the specimen into a molten bath, interlayers were applied prior by abrading a pure graphite crucible

onto the sample or sputtering (Au target). The Li:Sn alloy (marked in blue) was finally chosen as the go to

coating strategy for all later measurements.

approach recipe

tested interlayers

rating

Li pure Li metal

Li metal + 30 wt% Sn

powder
1 0,
Li:Na Li metal + 21.4 mol% Na
metal
H 0,
LiZn Li metal + 5 mol% Zn

powder
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Supplementary Tab. 2: Listing of PC samples treated with either direct or pulsed current conditions (ms and
ps range) in a symmetric Li||Li cell along with their measured ASR and CCD values at 21+1°C. The effective
CCD (CCDefr) represents the CCD after consideration of the capacity decrease and the step size taken in the

cycling protocol is additionally given for uncertainty estimation.

sample Conditions ASR CCD CCDess step
Q cm? HA/cm? HA/cm? pA/cm?

PCDC1 DC * 250 250 50

PCDC 2 DC * 20 20 5

PCDC2 DC * 325 325 5

PCPP1 11 (ms) 4.4 400 200 200
PCPP2 1:2 (ms) 15 600 200 200
PCPP3 1:3 (ms) 34.1 600 150 200
PCPP 4 1:5 (ms) 60.8 600 100 200
PCPPs5 1:10 (ms) 19.1 1200 109 200
PCPP6 11 (ps) 6.6 1200 600 200
PCPP7 1:2 (ps) 8.8 2000 667 200
PCPP8 1:2 (ps) 8.7 800 267 200
PCPPg 1:3 (ps) 10.5 600 150 200
PC PP 10 1:3 (ps) 10.3 1800 450 200

*no data available
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Supplementary Tab. 3: Listing of SC samples treated with either direct or pulsed current conditions (ps
range) in a symmetric Li||Li cell along with their measured ASR and CCD values at 21+1°C. The effective CCD
(CCDefr) represents the CCD after consideration of the capacity decrease and the step size taken in the cycling

protocol is additionally given for uncertainty estimation.

sample conditions ASR CCD CCDesr step
Q cm? pA/cm? pA/cm* pA/cm?

SCDC1 DC 1403 250 250 250
SCDC2 DC 15.4 400 400 200
SCDC3 DC 44.9 400 400 200
SCDC4 DC - 1250 1250 50

SCDCs DC - 800 8oo0 50

SCDC6 DC - 3900 3900 50

SCDC7 DC - 4950 4950 50

SCPP1 1:1 (ps) - 3530 1765 100
SCPP 2 1:1 (ps) - 1600 800 100
SCPP3 11 (ps) - 2340 170 100
SCPP 4 11 (ps) - 900 450 100
SCPP5 11 (ps) - 1100 550 100

SCPP6 1:1 (ps) - 4800 2400 100
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Supplementary Tab. 4: Listing of HP samples treated with either direct or pulsed current conditions (ps
range) in a symmetric Li||Li cell along with their measured ASR and CCD values at 21+1°C. The effective CCD
(CCDe represents the CCD after consideration of the capacity decrease and the step size taken in the cycling

protocol is additionally given for uncertainty estimation.

sample conditions ASR CCD CCDess step
Q cm? HA/cm? HA/cm? pA/cm?
HP DC1 DC 7041 200 200 100
HP DC2 DC 86.0 500 500 50
HPDCs3 DC 51.4 650 650 50
HP DC 4 DC - 1050 1050 50
HPDCs5 DC - 400 400 50
HP DC 6 DC - 450 450 50
HP PP1 11 (ps) * 2100 1050 100
HP PP 2 11 (ps) - 6600 3300 100
HPPP3 11 (ps) - 1350 675 100
HP PP 4 11 (ps) - 2750 1375 100
HPPPs5 11 (ps) - 3200 1600 100
HP PP 6 11 (ps) - 2100 1050 100
HP PP 7 11 (ps) - 4800 2400 100

* no data available
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Supplementary Tab. 5: List of all CCD values found in literature for LLZO being above 1 mA/cm?. Besides the

stoichiometric composition, also the category of improvement (alloy, additive, interface engineering) as well as

the cycling conditions (T, p) and pellet quality (density, ASR) are given if mentioned in literature. Rows

marked in red are measurements carried out at an elevated temperature and/or pressure and are therefore

unfit for direct comparison to the rest of the CCD values.

CCD composition additive alloy interface T p density ASR Ref
mA/cm? °C % Qcm?
11 LissLasZr,5TaosOn - - PbO/ZnO/ RT - - 10 1
Co;0,4
11 Lis4LasZr, ;TaosO - - CoO/Li,O 25 ? 95 123 2
115 Lis.sLasZr: 4, TaosO: 15 wt% excess - LixSn:Li.O RT 10 N cm™ - 25 3
LiOH-H.O
115 Lis 4LasZr; ;TaocO:z excess lithium - Au 25 - ~96% 3 4
1.2 LissLasZrisTaosOw - - SnS. 100 Swagelok - 17 5
1.2 LissLasZrisNbosOr  LisPO,+ 10 wt% - - RT - 90.9 - 6
excess
LiOH.H.O
13 LissLasZrisTaosOn - - Sr:Li RT - - - 7
1.4 Ta-doped LLZO excess - Ov-ZnO and RT - - 55 8
LiOH-H.O Au?
1.4 LissLasZri75Tao2505 - - Pt RT coin cell - 9 9
1.4 LissLasZrisTaosOn LisZr.0, - Au 25 coin cell 97.21 1.65 10
17 Lis4LasZr, ;TaosOr - Li:Mo - RT - - 1 1
(0-MoOs
nanobelts)
1.7 Lis.4La;Zr.4TaocOn ALO; - Au 60 Micro-clamp 98.5 129.4 12
(nm-sized)
1.8 LissLasZrisTaosOn - - LiF:LiCl 25 - >96 10 13
1.95 LisLasZr,5Taos05 4 wt% MgO - Au 25 - 97.9 18 14
2 Lis.sLasZr: 4, TaosO: - - PZL RT 30 MPa - 1.9 15
2.2 LissLasZrisTaos0w - - MoS. 100 - 14 16
2.8 LissLasZrisTaosOr - - Cu doped 28 coin cell 98 30 17
Li;Zn
38 - - Au 40 33 MPa >99 9-15 18
6 60 33MPa >99 o-15 18
4 Lis 4La;Zr:4TaosOn - - ZNR RT - - - 19
10 Lie 75La2 75Cao.25Z1.sNb - - RT button cell >99 7 20

0501
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Supplementary Note 1: Ion conductivity and area specific resistance

Supplementary Fig. 5 and Supplementary Fig. 6 show the Electrochemical Impedance Spectroscopy (EIS) data
of all the Single Crystalline (SC) and Hot-Pressed (HP) LLZO samples tested herein, once in form of a Nyquist
(a) and once in form of a Bode (b) plot. For the SC samples, only one semicircle in the Nyquist plot is visible,
with one corresponding plateau in the Bode plot. Due to the lack of grain boundaries in a single crystal this
contribution can be assigned to the bulk. Except for the first ones, HP DC1 and 2, the HP samples show a similar
behavior and only reveal one contribution in either plot. HP DC1 was not heat-treated and HP DC2 did not
undergo a polishing step directly prior to coating. In both cases, an additional contribution connected to the
electrode|electrolyte interface is present in the plots and results in a much higher Area Specific Resistance (ASR,

see Supplementary Tab. 4) as opposed to the treated samples.

Supplementary Note 2: Applied pressure determination

In our homemade setup a spring holds the vice jaw in place counteracting the force exerted from the screw.
The spring constant of this spring (2,5 + 0,5 N/m) was determined by measuring the compression at two
different force levels (15 and 30 N) at 25°C. The force exerted by turning the screw one turn was determined to
be (3.3 £ 0.5) x 104 N. Since the sample was fixed by turning the screw for one turn after the jaws contact it, the
pressure can be calculated from the sample geometry (1.84 x 10° m?). This leads to a possible pressure on the

sample of (1.8 + 0.8) kPa.

Supplementary Note 3: Preliminary cycling experiments and identification of favorable protocol

Overall, a typical pulsing sequence in this study is composed of an A:B period, with A representing the current
application duration in relation to the pausing time B. In case of a 1:1 sequence, this would mean, that the pausing
time matches the current application time, whereas in a 1:2 sequence the pausing time is double the current
application time. In the ms-range, A was set to 2 ms (due to instrumental limitations) whereas in the ps-regime,
all experiments were conducted with a 1 ps current application time. Overall, first pulsing tests with the PC-
samples in the ms-regime revealed no improvement of the electrochemical operation in contrast to direct
current application. Reducing the time scale to the ps-range, however, lead to overall significantly higher CCD
values (see Supplementary Tab. 2). As evident from the reached CCD values, a low ASR value does not necessarily
guarantee high electrochemical performance. This becomes especially evident for sample PC PP 7 and 8 which
were both equally treated with a 1:2 pulsing sequence and showed similar ASR values of the pristine pellets (8.8
Qcm? vs. 8.7 Qem?). Whereas PC PP 7 reached an effective CCD of 667 pA/cm?, PC PP 8 already shorted at 267
HA/cm?. While the ASR value is highly useful in predicting the quality of the SSE wetting, it does not necessarily
reflect the occurrence of surface scratches, which, at high current densities, can become the nucleation sites for
Li filaments. Overall, the cycling experiments showed that shorter pausing times appear to be most favorable,

which is why all further PP experiments with the SC and HP samples were conducted with a 1:1 ps sequence.

Supplementary Note 4: Failure identification
Examples of a typical symmetric Li| |Li cell with SC and HP electrolytes sample are shown in Supplementary Fig.

9 and Supplementary Fig. 10, respectively. Due to simultaneous optical tracking during electrochemical
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operation, failure identification was simplified, and it could be observed that any significant potential drop was
related to Li filament formation. The whole cycling profile in general is composed of the overall cycling curve
along with a close-up window showing the voltage drop associated with failure and the corresponding optical
evaluation ranging from the intact sample and initiation of the Li filament down to the propagation route and
final short circuit. In both cases, the voltage profile shows a significant drop in potential once Li starts to deposit
at the right interface and decreases as the dendrite makes its way through the SSE. Once it reaches the opposing
side the potential drops to zero. In some cases, filaments would not grow through the entire SSE or cause the

voltage to fall to zero.

Supplementary Note 5: CCD studies of SC and HP samples

Supplementary Tab. 3 and Supplementary Tab. 4 contain a list of the SC and HP samples along with their cycling
program, interfacial resistances prior to cycling as well as the CCD and effective CCDef values. The CCD value
was chosen to be the current density value where a characteristic potential drop was starting. Additionally, the
step size of the program is listed to allow for an uncertainty approximation of the achieved electrochemical
performances. The CCD value was therefore specified in the main text as “maximum value - current step size of
cycling program”, as the actual CCD lies within this current density range. In case of the SC samples, the first
direct current study (SC DC 1-3) was carried out with samples of lower quality, which were cut with a diamond
saw and simply sanded and polished with SiC paper like the PC samples. In comparison to the shaped and
polished specimens a much higher interfacial resistance could be determined, and the CCD values were lower.
In case of the HP samples, the impact of a missing heat treatment and final polishing step is demonstrated in
the case of sample HP DC 1. Compared to the SC samples however, the difference does not appear to be as

prominent.

Supplementary Note 6: Proof of concept

To check on the effectiveness of pulsed currents in the ps-regime, efficiency and plating experiments were
conducted with the PC samples. In case of the plating experiments an asymmetric cell employing a Li and Au
electrode was employed and Li metal was plated for a total time of 4 hours with a 11 (ps) pulsing sequence. The
deposition process was then qualitatively examined in-situ via Optical Microscopy by focusing through the grid
of the Au electrode current collector. Supplementary Fig. 7 shows the complete cycling profile along with a close-
up of the voltage sequence and an image of the pristine PC surface (1), as well as one picture after finishing the
plating (2) and subsequent stripping step (3). Image 2 clearly shows that pulse plating in the ps-range is able to
transfer Li across the SSE to the opposing electrode. It should be noted that the surface morphology in this case
does not transfer to the situation in the typical symmetric cells used for the regular cycling experiments.

The efficiency of this plating process was then checked by depositing Li metal via 1:1 ps pulsed currents for 4
hours and subsequently stripping it again with direct current application for half the time, being 2 hours in this
case. The assumption is that if pulsed currents were less effective than direct current at Li transfer, then the time
to remove the same amount of Li would deviate significantly. Despite minor voltage plateaus, no sharp voltage
increase was detected during this 2 hour time frame, which is why it can be assumed that the efficiency of pulsed

currents at this time scale is close to 100 %.
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Supplementary Note 7: Reversibility of lithium filaments

Throughout the whole cycling study of the SC samples, one phenomenon that was encountered several times
was the reversibility of lithium filaments after the cell was shorted. As shown in Supplementary Fig. 12 shortly
after the beginning of the second half-cycle, the SSE is completely penetrated by Li filaments and the voltage
drops to around o V. In the subsequent half-cycle, however, this process is reversed as the filaments form back
and the sample appears to be optically and electrochemically intact again. Typically, the samples would then
short-circuit in the subsequent half-cycle once again and remain in this state for good. Supplementary Fig. 13
shows the evolution of the Electrochemical Impedance Spectroscopy response during such a short-circuiting
event where measurements were taken in between half-cycles. Prior to Li filament formation a constant

impedance response was obtained (grey markers) up to the last measurement prior to failure (green markers).

Once the Li filaments connect both electrodes, a typical short-circuit behavior is recorded (light red) until in the

subsequent half-cycle the filaments reverse, and an impedance response is measured again (dark red).

Supplementary Note 8: Modeling stress buildup under pulsed conditions

In assessing whether pulse plating could mitigate stress buildup in lithium filaments, the authors used COMSOL
Multiphysics finite element analysis to model the deformation of an expanding metal filament (as discussed in
the Methods). Because fracture represents the release of stored elastic energy, the value of the elastic energy
stored under a given set of boundary conditions should track with the propensity for fracture. Furthermore, due
to force balance at the metal electrolyte interface, the elastic energy stored within the electrolyte should track
with the elastic energy stored in the metal filament. Thus, the stored elastic energy in a metal filament can serve

as a proxy for the propensity of the electrolyte surrounding the filament to fracture.

Pulse plating was simulated under four conditions: (1) application of 1 mA/cm? direct current for 0.5 seconds
followed by 0.5 seconds pause (no current application), (2) 0.5 mA/cm? direct current for 1 second followed by 1
second pause, (3) 0.25 mA/cm? direct current for 2 seconds followed by 2 seconds pause, and (4) 0.5 mA /cm?
“effectively” pulsed direct current (repeated segments of 1 ps of 1 mA/cm? current followed by 1 ps of no current)
over a total time of 1 second. Supplementary Fig. 15 displays the resulting elastic energy stored in the filament
versus normalized time (that is, time / 2 for conditions (2) and (4), and time / 4 for condition (3)).

Because the time displayed on the x-axis is normalized by the total plating time for simulations of equal plated
capacities, the x-axis represents a measure of plated capacity during the simulation. At a given value on the x-
axis, all four plating simulations possess an identical volume of metal “plated.” As seen in this figure, the elastic
energy stored in the filament during plating increases with increased direct current density during the plating
segment. However, the 0.5 mA/cm?* “effective” current density from the pulse plating simulation possesses a
similar elastic energy stored to the 0.5 mA/cm?* conducted under direct current plating. Thus, mechanical
relaxation of stresses within the filament that may occur during the “off” segment of pulse plating does not

appear to substantially mitigate the electrolyte fracture as compared to the direct current plating case.

Supplementary Note 9: The role of the defect shape
Consider a LLZTO surface that is composed of different sized defects, such as grain boundaries, flaws or pores

in contact with Li metal. Once such a defect is filled up with Li and a high enough current is applied such that
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the Li-ion flux towards the tip exceeds the Li-ion flux from the tip, a significant stress builds up and eventually
fractures the ceramics. Our previous study found filaments to become critical after they exceed an aspect ratio
of = 3:1.> For a simple analysis the stress distribution is assumed constant so that textbook fracture mechanics
apply. When the applied stress intensity factor K; is larger than the critical stress intensity factor K. (i.e., the
fracture toughness), a crack nucleates and propagates. K, can be calculated by considering the applied stress o,

a geometry factor Y (which is reasonably close to 1) and the crack length ¢ using Eq. 5.
Kic = oY xvc (5)

Supplementary Fig. 16 shows the dependence of the generated stress intensity factor on the crack length at an
assumed homogeneous internal stress of 500 MPa, based on Eq 5, (note: arbitrary number since this value is not
known for LLZO so far) is shown. The K;. of a grain and grain boundary can be assumed as 0.7 MPa m®5and 0.3
MPa m°5, respectively.?* In this simplified model, the grain boundary and bulk defect must be larger than about
300 nm and 2 pm, respectively, to generate a stress intensity factor sufficiently high to advance a crack on a pre-
existing flaw. In consequence, there is a certain minimum flaw size for each current density, under which no
filament generation occurs. However, before a flaw can become critical, it must be filled with Li which will
require a certain amount of time depending on the applied current density, as plotted in Fig 6d. Therefore,
smaller flaws can be filled and, hence, become critical faster than larger ones. After becoming critical the
propagation speed of the flaw is much higher than the filling speed making it the main failure cause. While the
possible minimum flaw size in a single crystal is only determined by the surface preparation, grains and grain
boundaries mark the smallest possible non removable flaws in a polycrystal. Hence it seems logical for the HP

sample to fail earlier.

Supplementary Note 10: Active surface area comparison

Two HP samples were prepared and coated with Li. One was cycled until failure with direct current application,
failing at 200 pA/cm?, whereas the other one was cycled with pulsed currents and stopped at 200 pA/cm? without
failure. The interfaces of both samples, where lithium was plated, were then investigated via Focused Ion Beam-
Scanning Electron Microscopy, as shown in Supplementary Fig. 19. For both samples an intimate contact
between the LLZTO and the Li electrode is seen. There is also no discernible difference in the apparent contact
area, as a few occluded voids are close to the interface region in both cases. The evolution of the impedance for

both samples is shown in Supplementary Fig. 20.
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ABSTRACT

Lithium dendrites belong to the key challenges of solid-state battery research. They are unavoidable due to the imperfect
nature of surfaces containing defects of a critical size that can be filled by lithium until fracturing the solid electrolyte.
The penetration of Li metal occurs along the propagating crack until a short circuit takes place. We hypothesise that ion
implantation can be used to introduce stress states into Lig.4LazZry 4Tag 012 which enable an effective deflection and
arrest of dendrites. The compositional and microstructural changes are studied via atom probe tomography, FIB-SEM
with correlative TOF-SIMS, STEM and nano XRD indicating that Ag-ions can be implanted up to 1 um deep and
amorphization takes place down to 650-700 nm, in good agreement with kinetic Monte Carlo simulations. Based on
nano XRD results pronounced stress states up to -700 MPa are generated in the near-surface region. Such a stress zone
and the associated microstructural alterations exhibit the ability to not only deflect mechanically introduced cracks but
also dendrites, as demonstrated by nano-indentation and galvanostatic cycling experiments with subsequent FIB-SEM
observations. These results demonstrate ion implantation as a viable technique to design “dendrite-free” solid-state
electrolytes for high-power and energy-dense solid-state batteries.
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Introduction

Lithium metal has been the holy grail of anode materials for Li batteries, since the first usage in the 1960s,
boasting the highest theoretical capacity at 3860 mAh g~!, the lowest possible electrochemical potential,
-3.04 V vs. standard hydrogen electrode, and a low mass density.!* Despite its desirable parameters,
safety issues stemming from dendritic growth of lithium, short circuiting and subsequent ignition of the
liquid electrolyte, have led to its replacement by the graphite anode in commercial lithium ion batteries.™
Through the usage of non-flammable solid electrolytes which are compatible with lithium metal, such as
the oxide garnet Li;LagZroO12 (LLZO), safety concerns can be remedied and a resurgence of the lithium
metal anode is possible.>¢

The problem of dendritic growth remains though, still present in solid electrolytes, which are prone to being
cracked by lithium dendrites, even when the material is mechanically stronger than lithium metal. This
can happen at current densities as low as 0.1 mA/ em? at room temperature.” ¥ The precise mechanism of
dendrite formation in solid electrolytes is far from fully explored but one explanation is that inhomogeneous
current distribution, sometimes named current focusing, leads to preferential lithium plating, accelerating
the build-up of mechanical stress in the ceramic until it is released in fracture of the material.'%13

Recently it was found that directed stresses in the material allow for guiding the growing crack in a certain
direction. With increasing in plane compressive stress, the path of the growing crack aligns more and
more with the stress direction, depending on the initial crack angle, as the path of least resistance from
the mechanical perspective diverges from the electrochemical one. It was shown that if the stress is high
enough, at least in the 200 MPa range for LLZO, cracks can be diverted to a 90 ° angle from the surface
regardless of the initial crack direction. This can stop the dendrite from reaching the opposite electrode
and short circuiting the cell.'* In the work described, the stress was applied through mechanical bending
of the solid electrolyte via a cantilever. Since bending a whole battery pack is rather impractical, the
introduction of residual stress is necessary.

There are a few methods to introduce residual stresses, which is also known to increase the fracture
resistance, depending on the type of stress introduced into a material. In metallurgy residual stresses are
introduced during plastic deformation of the material, which is known as work hardening, if it occurs
heterogeneously throughout the material. Work hardening can be used to significantly increase the hardness
of the substrate by increasing the defect density in the material.'® It can in principle be applied to any
crystalline material, though it depends on the ductility. While metals can be deformed to introduce stresses,
the same approach would shatter brittle ceramics, which LLZO counts as. This disallows the use of large
scale plastic deformation like cold rolling and special care has to be taken when introducing residual
stresses using methods, such as shot peening, Laser shock peening or sand blasting in order to keep the
material intact.'®2° Other possible methods include strengthening via grain boundaries, transformation
hardening, second phase hardening and solid solution strengthening.?! To achieve a solid solution in a
ceramic, a proven method from the semiconductor industry can be used to introduce foreign ions into the
matrix, ion implantation.?? ?*Previous research on different ceramics, such as MgO, A1203, and SiC has
shown that an ion-implanted material can exhibit a higher fracture toughness.?2

The implantation of ions has a multitude of effects on the material properties, depending on the used
parameters. With a high enough dose of the implanted ions or beam power, the collisions of the ions
with the lattice can destabilize it, leaving behind an amorphous layer in its wake.??* Both of those
parameters also determine the penetration depth than can be reached. This amorphized layer can even
be mechanically weaker than the starting material.>* The conductive properties of the material can also
be influenced due to the implantation. Implanted ions can create additional states in the band structure
changing the electronic conductivity, which made semiconductor applications possible and is the main
reason for its use.?0 If the material is amorphized, pathways for ionic conduction can be diminished,
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which for battery applications is rather detrimental. Nevertheless, amorphous LLZO in thin film batteries
has already been reported to reach reasonably high current densities (3.2 mA cm™2) without dendrite
growth. There the thinness of the layer (70 nm) overcomes the diminished ionic conductivity of 4 orders
of magnitude compared to bulk crystalline LLZO.?” In the semiconductor industry annealing processes
are typically used to regain the crystallinity and to benefit only from the increased electronic conduction
without having to worry about an inhomogeneous distribution in the amorphous structure.?? Parameters
to achieve a similar reconstruction of the lattice, known as recrystallization, while keeping ion migration
low, are not known yet in literature for solid electrolytes in general and LLZO specifically. Contrary to the
semiconductor industry, with thin finely polished single crystalline wafers, processing of polycrystalline
material would be preferred for battery purposes to keep costs low and production volume high. This
means grain boundaries and natural defects need to be kept in mind. A shallow implantation depth can
run into orientation effects, leading to an inhomogeneous implantation profile similar to the implantation
into nonplanar semiconductors.?® A defect which extends past the implanted zone can also be filled with
lithium and bypass the deflective properties from the stress field generated by the implanted ions.

In a recent publication®® it was shown that ion implantation is possible for solid electrolytes and given a
tentative stress value of -3-20 GPa in LLZO, depending on the dosage of implanted Xenon ions, retrieved
from the examination of grazing incidence XRD data and molecular dynamics simulations. It has to be
noted that the implantation depth in Yao et al is rather shallow, calculated at up to 60 nm and is below
the common defect size in the sub pm size, as also mentioned by Yao et al. Furthermore, in situ plating of
lithium in a TEM measurement showed fracture of “defect free” single crystalline LLZO from the local
stresses generated by lithium ions, reaching up to GPa levels.?

This study reveals that stress states in the near surface region up to 1 um depth and up to -700 MPa can be
introduced into Lig 4LagZry.4Tag6012 (LLZTO) by ion implantation. Such a high stress is introduced by an
Ag-ion concentration lower than 0.003 at% in the LLZTO matrix and accompanied by the amorphization
of the top 650-700 nm of LLZTO. Since the stressed zone is significantly deeper than the typical defect
size mechanically introduced cracks have been shown to be deflected perpendicular to the indentation
direction. Finally, we demonstrated that the same is true for dendrites with respect to the penetration
direction, which opens a new avenue to designing “dendrite-free” solid-state electrolytes for high power
and energy dense solid-state batteries.
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Results and discussion

SRIM simulation and structural profile
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Figure 1. SRIM simulation of the damage and Ag ion distribution in Lig.4LagZry 4Tag 012 crystal irradiated with
1.93 MeV Ag ions. b) SPED composite dark field image of a hot pressed Lig 4LagZr 4Tag 6012 polycrystal with Ag
implanted into the top layer. An amorphous layer 650 nm deep is clearly visible. The material has also been shown
to be particularly electron beam sensitive, being easily amorphized by the stationary electron beam between
measurements. ¢) Compilation of cross-sectional nano X-ray diffraction patterns of the implanted polycrystalline
LLZTO sample. The implanted region is shaded in orange. An amorphous region can be seen, starting from the
surface down to a depth of 700 nm. Compressive in plane stress is shown in d) reaching a peak value of -700 MPa at
850 nm.

To identify the implantation conditions that allow the introduction of residual stresses in a depth up to 1
pm in LLZTO we calculated the Ag implantation and damage profiles by kinetic Monte Carlo simulations
with SRIM software (Figure 1a). It is shown that for implantation within 1 gm a beam energy of 1.93 MeV
has to be used. Both, the distribution of incorporated Ag ions as well as the associated damage caused
by the irradiation can be estimated with a peak at 630 + 30 nm and at 430 £+ 25 nm for the amount
of incorporated Ag ions and damage, respectively. With a dose of 1x10' Ag-ions cm~2 an implanted
concentration of 0.003 at% can be expected at the peak. There is the question of how accurate the
simulation is when dealing with a polycrystalline ceramic, with possible chemical inhomogeneities. When
predicting the ranges for single-crystalline silicon, it is rather precise with a slight overestimation of the
range by 2-6 nm increasing with implantation energy.?! For polycrystalline samples, in general and for
LLZTO specifically such studies are, to the best of our knowledge, not available.

In order to visualize potential changes in crystallinity Virtual Dark Field imaging was applied to a Scanning
Precession Electron Diffraction (SPED) measurement of an implanted polycrystalline LLZTO sample as
shown in Figure 1b. It reveals grain size in the range of 3-6 ym and amorphization of LLZTO down to a
depth of around 650410 nm. The region below shows indications of a mixed crystallinity, with amorphous
regions dotting crystalline parts, though it is difficult to distinguish between amorphization caused by
electron beam damage and the one stemming from ion implantation. This is in accordance with the
Monte Carlo simulation and allows the assumption that a significant amount of the incorporated Ag could
be detectable in a range from 550 to 750 nm for further measurements. Since structural degradation
of LLZTO takes place even when using low beam current during SPED (see Supplementary Figure. 1),
atomic resolution imaging and locating the implanted Ag as well as the chemical analysis via EDS or
EELS has been hindered (attempted EDS and EELS results are shown in Supplementary Figure 2a-¢).
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Therefore, atom probe tomography (APT) analyses were performed at the peak implantation depth,
around 700 nm, as well as after the peak damage, depth of 1300 nm. The noise level of the mass spectra
under the chosen analysis conditions does, however, not allow to detect the low Ag content (around 0.003
at% at the peak of implantation based on SRIM simulation). In Figure 2a the 3D reconstruction of one of
the three datasets obtained from a depth of 700 nm is shown which is representative for all of them. The
atoms are homogeneously distributed throughout the needle and no grain boundaries are visible, meaning
only a single grain was investigated. The chemical composition, shown in Supplementary Table 1 is close
to the nominal composition of Lig 4LasZry 4TagO012. Although, LLZTO is intended to be single phase
(see XRD, SEM, and TEM analysis) the 3D reconstruction from a depth of 1300 nm on the other hand
shows a clearly visible grain boundary, a grain with the same composition as in the previous dataset and a
lithium deficient grain on top of it (Figure 2b). The lithium content in the upper grain is around 10.4 +
2.0 at.%, see Supplementary Table 1, while still having a homogeneous distribution of atoms. A proxigram
from the grain boundary, Supplementary Figure 3 shows the transition in lithium content. There is also a
dataset only containing a lower lithium content. The Li-poor extra phase could be related to minor extra
phases which have already been present in the sample or to a lithium loss in the high vacuum conditions
during the APT analysis, which has been recently demonstrated.3%33

Finally, we used FIB-SEM with correlative TOF-SIMS to find evidence for the presence of Ag ions in
the implanted zone. Figure 2c¢ depicts the spots where the TOF SIMS measurements were taken and
a slight peak, at 106.8 mass to charge ratio is visible in the first 0.9 pym diameter spot, which can be
attributed to the 7 Ag implanted into this region. This peak vanishes in the other two spots in Figure 2d
confirming that the Ag is implanted into the desired depth. Attempts to, at least qualitatively, confirm
the implantation profile using larger spots, shown in Supplementary Figure 4 dropped the signal below the
threshold where it is distinguishable from noise.
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Figure 2. Atom probe tomography reconstruction of a needle prepared from a depth of 700 nm. The atoms are
distributed homogeneously throughout the needle b) Reconstruction of a needle from a depth of 1300 nm. While
there is still a homogeneous atom distribution within grains the lithium content in the upper part is lower. ¢) SEM
image of the cross section of the implanted LLZTO sample. The 900 nm diameter spots are where TOF SIMS
measurements were taken. d) TOF sims data from the three spots in b. There is a barely visible pealk for 107Ag at
106.8 mass to charge ratio for the first spot. This peak vanishes for the other spots which are below the implanted

region.
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Stress profile
To determine the localized strain of the LLZTO after implantation, scanning precession electron diffraction
has been performed (Supplementary Figure 5). The diffraction patterns and the simulated patterns of
LLZTO are generally in good agreement (see Supplementary Figure 5b-c), though some parts of the sample
are only partially crystalline resulting in slightly divergent diffraction spots. Hence, the resolution of the
electron diffraction spots has not been high enough to get reliable strain values.
Therefore, cross-sectional scanning nano XRD was used on a mechanically thinned sample to quantify
the residual stress depth-profile created by the implanted ions. The 80 nm X-ray spot size allows the
measurement of residual stresses and crystallinity with a high spatial resolution. The depth-dependent
XRD patterns (Figure 1c) confirm a partial amorphization of the top 700 nm as indicated by the broad
diffuse scattering peak centered around 18 degrees 20 and the inversely proportional decrease of reflections
related to the LLZTO phase, as opposed to the underlying region below. From the orientation-dependent
peak position a depth-resolved residual stress profile can be calculated. At a depth of 850 nm below the
surface, just below the amorphized layer, a compressive stress peak up to approx. -700 MPa was evaluated,
whereas throughout the rest of the layer the stress level does not exceed approx. -250 MPa. The slight
waviness of the residual stress depth profile is stemming from the fact that the recorded XRD patterns lie
somewhere between those corresponding to a single-crystal and fully powder-like poly-crystal, resulting in
residual stresses corresponding to the transition range between 1st and 2nd order stress, i.e., including
some degree of grain-to-grain stress variation.
Based on this stress value and the methodology established in Fincher et al, it is possible to determine the
flaw size of a dendrite that can be deflected with the present stress.'* Equation 1 is adapted from Fincher
et al to determine the flaw size a and assumes a K;c= 1 MPa m!/? for LLZO, same as in the reference,
that our determined compressive stress at -700 MPa is 10 % higher than the critical stress o to deflect
all growing cracks to 90° giving a o¢pir =636 MPa.
2
a= _ (o) =627Tnm (1)
(L12% 0pit)2 %

From this a flaw size of 627 nm is determined, which means that with the present stress of -700 MPa in a
depth of 850 nm growing cracks should be deflected.

Proof of concept: deflection of cracks

To test if crack deflection occurs with the implantation of Ag ions, Nanoindentation was used to probe
the implanted region on a larger single crystalline LLZTO sample. The resulting crack propagation was
observed in a FIB SEM cut (see Figure 3a). Below the indentation imprint a crack runs parallel to the
surface at a depth of 850 nm. This is as expected at the depth of the compressive stress zone, determined
in the previous section. Notably absent are cracks connecting the indentation imprint and the fracture,
which should be present if it is a radial fracture. Above the crack the amorphous region is again visible
due to its differing contrast, additionally confirming the previous TEM and XRD results. To prove the
hypothesis that the implementation of stressed zones by ion implantation can also deflect dendrites we
applied electrical current well above reported critical current densities to a thinned sample with Li metal
on both sites until the voltage reached device limitations, as a result of reduced contact area from lithium
stripping. The corresponding current-voltage curve is shown in Figure 3b. Figure 3c shows the setup used
during this kind of short circuit testing, where the sample is contacted with lithium in two places, carefully
applied only on the side, to avoid circumventing the implanted layer and the zone of compressive stress.
It is evident from Figure 3d,e that dendrites deflect after the implanted region, similar to mechanically
induced cracks. The deflection zone is somewhat past the stress maximum, determined at 850 nm, and
the crack begins to kink at around 700 nm and is fully deflected at 1.5 pm. Where the indented sample
fractures at the zone of compressive stress, the growing dendrite has to snake its way through an increasing
stress field, which can differ locally from the averaged values determined via XRD. Similarly, the bulk Ko
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" Vlimitation'

adjusted i

Figure 3. a) SEM image (Backscattered electrons) of a mechanically induced crack by nano indentation in Ag
implanted LLZTO. The crack grows preferably parallel to the surface. (b) Voltage profiles during the short
circuiting measurement, spliced together. Current was doubled after 10s and held until the voltage limit was
reached, likely due to void formation decreasing the contact area. (c¢) Optical microsope image of the thinned hot
pressed LLZTO during the short-circuit measurement. (d,e) SEM image of an electrochemically induced crack in Ag
implanted LLZTO. Top view (d) and 51 ° angled view (e). The implanted region is shaded in orange, and the crack
highlighted with a dashed line. After the implantation zone the crack diverts parallel to the surface.

value can differ from K¢ value at lower length scales. With this it is entirely plausible for the crack to be
fully deflected after the stress maximum, which is in agreement with Fincher et al, where it was shown
that once the crack starts to kink and constant stress remains, it will eventually be turned by 90°.'4

Impact on electrical properties

Since the damage caused by the ion beam and the change in the lattice from the differently sized ions
implanted can have significant impact on the interfacial transport properties, electrochemical impedance
spectroscopy (EIS) has been performed. In Figure 4 a Nyquist plot of a non-implanted LLZTO reference
sample and an Ag-implanted sample can be seen. EIS of the Ag implanted LLZTO samples with non-
blocking electrodes show the occurrence of a second semicircle as a result of the implantation procedure.
This can be attributed to the now amorphized layer on both sides. The pristine hot-pressed sample was
fitted with an equivalent circuit consisting of a resistor and a constant phase element (CPE) in parallel. A
constant phase element was chosen instead of the capacitance as the semicircle is slightly depressed. The
calculated ionic conductivity is 4.9x107* S em~!. Under the assumption that the bulk conductivity does
not change and that the amorphous layer is symmetric on both sides the implanted sample was fitted
with an equivalent circuit of two parallel R-CPE elements in series. The resulting ionic conductivity for
the amorphous layer, calculated with the known thickness of 650 nm, is 8.1x10™® S em~!. This is in
good agreement with already reported values for the ionic conductivity of amorphous LLZTO, which are
in a similar order of magnitude.?” The change in lattice structure hindering the lithium-ion transport.
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The original crystal structure could be regained by an annealing step, as it is typically used for doped
semiconductors. The necessary parameters, how much it will broaden the implantation profile and the
impact on the residual stress is not known yet for LLZTO and beyond the scope of this study.

1.0
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& N L O Ag-implanted LLZO
N 0.5 1 ~ T} O pristine LLZO
N = :

1.5 20

Z'/10°Q

Figure 4. Nyquist plot of an Ag implanted (grey) and a non-implanted (orange) reference hot pressed polycrystal.
The equivalent circuits used to fit the arcs are shown in the top right corner. The second semicircle is attributed to

the 650 nm amorphous layer which is detrimental to ionic transport as shown in previous literature.2”

Conclusion

In this study we investigated how Ag ions implanted into LLZTO affect crack growth, specifically induced
by growing dendrites. First Ag ions were implanted in LLZTO using conditions determined by kinetic
Monte Carlo simulations to introduce ions into a depth of up to 1 pm, with a concentration peak at 750
nm. Determination of the actual concentration distribution and concentration maximum of the implanted
ions was then attempted via APT and EELS. We found that the chosen dose of 1x10'* Ag ions cm™2
resulted in an Ag concentration too low to quantify by these methods, so that a qualitative detection had
to be achieved via TOF SIMS. Both spatially resolved cross-sectional nano XRD and SPED measurements
revealed an amorphization of the region from the surface to a depth of 650 nm deep, partially also due to
electron beam damage, which has been shown to be detrimental for the Li-ion conductivity. Moreover,
from the corresponding X-ray diffractograms a compressive stress of up to 700 MPa with its peak at a
depth of 850 nm has been determined. Thereafter, the impact of the introduced stressed zone on the crack
propagation has been evaluated. Cracks were induced in the material, mechanically via nanoindentation,
and they indeed formed preferentially at the zone of compressive stress at 850 nm and parallel to the
surface. Finally, it has been shown that electrochemically induced cracks (dendrites) can also be deflected,
with the crack beginning to kink at around 700 nm depth and fully deflecting slightly after the stress
maximum at 1.5 pm.

In summary, our results suggest that introduction of compressively pre-stressed zones in a depth exceeding
the critical crack size, in addition with subsequent annealing steps for re-crystallization of amorphous zones,
could be a viable strategy to enable “dendrite-free” solid-state electrolytes to improve the rate-performance
of solid-state batteries.
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Methods

Samples

The Lig sLagZr 5Tag 5012 single crystal was pulled from a melt using the Czochralski technique. The
thoroughly sintered initial material containing an excess of 20 Mol% LioO was melted in an inductively
heated iridium crucible in pure Ar atmosphere and the crystal was pulled at a rate of 0.4 mm/h on a
rotating seed oriented along [100]. The obtained crystal ingot was 15 mm in diameter and approximately
30 mm long, mainly transparent of slightly yellow color. The upper, first-grown part was covered by a
thick film of opaque white material resulting from Li20 depletion caused by evaporation. The hot pressed
polycrystals with the composition Lig 4LagZry 4Tag 012 were acquired from commercial sources (Toshima).
The single and polycrystals were cut into 3x3x0.7 mm cuboids. Two 0.7 mm sides parallel to each other
were polished starting with SIC grinding paper with P1200, P2400 and P4000 grit size and final polishing
using diamond paste of 3, 1 and 0.25 pm particle size.

Phase purity characterization

For the commercial sample the phase purity was checked via X-ray diffraction. The measurement was
carried out on a Bruker Da-Vinci X-ray diffractometer using a Cu Ka source with a scanning window of
10-60 © and a step size of 0.013 °min~!, see Supplementary Figure 6.

SRIM simulation

The damage in the Lig 4LagZr; 4Tag 012, irradiated with 1.93 MeV Ag ions, was calculated using the SRIM-
2013 software? 35 in full-cascade mode as recommended in Ref?6. The density of Lig4LagZr 4Tag 6012
was set to 5.46 g em~3. The threshold energies of displacement were set to 25 eV for Li, La, Zr, Ta and 28
&V for O, according to literature.?73%

lon implantation procedure

The samples were stacked in a stainless-steel sample holder placed into a Pelletron implantation system
type 3 SDH-2 NEC. '97Ag ions were implanted into both polished sides, flipping over after implantation of
one side, with an energy of 1.930 MeV, a peak concentration of 1x10'* 197Ag jons cm=2 (1x10'® 197Ag
ions cm™3) and a current density of 85 nA cm™2. The implanted samples were then put in 0.1M HCI for
around 20s followed by a rinse with Isopropanol and transferred to an Ar filled glovebox (O2 and HoO <
0.1 ppm) for storage and further experiments. Before any experiment, this HCI treatment was repeated to
remove any LisCOg layer formed during storage.

Electrochemical experiments

The implanted sides of the cleaned samples were then coated with a molten LiSn alloy, containing 30 wt%
of Sn. The impedance of the coated samples was measured with a Solartron Modulab XM at 25+1 °C
with a perturbation voltage of 10 mV from 1 MHz to 10 Hz, 19 datapoints per decade of frequency after a
1 min OCV period. For the creation of dendrites, a current of up to 1 mA em~2 was applied for 1 minute
at 2541 °C. All measurements were performed in an Ar filled glovebox with Oz and H2O levels below 0.1

ppm.

TEM/SPED experiments

The Lig 4LagZr; 4Tag 012 sample was extracted from an Ar glovebox (10 min air exposure) and a 0.5
pm layer of Ti was deposited on the Ag-implanted surface using an AJA electron beam evaporator.
This protects against moisture from the air and carbon-containing deposition layers. A lamella was
produced and thinned using the standard focused ion beam (FIB) liftout method, with a FEI Helios G4
UX dual-beam instrument. The final thinning was done using 2 kV Ga ions. The lamella was moved to a
JEOL 2100F transmission electron microscope (TEM) within 15 min air exposure. Scanning precession
electron diffraction (SPED) was conducted using a precession angle of 0.8 degrees and a frequency of 100
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Hz. 20 ms diffraction patterns were acquired with a MerlinEM direct electron detector. Virtual dark-field
imaging was used to separate grains and crystalline/amorphous areas.

Atom Probe Tomography experiments

The tips for APT analysis were prepared from a lamella that was lifted out from the Ti coated Specimen,
flipped upside-down and welded to flat Si posts inside the FIB. In this way, the Ti surface coating acts as
a buffer between the specimen and the carbon-containing welding material, and the apex of each tip could
be formed at a controlled distance from the original surface. The tips were formed using annular Ga ion
milling, finishing with 2 kV for the final sharpening. The APT measurements were carried out on a LEAP
5000 XS from CAMECA equipped with a UV laser. The specimen temperature was set t to 60 K. Laser
pulses with an energy of 20 to 30 pJ were used at a frequency of 200 kHz to trigger field evaporation. The
standing voltage was automatically adjusted by the software to maintain a detection rate of 0 0.3% ions
per pulse. The commercial software IVAS from CAMECA was used for the reconstruction and analysis
of the APT data. The reconstructed volumes were built using tip-profile reconstruction using secondary
electron images obtained during specimen preparation by FIB.

ESRF experiment

For the Synchrotron measurements two implanted Lig4LasZry 4TagsO12 polycrystalline sample cross-
sections were thinned down to a final thickness of around 80 pm by conventional mechanical polishing
as mentioned above. The cross-sectional scanning X-ray nanodiffraction (CSnanoXRD) experiment was
carried out at the nanofocus end station of the Microfocus beamline ID13 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France.? The sample was scanned by a monochromatic X-ray
beam of 13 keV photon energy focused to approx. 80 nm spot size by multi-layer Laue lenses, applying a
scanning step of 50 nm in the direction perpendicular to the implanted surface.’® 40 depth-profile scans
spaced 1 pm apart were averaged in order to counteract the poor diffraction statistics that result from
the combination of small X-ray beam, thin sample slice and comparatively large grain size of the probed
material. Diffraction patterns were acquired in transmission on a Dectris Eiger X 4M two-dimensional
(2D) X-ray detector placed 10.98 cm downstream of the sample with an exposure time of 50 ms. The exact
detector position was calibrated by measuring a standard corundum reference powder, using the routines
provided by the pyFAI software package.*! 2D diffraction patterns in the form of Debye-Scherrer rings
were integrated azimuthally using the pyFAI software package and subsequently processed using custom
python scripts for peak fitting with Pseudo-Voigt functions and strain/stress calculation. The evaluation
of stress was based on the plausible assumption that there is no force acting perpendicularly on the free
surface of the sample,which make the application of a sin?¢-based method possible. In such a case, the
only necessary input parameters are the elastic properties of the probed material, i.e. in this case the
X-ray elastic constant %Sz, which was calculated for the relevant X-ray reflection {312} from literature
single-crystal elastic values using in a Hill grain interaction model,as %Sg}fLZO =7.83110"%MPa~!. In
summary, the CSnanoXRD experiment and the applied evaluation technique corresponds to earlier studies
of thin films samples at the same beamline, for more details see Ref.*2.

Nanoindentation

An implanted single crystalline Lig 4LasZr; 4Tag 012 sample was placed in a FT-NMT03 nanomechanical
testing system utilized within a Cross Beam 340 ZEISS SEM. Indents are controlled by displacement and
were made using a Berkovich indenter tip with an indentation depth of 0.1 ym. After attaching a few
pm of Pt protection layer a 20x12x10 pm cross section was cut with FIB using a 20 nA beam current,
reduced to 4 nA and 600 pA for final polishing on a cross-beam SEM from Zeiss (AURIGA® - CrossBeam
workstation). The Image in Fig. 3a was taken with an acceleration voltage of 2kV and performed in
backscattered electron mode.
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Data Availability

The data that support the findings of this study are available from the corresponding author on reasonable
request.
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Supplementary Figures

Supplementary Figure 1. Beam damage on an Ag implanted Lis.4LasZr1.4TaosO12 lamella caused by STEM-EDS
measurement visible in the slightly darkened section.
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Spectrum Imagef

coms
i

Supplementary Figure 2. EELS map of the Ag-implanted Lis4LasZry4Tags01, sample. An overview of the sample
and the probed area is shown in a). The bright area in b) is the La. c) shows either Li or Pt. The overly bright area
in d) is from the Zr scan where the beam damage made it impossible to get good data. e). EDS data of the sample.
La, Zr, O and the dopant Ta could be resolved. The Ag content was too low to be determined.
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Li composition (at.%)

La, Zr and Ta composition (at.%)
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Supplementary Figure 3 Proxigram showing the transition between the low lithium content region to the high
lithium content region within the atom probe needle from a depth of 1300 nm of the sample as shown in Figure
2b.
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Supplementary Figure 4. Smaller TOF SIMS spots. The number of extracted Ag ions was below the detection
limit for the small spots.
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Supplementary figure 5. SPED measurement of the implanted sample. The measurement spots are shown in a).
The diffraction patterns from the two spots can be seen in b). The simulated patterns are shown in c) and are in
good agreement with the measured data.
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Supplementary figure 6 XRD data of the hot-pressed sample. XRD pattern of the commercial polycrystalline hot-
pressed sample with the composition of Lig4LasZr; 4Taos01, from Toshima compared to cubic Li;LasZr,01, ICSD

Supplementary Tables

60

Supplementary Table 1. Composition of the APT needles, depth 700 nm (column 2) and depth of 1300 nm
(column 2 and 3) from the implanted edge, also shown in Figure 2a-b. The first region is close to the nominal
composition of LLZO, shown in the rightmost column with a slightly increased lithium content. The needle from
700 nm depth also shows this composition. The second region shows a significantly lower lithium composition,
which could be from a minor extra phase or from lithium loss in the high vacuum of the instrument’s
measurement chamber.

Element 700 nm needle/ 1300 1300 nm needle Lis.aLasZr1.4Taos012
nm needle Region 1 Region 2 (at%) (at%)
(at%)

Li 31,643,6 10,4+2,0 27,4

(e] 51,3t1,4 64,8£1,9 51,2

Ta 2,240,55 2,610,1 2,6

La 10,8+0,5 16,6%0,3 12,8

Zr 4,1+0,2 5,6%0,4 6,0
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Origin of dendrite branching in solid-state batteries

C. Yldirim, F. Flatscher, S. Ganschow, L. Porz, J. Todt, J. Keckes and D. Rettenwander.
Paper manuscript, to be submitted.

149



150 Paper III




Paper III 151

Origin of dendrite branching in solid-state batteries
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ABSTRACT

Lithium dendrite growth within solid electrolytes has been recognized to induce fractures, yet the underlying mechanisms
remain elusive. The challenge lies in pinpointing the exact mechanisms within the material’s bulk and capturing elusive
stress variations at a local scale. Here we employ Dark Field X-ray microscopy to investigate dendrite growth within
a single crystalline Li6.5La3Zr1.5Ta0.5012 electrolyte, characterizing strain and lattice orientation at high resolution.
Our results have revealed, for the first time, the presence of dislocations in close proximity to the dendrite tip, with one
dislocation even acting as a pinning point for the tip itself. Given the rarity of dislocations in single crystalline ceramics,
this finding prompts the hypothesis that dendrite growth and dislocation generation are interlinked. We propose that the
stress induced by dendrite growth initiates the formation of dislocations. These dislocations, in turn, appear to guide
the fracture process, providing a plausible explanation for the directional growth and branching patterns observed in
dendrites. Our study illuminates dynamics underlying dendrite growth, advancing battery performance understanding.
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