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1 Introduction

Li-ion batteries with a liquid electrolyte used in some electric vehicles pose a significant
safety issue due to the flammability of the liquid electrolyte[1]. Moreover, in crashes the
fire fighting process is complicated due to the possibility to produce toxic compounds
upon combustion, like hydrofluoric acid and organofluoric compounds[2]. The use of
solid electrolytes poses an attractive alternative to liquid ones, since they solve the
fire hazard, which could lead to all solid state batteries (ASSB). In 2011 Goodenough
postulated a few requirements for solid electrolytes, which needed to be fulfilled in order
to replace liquid electrolyte. They need to have a large electrochemical window, be
chemically stable in ambient temperature and in temperatures occurring during battery
use, be chemically stable against the electrodes, be able to cope with volume changes
during charge and discharge, possess a high ionic conductivity, above 0.1 mS-cm ™!, while
also having a low electrical conductivity, below 0.1 nS-em™! while also being safe and
cheap, just to name a few[3]. Unsurprisingly there are no materials, as of yet, that
completely fulfill these demands. Regarding just the ionic conductivity, there are a
few solid electrolytes that meet or exceed the necessitated conductivity. Those would be
sulfide based materials with the composition of Li, , Ge;_ P, S, with an ionic conductivity
of 2.2 mS-cm™1[4], Li;(GeP4yS;, reaching around 12 mS-em~1[5], or lithium-oxide garnets
like Li;LasZr; 4Tag 015 at 1 mS-cm~1[6].

Li;LagZry0q,, short LLZO, is going the be the material of choice in this work. It normally
crystallizes in a tetragonal structure with the space group I4;/acd, possessing only a
low ionic conductivity of 1.63 1S-em™1[7]. It also possesses a high temperature cubic
phase with the space group Ia3d. The ionic conductivity of this phase is two orders of
magnitude higher, at around 0.1 mS-cm~1[8]. Through the insertion of AI**, Ga®* or
Ta’" into the crystal structure, the cubic phase can be stabilized at room temperature
[9]. The electrochemical window of LLZO was first reported to be around 5.8 VI[10].
This is only due to kinetic reasons, above 2.91 V LLZO decomposes to LiyOq, LigZr,O;
and LayOg3, which means it is only thermodynamically stable between 0.05 V and 2.91
V[11]. If the Ga®" content is equal to or above 0.2 resulting in Lig ;Gag 5LagZr,Oq, the
conductivity increases again to 1.2 mS-cm ™! due to the distortion of the crystal lattice
and the transition to the space group I43d creating additional lithium ion pathways [12].
It is relatively stable in atmosphere, though it forms a layer consisting of Li,CO5 and
LiOH on its surface, with the CO, and the humidity in the air[13]. It is also rather
stable against Li metal[14].

Historically Li metal batteries failed due to the same safety issues that still concern
modern lithium ion batteries[15]. The flammability of the liquid electrolyte, which was
further compounded by the growth of Li dendrites[16]. The usage of Li metal as an
anode material would have the advantages of the highest possible theoretical capacity at
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3862 mAh g! on the anode side, as well as the lowest possible electrode potential of -3.04
V, measured against the standard hydrogen electrode[17]. While LLZO is stable against
Li, this is not the case for other classes of solid electrolytes. In Ti based solid electrolytes
like Li; AL Tiy (P30;5 or LigiLag 3  TiO3 the Ti," is reduced by the Li metal[18]. The
afromentioned sulfide based materials decompose in contact with Li metal into its binary
compounds, like Li,S[19].

Next to the stability issues against Li, there also remains the problem of Li dendrites.
Theoretical calculations in regard to polymer solid electrolytes showed that a high enough
shear modulus of the material, about two times higher than the one of Li, might inhibit
Li dendrite formation[20]. It was theorized that this could also be applicable for ceramic
solid electrolytes. LLZO, which possesses a shear modulus of around 60 GPa, much
higher than the shear modulus of Li with 5 GPa, was studied in this regard and dendrite
formation was still observed[21][22][23]. It has also been monitored that dendrite forma-
tion occurs preferentially along grain boundaries in polycrystalline LLZO [24]. The exact
mechanism behind dendrite formation and propagation is not yet understood. Differ-
ent explanations for the mechanism behind dendrite formation in solid electrolytes have
been proposed[25][26][27][28]. One of those is that existing defects cause preferential Li
deposition during plating. Above a critical current density the over-potential during Li
plating causes a high enough mechanical stress to fracture the solid electrolyte, creat-
ing a path along which the dendrite can grow[25]. Another explanation is that space
charge layers form at the interface between the Li metal and the ceramic solid elec-
trolyte through current induced pressure. The dendrite formation then occurs through
an electrochemical mechanism, where it is more energetically favourable for the lithium
to deposit in grain boundaries than at the interface, a "grain coating” process|26].

Dendrites are not the only problem that hinders all solid state batteries from becoming
a reality. In contrast to a liquid electrolyte which, if given enough time, will contact the
whole electrode surface, solid electrolytes have a more limited electrode contact area,
leading to higher interfacial impedances[29]. The modification of the interface, such as
through the application of interlayers, can be used to remedy this problem[30]. Reac-
tions at the electrolyte-electrode interface can lead to the formation of a solid electrolyte
interphase, SEI[31]. This also occurs in liquid electrolytes, where it is needed, since a
passivation layer is formed and further reactions are stopped[16]. Both in liquid and in
solid electrolytes this SEI needs to be self limiting and still have a ionic conductivity large
enough to not inhibit the functionality of the battery[29]. For an all solid state battery
the solid electrolyte also needs to be compatible with the cathode materials used. Prob-
lems that can occur here are lattice mismatch, space charge regions and the formation of
inter diffusion layers. Due to their rigidity, oxide based solid electrolytes can not change
their lattice to conform to the lattice of the cathode material. Volume changes in the
cathode material during battery operation can then induce stress at the interface leading
to an increase in interface impedance[32]. Sulfide based solid electrolytes should not be
afflicted as much from lattice mismatch since they are softer[5]. Instead they suffer from
the occurrence of a space charge layer when in contact with an oxide based high voltage
cathode material like LiMn,O, or LiCoO,, which increases the interfacial impedance and
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can be alleviated via a surface coating, stopping direct contact between the sulfide and
the oxide[33][34]. Inter-diffusion between oxide based cathodes and solid electrolytes can
also impede Li™" ion diffusion and needs to be addressed with the introduction of buffer
layers[32].

For the use in electric vehicles there is not only the need for high capacities, which
could be in part provided by lithium metal as an anode, but there is also the need
for fast charging, necessitating applicable current densities of at least 3 mA - em? [35].
The critical current density, short CCD, at which lithium dendrites begin to form is in
the pA - cm? range for LLZO[36][22][24]. The exact cause for the low CCD is not yet
known and there are a variety of possible influences like grain size[37], dopants[38] or
the Li|LLZO interface[27].

In this work the connection between the Li|LLZO interface and the CCD is the main fo-
cus. For this purpose single crystals of Lig 4Gag sLiazZr,O45 are used in order to eliminate
grain boundaries, density, compositional differences and other sample inconsistencies as
causes for the CCD. Different methods are employed to prepare a good interface and to
reduce the area specific resistance, ASR, of the Li|LLZO interface to a varying degree.
These include several polishing steps in air, as well as further polishing in an Ar filled
glovebox followed by a 400 °C heat treatment inside the glovebox in order to create a
flat LLZO surface, which is as devoid of contaminating layers as possible[13]. To fur-
ther reduce the ASR, heat treatments of the lithium LLZO interface are employed [22].
The application of thin Au interlayers between the LLZO and the lithium, which forms
an alloy with Li upon heating, is also utilized to improve the ASR[27][39]. Through
galvanostatic cycling until occurrence of a short circuit, the critical current density is
determined as a function of the ASR, which was measured via impedance spectroscopy.
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2 Theory

2.1 Impedance Spectroscopy

In impedance spectroscopy a sinusoidal AC signal with varying frequency is applied to
the sample and the current response is measured, which can have a shifted phase in regard
to the input signal. With the current, voltage and phase shift, material properties like
impedance, conductance and permittivity can be calculated. The relationship of current
and voltage with the frequency is shown in equations 2.1 and 2.2.

V(t) = Vi, - sin(wt) (2.1)

I(t) = I, - sin(wt — 0) (2.2)

Here V,;, is the maximum applied voltage, I,,, the maximum applied current, 6 the phase
shift and w the angular frequency. This expression can be rewritten in an exponential
form, as shown in the equations 2.3 and 2.4.

V(t) = Vi - exp(jwt) (2.3)
1) = I - capli(t — 0)) (2.4

j=v-1 (2.5)

The impedance is defined according to equation 2.6, which leads to equation 2.7 after
inserting equations 2.3 and 2.4.

V(1)
Z(w) = T (2.6)
2(w) = 1 - coplt) (2.7)

The exponential function can then be rewritten as a sum of a real and an imaginary
wave function according to Euler’s law, shown in equation 2.8 and the absolute value of
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the impedance is shown in the equation 2.9. With this the real and the imaginary part
of the impedance can be defined, as shown in the equations 2.10 and 2.11.

2(w) = 7+ (cos(0) + 5 - sin(0)) (2.8)
2)) = 1" 2.9)

2'(w) = |Z(w)| - cos(6) (2.10)
2'(w) = 2()|- - sin(0) (2.11)

In an ideal resistor the current and voltage behave according to Ohms law, shown in
equation 2.12. With the voltage given by equation 2.1 the current can be determined
and both can be inserted into equation 2.6. This leads to the impedance of an ideal
resistor shown in equation 2.13, with no phase shift occurring.

V(t)=R-I(t) (2.12)

Z(w) =R (2.13)

In an ideal capacitor the capacitance C is defined according to equation 2.14, where Q
is the electric charge. With the help of equation 2.1 this can be rewritten to equation
2.15. Current is defined as the change in electric charge over time, as written in equation
2.16, which then leads to the current voltage behaviour in a capacitor shown in equation
2.17. Rearranged and inserted into equation 2.8 this leads to the impedance of an ideal
capacitor, denoted in equation 2.18. With the input voltage following a sin wave as
stated in 2.1 and the current in a capacitor following a cosin wave according to equation
2.17 there is a phase shift of the current of 7 ahead of the voltage.

Q=C-V (2.14)

Q=C-Vp - sin(wt) (2.15)
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I(t) = = (2.16)
I(t)y =C - Vp, - w - cos(wt) (2.17)
Z(w) = ]wlc (2.18)

The relation of inductance, written as L with the unit Henry, to voltage and current is
shown in equation 2.19. Inserting equation 2.1, rearranging and integrating it, leads to
equation 2.20, which can again be inserted into equation 2.8 to deliver the impedance
of an ideal inductor shown in equation 2.21. Similar to the capacitor current is phase
shifted 5 behind the voltage.6

Vi) =L d;ff) (2.19)
1) = % sin(wt —7) (2.20)
Z(w) = jwL (2.21)

There are a few ways to display the results of an impedance spectroscopy measurement.
The most common ones are the Bode plot, where the real part of the conductivity o
is plotted against the frequency w and the Nyquist plot, where the negative imaginary
part of the impedance (-Z”) is plotted against the real part of the impedance (Z’). For
the purpose of this work the main focus is going to be on the Nyquist plot.
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With the equations for the impedance of an ideal resistor 2.13, an ideal capacitor 2.18 and
an ideal inductor 2.21 and the knowledge of their respective phase shifts, their influence
on the position of a measurement point in a Nyquist plot can be determined. An ideal
resistor has no phase shift, so a measured point can only be on the real part of the plot,
on the x axis, depending on its resistance. An example Nyquist plot for an ideal resistor
is shown in Figure 2.1.

1000 —

500 —

|
500 1000

-Z" [Ohms]
>

Z' [Ohms]

-500 —

-1000 —

Figure 2.1: Nyquist plot of an ideal Resistor

An ideal capacitor on the other hand is phase shifted by +7, which means it is only
going to influence the position on the imaginary part of the plot, on the y-axis. Since the
negative imaginary part of the impedance is plotted, the measured point will be shifted
up the y-axis according to the capacitance. The corresponding Nyquist plot for an ideal
capacitor is shown in Figure 2.2.
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Figure 2.2: Nyquist plot of an ideal Capacitor

For an ideal inductor there is a similar behaviour, only phase shifted by - 5. This means
that the measured point will be shifted down the y-axis according to the inductance. An
example Nyquist plot for an ideal inductor is shown in Figure 2.3.
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Figure 2.3: Nyquist plot of an ideal Inductor

While these ideal circuit elements give a helpful indication for the cause of the signal,
individually they are not enough to accurately describe the behaviour of a real material.
In order to accomplish this, an equivalent circuit is created with those elements connected
in parallel or in series. For a ceramic solid state electrolyte the typical equivalent circuit is
a resistor and a capacitor in parallel and there is almost no inductive behaviour expected.
The Nyquist plot for such an equivalent circuit is shown in Figure 2.4.
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Figure 2.4: Nyquist plot for an parallel circuit of a resistor and a capacitor

If there was no correlation between the electric current and the ion motion in the material,
such an ideal semicircle, with its center intersecting with the x-axis, can be expected.
On the other hand if the center of the semicircle is below the x-axis there is a correlation
between ion motion and the application of an electric current. This leads to a behaviour
that does not correspond any more to an ideal capacitor in parallel with a resistor[40].
For a solid electrolyte, which does not solely depend on its native ion diffusion to work,
this is to be expected. In the equivalent circuit this is taken into account by swapping
the capacitor with a constant phase element (CPE), which takes the non ideal capacitive
behaviour into account. The impedance for just a CPE element is written in equation
2.22. The Nyquist plot for a resistor in parallel with a CPE element, a R-CPE circuit,
is shown in figure 2.5

Z(w) = ———— (2.22)
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Figure 2.5: Nyquist plot for a parallel circuit of a resistor and a CPE

A parallel R-CPE circuit describes a single crystal electrolyte well, disregarding inter-
facial interactions and low frequency diffusion based impedance responses. For polycrys-
talline electrolytes an additional R-CPE circuit in series is needed to take into account
a semicircles caused by grain boundary interactions. A further R-CPE circuit is needed
if there are reactions at the electrolyte electrode interface or surface reactions. The
semicircles and their causes can be distinguished by their capacitance and in turn their
relaxation time. The relationship of relaxation time 7 and capacitance is shown in equa-
tion 2.23.

T=R-C (2.23)

Bulk processes have the fastest relaxation time with a capacitance in the pF range.
Grain boundary interactions are slower with a capacitance in the nF range. Interface
and Surface reactions occur at even lower frequencies with a capacitance in the pF range
for interface and a capacitance at around 10 pF for surface reactions. Further interactions
and their respective capacitances are mentioned in a paper of Irvine[41].

For a single crystalline material with lithium electrodes on both sides, two semicircles
are expected, one for the bulk process and one for the interface reaction. To ensure
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the comparability of the interface impedance Zp,; it is normalized to the area specific
resistance, ASR, with the unit Q - em?. The exact relation is shown in equation 2.24.

Zlnt A

ASR =
SR 5

(2.24)

2.2 GCPL

Galvanostatic cycling with potential limitation (GCPL) is a common technique used to
elucidate battery characteristics. A constant current is sent through the sample and the
voltage is measured. With this the capacity, reversibility and the stability of the sample
over multiple cycles can be determined. The potential limit can be used to stop the
charging and discharging process at a certain point. For instance if only the repeated
charge and discharge from 80 % to 100 % and vice versa is to be observed. Further
explanation in regard to the use of this technique can be found in the reference[42].
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3 Experimental

3.1 Initial sample preparation outside

The received Lig 4Gag oLasZry015 single crystals were first dry polished in air at a Struers
LapoPol 25 at around 200-300 RPM with SiC grinding paper ranging from grit size of
220 to 4000 to create parallel sides and to remove Li;CO3 and LiOH layers on the surface
of the LLZO. Upon completion of the polishing the samples were first scratched with
a glass cutter and then broken into smaller pieces to increase the number of samples.
They were then transferred into an Ar filled glovebox as soon as possible, to hinder the
Li,CO5 and LiOH layers from reforming.

3.2 Sample preparation in the Glovebox

In the glovebox they were then put into an Alumina crucible, placed into an oven and
heated to 400 °C for 3 h to remove contaminating layers that may have formed on the
surface, mainly LiOH according to Ref.[13]. After the heat treatment a rainbow-like
sheen remained on the crystals.

LILZO Stngle @ysﬁ@ﬂ\

Figure 3.1: A rainbow-like sheen is visible on the bottom half of the LLZO single crystal.
Better capture of the sheen was hindered due to reflection in the glovebox
window.
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Then the single crystals were polished manually with SiC grinding paper ranging from
grit size 500 to 4000 to remove the rainbowlike sheen, which might have been a Li,CO4
layer that formed after the heating or during storage. One sample was tested without
polishing to confirm this hypothesis. The results are explained in detail in section 4.1.1
After a last polish with SiC grinding paper grit size 4000 before any measurement, the
passivated layer of a piece of Li foil was scraped away with a scalpel and two pieces
with a diameter of 2,5 mm were punched out. They were placed on both sides of the
crystal and covered with a copper current collector each, to facilitate easier removal of
the sample after the heating step.

3.3 Impedance measurement and heat treatment

The sample was then placed into a custom-made heat resistant Swagelok-like cell. Through
the cell a slight pressure is applied to the sample. The cell was connected to a Novo-
control Alpha/Beta Analyzer and the impedance was measured from a range of 10 MHz
to 0.1 Hz with an amplitude of 5-10 mV. Then the sample was transferred to a vacuum
line and heated to improve the contact between the Li and the LLZO.

Figure 3.2: Disassembled custom Swagelok-like cell, consisting of the PEEK main body,
two brass cylinders, a brass part with a rubber insert to replace a normal
spring and two stainless steel screws with PTFE washers to seal the cell. Not
visible is the third stainless steel screw with a PTFE washer to seal the side
opening.
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Figure 3.3: The custom made Swagelok-like cell placed in the vacuum line for heating.
The open side allows gases that may form during the heating to escape.

Different heating temperatures (120 °C - 175 °C) and hold times (1 h - 7 h) were tested
in regard to their efficacy to improve the contact. The vacuum line was used to rule out
any reaction with contaminants that might be contained in the glovebox, like CO4 or Ny
and to reduce reactions with gases that escape from the rubber tube used as substitute
for metal springs, since metal springs can interfere with impedance measurements. After
the sample cooled down to room temperature, it was transferred back into the glove box
and the impedance measurement was repeated.

3.3.1 Application of a gold interlayer

For a few samples an improvement of the interface by depositing a 5 nm layer of gold on
top of the LLZO according to Ref.[27] was tested. The polished samples were covered
with an insulating tape, which had a 2,5 mm hole punched out and were placed in the
sputtering chamber. A 5 nm layer of gold was sputtered onto the sample through the
hole in the tape. The tape was used to avoid a continuous gold layer on the edges of the
sample, which could lead to a short circuit while contacting the sample. Li was placed
on the samples as described above, the impedance of the samples was measured, then
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the samples were heated. One sample was heated in a vacuum line at 175 °C for 6 h,
as described above. Two samples were heated in the glovebox on a resistive furnace
to 175 °C for around two minutes on both sides. The temperature was measured via
a thermocouple in contact with the single crystal and the process was observed via an
optical microscope. After the samples were cooled to room temperature the impedance
was measured again.

3.4 Cycling of the Samples

If the ASR was at an acceptable level the cell was cycled with a constant current and a
half cycle duration of 20 minutes [22]. First trials were done with a Biologic SMP 50 in
the glovebox and, with the samples transferred to a normal Swagelok cell and a second
impedance measurement before cycling, with a Biologic VMP3 and MPG2 outside of the
glovebox. The resolution available with the Biologic devices, which are not designed for
accurate low current measurements, was rather low. Furthermore, after disassembly of
the cells in the glovebox, the lithium on the LLZO showed signs that it reacted with the
atmosphere. Therefore, later measurements were done in the glovebox with a Keithley
2450 SMU and a custom made LabView program. The starting current density was 1
pA-cm™2, after each cycle it was increased first to 5 pA-cm™2, then 10 pA-cm™2 and 20
pA-cm~? after which the current density increased in 20 pA-cm™2 steps until a short
circuit occurred.
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4 Results and Discussion

4.1 Improvement of the Interface Resistance

4.1.1 The necessity of polishing

25—

bulk int surf bulk int surf

20 —

2" [kOhm cm?]
2" [kOhm cm?]

0 2 4 6 8 10 12 14 5 10 15 20 25
Z' [kOhm cm?] Z' [kOhm cm?]

Figure 4.1: On the left the impedance of the non-polished sample is shown before heating,
on the right after heating to 175 °C for 7 h. The equivalent circuits used to
fit the data are depicted on the top left. The resonance frequency of the
interface process is denoted. Semicircles have been added to approximately
represent the individual contributions.

In the figure 4.1 the Nyquist plots before and after heating can be seen for the sample
that was not polished after heating the single crystal to 400 °C in the oven. The ASR
is in the k€2 - cm? range before heating and after heating to 175 °C for 7 h. The heating
seemingly does not lower the ASR. The exact determination of the ASR is difficult in
this case, since the plot can not be fitted with just an equivalent circuit for a bulk and
an interface process. The second semicircle dominates the Nyquist plot here, to such an
extend that the bulk semicircle is not even visible. There seems to be a second contribu-
tion next to the interface process to this semicircle. A separation of these two was not
possible. The most likely cause is a remaining Li,CO5 contamination layer on the LLZO
single crystal, which has a poorer wettability in regard to Li metal than LLZO reducing
the effective contact area[l3].
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Figure 4.2: On the left the impedance of the polished sample is shown before heating, on
the right again after heating to 175 °C for 7 h. The equivalent circuits used
to fit the data are depicted on the top left. The resonance frequency of the
interface process is denoted. Semicircles have been added to approximately

represent the individual contributions.

The figure 4.2 shows the Nyquist plots before and after heating of the same sample, after
it was polished in the glovebox and lithium was applied again. The ASR before heating
is lower than for the unpolished sample at around 1.1 k§2-em?. After heating the sample
the Li-LLZO contact improves and the ASR reduces to around 100 - ¢m?. This time
there was no other contribution to the second semicircle other than the interface process.
Therefore it seems likely that the cause was indeed a contamination layer, which can be
successfully removed via polishing in inert atmosphere.
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4.1.2 ASR improvement via Au interlayer

The usage of thin metal layers on LLZO to improve the ASR is already well known in
literature and a variety of materials have been already been used like Al[43], ZnO[44]
and Au[27]. The basic premise is that the thin metal layer has a better reactivity with
Li metal than LLZO itself, allowing the lithium to contact the whole metal layer. Upon
heating an alloy is formed with the metal bringing the lithium in contact with the LLZO
again. Here 5 nm gold layers were used to improve the ASR. The figure below shows the
Nyquist plot of the Li|Au|LLZOJ|Au|Li sample before and after heating to 175 °C for 6
h.
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Figure 4.3: On the left the impedance normalized in regard to the area before heating
can be seen. On the right the normalized impedance in regard to the area
can be seen after 6 h at 175 °C in a vacuum line. The equivalent circuits used
to fit the data are depicted on the top left. The resonance frequency of the
interface process is denoted. Semicircles have been added to approximately
represent the individual contributions.

On the left the Nyquist plot can be seen directly after the lithium has been applied,
with the ASR being at around 300 © - ¢cm?. On the right there is the Nyquist plot
after heating to 175 °C for 6 h in the vacuum line and the ASR has been reduced to
30 Q- e¢m?. The bulk part of the Nyquist plots stays the same and is not changed due
to the heating process. In the Nyquist plot after heating, it is merely magnified as a
result of the lowered ASR. Through the application of a gold layer a clear improvement
of the ASR for the interface can be seen. This is due to the formation of a Li-Au alloy
at around 170 °C, which leads to better wetting.

For the samples, which were heated in the glovebox the heating time was varied, to see
if it was possible to achieve different ASR values for the interface. During the heating
the formation of the Li-Au alloy could clearly be seen, when the black color of the 5 nm
Au layer changed to white at 170 °C. The figure 4.4 shows the gold layer and the lithium
during the heating.
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Figure 4.4: On the left the sample is at 160 °C. The gold layer still has its black color
and the lithium is seen slightly off center on the gold layer. On the right
the temperature is at 170 °C and the alloy has formed, the gold layer is now
white.

The corresponding Nyquist plots before and after, depicted below in figure 4.5, show
that heating the sample to 175 °C for just a few minutes is enough to drastically lower
the interface ASR from the k) - em? range to just 160 Q- cm?. The extended semicircle
in the plot on the left could be due to an overlap of the interface semicircle with a
semicircle belonging to a surface reaction, since the Li is not only on the gold layer. An
exact separation during fitting was not possible, since multiple combinations could be
used to get the same result.
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Figure 4.5: On the left the impedance normalized in regard to the area before heating
can be seen. On the right the normalized impedance in regard to the area
can be seen after a few minutes at 175 °C on a ceramic oven. The equivalent
circuits used to fit the data are depicted on the top left. The resonance
frequency of the interface process is denoted. Semicircles have been added
to approximately represent the individual contributions.
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The high initial interface ASR is most likely due to inaccurate placement of the lithium
on top of the gold layer, as can be seen in figure 4.4. Therefore this experiment was
repeated with a larger area for the gold layer to facilitate easier lithium placement. This
is shown in figure 4.6.

Figure 4.6: On the left the sample is shown before heating. On the right the sample is
shown at 170 °C. The alloy formation can be seen in the changing color of
the gold layer.

The Nyquist plots in figure 4.7 show a similar result as the experiment before, the
interface ASR reduces from 500 - cm? to 30 © - em?. There is also a third semicircle
visible in the heated sample, which might be due to a surface reaction between LLZO
and lithium. This time the initial ASR is much lower, most likely due to the lithium
only being in contact with the gold and not with the LLZO itself.

600 |
bulk  int 80 bulk  int surf
= =
§ §
g 50 £
£ £
o <A
N N 60—
400 —
300 — w0
2825 Hz
200 +
66 Hz
TR
+ - 20 -
»
+ -
100 p " L i
+ M v bt
-yt n + +
2 et byt e e
i —
ot o
T T T T T T T T T T T T
0 100 200 300 400 500 600 0 20 40 60 80
2 [ohm cm?] 2 [ohm cm?]

Figure 4.7: On the left the impedance normalized in regard to the area before heating
can be seen. On the right the normalized impedance in regard to the area
can be seen after a few minutes at 175 °C on a ceramic oven. The equivalent
circuits used to fit the data are depicted on the top left. The resonance
frequency of the interface process is denoted. Semicircles have been added
to approximately represent the individual contributions.
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This shows that the use of a gold interlayer indeed reduces the ASR of the interface.
Unfortunately this also makes this method non-viable for a systematic study of the
critical current density in regard to the ASR. Fine tuning the interface ASR with a gold
interlayer is not possible through a variation of the heating time. Using a mix of samples
with gold interlayers for low ASR values and samples without interlayers for higher ASR
values would make the comparison harder by introducing an additional element able to
cause a change in the CCD. Therefore the use of gold interlayers to improve the ASR
was dropped.

4.1.3 ASR improvement via heating

The idea behind the heating is, that although lithium is a rather soft metal and can be
pressed onto the surface of the single crystal with ease, it will not conform perfectly to
the surface, leaving voids in between. This means that the area of the lithium piece,
with a diameter of 2,5 mm, does not correspond to the surface area, that is in contact
with the single crystal. Heating the lithium close to its melting point, which is at 180,5
°C, softens it further and through the slight pressure applied by the Swagelok-like cell,
it should conform better to the surface. The success of this treatment can be seen
in 4.1, where the ASR before and after heating is shown for different hold times and
temperatures. It has to be noted that the heating could also increase the area of the
lithium itself, which can also reduce the ASR, since it is normalized in regard to the
area. Checking this is rather difficult, since removing the copper foil from the lithium
after heating, to determine the area accurately, tends to rip the lithium with it off the
single crystal. Therefore the calculations regarding the ASR were done with the initial
area of the lithium piece, with a diameter of 2,5 mm. While the heating tends to reduce
the ASR, there is no clear correlation visible between the heating time and the relative
reduction in the ASR, since heating it to 175 °C for 7 hours produced better as well as
worse results than heating it to 175 °C for only 1 hour. The initial ASR value also varies,
even though the samples were all prepared the same way. Possible reasons for this could
be better polishing for some samples or increased pressure when pressing the lithium
on the single crystal, so it sticks to it and can be turned around to apply the second
piece of lithium. It could also be a differing pressure in the Swagelok-like cell, where the
impedance was measured, since the rubber insert tends to shrink after repeated heating
and therefore the pressure decreases for subsequent samples.

Table 4.1: Change in ASR with temperature and time

Temperature [°C] | Heating time | ASR before [ - cm?] | ASR after heating [ - cm?] | Relative change [%]
175 1h 6000 200 96.7
175 6h 1000 20 98
120 1h 650 150 7
175 6h 2850 120 95.8
175 7h 2370 30 98.7
175 7h 1200 100 91.7
175 7h 190 60 68.4
175 5h 3400 250 92.6
175 7h 1510 40 97.4
175 7h 420 15 96.4
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4.2 Available methods to determine the Critical Current
density

There are three different measurements that could be used to determine the critical
current density on symmetric lithium cells.

Method 1 - Current ramp

The first one is to apply a constantly rising current onto the sample. The current at
which the potential drops due to dendrite growth, which culminates in a short circuit,
denotes the CCD[25]. This method has the lowest measurement time, only limited by
the sweep rate, but also the one where the result has to be interpreted with the most
caution. The sign of the current does not change throughout the measurement, there-
fore only one side is stripped of lithium, which is then plated onto the other side. For
that reason the results are mainly dependent on the interface quality of the side on
which lithium is plated with voids leading to current constrictions and increased den-
drite growth[45]. The continuous current change is the furthest removed from a realistic
battery charging behaviour. Depending on the thickness of the sample and on the rate
at which the current rises the resulting CCD may be higher than the real value, since
the time for dendrite growth after initial filament formation is not taken into account.
Furthermore there is no information about the capacity before a short circuit occurs. A
model CCD measurement with this method is shown in Figure 4.8
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Figure 4.8: model CCD measurement with a current ramp.
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Method 2 - Constant current steps, capacity disregarded

The second method is to cycle the cell with a constant current for a fixed, somewhat arbi-
trarily chosen, amount of time, increasing the current after each cycle. The measurement
time is the highest, since the length of the measurement depends on the chosen time and
the step size. The resolution with which the CCD can be determined, relies upon the
step size. Depending on the chosen cycle duration, time is available for dendrite growth,
so the tendency to overestimate the CCD is lower. The charging and discharging is closer
to real battery behaviour but capacity is still disregarded. At higher currents the cycle
time can therefore be longer than realistically used. A model CCD measurement with
this method is shown in Figure 4.9
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Figure 4.9: model CCD measurement with constant current increase, disregarding ca-
pacity.

Method 3 - Constant current steps, capacity taken into account

The last method is to cycle the cell with a constant current for a varying amount of time
depending on a chosen capacity [46]. If the CCD of the sample is low, then this method
is the slowest one, since at low currents a long time is needed to reach the capacity.
At higher CCD values the total measurement time goes down, compared to the second
method. The resolution is still dependent on the step size. There can also be a tendency
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to overestimate the CCD, especially if the chosen capacity is rather small, resulting in
low cycle times for higher currents. A model CCD measurement with this method is

shown in Figure 4.10
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Figure 4.10: model CCD measurement with constant current increase, taking capacity

into account.

Method 3 would be resembling realistic battery behaviour the most but long measure-
ment times at low current densities are a significant drawback. No precise CCD value
was known for LLZO single crystals, there is only a range of CCD values available for
polycrystalline materials, shown in the next section. This necessitates a small step size

to accurately determine the CCD, which led to the choice of method 2 for this work.
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4.3 Critical Current Density Measurements - Different

Interface Resistances
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Figure 4.11: Nyquist plots of the six samples used. The equivalent circuits used to fit the
data are depicted on the top left. The resonance frequency of the interface
process is denoted. Semicircles have been added to approximately represent

the individual contributions.

In the Figure 4.11 the Nyquist plots and the fits of the six samples, for which the critical
current density was later determined, are shown. For the higher resistance samples there
are only two semicircles visible. The high frequency one correspond to bulk processes,
which can be seen in its capacitance, shown in table 4.2, which is in the pF range, whereas
the capacitance for the low frequency semicircle is six orders of magnitude higher in the
low pF range. For the low resistance samples a third semicircle appears, which might
have been hidden in the interface semicircle at higher resistances. The third semicircle

has a characteristic capacitance of 0.1 mF-cm™=.

2

This corresponds to the capacitance

of a chemical reaction[41], so it is likely a reaction of the lithium with the surface of the

LLZO.
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Table 4.2: Fitting parameters

Sample | Bulk capacitance pF-em™2 | ASR Q- e¢m? | Interface Capacitance nF-em ™2 | CPE exponent
a) 279 13 1 0.8
b) - 56 0.1 0.6
c) 300 116 0.09 0.6
d) 387 253 0.18 0.7
e) 445 797 0.56 0.7
f) 299 2335 0.16 0.7
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Figure 4.12: Current and voltage plotted against time for the six samples used.

Figure 4.12 shows the cycling plots of the six samples with the applied current and
the measured potential plotted against the time. For sample e) there was a disconnect
of the SMU after the second cycle, which is why the potential drops to zero, since no
more current was applied. After this error was fixed, the cycling was resumed at the
corresponding current density. The slightly lower potential after the restart could be
due to relaxation processes in the cell during the downtime. There are four distinct
regions visible, the width of each varying with the ASR of the sample. The first region
is where there is ohmic behaviour and the potential is a parallel line to the current.
Since there are no changes in the resistance it can be assumed that the contacted area at
the interface remains the same and the lithium diffusion towards the interface is higher
or equal to the lithium diffusion into the electrolyte. At the second region, there is a
small increase in the resistance at the beginning of the cycle, which then plateaus. Here
the lithium diffusion into the electrolyte is locally higher than the diffusion towards the
interface and voids begin to form. Recent studies have found that the reason for this
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is due to current constrictions at areas where the interface is not perfect[45]. Once the
lithium in those areas has been removed, the contact area has been reduced and therefore
the resistance increases but also the source of the current constriction is gone and this
process stops during the cycle. During subsequent cycles lithium can again be plated
over these voids, but not completely filling them, which might cause this behaviour to
reoccur in subsequent cycles. In the third region, the current is high enough that the
current constriction does not merely occur at isolated lithium parts at the interface,
but also at the edges of the voids, enlarging them. This continuously increases the
resistance due to reduced contact area and therefore the potential rises as well. Then
there is the fourth region, where the resistance drops and a short circuit occurs. Here
lithium dendrites propagate, decreasing the distance between the two electrodes, which
in turn reduces the resistance. Once the lithium filament has bridged the gap between
the electrodes, there are two possibilities. Either a hard short circuit occurs, where the
potential drops to zero and remains at zero or it is a so called soft short circuit. Here
the potential drops close to zero, but the cell can apparently still be cycled. This can
be seen for the samples a), d) and f). A possible explanation could be, that the thin
filament is molten due to Joule heating and the connection between the two electrodes
is broken again[47]. The filament piece could then grow and melt again. Necessary for
this would be that only one single piece of the dendrite bridges the gap, otherwise the
current would be divided among the different pieces, leading to a reduced heating effect.
To prove this, further experiments, like in operando temperature sensing of the sample,
would be needed.
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Table 4.3: ASR and impedance values of the samples used
Sample ASR CCD

a 13Q-em? | 280 pA - em?

56 Q-cm? | 240 pA - em?

2

2

o

\_/\_/\%\_/\_/\/

116 Q- cm? | 200 pA - em
253 Q-cm? | 120 pA-cm
797 Q-cm? | 60 pA - cm?
2335 Q- cm? | 40 pA - cm?

o

@

—

Table 4.3 shows the ASR values of the six samples and their determined CCD values.
A clear improvement of the CCD can be seen with lower area specific resistance of the
interface. In figure 4.13 the CCD is plotted against the ASR. A somewhat exponen-
tial behaviour for the CCD can be seen, which seems to reach its limit at around 300
uA - em?. A recent publication predicted a theoretical limit according to a relaxation
model, which suggests a stable current density region of up to 200 puA - em? at room
temperature[45], which is in accordance with the obtained results.
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Figure 4.13: ASR plotted against the CCD of the six samples
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4.4 Comparison with Literature

In Table 4.4 several CCD experiments for LLZO that have been found in literature are
listed. The different annotations show noteworthy peculiarities. The ones noted with (1)
use a Au interlayer. For (2) the grain size was the focus with SG for the small grained
sample and LG for the large grained one. In (3) a porous structure was created with
a surface area 40 times larger than the equivalent planar structure. Taking this into
account leads to a CCD of 250 puA - em™2. There are a few further problems regarding
the comparability of these CCD values. First there is the composition of the samples.
The dopants used to stabilize the cubic form of LLZO vary from Al[36][22][46][37][24],
Ta[28][48], Ga[38] to Nb with Ca[49]. The listed compositions are also according to
the given stoichiometric values in the respective papers. The produced and measured
samples may differ in that regard. Since all of those are polycrystalline samples density
and grain size is also not uniform, the latter not even mentioned in most cases[36][37].
The area specific resistance and the sample preparation needed to achieve those values,
differs in each paper. Then there is the method used to determine the critical current
density, which varies in measurement setup, measurement program, temperature and
applied pressure.

Table 4.4: Critical current density values and experimental conditions reported in liter-

ature.
Composition [pgT «dcm_3] ?}Simﬂ [(;?4]) em=?] T [°C] | p[MPa] | Ref.
Lig 95Aly 95LagZry0 15D >99 9-15 900-+700 25 3.3 [36]
Lig 5Aly 15LasZr; 5Tag 01,7 >99 9-15 9004700 25 3.3 [36]
Lig 95Alg 25La3ZryO19 97+1 514 50 30 0.35 [22]
Lig o5Alg 05183715015 - 10 9304240 25 3.4 [46]
Lig 95Al) 95LagZryO 96.0-99.4 | 2-5 300-600 RT 3.5 [50]
Lig 25Al o5LasZr,0 15 LG®) 90 130 46 RT 0.2 [37]
Lig 95Aly p5LasZry0y SG) 92 37 134 RT 0.2 [37)
Lig sLasZr, sTag 5015 96 69-363 | 200-400 25 1.4 28]
Lig sLagZr; 5 Tag 501, 95.8-96.6 | 47-69 150-600 25 1.4 (48]
Lig 55Gag 15LagZry0qq 95 16.7 160 RT coin cell [38]
Lig 55Alg 15183715015 95 12.1 100 RT coin cell | [38]
Lig 6Aly 15LagZr; ¢Tag 40,50 99 380 500 25 0.1 [27]
L16.25A10,25La3ZT2012 97+1 200 100 25 0.32 [24}
Lig 75Lay 75Cag 25211 5Nby 50150) | 99 7 10000 RT | button cell | [49]
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5 Summary and outlook

To conclude, the reduction of the ASR in the Li-LLZO-Li system was tested and accom-
plished with different methods found in literature. The usage of a gold interlayer reduced
the ASR but a deliberate variation was not possible. Heating the samples after assembly
also lowered the ASR and it was possible to vary the ASR but no precise correlation
between the heating time, the temperature and the relative ASR change was found.
Cycling experiments were done of six samples with varying ASR values until a short
circuit occurred, which denotes the critical current density. A correlation between the
ASR and the CCD was determined. An upper CCD limit for a LLZO sample without the
application of significant pressure and other external factors was found at 300 pA - em?,
which is in accord with theoretically predicted limit, obtained using a relaxation model
of 200 pA - em? from literature[45]. The comparison with other CCD values reported
in literature is difficult if not impossible, due to differences in composition, density, the
usage of single crystals instead of polycrystalline samples and differences in the method
to determine the CCD. In order to further improve the critical current density, either an
increase in the working temperature, the application of significant pressure onto the sam-
ple or additional surface modification would be needed. The use of a porous structure
to increase the surface area as reported by Hitz[49] would be one possible modification.
A possible continuation of this work could be to vary the pressure on the Li|LLZO|Li
sample and measure the ASR and the CCD as a function of stack pressure.
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