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The Fast Charge Transfer Kinetics of the Lithium
Metal Anode on the Garnet-Type Solid Electrolyte
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Wolfgang G. Zeier, and Jiirgen Janek*

The charge transfer kinetics between a lithium metal electrode and an
inorganic solid electrolyte is of key interest to assess the rate capability of
future lithium metal solid state batteries. In an in situ microelectrode study
run in a scanning electron microscope, it is demonstrated that—contrary

to the prevailing opinion—the intrinsic charge transfer resistance of the Lil

Lig 25Alg 25La3Zr,04, (LLZO) interface is in the order of 107" Q cm? and thus
negligibly small. The corresponding high exchange current density in combi-
nation with the single ion transport mechanism (t* = 1) of the inorganic solid
electrolyte enables extremely fast plating kinetics without the occurrence of
transport limitations. Local plating rates in the range of several A cm=2 are
demonstrated at defect free and chemically clean Li|LLZO interfaces.
Practically achievable current densities are limited by lateral growth of lithium
along the surface as well as electro-chemo-mechanical-induced fracture of the
solid electrolyte. In combination with the lithium vacancy diffusion limitation
during electrodissolution, these morphological instabilities are identified as

gravimetric and volumetric energy density
of up to 50% and 80% compared to future
liquid electrolyte lithium ion batteries with
graphite intercalation anode.["?

In a LM-SSB, the flammable liquid
organic solvent electrolyte is replaced with
a solid electrolyte.’l The solid electrolyte is
believed to suppress dendritic growth and
low coulombic efficiency on the lithium
metal anode side,**! which are the key
issues for the use of a lithium metal elec-
trode in conventional batteries with liquid
electrolyte.1 However, there are still
remaining interfacial challenges of the
lithium metal[solid electrolyte interface
that need to be solved.">] In particular,
high interfacial impedances and the still
not well understood growth of lithium
through the solid electrolyte are currently

the key fundamental limitations of the lithium metal electrode for solid-state

batteries with inorganic solid electrolytes.

1. Introduction

Lithium metal solid-state batteries (LM-SSBs) are currently
investigated as a future battery technology with conventional
layered cathode materials, because they can offer benefits in the
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the main discussed bottlenecks limiting
the rate capability of the lithium metal
anodes on solid electrolytes.

Compared to liquid electrolytes and
solid polymer electrolytes, inorganic solid electrolytes (ISEs)
base on a single ion conduction mechanism with the transfer-
ence number #(Li*) of unity. This should in theory prevent dif-
fusion related transport limitations inside the ISE. However, in
order to evaluate the rate performance that can be practically
achieved, it is necessary to obtain a fundamental understanding
of the charge transfer kinetics at the interface. Yet, the charge
transfer kinetics between lithium metal and ISE is still rarely
studied—both experimentally and theoretically. For the inves-
tigation of the elementary charge transfer process, an ISE that
is electrochemically stablel™ in contact with lithium metal
is required. The electrode kinetics of an unstable ISE would
rather reflect the charge transfer kinetics between the emerging
solid electrolyte interphase and the lithium metal anode. In this
context, garnet-type ISEs, such as Li;La;Zr,0;, (LLZO), were
experimentally shown to have sufficient stability at the lithium
metal chemical potential ;%> as the thermodynamic
driving force for decomposition is negligibly small.'®l Therefore
LLZO-type ISEs are currently the most suitable model system
to investigate the intrinsic Li|ISE interface kinetics without dis-
turbance by unwanted chemical reactions.

For the investigation of the Li|LLZO interfacial kinetics,
usually potentiostatic electrochemical impedance spectroscopy

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(PEIS) is applied to symmetric Li|[LLZOILi cells, in which
lithium metal foil is mechanically or thermally attached to
a polished ISE surface. Contaminations on both, lithium
metall™ and the garnet ISE22! as well as subsurface damage
due to the polishing procedurel??! result in inhomogeneous
active interface contact and have so far prevented reli-
able measurements of the intrinsic charge transfer kinetics
between LLZO and lithium. High interfacial impedances in
the range of up to several 1000 Q cm? are reported in litera-
ture.l?3-! In particular, a Li,CO; contamination layer, which
rapidly forms on the LLZO ISE in humid atmosphere, is
made responsible for the high interfacial impedances.l2021
More recent reports show that the interfacial impedance for
a bare Li|LLZO interface can be reduced to the single digit Q
cm? range,[26:27] and recent theoretical results even indicate a
negligible overall interfacial resistance in the range of 1072 Q
cm2.28] Further, it has to be noted that impedance spectros-
copy is usually performed with a small sinusoidal amplitude of
around 10 mV and thus gives solely information on the linear
range of the interface kinetics. There is only a limited number
of reports dealing with the electrode kinetics of lithium metal
anode on ISE in the high overpotential (>100 mV) regime,
which all point toward a bulk transport limitation, but yet
were not able to provide mechanistic insights into the charge
transfer reaction itself.29-3%

For the theoretical description of lithium ion transfer at
the LilISE interface, the Butler-Volmer (BV) equation(3°]
(see Equation (1)) or extended versions are widely used3¢:>"]

e[l 28] eo{ 130

Herein n = E — E.q denotes the electrode overpotential, o is
the transfer coefficient, and the exchange current density
ip can be expressed by the charge transfer resistance Rcy via
iy, = RT- (F- Rer)™! which can be obtained by measurements
in the linear regime of the electrode kinetics. For precise theo-
retical models dealing with the lithium metal anode in SSBs,
the charge transfer reaction needs to be well known.® In lit-
erature, the charge transfer resistance is often set equal to the
interfacial impedance.

However, recent results clearly show that the Li|LLZO inter-
facial impedance does not reflect the charge transfer alone,
but is rather dominated by current constriction resistances in
the ISE at the interface.l?®l This demonstrates the need to find
experimental methods to better characterize the charge transfer
kinetics of the lithium electrode on ISEs. For solid polymer
electrolytes (SPEs), pulsed techniques were recently performed
to obtain deeper insights into the nature of the charge transfer
at the Li|SPE interface and it was found that a series of different
interface processes determine the overall kinetics, in particular
two charge transfer processes as well as the transport across the
solid electrolyte interphase.’! Very recently, Boyle et al. were
able to measure the charge transfer kinetics of the lithium
metal electrode in ether type liquid electrolytes without con-
tributions of ion blocking solid electrolyte interphases by tran-
sient voltammetry measurements with ultra-microelectrodes.*’!
Their results indicated surprisingly fast charge transfer kinetics

with exchange current densities as high as i; = 40 mA cm™.

0
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More importantly, a simple BV model was not sufficient to
mathematically describe the charge transfer reaction. Due
to the single ion transport in ISEs, the Li|ISE interface is funda-
mentally different from the above-mentioned cases. The Li|ISE
charge transfer kinetics is still largely unexplored and mecha-
nistic insights are highly desirable for the development of accu-
rate theoretical models.

In this work, we employ in situ generated lithium metal
microelectrodes™ on atomically smooth trans-granular LLZO
cross-sections. Transgranular fracture surfaces offer the possi-
bility to measure the true, unaltered interfacial kinetics without
disturbing effects from unwanted contamination or segregation
layers or by polishing introduced subsurface damage. Yet, in
LM-SSB research on garnet type solid electrolytes, microelec-
trodes are currently mainly used for local conductivity measure-
ments on the ISE.** By performing different electrochemical
methods like PEIS, cyclic voltammetry, and galvanostatic as
well as potentiostatic techniques on in situ generated lithium
microelectrodes, we comprehensively measure the kinetics at
the Li|LLZO interface and reveal the fast intrinsic nature of the
elementary charge transfer reaction.

Based on the results, we find that rather ion transport
within the LLZO ISE is the rate limiting step of the interface
kinetics than charge transfer itself. Our measurements provide
an upper limit for the Li|LLZO charge transfer (polarization)
resistance, which is surprisingly low. Through simultaneous
observations using scanning electron microscopy, we further
reveal mechanisms governing cell failure at high current densi-
ties. Lithium metal growth through LLZO due to fracture of the
ceramic and lateral growth of lithium along the LLZO surface
are found to be responsible for the observed short circuits. The
dominant failure mode is found to be critically dependent on
the ISE microstructure. Furthermore, electrodissolution experi-
ments with lithium metal microelectrodes show a similar trans-
port limitation during lithium electrodissolution as found in
our previous work[?®l and the mechanism of contact loss due
to vacancy injection is addressed. The obtained results can also
be transferred to other LilISE systems, as they mainly reflect
the nature of the lithium metal anode.

2. Results and Discussion

2.1. Li|LLZO Charge Transfer Kinetics

To investigate the charge transfer kinetics, PEIS as well as CV
measurements were performed on microelectrodes inside the
scanning electron microscopy (SEM) chamber. Lithium microe-
lectrodes were deposited in situ on atomically flat transgranular
LLZO grain cross-sections using a tungsten needle. The sche-
matic experimental setup is shown in Figure 1a and in more
detail in Figure S1 of the Supporting Information. The char-
acterization of the employed LLZO specimen can be found in
Figure S2 of the Supporting Information.

Figure 1c shows the recorded impedance spectrum of the
lithium microelectrode. A large sinusoidal amplitude of 400 mV
was required to achieve reliable data. Data points below 200 Hz
are excluded from the fit, because the consideration of these
data points led to large residuals in the Kramers—Kronig test.[*!

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Measurement setup and data for the charge transfer characterization of the Li|LLZO interface. a) Schematic experimental setup for the in situ
measurements. The macroscopic lithium counter electrode (CE) was inherently also used as reference electrode (RE). The lithium microelectrode was
in situ generated by plating on a tungsten needle and connected as working electrode (WE). LLZO substrates with different grain size were used for
the measurements. b) SEM image of the in situ generated lithium microelectrode on the LLZO surface that was used for impedance characterization.
) Nyquist plot of the impedance spectrum of a lithium microelectrode on an atomically flat single crystalline LLZO cross-sectional surface. Data points
are shown in blue, a fit using the denoted equivalent circuit is shown in orange. The red data points were excluded from the fit. d) Cyclic voltammo-
gram recorded on compact lithium microelectrodes with a scan rate of 500 V min~". The slope d//d7 of the curve can be attributed to the constriction
resistance inside the ISE and was used for the estimation of the interface contact of the microelectrode in order to calculate the corresponding current

density (second y-axis).

For a discussion on the impedance data quality and analysis we
refer to Figure S3 of the Supporting Information.

The impedance data in Figure 1c can be fit with an equiv-
alent circuit consisting of a resistor in series with an ideal
capacitance (C) in parallel with a resistor (R). The first resistor
is attributed to ohmic losses caused by the microelectrode
setup. The second parallel R-C circuit (Cgg = 7 X 107! F) can
be attributed to the bulk ionic transport in the ISE within the
microelectrode constriction zone (see Figure S4, Supporting
Information)."*! With the knowledge of the resistance of the
R-C circuit, the microelectrode diameter can be calculated
from the constriction resistance Ry = (2-0-d) 2" The ionic
conductivity of LLZO was measured separately on the macro-
scopic pellet and results as 0 = 5.0 x 10™* S cm™. Assuming
circular geometry, the diameter of the lithium microelectrode
is thus d = 275 um. This value is in good agreement with the
SEM image of the microelectrode as shown in Figure 1b, taking
into account that the diameter of the interface contact spot is
slightly smaller than the overall diameter of the microelec-
trode. In order to estimate the accuracy of this method for the
evaluation of the contact geometry by the current constriction
resistance, a lithium microelectrode was detached after deter-
mining the microelectrode resistance. The calculated and the
real contact area are compared in Figure S5 of the Supporting
Information. Very good agreement between the calculated and
the real electrode area is found. Overall, a relative discrepancy
of less than 20% is found. The estimation of the microelectrode
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interface contact area based on the current constriction resis-
tance is more accurate than the graphical inspection of the
microelectrode. Therefore, whenever no detachment was pos-
sible, this procedure was used for all area-normalized analyses
in this work.

Most important, no significant additional impedance con-
tribution was detected in the low frequency range, where the
charge transfer process is expected. In order to estimate an
upper limit for the charge transfer resistance, we estimated the
error for the low frequency part of the measurement. There-
fore, we simply calculated the difference between the fitted DC
resistance (Re(Z) f — 0 Hz) and the real part of the last meas-
urement point at 1 Hz that was not considered for the fit. The
obtained charge transfer resistance Ry can thus been specified
to be below 0.8 x 1071 Q cm? (iy > 300 mA cm™2). The real value
cannot be determined with the given resolution of the spectra.
However, the obtained upper limit of Ry is already orders of
magnitude lower than commonly reported interface resist-
ances.?12326.77] Tt is important to note that the overall interface
resistances R;,;, which are reported in literature, should not be
confused with the charge transfer resistance Rcr. Measured
interfacial resistances include all kinetic steps within the inter-
face region including transport through high resistive layers
like Li,CO;3,2! and we showed in a previous study that Ry, is
dominated by current constriction effects, i.e., insufficient
(atomic) contact between LLZO and lithium metal.l?®l There is
no report of a charge transfer resistance alone (or the exchange

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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current density as directly related quantity) for the LiLLZO
interface so far, and our study shows that charge transfer is
indeed not the rate limiting step dominating interfacial imped-
ances in literature. The experimental result is also in good
agreement with a recent theoretical study, which demonstrated
that the intrinsic area specific resistance of the interface is in
the order of Ri,, = 1072 Q cm? to which the charge transfer pro-
cess contributes only a minor part with Rep =2 x 107 Q cm?2.1281

As the impedance spectrum suggests that the electrode
polarization can be attributed primarily to the ohmic IR drop
inside the ISE (constriction resistance), a purely linear depend-
ence of i versus 7 is expected. CV was used to check for pos-
sible deviations from linearity (see Figure 1d). The I versus 7
graph is indeed linear. This confirms that the electrode kinetics
is dominated exclusively by the IR drop within the ISE. New
methods are needed for a precise analysis of the nature of the
charge transfer reaction and to obtain absolute values for the
charge transfer resistance. Instrumentally, this is not feasible,
as the essential correction of the IR drop—as usually per-
formed in liquid electrolytes*—is not possible for LLZO due
to the rate limiting role of the bulk ionic transport.

Lower scan rates led to a strong hysteresis in the CV data,
especially during the anodic scans. This phenomenon is
attributed to the vacancy transport limitations in the lithium
metall?64%l (Figure S6, Supporting Information). This trans-
port limitation, which is—in addition to the charge transfer
reaction—important for the treatment of the overall electrode
kinetic is quantitatively more thoroughly investigated by the
use of galvanostatic measurements which are discussed below.

2.2. Li|lLLZO Electrodeposition Kinetics

As no transport limitation during plating was found, almost
unlimited plating rates are expected to be possible for
lithium metal plating on ISEs. Figure 2 shows the results of
a potentiostatic measurement, in which the externally applied

www.advenergymat.de

overpotential was increased stepwise from -1 to —10 V. We like
to emphasize that these high overvoltages are caused by the
microelectrode (constriction) geometry and do not correspond
to a charge transfer overvoltage.

Figure 2a shows the current profile during the stepwise
increase of the externally applied plating overpotential. At
low externally applied overpotentials, the current remains
unchanged and the slope dI/dt is almost zero. This indicates
stable plating without any change of the interface contact area.
With increasing external applied overpotentials, the current
strongly increases during the 30 s long potentiostatic pulses.
This increase of current is attributed to the increase of the
interface contact area.

This behavior becomes well visible when examining the
video recorded in situ (see Video S1, Supporting Informa-
tion; Figure 2b). At low overpotentials, stable vertical lithium
whisker growth takes place. Further examples of vertical growth
at low overpotentials are shown in Videos S2 and S3 of the
Supporting Information. It is important to note that whisker
growth was observable on the whole cross-sectional surface of
LLZO. The high achievable growth rate of the whiskers reflects
the intrinsic ultrafast plating kinetics of a clean interface, which
was also assumed in a recent report of Motoyama et al.?2l How-
ever, Video S2 of the Supporting Information also shows at
the very beginning preferred growth along a defect line. This
is in agreement with a recent paper, in which lithium nuclea-
tion was observed to occur preferably at surface irregulari-
ties.¥] At higher overpotentials, the increase of the current goes
along with an emerging lateral (fractal)l*®! growth mode, which
is facilitated at higher overpotentials. Using Faraday’s law, the
inspection of the growth rate allows calculating the local cur-
rent density (see Equation (S6), Supporting Information).
At -10 V (Video S1, second 44-45, Supporting Information)
we estimate a growth rate of locally up to 15 um s7%. This dem-
onstrates that a local current density as high as 11 A cm™ is
achieved during the measurement. Visually, different plating
rates can be detected locally. The reason could be the presence
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Figure 2. Potentiostatic plating experiments on a predeposited lithium microelectrode with a stepwise increase of the overpotential from —1to —10 V.
The experiments were performed on a single crystalline substrate with pinholes. Identical results were also obtained on fully dense cross-sections.
a) Current profile and b) SEM images taken at different time intervals as indicated in the current profile. A change of the growth mode from purely
vertical to additionally lateral growth was found with increasing applied negative overpotential.
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of nonequilibrium defects like dislocations in the LLZO which
can increase the local transport of ions in the ISE. Also, strong
mechanical stresses can be induced by the tungsten needle.
This becomes visible as it induces plastic deformation of
lithium close to the tungsten tip. The local stresses can cause a
boundary traction potential®) in the ISE and may locally reduce
the plating rates. Unfortunately, local stresses cannot be quanti-
fied experimentally. It has to be noted that Corish and O’Briain
also demonstrated the intrinsic fast plating kinetics of parent
metal whiskers on silver ion ISEs.’% They used a supersatura-
tion method to grow silver whiskers on o~ Ag,S and showed
that current densities of 8.5 A cm™ can be achieved at low over-
voltages of only a few mV.>%

The onset overpotential at which lateral growth takes place
is not well reproducible and varied from experiment to experi-
ment. Usually the onset is above (|5 > 1 V) for = 20 pm large
microelectrodes. For plating experiments of silver on AgBr,
a similar switch in the growth mode from whisker-like ver-
tical growth to dendrite-like lateral growth was observed and
attributed to the change of the electric field distribution at the
microelectrode.’! The electric field distribution close to the
microelectrode and especially along the surface is very sensi-
tive to the electronic properties of the LLZO surface and the
dimensions of the microelectrode. For LLZO, a theoretical
study predicted a highly increased electronic conductivity at the
surface compared to the bulk,>*3 which could promote lateral

Lateral Growth (|n| =10 V)

y o

Larg-grained LLZO
(Single crystalline region)

Small-grained LLZO
(Polycrystalline region)

www.advenergymat.de

growth. The different surface properties of differently oriented
grain cross-sections as well as the different microelectrode
geometry at the beginning of the potentiostatic load are the
most relevant causes for the wide spread in the observed onset
overpotential for lateral growth.”¥ For extended electrodes in
real battery devices, the onset overpotential/current density
for lateral growth is expected to be even larger, as the fraction
of current lines parallel to the surface is small.’>>¥ Therefore
stable plating at current densities even higher than 102 mA
cm™? is expected to be in principle achievable for macroscopic
lithium electrodes on defect free LLZO substrates. Stable
lithium plating—stripping at current densities up to 10 mA cm2
were also recently reported in symmetric cell tests!” and our
work suggests that even higher values may be achieved.

To further investigate the lateral growth mode, a high negative
overpotential of —10 V was applied immediately after contacting
a microelectrode with a small amount of predeposited lithium.
Figure 3a—c and Video S4 of the Supporting Information show
the lateral, dendrite like growth of lithium along the LLZO sur-
face. Already after 2 s, lithium grows completely to the lithium
counter electrode, which was about 1 mm away from the
microelectrode, and short circuits both electrodes (Figure S7,
Supporting Information). The short circuit also induces
strong Joule heating and leads to local melting of the dendritic
lithium filaments. The fractal growth mode points toward
a transport limitation of the Li* inside the solid electrolyte.

2

® £
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o c
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Figure 3. Failure modes causing short circuits due to lithium growth to the counter electrode. a,b) SEM images of lateral, dendritic growth along the
ISE surface before and after plating at high negative overpotentials. c) High resolution image of the dendritic structure. d,e) SEM images of electro-
chemically induced fracture of a polycrystalline LLZO substrate. The crack is initiated at a negative overpotential of around —0.7 V. f) High resolution
images of the crack propagation mechanism showing the immediate filling of the crack with lithium metal.
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This phenomenon is called diffusion-limited aggregation and
was also found for copper growth on mixed conducting CuBr
films. 18l

For fully dense single grain substrate regions, lateral growth
toward the counter electrode was the dominant failure mode
causing short circuits. However, for polycrystalline materials
with a grain size of 10 um, intergranular and intragranular
crack formation close to the micromanipulator tip and crack
propagating to the counter electrode were found to dominate
cell failure (see Figure 3d—f; Videos S5 and S6, Supporting
Information). Crack formation occurred at much lower nega-
tive overpotentials (|7 <1 V) compared to lateral growth. These
results demonstrate that the defect concentration and geom-
etry of polycrystalline pellet surfaces are the main descriptors
for crack initiation, as previously suggested by Porz et al.>”
The large difference in the fracture susceptibility between
single crystalline and polycrystalline substrates further proves
the strong impact of the microstructure on the short circuiting

www.advenergymat.de

susceptibility. Although the grain boundary regions have a
high impact on the fracture susceptibility, lithium mainly
grows intragranular. This is also in agreement with macro-
scopic measurements on polycrystalline garnet samples, which
also showed an involvement of transgranular fracture on the
cell short circuits.’®=% In addition, preferred growth along the
grain boundary regions® as well as growth through intercon-
nected poresl®®! in pellets with open porosity are reported
failure modes.

2.3. Li|LLZO Electrodissolution Kinetics

The microelectrode setup also allows measuring the electro-
dissolution kinetics at very high stripping rates. Figure 4a
shows current density-dependent electrodissolution experi-
ments on compact, around 2000 um?2 large lithium metal
microelectrodes.
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Figure 4. Galvanostatic measurements on the electrodissolution kinetics of the lithium metal anode on LLZO. a) Potential profile during lithium elec-
trodissolution experiments on compact lithium microelectrodes as a function of the current density. b) Plot of the depletion times against the current
density according to Sand’s equation, showing no linear correlation. c) Plot of the cumulative areal capacity that can be stripped as function of the
applied current density. For each data point, three microelectrode experiments have been performed. The error bars indicate the standard deviation
of these three measurements. The orange point denotes the areal charge that can be stripped at 100 A cm™2 as estimated from a electrodissolution
experiment on a macroscopic mechanically attached lithium electrode according to a previous work.?l d) Schematic of the processes at the Li|ISE
interface with a rigid ceramic ISE. If the critical current density during galvanostatic electrodissolution is exceeded, pores form and grow at the interface.
The quantitative treatment of lithium depletion at the interface becomes complicated due to the contribution of manifold surface diffusion processes.
Direct charge transfer reactions are only possible at the remaining contact points resulting in an increase of the interface resistance and a temporal
change of the local current density at the interface.
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The microelectrode area varied slightly from experiment to
experiment and was calculated according to Equation (2). For
the derivation, we refer to the Supporting Information.

1_116-0'2413

1=
A -1t

(2)

For all dissolution experiments, the overpotential increases
strongly at the end of the stripping cycle. The increase in the
overpotential can be directly correlated to the loss of effective
contact. This is proven by impedance spectra that are recorded
at different stages during stripping (see Figure S8, Supporting
Information). The electrodissolution measurements at dif-
ferent current densities demonstrate that fully reversible dis-
solution of the electroplated lithium metal whiskers was not
possible. This is in stark contrast to silver whiskers, which can
be fully reversibly dissolved after deposition.l’¢2l One expla-
nation for the different behavior may also be attributed to the
so-called “memory effect” of electroplated metals.[®3-661 While
this effect was shown to facilitate the electrodissolution of
freshly deposited silver metal, it was not observed for the
lithium microelectrodes in this work. The reasons for this dif-
ference is thoroughly discussed in Note S1 including Figure S9
of the Supporting Information.

As no memory effect was observed for the lithium micro-
electrodes, one could assume that the depletion times t, in
Figure 4a merely depend on the bulk diffusion properties of
lithium metal. In an early work, Jow and Liang related the
temporal depletion of lithium on an ISE to the self-diffusion
coefficient in lithium metal. They used Sand’s equation (see
Equation (3)) to quantitatively describe the temporal decrease
of the active site number (effective contact area) at the inter-
face according to a simple 1D diffusion problem obeying Fick’s
second lawl®’]

1 2 .
\/K_\/D~7r~co~F.l )
Herein, ¢, denotes the initial concentration of lithium, which is
69.6 mmol cm~ and D is assumed to be the self-diffusion coef-
ficient of lithium in lithium metal. In Figure 4b, we analyzed
our data according to Equation (3).[%8!

For a constant vacancy diffusion coefficient and a 1D diffu-
sion profile, a linear relation is expected. However, the graph
strongly deviates from linearity. For a simple diffusion problem
according to Equation (3), this would indicate that the diffu-
sion coefficient increases orders of magnitude with increasing
current density, which is unphysical. While for low current
densities, linearity might be approximated, this is definitely not
possible in the investigated wide range observed in this study.
Also the data from Jow and Liang, which were collected in a
range up to 1.5 mA cm?, show a similar deviation from lin-
earity at the higher investigated current densities.®’]

In Figure 4c, the cumulated areal charge that can be passed
during stripping is plotted against the current density. Interest-
ingly, the areal cumulated charge results for all measurements
in the range between 1 and 2 mAh cm™ and can be regarded
as almost constant within the error interval and apparently is
independent from the applied current density. Furthermore,
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the data point for a measurement performed on macroscopic
electrodes, as taken from a previous work,?®l is shown as
orange data point and also shows that a similar areal charge
can be stripped from an ideally mechanically contacted macro-
scopic lithium metal electrode. This suggests that, independent
of the current density and the state of the electroplated lithium,
a defined and constant quantity of lithium can be dissolved
until full contact loss occurs. This quantity corresponds to
around (3-6) x 10* virtual monolayers of stripped lithium (i.e.,
around 5-10 pum).

At first glance, this is in contradiction to a conventional dif-
fusion problem. Certainly, the model of 1D diffusion highly
oversimplifies the real transport kinetics in the lithium metal
electrode. If the intrinsic vacancy-mediated diffusion of lithium
cannot keep up with the external applied current density, pores
will form at the interface. We roughly estimated the critical
current density, at which the interface gets morphologically
unstable, in a recent publication as 1072-10"! mA cm™; far
below the current densities investigated in the present work.
Therefore, the critical current density is far exceeded in the
microelectrode measurements and pores will form at the inter-
face. For the temporal loss of contact, a highly complicated 3D
transport problem has to be solved with the strong participa-
tion of surface diffusion processesl®! (see Figure 4d). As sur-
face diffusion processes are usually faster than bulk diffusion
at room temperature,’? the growth rate of the pores may be
dominated by the charge passed per area and be relatively
insensitive to the current density. Especially at high current
densities, the counteracting bulk diffusion mechanism may
be too slow to become relevant in the kinetic data. It has to
be noted that the herein estimated areal charge of around
1-2 mAh cm™ is below the practical requirements of
>5 mAh cm™."Y This shows that a better understanding of the
transport limitation inside the lithium metal anode is decisive
for its practical application. Future atomistic models and theo-
retical long-scale kinetic simulations may help to identify the
involved diffusive processes counteracting lithium depletion at
a solid|solid interface.

3. Conclusions

In this study, we took advantage of in situ generated lithium
metal microelectrodes to thoroughly investigate the kinetics,
rate capability and morphological instability of the lithium
metal anode on LLZO-type model electrolytes.

The model experiments demonstrate the ultrafast charge
transfer kinetics (Rer < 107! Q c¢m?) of stable and clean
Li|LLZO interfaces which enables fast stable plating rates in
the range of several 100 mA cm™. The plating rates deter-
mined in this work are more than one order of magnitude
larger than required on the battery cell level (10 mA cm™2). In
this experimental ideal case scenario, the stripping kinetics
and in particular the transport limitation due to the vacancy
injection and diffusion is determined as the sole kinetic
parameter that fundamentally restricts the rate capability
of metal anodes on ISEs. Despite the related morphological
instability, we showed that a significant amount of lithium
can be stripped; even at very high current densities of several

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hundred mA cm™2, which is ascribed to very fast surface diffu-
sion in pores at the interface.

The results have far-reaching implications for the mecha-
nistic understanding of the lithium metal anode on stable ISEs.
They show that the rate limiting role of the charge transfer
kinetics in combination with space charge layer is clearly over-
estimated in literature for the Li|LLZO interface.’l A precise
knowledge of the charge transfer kinetics is very important for
the prediction of precise potential profiles in batteries and mod-
eling approaches for lithium metal growth through ceramic
electrolytes.3849731

With this work, we hope to stimulate a rethinking of the
kinetics of metal electrodes on single ion conductors and to
inspire future theoretical and experimental work on the atomistic
understanding of the charge transfer reaction. This understanding
is required to obtain meaningful predictions of the rate capability
of lithium metal anodes under ideal conditions. We believe that
these results are not restricted to the Li|LLZO interface and can be
transferred to the kinetics of the lithium metal electrode on other
ISEs or inorganic solid electrolyte interphases. We expect that the
charge transfer reaction with all types of fast single ion conduc-
tors will be mechanistically similar and of low impedance.

From a technological perspective, the fast charge transfer
kinetics as well as the in principle achievable ultrafast plating
kinetics will therefore be by no means prohibitive for the use
of the lithium metal electrode in LM-SSBs with ISEs. This
demonstrates that, in theory, fast charging of LM-SSBs can
be achieved on ISEs with regard to the metal anode side. The
problem of short circuiting by growth of lithium through
the ISE was found to be highly correlated to the ISE micro-
structure and may ultimately be the most critical practical bot-
tleneck, because it is a highly complicated engineering task to
obtain the clean and defect free interfaces investigated in this
work on the cell level.

4. Experimental Section

Preparation of LLZO Solid Electrolyte Pellets: Large-grained and small-
grained Lig,5Alg,5La3Zr,0y; (LLZO) pellets were prepared using a
classical solid-state synthetic route. The procedure is described in detail
in a previous work.?l In order to promote grain growth,”’¥l a 3 wt%
excess of the lithium source Li,CO; (>99.0%, Sigma-Aldrich) was used
in this work. For large grained LLZO with a grain size of around 1T mm,
sintering was performed for 15 h at 1250 °C. Polycrystalline material with
a smaller grain size of around 10 um was synthesized the same way but
with sintering for only 4 h at 1250 °C.

Material Characterization: X-ray diffraction was used to determine
the crystalline phases of the pellets. A representative large- and small-
grained LLZO pellet was sealed under inert atmosphere inside a
sample holder (PANalytical) with a polycarbonate dome. Additionally,
the large-grained pellet was manually ground to powder afterward and
placed on a (911)-oriented silicon zero background holder for a second
measurement. X-ray diffraction was performed using a PANalytical
Empyrean powder diffractometer in Bragg—Brentano 6-0 geometry with
Cu K, radiation. Measurements were carried out in the 26 range between
20° and 90° with a step size of 0.026°. The counting time per step was
200 s. The cross-sectional microstructure of the pellets was investigated
using a Carl Zeiss Ultra field emission SEM instrument (Merlin). Pellets
were fractured manually. The air-sensitive samples were transferred from
the glovebox to the vacuum chamber of the SEM with a Leica transfer
module system (EM VCT500).
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Cell Assembly and In Situ SEM Setup: For cell assembly, LLZO pellets
were dry polished inside a glovebox (500 grit SiC, Buehler, CarbiMet).
Then a lithium metal counter electrode was attached on one side of the
pellet. Therefore, fresh lithium foil was pressed from a thin lithium plate
that was cut from a lithium metal rod (99.8%, abcr) with a ceramic knife.
The lithium metal electrode (thickness =100 um, diameter = 6 mm) was
then pressed on the pellet surface using a hand press at a pressure of
around 20 MPa. The pellet was fractured manually into two semicircular
pieces and one of the pieces was then vertically placed into a home-
made sample holder and was fixed by an electronically conductive grub
screw (see Figure S1b, Supporting Information). The sample holder was
then fixed on a cubic stub for transfer into the SEM chamber with a Leica
transfer module system (EM VCT500).

The experimental setup inside the SEM is shown in Figure Sla of
the Supporting Information. A microelectrode module (prober module,
Kammrath & Weiss GmbH) with two micromanipulators was installed
inside the SEM chamber (Carl Zeiss Ultrafield emission SEM instrument
(Merlin)). Tungsten needles (Simac Masic & TSS bv) were attached
on the micromanipulators, which can be externally operated in x, y,
and z directions under high-vacuum condition by a control unit. The
electrically shielded connections for the microelectrodes and the control
units of the micromanipulators are guided through a passage to the
outside of the HR-SEM chamber. Additionally, the transfer track, which is
in electronic connection with the lithium counter electrode, but isolated
from the SEM stage, was also connected similarly.

Electrochemical ~Measurements: For all measurements, the
mechanically pressed macroscopic lithium counter electrode acted
inherently as reference electrode. One of the micromanipulators was
then oriented and contacted to the transgranular fracture surface
of the LLZO pellet and was used as working electrode. The force of
the tungsten needle on the garnet was measurable, but is negligibly
small as the microelectrode is just attached via a flexible thin metal
wire. However, due to the small diameter, large stresses may be
induced locally. A SP-150 potentiostat (Bio-Logic) with implemented
impedance analyzer was used for all electrochemical measurements.
Electrochemical characterization was performed by impedance
spectroscopic, cyclic voltammetric and galvanostatic as well as
potentiostatic methods. PEIS was performed on lithium metal working
electrodes in a frequency range from 1 MHz to 1 Hz. Cyclic voltammetry
was performed in a range between —1and 1V versus Li*/Li. The specific
measurement settings are included in Section 2 and varied depending
on the electrode geometry. Except for the metal plating experiments, a
suitable amount of lithium was predeposited on the tungsten needles
and the lithium reservoir acted as working electrode. The pressure
inside the SEM chamber during the measurements was smaller than
1073 Pa.
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from the author.
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