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ABSTRACT: Garnet-type Li,La;Zr,0;, (LLZO) is a potential electrolyte material for all-
solid-state Li-ion batteries mainly because of its reported excellent chemical stability in
contact with Li metal. But good wettability of LLZO and 100% surface coverage of lithium L
are still a challenge. This study elucidated the suitability of magnetron-sputtered indium in inlayer
Li(In)/LLZO/Li(In) symmetrical model cells as one of the promising interfacial
modifications reported in the literature. Importance was given to the impact of
preparation parameters on the surface coverage of Li(In)/LLZO interfaces and the
consequences of impedance, cycling stability, and critical current density. SEM and EDXS
analyses of In layers of thickness 100 nm to 1 ym revealed complete dissolution of indium
in the lithium anode after annealing; 300 nm In layers annealed at 220 °C/10 h provided a .
surface coverage of >80%, best reproducibility, and a supreme interface resistance R;,, of 12/
12.4 Q-cm’. Presuming a surface coverage of 100%, an ultimate interface resistance close
to 1 Q-cm” can be expected. The critical current density was determined as 200—500 A/
cm? at a charge of 100—250 pAh, whereas 500 #A/cm? and above affected cell stability. The increasing voltage plateau was assigned
to the increase of the interface resistance R;,, and the electrolyte resistance Rg,qp. SEM, EDXS, and X-ray microtomography analyses
after voltage breakdown confirmed Li-dendrite growth along grain boundaries into LLZO, often curved parallel to the interface,
indicating short-circuiting of the solid electrolyte. Grain boundary characteristics are supposed to be decisive for lithium deposition
in and failure of garnet-type solid electrolytes after cycling.
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1. INTRODUCTION

Solid-state lithium-ion batteries may overcome safety issues in
next-generation energy storage systems when a nonflammable
solid-state electrolyte (SSE) is used for battery assembly. When
combined with a lithium metal anode, even a higher specific
energy compared to present material systems can be obtained.

As of today, only a garnet-type Li;La;Zr,0,, (LLZO) has a
sufficiently large electrochemical window for withstanding a
direct contact with lithium metal foil."> However, poor
wettability of lithium metal onto untreated LLZO surfaces
raises the area-specific interface resistance as high as ~37 000 Q-
cm?® and the associated limited number of active sites
presumably promotes dendrite formation. Remedial actions
are reported in the literature, e.g, (i) polishing the LLZO surface
itself mechanically,” (i) using high mechanical pressure for
joining thin lithium foils,” (iii) 3D-printing and consecutive
sintering of intricate surface architectures, (iv) replacing pure
Li metal by lithium alloy anodes,”® or (v) introducing a thin
layer (AL,O3, ZnO, SiO,, Au, Al Ge, etc.) between lithium metal
and LLZO.””"* Improved charge transfer characteristics have
also been found for completely clean LLZO surfaces,”" but
require high preparative efforts, i.e., a high-purity and inert
atmosphere. In numbers, an isostatic pressure of 400 MPa was
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applied to Li/LLZO/Li cells resulting in a negligible interface
resistance.” A Li/Li;La, ,5Cag 521, 75Nbg 50, (LLCZN) inter-
face resistance of highly attractive 1 Q-cm® (based on DC
measurements) was reported for an Al,Oj; interlayer (~20 nm)
formed by atomic layer deposition (ALD) with excellent cycling
stability of symmetrical cells at current densities of 200 yA/cm?
inref9. Similarly, a Li/LLCZN interface resistance of 115 Q-cm*
(based on AC measurements) was realized by evaporation of an
~20 nm Ge layer and cyclin% stability at current densities of 100
uA/cm? was demonstrated.”” Furthermore, a reduction of the
Li/LLCZN interface resistance down to ~75 Q-cm?* (based on
AC measurements) was achieved by introducing a Li/Al alloy as
anode, and the cycling stability of symmetrical Li(Al) /LLCZN/
Li(Al) cells was demonstrated at current densities of 200 uA/
cm2'® Moreover, an initial interface resistance of 450 Q-cm?
(100 Q-cm” after reheating) and cycling stability at 100 yA/cm?
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Figure 1. (a) Preparation of symmetrical Li(In)/LLZO/Li(In) cells. (b) SEM image of the polished LLZO surface (step I). Light microscopy image of
a 60 s sputtered In layer on LLZO (step II), Li-metal electrode added (step III), and the symmetrically applied Ni foils (step IV).

were reported by utilizing an ~30 nm thin ZnO layer." Last but
not least, a silica-based interface modification enabled an
interlfice resistance of 49 Q-cm” and cycling stability at 200 uA/
cm?,
This work aims for even lower interfacial impedance and
better cyclability of a Li(In)/LLZO interface by introducing for
the first time a magnetron-sputtered indium layer of thickness
100 nm to 1 pm. For establishing a reliable preparation routine,
we study the influence of a variation in sputter time and
annealing temperature. Consequently, the reproducibility of the
corresponding interface resistance was examined always on a set
of 5 (min) to 15 (max) symmetrical Li(In)/LLZO cells. These
experiments seem necessary because indium layers on garnet-
based SSE were not yet reported in the literature, while Li(In)
alloy anodes were already tested in combination with a sulfide
SSE'®'” and Lou et al. successfully used indium tin oxide as an
interlayer.'®

Numerous studies have already been performed on the
interfacial impedance of symmetrical cells with garnet electro-
lytes.b>* 19121319721 However, at 25 °C, none of these studies
succeeded in resolving the high-frequency (HF) bulk con-
tribution of LLZO (f > 10 MHz) of the impedance spectrum
while maintaining the information of the low-frequency (LF)
impedance spectrum (f <1 Hz) at the same time. But this
distinction is essential, as the different ionic transport processes
in solid-state lithium-ion batteries, which contribute to the cell
impedance, are distributed over such a wide frequency range.
Consequently, two calibrated impedance analyzers (HF and LF)
are connected to a framework herein. The activation energies for
lithium-ion charge transport in LLZO and for the Li(In) /LLZO
interface are determined by temperature-dependent electro-
chemical impedance spectroscopy (EIS), and, for the first time,
charge transport resistance of the grain interior (bulk) and of the
grain boundary in LLZO is deconvoluted by the distribution of
relaxation times (DRT) using Li(In) reversible electrodes.

The robustness of the Li(In)/LLZO interface under long-
term cycling is essential for future applications™ and often
quantified by a critical current density (CCD).”""'® Recently,
Flatscher et al. gave a broad overview of measured CCDs'~
ranging between 40 yA/cm? (their study) and as high as 930
uA/cm** for garnet-type (doped) LLZO. Unfortunately, the

listed CCD values cannot be compared easily because of
deviating cycling parameters and measurement protocols.
Therefore, this work determines CCDs of our best-performing
symmetrical Li(In)/LLZO/Li(In) cells for two different test
protocols: (i) cycling of the cell with alternating positive and
negative current pulses (alternating Li plating and stripping on
both electrodes) and (ii) application of unilateral current pulses
(Li stripping on one electrode only and plating on the other
electrode).

For the Li/LLZO interface in general, two main failure
mechanisms were already reported: (i) vacancy accumulation
with subsequent contact loss during lithium stripping™** and (i)
various ty}S)es of lithium dendrite formation during lithium
plating.">* 2® Lithium dendrites were found to gropagate into
LLZO grains,”’28 alon§ grain boundaries, ° and along
interconnected pores.””*° Several mechanisms for dendrite
formation in LLZO were described in reviews by Krauskopf et
al?® and Cao et al,”" but the underlying electro-chemo-
mechanical processes are not yet fully understood. Imaging of
lithium dendrites is most frequently performed by optical
microscopy”®*> and scanning electron microscopy
(SEM).***”3* Both of these techniques are unable to provide
a complete analysis since the resolution of optical microscopy is
limited, and preparation for SEM is challenging without
changing the morphology of the sample surface. In this work,
an elaborate preparation method was developed to analyze the
Li(In)/LLZO interface after preparation and after long-term
cycling. Furthermore, the interface region after passing the
cycling experiments is visualized by correlated results from SEM
and X-ray microtomography (u-CT).

In summary, this work presents a new approach to reliably
prepare low-impedance Li(In)/LLZO interfaces. EIS is applied
to quantify the impedance contributions in as-prepared Li(In)/
LLZO/Li(In) cells and monitor the interface stability during
long-term cycling experiments. Results of two different cycling
protocols are compared. Morphological analyses by SEM and p-
CT are correlated with the electrochemical measurements.

2. EXPERIMENTAL SECTION

2.1. Preparation of Symmetrical Li(In)/LLZO Cells. Garnet-type
structure electrolyte pellets made by Toshima Manufacturing Co. with
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Table 1. Overview of All Preparation Variations of Symmetrical Li(In)/LLZO Cells Throughout This Work”

cell type number of prepared cells power (W)
300 220 2 6 100
15220 2 6 100
60 220 2 15 100
60 220 10 5 100
60250 2 s 100

DC magnetron sputtering annealing
time (s) layer thickness (nm) temperature (°C) time (h)
300 ~1000 220 2
15 ~100 220 2
60 ~300 220 2
60 ~300 220 10
60 ~300 250 2

“The sample index stands for “sputtering time_annealing temperature_annealing time”.

the chemical composition LigsLa;Zr) sTag,0p,, a thickness of ~500
um, and a diameter of 16 mm are used in this work. Analysis of as-
delivered pellets by scanning electron microscopy (SEM) and X-ray
tomography (u-CT) provides a bulk density higher than 99% and a
surface degradation layer with a thickness of 2—3 ym. Energy-dispersive
X-ray spectroscopy (EDXS) analysis indicates a double layer with a
carbon-enriched outer part and an oxygen-enriched inner part.
According to Sharafi et al., these layers consist of Li,CO; and LiOH>
and originate from exposure to H,O and CO, content in ambient air
during and after garnet preparation. Therefore, after pretreatment to
pellets, assembly of symmetrical Li(In)/LLZO cells and their
characterization by electrochemical impedance spectroscopy (EIS)
are performed in an argon atmosphere and described below.

2.1.1. Symmetrically Applied Nonsticking Contact Layer (Ni Foils)
to Enable Cell Openings (Step IV). Symmetrical Li(In)/LLZO cells

were prepared in a six-step process (see Figure 1a):

L Pellets were polished with diamond (Struers DP-Suspension A, 3
and 1 um), cleaned with 2-propanol, and inspected with a
scanning laser microscope (Keyence VK-9710K).

I In layers were magnetron-sputtered (vonArdenne CS 730 S) on
both pellet sides with a target—substrate distance of ~80 mm
and a mask with a free aperture of 11.28 mm, delivering indium
slightly larger than 1 cm” with a reproducible indium content. In
this way, the lithium metal foil contacts only with the In-coated
region and a Li(In)/LLZO interface is formed with the LLZO.
The indium target from vonArdenne was 10 cm in diameter and 2
mm thick. Sputter gas was argon at a flux of 80 sccm, constant
pressure of 5 X 107 mbar, substrate temperature of 22 °C, and
plasma power of 100 W. The sputter time was varied according
to Table 1, and the In-layer thickness was quantified by SEM.

Then, In-coated LLZO (see Figure 1, step II) was transferred
into an Ar-filled glovebox. Electrodes of 1 cm” area and 500 ym
thickness from Rockwood lithium foil were symmetrically
attached onto the In-coated area.

In addition, 10 um nickel foils (nickel 2.4068) were inserted on
the top and bottom of lithium electrodes, assuring flawless
removal for SEM analysis.

II1.

Iv.

. This sandwich was kept between stainless steel current
collectors (d ~ 16 mm), short-circuiting of the cells while
annealing was prevented by a small cavity.

VI. The final annealing step was made inside a vacuum oven

(MBraun VOH-250) at 1 mbar vacuum.

As shown in Table 1, we study in this work 37 symmetrical Li(In)/
LLZO cells with three layer thicknesses (100, 300, and 1000 nm), two
annealing temperatures (220 and 250 °C), and two annealing times (2
and 10 h). These variations shall disclose the impact of preparation
parameters to surface coverage of Li(In)/LLZO interfaces, and the
consequences for impedance, cycling stability, and critical current
density. Sample denomination (cf. Table 1) refers to sputtering
time_annealing temperature_annealing time.

2.2. Electrochemical Characterization. 2.2.1. Cell Testing. All
Li(In)/LLZO cells were tested in a commercial ECC-REF housing with
high measurement reproducibility.**>*

The impedance analysis of solid-state lithium-ion batteries with
garnet-type electrolytes is challenging as the ionic transport processes
are distributed over a frequency range of 10 decades. One HF and one

LF impedance analyzer (for specifications, see Table S1) were operated
in the potentiostatic mode as a framework.

The LF range from 50 mHz to 7 MHz is covered with a Biologic
VPM-300 multipotentiostat (S mV amplitude, if not stated otherwise).
The HF range from 20 Hz to 120 MHz is recorded with a Keysight
E4990A-120 measuring bridge (20 mV). The data quality for f> 1 MHz
is ensured by calibration measurements, i.e., test fixture compensation
performed by measuring under open-circuit, short-circuit, and 50 Q
load resistor conditions. Temperature-dependent calibration is
performed with 3 h equilibration time.

The EIS data obtained from the HF and LF measurement devices
were combined for analysis in such a way that the last HF data point
corresponds to a frequency of 20 Hz and the next LF data point to 18
Hz. The KKT residuals prove the validity of the combined impedance
spectra.

Before starting EIS measurements, a consistent initial treatment is
applied to all 37 Li(In)/LLZO cell tests. Electrochemical and thermal
equilibrium is ensured by a waiting period of 3 h at open-circuit voltage
(OCV) at 25 °C. Cell stability is checked by continuous EIS
measurements.

In essence, the experiments carried out are classified into three
categories: (i) cell reproducibility, (ii) temperature variation, and (iii)
cycling stability. Details of the individual test categories are given in the
Supporting Information (SI Table S2).

2.2.2. EIS Data Analysis Methods. 2.2.2.1. Distribution of
Relaxation Times (DRT). The analysis of impedance spectra is
performed in a multilevel routine, using Matlab-based in-house
software. Control of validity and high data quality over the extended
frequency range (SO0 mHz to 120 MHz) is mandatory using the
Kramers—Kronig test (KKT)>* (available for free download™®), followed
by a distribution of relaxation times (DRT) calculation.

Any nonoscillating electrochemical system can be represented using
the DRT approach.®” The separation of electrochemical processes with
similar characteristic relaxation time constants by solely analyzing
impedance data is sometimes difficult.’® The governing relation
between the impedance Z and the DRT is given by’

©  g(7)
1 + jot

Z(w) = Ry + Z,y(®) = R, + R dr

pol

(1)

where [§g(7)dr = 1, R, is the real part of the impedance when w — oo,
7is the relaxation time, and R, is the polarization resistance. The DRT-
based analysis of impedance data is well established for fuel cells,
conventional lithium-ion batteries, and SSE materials.***°~** The DRT
transforms impedance data into the space of the relaxation times and
deconvolutes electrochemical processes with time constants in close
proximity. In this work, the DRT analysis was used to preidentify the
diverse processes and their characteristic temperature dependencies.

2.2.2.2. Data Fitting. All impedance spectra were fitted using a
physically motivated equivalent circuit model. Different RQ_elements
were used to quantify the impedance contributions. Fitting of the real
and imaginary parts (1:1 weight) was performed using a complex,
nonlinear, least-square fit (CNLS) routine.

2.2.2.3. Temperature Variation. To determine activation energies
E,; of different electrochemical processes, we use the Arrhenius
equation
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Figure 2. (a) Preparation by wire saw and subsequent fracturing, (b) SE-SEM overview image of the resulting Li(In)/LLZO/Li(In) cross section. The
wire saw has cut through the top lithium anode and approximately two-thirds of the LLZO electrolyte. (c) Scheme of the SEM transfer sample holder

with a sealed cover to prevent contact with ambient air.
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Figure 3. Fracture surface of an LLZO pellet imaged by (a) SE-SEM showing mainly intergranular fracture and (b) material-sensitive BSE-SEM at S
keV. The dark contrast at grain boundaries (see arrows) indicates the presence of a weakly scattering material such as lithium or lithium compounds.

R(T) = B-exp[&]
‘ RT )
where T is the temperature, R; is the equivalent resistance contribution
of the i-th process, B is a preexponential factor, and R is the gas constant.
2.3. Microstructure Analysis by Scanning Electron Micros-
copy and X-ray Microtomography. Exposure to ambient air must
be avoided to prevent the reaction of lithium and LLZO with oxygen,
nitrogen (only Li), and water vapor.’ An elaborate preparation
procedure for cross-sectional SEM samples of the Li(In)/LLZO
interface region was developed in this work.

After electrochemical testing, the EL-Cell housing was opened in an
inert Ar atmosphere. The stainless steel current collectors and the nickel
foils were first removed. A diamond wire saw (Model 3241 with a wire
diameter of 0.22 mm, WELL Diamond Wire Saws SA, Le Locle, CH)
was used to cut a notch through half of the top lithium electrode and
partly through the garnet electrolyte, as depicted in Figure 2a.

The cell was then transferred to the glovebox, fractured along the
notch under Ar atmosphere, attached on a sample holder using a carbon
pad, and transferred into the scanning electron microscope by an
airtight and Ar-filled transfer holder (see Figure 2c). The load-lock of
the SEM needs the transfer holder open for a few seconds prior to
transfer into the SEM chamber. The newly developed preparation
technique yields an uncontaminated fracture cross section of the
Li(In)/LLZO interface region. This effect is shown by the low-
magnification SEM image in Figure 2b. A notch was cut perpendicular
to the upper Li layer and part of the LLZO, and the depth of the wire

saw cut is indicated by the dashed arrow. The SEM contrast of the
upper Li layer and LLZO is strongly manipulated by mechanical
damage and air exposure. But in the region below, which is the fractured
surface, Li and LLZO appear different. Mechanical damage and
exposure to ambient air were avoided by a sequence of (i) fracture in Ar
atmosphere and (ii) immediate transfer into the scanning microscope.

A Helios G4 FX dual-beam microscope (Thermo Fisher Scientific,
Waltham) was used for all SEM studies. Secondary-electron (SE-)SEM
imaging was performed with the in-chamber ion conversion and
electron detector. SEM images with backscattered electrons (BSE)
were acquired with the concentric backscatter detector, a solid-state
detector that is attached below the objective lens pole piece. BSE-SEM
imaging yields material contrast due to the large atomic-number
difference between LLZO and lithium. Element distributions were
obtained by SEM/EDXS mappings with a primary electron energy of 15
keV. A Bruker X-Flash 6 system (Bruker Corporation, Billerica)
implemented in the Helios G4 FX was used for EDXS. However, we
note that the Li-K X-ray line with an energy of 55 eV cannot be detected
by our EDXS setup. Acquisition and evaluation of EDXS spectra were
performed using the Bruker ESPRIT 2.1 software.

A Xradia Versa 520 X-ray microscope (Carl Zeiss Microscopy, Jena)
was used for 4-CT analysis. Sample rods with 500 ym diameter were cut
by a diamond wire saw and coated with mounting wax (Gatan Inc.,
Pleasanton). Imaging was performed with an X-ray source voltage of
140 kV and 700 nm pixel size. The three-dimensional (3D) structure
was reconstructed from 3201 projections taken with 0.11° rotation
steps between. Shen et al.** already observed a weak X-ray absorption of
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Figure 4. (a) Overview SE-SEM image of a fractured cross section of an as-prepared 60_220_2 celland (b) SE-SEM image of the contacted interface at
higher magnification. (c) SEM images of regions close to the Li(In)/LLZO interface of a 15_220_2 cell that was selected for EDXS analyses. EDXS
sum spectra were taken from regions in LLZO electrolyte (yellow), a contacted region close to the interface (blue), and a purposely uncontacted In
interlayer (red). The LLZO next to the uncontacted In interlayer shows small lithium particles. (d) Resulting EDXS spectra with square-root intensity

scaling where indium X-ray lines at 3.29 keV and 3.49 keV appear only in the uncontacted region.

lithium compared to LLZO, meaning the contrast of empty pores. This
phenomenon is shown for our samples in Figure 10a. Image processing
and image segmentation of the LLZO and lithium (or pores,
respectively) phases were performed with the FEI Avizo 9.2.0 software.
This implies noise reduction by a Gaussian filter (3x3x3 voxels kernel)
and segmentation of the lithium-rich regions by threshold combined
with a black-top-hat filter.

3. RESULTS AND DISCUSSION

3.1. Microstructural Analysis of the Bulk LLZO and the
Prepared Li(In)/LLZO Interface. In the SE-SEM image in
Figure 3a, the surface topography of a fractured LLZO pellet
indicates a preferential fracture along grain boundaries, but
occasionally also through the grains. Typical grain diameters are
between 1 and 4 ym with an average equivalent diameter of 2.5
um (cf. grain-size distribution in SI Figure S1b). Material-
sensitive BSE-SEM imaging (Figure 3b) of the same sample
region with a pronounced dark grain boundary contrast
indicates a grain boundary phase containing light elements.
Interestingly, this image intensity resembles the intensity of the
lithium metal anode (depicted in Figure 4b).

Although the electron-interaction volume for EDXS is much
larger than the grain boundary regions, EDXS spectra acquired
there show a stronger oxygen signal than the surrounding LLZO
grains (Li cannot be detected by EDXS). TEM investigations by
Tsai et al.'" revealed a grain boundary phase in their LLZO
samples consisting of lithium or lithium oxide. Presumably, both
phases also exist at the LLZO grain boundaries of our samples,
which were fabricated by Toshima Manufacturing Co.

Figure 4 depicts the cross-sectional SEM images of the
Li(In)/LLZO interface region with an originally 300 nm thick
indium layer, after annealing at 220 °C/2 h. Li appears with dark
contrast in BSE-SEM and also in SE-SEM images. The lithium
anode sticks to the topography of the LLZO grains over almost 1
mm interface length without delamination, which can be seen in
Figure 4a and in more detail in Figure 4b. In contrast, lithium
anodes with 100 nm thick In layer and same annealing
conditions are widely delaminated (see SI Figure S2b), the
same for originally 1 ym In layer with a few additional pores (see
SI Figure S2c). In general, the In layers themselves are no longer
observable in SEM after annealing.

To obtain information on the In distribution, EDXS was
performed to analyze the composition of regions in the vicinity
of the Li(In)/LLZO interface. EDXS spectra, acquired in the
anode at a well-contacted Li interface region (blue frame in
Figure 4c), do not show any indium X-ray lines (blue EDXS
spectrum in Figure 4d). This indicates that the In content in the
vicinity of the Li(In)/LLZO interface must be below the
detection limit. Indium X-ray lines were also not detected inside
the LLZO (yellow frame in Figure 4c and yellow EDXS
spectrum in Figure 4d). Analyzing the LLZO in regions with
delaminated Li anode (red frame in Figure 4c) yields X-ray lines
for In-L, 4 at 3.29 and 3.49 keV (red spectrum in Figure 4d).
These results verify that the In layer is indeed present after the
deposition. Concluding, In diffuses into the Li anode during
annealing and results in a very low and probably homogeneous
In concentration. With EDXS analysis along the interface region,
an indium concentration of 0.2 atom % at the Li(In)/LLZO
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Figure S. (a) Combined EIS data (blue circles) of a symmetrical Li(In)/LLZO cell from 120 MHz to S0 mHz and the corresponding CNLS-fit (black
dashed line) at 25 °C. (b) DRT calculated from impedance data (blue line) and CNLS-fit (black dashed line). (c) Equivalent circuit model for fitting
the impedance data (a) consisting of three RQ elements quantifying the resistance contribution R; and capacity C; of the grain, the grain boundaries, the
Li(In)/LLZO interface, as well as P,. (d) Inset of EIS transition from HF (circles) to LF (squares) data.

interface up to 300 ym in the Li anode volume was determined
for cells with the thickest In layer (300 s sputtering time
corresponding to an In-layer thickness of 1000 nm).
Interestingly, this In content agrees with the solubility limit of
In in pure Li.** For comparison, a Sn-rich/Al-rich lithium alloy
close to the Li/LLZO interface was reported for interlayer of
either Sn* or AL’ Our EDXS findings imply a dissolution of
indium in lithium as reported for a Mg layer.”" This result points
to a complete dissolution of all indium layers into the lithium
electrode but with a concentration below the EDXS detection
limit. However, EDXS was chosen for its ability to deliver the
chemical composition of the interface region with spatial
solution.

3.2. EIS and Equivalent Circuit Model. 3.2.1. Process
Identification, Interface Resistance, and Activation Energy.
The Nyquist diagram in Figure 5a shows the combined HF and
LF impedance data of a Li(In)/LLZO/Li(In) cell (60 250 2)
with a sputtered In layer of 300 nm. Two slightly overlapping
semicircles in the HF range (f > 10 kHz) and two apparently
overlapping semicircles in the LF range (f < 100 Hz) are
distinguishable. A direct comparison with EIS data of a Li/
LLZO/Li cell without In layer is given in SI Figure S3.

The smooth transition of EIS data between HF (circles) and
LF (squares) measurements is proven in Figure Sd. The
associated DRT curve in Figure Sb clearly separates two peaks in
the HF region with the largest resistance for P, at 30 MHz and a
smaller resistance for P, at 180 kHz and two more peaks with a
resistance value comparable to P, in the LF region. The
characteristic frequency is ~1 Hz for Py and 10™'—107* Hz for
P,, which is not fully acquired in the measured EIS spectra.
Consequently, an equivalent circuit model (ECM) consisting of
four RQ elements is proposed (cf. Figure Sc) and the CNLS-fit
between 120 MHz and 50 mHz coincides nicely with EIS and
DRT experimental data. The corresponding resistances,
capacitances, and characteristic frequencies of P, P,, and P,
are shown in Table 2. Although a profound identification of the

Table 2. Quantification of the Resistances, Capacities,
Characteristic Frequencies (25 °C), and Activation Energies
E,,; for a Symmetrical 60_250_2 Li(In)/LLZO/Li(In) Cell
with an Initially 300 nm Thick In Layer”

R, E,; published
process (Q-cm?) f; (Hz) C: (F) (eV) E,; (eV)
(P,) grain 69 30x107  9.6x1071 040 0.37%°—
0.4177%%
(P,) grain 10.9 180 x 10° 6.8 % 107° 045  0.46%%%;°
boundary 04445548
(py) 12.4 1.4 92x107° 052 037°
Li(In)/
LLZO-
interface

“The activation energies, obtained from impedance data in Figure 6b,
are compared with recently published literature values for LLZO with
0.4 stoichiometric tantalum content (* for 0.3 stoichiometric Ta
content, ** for 0.375 stoichiometric Ta content, *** LLZO with 0.25
stoichiometric Al content since no values are reported for Ta-
substituted LLZO).

nature of P, is not possible yet, the nature of the three processes
Py, P,, and P; are highlighted by EIS measurements at different
temperatures (10, 15, 20, 25, 30, 40, and S0 °C). EIS data, the
corresponding DRTs, and evaluation of the activations energies
are shown in Figure 6a—c, respectively.

As expected, the total impedance contribution of the Li(In)/
LLZO/Li(In) cell shrinks in the HF and in the LF range with
increasing temperature, but only the DRT allows both division
and quantification of the HF contributions P, and P,. Using the
in-house developed fitting routine and the 4 RQ-ECM, the
values for resistance, capacitance, and activation energy E, ; for
P,, P,, and P; are now calculated, summarized, and compared
with recent publications in Table 2.

The activation energy of the dominant HF process P, is 0.40
eV and coincides with previously published data correlated with
the ion transport in the LLZO grain interior (often referred to as
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Figure 6. (a) EIS data of a 60_250 2 cell measured for different temperatures and (b) corresponding DRT data. Activation energies for grain, grain
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cells. All data were normalized with respect to a representative pellet thickness of S00 ym. (b) Comparison of the measured interface resistance at 25 °C

with other publications (AC measurements only).

bulk transport) with 0.3 (0.4 in this work) stoichiometric
tantalum content. The characteristic frequency f ; g = 3.0 X 10
Hz corresponds well to HF-EIS data published by Sakamoto et
al. for the bulk charge transport in Al-substituted LLZO
(Lig25Aly 24La;Zr,01,).** Hence, the dominant HF process P, is
assigned to Li-ion charge transport through LLZO grains. The
smaller semicircle P, in Figure Sa with a characteristic frequency
of 1.8 X 10° Hz shows a slightly higher activation energy of 0.45
eV and a comparable temperature dependence. We assign P, to
the supplementary grain boundary charge transport, which is

thereby evaluated and published for the first time for tantalum-
substituted LLZO. However, Krauskopf et al.” reported 0.46 eV
and Sakamoto et al.*® 0.44 eV for grain boundary charge
transport within aluminum-doped LLZO. In a theoretical study
by Yu et al,*” the activation energy for grain boundary transport
is up to ~35% higher than for bulk LLZO. For comparison, own
measurements on undoped Lij,oLays;TiO; (LLTO) show
significantly lower E, g of 0.31 eV for transport through the
grains (bulk) and E, g of 0.36 eV for ion transport along the
grain boundaries,”” differing by ~20% in our case.
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Table 3. Comparison of Interface Preparations, Characteristic Frequencies, and Capacitances at 25 °C of Li(In) /LLZO Interfaces

Reported in the Literature

publication interface preparation fine (Hz) Cine (F-cm™) Ry (Q-cm?)
Krauskopf et al.® 10 MPa pressure at the counter electrode ~ 2500° ~2x 1077 280
Krauskopf et al.® 400 MPa pressure at the counter electrode ~ 2500° ~0.5 X 1077 0
Wachsman et al.” 5—6 nm ALO; interlayer; 1 h at 250 °C annealing 34
Wachsman et al."* 20 nm Ge layer; 10 min at 200 °C annealing 115
Wachsman et al."? 30 nm ZnO layer; 30 min at 300 °C annealing (before 30 min at 230 °C) 100
Zhao et al.'* 20 nm Au layer; 2 h at 200 °C annealing; 49
Tsai et al."' 10 nm SiO,layer; S h at 100 °C annealing; 0.1 MPa pressure ~200" 4.3 uF 180
this work 300 nm In layer 14 92 x 1073 12.4
“The values were estimated from the correspondent publication. *Calculated values.
P, with a characteristic frequency of 1.4 Hz, superimposed by 1 dpelet
the (physically not elucidated but in the fitting-procedure RG4+GBtheo = o A
ion pellet (3)

considered) P, has an activation energy of 0.52 eV and a
significantly higher temperature dependence and is allocated to
the transport of Li ions across the Li(In)/LLZO interface.
Consequently, the impedance of a single Li(In) /LLZO interface
is as low as 12.4 Q-cm” with a capacitance of 9.2 mF for the
herein discussed symmetrical Li(In)/LLZO/Li(In) cell type
(60_250 2). Evidently, our combined EIS & DRT analysis
disclose both grain and grain boundary contributions in LLZO
and such a small interfacial resistance measured at a spring load
pressure of 0.1 MPa. Krauskopf et al. utilized a symmetrical Li/
LLZO/Li cell under high pressures (~400 MPa) when they
reported negligibly small charge transfer kinetics and assumed
an interface resistance originating from current constriction
inside LLZO. Interestingly enough, the interface resistance
reported by Krauskopf would be as high as ~500 Q-cm* when
extrapolated to an isostatic pressure of 0.1 MPa, and hence, the
constriction theory in ref 5 is not applicable to our experimental
results. As the symmetrical cells exhibited no intercalation-type
electrodes, a Warburg-type diffusion impedance related to Li
diffusion in the active material has to be excluded. Furthermore,
we expect no impedance contribution of lithium diffusion
through the originally 300 nm thick In layer, as EDXS analysis
proved the chemical dissolution of the 300 nm In layer after
annealing at 220 °C/10 h in the entire Li-metal electrode (see
Section 3.1).

Consequently, P}, P,, and P; are associated with the ion
transport inside the grains, ion transport across the grain
boundaries, and charge transfer across the Li(In)/LLZO
interface, respectively, as indicated in the ECM in Figure Sc.
The origin of the smallest process P, has to be further
investigated, i.e, by impedance measurements in the pHz
range as well as time-domain measurements. Published Li/
LLZO interface resistances with permanent metal/metal oxide
interlayers (Ge, Au, ALO;, ZnO, Si0,), determined by AC-
based measurements, are depicted in Figure 7b and in Table 3.
Utilizing various interlayers, the group of Wachsman reports 34
Q-cm? (AL,0,), whereas other configurations and groups are ~2
to S times higher.

3.2.2. Variance of the Li(In)/LLZO Interface Resistance. The
variance of Li(In)/LLZO interfacial quality, prepared with
different In-layer thicknesses and at different annealing temper-
atures, is now assessed. For this purpose, surface coverage is
determined by comparing the theoretical resistance Rg,gp heo
and the measured resistance Rg,Gpmeass RG+GB theo fOr @ plain
pellet is directly linked to the ionic charge transport o, the

surface area A_,and the thickness d

pellef pellet

The ionic conductivity o,,, was determined by EIS measure-
ments of symmetrical Ni/LLZO cells with blocking nickel
electrodes (cf. SI Figure S4). With Apeiter = 500 pm, Ay = 1
cm’, and 6., = 8 X 107* S/cm at 25 °C, the resistance Rg, gp theo
results in 62.5 €. This value is equivalent to a symmetrical
Li(In)/LLZO cell when 100% of its surface is covered with
lithium. When the pore size d,. of pores, originating from
uncontacted surface regions at the interface, is small compared

t0 dyeper (1-) dpore K dpeirer), the active surface area A, can be
determined from the measured resistance as follows
1 dpellet
Aactive - : R
Oion G+GB,meas (4)

The coverage rate ay is obtained from comparison of the
measured resistance Rg,Gpmess and the theoretical resistance
RG.GB theo for a fully covered interface

Aactive _ RG+GB,theo
A

X 100 %
pellet RG+GB, meas (5)

Aot =

Table 4 and Figure 7a display the electrolyte resistance Rg, g, its
standard deviation, and the coverage rate a ¢ of Li(In)/LLZO
interface evaluated for different annealing parameters.

Table 4. Electrolyte Resistance Rg,gp, Standard Deviation,
and Coverage of Li(In)/LLZO Interface Evaluated for
Different Annealing Parameters of a 300 nm Thick In Layer”

mean Rg, g standard deviation coverage Qg

cell type (Q-cm?) (Q-cm?) (%)
60 220 2 89 27 70
60_220_10 76 9 82
60250 2 95 30 66

“The increase of the coverage demonstrates the sensitivity to the
annealing parameters.

The highest surface coverage is reached with 82% for cells
with an originally 300 nm thick In layer after annealing at 220 °C
for 10 h, corresponding to an Rg,gp of 76 Q-cm* with a small
standard deviation of 9 Q-cm?”. Changing either annealing time
(2 h) or annealing temperature (250 °C) for a 300 nm thick In
layer increases the value for Rg,qg by 20—30%, triples the
standard deviation, and lowers the mean surface coverage to
70% and 66%, respectively. Changing the In-layer thickness
from 300 to 100 nm resulted in a rapid decline of the surface
coverage to only 20%, indicated by rising values for Rg, g and its
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Figure 8. Results of long-term cycling experiments of symmetrical cells at 25 °C. In symmetric cycling experiments according to the CCD protocol I
((a) and (¢)), the critical current density is determined between 200 and 500 uA/cm? (with respect to 1 cm” geometrical contact area). The interface
resistance R, increases slowly at 500 #A/cm?” and significantly at 1 mA/cm® The DC resistances of Ry as well as positive and negative pulses
Rpc(s,-) increase when increasing the current density to S00 #A/cm”. For the CCD protocol II (plating and stripping only experiment), the voltage
plateaus increase strongly when increasing the current density to 100 yA/cm?(b).

standard deviation. The same outcome is valid for increasing the
layer thickness from 300 nm to 1 #m, when the surface coverage
dropped to 40%. As a consequence, In layers below 100 nm and
above 1 pum were not investigated. Preliminary studies without
In layers delivered a performance of inferior quality, and the
corresponding measurements are summarized in Supporting
Information Figure S3. The above findings point to the
effectiveness of the investigated fabrication parameters on the
quality of the Li(In)/LLZO interface. While the sputtering time
at a constant power governs the indium-layer thickness,
annealing temperature combined with annealing time settles
the surface coverage and interfacial resistance. In the
anticipation of the following experiments, 300 nm In layers
annealed at 220 °C/10 h provided the highest surface coverage,
best reproducibility, and lowest interfacial resistance (see Figure
7a, Table 4).

We are rather confident, that the surface coverage can be
increased to nearly 100% when the preparation routine of
symmetrical Li(In)/LLZO/Li(In) cell type (60 220 10) is
fine-tuned and transferred to a more robust preparation at a
technical scale. In this case, an interface resistance closer to 1 Q-
cm? can be expected. This highly attractive value, till now based
on DC measurements only, has been reported for the first time
by the group of Wachsman’ for an ALD-deposited ALO;
interlayer (~20 nm). To date, other metals such as germanium
(~20 nm)"* and gold (20 nm)"'' were used for symmetrical
Li(buffer-metal)/LLZO cell assembly but resulted in much
higher interface resistances (see Figure 7b).

3.2.3. Cycling Stability and Critical Current Density. The
cycling stability and CCD>’ are analyzed in this section, as they
are important for the application of a solid electrolyte in a
lithium-ion cell. In today’s lithium-ion batteries with liquid
electrolytes, current densities typically range from 1 to 25 mA/

cm?>! Symmetrical cells with the lowest interface resistances
were long-term cycled at 25 °C applying the (i) CCD protocol I
(plating and stripping on both Li electrodes) and (ii) CCD
protocol II (see SI Table S2). In symmetric cycling experiments
(Figure 8a,c), the critical current density is reached between 200
and 500 pA/cm® (with respect to 1 cm® geometrical contact
area), and the interface resistance R, increases slowly at 500
HA/ cm? and significantly at 1 mA/ cm?. The temporal evolution
of the measured impedance spectra of both CCD protocols is
shown in SI Figure SS.

The total positive and negative DC resistances for the
symmetrical cell Rpc(, -y = U(t = 30 min)/j, _ are calculated
using voltage U and current density values j of positive and
negative pulses measured 30 min after the load. Using this value,
a resistance contribution Ry y representing the LF process P,
for both electrodes can be calculated

(6)

The DC resistances of Ry as well as positive and negative
pulses Rpc(,,—) increase when increasing the current density to
500 pA/cm?.

Rgj1r and Rpc depend on the applied current density since
their contributions decrease in a stepwise manner with
increasing current density up to 200 pA/cm?* (cf. Figure 8c).
However, increasing the current density to S00 yA/cm” leads to
cell instability by means of an increasing voltage plateau. The
voltage increase can clearly be assigned to the increase of the
interface resistance R, (turquoise symbols in Figure 8c,d) and
Ry p (blue symbols in Figure 8c), while the total ionic resistance
Rg.gp (yvellow symbols in Figure 8c,d) does not increase
significantly. Thus, the critical current density for symmetrical
cycling lies between 200 and S00 #A/cm?. Table S compares this
work’s results with literature values, i.e, CCDs and the

REl,LF = RDC(—) - RG+GB,meas - Rint
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Table S. Literature Overview and Comparison of
Symmetrical Model Cells with Different Interlayers, with
respect to the Maximum Current Densities Obtained Over
Several Hours of Stable Cycling (Comparable to CCD
Protocol I)

CCD stripped lithium p. charge p.
publication interlayer (uA/cm®) cycle (um) cycle (uAh)
Wac)hsman et  ALO, 200 0.5 100
al’
Wac]}%sman et Ge <100 <0.2§ <50
al.
Wac]h;sman et ZnO 100 0.15 ~30
al.”
Wacllésman et Al 200 0.09 ~17
al.
Zhao et al. SiO, 200 1 200
Guillon et Au 80 0.8 160
al.ll
He et al.*’ Sn 500 125 250
this work In 200—500 0.5—-1.25 100—250

equivalent lithium amount stripped or plated (calculated using
the measured charge per cycle and the specific capacity of Li) per
cycle of symmetric cells prepared with different permanent
interlayers.

The Li(In)/LLZO/Li(In) cells developed in this work
outperform by far (Au, Ge in refs 11, 12) or match (ALO; in
ref 9) the performance of permanent metal layer-based cells.

The behavior at even higher current densities was evaluated
also for CCD protocol . An increase to 1 mA/cm? leads to a
strong increase of the resistances R;,, and Rg, g and to a voltage
breakdown. This indicates a geometrical contact loss of the
stripped electrode and the propagation of lithium dendrites into
the LLZO (cf. Section 3.3). As mentioned in the Introduction
section, there is no common standard or measurement protocol
established in terms of critical current density determination
under long-term cell operating conditions. Often a protocol is
applied to determine the CCD, in which an increasingly positive
and negative DC current is alternately applied as a single step.
Since each current density is typically applied only once, the
measured CCD might be overestimated.

In a similar manner, the critical current density for CCD
protocol II of lithium ions was determined. In Figure 8b (inset),
the resulting voltage plateaus at a current density of S0 uA/cm*
are stable over a long period of time. However, when the current
density is doubled, the voltage plateaus become unstable and
increase strongly above 1.5 V. The voltage increase can be
correlated with an (i) electrolyte and (ii) interface resistance
increase resulting in partial contact loss due to the stripping and
plating of a total of 6.6 ym lithium (with respect to the 500 ym
thick metal electrode) within the first 100 h. Thus, we conclude

AN, ‘
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-‘-..;‘\ A
Li-dendrite

10ium
—
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0 5 10 15 20 25
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Figure 9. Investigation of dendrites by SEM. (a) S keV BSE-SEM overview image of a large Li dendrite in the LLZO electrolyte. (b) SE-SEM and (c)
BSE-SEM image of the interface region marked by the frame in (a). (d) Scheme of different dendrite growth morphologies. (e) Quantified EDXS line
scan of the O, La, Zr, C, and Ta concentrations acquired across the Li(In)/LLZO interface marked in (c) by a red frame. The lithium content is not

included in the quantification.
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Figure 10. Postmortem X-ray microtomography (4-CT) imaging. (a) Example image from y-CT showing disconnected LLZO segments at the
interface. (b) 3D rendering of a segmented y-CT reconstruction at the Li(In)/LLZO interface. Lithium metal is shown in blue, and LLZO is

transparent to visualize the interface and dendrite morphology.

that the critical current density for asymmetric CCD protocol I
of Lilies between 50 and 100 A /cm? for our cells. These results
are in good accordance with the experimental and theoretical
study of Krauskopf et al.” Based on the vacancy relaxation model
suggested by Schmalzried et al,>” a critical current density
between SO and 200 yA/cm® was proposed under which the
interface (at room temperature and no applied pressure) will
remain morphologically stable.” In a long-term stripping
experiment, they reported complete contact loss after lithium
dissolution of 5.8 pm thickness, almost confirming our
measurements.” The results of our work confirm that the
Li(In)/LLZO interface cannot be loaded with technically
relevant areal capacities as high as S mAh without high external
mechanical load.™

3.3. Postmortem Analysis by 4-CT and SEM. After the
symmetrical plating and stripping experiments (CCD protocol
I) to a maximum current density of 1 mA/cm? of the symmetric
Li(In)/LLZO/Li(In) cells with a 300 nm thick In layer
(annealing at 220 °C for 10 h), an extensive postmortem
analysis by SEM and p-CT was performed.

Figure 9a shows a material-sensitive BSE-SEM image
exhibiting large Li dendrites that originate at the Li(In)/
LLZO interface and penetrate the LLZO electrolyte up to a
distance of 70 ym from the interface (cf. Supporting Information
Figure S6a).

The dendrites grow predominantly parallel to the interface
and along grain boundaries (cf. more detailed SEM image in SI
Figure S3b). Higher-magnification BSE- and SE-SEM images of
the same Li(In)/LLZO interface region are shown in Figure
9b,c. The topography image in Figure 9b reveals the fine-grained
lithium structure and trans- and intergranular fracture in the
LLZO electrolyte. The quantified EDXS line scan (Figure 9e),
acquired in the region indicated by the red arrow in Figure 9c,
shows only an oxygen signal in the regions of the lithium anode
and the dendrite (apart from a small carbon content) because Li
cannot be detected by EDXS. The oxygen signal can be
attributed to oxidation by the short air exposure during sample
transfer into the electron microscope. Contamination of the
sample in the microscope is the origin of the small carbon
content. The nominal composition of our LLZO pellets is 71
atom % oxygen, 18 atom % lanthanum, 9 atom % zirconium, and
2 atom % tantalum (excluding lithium in the analysis). While
EDXS measurements from polished bulk LLZO samples (not
shown here) yield the nominal composition, the element
concentrations of the quantified line scan (Figure 9¢) show

deviations, which are assigned to an artifact of EDXS analyses
from nonplanar surfaces.

Figure 10 shows u-CT results of a Li(In)/LLZO interface
region in a cell with the same preparation and cycling parameters
as in Figure 9.

An example image from the reconstructed image stack reveals
a large dendrite close to the Li(In)/LLZO interface (Figure
10a), with a high image intensity representing stronger X-ray
absorption in LLZO and dark contrast for Li and the protective
coating. Figure 10b shows the dendrite after 3D reconstruction
of the image stack and segmentation of the Li phase (blue color).
Consistent with the SEM images in Figure 9, the Li dendrite
grows parallel to the Li(In)/LLZO interface. y-CT imaging and
reconstruction are only possible for Li dendrites with a thickness
of more than 1 ym, but complementary SEM images suggest that
large lithium dendrites are connected by smaller lithium
dendrites.

The origin of dendrite formation has been extensively
investigated in the recent past and was summarized already in
review papers (Krauskopf et al.’ and Cao et al.”"). Several groups
suggest (e.g, Dong et al>* and Han et al.>®) that the high
electronic conductivity of LLZO in combination with a local
overshoot of the chemical potential of Li* causes dendrite
formation. As a consequence, dendrite formation is expected not
only in the vicinity of the Li(In) /LLZO interface but also further
inside the solid electrolyte. But in this study, a large-volume
analysis by -CT on highly cycled cells confirmed the existence
of lithium dendrites only up to a distance of 20—50 ym to the
interface region. However, as this finding always depends on the
resolution of the applied technique, the existence of minor
dendrites within LLZO is not excluded. A remarkable
observation, only achievable by three-dimensional tomography,
is the in-parallel growth of dendrites along the Li(In)/LLZO
interface. It seems reasonable that the electronic properties are
not the solitary factor influencing dendrite formation and
dendrite growth. The mechanical properties may also play a role
as illustrated in Figure 9d, as lithium accumulation in dendrites
causes a local volume expansion.’® For dendrite growth
perpendicular to the Li(In)/LLZO interface (mechanism A in
Figure 9d), the force exerted by the high elastic modulus of
LLZO (150 GPa”’) acts against Li propagation. A reduced
mechanical force is expected close to the Li(In)/LLZO
interface. In this region, fragmented LLZO parts can be pressed
into the soft Li electrode (mechanism B in Figure 9d). Large
LLZO fragments of several 100 ym, disconnected from the solid
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electrolyte (“spalling-type” lithium penetration), were also
observed by Kazyak et al.*

4. CONCLUSIONS

A low interface resistance between a lithium metal anode and a
Li;La;Zr,0y, (LLZO) solid electrolyte and its high long-term
cycling stability are of great consequence for all-solid-state
lithium batteries. This study elucidated the suitability of
magnetron-sputtered indium in Li(In)/LLZO/Li(In) sym-
metrical model cells as one of the promising interfacial
modifications reported in the literature. Importance was given
to the impact of preparation parameters on the surface coverage
of Li(In) /LLZO interfaces and the consequences of impedance,
cycling stability, and critical current density.

e SEM and EDXS analyses of In layers of thickness 100 nm
to 1 um revealed complete dissolution of indium in the
lithium anode after annealing.

e 300 nm In layers annealed at 220 °C/10 h provided a
surface coverage of >80%, and best reproducible and
smallest impedance values. The ultimate interface
resistance R, of 12.4 Q-cm* was reported for the first
time by impedance measurements and achieved in a test
configuration without exterior mechanical force.

o It is presumed that the surface coverage can be increased
to nearly 100% when the preparation routine is fine-tuned
and transferred to a technical scale. In this case, an
interface resistance close to 1 Q-cm? can be expected. This
highly attractive value, based on DC measurements, was
reported by the group of Wachsman for an ALD-
deposited Al,O4 layer (~20 nm).

e Using two testing protocols, the critical current density
was determined as (i) 200—500 #A/cm? at a charge of
100—250 pAh and (i) 50—100 pA/cm® agreeing with
published theoretical calculations and outperforming Au
and Ge interlayers.

e Current densities of 500 yA/cm?* and above affected cell
stability. The increasing voltage plateau was assigned to
the increase of the interface resistance R, and the
electrolyte resistance Rg,gp.

e Postmortem analysis by u-CT and SEM after voltage
breakdown indicated short-circuiting of the solid electro-
lyte. Li dendrites were observed growing along LLZO
grain boundaries, preferentially curving parallel to the
Li(In)/LLZO interface after some 20—50 pm. Grain
boundary characteristics are supposed to be decisive for
lithium deposition in and failure of garnet-type solid
electrolytes after cycling.
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