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Abstract

Dense LLZO (Al-substituted Li;La;Zr,0Op,) pellets were processed in controlled
atmospheres to investigate the relationships between the surface chemistry and interfacial
behavior in lithium cells. Laser induced breakdown spectroscopy (LIBS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, synchrotron X-ray
photoelectron spectroscopy (XPS) and soft X-ray absorption spectroscopy (XAS) studies revealed
that Li,CO; was formed on the surface when LLZO were exposed to air. The distribution and
thickness of the Li,CO; layer was estimated by a combination of bulk and surface sensitive
techniques with various probing depths. First-principles thermodynamic calculations confirmed
that LLZO has an energetic preference to form Li,COs; in air. Exposure to air and subsequent
formation of Li,CO; at the LLZO surface is the source of the high interfacial impedances
observed in cells with lithium electrodes. Surface polishing can effectively remove Li,CO; and
dramatically improve the interfacial properties. Polished samples in lithium cells had area specific
resistances (ASR) of only 109 Q-cm” for the LLZO/Li interface; the lowest reported value for Al-
substituted LLZO. Galvanostatic cycling results obtained from lithium symmetrical cells also
suggest that the quality of the LLZO/lithium interface has a significant impact on the device

lifetime.

Introduction

Enabling durable cycling of metal anodes, especially lithium, is a critical step toward
breakthroughs in battery performance that surpass current Li-ion technologies, especially if
coupled with high storage capacity cathode couples such as sulfur or oxygen.'** However, safety
concerns, due to dendritic growth of lithium during cycling with conventional liquid electrolytes,
present formidable obstacles to development. Solid ceramic electrolytes have been proposed as a

solution to this problem, provided that the criteria of high ionic conductivity and good chemical
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stability with metallic lithium can be met. An ionic conductivity of at least 10° to 10 S/cm is
required to achieve comparable transport properties to liquid electrolytes for practical use.’
Several materials with high conductivities, such as Lij Al Ti(POy)3 (LATP)5 and LiLay;.
. TiO5(LLTO)® with bulk ionic conductivities in the range of 10° S/cm are, however, unstable
against lithium anodes.” Other chemically stable materials (LiPON,8 Li3'4Sio'4Po'6O49’10) are not
sufficiently conductive at room temperature to be practical in most devices. Other highly
conductive phases such as Li;(GeP,S;, (LGPS) " that do not contain oxygen have also drawn a
lot of research interest recently, but their instability against reduction by lithium and exposure to
moisture make them difficult to use.'* Given these considerations, highly conductive (o=4x 10™
S/cm) cubic garnet phases based on Li;La;Zr,0,, (LLZO) are presently most promising. '>'*'>6
However, the application of LLZO in lithium metal batteries is hindered by high interfacial
resistance at the lithium metal anode side. In general, the high interfacial resistance between the
solid ceramic electrolyte and metallic lithium dominates the cell behavior, limiting the device to
low current density cycling.'”'® An area specific resistance (ASR) smaller than 100 Q-cm’ is

required for the LLZO/Li interface to ensure that the voltage drops no more than 100mV, using a

current density of 1 mA/cm®."”

Poor electrode/electrolyte contact, slow charge transfer, and sluggish carrier transport in
the interfacial region all can increase interfacial resistance. Buschmann ef al.*® reported an ASR
of 2800 Q-cm’ for cells containing LLZO doped with 0.9 wt% Al, and an ASR close to 6000
Q-cm® was observed for a Ga-doped LLZO/Li interface.?’ Attempts to decrease interfacial
resistance by applying high external pressure to improve physical contact have been partially
successful for some systems: Liang’s group reported low interfacial resistance (100-200 Q-cm?)
by directly compacting either a LizPS, solid electrolyte or a LLZO/Li;PS; composite electrolyte
powder onto soft lithium foil using 300MPa pressure.”*> The decrease in interfacial resistance

was attributable to the large effective contacting area and good physical adhesion. Low interfacial
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resistances have also been achieved by pressing lithium foil onto densified Nb and Ta substituted
LLZO using 150MPa pressure.”**> Another proposed strategy to lower interfacial resistance has
been to tune the chemical composition of LLZO. Early work by Thangadurai and Weppner
showed that the garnet-type LigALa,Ta,O;, (A=Sr, Ba) had minimal electrolyte-electrode
interfacial resistance in lithium cells.”® However, these phases are less promising than LLZO
given their much lower room temperature conductivities of 10° -10° S/cm. Buschmann et al.
demonstrated that LLZO co-substituted by optimal amounts of Ta and Al can achieve an order of
magnitude lower interfacial resistance than the Al substituted counterparts.”’ Recently, Cheng et
al. reported an ASR of 540 Q-cm® for an Al-substituted LLZO synthesized with a stoichiometric
amount of Li,CO;, rather than an excess.”® This value, which is lower than that found in the

earlier reports, suggests that the Li,CO; content critically affects the ASR.

In this work, we investigated the effect of post-processing conditions on the LLZO pellets
and the relationships between surface properties and electrochemical performance. We report that
the high interfacial resistance primarily originates from LLZO instability in air; a surface
insulating layer is formed upon exposure to the ambient environment. A good LLZO/Li interface
with low resistance can be achieved through a simple polishing procedure, removing one obstacle

and brining this material a substance step closer to practical utilization in high energy cells.

Experimental

Al-substituted LLZO powders and pellets were prepared using the same procedures
outlined in our previous work. ** The surfaces of sintered pellets were polished in ambient air or
in an Ar glove box, using several pieces of polishing paper with grit numbers progressing from
320-600 so that an approximately 50 um thick layer was removed from each surface. Samples
polished in air were stored in the ambient environment for periods of several days to weeks, while
those polished under Ar were stored in the glove box for similar periods of time. Specifically, the

LLZO air sample used for the LIBS experiment had been aged in air for a period of about two
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months, whereas samples used for spectroscopic and electrochemical experiments had been
exposed for several days.

Sintered pellets were characterized by X-ray powder diffraction (XRD) using a Bruker
D2-Phaser with CuKa radiation (A =1.54178 A). The pure cubic LLZO pattern was simulated
using PowderCell 2.4 (W.Kraus and G. Nolze, Federal Institute for Materials Research and
Testing, Rudower Chaussee 5, 12489 Berlin, Germany) and unit cell parameters taken from
reference 16.'° Images of pellet surface morphologies were obtained by scanning electron
microscopy (SEM) using a JEOL-7500F field emission microscope. Chemical composition
analyses were performed using inductively coupled plasma optical emission spectrometer (ICP-
OES). As sintered pellets were polished and sent to Evans Analytical Group for elemental
analyses.

Confocal Raman microscopy was performed using a WITec alpha300 S confocal
microscope coupled to a Raman spectrometer (1800 grooves/mm grating) equipped with a CCD
detector (UHTS-300). A fiber-coupled laser operating at 532 nm was used to stimulate Raman
scattering. The laser power at the sample was approximately 30 mW. Excitation laser light was
focused into the sample with a Nikon E Plan objective lens with 20X magnification and NA =
0.4. Light from the sample was collected using the same lens and passed through a fluorescence
filter to remove non-scattered and Rayleigh-scattered laser light and then focused on to a pinhole
at the entrance of an optical fiber that leads to the spectrometer. Spectra were collected using a
single five-second integration.

Femtosecond (fs) LIBS was used to image the cross-sectional elemental distributions in a
pellet polished in ambient air (LLZO_air). The experimental setup, data processing and image
reconstruction are described in detail in our previous work.” Briefly, a femtosecond laser at 343
nm served as an excitation source. The LIBS atomic lines of Li and Zr at 460.3 nm and 468.8 nm
were detected with an optical spectrometer/ICCD system and were subsequently analyzed.

Spatially-resolved 2D cross-sectional imaging was achieved by scanning the sample in 2 axes
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(lateral and axial) with respect to the femtosecond laser beam, followed by chemical map
reconstruction.

X-ray photoelectron spectroscopy (XPS) was carried out at bending magnet beamline
9.3.2 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL).
XPS data of Li 1s, C s, O 1s, Zr 3d and La 4d were collected at 640 eV from the top surface of
LLZO samples in ultrahigh vacuum with a sampling size Imm in diameter. Binding energy
correction of spectra was done by calibration to the C ls photoemission peak of adventitious
hydrocarbons at 285 eV. Soft X-ray absorption spectroscopy (XAS) measurements of C and O K-
edges were performed at undulator beamline 8.0.1 at the ALS at LBNL, where the intense photon
beam from a spherical grating monochromator gives an energy resolution better than 0.2 eV.
Experiments were performed at ambient temperature. Data were collected in both surface-
sensitive total electron yield (TEY) and bulk-sensitive total fluorescence yield (TFY) mode. All
the spectra have been normalized to the beam flux measured by the upstream gold mesh. The
same sample sets were used for XPS and XAS measurements. Samples were protected in Ar
environment for transfer.

AC impedance measurements were obtained on dense pellets using a VMP3 multichannel
potentiostat/galvanostat (Bio-Logic Science Instruments). For the experiments with blocking
electrodes, a gold layer was sputtered on both sides of the pellet and Pt meshes and wires were
attached and used as current collectors. For cells with non-blocking electrodes, soft metallic
lithium was first spread on both sides of the dense pellet. Afterwards, the pellet was sandwiched
between lithium foil disks in a Swagelok-type cell. Measurements were made at frequencies from
1 MHz to 1 Hz. Impedances were determined from the intercepts of the relevant capacitive arcs at
the real axes in the Nyquist plots and conductivities calculated using the equation
oc=(1/Z)L/A), where Z is the impedance, L is the pellet thickness, and A is the pellet area.
Typical dimensions of the pellets were around 1.1 mm thick and 7.8 mm in diameter. Activation

energies were determined from the behavior of the conductivity as a function of temperature
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using the Arrhenius equation. Cells were cycled at ambient temperature inside an Ar-filled glove

box at a constant current density of 46 pA/cm’. For the moisture experiment, pellets first polished

in the Ar glove box and assembled into cells with lithium electrodes for AC impedance
measurements were removed from the cell holder, and electrodes were peeled off. Residual
lithium adhering to the surfaces was quickly washed away with de-ionized water in air. The
pellet was dried and then transferred back in Ar glovebox and re-assembled into a cell with

lithium electrodes for further impedance analysis.

Results and Discussion

As-sintered pellets were 92% dense (theoretical density = 5.1 g/cm’), and had grain sizes
between 150-200 um. Several sintered pellets were polished in an Ar glovebox with oxygen
levels below 0.1 ppm (designated LLZO Ar) and others in air as a control experiment
(designated LLZO air). LLZO_Ar was stored in the Ar glovebox while LLZO air was stored in
air. Figure 1 shows the top-view scanning electron microscope (SEM) images of unpolished
LLZO, LLZO_ air and LLZO_Ar pellets. The polished surfaces of LLZO air and LLZO Ar had

similar morphologies, ruling out an effect of different contact areas on the interface impedance.

Figure 2 shows the laser-induced breakdown spectroscopic (LIBS) cross section mapping
of an LLZO air sample, which had been aged in air for about two months. The atomic ratio of
Li/Zr was mapped out as functions of the lateral distance and vertical depth with resolutions of 38
pm and 1 pm, respectively. The chemical map shows that a Li-rich region was present on the
pellet surface suggesting an impurity formed due to chemical instability in the ambient
environment. Due to the limitations of the experiment, it was not possible to determine the
chemical identity of this lithium-rich phase or the exact thickness of the layer. However, the
observation is in agreement with the report by Shimonishi ef al. of increased grain-boundary

resistance after immersion of LLZO in water at 50 °C,” and that of Larraz ef al. suggesting that
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the LLZO cubic structure is very sensitive to ambient conditions, especially moisture. >’
Additionally Jin et al. found that LLZO reacts with water with possible formation of LiOH.'
(LiOH reacts with CO, to from Li,CO; in air)’* Thus, we speculate that the high Li/Zr intensity
layer is composed of LiOH and Li,COs, resulting from the chemical instability of LLZO against

moisture and from exposure to CO,.

X-ray diffraction (XRD) and Raman spectroscopy were then used to obtain further
information about the high lithium intensity layer on the pellet surface (Figure. S1). No apparent
differences were observed between LLZO Ar and LLZO air in the XRD and Raman spectra,
implying that the high Li intensity surface layer was so thin that it was below the sensitivity limits
of these techniques. Thus, surface sensitive techniques with varying probing depths, such as
synchrotron X-ray photoelectron spectroscopy (XPS)** and soft X-ray absorption spectroscopy
(sXAS)™, are necessary to identify the surface chemical species, particularly on samples exposed

to air for short periods of time.

XPS was used to compare the surface chemistry of LLZO polished in air and exposed for
several days to ambient atmosphere, and the one polished in Ar.”> The C 1s, La 4d, Zr 3d, Li 1s,
and O 1s spectra collected at 640 eV for the LLZO air and LLZO Ar samples (Figure 3)
provided concrete evidence of Li,COj; on the surfaces of the former. Two peaks were identified at
binding energies of 285.0 eV and 290.0 eV in the C 1s spectra of LLZO_air; the first is due to
adventitious carbon, and the one at 290.0 eV is assigned to carbonate based on previously
reported C ls spectra of Li,CO;.?® In contrast, the carbonate peak was not observed in the
LLZO Ar C 1s spectra. Other differences included the presence of La 4d and Zr 3d doublets in
the spectra of LLZO Ar pellets, which were not observed in LLZO air. They provide evidence
that air exposure led to the formation of a surface carbonate layer on the LLZO-air pellets thick
enough to block the La and Zr photoelectron signals. This analysis was further substantiated by

the Li 1s XPS spectra. The Li 1s peak for LLZO air shifted to a higher binding energy close to
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55.3 eV, similar to the reported binding energy of Li,COs The lower binding energy of 54.5 eV
observed for the LLZO Ar sample is tentatively attributed to Li in LLZO, with the shift
explained by the weaker Li-O bond in LLZO. Similarly, the LLZO air O 1s spectra showed a
binding energy shift relative to that of LLZO Ar, consistent with the oxygen belonging to Li,CO;
on the pellet surfaces. In general, the inelastic mean free path (IMFP) of electrons in the energy
range of 50-600 eV is between 0.6 - 1.5 nm in inorganic materials.”” The probing depth (taken as
3 times the IMFP) is between 1.8 - 4.5 nm for these experiments. Since all Zr 3d and La 4d
signal were attenuated by the Li,COj; layer, the lower bound for the thickness estimation of the

Li,CO;-containing layer is ¢a 3 nm.

Soft XAS was then employed to estimate the upper bound of the thickness of the Li,CO;
and to extend the understanding of LLZO surface chemistry on the same samples studied by XPS.
We utilized both surface-sensitive total electron yields (TEY, probing depth< 10nm) and bulk-
sensitive total fluorescence yields (TFY probing depth >100nm) modes to obtain depth-dependent
chemical information. **** Figure 4(a) shows the normalized O K-edge TEY spectra of the
LLZO air, LLZO_Ar pellets, and a Li,COs reference. The pure Li,COj; spectrum (top) exhibited
a peak at 534.1 eV, which was assigned to electron transition from the O-1s to * (C=0) orbital.
The leading edge in the LLZO Ar TEY spectrum appeared at a lower photon energy of 533.0 eV,
which is associated with the oxygen of LLZO, and no Li,CO; signal was detected. The TEY
spectrum of LLZO air (middle) resembled that of the pure Li,COs reference. These observations
confirmed the XPS finding that Li,CO; was found on the surfaces of the LLZO _air pellets but not
on those of LLZO Ar. Both the bulk-sensitive TFY spectra of the LLZO_air and the LLZO Ar
samples showed LLZO peaks at 533.0 eV. An additional O-K absorption feature at 534.1 eV was
observed for the former due to the Li,CO; on the pellet surface (Figure 4(b) middle and bottom).
The strong LLZO feature at 533.0 eV is a clear indication that the thickness of the Li,COs layer

on the LLZO_air pellet is below the ~ 100 nm detection depth of the TFY mode. In addition, the
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appearance of a weak peak at 533.0 eV in the LLZO air TEY spectrum (Figure 4(a) middle)
implies that the Li,COj; thickness is close to or slightly lower than the 10 nm detection depth of

the TEY mode.

Further insight was obtained from the C K-edge XAS spectra. Figure 4(c) and (d) are
plots of the C K-edge XAS spectra collected in TEY and TFY mode, respectively. There are three
absorption features at 285.0 eV, 288.1 eV and 290.1 eV in the spectrum of the Li,CO; reference
(Figure 4(c) and (d) top). The first two features are assigned to adventitious carbon. The feature at
290.1 eV is attributable to the transition from the C 1s to n* (C=0) orbital of Li,COs. In both the
TEY and TFY data, the LLZO air spectra are very similar to the Li,COsreference in accordance
with the LIBS, XPS, and O-K XAS results and confirm the presence of Li,CO; on the pellet
surface. In contrast, the LLZO Ar sample showed a much weaker C-K absorption intensity at
290.1 eV, indicating the presence of trace amount of Li,CO;. An additional weak absorption
feature observed at 283.0 eV in both the LLZO_Ar TEY and TFY spectra are possibly the result

of contamination with a carbon-containing impurity during polishing in the Ar glove box.

To better understand the Li,CO; formation on the LLZO pellet during air exposure, we
calculated first-principles energies to estimate the Gibbs free reaction energy at standard states for
relevant reactions. ***' One unit cell of LissLa,4Zr;cOos was considered to save computational cost
(Figure S2.). Formation of Li,COsis accompanied by loss of Li in LLZO, which is likely to be
associated with concurrent O loss to balance the charge, resulting in Lis4LaysZr;s09s. The loss of
lithium was supported experimentally by elemental analysis using inductively coupled plasma
atomic emission spectroscopy (ICP-OES). ** Further loss of lithium and oxygen may result in
decomposition of the LLZO cubic phase to La,Zr,0-, as observed by Huang ef al. ** We assume
that this process is unlikely for samples exposed briefly to air. Gibbs free energies of all the
related chemical species were tabulated in Table S1. The Gibbs free energy for the reaction (1) of

LLZO with gas phase H,O to form Li deficient Lis4LayZr;409s and LiOH was -0.55 eV/fu. LiOH
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then absorbs CO, from the air, forming Li,CO,.*

In addition, we also found an energetic
preference for reaction (2) in which LLZO reacts directly with CO, without participation from
water to form Li,CO;. The Gibbs free energy for this reaction is -2.00 eV/fu, indicating that
LLZO is thermodynamically unstable against reaction with dry CO, as well. Thus, there is a
thermodynamic preference for LLZO to form Li,COs in the air, consistent with the experimental
observations. The kinetics of these reactions require further experimentation to determine. Time-

dependent spectroscopic investigations are currently underway in our laboratory to obtain these

details.
LiseLay427116096(S) + H,0 (g) = LisyLaz427116095(s) + 2LIOH(s) (1)
LiseLay427116096(s) + CO5(g) = LisgLay4Z116095(s) + Li;CO3(s) 2

Ionic conductivity measurements using AC impedance with Au blocking electrodes
showed minimal differences between the total conductivities of LLZO air exposed to ambient
environment for several days and LLZO Ar pellets (Figure S3). This is consistent with the XPS
and XAS observations that the Li,CO; layer was thin and did not affect the bulk properties. In
contrast, electrochemical impedance spectroscopy (EIS) measurements using non-blocking Li
metal electrodes with LLZO pellets sandwiched in between in a symmetric cell configuration
revealed large differences in the interfacial resistances. Both LLZO air and LLZO_Ar cells
showed one partial semicircle in the high frequency range and a complete semicircle at lower
frequencies in the Nyquist plots (Figure 5). The semi-circles at high frequencies are attributable
to the total resistance of the LLZO pellets by comparison to the data obtained in cells with
blocking electrodes, and the low frequency semi-circles can be assigned to the interfacial
resistance.” ?® An (RpenetQpettet) (Ringerface Qinterface) €quivalent circuit (see inset of Figure. 5) was used
to fit the EIS data, where Q represents a constant phase element (CPE). Total resistances and

capacitances of the pellets and interfaces were determined from the fit and were tabulated in

11
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Table 1. Area specific resistances (ASR) of the interfaces were estimated by normalization to the
pellet areas (0.45 cm®). The interfacial resistance for the cell made with LLZO air was 960
Q-cm’. This value is similar to that of freshly sintered, unpolished LLZO pellets previously
reported by us.*® Note that the variation in interfacial resistance is probably attributable to the fact
that the surface roughnesses of the polished LLZO_air and unpolished sintered pellet differ. The
interfacial resistance of LLZO Ar was 109 Q-cm’, almost an order of magnitude lower than that
of LLZO _air. This strongly suggests that the thin Li,CO; layers on the pellet surfaces of the latter

are responsible for the high interfacial resistance.

To further confirm that the high interfacial impedance could be traced to the reaction of
LLZO surfaces with moisture and CO,, impedance experiments were performed on a cell
containing an LLZO_Ar sample exposed to air and water after the initial measurements in Figure
S4 were obtained (see experimental section). The interfacial resistance increased greatly in

magnitude after exposure, whereas the total conductivity was unaffected. (Figure S4)

The temperature dependence of the reciprocal ASR followed a classical Arrhenius
behavior with an activation energy of 0.33 eV, as shown in Figure S5(a), indicating a stable
electrolyte-electrode interface upon heating.” This value was close to the activation energy of the
LLZO pellet total ionic conductivity as observed by other groups.'” >’ EIS measurements on
symmetric lithium cells with LLZO_Ar samples using biases of OmV, 50mV, 100mV, 200mV
and 500mV and 25mV perturbations revealed that the interfacial resistance has no bias
dependence (Figure S5(b)), indicating that charge transfer was not the limiting step for interfacial

resistance.

The Li/LLZO/Li symmetric cells were galvanostatically cycled. The behavior was also
greatly improved when LLZO_ Ar was used as electrolyte, compared to those with LLZO air

(Figure 6). An LLZO air cell cycled at a current density of 46 pA/cm® showed large and
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increasing overpotentials, above 100 mV. In contrast, LLZO Ar was stable at of 35 mV when
applied the same current density. The DC resistance calculated for both cells agreed well with the
EIS measurements, and confirmed that the high ASR observed in the cell with the LLZO air
sample was a major contributor to the high observed overpotential. The difference in ASRs for
the two cells also affected the cycling behavior; the cell containing LLZO Ar cycled stably for
the ten hours of the test, whereas the one with LLZO _air shorted in less than one hour. Thus, the

quality of the electrode electrolyte interface is also a critical factor in determining cell lifetime.

Conclusions

We showed both experimentally and theoretically that Li,COs forms as a result of LLZO
exposure to air. A combination of surface sensitive characterization techniques allowed an
estimate to be made for the Li,CO; layer thickness of between 3-100 nm thick for samples
exposed to air for several days, but probably closer to about 10 nm. Exposure to air and the
resulting formation of Li,CO; are the origins of the large interfacial resistances observed in
LLZO symmetric cells with lithium metal electrodes. The surface Li,CO; can be easily removed
by polishing pellets under an Ar atmosphere. When applied to the samples used in this study, this
procedure resulted in the lowest interfacial impedance for Al substituted LLZO cells reported to
date, and resulted in much more stable galvanostatic cycling than with the unprocessed material.
While the chemical instability of LLZO towards moisture and air complicates the processing of
the material into thin films needed for electrochemical cells, these results show that high

interfacial impedances are not intrinsic to the system, but can be avoided with simple precautions.
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Figures
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Figure 1. SEM surface morphologies of (a) an as-sintered LLZO pellet (b) a LLZO pellet
polished in Ar glovebox (LLZO_Ar) and (c) a LLZO pellet polished in air (LLZO_air) and

exposed to ambient atmosphere for several days.
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Figure 2. 2-D cross-section of the Li/Zr atomic ratio on the LLZO _air pellet, aged in air for about

two months, obtained by LIBS.
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Figure 3. C 1s, La 4d, Zr 3d and Li 1s XPS data collected from LLZO Ar and LLZO _air pellet

surfaces under ultra-high vacuum.
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Figure 4. (a) and (b) O K-edge XAS spectra of LLZO Ar, LLZO air and Li,COj; reference

collected in TEY and TFY modes; (c) and (d) C K-edge XAS spectra of LLZO_Ar, LLZO _air

and Li,COsreference collected in TEY and TFY modes.
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Figure 6. Galvanostatic cycling of symmetrical cells with lithium electrodes and LLZO at current

density of 46 uA/cm’.
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Item Pellet Pellet Interfacial Interfacial ASR
Resistance | Capacitance | Resistance | Capacitance
LLZO air 2652 Q 1.82 nF 43072 0.30 uF 960 Q-cm”
LLZO Ar 2355 Q 0.85 nF 491 Q 0.72 pF 109 Q-cm’

Table 1. Fitted resistances and capacitances of pellets and interfaces in Li/LLZO/Li cells with
lithium electrodes, using an (RpeneQpeiiet) RinterfaceQinterface)  €quivalent circuit. Area specific
resistances (ASR) of interface are also provided (Note the interfacial resistance includes
contributions from two identical LLZO/Li interfaces; these values have been divided in half to

obtain the ASR of a single interface.
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