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ABSTRACT: The lithium metal−solid-state electrolyte interface plays a critical role in
the performance of solid-state batteries. However, operando characterization of the
buried interface morphology in solid-state cells is particularly difficult because of the lack
of direct optical access. Destructive techniques that require isolating the interface
inadvertently modify the interface and cannot be used for operando monitoring. In this
work, we introduce the concept of thermal wave sensing using modified 3ω sensors that
are attached to the outside of the lithium metal−solid-state cells to noninvasively probe
the morphology of the lithium metal−electrolyte interface. We show that the thermal
interface resistance measured by the 3ω sensors relates directly to the physical
morphology of the interface and demonstrates that 3ω thermal wave sensing can be used
for noninvasive operando monitoring the morphology evolution of the lithium metal−
solid-state electrolyte interface.

KEYWORDS: thermal wave sensing, solid-state batteries, interface morphology, lithium metal, operando characterization

■ INTRODUCTION
Lithium metal is widely considered as one of the most
promising candidates for next-generation battery anodes,
particularly due to its high theoretical capacity (3860 mAh/
g) and low reduction potential (−3.04 V vs standard hydrogen
electrode (SHE)).1−4 However, traditional approaches to using
lithium metal anode with liquid electrolyte face significant
challenges such as dendrite formation at high current densities
and unstable solid−electrolyte interphase (SEI).2,5 The lithium
metal anode in conjunction with solid-state electrolytes (SSE)
is seen as a viable alternative, mainly because a solid electrolyte
can potentially act as a physical barrier to dendrite
propagation.6−8

Among the solid electrolytes, garnet-type electrolyte
Li7La3Zr2O12 (LLZO) is considered a promising candidate
because of high ionic conductivity, large electrochemical
stability window, and stability against lithium metal.9−11

Recent works have shown that the ionic conductivity of
cubic LLZO can reach up to 10−4 to 10−3 S/cm, which is
comparable to that of liquid electrolytes.12,13 However, the
lithium metal−LLZO interface has prevalent problems.14,15

Dendrite propagation along the grain boundaries11,16 as well as
within a single crystal17 has been observed in LLZO
electrolyte. Additionally, because of uneven plating and
stripping during cycling, the interface between lithium metal
and LLZO can develop voids over time, leading to contact loss

and a higher cell overpotential and an increased localized
current density which can cause dendrite growth.14,18,19

Theoretical models based on contact mechanics20−22 have
been proposed to explain evolution of the interface considering
external factors such as the current density and the stack
pressure. However, these models have not been directly
verified. Various in situ methods such as scanning electron
microscopy (SEM),23,24 scanning transmission electron mi-
croscopy (STEM),25 cryo-transmission electron microscopy
(cryo-TEM),26,27 and X-ray photoelectron spectroscopy
(XPS)13 have revealed mechanisms of lithium deposition and
growth and interface evolution in solid-state electrolytes.
However, these methods require isolating the interface, which
inadvertently changes the interface and can affect the
mechanisms studied. Tomography-based approaches such as
X-ray tomography19 and magnetic resonance imaging (MRI)28

require a highly specialized setup and complicated analysis,28

limiting the ease of use and restricting its applicability. Among
the global operando techniques, electrochemical impedance
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spectroscopy (EIS) has been widely used to study the Li−SSE
interface.12,29−31 A significant problem with EIS, however, is
that the interface resistance obtained from EIS is affected by
the electrode kinetics,32,33 the physical morphology/adhesion
of lithium at the interface,12 and the presence of surface
contaminants,13 and determining the contributions of each of
these individual effects presents major challenges. Additionally,
EIS cannot provide spatial information as it is difficult to
attribute specific features to a particular interface.

Thermal wave sensing is based on the 3ω method, which is
commonly used for measuring thermal conductivity and
thermal interface resistance.34−37 Thermal wave sensing has
also been used for less typical applications such as fouling
sensing,38 sedimentation detection,39 and determination of gas
composition.40 More recently, we have shown that an
extension of the method can be used for operando
determination of thermal interface resistance and the lithium
distribution across a battery electrode.41,42 In this work, we
combine the theory of thermal interface resistance at a metal/
nonmetal interface based on viscoelastic deformation of metal
at the interface with operando 3ω measurements to develop a
method to directly extract the morphological information on
the lithium metal−LLZO interface. These findings are verified
with ex-situ profilometry and SEM. We also show that the
interface morphology information extracted from thermal wave
sensing cannot be obtained directly from EIS. Unlike the EIS,
which is sensitive to the multiple factors that determine the
electrochemical interface resistance, the thermal wave sensing
method is only sensitive to the physical morphology of the
interface and therefore provides a method to deconvolute the
individual factors contributing to the electrochemical interface
resistance.

■ MORPHOLOGY FROM THE 3ω THERMAL
CONTACT RESISTANCE MEASUREMENT

The 3ω method, based on frequency-dependent thermal
penetration depth, D/2p , where D is the sample’s
thermal diffusivity and 2ω is the frequency of the thermal
wave, can be used to noninvasively probe the thermal
conductivity and thermal resistance of materials and interfaces
beneath the 3ω sensor surface (Figure 1b). The spatial
resolution in this method is achieved by varying the
modulation frequency (ω), which determines the thermal
penetration depth (δp) at which the thermal properties are
probed. With a 3ω sensor deposited on the current collector, if
the thermal conductivity and the volumetric specific heat
capacity of the subsurface layers are known, then thermal
resistance of the interface of interest (in this case the lithium
metal−LLZO interface) can be selectively isolated. The
interface resistance thus measured can be related to the
interface morphology using an appropriate thermal contact
resistance model. Details of the 3ω technique for batteries can
be found in the literature.41,42

In this work, we use the elastoplastic contact conductance
model developed by Yovanovich et al.43 to describe the
measured thermal interface resistance at the lithium−LLZO
interface. We choose the elastoplastic contact conductance
model as the pressure studied here is close to the elastic yield
strength of lithium, where the deformation mechanics switches
from elastic to plastic, and the elastoplastic model is capable of
accounting for both deformation mechanisms. The schematic
of the interface is shown in Figure 1a. By simplifying the model

of Yovanovich,43 the measured thermal interface resistance
(Rint) can be related to the effective interface conductivity
(kint), pressure (P), effective elastoplastic hardness (Hep), and
the surface morphology parameters�absolute surface slope
(m) and mean surface roughness (σ)�by the relation
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When the elastic modulus (E) ≫ yield strength (Sy), the
effective hardness can be approximated as

=H S2.76ep y (3)

The absolute surface slope (m) and the mean surface
roughness (σ) of the two contacting surfaces are related to
the surface slopes (m1 and m2) and surface roughness (σ1 and
σ2) of the individual contacting surfaces by
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The effective interface thermal conductivity (kint) is related to
the thermal conductivity of the two contacting surfaces (k1 and
k2) as
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For both the symmetric and the anode-free cell configurations,
we obtain the electrolyte roughness and surface slope (σ2 and
m2) from profilometry. To explain the pressure versus interface
contact resistance (Rint) relationship in the case of a symmetric
cell where the roughness and surface slope of the contacting
lithium are not known, we fit an effective lithium roughness
parameter (σ1) and use a correlation developed by Antonetti et

Figure 1. (a) Schematic of the rough lithium−LLZO contact with an
expanded view of a single contact. The externally applied pressure
leads to lithium deformation at the interface leading to an equilibrium
distribution of lithium−LLZO contacts with average radius a and
number of contacts per unit area n. (b) Schematic of the frequency-
dependent thermal waves for measuring subsurface thermal properties
including the lithium−LLZO thermal contact resistance. The high-
frequency waves have shorter penetration depth and probe the
properties of layers close to the sensor while the low-frequency waves
penetrate deeper up to the electrolyte. The variation in the
measurement frequency allows spatially resolved probing of subsur-
face thermal properties and the isolation of the lithium−LLZO
interface resistance.
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al.44 (m1 = 0.125σ0.402) to approximate the surface slope (m1).
For the anode-free cell, we assume that the roughness of the
deposited lithium to be that of the electrolyte. We then fit an
effective lithium hardness to explain the pressure versus
interface contact resistance (Rint) relationship for the LLZO−
copper interface.

From the elastoplastic model, it can be shown that even
without knowledge of the mean surface slope (m) and the
effective roughness (σ), if the effective contact hardness (Hep)
and the stack pressure (P) are known and the thermal interface
resistance (Rint) is measured from the 3ω method, then the
mean contact spot size (a) and the density of contacts
(ncontacts) can be directly extracted as
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■ EXPERIMENTAL METHODS
Electrolyte Preparation. Al−LLZO pellets were made from

commercially available Al−LLZO powder (500 nm, MSE Supplies)
and contained 4 wt % MgO (500 nm, US Research Nanomaterials) to
control grain growth and 1 wt % Li2CO3 to mitigate lithium loss
during sintering. The pellets were made by adding the ceramic
components, methycellulose (25 cP, Sigma), poly(ethylene glycol)

(300, Aldrich), and Dispex Ultra PA4560 (BASF) to water and
ethanol in a mass ratio of 55:1:1.2:3.6:70:24. The mixture was ball-
milled overnight with ZrO2 media, then dried, crushed by a mortar
and pestle, and pelletized with a 3/4 in. die at 160 MPa pressure. Prior
to sintering, the green pellets were debinded by heat treatment in air
at 675 °C for 4 h.

Pellets were sintered using pyrolytic graphitic carbon sheets
(Panasonic) as a substrate under flowing argon in a tube furnace.
The ramp rate was 5 °C/min to 700 °C and 2 °C/min to 1050 °C.
Sintered pellets were approximately 90% dense. The pellet surface
under SEM is shown in Figure 2c, and XRD of the pellet is shown in
Figure 2d.

Sensor Fabrication and Cell Assembly. A dielectric film with a
laminate structure of 200 nm alumina (e-beam evaporation), 500 nm
parylene C (chemical vapor deposition), and 200 nm alumina (e-
beam evaporation) was deposited on a 50 μm copper current
collector. A 4-point 3ω sensor (Figure 2a) was deposited on the
dielectric layer by e-beam evaporation of 100 nm of gold with a 10 nm
chromium adhesion layer. For the cell assembly, alumina−LLZO
pellets were polished and annealed in a tube furnace with argon at 700
°C for 4 h to remove the surface contaminants, and 50 nm of gold (e-
beam evaporation) was coated on both sides of the annealed pellets.
In the next step, 12 mm diameter discs of 100 μm thick lithium foil
(MSE Supplies) lithium were pressed onto the LLZO pellet either on
both sides (symmetric cell) or one side (“anode-free” cell) of the
LLZO pellet, shown in Figure 2b. The structure was then sandwiched
between two copper current collectors connected to nickel tabs, with
the fabricated 3ω sensor on one current collector. The sandwich
structure was heated to ∼200 °C to melt the lithium and bond with
the LLZO pellet. A 2−3 mm styrofoam was attached on top of the 3ω
sensor to provide thermal insulation,41,42 and the cell was finally
sealed in a pouch cell configuration. After assembly, a 2 μm lithium
film was deposited on the sensor side of the anode free cell by passing
450 μAh equivalent lithium from the counter electrode (nonsensor

Figure 2. (a) A 3ω sensor deposited on a copper current collector (left) and assembled in a symmetric configuration (right). (b) Schematic of the
symmetric (top) and anode-free (bottom) configuration. (c) SEM image of the LLZO pellet surface showing fused grains. (d) XRD pattern of the
LLZO pellet (red) compared with the reference (black, generated from the CIF on Crystallography Open Database45).
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side). The process of sensor fabrication and cell assembly is described
in detail in the Supporting Information.

Thermal Interface Resistance Measurement. The thermal
interface resistance at the lithium−LLZO interface was measured by
the 3ω method based on bidirectional multilayer heat flow analysis46

using Feldman’s algorithm.47 The detailed thermal analysis is
presented in our previous works,41,42 and a representative fitting as
well as the thermal properties of each layer involved is presented in
the Supporting Information. The uncertainty in the measurements is
calculated from uncertainties of parameters used in the data fitting
(see Table S1). For the 3ω measurements, the temperature coefficient
of resistance (TCR) of each sensor was measured by 4-point
resistance measurement at temperatures in the range 25 to 40 °C (see
Figure S2). AC current through the sensor was provided by a Keithley
6221 current source, and the subsequent 3ω voltage was measured
with an SR830 lock-in amplifier.

Electrochemical Tests. The electrochemical tests including
galvanostatic cycling and EIS measurements were done using a
Biologic VMP3 multichannel potentiostat. Galvanostatic cycling was
performed at 20 μA current (17.68 μA/cm2) with a voltage limitation
of +−5 V to pass 450 μAh lithium (equivalent to ∼2 μm) between the
two sides of LLZO. Potentiostatic EIS measurements were performed
between 1 MHz and 1 Hz with 50 mV amplitude and no DC offset.

Ex-Situ Characterization. Roughness measurements were done
via optical profilometry with a Keyence VK-X1000 3D surface profiler
using laser confocal microscopy at 20× magnification. The lateral
resolution for the measurement was 220 nm (diffraction limit), and
the height resolution was 5 nm. SEM measurements were done using
an FEI Quanta 3D FEG dual beam electron microscope (UC Berkeley
Biomolecular Nanotechnology Center Cleanroom). For the character-
ization of samples with lithium, pouch cells were cut open, and the
LLZO pellets were quickly transferred to the SEM chamber to
minimize the exposure to air.

■ RESULTS AND DISCUSSION
Measurement Sensitivity and Thermal Character-

ization of LLZO. In thermal wave sensing based on the 3ω
method, the absolute measurement sensitivity for a particular

parameter p is defined as = =S V
p

p
V

V
pp

d ln( )
d ln( )

d
d

3

3

3 , where V3ω is

the magnitude of the 3ω voltage measured. The sensitivity
analysis (Figure 3a,b) reveals that the 3ω voltage is the most
sensitive to the lithium−LLZO interface between 0.1 and 1 Hz
1ω (AC current) frequency for both symmetric and anode-free
cells. The absolute measurement sensitivity to the interface is
higher in the case of the anode-free cell because of the interface
being close to the sensor. To optimize the measurement
sensitivity, we perform 3ω measurements from 45 to 0.5 Hz as
shown in Figure 3d. To measure the thermal interface
resistance, we fit the bidirectional multilayer 3ω model46 to
the measured 3ω voltage (V3ω) and extract the effective
thermal conductivity of the alumina−parylene−alumina
dielectric layer at shorter thermal penetration depths (high
frequency, ∼30 to 45 Hz) and subsequently the effective Li
metal−LLZO thermal interface resistance at longer thermal
penetration depths (low frequency, 0.5 to 10 Hz). The 3ω
voltage, particularly at low frequencies, is sensitive to the
thermal conductivity (k) and the volumetric specific heat
capacity (Cp = density (ρ) × mass specific heat (cp)) of LLZO.
The average specific heat capacity (cp) was obtained to be 618
J/(kg K) from differential scanning calorimetry (DSC). The
density was measured to be 3.894 g/cm3, and the thermal
conductivity was determined to be 1.33 W/mK from the 3ω
method (see Figure 3c).

Measurement of Lithium−LLZO Surface Morphology.
Interface Evolution with Pressure. We performed simulta-

Figure 3. Absolute measurement sensitivity for thermal properties of different layers as a function of the measurement frequency for (a) symmetric
and (b) anode-free cells, (c) 3ω measurement of LLZO thermal conductivity with the 3ω sensor deposited on a LLZO pellet, and (d) a
representative 3ω measurement of a symmetric lithium−LLZO cell. From the best fit shown, the thermal interface resistance for the symmetric cell
at 750 kPa external pressure was obtained to be 2.7 × 105 m2 K/W.
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neous 3ω measurements and electrochemical impedance
spectroscopy (EIS) measurements on freshly assembled
(uncycled) symmetric cells and anode-free cell with 2 μm
lithium plated on the anode to extract the thermal interface
resistance and the electrochemical interface impedance,
respectively, as a function of pressure from atmospheric (101
kPa) to 1.2 MPa pressure using a custom setup with a
calibrated pressure gauge (see the Supporting Information).
Figure 4b shows the EIS Nyquist plots at atmospheric and 1.2
MPa pressures for the symmetric cell and the anode free cell.
See the Supporting Information for the Nyquist plots at
intermediate pressures. As seen from the figure, we did not
observe a strong pressure dependence of the electrochemical
impedance for both symmetric and anode free cells. We
hypothesize that this is caused by the fact that in both the
symmetric and the anode free cell the electrochemical interface
behavior at the LLZO−lithium interface is dominated by the
thin gold−lithium layer that forms when lithium melts onto
the gold coated on LLZO. The gold−LLZO contact does not
change significantly with pressure, and therefore the electro-
chemical interface resistance does not change with pressure.
This is corroborated by the tail seen in the EIS plots which is
characteristic of the ion-blocking gold electrode.48,49 To
validate this observation further, we performed electrochemical
simulations of the overpotential at the lithium−LLZO interface
as a function of pressure for a rough lithium−LLZO contact
with and without the presence of a thin gold layer. As expected,
we observed that the interface overpotential and hence the

interface impedance are in fact unaffected by external pressure
in the presence of a thin gold layer while the interface
overpotential varies with pressure when there is no gold layer
present. Please refer to Figures S8 and S9 and the
accompanying discussion in the Supporting Information for
additional details regarding the electrochemical simulation of
the interface.

Unlike the electrochemical impedance, the thermal interface
resistance, which is dominated by the morphology of the
interface (eq 1), varies strongly with pressure, and we observe
a pressure dependence (Figure 4a) expected from the
elastoplastic contact conductance models.43,50 In the case of
the symmetric cell (Figure 2b), with bulk lithium (100 μm)
between LLZO and the current collector, we assume that the
lithium hardness at the interface remains the same as that of
the bulk lithium and fit the roughness parameter (σ1) to
explain the pressure−thermal interface resistance behavior.
The best fit is obtained for lithium roughness of 2.5 μm.
However, in the case of the anode-free cell, where a thin film of
lithium (∼2 μm) is between the LLZO and the current
collector, the lithium hardness is expected to be greater than
that of the bulk.51 Therefore, to explain the pressure vs thermal
interface resistance data, we assume the lithium roughness to
be the same as that of LLZO (uniform deposition) and vary
the lithium yield strength in the elastoplastic thermal
conductance model to obtain the best fit. The best fit was
obtained for a lithium yield strength of 12 MPa. This value is
within the range of the yield strength reported in the

Figure 4. (a) Measured thermal interface resistance as a function of external stack pressure for anode-free (red) and symmetric (blue) cells. The
theoretical best-fit lines (dashed) are obtained by fitting the interface roughness (σ) for the symmetric cell and the effective hardness for the anode-
free cell. (b) EIS Nyquist plots for the symmetric (blue) and the anode-free (red) cells at atmospheric pressure (diamonds) and 1.25 MPa
(crosses). There is no significant dependence of EIS spectra with pressure as the interface behavior is dominated by gold deposited on the
electrolyte. Calculated mean contact radius (c) and number density of contacts (d) as a function of pressure for the symmetric (blue) and the
anode-free (red) cells. The shaded areas show the error bands in the theoretical estimates from the 3ω measurements.
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literature51 for a 2 μm lithium film and further validates the
applicability of the elastoplastic thermal conductance model.
Once the effective hardness (or yield strength) is known, the
measured thermal interface resistance can directly be used to
extract the average morphological information on the interface,
namely, the mean contact radius and the number density of
contacts using eqs 7 and 8, respectively. Figures 4c and 4d
respectively show the evolution of the effective contact radius
and the number density of contacts with pressure for both the
anode-free and the symmetric cells. As expected, both the
contact spot size and the contact density increase with pressure
as new contacts are formed and existing contacts become
bigger with the increase in pressure. Also, the pressure

dependence of both the mean spot size and the number
density is stronger in the case of the symmetric cell because of
lower effective lithium hardness leading to easier deformation.

Interface Evolution with Cell Cycling. Because the
measured thermal interface resistance can be related directly
to the interface morphology from eqs 7 and 8, we cycled both
symmetric and anode-free cells and performed simultaneous
3ω measurements to observe the interface morphology
evolution with cycling. The cell cycling and the 3ω
measurements were done at atmospheric pressure, i.e., without
applying any external pressure. In the case of anode-free cells,
we could also perform ex-situ measurements of the interface
profile, through optical profilometry and SEM, which provides

Figure 5. (a) Voltage vs time plot for the galvanostatic cycling with potential limitation (GCPL) of the anode-free cell. Due to lithium depletion
during stripping, a large overpotential is developed and the cut-off potential (5V) is reached. The overpotential associated with the plating process
is small but increases steadily with the number of cycles. This increase in impedance is also observed in the EIS spectra (b) and can be attributed to
void formation and migration of the lithium-gold layer away from the LLZO surface. Mean contact radius (c) and number density of contacts (d)
measured from thermal interface resistance (triangles) and profilometry (diamond) on anode-free cells. The results from thermal-contact resistance
measurement agrees well with the results from profilometry and capture a general trend of interface degradation (decrease in contact density and
increase in individual contact size) which is further verified by SEM images of lithium deposited on the LLZO surface (e and f).
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a direct method of comparing and verifying the measurements
from the 3ω method. Therefore, the results presented here are
only for the anode free cells. The interface profile for the
symmetric cells obtained from the 3ω method is presented in
the Supporting Information. Figure 5a shows the voltage vs
time plot for the galvanostatic cycling with potential limitation
(GCPL) of the anode-free cell. By considering the “anode-free”
side as the reference electrode, we can define the movement of
lithium toward the anode-free side as plating and away from
the anode free side as stripping. As observed, the over-
potentials associated with the plating and the stripping process
are not symmetric. During stripping, the 2 μm lithium that was
initially plated onto the electrode is moved away toward the
counter electrode. Because of lithium depletion in the anode-
free side, a large polarization develops, and the cutoff voltage of
−5 V is reached. During plating, however, because of virtually
unlimited lithium supply in the counter electrode, such
polarization is not observed, and the overpotential associated
with the plating process is small. This overpotential, however,
increases gradually with the number of cycles and can be
associated with the formation of interfacial voids and a possible
migration of the gold−lithium layer away from the electrolyte
surface. This behavior is corroborated by the increase in the
impedance measured after the three cycles compared to the
uncycled cell (Figure 5b). From the 3ω measurements, the
measured mean spot radius and number density for the anode-
free cells are shown in Figures 5c and 5d, respectively. As seen,
we observed that the thermal interface resistance increases with
cycling, leading to decreased number density of contacts (red
triangles in Figure 5d). Because of the constant external
pressure leading to plastic deformation, as the number density
of contacts decreases, individual contacts become bigger to
maintain a force balance at the interface, which is indicated by
the increase in the average contact radius after three cycles as
shown in Figure 5c. We performed optical profilometry
measurements of the electrolyte pellet preassembly and the
deposited lithium after three cycles and calculated the mean
contact radius and the contact number density from the
measured profile. As shown by the red diamonds in Figures 5c
and 5d, the measured values were close to what was obtained
from the thermal measurements, and the qualitative trend of
the increase in the interface roughness with cycling was
confirmed. We assembled two additional anode-free cells with
similar electrolyte roughness and performed SEM imaging on
one of the cells after the initial 2 μm lithium plating (uncycled,
Figure 5e) and on another cell after three cycles (Figure 5f). As
seen, the SEM images also confirm the increase in roughness
with cycling, which further corroborate the qualitative trend
observed from the thermal interface resistance measurements.

■ LIMITATIONS AND OUTLOOK
The measurements performed in this work were limited by the
sensor durability at high pressures. We were only able to
perform our experiments at a maximum pressure of 1.25 MPa,
mainly because at higher pressures, the silver epoxy used to
bond wires on the sensor pads (see Figure 2a) punctured the
dielectric insulation film (Figure 1b), causing the sensor to
short with the current collector. In the future, this problem can
be mitigated by changing the sensor design to make wire
connections away from the stack on which the pressure is
applied. Additionally, the main source of uncertainty (error
bars) in the results presented here comes from the uncertainty
in lithium metal thermal conductivity (estimated to be 5% of

the standard value, see Table S1). The overall measurement
uncertainty can be improved if a lithium foil thinner than 100
μm is used.

In addition, the elastoplastic thermal contact conductance
model used in this work assumes nominally planar rough
surfaces in contact. In an actual solid-state battery, the
electrode−electrolyte architecture might be more complex in
the presence of specially designed or porous electrodes,52,53 in
which case the elastoplastic contact conductance model cannot
be directly applied. However, the measured thermal interface
resistance can still be related to the electrode−electrolyte
contact through more complex thermomechanical modeling
using finite-element or other numerical methods. Additionally,
unlike in the presence of voids, which significantly increases
the interface thermal contact resistance, the propagation of
dendrites into the solid electrolyte does not change the thermal
contact resistance of the interface significantly. While the
presence of a metallic lithium in the low thermal conductivity
ceramic (LLZO) might increase the interface thermal
conduction slightly, we assume that this effect is not observable
in the 3ω measurement. Therefore, the presented method
cannot directly be used to observe interfacial dendrite growth.
Finally, the elastoplastic contact conductance model used here
is valid only when the applied nominal pressure is less than the
lithium hardness. In cases where the applied pressure is
comparable to or greater than the lithium hardness, the contact
mechanics is dominated by creep behavior,20 which needs to
considered while modeling the thermal contact resistance.

■ CONCLUSIONS
Operando monitoring of buried interfaces in solid-state battery
cells has proven to be difficult with traditional methods that
either modify the interface or require complicated exper-
imental setups and analyses. In this work, we present a simple
method of operando observation of the lithium−solid-state
electrolyte interface morphology from measurement of the
thermal interface resistance enabled by thermal wave sensing.
Morphological parameters such as the mean contact radius and
the number density of contacts have been extracted from
thermal measurements by considering the effect of morphology
and contact mechanics on the solid−solid thermal interface
resistance. By utilizing the frequency dependence of thermal
penetration depth, the method provides spatial resolution to
attribute the observed interface resistance to specific interfaces
which is an ability not possible with measurement techniques
such as EIS. Although the results presented in this work relate
to nominally planar rough surfaces in contact with each other
at low to moderately high stack pressures (0.1 to 1.25 MPa),
this method can be applied to more complex electrode
architectures at higher pressures by modifying the sensor
design and extending the thermal contact model.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c23038.

Details of the sensor fabrication, details of the cell
assembly procedure, specific heat capacity of LLZO,
temperature coefficient of resistance measurement,
representative 3ω fitting for anode-free cell, external
pressure application and measurement setup, EIS
Nyquist plots, symmetric cell cycling measurements,

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c23038
ACS Appl. Mater. Interfaces 2023, 15, 17344−17352

17350

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c23038/suppl_file/am2c23038_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c23038/suppl_file/am2c23038_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c23038?goto=supporting-info
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c23038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


non-gold-coated cell measurement, interface overpoten-
tial simulations, thermomechanical model comparison,
thermophysical properties, and uncertainties used in the
3ω model (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Ravi S. Prasher − Department of Mechanical Engineering,
University of California, Berkeley, Berkeley, California 94720,
United States; Energy Technologies Area, Lawrence Berkeley
National Lab, Berkeley, California 94720, United States;

orcid.org/0000-0002-3282-7147; Email: rsprasher@
lbl.gov

Authors
Divya Chalise − Department of Mechanical Engineering,
University of California, Berkeley, Berkeley, California 94720,
United States; Energy Technologies Area, Lawrence Berkeley
National Lab, Berkeley, California 94720, United States;

orcid.org/0000-0001-6197-355X
Robert Jonson − Energy Technologies Area, Lawrence
Berkeley National Lab, Berkeley, California 94720, United
States

Joseph Schaadt − Department of Mechanical Engineering,
University of California, Berkeley, Berkeley, California 94720,
United States

Pallab Barai − Argonne National Laboratory, Lemont, Illinois
60439, United States; orcid.org/0000-0003-2217-6392

Yuqiang Zeng − Energy Technologies Area, Lawrence Berkeley
National Lab, Berkeley, California 94720, United States;

orcid.org/0000-0002-4826-1846
Sumanjeet Kaur − Energy Technologies Area, Lawrence
Berkeley National Lab, Berkeley, California 94720, United
States; orcid.org/0000-0002-7525-5492

Sean D. Lubner − Energy Technologies Area, Lawrence
Berkeley National Lab, Berkeley, California 94720, United
States; Department of Mechanical Engineering, Boston
University, Boston, Massachusetts 02215, United States

Venkat Srinivasan − Argonne National Laboratory, Lemont,
Illinois 60439, United States; orcid.org/0000-0002-
1248-5952

Michael C. Tucker − Energy Technologies Area, Lawrence
Berkeley National Lab, Berkeley, California 94720, United
States; orcid.org/0000-0002-8508-499X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c23038

Author Contributions
D.C., S.D.L., R.S.P., and V.S. contributed to the problem
formulation, thermal modeling, and experimental design. D.C.,
J.S., and S.K. contributed to sensor fabrication. R.J. and M.C.T.
contributed to the electrolyte preparation. D.C. performed cell
assembly, 3ω experiments, data analysis, and ex-situ character-
ization. Y.Z. contributed to uncertainty quantification and data
analysis. P.B. and V.S. performed electrochemical modeling of
the interface. D.C. and R.S.P. wrote the manuscript. All authors
contributed to the review and editing of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Eongyu Yi, Marca Deoff, Yanbao Fu, and
Vince Battaglia for assistance with the cell assembly procedure,
Kenny Higa for providing access to the Biologic potentiostat
and the pressure variation setup, and Drew Lilley for assistance
with the specific heat capacity measurement. This work was
supported by the Assistant Secretary for Energy Efficiency and
Renewable Energy, Vehicles Technology Office, of the U.S.
Department of Energy under Contract DEAC02-05CH11231.

■ REFERENCES
(1) Hundekar, P.; Basu, S.; Pan, J.; Bartolucci, S. F.; Narayanan, S.;

Yang, Z.; Koratkar, N. Exploiting Self-Heat in a Lithium Metal Battery
for Dendrite Healing. Energy Storage Mater. 2019, 20, 291−298.
(2) Lin, D.; Liu, Y.; Cui, Y. Reviving the Lithium Metal Anode for

High-Energy Batteries. Nat. Nanotechnol. 2017, 12 (3), 194−206.
(3) Rosenman, A.; Markevich, E.; Salitra, G.; Aurbach, D.; Garsuch,

A.; Chesneau, F. F. Review on Li-Sulfur Battery Systems: An Integral
Perspective. Advanced Energy Materials 2015, 5, 1500212.
(4) Cheng, X.; Zhang, R.; Zhao, C.; Wei, F.; Zhang, J.; Zhang, Q. A

Review of Solid Electrolyte Interphases on Lithium Metal Anode. Adv.
Sci. 2016, 3 (3), 1−20.
(5) Mistry, A.; Srinivasan, V. On Our Limited Understanding of

Electrodeposition. MRS Adv. 2019, 4, 1−19.
(6) Pervez, S. A.; Cambaz, M. A.; Thangadurai, V.; Fichtner, M.

Interface in Solid-State Lithium Battery: Challenges, Progress, and
Outlook. ACS Appl. Mater. Interfaces 2019, 11, 22029−22050.
(7) Krauskopf, T.; Dippel, R.; Hartmann, H.; Peppler, K.; Mogwitz,

B.; Richter, F. H.; Zeier, W. G.; Janek, J. Lithium-Metal Growth
Kinetics on LLZO Garnet-Type Solid Electrolytes. Joule 2019, 3 (8),
2030−2049.
(8) Doux, J. M.; Nguyen, H.; Tan, D. H. S.; Banerjee, A.; Wang, X.;

Wu, E. A.; Jo, C.; Yang, H.; Meng, Y. S. Stack Pressure Considerations
for Room-Temperature All-Solid-State Lithium Metal Batteries. Adv.
Energy Mater. 2020, 10 (1), 1−6.
(9) Wang, C.; Fu, K.; Kammampata, S. P.; McOwen, D. W.; Samson,

A. J.; Zhang, L.; Hitz, G. T.; Nolan, A. M.; Wachsman, E. D.; Mo, Y.;
Thangadurai, V.; Hu, L. Garnet-Type Solid-State Electrolytes:
Materials, Interfaces, and Batteries. Chem. Rev. 2020, 120 (10),
4257−4300.
(10) Zhang, W.; Nie, J.; Li, F.; Wang, Z. L.; Sun, C. A Durable and

Safe Solid-State Lithium Battery with a Hybrid Electrolyte Membrane.
Nano Energy 2018, 45, 413−419.
(11) Qiu, G.; Lu, L.; Lu, Y.; Sun, C. Effects of Pulse Charging by

Triboelectric Nanogenerators on the Performance of Solid-State
Lithium Metal Batteries. ACS Appl. Mater. Interfaces 2020, 12 (25),
28345−28350.
(12) Wang, M.; Sakamoto, J. Correlating the Interface Resistance

and Surface Adhesion of the Li Metal-Solid Electrolyte Interface. J.
Power Sources 2018, 377, 7−11.
(13) Cheng, L.; Crumlin, E. J.; Chen, W.; Qiao, R.; Hou, H.; Franz

Lux, S.; Zorba, V.; Russo, R.; Kostecki, R.; Liu, Z.; Persson, K.; Yang,
W.; Cabana, J.; Richardson, T.; Chen, G.; Doeff, M. The Origin of
High Electrolyte-Electrode Interfacial Resistances in Lithium Cells
Containing Garnet Type Solid Electrolytes. Phys. Chem. Chem. Phys.
2014, 16 (34), 18294−18300.
(14) Sun, C.; Liu, J.; Gong, Y.; Wilkinson, D. P.; Zhang, J. Recent

Advances in All-Solid-State Rechargeable Lithium Batteries. Nano
Energy 2017, 33, 363−386.
(15) Zhang, X.; Sun, C. Recent Advances in Dendrite-Free Lithium

Metal Anodes for High-Performance Batteries. Phys. Chem. Chem.
Phys. 2022, 24 (34), 19996−20011.
(16) Ren, Y.; Shen, Y.; Lin, Y.; Nan, C. W. Direct Observation of

Lithium Dendrites inside Garnet-Type Lithium-Ion Solid Electrolyte.
Electrochem. commun. 2015, 57, 27−30.
(17) Swamy, T.; Park, R.; Sheldon, B. W.; Rettenwander, D.; Porz,

L.; Berendts, S.; Uecker, R.; Carter, W. C.; Chiang, Y.-M. Lithium

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c23038
ACS Appl. Mater. Interfaces 2023, 15, 17344−17352

17351

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c23038/suppl_file/am2c23038_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ravi+S.+Prasher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3282-7147
https://orcid.org/0000-0002-3282-7147
mailto:rsprasher@lbl.gov
mailto:rsprasher@lbl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Divya+Chalise"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6197-355X
https://orcid.org/0000-0001-6197-355X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Jonson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+Schaadt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pallab+Barai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2217-6392
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuqiang+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4826-1846
https://orcid.org/0000-0002-4826-1846
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sumanjeet+Kaur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7525-5492
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+D.+Lubner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Venkat+Srinivasan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1248-5952
https://orcid.org/0000-0002-1248-5952
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+C.+Tucker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8508-499X
https://pubs.acs.org/doi/10.1021/acsami.2c23038?ref=pdf
https://doi.org/10.1016/j.ensm.2019.04.013
https://doi.org/10.1016/j.ensm.2019.04.013
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1038/nnano.2017.16
https://doi.org/10.1002/aenm.201500212
https://doi.org/10.1002/aenm.201500212
https://doi.org/10.1002/advs.201500213
https://doi.org/10.1002/advs.201500213
https://doi.org/10.1557/adv.2019.443
https://doi.org/10.1557/adv.2019.443
https://doi.org/10.1021/acsami.9b02675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2019.06.013
https://doi.org/10.1016/j.joule.2019.06.013
https://doi.org/10.1002/aenm.201903253
https://doi.org/10.1002/aenm.201903253
https://doi.org/10.1021/acs.chemrev.9b00427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2018.01.028
https://doi.org/10.1016/j.nanoen.2018.01.028
https://doi.org/10.1021/acsami.0c08681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c08681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2017.11.078
https://doi.org/10.1016/j.jpowsour.2017.11.078
https://doi.org/10.1039/C4CP02921F
https://doi.org/10.1039/C4CP02921F
https://doi.org/10.1039/C4CP02921F
https://doi.org/10.1016/j.nanoen.2017.01.028
https://doi.org/10.1016/j.nanoen.2017.01.028
https://doi.org/10.1039/D2CP01655A
https://doi.org/10.1039/D2CP01655A
https://doi.org/10.1016/j.elecom.2015.05.001
https://doi.org/10.1016/j.elecom.2015.05.001
https://doi.org/10.1149/2.1391814jes
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c23038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Metal Penetration Induced by Electrodeposition through Solid
Electrolytes: Example in Single-Crystal Li 6 La 3 ZrTaO 12 Garnet.
J. Electrochem. Soc. 2018, 165 (16), A3648−A3655.
(18) Wang, M. J.; Choudhury, R.; Sakamoto, J. Characterizing the

Li-Solid-Electrolyte Interface Dynamics as a Function of Stack
Pressure and Current Density. Joule 2019, 3 (9), 2165−2178.
(19) Lewis, J. A.; Cortes, F. J. Q.; Liu, Y.; Miers, J. C.; Verma, A.;

Vishnugopi, B. S.; Tippens, J.; Prakash, D.; Marchese, T. S.; Han, S.
Y.; Lee, C.; Shetty, P. P.; Lee, H. W.; Shevchenko, P.; De Carlo, F.;
Saldana, C.; Mukherjee, P. P.; McDowell, M. T. Linking Void and
Interphase Evolution to Electrochemistry in Solid-State Batteries
Using Operando X-Ray Tomography. Nat. Mater. 2021, 20 (4), 503−
510.
(20) Zhang, X.; Wang, Q. J.; Harrison, K. L.; Roberts, S. A.; Harris,

S. J. Pressure-Driven Interface Evolution in Solid-State Lithium Metal
Batteries. Cell Reports Phys. Sci. 2020, 1 (2), 100012.
(21) Zhang, X.; Wang, Q. J.; Harrison, K. L.; Jungjohann, K.; Boyce,

B. L.; Roberts, S. A.; Attia, P. M.; Harris, S. J. Rethinking How
External Pressure Can Suppress Dendrites in Lithium Metal Batteries.
J. Electrochem. Soc. 2019, 166 (15), A3639−A3652.
(22) Qi, Y.; Ban, C.; Harris, S. J. A New General Paradigm for

Understanding and Preventing Li Metal Penetration through Solid
Electrolytes. Joule 2020, 4, 1−10.
(23) Krauskopf, T.; Hartmann, H.; Zeier, W. G.; Janek, J. Toward a

Fundamental Understanding of the Lithium Metal Anode in Solid-
State Batteries - An Electrochemo-Mechanical Study on the Garnet-
Type Solid Electrolyte Li 6.25 Al 0.25 La 3 Zr 2 O 12. ACS Appl.
Mater. Interfaces 2019, 11 (15), 14463−14477.
(24) Dudney, N. J. Evolution of the Lithium Morphology from

Cycling of Thin Film Solid State Batteries. J. Electroceramics 2017, 38
(2−4), 222−229.
(25) Wang, Z.; Santhanagopalan, D.; Zhang, W.; Wang, F.; Xin, H.

L.; He, K.; Li, J.; Dudney, N.; Meng, Y. S. In Situ STEM-EELS
Observation of Nanoscale Interfacial Phenomena in All-Solid-State
Batteries. Nano Lett. 2016, 16 (6), 3760−3767.
(26) Huang, W.; Attia, P. M.; Wang, H.; Renfrew, S. E.; Jin, N.; Das,

S.; Zhang, Z.; Boyle, D. T.; Li, Y.; Bazant, M. Z.; McCloskey, B. D.;
Chueh, W. C.; Cui, Y. Evolution of the Solid-Electrolyte Interphase
on Carbonaceous Anodes Visualized by Atomic-Resolution Cryogenic
Electron Microscopy. Nano Lett. 2019, 19 (8), 5140−5148.
(27) Wang, X.; Li, Y.; Meng, Y. S. Cryogenic Electron Microscopy

for Characterizing and Diagnosing Batteries. Joule 2018, 2 (11),
2225−2234.
(28) Ilott, A. J.; Mohammadi, M.; Chang, H. J.; Grey, C. P.;

Jerschow, A. Real-Time 3D Imaging of Microstructure Growth in
Battery Cells Using Indirect MRI. Proc. Natl. Acad. Sci. U. S. A. 2016,
113 (39), 10779−10784.
(29) Langer, F.; Palagonia, M. S.; Bardenhagen, I.; Glenneberg, J.; La

Mantia, F.; Kun, R. Impedance Spectroscopy Analysis of the Lithium
Ion Transport through the Li 7 La 3 Zr 2 O 12 /P(EO) 20 Li Interface.
J. Electrochem. Soc. 2017, 164 (12), A2298−A2303.
(30) Buschmann, H.; Berendts, S.; Mogwitz, B.; Janek, J. Lithium

Metal Electrode Kinetics and Ionic Conductivity of the Solid Lithium
Ion Conductors “Li 7La 3Zr 2O 12” and Li 7-XLa 3Zr 2-XTa XO 12
with Garnet-Type Structure. J. Power Sources 2012, 206, 236−244.
(31) Wang, M.; Wolfenstine, J. B.; Sakamoto, J. Temperature

Dependent Flux Balance of the Li/Li7La3Zr2O12 Interface. Electro-
chim. Acta 2019, 296, 842−847.
(32) Huang, V. M.; Wu, S. L.; Orazem, M. E.; Pébre, N.; Tribollet,

B.; Vivier, V. Local Electrochemical Impedance Spectroscopy: A
Review and Some Recent Developments. Electrochim. Acta 2011, 56,
8048−8057.
(33) Bard, A. J.; Faulkner, L. R. Electrochemical Methods:
Fundamentals and Applications, 2nd ed.; John Wiley & Sons, Inc.:
2001.
(34) Tong, T.; Majumdar, A. Reexamining the 3-Omega Technique

for Thin Film Thermal Characterization. Rev. Sci. Instrum. 2006, 77
(10), 1−9.

(35) Cahill, D. G. Thermal Conductivity Measurement from 30 to
750 K: The 3w Method. Rev. Sci. Instrum. 1990, 61 (2), 802−808.
(36) Cahill, D. G.; Katiyar, M.; Abelson, J. R. Thermal Conductivity

of Alpha-SiH Thin Films. Phys. Rev. B 1994, 50 (9), 6077−6081.
(37) Dames, C.; Chen, G. 1Ω, 2Ω, and 3Ω Methods for

Measurements of Thermal Properties. Rev. Sci. Instrum. 2005, 76
(12), 1−14.
(38) Clausen, C.; Pedersen, T.; Bentien, A. The 3-Omega Method

for the Measurement of Fouling Thickness, the Liquid Flow Rate, and
Surface Contact. Sensors 2017, 17 (552), 552.
(39) Oh, D. W.; Jain, A.; Eaton, J. K.; Goodson, K. E.; Lee, J. S.

Thermal Conductivity Measurement and Sedimentation Detection of
Aluminum Oxide Nanofluids by Using the 3ω Method. Int. J. Heat
Fluid Flow 2008, 29 (5), 1456−1461.
(40) Kommandur, S.; Mahdavifar, A.; Hesketh, P. J.; Yee, S. A

Microbridge Heater for Low Power Gas Sensing Based on the 3-
Omega Technique. Sensors Actuators, A Phys. 2015, 233, 231−238.
(41) Zeng, Y.; Chalise, D.; Fu, Y.; Schaadt, J.; Kaur, S.; Battaglia, V.;

Lubner, S. D.; Prasher, R. S. Operando Spatial Mapping of Lithium
Concentration Using Thermal-Wave Sensing. Joule 2021, 5, 1−16.
(42) Lubner, S. D.; Kaur, S.; Fu, Y.; Battaglia, V.; Prasher, R. S.

Identification and Characterization of the Dominant Thermal
Resistance in Lithium-Ion Batteries Using Operando 3-Omega
Sensors. J. Appl. Phys. 2020, 127 (10), 105104.
(43) Sridhar, M. R.; Yovanovich, M. M. Elastoplastic Contact

Conductance Model for Isotropic Conforming Rough Surfaces and
Comparison With Experiments. J. Heat Transfer 1996, 118, 3.
(44) Antonetti, V. W.; Yovanovich, M. M. Enhancement of Thermal

Contact Conductance by Metallic Coatings: Theory and Experiment.
J. Heat Transfer 1985, 107 (3), 513−519.
(45) Information card for entry 7215448; Crystallography Open

Database. http://www.crystallography.net/cod/7215448.html (ac-
cessed 2022-01-03).
(46) Bauer, M. L.; Norris, P. M. General Bidirectional Thermal

Characterization via the 3ω Technique. Rev. Sci. Instrum. 2014, 85
(6), 064903.
(47) Feldman, A. Algorithm for solutions of the thermal diffusion

equation in a stratified medium with a modulated heating source.
High Temp.-High Press. 1999, 31, 293−298.
(48) Li, Y.; Xu, B.; Xu, H.; Duan, H.; Lu, X.; Xin, S.; Zhou, W.; Xue,

L.; Fu, G.; Manthiram, A.; Goodenough, J. B. Hybrid Polymer/Garnet
Electrolyte with a Small Interfacial Resistance for Lithium-Ion
Batteries. Angew. Chemie Int. Ed. 2017, 56, 753−756.
(49) Krasnikova, I. V.; Pogosova, M. A.; Sanin, A. O.; Stevenson, K.

J. Toward Standardization of Electrochemical Impedance Spectros-
copy Studies of Li-Ion Conductive Ceramics. Chem. Mater. 2020, 32
(6), 2232−2241.
(50) Prasher, R. S.; Phelan, P. E. Microscopic and Macroscopic

Thermal Contact Resistances of Pressed Mechanical Contacts. J. Appl.
Phys. 2006, 100 (6), 1−8.
(51) Herbert, E. G.; Hackney, S. A.; Dudney, N. J.; Phani, P. S.

Nanoindentation of High-Purity Vapor Deposited Lithium Films: The
Elastic Modulus. J. Mater. Res. 2018, 33 (10), 1335−1346.
(52) Hitz, G. T.; McOwen, D. W.; Zhang, L.; Ma, Z.; Fu, Z.; Wen,

Y.; Gong, Y.; Dai, J.; Hamann, T. R.; Hu, L.; Wachsman, E. D. High-
Rate Lithium Cycling in a Scalable Trilayer Li-Garnet-Electrolyte
Architecture. Mater. Today 2019, 22, 50−57.
(53) Wang, Z.; Li, X.; Chen, Y.; Pei, K.; Mai, Y. W.; Zhang, S.; Li, J.

Creep-Enabled 3D Solid-State Lithium-Metal Battery. Chem. 2020, 6
(M), 2878−2892.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c23038
ACS Appl. Mater. Interfaces 2023, 15, 17344−17352

17352

https://doi.org/10.1149/2.1391814jes
https://doi.org/10.1149/2.1391814jes
https://doi.org/10.1016/j.joule.2019.06.017
https://doi.org/10.1016/j.joule.2019.06.017
https://doi.org/10.1016/j.joule.2019.06.017
https://doi.org/10.1038/s41563-020-00903-2
https://doi.org/10.1038/s41563-020-00903-2
https://doi.org/10.1038/s41563-020-00903-2
https://doi.org/10.1016/j.xcrp.2019.100012
https://doi.org/10.1016/j.xcrp.2019.100012
https://doi.org/10.1149/2.0701914jes
https://doi.org/10.1149/2.0701914jes
https://doi.org/10.1016/j.joule.2020.10.009
https://doi.org/10.1016/j.joule.2020.10.009
https://doi.org/10.1016/j.joule.2020.10.009
https://doi.org/10.1021/acsami.9b02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b02537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10832-017-0073-2
https://doi.org/10.1007/s10832-017-0073-2
https://doi.org/10.1021/acs.nanolett.6b01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b01515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b01515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b01515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1016/j.joule.2018.10.005
https://doi.org/10.1073/pnas.1607903113
https://doi.org/10.1073/pnas.1607903113
https://doi.org/10.1149/2.0381712jes
https://doi.org/10.1149/2.0381712jes
https://doi.org/10.1016/j.jpowsour.2012.01.094
https://doi.org/10.1016/j.jpowsour.2012.01.094
https://doi.org/10.1016/j.jpowsour.2012.01.094
https://doi.org/10.1016/j.jpowsour.2012.01.094
https://doi.org/10.1016/j.electacta.2018.11.034
https://doi.org/10.1016/j.electacta.2018.11.034
https://doi.org/10.1016/j.electacta.2011.03.018
https://doi.org/10.1016/j.electacta.2011.03.018
https://doi.org/10.1063/1.2349601
https://doi.org/10.1063/1.2349601
https://doi.org/10.1063/1.1141498
https://doi.org/10.1063/1.1141498
https://doi.org/10.1103/PhysRevB.50.6077
https://doi.org/10.1103/PhysRevB.50.6077
https://doi.org/10.1063/1.2130718
https://doi.org/10.1063/1.2130718
https://doi.org/10.3390/s17030552
https://doi.org/10.3390/s17030552
https://doi.org/10.3390/s17030552
https://doi.org/10.1016/j.ijheatfluidflow.2008.04.007
https://doi.org/10.1016/j.ijheatfluidflow.2008.04.007
https://doi.org/10.1016/j.sna.2015.07.011
https://doi.org/10.1016/j.sna.2015.07.011
https://doi.org/10.1016/j.sna.2015.07.011
https://doi.org/10.1016/j.joule.2021.06.008
https://doi.org/10.1016/j.joule.2021.06.008
https://doi.org/10.1063/1.5134459
https://doi.org/10.1063/1.5134459
https://doi.org/10.1063/1.5134459
https://doi.org/10.1115/1.2824065
https://doi.org/10.1115/1.2824065
https://doi.org/10.1115/1.2824065
https://doi.org/10.1115/1.3247454
https://doi.org/10.1115/1.3247454
http://www.crystallography.net/cod/7215448.html
https://doi.org/10.1063/1.4884638
https://doi.org/10.1063/1.4884638
https://doi.org/10.1068/htrt171
https://doi.org/10.1068/htrt171
https://doi.org/10.1002/anie.201608924
https://doi.org/10.1002/anie.201608924
https://doi.org/10.1002/anie.201608924
https://doi.org/10.1021/acs.chemmater.9b04899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b04899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2353704
https://doi.org/10.1063/1.2353704
https://doi.org/10.1557/jmr.2018.83
https://doi.org/10.1557/jmr.2018.83
https://doi.org/10.1016/j.mattod.2018.04.004
https://doi.org/10.1016/j.mattod.2018.04.004
https://doi.org/10.1016/j.mattod.2018.04.004
https://doi.org/10.1016/j.chempr.2020.09.005
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c23038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



