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ABSTRACT: All-solid-state batteries (ASSB) can potentially achieve high
gravimetric and volumetric energy densities (900 Wh/L) if paired with a lithium
metal anode and solid electrolyte. However, there is a lack in critical understanding
about how to operate lithium metal cells at high capacities and minimize unwanted
degradation mechanisms such as dendrites and voids. Herein, we investigate how
pressure and temperature influence the formation and annihilation of
unrecoverable voids in lithium metal upon stripping. Stack pressure and
temperature are effective means to initiate creep-induced void filling and decrease
charge transfer resistances. Applying stack pressure enables lithium to deform and
creep below the yield stress during stripping at high current densities. Lithium
creep is not sufficient to prevent cell shorting during plating. Three-electrode experiments were employed to probe the kinetic and
morphological limitations that occur at the anode−solid electrolyte during high-capacity stripping (5 mAh/cm2). The role of
cathode−LLZO interface, which dictates cyclability and capacity retention in full cells, was also studied. This work elucidates the
important role that temperature (external or in situ generated) has on reversible operation of solid-state batteries.
KEYWORDS: Li metal, solid electrolyte, solid-state battery, contact mechanics, electrodeposition, electrodissolution

■ INTRODUCTION
Li metal all-solid-state batteries are energy-dense alternatives to
conventional lithium-ion batteries.1 However, current lithium
metal solid-state batteries suffer from low energy and power
densities due to a range of instabilities that occur at lithium
metal−solid electrolyte interfaces. Void or pore formation
upon electrodissolution or stripping can lead to a decrease in
interface contact area and increase in constriction resist-
ance.2−8 Increasing the stack pressure can increase the
electrode−electrolyte contact area, decrease interfacial resist-
ance and ensure void mitigation over cycling.7,9 Computational
and experimental work have recently shown that there is a
critical stack pressure required for maintaining conformal
contacts between Li−SE interfaces.10−12 This also holds true
for aqueous Li-ion batteries (< 500 kPa), but solid-state
batteries generally require higher stack pressure (1−100
MPa).13

The optimum stack pressure depends on the solid
electrolyte, current density, operating temperature, and the
volume-changing properties in the subsequent cathode. For
example, garnet oxide electrolytes (Li7La3Zr2O12) require a
critical stack pressure of 3.4 MPa but are prone to mechanical
fracture over 50 MPa. Sulfide electrolytes are softer and can
withstand higher pressures (>100 MPa), but Li metal is prone
to extrude through the electrolyte.10,14 Within the optimum
range, the creep behavior of Li metal is one of the most
dominant factors in maintaining interfacial contact properties.7

Li metal is viscoelastic with high volumetric strain and hence,
stack pressure can facilitate Li creep under dynamic
conditions.15 This can effectively suppress voids, regulate Li
dissolution kinetics and prevent plating-induced dendrites. At
high current densities and high stripping capacities, the electro-
chemomechanical behavior of Li metal significantly changes to
form large vacancy accumulated regions. Hence, stress-assisted
creep has to compete to annihilate the pores and prevent
contact loss. The dynamic property of creep against current
density significantly impacts Li stripping morphologies and cell
shorting.
In this work, we studied the creep-induced properties in

lithium metal solid-state batteries containing a garnet LLZO
solid electrolyte. Specific focus was spent on understanding
how plating and stripping dynamics are impacted in high-
capacity operating modes (5 mAh/cm2). Due to its intrinsic
chemical stability against Li metal, LLZO is an excellent model
system to evaluate the chemomechanics of Li metal. Prior
reports showed that LLZO forms insulating surface carbonates
(Li2CO3) in the air, which decreases its lithiophilicity. In this
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work, an O2-assisted processing approach was employed to
prepare carbonate-free LLZO which is readily wetted by Li
metal upon contact.16 After applying a stack pressure and
subsequent melting of Li, a conformal contact with a resistance
<5 Ω cm2 can be achieved. We showed that the interfacial
surface roughness (Li and LLZO), capacity, and current
density significantly affect the morphological stability of Li
during stripping, which indicates an enhanced void growth due
to vacancy accumulation. We demonstrated that applying stack
pressure is an effective method to enable stripping at high
current densities due to the high creep rate. However, stack
pressure alone cannot mitigate and solve for unrecoverable
voids which form during the first stripping cycle. We explore
how operation at elevated temperatures can improve the
reversible operation of high-capacity lithium metal solid-state
batteries.17,18 Combining pressure and temperature can
significantly improve the chemomechanics of Li to enable
stable and long-term cycling. Utilization of in situ generated
heat may provide a way for lithium metal to self-repair under
full cell operating conditions.

■ EXPERIMENTAL SECTION
LLZO Solid Electrolyte. Ta-doped Li7La3Zr2O12 solid electrolyte

was prepared by ball milling the precursors. LiOH was pre-dried at
200 °C for 6 h, and La2O3 was pre-dried at 900 °C for 10 h. The two
prior precursors were mixed with ZrO2 and Ta2O5 in the
stoichiometric ratio. Anhydrous isopropanol was used as the milling
solvent. The ball milling was carried out in a Pulverisette premium 7
ball mill for 4 h at a rotation speed of 500 rpm. The mixer was then
dried under air for solvent evaporation and collected via sieving. The
precursor powder was then annealed at 900 °C for 8 h in air. Another
round of ball milling was carried out to reduce the particle size (350
rpm, for 2 h). The powder was then pelletized by using a pellet die
under 300 MPa for 15 min. For the symmetric and full cell studies, a
pellet die of 10 mm diameter was used. For the 3-electrode setup, a
pellet die of 20 mm diameter was used. The pellets were then covered
with additional LLZO (mother powder) and sintered under O2 flow
at 1235 °C for 8 h. After sintering, the pellets were cleaned and wet
polished with sandpapers to ensure a smooth surface. The final pellets
have a relative density of 95−96% and thickness of around 1.5 mm.
After polishing, the pellets were immediately transferred to an Ar-
filled glove box to avoid Li2CO3 growth on the surface.
Cell Assembly. Lithium foils were punched into 4 mm diameter

electrodes and attached to the LLZO surface at 2 MPa. Copper foil
was pressed on top of Li foil as the current collector. To ensure
negligible interfacial contact resistance, the Li−LLZO assembly was
heated up to 250 °C for 30 min. The symmetric cells were cycled in a
pressure cell setup (Figure S1a−c). A custom designed 3-electrode
setup made of PEEK was utilized for stripping and plating
experiments. A small Li metal disk (2 mm diameter) was used as
the reference electrode in the 3-electrode setup. The Li disk was
attached to a copper rod and inserted into the PEEK chamber.

All full cells utilized the LiFePO4 (LFP) cathode active material.
The composite cathode included LFP, conducting carbon (super P),
PVDF binder, and LiTFSi salt with a weight ratio of 55:10:10:25. N-
methyl-2-pyrrolidone (NMP) was used as the solvent. The wet slurry
was cast on a carbon-coated aluminum foil and dried at 100 °C for 24
h to remove the solvent. Cathode disks (4 mm diameter) were
punched from the dry film and attached to LLZO by applying 10 MPa
of pressure. Both symmetric and full cell assemblies were then placed
inside a modified pressure cell setup where the stack pressure was
applied with a compressing jig. A compression load cell (Omega
Engineering) was used to monitor the stack pressure. To avoid cell
relaxation over time, a stainless steel spring was attached to the
compression jig.
Materials and Electrochemical Characterization. X-ray

diffraction (XRD) was carried out on LLZO powders and pellets in

Rigaku Smart Lab (Cu Kα X-ray). The diffraction patterns were taken
from 10 to 50° with 0.01° step size. Potentiostatic electrochemical
impedance spectroscopy (PEIS) was carried out using Biologic SP300
(maximum frequency 7 MHz) and VMP3 (maximum frequency 1
MHz) potentiostats. The lowest frequencies for symmetric and full
cells were 1 Hz (SP300) and 100 mHz (VMP3) with an amplitude of
50 mV. Electrochemical impedance spectroscopy was also carried out
to measure the ionic conductivity of sintered LLZO pellets. The
impedance spectra was fitted using RelaxIS software. Cycling profiles
for the symmetric and full cells were conducted under a galvanostatic
current. Full cells with a LFP composite cathode were cycled between
2.5 and 4 V. Cyclic voltammetry (CV) measurements were carried out
on full cells with a scan rate of 0.1 mV/s.

Surface Profiling. Surface mapping of LLZO was carried out on a
laser scanning confocal microscope (Olympus OLS5000) with a 50×
objective lens. The map resolution was 0.25 μm (x and y) and 0.0008
μm in the z-direction. To obtain comprehensive images, data from 9
scans were stitched together to construct each image. This process
resulted in a total measurement area of 715 × 715 μm2 per image.
Line profiles of surface roughness were examined with the
instrument’s software package to get an initial understanding of the
surface topography. The height data from the image was saved as .csv
files for more detailed topography analysis.

Computational Modeling. A three-dimensional (3D) contact
model was built to simulate the Li−LLZO interface while exposed to
an applied stack pressure. The model considers the LLZO surface
roughness, lithium metal deformation, and lithium creep based on the
methods reported in the following references.7,12,19 A representative
computational domain of 400 μm × 400 μm is selected for contact
analysis. The contact conditions are

p x y P A( , )d geo Li= · _ (1)

p x y x y x y

p x y x y x y

( , ) 0, gap( , ) 0; ( , )

( , ) 0, gap( , ) 0; ( , )

> =

= > (2)

x y u x y h x y h x ygap( , ) ( , ) ( , ) ( , )z LLZO Li creep r= +
(3)

where p(x,y) is the normal pressure distribution on the Li surface, Γ is
the contact region, P is the average stack pressure, Ageo_Li is the
geometric area of the Li surface, gap(x,y) is the interfacial gap
between Li and LLZO, uz(x,y) is the normal elastoplastic deformation
of Li, hLLZO is the surface roughtness of LLZO, hLi‑creep(x,y) is the
height reduction due to Li creep, and δr is the rigid-body approach.
The conjugate gradient method (CGM)20 and the continuous
convolution fast Fourier transform CC-FFT algorithm were
implemented in this approach21−23 to solve the contact problem in
eqs 1−3.

Area Specific Resistance Calculation. The interface resistance
can be determined by7

R
A

ASR
int

c
=

(4)

where ASR is the area specific resistance between the solid electrolyte
and lithium metal anode and Ac is the projected contact area between
the electrolyte and electrode.24 The area specific resistance between
the anode and the solid electrolyte can be monitored during
electrochemical stripping and plating experiments. The area specific
resistance is initially small because the solid electrolyte is polished
prior to stripping experiments, and lithium is melted directly to the
solid−electrolyte interface. Surface contamination and roughness can
impact continuous contact between the lithium metal and solid
electrolyte and increase the area specific resistance of a cell. The
surface roughness of LLZO in this study is about Rq = 0.8 μm
(Figures S2 and S3). Based on the material parameters (elastic
modulus, Poisson’s ratio, yield strength) (Table S1) and the
experimental data, the ASR value was estimated to be around 15 ±
0.5 Ω cm2. The contact area maps are shown in Figure S7. Figure S8
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shows how contact area changes at 5 MPa and 60 °C for each cell
stripped in Figure 1a.
Li Creep. The indentation rate, ϵi̇_creep, for the lithium creep law

can be expressed as follows:

x y
h x y

u x y
( , )

( , )

( , )i creep
i creep

Li
=_

_

(5)

where uLi(x,y) is the lithium normal elastoplastic deformation, ϵi̇_creep
is zero in the noncontact regions, and ḣi_creep is the height reduction
rate due to lithium creep. The height reduction can be determined
from the experimental data7,15,25 with the following relationship:
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Y
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Li= ·_

(6)

where Cr is a material constant, Qc is the creep activation energy, R is
the gas constant, and m is the stress exponent at T = 298 K. The
values for m and Cr exp(−Qc/RT) are influenced by the thickness of
the Li metal.5,26 The experimental data assumed m = 12 and
Cr exp(−Qc/RT) = 4.5 × 10−8 MPa−12 s−1.

■ RESULTS AND DISCUSSION
High-Capacity Utilization of Lithium Metal and Initial

Contact. The initial interfacial resistance Rint (or contact
resistance) of Li−LLZO generally depends on a few critical
parameters: surface contamination of Li and LLZO, the
presence of Kirkendall voids, and existence of delamination
regions.27 All LLZO pellets in this study were prepared under
O2, and thus the initial interfacial resistance (Rint) is likely due
to incomplete contact between the anode and solid electrolyte.
Lithium metal exhibits creep-induced deformation under stack
pressure which can potentially depress the voids. The
deformation is considered purely plastic and driven by the
dislocation glide of Li from the bulk region to the interface. To
avoid high creep-induced strain, we used Li foils with
thicknesses between ≈80 and 100 μm. These films only
undergo <3% of strain at 15 MPa.5 Lithium can form a nearly
permanent contact with LLZO even after pressure is removed
because it is highly adhesive. The surface of the lithium anode

Figure 1. Nyquist plots showing the interfacial resistance of the working electrode (stripping) for four different symmetric cells (a). Stripping
profiles of the symmetric cells (b) and change in interfacial resistances due to Li creep (c). Solid lines represent simulated resistances.

Figure 2. Stripping and plating profile of a Li−LLZO−Li symmetric cell (2-electrode) at 5, 10, and 15 MPa at (a) 20 °C, (b) 35 °C, and (c) 50 °C.
Change in the interfacial resistance due to Li creep (during post-stripping hold) at (d) 20 °C, (e) 35 °C, and (f) 50 °C. Error bars represent an
average of 3 experiments. (g) Contact maps of surfaces before and after creep at 5 and 15 MPa for 2 h.

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

https://doi.org/10.1021/acsami.3c05886
ACS Appl. Mater. Interfaces 2023, 15, 37401−37409

37403

https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


becomes rough and the electrode−electrolyte contact area
decreases upon stripping.28 The bulk lithium also experiences
morphological changes due to the increased number of
vacancies.29 These phenomena get worse at high current
densities. Theoretical and experimental studies suggest that Li
creep is a dominant mechanism for the void annihilation and
restabilization of the interfaces.16,30 We observed a correlation
between initial Rint and lithium metal relaxation at the
electrolyte surface (Figure 1a,c). We assembled four different
cells with varying degrees of interfacial resistance (e.g., contact
area) (R0 = 2, 13, 30, and 120 Ω cm2). Each cell was cycled at
0.3 mA/cm2, 5 MPa, and 5 mAh/cm2 (thickness ≈25 μm).
The cell with R0 of 120 Ω cm2 displayed a high degree of
polarization (>300 mV) after the Li dissolution process,
whereas the cell with R0 of 2 Ω cm2 showed limited
polarization (Figure 1b). The cells were then rested for over
2 h, during which EIS was conducted intermittently. Lithium
creep was more visible in the cells assembled with a high initial
interfacial resistance. Li creep improves the interfacial contact
by filling up the voids (from 1600 to 500 Ω·cm2). The creep
effect was minimal in the cells with smaller R0 and almost
negligible for R0 of 2 Ω cm2 (Figure 1c).
High-Capacity Utilization of Lithium Metal and

Operating Temperature. High per-cycle areal capacities
(≈5 mAh/cm2) are necessary for adoption of lithium metal
solid-state batteries. External operating conditions, including
applied pressure and temperature, can influence the reversible
operation of lithium metal batteries. A symmetric Li−Li cell at
20 °C can strip ≈5 mAh/cm2 of lithium metal at 5, 10, and 15
MPa against a garnet LLZO solid electrolyte (Figure 2a). No
polarization was observed in cells held at 10 and 15 MPa and

cells held at elevateed temperatures 50 °C. Significant
polarization was observed in the cell held at 5 MPa and 20
°C. Increases in cell polarization during stripping is a signal of
severe void formation or large changes in contact area at either
or both of the lithium electrodes. Each cell (e.g., 5, 10, and 15
MPa) at 20 °C immediately shorts upon reversing the
direction of the current flow. Cells held at slightly elevated
temperatures around 35 and 50 °C demonstrated reversible
high per-cycle capacities and low overpotentials that were
independent of operating pressure (Figure 2b,c).
Void formation and loss of electrode contact are common

after high-capacity stripping. Lithium creep was monitored
using electrochemical impedance spectroscopy after stripping 5
mAh/cm2 capacity (Figure 2d−f). In the absence of an electric
field (no electrical current), we can directly monitor changes in
the contact surface area as a result of lithium diffusion and
creep as a function of pressure and temperature. Lithium metal
is viscoelastic and should deform and experience creep
dynamics when there is an applied stack pressure. At the
atomic scale, Li creep drastically reduces the dislocation
density and diffusion barriers between Li vacancies and
adatoms.31 Cells exposed to high stack pressures will have
more dislocations and thus experience a greater adatom
diffusion to the interface and void filling. Stack pressure can
improve overall contact resistance. Despite the potential
improvement with an applied pressure, all cells only
demonstrated limited improvement in the interfacial resistance
over time when held at a elevated stack pressure.
The horizontal dashed lines in Figure 2d−f are the initial

native state prior to stripping, and the markers represent
impedance measurements taken during a 2-h resting period.

Figure 3. Stripping and plating profiles of a symmetric cell with high contact resistance, showing the plating-induced shorting at 0.8 mA/cm2 in a 3-
electrode setup. The stripping side has a negligible impact on cell shorting (a). Li stripping profiles (working electrode) at the current density of
0.3, 0.5, and 0.8 mA/cm2 (b). Li plating profiles (counter electrode) at the current density of 0.3, 0.5, and 0.8 mA/cm2. Stack pressure was 5 and 15
MPa (c). Schematic of Li plating mechanism at low and high current densities (Ji), displaying the effects of irregular and isolated Li deposition on
LLZO. Figures to the right of original figure are after a period of time (d).
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The interfacial resistance was almost identical for all cells held
at different pressures and the same temperature. Overall the
interfacial resistance decreased from around 50 Ω cm2 at 20 °C
(Figure 2d) to 12 Ω cm2 at 50 °C (Figure 2f). The largest
change in the interfacial resistance was observed for the cells
with 5 mAh/cm2 capacity stripped at 5 MPa and 20 °C. These
cells experienced a nearly 3× increase in the interfacial
resistance to 150 Ω cm2. After static holding, the interfacial
resistance decreased to 100 Ω cm2 (Figure 2d). The interface
resistance increased universally for all cells. Lithium has an low
yield stress (σLi = 16 MPa)12,32 which suggests that the lithium
either forms unfavorable and nonuniform morphologies (e.g.,
nano- or microstructure) and/or has contamination which
makes it unable to recover its initial form at all pressures and
temperatures studied. The electrode−electrolyte contact area
was modeled using the contact model. Interfaces with high
interfacial resistances see an increase in the contact area from
10 to 17% while holding an applied stack pressure as low as 5
MPa. Holding the cell at an elevated pressure resulted in an
improvement in the contact area from 31 to 51% after high-
capacity stripping and stack pressure holding protocol (Figure
2g). Stack pressure can induce lithium creep and aid in
improving the contact area between the anode and solid
electrolyte. However, these improvements are limited. All cells
across all pressures and temperatures could not achieve the
original contact area before stripping, suggesting that there are
unrecoverable voids formed during the first stripping cycle.
Because of the high dependence of the creep rate on stress, the
creep rate slows down dramatically with time as the peak
contact stresses are relieved. Thus, getting back to the original
contact area would take an inordinate amount of time.
Balancing stripping and plating mechanisms with an
intercalation reaction is critical for overcoming these dynamics
that cause irreversible harm.
High-Capacity Stripping Impact on Li Plating and

Dendrite-Induced Shorting. Symmetric cells will have
stripping and plating occur at the same time but different
electrodes (working and counter). Lithium stripping creates
unrecoverable voids which may drive increasing overpotentials
and hot spots for degradation. Lithium deposition can result in
the formation and growth of lithium filaments and dendrites.
The underpotential during the plating process is related to the
initiation of Li nuclei (Li+ + e− → Li0) on the Li metal anode.
Previous reports have shown that Li prefers to nucleate at
surface irregularities at the LLZO surface.33 The size, shape,
and density of Li nuclei depends on the current density and

temperature. The thickness of the bulk Li grows during
electrodeposition. This expansion or growth of lithium metal
can induce stress points (hydrostatic) which lead to irregular
lithium growth (filament, whiskers, etc.). This instability can
induce cell shorting. To examine the effects of high-capacity
lithium metal utilization on both the stripping and plating, we
assembled a 3-electrode experiment (Figure 3a). A quick drop
of plating voltage often means a dendrite has formed. It is
unlikely that the stripping process has any influence on this
mechanism. We also observed that, if the current is reversed
before the voltage drops down to ≈0 V, the dendrite can be
pushed back, and this prevents shorting. Stack pressure-
induced Li creep has limited impact on the plating electrode.
The stripping overpotential increases with increasing current
density and decreasing pressure which confirms our initial
observations (Figure 3b). Pressure has less of an impact on the
overpotential when examining the plating electrode response
(Figure 3c). At low plating current densities (e.g., Ji ≪ CCD),
there is a slow growth of lithium metal at the plating electrode
which can improve the uniformity of the film (Figure 3d). In
contrast, high current densities (e.g., Ji = CCD) can lead to (i)
uncontrolled and irregular Li growth (vertical and lateral), (ii)
mechanical failure of electrolyte (ablations and cracks), and
(iii) increase in interfacial electronic properties (Figure 3c).
These degradation mechanisms were not observed on the
stripping electrode. Instead a dark red shade of few microns
was observed on the stripping side (Figure S10). The origin of
this dark red is either from corrosion with the current collector
or reactions with nitrogen and trace contaminants. Lithium
contamination comes in many forms and is highly dependent
on working environment and lithium source. Overall pressure
and current density have a greater impact on the morphology
of the stripping electrode than the plating electrode.

Lithium Metal Creep and Critical Current Density. To
understand the impact that lithium metal creep has on the
critical current density, we ran two types of CCD tests. The
first was a conventional constant capacity CCD test, while the
second had periods of hold to facilitate creep before increasing
the current. The cells with the lithium creep protocol
experienced a 15 min rest step at 15 MPa before increasing
the current. This stabilization step can induce lithium metal
creep and restabilize the interface. All cells had excess lithium
metal (25 mAh/cm2) and cycled 1 mAh/cm2 during each
cycle. At room temperature, the critical current density was
around 0.6 mA/cm2. The cell with the creep protocol
experience a significantly higher CCD of 1.1 mA/cm2 (Figure

Figure 4. Attainable critical current density (CCD) for LLZO at 20 °C with and without creep protocol (a) CCD of LLZO at 60 °C (b).
Comparison of room-temperature (20−25 °C) critical current densities (CCD) reported for Li metal and LLZO. “Bare LLZO” represents CCD of
Li−LLZO without any interlayer or surface alterations.35−39 “Interlayers/Alloys” represents CCD, where a thin interlayer or alloying mechanism
was used to increase the wettability.40−46 “Interlayers/Alloys” represents CCD where the surface structure of LLZO was modified by patterning47,48

(c).

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

https://doi.org/10.1021/acsami.3c05886
ACS Appl. Mater. Interfaces 2023, 15, 37401−37409

37405

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c05886/suppl_file/am3c05886_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c05886?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c05886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4a). This is noticeably higher than what frequently has been
reported in the literature (Figure 4c). However, it should be
noted that a higher critical current density (>6 mA/cm2) has
been demonstrated but while cycling less lithium per cycle.34

The effect of high stack pressure and subsequent creep (due to
resting) is evident from the EIS measurements as they showed
almost no increase in interfacial resistances. Generally, high
critical current densities in the LLZO cell is achieved by the
introduction of a lithiophilic interlayer (Au, In, ZnO) to
increase the Li wettability (Figure 4c). In this work, we show
how lithium creep can influence the CCD. This observation is
more obvious at elevated temperature 60 °C. The CCD was
greater than 4 mA/cm2 at 60 °C due to a substantially higher
creep rate (Figure 4b). We also looked at the stripping limit of
LLZO where Li can be stripped up to 2.4 mA/cm2 at 20 °C
without shorting (e.g., critical stripping current density,
CCDstripping) (Figure S9). Stack pressure-induced deformation
(static and transient) enables greater stability in lithium metal
electrodissolution at higher current densities. However,
reversal of the current in the deposition step is dependent
on the contact between the stripping electrode and solid
electrolyte.
Reversible Operation of High-Capacity Lithium in

Full Cells. Often void and filament formation in lithium metal
is studied in model symmetric or three-electrode cells. These
experiments do not fully capture the dynamics that would
happen in a full cell where the cathode may undergo a zero-,
positive-, or negative volume change. To examine the role of
stack pressure on performance, we assembled full cells with a
LiFePO4 (LFP) composite cathode. LFP shows very small
volume change upon lithiation/delithiation and is chemically
stable against LLZO. Two operating conditions were
considered: 0.2C at 20 °C and 0.4C at 60 °C (Figures 5a,b,
S14, and S15). Both operating conditions showed a low
Coloumbic efficiency of (<70% for 20 °C and <90% for 60 °C

in the 1st discharging cycle). Increasing the stack pressures
increases the capacity for all cells held at 20 °C (Figure 5a). At
elevated temperatures, the capacity of the full cells are
improved by 50%, but the capacity appears to be independent
of the applied pressure (Figure 5b). While the discharge
capacity is 30−43% less than the theoretical capacity (170
mAh/g), the capacity retention was excellent over 100 cycles
(Figure 5b).
Thin, low areal capacity cathodes do not mimic the current

density regimes that are common with short-circuiting. To
examine critical current density regimes, we assembled high-
capacity composite cathodes with areal capacities around ≈4.6
mAh/cm2 at 60 °C. Increasing the capacity leads to absolute
current densities of ≈1.8 mA/cm2 at 0.4C. At 0.2C (current
density 0.9 mA/cm2), the cell delivered a capacity of 117
mAh/g with excellent retention (Figure 5d). The cell
polarization increases and capacity decreases when C-rate
increases (Figures 5d and S16). The discharge capacity
gradually decreased from 105 to 95 mAh/g within 12 cycles,
and a short-circuiting occurred during the 13th cycle. The
capacity decline and sudden shorting of the full cell can be
attributed to the dendrite formation-growth phenomena which
is similar to what we observed in symmetric cells. Similar
shorting in full cells for high areal loading was reported for
sulfide electrolytes with NMC cathodes, but the electro-
chemical signature for shorting in LLZO is different.49 The cell
resistance decreases and electrochemical impedances moves to
the left after shorting (Figure 5c). The cell was recovered by
discharging the cell at 0.1C. EIS before and after the slow
discharge demonstrates how the cell goes from shorted to
unshorted (Figure 5c). The ability to revive a cell, post short, is
commonly observed in symmetric cells when lithium creates a
bridge between each electrode. Li metal can be reduced to the
anode (Li+ + e− → Li). This provides additional insights into
the role Li−LLZO interface plays in a full cell. Despite the

Figure 5. Stack pressure dependent cycling performance of a Li−LLZO−LFP full cell at 5, 10, and 15 MPa at (a) 0.2C, 20 °C, and (b) 0.4C, 60
°C. The areal capacity of the cathode was 2 mAh/cm2. (c) Cell resistance evolution of Li−LLZO−LFP full cells with thicker cathode (4.6 mAh/
cm2 areal capacity) after cycling at 0.2C and 0.4C. (d) Galvanostatic charge/discharge profiles at high current density showing cell failure at 0.4C at
13th cycle and subsequent recovery after slow discharging (0.1C). (e) Cycling performance of the cell at 0.2C and 0.4C. Operating temperature
was 60 °C and stack pressure was 10 MPa.
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unwanted increase in cell resistance, the formation of CEI layer
does not drastically affect the cell performance (Figure S14).
However, upon further cycling at a high C-rate, high anodic
interfacial voids and irregular plating can decrease the lifetime
of the battery. Similar to symmetric cells, full cells also require
an optimum stack pressure (>10 MPa) to maintain a stable
Li−LLZO interface.

■ CONCLUSIONS
High-capacity utilization of lithium metal is critical for
achieving high energy density solid-state batteries that can
displace conventional batteries. There are several notable
challenges that need to be overcome to achieve reversible
operation of 5 mAh/cm2 capacity of lithium metal. First, most
studies work with excess lithium metal to avoid irregular and
nonuniform stripping and plating dynamics. The latter is likely
highly dependent on cell geometry and adhesion between
components. The second challenge is the formation of voids at
the anode interface upon electrodissolution. Voiding can create
local hot spots that drive high current densities and premature
failure. Herein, we show that stack pressure is not enough to
overcome these unrecoverable voids and becomes less
important when pairing lithium metal with a volume-changing
cathode. Thermal treatment provides a potentially faster and
more reliable way to heal voids and improving the overall
reversibility of a lithium metal anode. More work is needed to
understand how intrinsic thermal properties (e.g., thermal
gradients, joule heating, etc.) can be implemented to reduce
the presence of unrecoverable voids in high-capacity lithium
metal anodes.
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