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Taming Metal–Solid Electrolyte Interface Instability via
Metal Strain Hardening

Lihong Zhao, Wei Li, Chaoshan Wu, Qing Ai, Liqun Guo, Zhaoyang Chen, Jie Zheng,
Matthew Anderson, Hua Guo, Jun Lou, Yanliang Liang, Zheng Fan, Juner Zhu,
and Yan Yao*

Solid-state lithium metal batteries have emerged as a promising technology
for electric vehicles due to their high specific energy and safety potential.
Obtaining intimate contact between Li and electrolyte during cell fabrication,
however, remains challenging. Adequate fabrication pressure is required to
promote close contact, but this pressure can cause Li deformation and
penetration into the electrolyte, resulting in poor battery performance. Here, a
strategy for addressing this problem is presented by incorporating 3 at% Mg
into Li. Unlike pure Li which obeys the Voce hardening law and allows
unconstrained deformation, Li─Mg alloy follows the Swift hardening law and
strengthens with strain under compression stress. Because of the constrained
deformation of Li─Mg, intimate contact with solid electrolytes is possible
even at high fabrication pressure (50–65 MPa), resulting in high critical
current densities. These findings underscore the importance of understanding
Li metal deformation properties to improve solid-state battery performance.

1. Introduction

The demand for high-energy and high-power batteries is ever-
increasing in consumer electronics and electric vehicles.[1]
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All-solid-state lithium metal batteries
are emerging as a promising alterna-
tive to conventional liquid-electrolyte
batteries, with the potential for higher
specific energy and improved safety.[2,3]

Sulfide-based electrolytes have garnered
significant attention due to their high
ionic conductivity, comparable to that
of liquid electrolytes.[4,5] Most sulfide
electrolytes can be easily processed
into films or pellets at room tempera-
ture, eliminating the need for energy-
intensive sintering procedures.[6,7]

Argyrodites, such as Li6PS5X (where
X is halogen), have recently become
popular due to their self-passivating
ability at the Li–metal interface, lead-
ing to greater kinetic stability during cell
operation.[8,9]

An energy-dense anode, in addition to electrolytes with high
conductivity and good processability, is a critical component of
solid-state batteries. Lithium (Li) metal is regarded as the ulti-
mate anode material because of its high specific capacity and low
potential.[10,11] Poor interfacial contact between Li metal and the
electrolyte, on the other hand, remains a major obstacle to achiev-
ing high current densities in solid-state batteries.[12] This is due to
the rough surfaces of the Li metal and electrolyte, which limit the
effective contact area at the interface,[13,14] leading to increased lo-
cal current density and eventual cell failure.[10] One approach for
improving interfacial contact is to apply higher pressure during
cell fabrication. For instance, near-zero interface resistance was
reported in oxide-based solid-state batteries after isostatic press
at 400 MPa.[15,16] However, it is not possible to apply such high
fabrication pressures when using sulfide electrolytes and lithium
metal at the same time. Pressure-induced shorting was observed
when sulfide electrolyte and Li metal were pressed at 75 MPa or
lower pressures.[17–19] This is due to a combination of electrolyte
surface defects,[18] the low yield strength of Li metal,[20,21] and
the low fracture toughness of sulfide electrolytes.[22] Therefore,
achieving intimate Li–electrolyte contact while avoiding mechan-
ical damage to the electrolyte is a significant challenge.

Several approaches have been proposed to address the
challenge of balancing the requirement for high fabrication
pressure to ensure intimate interfacial contact between Li and
electrolyte while preventing Li from penetration. One strat-
egy is to use appropriate pressurization techniques, such
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as short-time, high-pressure fabrication[18] or long-time,
moderate-pressure fabrication,[19] to reduce contact resis-
tance without short-circuiting the cell. Another option is to
use mechanically robust alternative materials. For instance,
an electrolyte with a smoother surface and smaller grain size
reduces the possibility of Li penetration.[14] Alternatively, soft Li
metal can be replaced with rigid Li intermetallic alloys, which,
at the expense of increased anode potential, also inhibit anode
penetration into the electrolyte at high fabrication pressure.[23,24]

A Li solid solution with a similar redox potential to Li metal,
such as Li─Mg alloy, has also been investigated as a promis-
ing alternative anode material.[25] In comparison to many met-
als with limited solubility in Li,[7,26–28] Mg is a one-of-a-kind el-
ement with a high solubility with up to ≈70 at% in the Li BCC
phase,[28] enabling the Li─Mg alloy to maintain phase stability
despite high stripping capacity. After delithiation, Li─Mg alloy
showed improved contact with oxide electrolytes.[29–33] However,
no reports of its use in sulfide-based electrolytes have been pub-
lished, and further research is needed to understand the mechan-
ical properties of Li─Mg alloy and their impact on the metal–
electrolyte interface. Both Li and 𝛽-phase Li─Mg alloy have the
same BCC lattice structure and similar redox potential (0 V and
1 mV vs Li+/Li).[32] The low redox potential facilitates the pas-
sivation of argyrodite electrolyte (e.g., Li6PS5Cl) with decom-
position products such as Li2S, Li3P, and LiCl at both metal
surfaces.[34]

In this work, we report a method for suppressing metal pen-
etration into the sulfide electrolyte at high fabrication pres-
sures using a commercially available Li─Mg alloy (10 wt% Mg,
Li0.97Mg0.03) anode. We determined the optimal pressure range
for achieving optimal interfacial contact. Our results show that
the different strain-hardening properties of Li─Mg alloy ver-
sus pure Li play a crucial role in preventing electrolyte penetra-
tion, which we validated using tensile and compression tests as
well as finite element modeling. As a result, this method en-
ables high-current cycling in solid-state batteries. This method
strikes a balance between the need for high pressure to ensure
intimate contact between Li and electrolyte and the protection
of the electrolyte. Our research highlights the significance of
mechanical properties of metal electrodes in solid-state battery
processing.

2. Results and Discussion

2.1. Intimate Contact and Electrolyte Integrity at the Same Time

By using Li─Mg alloy instead of pure Li, we achieved inti-
mate metal–electrolyte contact without causing metal penetra-
tion into solid electrolytes through surface defects (Figure S1,
Supporting Information). To assess the simultaneous interfa-
cial contact and the electrolyte integrity, we used electrochem-
ical impedance spectroscopy (EIS).[15,18] Figure 1a,b plots the
evolution of impedance spectra of symmetric cells with Li and
Li─Mg electrodes, and Li6PS5Cl (LPSCl) electrolyte with increas-
ing fabrication pressure. Randle’s circuit was used to fit the
EIS spectra, as illustrated in the inset of Figure 1a and Figure
S2, Supporting Information, where Rbulk represents the ionic
resistance of the electrolyte and Rint represents the interface
resistance.[15,17,18,35]

Figure 1f summarizes the evolution of Rint during the pressur-
ization process, considering two interfaces in symmetric cells.
The overall trend is that interfacial resistance decreases as the
fabrication pressure increases, as previously observed in studies
using garnet electrolytes[15] and attributed to metal anode plas-
tic deformation. In these studies, Rint shows an inverse corre-
lation with external pressure less than 41 MPa.[13] In our tests
with sulfide electrolytes at low pressures (<40 MPa), Rint fol-
lows P−1.20 and P−0.88 scaling laws in symmetric cells with Li and
Li─Mg, respectively (Figure 1d,e). Above 40 MPa, Rint rapidly de-
creases with ≈P−3 scaling, suggesting a different metal deforma-
tion mechanism.[15,20] When the pressure rises above 40 MPa the
metal–electrolyte comes into close contact.

Interestingly, we discover that at moderate pressures less than
40 MPa, simply increasing fabrication time is insufficient to
achieve close contact. We measured the impedance of a sym-
metric cell subjected to constant pressure over time. Figure S3,
Supporting Information, shows the impedance evolution of a
symmetric cell with a Li metal anode at 25 MPa, where there
is no decrease in Rint over 15 h. After 16 h of stacking pres-
sure, there was Li penetration and cell shorting, as shown by a
resistor-like impedance spectrum (green dot in Figure S3, Sup-
porting Information).[18] During cell fabrication, the plastic de-
formation of Li metal may involve creep deformation,[15] which
follows a power law, and the overall deformation is influenced by
the fabrication time.[20,21] The negligible change in Rint at 25 MPa
over time suggests that the contribution of time-dependent fac-
tors is minimal at the low-to-moderate pressure. This observation
could be attributed to the small aspect ratio (thickness/diameter)
of metal foil used in this work (0.007), which hinders creep de-
formation due to friction at the interfaces.[21,36]

Higher fabrication pressure improves contact but also in-
creases the risk of electrolyte penetration. Figure 1c reveals a sce-
nario of Li penetration into the electrolyte. As pressure increases,
Rbulk in symmetric cells decreases rapidly initially, most likely due
to the smaller actual contact area caused by the intrinsic rough-
ness of electrode surfaces. Above pressures above 45 MPa, Rbulk
of the cells with Li─Mg anode remains constant, indicating a
close contact with the solid electrolyte layer and a negligible ef-
fect on RSE, as measured with a symmetric cell with blocking con-
tact (Figure S4, Supporting Information). These results suggest
that an intimate contact is achieved without electrolyte cracking
or metal penetration, supporting previous research.[37] However,
at pressures above 65 MPa, Li─Mg displays a tendency to pen-
etrate solid electrolyte, as evidenced by the gradual decrease of
Rbulk. Nonetheless, using Li─Mg instead of Li establishes a pres-
sure stability window of 50–65 MPa for cell fabrication, where
Rbulk remains constant and Rint can be minimized.

In contrast, Rbulk with Li metal falls below RSE at 25 MPa and
continues to fall with increasing pressure, which suggests a de-
crease in effective electrolyte thickness and Li metal penetration
into the electrolyte.[18] This observation could be explained by the
hypothesis that Li metal begins to damage electrolyte as early at
25 MPa before intimate contact could be achieved at pressure
larger than 50 MPa.

Cross-sectional SEM imaging is used to evaluate the quality
of the metal–electrolyte interface and confirm the impedance re-
sults discussed earlier. We used an air-free vessel developed by
our group to protect the air-sensitive samples. Figure 1g–j shows
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Figure 1. Evolution of symmetric cell impedance and morphology with fabrication pressure. Impedance spectra of a) Li|LPSCl|Li cell and
b) Li─Mg|LPSCl|Li─Mg cell at different pressures. The inset shows Randle’s circuit of symmetric cell. c) Bulk resistance of symmetric cell at differ-
ent pressures. The intrinsic electrolyte resistance is measured by carbon|LPSCl|carbon symmetric cell. d–f) Interface resistance of a symmetric cell at
different pressures. Logarithmic plot of interface resistance versus fabrication pressure in symmetric cells. Circles highlight to the pressures used to
fabricate samples in (g–j). g,h) Li-electrolyte interface shows poor contact at 25 and 50 MPa. i,j) Li─Mg–electrolyte interface shows poor interfacial
contact at 25 MPa and good contact without electrolyte penetration at moderately high fabrication pressure (50 MPa). Blue and red in the color bar
represent favorable and unfavorable interfaces with respect to different fabrication pressures.

the cross-section of metal-sulfide interfaces prepared at two dif-
ferent fabrication pressures (25 and 50 MPa), corresponding to
pressures in Figure 1c,f labeled with circles. These images are
representative of the quality of contact (blue: good contact; red:
poor contact) and the integrity of electrolyte (blue: no Li pene-
tration; red: Li penetration); we color-coded such properties on
the fabrication pressure scale. Figure 1g,h shows that when Li
is used, intimate contact and damage-free electrolyte cannot be
obtained at any pressure value. In contrast, Li─Mg has a pres-
sure stability window (50–65 MPa) at which simultaneous in-
timate contact and damage-free electrolyte are possible. This is
significant because forming such a contact is required for subse-
quent cycles of uniform Li plating–stripping.[38] We attribute the

enhanced high-pressure stability of Li─Mg to its different me-
chanical properties, as shown below.

2.2. Voce and Swift Hardening Laws

Li and Li─Mg exhibit distinct levels of electrolyte penetration
during cell fabrication due to their different hardening laws.
To understand the deformation and hardening of these two
electrodes, tensile tests on dog-bone–shaped samples were per-
formed (Figure 2a). Both metals deform elastically at first, as
shown by a rapid increase in engineering stress within 1%
engineering strain (Figure 2c and Figure S5a,b, Supporting
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Figure 2. Tensile tests of Li and Li─Mg. Dog-bone samples of a) Li and b) Li─Mg before and after the tensile test. c) Engineering stress–strain curve of
Li and Li─Mg in tensile test at 1.3 × 10−3 s−1 strain rate. d) Corresponding true stress-plastic strain curve of Li and Li─Mg, calculated based on data in
(c) before necking. Experimental data of Li and Li─Mg are fitted with the Voce and Swift hardening laws, respectively.

Information). As strain exceeds the yield point, both metals
deform plastically. Based on five samples, the yield strengths
(𝜎yield, 0.2%) of Li and Li─Mg are 0.55 ± 0.03 and 0.8 ± 0.04 MPa,
respectively (Figure S5c, Supporting Information). The yield
strength of Li is comparable to previous tensile test results.[20,21,39]

Li─Mg shows a 45% increase in yield strength compared to Li
due to solid-solution hardening. Because of the low yield strength
(<1 MPa), metal anodes can deform plastically during fabrica-
tion.

The engineering stress–strain curves of Li and Li─Mg are pre-
sented in Figure 2c, with labeled necking and fracture points. In
the true stress–true strain curves (Figure 2d), only the stress–
strain profile before necking is plotted to ensure that the sam-
ple is under a uniaxial tensile state. Li shows elongation with-
out significant hardening after yielding, as evidenced by the in-
creased sample length in Figure 2a and the plastic flow region
in Figure 2d and Figure S5a, Supporting Information, where the
strain of Li increases without a corresponding increase in stress.
On the other hand, Li─Mg exhibits strain hardening, where the
true stress increases continuously with plastic strain before neck-
ing occurs when tested at the same strain rate.

The difference in the stress–strain curves of Li and Li─Mg can
be depicted with different hardening laws.[40] The Voce harden-
ing law[41] (Equation (1)) is used to fit the experimental stress–
strain curve of Li metal before the necking and predict the me-
chanical properties at higher strains, where 𝜎 is the true stress, ɛ

is the plastic strain, k0, Q are constants in the hardening equation,
and 𝛽 is the strain-hardening exponent in the Voce equation.[40,42]

The fitted parameters are listed in Table S1, Supporting Informa-
tion.

𝜎 = k0 + Q (1 − exp (−𝛽 × 𝜀)) (1)

In contrast, the stress–strain response of Li─Mg follows Swift
hardening law[43] (Equation (2)) which implies a continuous

hardening process, where A is the strength coefficient, ɛ0 is the
equivalent pre-strain, and n is the strain-hardening exponent in
the Swift equation.[42]

𝜎 = A
(
𝜀 + 𝜀0

)n
(2)

The low yield strength and good ductility of Li metal can be at-
tributed to its low melting point (Tm = 453.5 K). Li undergoes
simultaneous recovery and recrystallization when deformed at
room temperature (298 K, 0.66 Tm). It is unlikely for disloca-
tions to accumulate and entangle, thus allowing unconstrained
metal deformation.[20,21,44–46] In contrast, the introduction of so-
lute atoms (Mg) increases localized stress to initiate dislocation
motion and suppresses recovery and recrystallization.[47] Conse-
quently, the deformation of Li─Mg is constrained, especially at
large strains. This explains the differences in the yield strength
and hardening behavior between Li and Li─Mg observed in ten-
sile tests. Further increasing the Mg content is expected to in-
crease the yield strength and enhance strain hardening but may
decrease its processability as a metal anode. A high yield strength
of 77 MPa has been reported for composition Li0.34Mg0.66 near its
two-phase region,[48] which supports our finding.

2.3. Constrained Metal Deformation for Li─Mg Alloy

Metal electrodes in solid-state batteries undergo compressive
strain during fabrication. Thin metal samples hardly neck or
break when compressed, as they do in tensile tests. Instead, fac-
tors such as friction at the sample surface and barreling influ-
ence compression behavior.[21] To mimic the fabrication process,
high stresses (25 and 50 MPa) were applied to Li and Li─Mg
metal films for 2 min. The changes in area and thickness un-
der compression were used to assess the deformation behav-
ior. Figure 3a,b shows the optical images, area increase, and
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thickness change of Li and Li─Mg disks after compression. The
area of Li disks increased by 10% and 20% after compression at
25 and 50 MPa, respectively, whereas, the area of Li─Mg disks
increased by 1.5% and 4.0%.

Li and Li─Mg behave differently under compressive stress
against a solid electrolyte. The deformation of Li is governed by
Voce hardening law,[40] allowing for unconstrained plastic flow
into cracks and surface defects in the sulfide electrolyte, resulting
in the formation of a Li-in-electrolyte microstructure that serves
as a precursor for further crack propagation.[22,49] Conversely, the
Swift hardening law governs the deformation of Li─Mg, which
hinders further deformation and limits the development of a
metal-in-electrolyte structure.

Figure 3c,d models the behavior of Li and Li─Mg under pres-
sure using the finite element analysis (FEA) based on their re-
spective hardening laws and parameters obtained from the ten-
sile tests in Table S1, Supporting Information. The model con-
siders a 1 μm elliptical hole on the electrolyte surface, as shown
in Figure S1, Supporting Information, and depicts metal defor-
mation into electrolyte surface defects. We used two common
assumptions in metal deformation modeling: 1) the compres-
sive behavior and tensile behavior of Li metal are symmetric (no
Bauchinger effect) and 2) the hardening law predicts the hard-
ening curve after the necking point.[50] When external stress is
applied, Li metal deforms into the hole and completely fills it,
as seen in Figure 3c. The stress at the tip of Li remains 0 MPa,
indicating no excess stress is imposed. This results in the for-
mation of a Li-in-electrolyte structure that decreases the effective
electrolyte thickness and acts as a precursor for current accumu-

lation and stress inhomogeneity during the plating process.[20,49]

Under the same pressure, however, Li─Mg only experiences mi-
nor deformation and does not intrude into the defect, as shown
in Figure 3d, due to its strain hardening behavior in accordance
with the Swift hardening law.

In practice, much higher pressures than those modeled are
needed to initiate Li deformation and achieve intimate contact
with the electrolyte. Excess pressure may be required due to
friction between the current collector, metal anode, and solid
electrolyte (Figure 3e).[21] This friction force prevents metal de-
formation, particularly in thin metal electrodes with low as-
pect ratios.[36] Consequently, the majority of applied pressure
is converted to hydrostatic stress at the metal–electrolyte in-
terface, which has no effect on metal deformation. Moreover,
lithium metal exhibits higher yield strength at 𝜇m-scale than in
bulk samples.[39] Higher pressure is required for lithium to flow
into 𝜇m-sized pores. Fabrication pressures ranging from 25 to
100 MPa have been shown in studies to be required to gener-
ate sufficient deviatoric stresses (stress tensors that lead to defor-
mation) to enhance interfacial contact in sulfide-based solid-state
batteries with various cell geometries.[18,51,52]

2.4. Cycling Performance

Plating on a non-ideal interface can lead to cell failure. Figure
4 shows the cross-sectional images of Li and Li─Mg anodes,
fabricated at 25 and 50 MPa, respectively, after plating 3 mAh
cm−2. At the poor-contact interface (25 MPa fabricated) in both Li
and Li─Mg cases (Figure 4a,c), Li experiences inhomogeneous

Figure 3. Deformation of Li and Li─Mg under compressive stress. a) Optical image of Li and Li─Mg disks after 50 MPa compression for 2 min. The
scale bar is 1 cm. b) Area and thickness change of Li and Li─Mg disks compressed at different pressures. Finite element analysis of c) Li intrusion and
d) suppressed Li─Mg intrusion into a 1 μm surface defect. e) Schematic of a compressed metal anode attached to a solid electrolyte. Hydrostatic force
dominates at the metal–electrolyte interface.

Adv. Energy Mater. 2023, 2300679 © 2023 Wiley-VCH GmbH2300679 (5 of 9)

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300679 by U
niversity O

f H
ouston L

ibrary, W
iley O

nline L
ibrary on [16/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advenergymat.de

3 mAh cm-2 plating after 25-MPa fabrication
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Figure 4. Cross-sectional images of the interface after plating 3 mAh cm−2 for samples fabricated at 25 and 50 MPa. 3 mAh cm−2 was plated at 1 MPa
stack pressure and 0.5 mA cm−2 at room temperature on a) Li fabricated at 25 MPa. b) Li fabricated at 50 MPa. c) Li─Mg fabricated at 25 MPa. d) Li─Mg
fabricated at 50 MPa. The scale bar is 10 μm.

nucleation and growth, resulting in the formation of Li globules.
Consequently, the electrolyte cracks and promotes Li filament
growth. When fabricated at 50 MPa with Li metal, electrolyte
penetration still occurs in a similar case. However, no electrolyte
crack or Li filament is observed after Li plating when an intimate
interfacial contact is established (Figure 4d) using Li─Mg fabri-
cated at 50 MPa.

The solid solution alloy Li─Mg anode has excellent interfa-
cial contact with electrolyte, leading to exceptional cycling per-
formance at high current densities. To avoid cell short-circuiting
caused by electrolyte penetration, symmetric cells were built at
the maximum pressure allowed by Rbulk (25 MPa for Li and
50 MPa for Li─Mg). Figure 5a,b shows the results of critical cur-
rent density (CCD) tests in symmetric cells at various stack pres-
sures at 60 °C. Despite the fact that CCD is greatly influenced
by cell configuration (i.e., electrolyte thickness, conductivity, mi-
crostructure, metal thickness, and stack pressure),[14,19] a com-
parison under the same experimental conditions highlights the
cell stability at high current densities.

To avoid inaccurate measurements, impedance tests were per-
formed after each current density to inspect for short-circuits.
The CCD is defined in this work as the maximum current den-
sity before Rbulk decreases. Figure 5c,d shows typical sets of EIS
spectra as current density increases. The EIS spectrum measured
immediately after CCD is labeled in hollow stars. All EIS spec-
tra measured above CCD show a decrease in Rbulk (smaller semi-
circle intercept on the real axis), indicating metal growth in the
solid electrolyte. Figure S6a, Supporting Information, summa-
rizes the relationship between CCD and stack pressure at 60 °C.
For Li metal, the maximum CCD was 1.3 mA cm−2 at 7 MPa,
and higher and lower stack pressures resulted in lower CCD. Be-
cause of its improved initial contact and interfacial morphology

after stripping, Li─Mg had a higher CCD value, reaching 4.0 mA
cm−2 at 15 MPa.[32,33] This is because of its higher yield strength
and strain hardening behavior, which prevents the metal from
penetrating the electrolyte under high stack pressure. An insuf-
ficient stack pressure causes contact loss between the electrolyte
and stripped metal anode, whereas an excessive stack pressure
increases the chance of electrolyte penetration by metal, as illus-
trated in Figure S6b.[10,12,17,53,54]

Cycling stability at room temperature is commonly con-
strained by the Li transport in metal anodes. In the room-
temperature CCD test, Li─Mg short-circuited at 0.7 mA cm−2,
slightly outperforming the Li metal anode which shorted at
0.5 mA cm−2, as depicted in Figure S7, Supporting Information.
Notably, we observed a significant increase in overpotential with
increasing areal capacity prior to short-circuiting, as indicated
by the slope in the voltage profile. This observation can be
attributed to the sluggish Li transport in the metal anode at
room temperature, which fails to deliver sufficient Li flux at
high current densities and large areal capacities, leading to void
formation and subsequent cell failure.53] This limitation remains
a significant factor in all-solid-state metal batteries, despite the
utilization of sulfide electrolytes with high room-temperature
conductivity.

Cycling within the limits of Li transport can result in improved
stability, as demonstrated by the room-temperature performance
of full cells presented in Figure S8, Supporting Information.
Both full cells, with Li and Li─Mg anodes, displayed identical
voltage profiles at a low current density (0.1 C, 0.14 mA cm−2).
However, when the current density was increased to 0.47 mA
cm−2 (C/3), the Li anode rapidly failed during the fourth cycle.
In contrast, the cell with the Li─Mg anode exhibited excellent
stability, surpassing 100 cycles. In addition to the initial contact
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Figure 5. Critical current density (CCD) tests of symmetric cells with a) Li metal and b) Li─Mg electrode at different stacking pressures at 60 °C. Li
anode achieved the highest CCD at 7 MPa and Li─Mg achieved at 14 MPa. Impedance spectra of c) Li and d) Li─Mg after each current density, under
the cycling conditions where the highest CCD is achieved. The spectra with hollow star symbols are measured right after the CCD.

improvement, the faster effective Li transport in Li─Mg com-
pared to Li also contributes to enhanced cycling stability.[32,33]

3. Conclusion

In this work, we present a method for enabling intimate contact
between metal anode and solid electrolyte during cell fabrication
through altering the strain-hardening behavior of Li by incorpo-
rating 3 at% Mg. The Li─Mg anode is capable of withstanding
high fabrication pressures (50–65 MPa) without electrolyte pen-
etration. In contrast, pure Li anodes struggle to maintain con-
tact without risking electrolyte intrusion. Unlike pure Li which
obeys Voce hardening law and allows unconstrained deforma-
tion, Li─Mg follows the Swift hardening law and strengthens
with strain under compression stress. Furthermore, finite ele-
ment analysis reveals that, in contrast to pure Li, Li─Mg does
not penetrate the defects on solid electrolyte surface. Symmetric
cells with Li─Mg electrodes exhibit a critical current that is 200%
higher than Li metal electrodes. Understanding Li metal defor-

mation properties is critical for improving solid-state battery per-
formance.

4. Experimental Section
Materials: Li metal foil (750 μm thick) was purchased from Alfa Aesar.

Li─Mg foil (10 wt% Mg, 90 wt% Li alloy, Li0.97Mg0.03, 90 μm thick) and
LiNi0.83Mn0.06Co0.11O2 (NMC, d50 = 3–4 μm) was purchased from MSE
Supplies. Li6PS5Cl solid electrolyte (LPSCl, d50 = 3–4 μm) was purchased
from NEI Corporation. Vapor-grown carbon fiber (VGCF, PR-19-XT-HHT)
was purchased from Applied Sciences.

Solid-State Battery Fabrication: To prepare a solid-state battery, 127 mg
of solid electrolyte was first pressed in a Φ12.7 mm (1.267 cm2) polyether
ether ketone die at 150 MPa. The titanium plunger used for pressing
was wet-polished with 3000 grit sandpaper until a mirror surface finishing
(root-mean-square [RMS] roughness <0.1 μm). The surface profile of the
electrolyte pellet in Figure S1, Supporting Information, shows a relatively
smooth surface with an overall RMS roughness at (0.3± 0.1) μm; however,
surface bumps or cracks approximately at micrometer scale still exist. The
as-pressed pellet was of 500 μm thickness. For symmetric cells, the pellet
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was further densified at 375 MPa. Li metal foil was rolled to 90 μm (4.8 mg
cm−2). Li and Li─Mg electrodes with the same thickness were cut out into
Φ12.7 mm disks and pressed on both sides of the solid electrolyte pellet,
as shown in Figure S9, Supporting Information. The metal anode was con-
fined within the die to ensure that its actual contact area does not exceed
the electrolyte area during compression. This ensures that the decrease
in Rbulk below RSE can only be due to a decrease in effective thickness,
caused by the penetration of Li into the electrolyte. For full cell fabrication,
NMC, LPSCl, and VGCF (70:27:3 by mass) were first mixed in an agate
mortar, then densified with electrolyte at 375 MPa. Li or Li─Mg disk was
pressed onto the counter side at 50 MPa. The composite cathode load-
ing was 10 mg cm−2 (7 mg cm−2 active material loading, 1.4 mAh cm−2

theoretical capacity).
Impedance Monitoring during Pressurized Fabrication: Symmetric cells

with two Li or Li─Mg electrodes were pressed by a hydraulic press (Carver)
and monitored by a force sensor (Autoda). Potentiostatic EIS was scanned
from 1 MHz to 1 Hz at a 7 mV amplitude with a Biologic SP300 potentio-
stat. The duration of the EIS test at each pressure was less than 1 min to
minimize the possible chronical effect. The spectrum was analyzed with
Randle’s circuit depicted in Figure 1a inset[15] with ZView software. Qint
was a constant-phase element that represents interfacial capacitance. The
data were averaged over three repeated symmetric cells. The intrinsic re-
sistance of the electrolyte pellet was measured with carbon|LPSCl|carbon
setup.[37]

Electrochemical Testing: The assembled cell was pressurized at 25 and
50 MPa for 2 min, respectively, for Li and Li─Mg electrodes before electro-
chemical testing to minimize the interface resistance without introducing
a short circuit. Then, different stack pressures were applied by a torque
wrench calibrated by a force sensor. Unless specified, all cycling tests were
carried out at 60 °C. In CCD tests, an EIS measurement was carried out
after each cycle to determine whether the cell was subject to short circuit.

Mechanical Test: Tensile testing was performed in an Ar-filled glove-
box. Li and Li─Mg foils were tailored into dog bone shape with 4.4 mm
gage width and 6.6 mm overall width. Both samples were pulled at a strain
rate of 1.3 × 10−3 s−1. True stress (𝜎true) and true strain (ɛtrue) were calcu-
lated from the measured engineering stress (𝜎eng) and strain (ɛeng) based
on the correlation 𝜎true = 𝜎eng (1 + ɛeng) and ɛtrue = ln(1+ ɛeng),[20] as-
suming volume remains constant before necking occurs in tensile tests.
For the compression test, Li and Li─Mg disks of the same size were sand-
wiched between two polyester films. After applying pressure for 2 min, the
area expansion was calculated based on image analysis (Fiji) with the aid
of a Φ12.7 mm Cu disk as a reference. The thickness change was calcu-
lated by dividing the total volume by area.

Finite Element Analysis: The stress–strain curve before necking was
fitted with Voce hardening law (Li) and Swift hardening law (Li─Mg) to
simulate its mechanical response at large strains.[40] FEA was carried out
by Abaqus. A 1 μm diameter defect was introduced on electrolyte surface,
and the deformation of Li and Li─Mg was simulated based on the von
Mises criterion at a fixed external stress.

Morphological Analysis: The surface roughness of the electrolyte pellet
was measured in silicone oil with a Bruker DektakXT profilometer. The cell
was cut with a razor blade for cross-section analysis, then cryo-polished
with Ar+ beam at −30 °C (JEOL, IB-10520CCP). An air-free vessel was used
to transfer samples between the glovebox and characterization tools. SEM
imaging was carried out in a Helios SEM/FIB.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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