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A Morphologically Stable Li/Electrolyte Interface for All-
Solid-State Batteries Enabled by 3D-Micropatterned Garnet
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Morphological degradation at the Li/solid-state electrolyte (SSE) interface

is a prevalent issue causing performance fading of all-solid-state batteries
(ASSBs). To maintain the interfacial integrity, most ASSBs are operated
under low current density with considerable stack pressure, which signifi-
cantly limits their widespread usage. Herein, a novel 3D-micropatterned
SSE (3D-SSE) that can stabilize the morphology of the Li/SSE interface even
under relatively high current density and limited stack pressure is reported.
Under the pressure of 1.0 MPa, the Li symmetric cell using a garnet-type
3D-SSE fabricated by laser machining shows a high critical current density of
0.7 mA cm2 and stable cycling over 500 h under 0.5 mA cm=2. This excellent
performance is attributed to the reduced local current density and amplified
mechanical stress at the Li/3D-SSE interface. These two effects can benefit
the flux balance between Li stripping and creep at the interface, thereby pre-
venting interfacial degradation such as void formation and dendrite growth.

batteries (ASSBs) using the inorganic SSE
and Li-metal anode still experience issues
with dendrite penetration and associated
early short-circuit during battery opera-
tion."¥ So far, considerable efforts have
been devoted to elucidating the under-
lying mechanisms of this early failure of
ASSBs.58I Tt is generally acknowledged
that the dynamic morphological evolution
at the Li/SSE interface can remarkably
influence the electrochemical performance
of ASSBs.”12 In specific, during
striping, Li atoms at the Li/SSE interface
dissolve into SSE, and meanwhile, the dif-
fusion of Li atoms in Li metal replenishes
the Li loss from the interface. Since the
rate of Li striping usually exceeds the dif-

1. Introduction

Rechargeable Li-ion batteries (LIBs) have enabled the widespread
use of portable electronic devices and electric vehicles (EVs).!-3!
However, satisfying the rapidly growing demand from the EV
industry on energy density is challenging for current LIB tech-
nology.*>I With the highest specific energy density (3860 mAh g™)
and the lowest electrochemical potential (-3.04 V), Li-metal
anode offers a potential solution to overcome this chal-
lenge.[57] Neverthless, the Li-metal anode has yet to be adopted
in practical batteries because of its high reactivity against the
conventional liquid electrolytes.B] The use of inorganic solid-
state electrolyte (SSE) is predicted as an effective approach to
enable the stable service of Li-metal anode by inhibiting the con-
sumptive side reactions at the Li/electrolyte interface and sup-
pressing the growth of Li dendrites.1% However, all-solid-state
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fusion limit of Li atoms, the Kirkendall

voids will initiate and grow at the inter-
face, leading to the loss of interfacial contact and increased cell
impedance.?*?42] The morphological degradation becomes
even worse during the subsequent plating. Li prefers to deposit
at the regions still contacted with SSE instead of the detached
areas, which develops a nonuniform deposition at the interface
that further promotes the nucleation and growth of Li dendrites
as well as the short-circuit of ASSBs.[22:20]

An effective strategy to inhibit morphological degradation at
the Li/SSE interface is applying an external stack pressure on
ASSBs.20-221 With the pressure, Li metal near the interface can
mechanically deform through creep, offering another route to
replenish the Li loss and thus prevent the void formation.[?»%’]
Nevertheless, the practical adoption of this strategy is limited
by a strict constraint from the “critical stack pressure.”?" In
specific, the applied pressure has to be higher than the “crit-
ical stack pressure” to effectively suppress the morphological
degradation at the interface. Otherwise, the mechanical defor-
mation will be slower than the electrochemical deformation
caused by Li stripping, leading to an insufficient Li replenish-
ment to the interface. In this case, the voids will still form at
the interface, followed by the nucleation and growth of Li den-
drites (Figure 1a). It should be noticed that the “critical stack
pressure” can reach several MPa for the ASSBs cycled under
relatively low current density (e.g., 7.5 MPa for the Li/garnet/
Li cell cycled under 0.2 mA cm2).[2%2128 This high stack pres-
sure is out of range of the current LIB operation platform
(0.1-1.0 MPa) 12l and also sets constraints on the robustness of
SSE and thus the broad adoption of viable SSE.?’! Moreover,
it is possible that the pressure of this magnitude acts as one
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Figure 1. Schematic of the morphological evolution at the interface. a) When the cell is cycled under high current density and limited pressure, voids
will form at the planar Li/SSE interface, followed by the nucleation and growth of Li dendrites. b) The Li/3D-SSE interface experiences a lower local
current density and amplified mechanical stress, both of which prevent the morphological degradation at the interface.

of the driving forces for the dendrite propagation in SSE and
promotes the short-circuit of ASSBs.2%31 Considering all these
limitations, we believe that a new strategy that can stabilize the
morphology of the Li/SSE interface without using high stack
pressure is urgently demanded.

Herein, we report a novel 3D-micropatterned SSE (3D-SSE)
that can form a morphologically stable interface with Li metal
even under relatively high current density and limited stack
pressure. This 3D-SSE affords two critical effects compared to
the conventional planar SSE. From an electrochemical perspec-
tive, the 3D-SSE with increased effective contact area with Li
can lower the local current density to retard the Li stripping
at the interface. From a mechanics perspective, it introduces a
stress amplifying effect to facilitate the Li creep near the inter-
face. Attributing to these two effects, the Li flux toward the
interface driven by fast creep can become sufficient to replenish
the Li loss by slow stripping, which prevents interfacial deg-
radation during cell cycling (Figure 1b). We demonstrate that
under limited pressure of 1.0 MPa, the Li symmetric cell using
a garnet-type 3D-SSE exhibits a high critical current density
(CCD) of 0.7 mA cm™ and can stably operate over 500 h under
0.5 mA cm without presenting significant interfacial degrada-
tion and early short circuit. In addition, we perform finite ele-
ment analysis to elucidate the competition between electrochem-
istry and mechanics at the Li/SSE interface, which provides
guidelines toward the future design of dendrite-free ASSBs.

2. Material Fabrication and Characterization

A garnet-type SSE (Ta-doped Li;La;Zr,0q,, LLZO) is used as a
model system in this work because of its high ionic conductivity,

Adv. Mater. 2021, 2104009

2104009 (2 0of10)

high elastic modulus, and more importantly, excellent stability
against Li metal.?>*% Figure 2a describes the fabrication pro-
cess of the Li/3D-SSE/Li cells. First, a dense LLZO pellet is pre-
pared by hot-press sintering. The fracture surface (Figure 2b)
of the sintered pellet indicates its very low porosity, consistent
with its high relative density of 98.0 * 1.0% measured by the
Archimedes method. X-ray diffraction (XRD) pattern shows
that only cubic phase LLZO (c-LLZO) is present in the pellet
(Figure 2c). Since the ¢-LLZO has favorable Li-ion transport
pathways, the LLZO pellet presents a high ionic conductivity of
0.79 mS cm™ at room temperature and low activation energy
of 0.24 eV (Figure 2d and Figure S1, Supporting Information),
both of which agree with previously reported values.34

The LLZO pellet is further micropatterned using a high-pre-
cision laser cutter to form the 3D-SSE (Figure 2e). The reso-
lution of the laser cutter (20 um) is one order of magnitude
smaller than the characteristic dimensions of the 3D micropat-
terns (200-400 um, Figure S2a, Supporting Information),
which ensures a precise control on the shape of patterns. Tech-
nical parameters for the patterning, including output energy,
translational speed, and cycle number, have been optimized
to balance the processing time and quality. For instance, using
a high-energy laser beam (400 ns pulse duration) can shorten
the processing time but incur mechanical damage and undesir-
able chemical composition changes in the 3D-SSE (Figure S3,
Supporting Information). After patterning, the 3D-SSE is exam-
ined again by XRD to verify the phase purity (Figure 2c). X-ray
photoelectron spectroscopy (XPS) analysis further confirms the
same chemical composition on the surfaces of 3D-SSE before
and after patterning (Figure S4, Supporting Information). Note
that a thin layer of contaminations (Li,CO; and LiOH) might
form on the surfaces of 3D-SSE during patterning, but most
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Figure 2. Fabrication and characterization of Li/3D-SSE/Li cell. a) Schematic of the fabrication process of Li/3D-SSE/Li cell. b) SEM images of the
fracture surface of SSE pellet. c) XRD patterns of the SSE pellet and 3D-SSE. d) lonic conductivity of the SSE pellet at different temperatures. e) A digital
photo of the 3D-SSE. f) SEM images of the 3D-SSE. Enlarged images confirm that no significant mechanical damage is generated by laser cutting.
g) Cross-sectional SEM images of the Li/3D-SSE/Li cell. Li metal forms an intimate contact with the 3D-SSE.

contaminations can be removed by the thermal treatment in
the glovebox before assembling the cells (Figure S4, Supporting
Information).® Scanning electron microscopy (SEM) and
optical microscopy images show that no considerable mate-
rial damage, such as cracks, has been generated in the 3D-SSE
(Figure 2f and Figure S2b, Supporting Information). The uni-
axial compression test also demonstrates that the 3D-SSE has
excellent mechanical strength and can sustain a stack pressure
(>12 MPa) far higher than the required stack pressure for cell
operation (Figure S5, Supporting Information).

Li/3D-SSE/Li symmetric cells are assembled by sandwiching
the 3D-SSE between two Li-metal chips. As the garnet SSE
usually shows a lithiophobic nature to Li metal, simply sand-
wiching the Li metal with our 3D-SSE might leave some initial
gaps at their interface.3® Therefore, we utilize the low-tem-
perature hot pressing at 160 °C to improve the initial contact
between Li metal and 3D-SSE. Another strategy to overcome the
poor wettability between Li metal and 3D-SSE is to construct a
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lithiophilic coating on the 3D-SSE surface such as ZnO, Au, or
carbon composites, as demonstrated by many prior works.¥ 38l
The cross-sectional SEM images show that the Li metal forms
an intimate contact with the 3D-SSE (Figure 2g). Based on the
surface area of 3D SSE, the effective contact area between Li
and 3D-SSE in the Li/3D-SSE/Li cells is around 2.5 times that
in control Li/SSE/Li cells. It should be noted that the effective
contact area in our design is not comparable with that in the
recently proposed designs of 3D porous SSE.3*#! The latter is
to construct a 3D solid host with a high internal surface area
for Li striping/plating, and thus the local current density can be
significantly reduced. Differently, our design focuses more on
constructing a 3D interface between Li metal and garnet SSE.
Therefore, many issues associated with the 3D host designs can
be avoided, such as the residual dead Li caused by the discon-
tinuity or high tortuosity of 3D channels and the complexity
for Li infiltration into the host (usually require ALD coating).
The impedance of pristine Li/3D-SSE/Li and Li/SSE/Li cells

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

are measured by electrochemical impedance spectroscopy
(EIS). The EIS spectra are fitted by two RC circuits in series
representing the bulk and interfacial impedances, respectively
(Figure S6, Supporting Information). The fitted bulk resist-
ances for Li/3D-SSE/Li (129.1 Q cm?) and Li/SSE/Li cells
(132.6 Q cm?) are close due to their similar thicknesses, while
their interfacial resistances (16.9 and 50.4 Q cm?) are different
because of the different effective contact areas. The Li/3D-SSE/
Li cell with a higher effective contact area exhibits a lower inter-
facial resistance.

3. Electrochemical Performance

We first carry out the CCD testing with Li/3D-SSE/Li and Li/
SSE/Li cells. During the testing, constant pressure of 1.0 MPa is
applied on the cells, and the current density increases stepwise

www.advmat.de

from 0.05 to 0.7 mA cm~2 (Figure 3a,b). Under low current den-
sities, cell voltage in each galvanostatic cycle remains almost
constant and follows Ohm’s law. When the current density
reaches the CCD, the voltage suddenly drops to around 0 V,
indicating a short circuit between two Li electrodes. The CCD
for Li/SSE/Li cell is 0.3 mA cm™2, close to the values reported in
the literature.?#2] Tt reveals that the Li creep driven by the pres-
sure of 1.0 MPa can merely replenish the Li stripped from the
planar Li/SSE interface at a rate of 0.3 mA cm™, while further
increasing the stripping rate can damage the interfacial mor-
phology and cause the short circuit. In contrast, the Li/3D-SSE/
Li cell can sustain a higher current density of 0.7 mA cm™2. This
is because the 3D-SSE can lower the local current density and
amplify the local mechanical stress at the Li/3D-SSE interface,
both of which are beneficial for the flux balance between Li
stripping and creep, and thus prevent the void formation and
subsequent dendrite nucleation at the interface. During the
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Figure 3. Electrochemical performance of Li/SSE/Li and Li/3D-SSE/Li cells. a,b) CCD testing on the Li/SSE/Li (a) and Li/3D-SSE/Li (b) cells with
current steps from 0.05 to 0.7 mA cm™2. c) EIS spectra of the Li/SSE/Li and Li/3D-SSE/Li cells cycled after different current steps in the CCD testing.
d) Galvanostatic cycling of the Li/SSE/Li and Li/3D-SSE/Li cells under 0.2 mA cm™2 and 1.0 MPa. e) Evolution of the interfacial resistance in the Li/
SSE/Li and Li/3D-SSE/Li cells. f) Long-term cycling of the Li/SSE/Li and Li/3D-SSE/Li cells under 0.5 mA cm=2 and 1.0 MPa. g) Long-term cycling of
the Li/3D-SSE/Li cell under a releasing pressure. Insets in (f) and (g) show an enlarged view of the voltage profiles in 0-10, 200-210, and 400-410 h.
h) Comparison of the cycling current density and required stack pressure of Li symmetric cells with conventional planar SSEs[#20:353839] and with a

3D-SSE in this work.
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CCD testing, we obtain the EIS spectra for the cells cycled after
each current step, as shown in Figure 3c. When the 3D-SSE
replaces the planar SSE, the CCD at which the short circuit
occurs increases from 0.3 to 0.7 mA cm™2, which again confirms
the improved dendrite resistance of the Li/3D-SSE interface.

The cyclability of Li/SSE/Li and Li/3D-SSE/Li cells is evalu-
ated by the galvanostatic cycling under a current density of
0.2 mA cm™ (0.2 mAh cm™) and limited stack pressure of
1.0 MPa. We observe two distinct features in the voltage profile
of the Li/SSE/Li cell (Figure 3d and Figure S7, Supporting Infor-
mation). First, within each cycle, the voltage gradually increases
during charge and discharge (from 45 mV at the beginning of
first discharge to 55 mV at the end of first discharge); Second,
the voltage polarization accumulates as cycling proceeds (from
=50 mV in the first cycle to =60 mV in the 14th cycle). When
the voltage polarization reaches a certain level, an early short-
circuit occurs in the Li/SSE/Li cell at the 30th hour of cycling.
In contrast, the Li/3D-SSE/Li cell can continuously operate over
120 h with a constant voltage plateau of =45 mV. It is generally
accepted that voltage polarization is correlated with increased
cell resistance.*3 Before the short-circuit occurs, bulk resist-
ances of the SSE and 3D-SSE should remain the same during
cycling. Therefore, the voltage polarization is mainly attributed
to the increase of interfacial resistance Ry, caused by interfacial
degradation. To track the evolution of R, during cell cycling,
we calculate the values of Ry, from the voltage profiles in
Figure 3d by extracting the contribution of bulk resistances. As
shown in Figure 3e, Riy is only 39.5 Q cm? for the pristine Li/
SSE/Li cell yet increases to 69.1 Q cm? after the first discharge.
Moreover, the R, keeps growing in the following cycles until
the short-circuit occurs, indicating the continuous degradation
of the Li/SSE interface. For the Li/3D-SSE/Li cell, R;,; remains
almost constant during the entire cycling, which highly empha-
sizes the capability of the Li/3D-SSE interface to suppress the
interfacial degradation.

We also examine the long-term electrochemical performance
of Li/SSE/Li and Li/3D-SSE/Li cells under a more practical
current density of 0.5 mA cm™ (0.5 mAh cm™) and the same
constant pressure of 1.0 MPa. The Li/SSE/Li cell can hardly
sustain such a high current density as the fast Li stripping/
plating can easily damage the Li/SSE interface by triggering
the void formation and dendrite growth. As evidence, cell
voltage dramatically increases from 140 to 200 mV in the first
discharge and drops to around 0 V at the end of the second
cycle (Figure 3f). In contrast, the Li/3D-SSE/Li cell presents
stable cyclic performance over 500 h. The flat voltage plateau
around 125 mV implies the intact Li/3D-SSE interface during
this long-term cycling. Moreover, the Li/3D-SSE/Li cell shows
the potential to operate under even lower stack pressure. We
conduct another cycling test on the Li/3D-SSE/Li cell in which
the applied pressure is gradually released (0.05 MPa per 20 h)
after the first 250 h of cycling (Figure 3g). The stable cycling
can be maintained until the pressure is reduced to 0.65 MPa
after 390 h. After that, the voltage polarization appears, fol-
lowed by an eventual short circuit after 470 h. To further illus-
trate the advantage of our design, we compare the applied
current density and required stack pressure of the Li/3D-SSE/
Li cell in this work to previously reported Li symmetric cells
with planar garnet SSEs (Figure 3h).1%203>4#] Generally, the
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current density at which the Li/SSE/Li cells can stably operate
is in the range of 0.1-0.3 mA cm™2, and the required pressure
significantly increases with the current density. Due to the
synergistic effect of electrochemical and mechanic modifica-
tions from our 3D-SSE, the operating current density can be
increased to 0.5 mA cm™ while the required pressure can be
reduced to 1.0 MPa, which paves the way to the realization of
ASSBs under operating current and pressure needed for prac-
tical applications.

We also construct full cells with the 3D-SSE, Li-metal anode,
and LiNijsMnj3Coy,0, (NMC) cathode (Figure S8a, Sup-
porting Information). The NMC/3D-SSE/Li cell delivers an
initial areal capacity of 1.50 mAh cm™ at a current density of
0.16 mA cm™ (=0.1 C), about 93.8% of the designed cathode
capacity (.60 mAh cm™). The areal capacities maintain at
141, 1.27, and 1.09 mAh cm™ when the cell is cycled at 0.32,
0.48, and 0.64 mA cm™2, respectively (Figure S8b,c, Supporting
Information). The cell can recover to 144 mAh cm™ when
the applied current density is further reduced from 0.64 to
0.16 mA cm. However, the full cell with planar SSE is hard
to cycle at 0.48 mA cm™, as indicated by its micro-shorting
behavior shown in the inset (Figure S8b, Supporting Informa-
tion). Moreover, the full cell maintains capacity retention of
74.3% after 50 cycles at 0.32 mA cm™ (=0.2 C) (Figure S8d,e,
Supporting Information). The excellent rate performance and
capacity retention should be attributed to the stable interfacial
morphology at the Li/3D-SSE interface.

4. Morphological Evolution at the Interface

We conduct post-mortem analysis to track the morphological
evolution at the Li/SSE and Li/3D-SSE interfaces during galva-
nostatic cycling under 0.2 mA cm™ (0.2 mAh cm~?). Although
the pristine Li forms close contact with the SSE before cycling
(Figure 4a), it becomes partially detached after operation for 30
h (Figure 4b). This morphological degradation incurs a nonuni-
form stripping/plating at the interface and meanwhile increases
the cell voltage, both of which can drive the nucleation and
growth of Li dendrites. As shown in the cross-sectional SEM
image in Figure 4b and Figure S9 (Supporting Information), Li
dendrites have grown into the SSE and caused short-circuit of
the cell. The dendrite penetration into SSE can also be optically
observed after disassembling the shorted cell and cleaning the
SSE surface, as shown as the bright spots contained in the SSE
(Figure 4c). Nevertheless, under the same cycling condition,
the interfacial morphology in the Li/3D-SSE/Li cell remains
almost unchanged over 120 h of cycling (Figure 4d,e). Li metal
still firmly contacts with 3D-SSE throughout the entire inter-
face without any voids being present. Furthermore, the inti-
mate contact between Li and 3D-SSE can be maintained after
long-term cycling of 500 h under a higher current density of
0.5 mA cm™2 (Figure 4f). With excellent morphological stability,
the nucleation and penetration of Li dendrites from the inter-
face can be efficiently suppressed, as confirmed by the clean
cross-section of the cycled 3D-SSE (Figure 4e,f). This high
resistance to Li dendrite growth contributes to the excellent
electrochemical performance of the Li/3D-SSE/Li cell shown in
previous cycling tests.

© 2021 Wiley-VCH GmbH
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Figure 4. Morphological evolution at the Li/SSE and Li/3D-SSE interfaces. a,b) Cross-sectional SEM images of the Li/SSE interface before (a) and after
(b) 30 h of cycling under 0.2 mA cm~2 and 1.0 MPa. The pristine Li/SSE interface shows the intact nature, while the cycled interface shows the partially
detached morphology. c) Optical images of the SSE disassembled from a shorted Li/SSE/Li cell. The enlarged image shows that the Li dendrites have
penetrated the SSE. d,e) Cross-sectional SEM image of the pristine Li/3D-SSE interface (d), the interface after 120 h of cycling under 0.2 mA cm2 (e),
and the interface after 500 h of cycling under 0.5 mA cm=2 (f). At the cycled Li/3D-SSE interface, Li metal still firmly contacts with 3D-SSE without any

voids being present.

We also examine the interfacial morphology for the Li/3D-
SSE/Li cell cycled under a releasing pressure (with a cycling
profile shown in Figure 3g). When the pressure drops to a cer-
tain level, Li striping will dominate the morphological evolution
at the interface, which inevitably induces the formation of voids
(Figure S10a, Supporting Information). Under such a circum-
stance, Li dendrites are likely to nucleate at the interface and
then penetrate the SSE, causing the short-circuit of the cell. As
the path of Li transport between the valleys of two electrodes
is shorter, Li prefers to plate or strip at the valley regions. The
higher local plating/striping rate promotes the void formation
and dendrite nucleation at the valley of 3D patterns instead of
the side and top regions (Figure S10b, Supporting Information).

5. Concurrent Electrochemistry and Mechanics at
the Interface

Electrochemistry and mechanics are two competing fac-
tors in regulating the dynamic evolution of interfacial mor-
phology.2%%l We perform finite element analysis to understand
how the concurrent electrochemistry and mechanics at the
interface determine the stability of interfacial morphology
upon cell cycling. Figure 5a shows an electro-chemo-mechan-
ical model for the Li/3D-SSE/Li cell under galvanostatic cycling
(0.5 mA cm™) and constant stack pressure (1.0 MPa). The
loading history and corresponding voltage output can be found
in Figure S11 (Supporting Information). The electrochemical
and mechanical fields developed in the Li/SSE/Li and Li/3D-
SSE/Li cells, such as Li flux in the electrolyte (arrows) and
equivalent stress in the Li metal (color contour), are presented
in Figure 5b. From an electrochemical perspective, we observe
a uniform Li transport in the panel SSE but a nonuniform
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transport in the 3D-SSE, particularly near the Li/3D-SSE inter-
face. It implies that although the external current densities
applied on the cells are the same, the distributions of local
current density at the Li/SSE and Li/3D-SSE interfaces are dif-
ferent, as shown in Figure 5c. Herein the numbers 1-5 repre-
sent different regions at the Li/3D-SSE interface (also labeled
in Figure 5a). With a shorter length of Li transport between
two electrodes, region 3 (the valley of 3D patterns with a size
of 200 um) experiences higher local current density and thus
faster Li stripping. It indicates that the Li metal at the center
of the grids will be much less influenced by this design. There-
fore, voids tend to initiate and accumulate at this region when
the stack pressure is absent, which is consistent with our
experimental observations (Figure S10, Supporting Informa-
tion). Despite this current singularity at region 3, the local cur-
rent density passing the Li/3D-SSE interface is still lower than
that passing the Li/SSE interface due to the increased effective
contact area between Li and 3D-SSE. Therefore, the Li striping
and associated electrochemical deformation at the Li/3D-SSE
interface is slower, which benefits the stability of interfacial
morphology. From a mechanics perspective, we observe a field
of higher equivalent stress developed near the Li/3D-SSE inter-
face (Figure 5b). In the detailed stress analysis, we find that the
presence of 3D patterns can induce a highly deviatoric stress
state in the Li metal near the interface (Figure S12, Supporting
Information), which increases the local distortion energy and
equivalent stress. Interestingly, we notice that the valley of 3D
patterns (region 3) will develop the highest stress to facilitate
the Li creep (Figure 5d). Therefore, although the current den-
sity for Li stripping/plating at the valley is slightly larger than
other regions (Figure 5c¢), the interfacial morphology can still
be maintained well with limited stack pressure, mainly due to
the stress effect.
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Figure 5. Numerical analysis on the electrochemistry and mechanics at the interface. a) An electrochemomechanical model for Li/3D-SSE/Li cell.
b) Distributions of Li flux (arrows) and equivalent stress (color contour) in the Li/SSE/Li and Li/3D-SSE/Li cells cycled under 0.5 mA cm=2 and 1.0 MPa.
c,d) Distributions of local current density (c) and equivalent stress (d) at the Li/SSE and Li/3D-SSE interfaces. e) Distributions of electrochemical (solid
line) and mechanical (dash line) strain rates at the Li/SSE (top) and Li/3D-SSE (bottom) interfaces. f) Phase diagram on the plane spanned by the
applied current density and stack pressure to delineate two types of morphological evolution at the interface. Experimental cycling tests using different
combinations of current density and stack pressure are also pinned in this diagram. The cross “x” represents the cycling tests terminated by an early
short-circuit, and the circle “o” represents the cycling tests lasting for at least 100 h without shorting.

To quantify the competition between electrochemistry
and mechanics, we calculate the rates of electrochemical and
mechanical deformations (€xc and €y, respectively) at the inter-
face based on previous current and stress distributions. At the
Li/SSE interface (upper panel in Figure 5e), the &g (solid line)
is one order magnitude higher than the &, indicating the
much faster Li striping than the creep. Therefore, the interfa-
cial morphology tends to degrade, leading to void formation,
dendrite growth, and eventual short-circuit. At the Li/3D-SSE
interface (lower panel in Figure 5e), due to the retarded Li strip-
ping and facilitated Li creep, the &y exceeds the &g at the most
interfacial regions. In this circumstance, the Li mechanically
pushed to the interface is sufficient to replenish the Li loss, and
therefore the interfacial morphology can remain intact during
cell cycling. This quantitative analysis agrees well with our pre-
vious experimental observations (Figures 3 and 4) and can be
used to further examine the stability of interfacial morphology
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for the cells cycled under a broader range of current densities
and stack pressures. Herein, we construct a phase diagram on
a plane spanned by applied current density and stack pressure
to delineate two types of morphological evolution at the inter-
face: intimate contact and void formation (Figure 5f). For the
cells cycled under low current density and high stack pressure
(lower right region), the &y is higher than the &g such that
the cells can stably operate without presenting interfacial deg-
radation. On the other side, when the applied stack pressure
is low and the current density is high (upper left region), the
&xc exceeds the €, leading to unstable cell cycling and early
short-circuit. Note that the boundary between the stable and
unstable regions is largely shifted when the 3D-SSE replaces
the panel SSE. With the 3D-SSE, the size of the unstable region
is reduced, and the stable region occupies more space of the
variable plane, indicating the improved morphological sta-
bility of the Li/3D-SSE interface. In addition to the theoretical
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prediction, experimental cycling tests using different combina-
tions of current density and stack pressure are pinned in this
diagram. The cross “x” represents the cycling tests terminated by
an early short-circuit due to the interfacial degradation, and the
circle “O” represents the cycling tests lasting for at least 100 h
without shorting. Cycling tests fall within the predicted stable
and unstable regions, demonstrating an excellent consistency
between the theoretical prediction and experimental validation.

Our numerical analysis also provides guidelines toward the
design of ASSBs with morphologically stable interfaces. We
demonstrate that the morphological stability of the Li/3D-SSE
interface can be further improved by downsizing the geometric
feature of 3D patterns. The distributions of local current den-
sity and stress at the interfaces with 3D patterns of various
sizes (10, 50, 100, and 200 um) are shown in Figure S13 (Sup-
porting Information). The interface with smaller patterns expe-
riences lower local current density due to the larger effective
contact area between Li and 3D-SSE (Figure S13b, Supporting
Information). From the mechanics perspective, the interfa-
cial region with amplified stress expands as the feature size
decreases. With these two effects, this interface should present
improved morphological stability during cell cycling. To con-
firm the numerical prediction, we fabricate another two types
of 3D-SSE, one with coarser patterns (channel size of 400 m)
and the other one with finer patterns (channel size of 100 pm)
(Figure S14, Supporting Information). The electrochemical
performance of Li symmetric cells constructed with these two
types of 3D-SSE are presented in Figure S15 (Supporting Infor-
mation). The CCD of Li symmetric cells with 400 um grids,
200 um grids, and 100 um grids are 0.5, 0.7, and 0.8 mA cm™2,
respectively, all of which are higher than that of planar SSE
(0.3 mA cm™). The long-term cycling performance is further
improved with the reduced pattern size, consistent with our
numerical prediction in Figure S13 (Supporting Information).

We also find that small patterns (=100 um) can potentially
inhibit the Li infiltration into the 3D patterns, leaving the
initial gaps between Li metal and 3D-SSE during cell assem-
bling. This side effect might serve as the reason why the per-
formance of the 3D-SSE with finer patterns does not exhibit a
dramatic improvement. Moreover, patterning the SSE with a
much smaller feature without compromising the quality and
cost might be challenging for the current fabrication technique.
Novel methods that can fabricate the 3D-SSE precisely and effi-
ciently need to be developed. Slip casting, a well-developed and
low-cost technique to form complex shaped ceramics, might be
one of the alternative processing methods that can enable the
commercial application of our design.

6. Conclusions

We report a novel 3D-SSE with excellent interfacial stability
against Li metal based on the synergistic effect of electrochem-
ical and mechanic modifications. This 3D-SSE can reduce the
local current density at the interface to retard Li stripping and
amplify the mechanical stress near the interface to facilitate Li
creep. Therefore, the Li flux toward the interface taken by the
fast creep is sufficient to replenish the Li loss caused by the
slow stripping, resulting in a morphologically stable interface
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upon cell cycling. We demonstrate that under limited pressure
of 1.0 MPa, the Li symmetric cell using a garnet-type 3D-SSE
exhibits a high CCD of 0.7 mA cm™ and stably operates over
500 h at 0.5 mA cm™. During the cycling, the Li/3D-SSE inter-
face displays an intact nature without any voids and dendrites
being present. We further perform finite element analysis
to elucidate the competition between electrochemistry and
mechanics at the Li/3D-SSE interface, which provides guide-
lines toward the future design of dendrite-free ASSBs.

7. Experimental Section

Preparation of LLZO SSE: Ta-doped Lig4lasZri4TageOr; (LLZO)
powder was purchased from MSE Supplies LLC. Dense LLZO pellets
were sintered by hot pressing the powder at 1000 °C for 1 h under
constant uniaxial pressure of 40 MPa. The density of the sintered LLZO
pellets was measured by the Archimedes method. The relative density
was determined as the ratio of the measured density and the theoretical
density of LLZO (5.17 g cm™). In this study, the LLZO pellets were 1.6 +
0.1 mm in thickness and 10.0 mm in diameter. The pellets were first
polished with 500, followed by 1000 grit SiC sandpaper using a Buehler
EcoMet250 polisher and then transferred into an Ar-filled glovebox for
final polishing using 2000 grit SiC sandpaper. The 3D-SSE was fabricated
from the polished LLZO pellet using a high-precision laser cutter
(Samurai UV Laser Marking System with 354.7 nm wavelength). The
pulse duration, transition speed, and cutting cycles of the laser beam
were 100 ns, 100 mm s~', and 200, respectively. After laser cutting, the
3D-SSE was cleaned using a compressed air duster. The cleaned sample
was transferred back to the glovebox and heat-treated at 450 °C for 3 h
to remove surface contaminations.

Material ~ Characterization: X-ray diffraction (XRD, PANalytical
Empyrean with a Cu(Ke) X-ray source) was utilized to examine the
phase purity for the SSE and 3D-SSE. Diffraction patterns were collected
from 10° to 70° using a step size of 0.01°. Microstructural analysis
was performed using a scanning electron microscope (Thermo Fisher
Scientific Apreo). An energy-dispersive X-ray spectroscopy (EDS)
detector (XFlash 6 | 60 SDD) integrated into the SEM was used to
map the elemental distributions. An airtight container was used to
transfer the samples from the Ar-filled glovebox to the SEM chamber.
X-ray photoelectron spectroscopy (XPS, PHI VersaProbe | with a
monochromatized Al(Ke) X-ray Source) was used to characterize the
surface chemical compositions for the SSE and 3D-SSE. The mechanical
strength of the SSE and 3D-SSE were evaluated by the uniaxial
compression test (Instron 5565). The loading rate and maximum load
were set as 0.01 157 and 1 kN (equal with a compressive pressure of
12.7 MPa), respectively.

Cell Assembly and  Electrochemical ~Measurements: The ionic
conductivity of LLZO pellets was determined by the electrochemical
impedance spectroscopy (EIS) measurement with a frequency range
from 1 MHz to 0.1 Hz and a perturbation voltage of 10 mV. The Au/
SSE/Au blocking cells for EIS measurement were prepared by sputtering
thin gold layers (50nm) on both surfaces of the LLZO pellets as two
electrodes. The EIS spectra were fit to an equivalent circuit containing
two RC components in series representing the bulk and interfacial
contributions of the resistance. The EIS measurement was conducted at
temperatures ranging from —10 °C to 90 °C in an oven with temperature
control. Room-temperature galvanostatic cycling under different current
densities was conducted to investigate the CCD and cyclability of
Li/3D-SSE/Li and Li/SSE/Li symmetric cells. Li/3D-SSE/Li cells were
assembled by sandwiching the 3D-SSE between two Li-metal chips
with a thickness of 500 um. Low-temperature hot pressing was used to
improve the initial contact between Li metal and 3D-SSE. Li metals were
first pressed onto both sides of the 3D-SSE under a stack pressure of
2.0-3.0 MPa, and the cells were then stored in an oven at 160 °C for
several hours without releasing the pressure. The same procedures
were used to prepare the Li/SSE/Li cells for comparison. For full cell
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fabrication, LiNigsMng3Cog,0, (NMC) composite cathodes were first
prepared by the conventional slurry casting method. 90 wt% NMC
powders, 5 wt% carbon black (CB), and 5 wt% polyvinylidene fluoride
(PVDF) were mixed in N-methyl-2-pyrrolidinone, and then the slurry was
cast on Al foil to form a composite electrode with an areal capacity of
1.6 mAh cm2. For full cell assembling, the 3D-SSE and a Li-metal chip
were paired via low-temperature hot pressing. Then, 10 uL of liquid
electrolyte (LP40, 1.0 m LiPFg in EC/ DEC (v/v =1:1)) was soaked into the
composite NMC cathode and served as the ion medium in the cathode
and the wetting agent at the interface between cathode and 3D-SSE.
All the NMC/3D-SSE/Li cells were operated at an elevated temperature
of 40 °C. Before cycling, cells were first charged and discharged with a
low current density of 0.1 mA cm™. All the cells were sealed in pouch
cells with Cu strips as current collectors. During cycling, a stack
pressure of 1.0 £ 0.05 MPa was applied on the cells using a homemade
loading setup. A piezoelectric load cell (OMEGA) was used to adjust
the pressure during long-term cycling. Both the EIS measurement and
galvanostatic cycling were conducted on a Biologic VMP3 system.

Numerical Simulation: Numerical simulation was performed using
COMSOL Multiphysics. A 2D electro-chemo-mechanical model was built
to study the concurrent electrochemistry and mechanics at the Li/SSE
interface. The electrochemical response of Li symmetric cells was mainly
determined by the Li* transport in the SSE and the charge transfer
reaction at the Li/SSE interfaces. Based on the single-cation conduction
mechanism and thus the unity transference number, the Li* transport
in the inorganic SSE can be described by a simplified Nernst—Planck
equation

o\
J=-Dy-VCy — %V‘PSSE M

where | is the Li* flux in the electrolyte constituted by diffusion and
migration, D, is the Li* diffusivity in the electrolyte, C,;. is the Li*
concentration in the electrolyte, ;. is the electrolyte conductivity, and
@sse is the electrolyte potential.® At the Li/electrolyte interface, the
charge transfer rate of Li dissolution/deposition was calculated based
on the potential differences across the Li/SSE interface using the Butler—
Volmer equation.

i=io(exp(aégn)—exp(—aﬁin)) (2)

where o, (o) is the anodic (cathodic) transfer coefficient, 71 is the
overpotential, and iy is the exchange current density. The 77 is defined as
N =@ — @Pssg — Eeq Where ¢ is the electric potential of the electrode,
and Eq is the equilibrium potential for the electrochemical reaction (0 V
for Li stripping and plating). The iy is defined as

. i\
o =’07reF(CL_+LI f) (3)
I _re

where iy ¢ is the reference current density, and C;. ¢ is the reference
Li* concentration in the electrolyte.

The mechanical deformation and stress evolution in the symmetric
cells were simulated by the solid mechanics module integrated in
the COMSOL software.”) The constitutive models of LLZO SSE
and Li metal were selected as linear elastic and linear-elastic-creep,
respectively. For simplification, the mechanical response is decoupled
from the electrochemical module such that the initial stripping-induced
deformation is assumed to be uniform at the Li/SSE interface (assuming
as Tum Li dissolution). A perfect contact condition, ignoring the
friction and adhesion, was employed between Li and SSE. Equivalent
stress was calculated and used to represent the driving force for Li
creep. Geometrical parameters for the numerical model were set to be
consistent with the experimental setup.

The electrochemical (£gc) and mechanical strain rates (€yg ) at the
interfaces were calculated from the distributions of local current density
and stress. Assuming Li ion is the only charge carrier in the LLZO SSE,
the current density passing the Li/SSE interface is analogous to the Li
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flux for deposition/dissolution. Then, €, also considered as the rate of
thickness change of the electrodes due to Li deposition/dissolution, was
given by the equation

. _Ah_ M 4
Egc = h = pFh 4

where h is the total thickness change in one plating/striping, i is the
local current density, M is the molar mass of Li, and p is the density of
Li. ¢y is given by the Norton creep model where the creep strain rate is
proportional to a power of the equivalent stress

e = A(;’;)nexp(—%) 5)

where A is a material parameter, o, is the equivalent stress, O, is the
reference stress, n is the power-law creep exponent, Q is the activation
energy, R is the molar gas constant, and T is the temperature. A and n
are obtained by converting the creep data from uniaxial tests®% through
the approach proposed by Ma et al.l’!l Related physical properties of Li
metal and SSE are listed in Table S1 (Supporting Information).
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