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Solid-state batteries (SSBs) are considered promising next-generation
energy storage devices but tend to suffer from rapid capacity fade.
Here, we demonstrate that mechanical contact loss between the solid
conductor and cathode, induced by its volume changes during
cycling, plays a significant role in the observed capacity fade. Focused
ion beam-scanning electron microscope (FIB-SEM) tomography with
nanoscale resolution was used for 3D characterization of the
composite electrode morphology before and after cycling. The
tomography data demonstrates the development of voids and cracks
near the cathode particles and significant contact loss between the
cathode particles and solid electrolyte after cycling. The observed
mechanical degradation in the electrode composite highlights the
difficulty and importance of engineering mechanically stable SSBs. The
application of large external pressure after long-term cycling led to
recovery of lost capacity and reduced the cell resistance, confirming
the effect of mechanical degradation.

Solid-state batteries (SSBs) are of great interest for energy
storage as they would improve safety compared with Li-ion
batteries by replacing the flammable liquid electrolyte with an
inorganic solid electrolyte. Potential energy density enhance-
ments are also possible as the solid-state electrolyte may enable
the use of Li metal.*> However, current SSBs often exhibit more
rapid capacity fade than conventional Li-ion batteries.>*®
Improving the cyclability of SSBs requires a more comprehen-
sive understanding of the degradation mechanism during
cycling.
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Both chemical and mechanical instabilities play a role in the
impedance build-up and capacity fade during SSB cycling.
Chemical reactivity issues between conductor and cathode have
been well-studied theoretically>* and experimentally.>"™** In
this work, we focus on the mechanical failure modes of an SSB
composite cathode. The latter consists of an intimate mixture of
the solid electrolyte and active cathode particles so that
a transport path exists for the Li ions to/from the cathode
particles. Good Li-ion transport across the solid electrolyte/
cathode particle interface is necessary to minimize the cell
resistance and overpotential of the composite cathode. Chem-
ical reactivity at the solid electrolyte/cathode interface can lead
to the formation of a reaction layer, which increases cathode
impedance. For example, sulfide-based electrolytes have been
shown to react with oxide-based cathodes, resulting in over-
potential growth and capacity fade.>*''"** Coating the cathode
particles has been shown to mitigate this issue to some extent
and improve cycling stability.***#

Mechanical issues at the solid electrolyte/cathode interface
are less studied than the chemical instability but may also cause
significant capacity fade. The challenge to retain mechanical
contact in the cathode composite mainly arises from the volume
change of the cathode materials during cycling. Volume
changes of up to 8% during cycling are possible for common
layered cathode compounds.™?® Because the elastic deforma-
tion of a solid electrolyte is extremely small,** the only way that
the solid electrolyte can accommodate the volume change of the
cathode particles is through displacement or irreversible
deformation (plastic deformation, cracking, etc.) of particles in
the composite. Repeated expansion/contraction of the cathode
particles as they charge and discharge is thus expected to lead to
contact loss at the solid electrolyte/cathode interface and hinder
Li-ion transport.”»*®* Although there have been some reports
discussing the mechanical degradation in SSB cathode
composites,**** the evolution of the electrode microstructure
and the severity of the contact loss during cycling remain
unclear and require high-resolution 3D characterization and
quantitative analysis of the cycled composite cathode.
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In this work, we use focused ion beam-scanning electron
microscope (FIB-SEM)-based tomography with sub-100 nm
spatial resolution to visualize and quantify the loss of
mechanical contact in an SSB cathode composite after cycling.
Quantitative analysis of the microstructural evolution and
interface separation reveals a correlation between the capacity
fade and the loss of physical contact between the cathode
particles and solid electrolyte upon cycling.

In the current study, we investigate composite cathodes that
combine a NMC cathode (LiNi, sMng 3C0, ,0,) with amorphous
75Li,S-25P,S; (LPS) solid electrolyte. The cathode material was
coated with an amorphous Li-Zr-oxide (LZO) layer to reduce the
reaction between NMC and LPS and to minimize the effect of
the chemical instability on the electrochemical performance.®
SSB cells were constructed with In metal as the anode,
a composite of NMC/LPS/carbon nanofiber (CNF) in a weight
ratio of 60 : 35 : 5 as the cathode, and LPS as the solid electro-
lyte. All the cells were cycled between 1.4 and 3.7 V vs. In
(between 2 and 4.3 Vvs. Li/Li") using constant-current constant-
voltage (CCCV) charging and constant-current discharging at
a rate of 0.05 mA cm ™. The details of the cell fabrication have
been previously reported and are provided in the ESI.{2°

Fig. 1(a) presents the discharge capacity retention of the SSB.
The first cycle shows a discharge capacity of 129 mA h g~ . Over
the next 26 cycles, the discharge capacity gradually decreased to
102 mA h g™, corresponding to a loss rate of approximately
1 mA h g ' per cycle, as represented by the yellow line in
Fig. 1(a). However, a rapid capacity decline occurred between
the 30™ and 40™ cycle, with the cell capacity ending at less than
20 mA h g™ ", Similar cycling behavior was consistently observed
in other cells, although the sudden drop in capacity could be
found earlier or later. The cycling performance of an additional
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Fig. 1 Electrochemical tests of SSB before and after re-pressing. (a)
Discharge capacity of the cell. Pressure of 300 MPa was applied after
50 cycles. (b) and (d) EIS measurement after 1, 20, 50, and 51 cycles. (c)
Summary of cell resistances determined through EIS measurements.
The equivalent circuit is shown in the inset.
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cell with a large capacity drop after ~30 cycles is shown in
Fig. S1.1

To investigate the mechanical contribution to this rapid
capacity degradation, 300 MPa pressure was reapplied to the
cell after 50 cycles to restore the mechanical contact. Remark-
ably, after re-pressing the cell at this pressure, the discharge
capacity of the SSB recovered to ~80 mA h g '. This result
unambiguously confirms that mechanical degradation signifi-
cantly contributes to capacity loss during SSB cycling. In addi-
tion, the discharge capacity of 80 mA h g™ " after the re-pressing
corresponds to an average capacity decay rate of 1 mA h g~ * per
cycle, which is consistent with the initial decay rate for the first
25 cycles. This finding suggests that there are likely two distinct
degradation modes during SSB cycling: one that leads to
gradual capacity decay at a relatively constant rate, which may
be related to the chemical degradation, and another that leads
to rapid capacity decay over several cycles, which can be
attributed to the mechanical degradation.

Any contact loss in the composite cathode would lead to an
increase in the interfacial resistance, which can be probed by
electrochemical impedance spectroscopy (EIS). Fig. 1(b) and (c)
present the EIS measurements of the cell after 1, 20, 50, and 51
(after re-pressing) cycles. Each spectrum consists of three
distinct semicircles in the high-, mid-, and low-frequency
regions. The different frequency regions originate from the
different time constants for the charged species transport at
various interfaces. The EIS results were fitted with the equiva-
lent circuit model, and the cell resistances at different
frequencies are summarized in Fig. 1(d). During the first 50
cycles, the resistance in all the frequency regions increased.
After re-pressing the cell (51* cycle), a significant decrease of all
the resistances was observed. This general trend suggests that
mechanical degradation is not limited to the cathode/solid
electrolyte interface but may also occur at other interfaces
such as the anode/solid electrolyte interface and solid electro-
lyte grain boundaries. Although it is not possible to precisely
assign a single frequency region to the cathode/solid electrolyte
interface because of the overlapping time constants of different
transport processes, previous studies have argued that the mid-
frequency region is most sensitive to changes at the cathode/
solid electrolyte interface.” Interestingly, the resistance corre-
sponding to the mid-frequency region (Ryy) only increased
from 954 to 1241 Q in the first 10 cycles, a 30% increase. After 50
cycles, it further increased to 3283 Q, a 244% increase. This
finding again demonstrates that interfacial degradation is
accelerated in the later cycles, which is consistent with the
observed faster capacity decay. After re-pressing, Ry decreased
to 2755 Q, suggesting that the application of large external
pressure results in the recovery of some contact area between
the cathode and solid electrolyte and reduces the cell resistance.
However, this value is still much larger than the original Ryp
after the first cycle, suggesting that other factors, such as
chemical degradation at the interfaces, also play a role in the
resistance growth, or that not all contact can be restored. We
note that it has become clear recently that LZO does not fully
protect NMC at the charging voltage required for NMC?>” and the

This journal is © The Royal Society of Chemistry 2020
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observed capacity fade can be partially attributed to the insta-
bility of the LZO coating.

To directly observe and verify the possible contact loss
between the cathode and solid electrolyte, FIB-SEM tomography
was used to characterize the microstructural evolution in the
composite cathode during cycling. Three SSB cells (before
cycling, after 10 cycles, and after 50 cycles) were extracted in the
discharged state and evaluated using FIB-SEM tomography. The
workflow for the FIB-SEM tomography experiment is presented
in Fig. 2. The SSB full cell was tilted at a 52° angle with the
cathode composite perpendicular to the ion beam. The ion
beam was first used to mill trenches surrounding the area of
interest, exposing the cross-section to the top-mounted electron
beam at a 52° angle. A backscattered electron (BSE) image was
acquired to provide 2D morphology information on the cathode
composite. Then, a thin slice (50 nm) was milled away from the
cross-section with the ion beam, and another BSE image was
taken. After repeating this process several hundred times, the
image stack was aligned, cropped, and combined into a 2D
image stack (Fig. 2(c)) (see ESI Fig. S2 and S37 for the detailed
image process procedures). The 2D image stack and corre-
sponding four-phase segmentation image are presented in
Fig. 2(c) and (d), respectively, whereby the NMC cathode (blue),
LPS solid electrolyte (yellow), carbon (black), and void (red) can
be accurately distinguished. The segmented image stacks were
then reconstructed into a 3D volume. The reconstructed struc-
tures of the composite cathodes before and after electro-
chemical cycling are presented in Fig. 3.

The segmented tomography data presented in Fig. 3 enables
a quantitative analysis of the void development in the cathode
composite during cycling. In the pristine sample, the voids only
account for less than 3% of the total volume. Although the voids
can be observed throughout the solid-electrolyte volume, they
are mostly small and isolated. These small voids are formed
during the cold-pressing process, when the solid-electrolyte
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particles undergo large deformation, leaving small voids at
particle boundaries. After 10 cycles, the void morphology has
not changed significantly, and the total void volume percentage
increased by less than 0.5%. This result suggests that in the first
10 cycles, during which only gradual capacity fade occurs, the
mechanical degradation in the composite electrode is minimal
or is not at the scale where it is visible or influences perfor-
mance. A substantial change in the void morphology is
observable after 50 cycles. The total void volume increased to
9.50% of the total volume, more than three times that in the
pristine sample. The voids are also more connected, forming
large flake-like cracks on the scale of ~10 um near the cathode
particles. To more carefully examine the void morphology,
representative cross-sectional SEM images were acquired from
each sample and are presented in Fig. 4(a)-(c). Although only
small isolated pores are present in the samples before cycling
and after 10 cycles, large cracks can be observed next to cathode
particles after 50 cycles (highlighted by the red arrows). This
location suggests that the repeated volume change of cathode
particles during cycling is likely the main driving force for the
void formation. Such voids near the surface of the cathode
particles will directly hinder the Li transfer between the cathode
and solid electrolyte, explaining the increase in the over-
potential and capacity fade observed.

To better quantify the degree of contact loss at the cathode/
solid electrolyte interface in the sample that was cycled 50
times, we divided the cathode surface into cathode surface in
contact with voids (contact loss) and cathode surface in contact
with other components such as other cathode, solid electrolyte,
or carbon (with contact), based on the segmentation shown in
Fig. 3. Fig. 4(d) demonstrates the labeling of the two categories
in a 2D slice of Fig. 4(c) with the contact loss surfaces high-
lighted in red, and the other cathode surfaces shown in blue.
This analysis was performed on all images of the sample, and
the reconstructed 3D structure of the cathode surfaces with
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e

3D reconstruction

oLPsS
| Void

Fig.2 Workflow for FIB-SEM tomography. (a) Schematic illustration of data acquisition set-up in FIB-SEM. (b) lon-beam milling and BSE electron
beam imaging were performed iteratively during serial sectioning. (c) 2D image stack obtained after image processing. (d) Corresponding four-
phase segmentation results and (e) reconstructed 3D volume of the cathode composite (the final 3D volumes were slightly different for the three

samples but were all ~60 x 40 x 30 um?>).
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Fig. 3 Reconstructed 3D structures of cathode composite. The figures correspond to the samples before cycling (top), after 10 cycles (middle),
and after 50 cycles (bottom). The left column shows all the components (blue: NMC; yellow: LPS; red: void; black: carbon). The middle column
shows only the NMC particles, and the right column shows only the voids. The overall volume and void volume percent are labeled below the

figures.

contact (blue) and without contact (red) is presented in Fig. 4(e).
Contact loss was observed at most of the cathode particle
surfaces, demonstrating the severity of the mechanical prob-
lems caused by cathode volume change. The estimated contact
loss area is 10.4% of the total cathode surface area.

To better visualize the local contact loss distribution around
the cathode particles, a single NMC particle and its surrounding
voids in the sample cycled 50 times were isolated from the larger
volume and are shown in Fig. 4(f). The spherical NMC particle at
the center is shown in grey, and the surrounding voids are shown
in red. The voids are much more concentrated on the right side of
the NMC particle, suggesting that the contact loss areas caused by
the cathode particle volume shrinking will mostly be on one side
of the particle, rather than uniformly distributed around the
particle. This is expected because the presence of voids on one
side of the particle is sufficient to release the strain caused by the
particle volume change. This concentration of the decohered area
in the cathode particle may aggravate its effect on capacity loss as
now all the Li ions going in and out of the area under the contact
loss have a much larger distance to travel before they reach the
solid electrolyte. This is in contrast to if the contact loss area were
homogeneously dispersed across the cathode particle. In the
latter case, diffusion gradients parallel to the surface, resulting
from blocked-out surface area for Li to enter or leave the particle,
would rapidly fade out in the cathode particle.

The FIB-SEM tomography and electrochemical testing
results together strongly suggest that the severe mechanical

17402 | J Mater. Chem. A, 2020, 8,17399-17404

degradation is the main cause of the rapid capacity fade in the
SSB composite electrode, particularly in later cycles. In current
study, the crack development is mostly observed near the
cathode/solid electrolyte interface, which suggests that the
cathode particle volume change is the origin of the mechanical
failure during cycling. Thus, minimizing this mechanical
degradation is critical to extending the cycle life of SSBs.

It should be noted that the observed cathode/solid electro-
lyte delamination is likely only part of the overall mechanical
degradation during SSB operation. Contact loss during cycling
is also likely to occur at the anode side. The low-frequency
region in the EIS data (Fig. 1), which is often attributed to the
anode/solid electrolyte interface,” sees a significant increase
during cycling and decreases after pressing. This suggests some
anode delamination could also exist and requires further study
of the anode morphology. Moreover, although significant
cathode particle cracking is not observed in the current study
(Fig. 4(d)), it has often been observed in liquid cells,*®*?** and
could occur in SSBs with longer cycling and larger depth of
charge and discharge.

Several routes can be envisaged to improve the mechanical
response of the composite cathode, none of which is likely to be
very easy. This includes the optimization of cathode
morphology, cathode chemistry/structure, mechanical proper-
ties of the solid electrolyte, and use of external pressure.
Reducing the cathode surface displacement is critical for
lowering the mechanical strain during cycling, which can be

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Cross-sectional SEM images of composite cathode (a) before
cycling, (b) after 10 cycles, and (c) after 50 cycles. Scale bar: 10 pm (d)
NMC surfaces (blue) with void/NMC interfaces highlighted in red and
(e) their 3D reconstruction. (f) Part of the 3D reconstruction of the
after-50-cycles sample showing an isolated NMC particle (grey) with
surrounding voids (red). Other components (LPS and carbon) are not
shown. Box sizes for (e) and (f) are 64 x 38 x 36 um®and 18 x 20 x 18
um?, respectively.

achieved by decreasing the cathode particle size or cathode
strain. For a cathode material with a specific strain, a smaller
particle size would result in less surface displacement and
therefore reduced stress at the cathode/solid electrolyte inter-
face. However, reducing the cathode particle size could nega-
tively affect the cathode utilization and energy density of SSBs.**
Reducing the cathode strain during cycling is another way to
minimize mechanical issues. Different cathode chemistries and
structures have been shown to lead to different volume change
during cycling.****** The current results motivate the search for
high-energy-density electrode materials with small volume
change or “zero-strain”. Different solid-electrolyte materials will
also result in different mechanical degradation behavior. For
example, the rapid development of cracks in the first few cycles
was observed in SSBs with an oxide-based solid electrolyte,
which is more rigid than the sulfide solid electrolyte used in the
current study.”® In contrast, polymer-based composite solid
electrolytes can accommodate larger strain and have been
shown to improve the cycling stability.**** Therefore, devel-
oping a solid electrolyte with higher elasticity is an additional
route to mitigate mechanical instability. Finally, applying
a large external pressure (stack pressure) during cycling could in
principle reduce the contact loss at the cathode/solid electrolyte

This journal is © The Royal Society of Chemistry 2020
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interface, but such a large stack pressure may not be practical
for large format cells.

It should be noted that the reason why the mechanical
degradation and associated capacity fade accelerates in the later
cycles remains unclear. One possible reason for this accelera-
tion is that continuous chemical degradation conspires with the
mechanical issues at the interface to accelerate the decohesion.
Severe chemical reactions at the cathode/solid electrolyte
interface have been widely reported>*'>** and are likely to
continue near the interface of LPS and the LZO-coated NMC
upon cycling.”” The gradual growth of an interfacial layer
composed of various reaction products can weaken the
mechanical adhesion between the cathode and solid electrolyte,
promoting crack development under stress. Or it may even lead
to residual stresses which add to the stresses caused by the
volume change of the cathode.

Another possibility is that in the early cycles, only very small
microfractures occur, undetectable by the tomography and that
these coalesce or lead to larger-scale decohesion in the later
stage as is not uncommon for ductile fracture in materials.

Conclusions

In summary, using FIB-SEM tomography, we characterized SSB
composite cathodes and revealed severe mechanical degrada-
tion during cycling. A large void volume (9.50%) was observed in
the cathode composite after 50 cycles. These voids were mostly
distributed near the cathode particle surfaces, leading to
a contact area loss of more than 10%. The observed rapid
capacity drop in later cycles is attributed to this mechanical
contact loss. Our results also suggest, somewhat surprisingly,
that mechanical degradation does not progress gradually
starting from the first cycle. Instead, the majority of the void
formation and contact loss likely occurs at later cycles and over
a short period. The severe mechanical degradation observed in
this study highlights the importance of mechanical consider-
ations in SSB design.
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