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The problem of lithium dendrites must be addressed for practical
lithium metal all-solid-state batteries. Herein, three-dimensional
morphological changes within LisPS,; electrolyte away from the
anode were observed using operando X-ray computed tomography.
We revealed that the electronic conduction of decomposition and the
electrolyte/void interface cause the lithium deposition within the LizPS,.

The application of Li-ion secondary batteries has expanded
from small-scale electronic devices to middle- to large-scale
devices for electric vehicles, and further improvement of energy
density is required. Li metal is an attractive anode candidate for
this goal owing to its high theoretical capacity (3860 mA h g™ )
and low potential (—3.04 V vs. standard hydrogen electrode).!
However, the use of Li metal anodes with traditional liquid or
polymer electrolytes has been unsuccessful because of difficul-
ties in suppressing internal short circuits caused by Li dendrite
formation.>™ This problem leads to degradation and safety
concerns during charging/discharging cycles. Compared to
liquid or polymer electrolytes, solid electrolytes have the advan-
tage of being able to prevent the Li dendrites owing to their
high mechanical strength and high Li transference number.’
Among solid electrolytes, sulfide solid electrolytes have received
particular attention because of their formability and ionic
conductivities that are comparable or superior to those of
liquid electrolytes.® However, the use of sulfide solid electro-
lytes has not suppressed Li dendrites to the extent required for
practical application.””®

Non-uniform contact at the interface between Li metal and
sulfide solid electrolyte, leading to non-uniform current at the
interface, has been reported to be the main reason for Li
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dendrite formation.’* Although various interfacial modifications
have been developed to reduce the non-uniform interfacial con-
tact, Li dendrites still have not been suppressed completely.”*> "
Several studies have reported that Li dendrite formation occurs
not from the Li/sulfide solid electrolyte interface, but in the
sulfide solid electrolyte, isolated from the interface, suggesting
that improving only the heterogeneous structure at the interface is
insufficient for the suppression of Li dendrite formation.”***
The formation of Li dendrites within the sulfide solid electrolyte
layer has been attributed to electron conduction in the sulfide
solid electrolyte and at the sulfide solid electrolyte/void
interface.”* However, fundamental information on the mecha-
nism of Li dendrite formation in a sulfide solid electrolyte caused
by its electron conduction is lacking.

The formation of Li dendrites in sulfide solid electrolytes is
caused by a complex combination of factors, including non-
uniform contact at the Li/sulfide solid electrolyte interface,'*?*
the density of the sulfide solid electrolyte layer,?® and reductive
decomposition products from the sulfide solid electrolyte that
exists in a non-equilibrium state on the Li metal surface.””>°
Therefore, observation of continuous morphological changes in
Li dendrites during the Li plating process using ex situ analysis
is difficult, and operando analysis is important.

The Li concentration distribution and morphology changes
in the cross-section of Li/solid electrolytes have been examined
using operando neutron depth profiling and operando micro-
scopic observation.?*** Although these techniques are useful for
analyzing the Li dendrite formation mechanism, the obtained
information is limited to averages or two-dimensional. Three-
dimensional (3D) morphological analysis with nanometer-order
spatial resolution is necessary for a comprehensive understand-
ing of the mechanism of the Li dendrite formation because
dendrites are generated heterogeneously in the sulfide solid
electrolyte. X-ray computed tomography (CT) is a useful techni-
que for 3D morphology analysis and can be conducted at the
same applied pressure as that of actual cells, and it has been
used to elucidate the mechanism of Li dendrite growth in sulfide
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solid electrolytes.>™****° In addition, it is necessary to distin-
guish between solid electrolytes, which are composed primarily
of light elements, Li, and voids. The phase-contrast CT method
using monochromatized synchrotron radiation X-rays satisfies
these requirements, and Ning et al. have succeeded in directly
observing micrometer-order Li dendrites in cracks using phase-
contrast CT with synchrotron radiation X-rays.®

In this study, the three-dimensional morphological changes
of the Li dendrites in LizPS,, which is a typical sulfide solid
electrolyte, were observed directly using multimodal/multiscale
operando CT under an applied pressure. At the BL20XU CT
beamline of SPring-8, where this experiment was performed, CT
measurement using transmission X-ray microscopy (nano CT)
can be accomplished with a high spatial resolution of 150 nm in
any field of view in a projection-type CT (nominal pixel size of
0.5 pm) image. Furthermore, nano CT can enhance the contrast
of low-absorption materials using the Zernike phase-contrast
method with a phase plate. In addition, the reductive decom-
position product at the Li/Li;PS, interface was examined using
soft X-ray absorption spectroscopy (XAS) and electrochemical
impedance measurements. The combined results of these ana-
lyses revealed that the electronic conduction of the reductive
decomposition products and that at the solid electrolyte/void
interface cause the Li deposition not at the Li/LizPS, interface,
but in the Li;PS, solid electrolyte.

LisPS, glass, as a solid electrolyte, was prepared using the
mechanical milling method with stoichiometric amounts of
Li,S and P,Ss (details in the ESIt). The characteristics of the
prepared Li;PS, are summarized in Fig. S1 (ESI{). Powder X-ray
diffraction revealed that Li;PS, was amorphous, and Raman
spectroscopy confirmed the presence of the PS,*” unit.*' The
ionic conductivity was 5.0 x 10* S em ™! at 25 °C, which was
calculated based on the Nyquist plot in Fig. Sic (ESIt). The
particle size was 10-50 pm, as confirmed by scanning electron
microscopy. These results were consistent with those from
previous studies.”

Prior to the operando CT test, we performed Li deposition
tests with the operando cell (Fig. S2a, ESIt) at various current
densities (0.6, 0.8 and 1.0 mA cm™?) to determine the appropriate
experimental conditions for the operando CT measurements. Cell
failure was very slow at a current density of 0.6 mA cm ™2, whereas
the cell showed an extremely large polarization at 1.0 mA cm™ 2,
indicating that these current densities are not suitable for
operando measurements. Therefore, operando CT measurements
were conducted at a current density of 0.8 mA cm™ 2. The charge/
discharge behavior of the operando cell at this current density was
0.8 mA cm * and was similar to that of a typical bulk-type cell
with a diameter of ¢ 10 mm (Fig. S2b, ESIt), which confirms that
an electrochemical test similar to that for a typical pellet-type cell
can be used for the operando cell. Operando CT measurements
with the operando cell were performed using the setup at beam-
line BL20XU, SPring-8, as shown in Fig. S3 (ESIf). To prevent
complications from the incomplete dissolution of Li during the
stripping process, CT images were collected every 0.5 h during the
Li plating process at a current density of 0.8 mA ¢cm > until
the voltage could not be measured.
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Fig. 1 (a) 3D image of voids in the LizPS,4 layer and magnified views of
voids at different depths against the Li plating electrode. (b) Histogram of
the volume percentages and volumes of voids in LizPS,4 located perpendi-
cular to the Li electrode and LizPS, interface.

Before the Li deposition reaction, we captured a CT image of
the LizPS, layer in the operando cell (Fig. 1a). In the Li;PS, layer,
a small X-ray absorption region due to voids, with different
amounts in the depth direction to the Li metal electrode, was
observed. Quantitative analysis of the void volume at positions
perpendicular to the Li/Li;PS, interface revealed that a rela-
tively large number of voids, 0.5% of the total volume of the
solid electrolyte, exists around the position of 100-120 pm away
from the Li/LizPS, interface (Fig. 1b). The impact of the
secondary particle system on the LizPS, is discussed in detail
in the ESL¥

Fig. 2 shows the charge curve of the Li/Li;PS,/Li symmetric
cell during operando CT measurements and the CT renderings
obtained for the Li metal anode and Li;PS,. Polarization of the
operando cell decreased gradually with increasing Li deposition
time, and the voltage could not be measured after Li deposition
for 3.2 h (Fig. 2a) owing to a short circuit. For clearer visualization
of the morphological changes of the cell during plating, the 3D
images showed only the top Li electrode and electrodeposited Li
metal in LizPS, (Fig. 2b), whereas images of voids observed in the
pristine state were excluded. The original Li metal electrode
(without electroplating) was only observed in the CT rendering
in the pristine state, and no morphological changes were observed
after charging for 1.0 h (Fig. 2b). After charging for 1.5 h, a region
with the same contrast as Li metal was not observed at the
interface between the Li metal anode and the Li;PS, electrolyte,
but was observed in the Li;PS, electrolyte with a relatively large
number of voids in the pristine state (Fig. 1a). After charging for
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Fig. 2 (a) Galvanostatic voltage curves of the Li/LisPS4/Li cell measured
during plating. (b) 3D renderings of Li metal of the operando cell during Li
deposition. (c) Phase-contrast (i) and absorption-contrast (i) nano CT
image at T = 3.2 h of red demarcation in Fig. 2b. (d) Theoretical volumes
of Li (black) at various times during charging and the calculated volume of
Li dendrites (green).
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3.2 h, the region with the same contrast as Li metal grew around
the region formed after charging for 1.5 h. As the X-ray absorption
coefficient of Li metal is similar to that of voids,** the region
formed in the Li;PS, electrolyte cannot be attributed to Li metal
or large voids using the absorption-contrast CT method. To
investigate whether the region formed in the Li;PS, electrolyte
is attributed to large voids or electrodeposited Li metal, we
performed nano CT with an absorption-contrast method and a
phase-contrast method that uses the density difference of the
objects in the region (Fig. 2c). With the absorption-contrast
method, a clear contrast was not observed between a needle-like
region, which might be attributed to Li deposition and shows a
black color similar to that of the void region (Fig. 2c-ii). With the
phase-contrast method, the needle-like region was gray, while the
void was black in color (Fig. 2¢-i). These results indicate that the
region formed in Li;PS, is attributed to the electrodeposited Li
metal. Fig. 2d shows a plot of the volume of the electrodeposited
Li metal obtained through the CT measurements and the theore-
tical volume of electrodeposited Li metal against plating time.
The volume obtained through CT measurement after plating for
1.5 h was significantly smaller than the theoretical volume. After
plating for 3.2 h, the volume obtained through CT measurement
increased and was closer to the theoretical value. These results
indicate that the side reactions other than Li deposition occur at
an early stage of plating.

To clarify the side reactions during Li plating, XAS for S and
P K-edges was performed for the Li/Li;PS,/Li symmetric cell
before and after electrochemical measurements (Fig. 3a and b).
The XAS measurements were performed after removing only
the Cu current collector from the cells (details in Fig. S4, ESIt).
The S K-edge XAS spectrum changed significantly after electro-
chemical cycling, consistent with Li,S (Fig. 3a). The P K-edge
XAS spectrum changed slightly after the electrochemical cycling
in the range between 2140 and 2147 eV, which is consistent
with LizP (Fig. 3b). These results indicate that Li;PS, underwent
reductive decomposition, generating Li,S and Li;P during the
Li plating reaction, which is consistent with our previous
reports."” When Li;PS, is reductively decomposed into LisP
and Li,S, the volume expands about 1.5 times (see the ESI}
for details). Fig. S5 (ESIf) shows the porosity of the solid
electrolyte layer from 0.0 to 1.0 hour calculated from the CT
images. This result suggests that the electrolyte is undergoing
reductive decomposition.

Additionally, to evaluate the change in interfacial resistance
between Li metal and Li;PS, during Li deposition, electrochemical
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Fig. 3 (a) S K-edge and (b) P K-edge partial fluorescence yield XAS spectra
of LizsPS4 before and after the galvanostatic cycling tests. (c) Obtained
resistance values of the Li/LisPS4/Li cell for the surface layer and charge
transfer based on Fig. S6 (ESIT).
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impedance spectroscopy experiments were carried out in the
3.0 MHz to 0.1 Hz frequency range (Fig. 3c). Two semicircles were
observed, consistent with the results of previous studies.'?
The impedance spectra were fitted with a previously reported
equivalent circuit®® (Fig. S6) and the results are presented in
Table S1 (ESI).

Comparing the obtained capacitance values of ~0.01 and
~10 pF to those from previous reports®*> revealed that the
semicircles in the high- and low-frequency regions correspond
to interfacial resistance (R;,) and charge transfer resistance
(Rct), respectively. Ry, increased with increasing Li deposition
time, whereas R. decreased gradually with increasing Li
deposition time up to 1.0 h and then decreased drastically
afterward. The increase in the interfacial layer resistance was
caused by the reductive decomposition products, Li,S and Li3P,
because of their low ionic conductivities." The gradual decrease
in the charge transfer resistance until 1.0 h may be attributed to
the increase in the surface area due to the electrodeposited
Li on the Li metal electrode. The drastic decrease beginning at
1.0 h is attributed to the increased surface area of the electro-
deposited Li metal in the LizPS,, which was revealed by
operando CT measurements (Fig. 2).

The Li nucleation and growth mechanism in the Li/Li;PS,/Li
symmetric cell, based on the results of electrochemical mea-
surements, operando CT, and XAS, is depicted in Fig. 4. In the
early to middle stages of the Li plating process, operando CT
measurements did not indicate Li deposition. Because the Li
deposition potential is beyond the reduction limit of Li;PS,,°
LizPS, undergoes reductive decomposition to Li,S and Li;P,
resulting in a discrepancy between the observed and theoretical
Li volumes.

In the middle to late stages of the charging process, Li
nucleation and growth in the Li;PS, solid electrolyte are caused
by electronic conduction in the reductively decomposed layer
and the void/Li;PS, interface. LisP, a reductive decomposition
product, has been reported to have a relatively high electronic
conductivity owing to its small band gap of 1.25 eV.***” The
electronic conduction in the LizP in the reductively decom-
posed layer results in Li nucleation and growth in the Li;PS,
solid electrolyte layer. A relatively large number of voids exist
100-120 pm from the Li/Li;PS, interface, which was confirmed
by operando CT (Fig. 1). A previous study reported that the band
gap of a solid electrolyte at the void/solid electrolyte interface is
smaller than that of the bulk solid electrolyte because of the
space charge layer, which enhances the electronic conduction

Electro
deposited Li

Decomposition product

Fig. 4 Schematic diagram of dendrite growth within LizPS4 caused by the
electronic conduction in the reductively decomposed layer and the void/
LisPS4 interface.
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in the solid electrolyte. Li;PS, showed an electronic conductivity
of 3.2 x 107® S em™" at 25 °C (Fig. S7b, ESI{), which is high
compared to those of other sulfide solid electrolytes.>* Therefore,
the relatively high electronic conductivity of Li;PS, enhanced by
the space charge effect leads to Li nucleation around the voids
at the position of 100-120 pm from the Li/LizPS, interface, as
shown in Fig. 4. In the subsequent Li deposition process, additional
Li is deposited from the deposited Li nuclei in the Li;PS, layer. In
summary, the electronic conduction of the reductive decomposi-
tion products and that at the solid electrolyte/void interface cause
Li deposition not at the Li/LizPS, interface, but in the Li;PS, solid
electrolyte. Reducing these electronic conductions is a key in
suppressing the Li dendrite growth in all-solid-state batteries. This
finding will be beneficial for the use of Li metal anodes in all-solid-
state batteries. In our previous study, we found that the addition of
Lil to LizPS, improves the CCD, suggesting that LiI blocks the
electronic conduction at the Li/LizPS, interface and suppresses Li
dendrite growth in the electrolyte layer.>

In this study, we performed a 3D visualization of Li dendrite
formation in a LizPS, solid electrolyte using operando CT
and clarified the mechanism by combining electrochemical
measurements with soft XAS with it. In the early stages of the
Li plating process, reductive decomposition of the LizPS, solid
electrolyte mainly occurs. Later in the Li plating process, Li
nucleation occurs in the Li;PS, solid electrolyte owing to the
electronic conduction of the reductive decomposition products
and that at the solid electrolyte/void interface, from which the
growth of deposited Li occurs. Reducing the electronic conduc-
tions is key in suppressing the Li dendrite growth in all-solid-
state batteries.
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