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ABSTRACT: Lithium dendrite penetration has caused internal
short-circuits that have limited the life of lithium metal all-
solid-state batteries. Defects and pores in dry compacted solid
electrolytes promote dendrite growth. This study introduces an
organic molecular coating, 1-undecanethiol, that anchors
strongly to the surface of Li6PS5Cl and functions as an adsorbed
lubrication layer, thus reducing interparticle friction, facilitating
particle rearrangement and densification. Under a compacting
pressure of 375 MPa, the 1-undecanethiol coated Li6PS5Cl
achieves a porosity of 1.7%, a substantial reduction from the
porosity of 10.9% for Li6PS5Cl. As a result, Li symmetric cells
incorporating the 1-undecanethiol densified Li6PS5Cl pellet
exhibit up to a 4-fold increase in critical current density and demonstrate remarkable 4600 h cycling at a current density of 1
mA cm−2. Likewise, the Li||LiNi0.8Co0.1Mn0.1O2 full cell shows a 4-fold increase in cycling current density. This work points to
the potential of organic surface engineering to enable long-life solid-state batteries.

All solid-state batteries (ASSBs) comprising a nonflam-
mable solid electrolyte hold the promise of higher
energy density and longer life by the use of lithium

metal anodes.1 Among solid-state electrolytes (SSEs) materials,
sulfides such as Li6PS5Cl (LPSC), Li10GeP2S12, and
Li9.54Si1.74P1.44S11.7Cl0.3 are particularly attractive due to their
superionic conductivities (as high as ∼10−2 S cm−1), low
Young’s modulus, and high deformability.2 Among sulfide
SSEs, Li-argyrodites family Li6−yPS5−yCl1+y, exhibit a much
more stable interface with lithium than other sulfide SSEs.3

The occurrence of short-circuits due to the penetration of
lithium dendrites, however, greatly limits the cycle life of
lithium metal ASSBs.4 This issue is exacerbated by several
factors, including low ionic conductivity at grain boundaries,5

electronic conductivity within the SSEs,6 low relative density of
the SSEs,4 and pre-existing microstructural defects (such as
cracks and pores) on the surface of and within the bulk of
SSEs.7 It is thus crucial to obtain dense, dendrite-resistant SSEs
layers.4

In academic settings, compacting pressures ranging from 370
to 530 MPa are typically required for the formation of LPSC
pellets with porosities from 13.9 to 17.9% when the starting
particles are ∼5 μm in size.8−10 Achieving fully dense (relative
density >99%) sulfide SSEs necessitates even higher pressures,

e.g., above 600 MPa for Li3PS4.
4 The need for these excessively

high compaction pressures makes the process difficult and
costly to implement and results in inhomogeneous residual
stress.4 LPSC pellet density can also be improved by the
utilization of smaller particles.10 Reducing particle size through
ball milling, however, often lowers ionic conductivity due to
the increased number of grain boundaries that resist lithium-
ion transport.9 On the other hand, increasing the compacting
temperature above 250 °C can produce byproducts with low
conductivity and reduce the critical current density (CCD).11

To rationally design approaches to facilitate porosity
reduction, the primary factors influencing the densification of
sulfide SSEs must be considered. There are three essential
processes during compaction: 1) grain boundary diffusion, 2)
lattice diffusion, and 3) plastic deformation.12 For instance,
lithium (Li+) and thiophosphate (PS43−) ions in Li2S−P2S5
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(LPS) can diffuse at the grain boundaries. Plastic deformation
primarily occurs due to the movement of dislocations under
applied pressure.13 Consequently, the boundaries and voids
between adjacent particles diminish with increasing pressure.14

Nonetheless, the grain boundary diffusion is a slow process and
the porosity of sulfide SSEs after plastic deformation remains
greater than around 12% under a pressure of 370−530
MPa.14,15 Friction is a critical factor to consider as it can lead
to inhomogeneous stress or deformation during dry
compaction. Mechanistically, the friction can be attributed to
1) adhesion, the force required to rupture microscopic
weldments formed between materials; and 2) abrasion, the
force necessary to plow the peaks of a harder material through
a softer one.16 Friction impedes particle rearrangement and
halts further pore size reduction once the force around the
pore reaches a steady state in the initial stage of densification.17

To mitigate this friction and achieve higher pellet density, the
field of powder compaction and metallurgy commonly employs
lubricants as vital additives to enhance particle rearrange-
ment.16,18 The reduction of interparticle friction promotes the
particle arrangement, leading to microstructural changes
during the initial stages of densification. This enhanced particle
packing subsequently promotes a more uniform plastic flow in
the later stages of densification, resulting in an increased pellet
density. However, the use of a lubricant has yet to be
considered for the densification of solid electrolytes.

■ THE CHOICE OF A LONG-CHAIN ALKYL THIOL TO
LUBRICATE LI6PS5CL

A surface lubricant for SSEs particles should not significantly
alter the critical properties of the material, in particular, ionic
conductivity, while offering the possibility of reducing friction
and facilitating compaction. In this study, we introduce an
amphiphilic molecule, 1-undecanethiol (UDSH), that can
chemically adsorb onto the LPSC SSEs surface, creating a
strongly adsorbed lubrication layer (denoted as UDSH@
LPSC). UDSH is well-documented for forming self-assembled
monolayers (SAM) on various substrates and is widely
employed as a lubricant in industrial applications.19−21 The
thiol headgroup is compatible with LPSC by forming S−S
bonds with the surface of LPSC; no interaction with the Cl− is
observed. The crystal structure of LPSC, and its ion
conduction properties are preserved (Figure S1).22 The S−S
bonds are established between the S atoms in the thiol
headgroup in UDSH and the S atoms on the surface of LPSC,
leading to the formation of a multilayer coating of UDSH. A
detailed study on the interaction between them has been
published recently.22 The hydrocarbon tail of UDSH is
expected to provide the necessary low adhesive force to
reduce the interparticle friction. By chemically anchoring
UDSH on the LPSC surface, the lubricant UDSH remains on
LPSC surface during compaction which can effectively reduce
friction between the powder particles, where significant
frictional processes occur23 (Figure 1). The introduction of
UDSH effectively retains the ionic conductivity of the LPSC
while effectively reducing pellet porosity, from 10.9% to 1.7%
at 375 MPa at room temperature.

■ SURFACE LUBRICATION EFFECT OF UDSH ON
LPSC

UDSH was mixed with LPSC using a planetary centrifugal
mixer without milling balls. Consequently, the particle shape

and particle size distribution of UDSH@LPSC remained
unchanged compared to those of the pristine LPSC, averaging
approximately 5 μm (Figure S2). The interaction between
UDSH and LPSC is probed to be S−S bonding.22 The
hydrocarbon tail aligns on the surface of LPSC. Following
sample preparation, approximately 4−5 wt % of UDSH residue
is present in the UDSH@LPSC.22 The UDSH residue remains
chemically compatible with LPSC even after 1 week of aging in
an Ar filled glovebox, as confirmed by X-ray photoelectron
spectroscopy (XPS) analysis where no changes of the PS43−

units are observed (Figure S3). The 4−5 wt % concentration
represents the optimal amount of UDSH required to achieve
effective lubrication; higher concentrations appear to yield
residual liquid during compaction (Figure S4). In the
cryogenic transmission electron microscopy (cryo-TEM)
images, an amorphous layer of ∼3 nm in thickness is present
at the LPSC particle surface in the UDSH@LPSC samples
(labeled with dashed line), which we attribute to the UDSH
adsorption (Figure S5a-b). The LPSC crystal structure remains
intact after UDSH adsorption (Figure S5c).
To quantitatively assess the lubrication capabilities of UDSH

during LPSC compaction, we examined the powder rheology
of the UDSH@LPSC and LPSC with the FT4 Powder
Rheometer (Freeman Technology) in terms of compressibility,
shear properties, and dynamic flowability in a dry room (dew
point −45 °C). Compressibility measures changes in bulk
density as a function of the applied normal stress. The shear
test applies both vertical and rotational stress to determine the
yield point�the force required for a consolidated powder at
rest to begin flowing, which depend on interparticle
friction.24−26 The vertical stress and shear stress (τ) required
to initiate flow produced the yield locus (Figure S6). The angle
of internal friction (φ) (AIF) is derived by the fitting line of
yield locus in Figure S6 with the horizontal axis, with lower
AIF values indicating reduced interparticle friction.27 The
dynamic flowability test, comprising stability and variable flow
rate tests, quantifies the flowability and compressibility of

Figure 1. Schematic illustration of the densification strategy for
LPSC at room temperature. While LPSC typically retains voids
and grain boundaries, exhibiting a porosity of 10.9%, the
application of a UDSH adsorbed onto the LPSC surface reduces
interparticle frictions, thereby reducing the pellet porosity to 1.7%.
UDSH effectively forms a lubricating film around the LPSC
particles.
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UDSH@LPSC and LPSC by measuring the flow energy
required to move the rotation blade through the powder
(Figure S7). The key parameters derived from these
measurements are summarized in Table 1.

Normalized basic flow energy (NBFE) represents the energy
per gram required to move the rotation blade downward from
the top to the bottom of the powder column. Since NBFE is
measured during the downward traverse in a confined
environment, it largely reflects the powder’s compressibility.
More compact powders will require a higher NBFE for
displacement.

=

normalized basic flow energy (NBFE)
downward flow energy

sample mass
(mJ/g)

The flow rate index (FRI) was calculated by taking the ratio
of flow energy at a blade speed of 10 mm/s to that at 100 mm/
s. More adhesive powders typically exhibit greater sensitivity to
changes in flow rate.24

i
k
jjjjj

y
{
zzzzz=FRI

flow energy at 10mm/s
flow energy at 100mm/s

The compressibility test results show that the bulk density of
both UDSH@LPSC and LPSC increases with applied normal
stress, indicating improved particle packing (Figure 2a).
UDSH@LPSC exhibits a consistently higher bulk density by
0.05−0.1 g mL−1 across different levels of normal stress,
suggesting the enhanced particle rearrangement and packing in
UDSH@LPSC. AIF values of UDSH@LPSC (33.46 ± 0.09°)
are lower than those of LPSC (35.72 ± 0.16°) from the shear
test, demonstrating that the UDSH coating has reduced
interparticle friction among LPSC particles (Figure 2b). Under
confined conditions, the higher NBFE value for UDSH@LPSC
(278.28 ± 2.82 mJ/g) compared to LPSC (226.83 ± 1.31 mJ/
g) implies that the UDSH@LPSC powder exhibits superior
packing under compression (Figure 2c). The lower FRI value
for UDSH@LPSC (1.87 ± 0.04) compared to LPSC (2.51 ±
0.05) reveals that the UDSH coating reduces the cohesiveness
of the powder, which is less sensitive to flow rate changes
(Figure 2d).
To evaluate the role of the thiol headgroup in UDSH, we

also conducted powder rheology measurements on undecane-
coated LPSC (referred to as UDCH@LPSC) as a control,
which lacks the thiol headgroup and therefore exhibits weaker
adsorption to LPSC (Table 1). The AIF values of UDCH@
LPSC (34.11 ± 0.36°) are higher than UDSH@LPSC (33.46
± 0.09°), indicating that the UDSH coating better reduces
interparticle friction among LPSC particles. The approximately
3-fold lower NBFE of UDCH@LPSC (94.30 ± 6.14 mJ/g)
compared to UDSH@LPSC (278.28 ± 2.82 mJ/g) and LPSC
(226.83 ± 1.31 mJ/g) suggest that the UDCH coating does

Table 1. Powder Rheology Test Results of LPSC, UDSH@
LPSC, and UDCH@LPSCa

Material AIF, ° NBFE, mJ/g FRI

LPSC 35.72 ± 0.16 226.83 ± 1.31 2.51 ± 0.05
UDSH@LPSC 33.46 ± 0.09 278.28 ± 2.82 1.87 ± 0.04
UDCH@LPSC 34.11 ± 0.36 94.30 ± 6.14 4.32 ± 0.02

aAIF - angle of internal friction; NBFE - normalized basic flowability
energy; FRI - flow rate index; based on the average of 2 independent
measurements. Data are presented as mean values ± SD.

Figure 2. Powder rheology and pellet compaction analysis of UDSH@LPSC and LPSC. (a) Bulk density as a function of the applied normal
stress of the powder. Comparison of (b) angle of internal friction (AIF), (c) normalized basic flow energy (NBFE) and (d) flow rate index
(FRI). Pellet porosity (e) and ionic conductivity (f) of UDSH@LPSC and LPSC prepared at various compacting pressures at room
temperature. Data are presented as mean values ± SD.
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not enhance the compressibility of the powder. The greater
increase in the FRI of UDCH@LPSC (4.32 ± 0.02) compared
to UDSH@LPSC (1.87 ± 0.04) and LPSC (2.51 ± 0.05)
reveals that the UDCH coating enhances the cohesiveness of
the LPSC powder. The comprehensive characterization of
powder rheology demonstrated the surface lubrication effect of
UDSH which reduces mechanical interparticle friction and
adhesion, resulting in improved flowability and compressibility
of LPSC. And the presence of the thiol headgroup is critical.
We also investigated the influence of the hydrocarbon tail

length in the thiols. Octanethiol (labeled as OCSH, which has
8 −CH2−), undecanethiol (labeled as UDSH, which has 11
−CH2−), and hexadecanethiol (labeled as HESH, which has
16 −CH2−) are evaluated similarly by powder rheology (Table
S1, Figure S8). While both UDSH and HESH modified LPSC
samples show higher bulk densities and reduced AIF than
pristine LPSC powder, UDSH offers the best compressibility in
terms of highest bulk density, NBFE and smallest AIF and FRI.
We suggest that the quality of the lubrication layer formed by
UDSH is higher than thiols of other chain lengths, which was
confirmed by atomic force microscopy (AFM) studies in our
previous study.22 Overall, selecting the right chain length to
yield a high-quality surface layer is crucial.
Thanks to the surface lubrication effect of UDSH, UDSH@

LPSC consistently exhibited 11% to 83% lower pellet porosity
compared to LPSC across the entire compacting pressure
range of 94 to 375 MPa at room temperature (Figure 2e). In
Figure 2e, LPSC or UDSH@LPSC powders were pressed in a
PEEK pressing die under varying pressures. At 375 MPa,
UDSH@LPSC exhibits a pellet porosity as small as 1.7%, in
contract to 10.9% porosity for LPSC. With UDSH, the
compacting pressure can be reduced by 50%, to a range of
148−188 MPa, while achieving the same porosity as LPSC
compressed at 375 MPa. In the microindentation test on
UDSH@LPSC and LPSC pellets pressed at 375 MPa, the
microhardness values of UDSH@LPSC and LPSC were 24.1 ±
1.8 HV and 7.3 ± 1.0 HV, respectively, based on the average of
4 independent measurements (errors correspond to one
standard deviation) (Figure S9). This 4-fold increase in
microhardness also indicates that the UDSH@LPSC has
higher pellet density.28 When the pellet is more densified, the
lithium-ion pathway is expected to shorten. As a result,
UDSH@LPSC exhibits higher ionic conductivity compared to
LPSC, as shown in Figure 2f. At compacting pressures of 94,
188, 281, and 375 MPa, the average ionic conductivities of
UDSH@LPSC are 2.37, 2.45, 2.60, and 2.93 mS cm−1,
respectively. In contrast, the average ionic conductivities of
LPSC under the same pressures are 1.10, 1.43, 2.05, and 2.61
mS cm−1, respectively. At the same time, the electronic
conductivity of UDSH@LPSC is maintained within the same
order of magnitude as LPSC, 6.9 vs 3.7 × 10−10 S cm−1 (Figure
S10).

■ DENSIFICATION VISUALIZATION OF UDSH ON
LPSC

Focused ion beam (FIB) cross-section scanning electron
microscopy (SEM) is used to visualize the pellet porosity and
void distribution of LPSC and UDSH@LPSC pellets pressed
at 375 MPa. We used the area as indicated with a white dashed
box in Figure 3a-b for this comparison. Note that the top
region of the images (right beneath the Pt capping layer)
shows porosities likely due to hydrolysis of LPSC during
sample transfer. The cross-sectional image of LPSC (Figure

3a) distinctly reveals larger interconnected micrometer-sized
cavities (marked in red circles), higher number of grain
boundaries, and smaller grain size. In contrast, the UDSH@
LPSC pellet depicted in Figure 3b exhibits minimal voids,
fewer grain boundaries, and larger grain size, approaching a
nearly fully densified structure. The cross-sectional FIB-SEM
of UDCH@LPSC in Figure S11 has a number of pores
comparable to the pristine LPSC, which suggests UDCH does
not have the densification effect. The powder rheology and
cross-sectional FIB-SEM results indicate that the effectiveness
of the UDSH is not just the result of having the liquid additives
in LPSC. The presence of the thiol headgroup is essential. We
attribute the S−S bonding between UDSH and LPSC to the
formation of a stronger absorbed lubricant layer around the
powder particles, which is crucial for densification.18 The
UDSH lubricant layer adheres strongly to LPSC under a
compacting pressure of 375 MPa. Energy dispersive spectros-
copy (EDS) analysis reveals a higher carbon mass fraction and
uniform carbon distribution in the UDSH@LPSC pellet cross-
section, indicating that the lubricant layer remains after
compaction without being concentrated near the pellet surface
(Figure S12, Table S2).
We further conducted microcomputed tomography (micro-

CT) to comprehensively assess the void distribution in LPSC
and UDSH@LPSC pellets compacted at 375 MPa. The results
of 3D reconstructed images are shown in Figure 3c-d, with
blue dots indicating pores. The LPSC pellet shows a large
number of voids distributed throughout the pellet (Figure 3c).
In contrast, the densified UDSH@LPSC pellet displays
significantly fewer voids (Figure 3d). The calculated porosities
from the 3D reconstruction are 11.5% for LPSC and 2.2% for
UDSH@LPSC, which aligns closely with the pellet porosity
measurements. This observation confirms the effective
densification of UDSH@LPSC at room temperature (20 ± 2
°C). While we use uniaxial compression in this study, the
surface lubrication mechanism should still be operational if
isostatic pressing, a more desirable approach, is used.
The confirmed surface lubrication effect of UDSH makes it a

powerful densification agent at room temperature. This surface

Figure 3. Evaluation of UDSH densification effect on LPSC.
Scanning electron microscope (SEM) images of cryogenic
temperatures focused ion beam (FIB) cross-section of (a) LPSC
and (b) UDSH@LPSC pellets. The region marked by white dashed
lines is used to illustrate the differences in porosities. The pores
near the surface region are formed by hydrolysis during sample
transfer. MicroCT 3D reconstructions of (c) LPSC and (d)
UDSH@LPSC pellets with pores indicated by blue dots.
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Figure 4. Electrochemical performance of LPSC and densified UDSH@LPSC at room temperature. (a) LPSC and (b) UDSH@LPSC
compacted at 375 MPa in a Li||Li symmetric cell tested at step-increase current density. (c) CCD value of LPSC and UDSH@LPSC with
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lubrication layer helped LPSC from reducing interparticle
friction, improving compressibility, particle rearrangement, and
make a dense LPSC pellet.

■ EFFECT OF DENSIFICATION ON LITHIUM
PENETRATION RESISTANCE

The ultimate goal of this work is to mitigate lithium dendrite
penetration by densifying the LPSC pellet. The evolution of
the Li|LPSC interface during compression and electrochemical
cycling was evaluated using Li||Li symmetric cells at room
temperature (20 ± 2 °C). LPSC and UDSH@LPSC were
compacted at a pressure of 375 MPa, and electrochemical
impedance spectroscopy (EIS) was employed to monitor the
symmetric cells maintained under open circuit conditions
under a stack pressure of 30 MPa (Figure S13). The interfacial
resistance and capacitance shown in Figure S14 were
determined by fitting the data to the equivalent circuit. The
evolution of the interfacial resistance value with time
represents the stability of the interface. After 32 h, the
interfacial resistance of Li|LPSC abruptly dropped to zero,
indicating Li metal penetration through the LPSC layer to
short the cell29 (Figure S14a). In contrast, the interfacial
resistance as well as capacitance are relatively stable of Li|
UDSH@LPSC after 40 h (Figure S14b). The steady-state
increase in resistance may be attributed to interfacial reactions
between the electrolyte and Li metal.30

The effect of densification was further evaluated by
measuring the critical current density (CCD) and cycling
stability of the Li||Li symmetric cells at a stack pressure of 30
MPa (Figure 4 and Figure S15−16). CCD is a commonly
employed metric to measure the resistance of the SSEs to
shorting due to lithium dendrite growth.31 When LPSC and
UDSH@LPSC were pelletized at a pressure of 375 MPa, the
Li|LPSC|Li cell experienced rapid shorting after 0.8 mA cm−2

(Figure 4a). In contrast, the Li|UDSH@LPSC|Li cell exhibited
a CCD of 3.2 mA cm−2 (Figure 4b). CCD improvements of
0.9−2.4 mA cm−2 (up to four times) were observed for
electrolytes compacted at different pressures (Figure 4c). The
relationship between cell shorting time and porosity is not
monotonous.4,10 For high-porosity electrolytes where pores are
connected, increased densification results in faster shorting due
to reduced pore volume available for lithium infiltration.4

Below a porosity threshold, when pores become discrete, cell
shorting is mitigated with further densification.4 For LPSC, the
threshold is observed at 375 MPa, corresponding to a porosity
of 10.9%, whereas UDSH@LPSC exhibits discrete porosity at
a significantly lower pressure of 188 MPa, with a porosity of
10.5%. A control experiment was conducted to ascertain
whether the higher pellet density of UDSH@LPSC or the
presence of UDSH residue at the Li|SSE interface contributes
to the improvement in CCD. In this experiment, pristine LPSC
was pelletized at 375 MPa, with 5 μL of UDSH applied to each
side, and a Li||Li symmetric cell was assembled and tested
under a pressure of 30 MPa (Figure S17). The resulting CCD
of 0.7 mA cm−2 was nearly identical with that of pristine LPSC,

and the relationship between CCD and porosity suggests that
the improvement in CCD is attributable to a denser electrolyte
pellet rather than to the UDSH at the interface.
The effectiveness of densification in mitigating dendrite

penetration is further examined by imaging the interface
between Li and the electrolyte layer. As an example, SEM
images of Li|LPSC|Li cross-section reveal evidence of Li
dendrite penetration into the LPSC pellet after cycling at 0.1
mA cm−2 for 5 cycles (Figure S18a). In contrast, the SEM
cross-section of Li|UDSH@LPSC|Li cycled under the same
conditions displays a clean interface with no observable lithium
penetration (Figure S18b). Next, we conducted a comparison
of extended cycling. A Li|LPSC|Li cell shorted after 12 h at 0.1
mA cm−2 (0.1 mAh cm−2) and shorted immediately at 1 mA
cm−2 (1 mAh cm−2) (Figure S19). Conversely, a Li|UDSH@
LPSC|Li cell demonstrated superior performance, cycling for
4600 h at 1.0 mA cm−2, 1.0 mAh cm−2 (Figure 4d). This
represents over 3 orders of magnitude improvement in cycling
duration compared to LPSC. The increased stability under
open circuit, 4-fold higher CCD and over 3 orders of
magnitude longer cycling demonstrated the significant benefit
of densification enabled by the use of UDSH.
To understand the effect of UDSH on the redox stability of

LPSC, we measured cyclic voltammetry (CV) by using LPSC
or UDSH@LPSC mixed with vapor grown carbon fiber
(VGCF) as a composite electrode. The CV profiles of both
LPSC (Figure S20a) and UDSH@LPSC (Figure S20b)
exhibited peaks at 2.65 V due to the oxidation of the bridging
sulfur in PS43− in LPSC.32 Notably, with UDSH adsorption,
the current intensity remained comparable. In fact, the
reduction peak for the UDSH@LPSC sample was weaker,
indicative of the potential of UDSH in mitigating parasitic
reactions, which is a topic of future study. These findings
indicate that the thiol functional group does not introduce
additional decomposition reaction versus Li/Li+.
Finally, Figure 4e-g illustrates the galvanostatic cycling

performance of Li||LiNi0.80Co0.1Mn0.1O2 with a capacity
loading of 1.5 mAh cm−2 at room temperature (20 ± 2 °C).
In Figure 4e, the cell fabricated utilizing pristine LPSC
experiences an initial shorting at the onset of charging at 0.3
mA cm−2 after formation cycles. In contrast, the cell
incorporating UDSH@LPSC (Figure 4f-g) demonstrates a
higher discharge capacity of 160 mAh g−1 and retains 80% of
its capacity after 50 cycles at 0.3 mA cm−2. This finding
provides compelling evidence of the remarkable densification
effect of UDSH on LPSC, particularly in mitigating lithium
dendrite penetration in lithium metal all solid-state batteries.
We note that postcycling analysis of both LPSC and UDSH@
LPSC by XPS shows a comparable increase in the intensity of
Li−S signals, which is associated with the reaction between
argyrodites and lithium metal3 (Figure S21). The observed
enhancement in stability is thus due to the densification effect.
We have shown that a long chain thiol, 1-undecanethiol, can

be used to effectively densify the Li6PS5Cl solid electrolyte.
The -SH end group anchors to the surface of the solid

Figure 4. continued

electrolytes compacted at various pressures. (d) Voltage profile of Li|UDSH@LPSC|Li cell compacted at 375 MPa tested at a constant
current density of 1 mA cm−2. Voltage profiles of (e) Li|LPSC|NCM and (f) Li|UDSH@LPSC|LPSC|NCM cells. The cells were cycled at C/
20 for 2 formation cycles followed by cycling at C/5. C rate is defined as assuming a capacity of 200 mAh g−1. (g) Capacity retention of Li|
UDSH@LPSC|LPSC|NCM cell at 0.3 mA cm−2 with loading of 1.5 mAh cm−2, the sudden change in Coulombic efficiency is due to a
software interruption.
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electrolyte, which is essential for a strongly bonded lubrication
layer surrounding the LPSC particles. The hydrocarbon tail of
the thiol forms the lubrication layer that effectively facilitates
the particle rearrangement and reduces friction during
compaction to promote densification and reduce porosity.
The UDSH-modified solid state electrolyte reduced the LPSC
pellet porosity by 11% to 83% compared to pristine LPSC at
various compacting pressures. In the Li||Li symmetric cells, the
densified LPSC enables up to 4-fold higher critical current
density and over 3 order of magnitude longer cycle life at 1 mA
cm−2. Our results demonstrate the potential of surface
engineering to facilitate the processing of solid-state batteries.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenergylett.4c03387.

Experimental methods, SEM, FIB-SEM, TEM results,
powder rheology, microindentation, electronic conduc-
tivity and battery performance (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ping Liu − Aiiso Yufeng Li Family Department of Chemical
and Nano Engineering, University of California San Diego,
La Jolla, California 92093, United States; orcid.org/
0000-0002-1488-1668; Email: piliu@ucsd.edu

Authors
Mengchen Liu − Aiiso Yufeng Li Family Department of
Chemical and Nano Engineering, University of California
San Diego, La Jolla, California 92093, United States

Ershuang Lu − Program in Materials Science and Engineering,
University of California San Diego, La Jolla, California
92093, United States

Shen Wang − Aiiso Yufeng Li Family Department of Chemical
and Nano Engineering, University of California San Diego,
La Jolla, California 92093, United States

Shijie Feng − Program in Materials Science and Engineering,
University of California San Diego, La Jolla, California
92093, United States; orcid.org/0000-0001-5797-8542

Junwei Gao − Program in Materials Science and Engineering,
University of California San Diego, La Jolla, California
92093, United States

Wenlin Yan − Program in Materials Science and Engineering,
University of California San Diego, La Jolla, California
92093, United States

Jeong Woo Oh − LG Energy Solution, Ltd, Seoul 07796,
Republic of South Korea

Min-Sang Song − LG Energy Solution, Ltd, Seoul 07796,
Republic of South Korea

Jian Luo − Aiiso Yufeng Li Family Department of Chemical
and Nano Engineering and Program in Materials Science and
Engineering, University of California San Diego, La Jolla,
California 92093, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenergylett.4c03387

Author Contributions
MC.L. and P.L. conceived the idea and designed the
experiments. MC.L., E.L, S.F. W.Y. carried out the experiments
and measurements. S.W. carried out the FIB-SEM. J.G. carried

out the 3D reconstruction. J.O., M.S. and J.L. helped with
discussion. MC.L., J.L. and P.L. prepared the manuscript with
contributions from all authors. P.L. supervised the research.
Notes
The authors declare the following competing financial
interest(s): P.L., MC.L., J.O. and M.S. have filed a U.S. patent
application based on this work. The remaining authors declare
no competing interests.

■ ACKNOWLEDGMENTS
This work was supported by LG Energy Solution−U.C. San
Diego Frontier Research Laboratory (FRL) via the Open
Innovation program. This work was performed in part at the
San Diego Nanotechnology Infrastructure (SDNI) of UCSD, a
member of the National Nanotechnology Coordinated Infra-
structure (NNCI), which is supported by the National Science
Foundation (Grant ECCS-2025752). The authors acknowl-
edge the use of facilities and instrumentation at the National
Center for Microscopy and Imaging Research (NCMIR)
technologies and instrumentation supported by grant
R24GM137200 from the National Institute of General Medical
Sciences. The authors acknowledge the use of facilities and
instrumentation at the UC Irvine Materials Research Institute
(IMRI), which is supported in part by the National Science
Foundation through the UC Irvine Materials Research Science
and Engineering Center (DMR-2011967). XPS work was
performed using instrumentation funded in part by the
National Science Foundation Major Research Instrumentation
Program under grant no. CHE-1338173.

■ REFERENCES
(1) Lee, Y.-G.; et al. High-energy long-cycling all-solid-state lithium
metal batteries enabled by silver−carbon composite anodes. Nature
Energy 2020, 5, 299−308.
(2) Kamaya, N.; et al. A lithium superionic conductor. Nature
materials 2011, 10, 682−686.
(3) Wenzel, S.; Sedlmaier, S. J.; Dietrich, C.; Zeier, W. G.; Janek, J.
Interfacial reactivity and interphase growth of argyrodite solid
electrolytes at lithium metal electrodes. Solid State Ionics 2018, 318,
102−112.
(4) Diallo, M. S.; Shi, T.; Zhang, Y.; Peng, X.; Shozib, I.; Wang, Y.;
Miara, L. J.; Scott, M. C.; Tu, Q. H.; Ceder, G. Effect of solid-
electrolyte pellet density on failure of solid-state batteries. Nat.
Commun. 2024, 15, 858.
(5) Sudo, R.; et al. Interface behavior between garnet-type lithium-
conducting solid electrolyte and lithium metal. Solid State Ionics 2014,
262, 151−154.
(6) Han, F.; et al. High electronic conductivity as the origin of
lithium dendrite formation within solid electrolytes. Nature Energy
2019, 4, 187−196.
(7) Porz, L.; Swamy, T.; Sheldon, B. W.; Rettenwander, D.;
Fromling, T.; Thaman, H. L.; Berendts, S.; Uecker, R.; Carter, W. C.;
Chiang, Y.-M. Mechanism of lithium metal penetration through
inorganic solid electrolytes. Adv. Energy Mater. 2017, 7, 1701003.
(8) Sakuda, A.; et al. All-solid-state battery electrode sheets prepared
by a slurry coating process. J. Electrochem. Soc. 2017, 164, A2474.
(9) Wang, Y.; Hao, H.; Naik, K. G.; Vishnugopi, B. S.; Fincher, C.
D.; Yan, Q.; Raj, V.; Celio, H.; Yang, G.; Fang, H.; et al. Mechanical
Milling−Induced Microstructure Changes in Argyrodite LPSCl Solid-
State Electrolyte Critically Affect Electrochemical Stability. Adv.
Energy Mater. 2024, 14, 2304530.
(10) Lin, L.; et al. Nonintuitive Role of Solid Electrolyte Porosity on
Failure. ACS Energy Letters 2024, 9, 2387−2393.
(11) Garcia-Mendez, R.; Mizuno, F.; Zhang, R.; Arthur, T. S.;
Sakamoto, J. Effect of processing conditions of 75Li2S-25P2S5 solid

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c03387
ACS Energy Lett. 2025, 10, 1389−1396

1395

https://pubs.acs.org/doi/10.1021/acsenergylett.4c03387?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c03387/suppl_file/nz4c03387_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1488-1668
https://orcid.org/0000-0002-1488-1668
mailto:piliu@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengchen+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ershuang+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shijie+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5797-8542
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junwei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenlin+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong+Woo+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min-Sang+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c03387?ref=pdf
https://doi.org/10.1038/s41560-020-0575-z
https://doi.org/10.1038/s41560-020-0575-z
https://doi.org/10.1038/nmat3066
https://doi.org/10.1016/j.ssi.2017.07.005
https://doi.org/10.1016/j.ssi.2017.07.005
https://doi.org/10.1038/s41467-024-45030-7
https://doi.org/10.1038/s41467-024-45030-7
https://doi.org/10.1016/j.ssi.2013.09.024
https://doi.org/10.1016/j.ssi.2013.09.024
https://doi.org/10.1038/s41560-018-0312-z
https://doi.org/10.1038/s41560-018-0312-z
https://doi.org/10.1002/aenm.201701003
https://doi.org/10.1002/aenm.201701003
https://doi.org/10.1149/2.0951712jes
https://doi.org/10.1149/2.0951712jes
https://doi.org/10.1002/aenm.202304530
https://doi.org/10.1002/aenm.202304530
https://doi.org/10.1002/aenm.202304530
https://doi.org/10.1021/acsenergylett.4c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c00744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2017.03.200
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c03387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrolyte on its DC electrochemical behavior. Electrochim. Acta
2017, 237, 144−151.
(12) Barsoum, M. Fundamentals of Ceramics; CRC Press: 2019.
(13) Heggen, M.; Houben, L.; Feuerbacher, M. Plastic-deformation
mechanism in complex solids. Nature materials 2010, 9, 332−336.
(14) Sakuda, A.; Hayashi, A.; Tatsumisago, M. Sulfide solid
electrolyte with favorable mechanical property for all-solid-state
lithium battery. Sci. Rep. 2013, 3, 2261.
(15) Doux, J.-M.; et al. Pressure effects on sulfide electrolytes for all
solid-state batteries. Journal of Materials Chemistry A 2020, 8, 5049−
5055.
(16) Korim, N. S.; Elsayed, A.; Hu, L. Impacts of Lubricant Type on
the Densification Behavior and Final Powder Compact Properties of
Cu−Fe Alloy under Different Compaction Pressures. Materials 2022,
15, 5750.
(17) Putelat, T.; Dawes, J. H. Steady and transient sliding under
rate-and-state friction. Journal of the Mechanics and Physics of Solids
2015, 78, 70−93.
(18) Huang, H.; Lin, Y.; Hwang, K. Effect of lubricant addition on
the powder properties and compacting performance of spray-dried
molybdenum powders. International Journal of Refractory Metals and
Hard Materials 2002, 20, 175−180.
(19) Zamborini, F. P.; Crooks, R. M. Corrosion passivation of gold
by n-alkanethiol self-assembled monolayers: effect of chain length and
end group. Langmuir 1998, 14, 3279−3286.
(20) Imabayashi, S. -i.; Gon, N.; Sasaki, T.; Hobara, D.; Kakiuchi, T.
Effect of nanometer-scale phase separation on wetting of binary self-
assembled thiol monolayers on Au (111). Langmuir 1998, 14, 2348−
2351.
(21) Laibinis, P. E.; et al. Comparison of the structures and wetting
properties of self-assembled monolayers of n-alkanethiols on the
coinage metal surfaces, copper, silver, and gold. J. Am. Chem. Soc.
1991, 113, 7152−7167.
(22) Liu, M.; Hong, J. J.; Sebti, E.; Zhou, K.; Wang, S.; Feng, S.;
Pennebaker, T.; Hui, Z.; Miao, Q.; Lu, E.; et al. Surface molecular
engineering to enable processing of sulfide solid electrolytes in humid
ambient air. Nat. Commun. 2025, 16, 213.
(23) Klemm, U.; Sobek, D. Influence of admixing of lubricants on
compressibility and compactibility of uranium dioxide powders.
Powder technology 1989, 57, 135−142.
(24) Freeman, R. Measuring the flow properties of consolidated,
conditioned and aerated powders�a comparative study using a
powder rheometer and a rotational shear cell. Powder Technol. 2007,
174, 25−33.
(25) Leturia, M.; Benali, M.; Lagarde, S.; Ronga, I.; Saleh, K.
Characterization of flow properties of cohesive powders: A
comparative study of traditional and new testing methods. Powder
Technol. 2014, 253, 406−423.
(26) Lindberg, N. O.; et al. Flowability measurements of
pharmaceutical powder mixtures with poor flow using five different
techniques. Drug development and industrial pharmacy 2004, 30, 785−
791.
(27) Bian, Q.; Sittipod, S.; Garg, A.; Ambrose, R. K. Bulk flow
properties of hard and soft wheat flours. Journal of Cereal Science 2015,
63, 88−94.
(28) Hikima, K.; Totani, M.; Obokata, S.; Muto, H.; Matsuda, A.
Mechanical properties of sulfide-type solid electrolytes analyzed by
indentation methods. ACS Applied Energy Materials 2022, 5, 2349−
2355.
(29) Zhang, X.; et al. Long cycling life solid-state Li metal batteries
with stress self-adapted Li/garnet interface. Nano Lett. 2020, 20,
2871−2878.
(30) Feng, S.; et al. Homogenizing Interfacial Stress by Nanoporous
Metal Current Collector to Enable Stable All-Solid-State Li Metal
Battery. ACS Energy Letters 2024, 9, 748−757.
(31) Wan, H.; et al. Critical interphase overpotential as a lithium
dendrite-suppression criterion for all-solid-state lithium battery
design. Nature Energy 2023, 8, 473−481.

(32) Taklu, B. W.; et al. Dual CuCl doped argyrodite super-
conductor to boost the interfacial compatibility and air stability for all
solid-state lithium metal batteries. Nano Energy 2021, 90, 106542.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c03387
ACS Energy Lett. 2025, 10, 1389−1396

1396

https://doi.org/10.1016/j.electacta.2017.03.200
https://doi.org/10.1038/nmat2713
https://doi.org/10.1038/nmat2713
https://doi.org/10.1038/srep02261
https://doi.org/10.1038/srep02261
https://doi.org/10.1038/srep02261
https://doi.org/10.1039/C9TA12889A
https://doi.org/10.1039/C9TA12889A
https://doi.org/10.3390/ma15165750
https://doi.org/10.3390/ma15165750
https://doi.org/10.3390/ma15165750
https://doi.org/10.1016/j.jmps.2015.01.016
https://doi.org/10.1016/j.jmps.2015.01.016
https://doi.org/10.1016/S0263-4368(01)00062-2
https://doi.org/10.1016/S0263-4368(01)00062-2
https://doi.org/10.1016/S0263-4368(01)00062-2
https://doi.org/10.1021/la971121o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la971121o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la971121o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la971377u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la971377u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00019a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00019a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00019a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-55634-8
https://doi.org/10.1038/s41467-024-55634-8
https://doi.org/10.1038/s41467-024-55634-8
https://doi.org/10.1016/0032-5910(89)80017-8
https://doi.org/10.1016/0032-5910(89)80017-8
https://doi.org/10.1016/j.powtec.2006.10.016
https://doi.org/10.1016/j.powtec.2006.10.016
https://doi.org/10.1016/j.powtec.2006.10.016
https://doi.org/10.1016/j.powtec.2013.11.045
https://doi.org/10.1016/j.powtec.2013.11.045
https://doi.org/10.1081/DDC-120040343
https://doi.org/10.1081/DDC-120040343
https://doi.org/10.1081/DDC-120040343
https://doi.org/10.1016/j.jcs.2015.03.010
https://doi.org/10.1016/j.jcs.2015.03.010
https://doi.org/10.1021/acsaem.1c03829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c03829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.3c02681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.3c02681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.3c02681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-023-01231-w
https://doi.org/10.1038/s41560-023-01231-w
https://doi.org/10.1038/s41560-023-01231-w
https://doi.org/10.1016/j.nanoen.2021.106542
https://doi.org/10.1016/j.nanoen.2021.106542
https://doi.org/10.1016/j.nanoen.2021.106542
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c03387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

