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In-situ visualization of the space-charge-layer
effect on interfacial lithium-ion transport in
all-solid-state batteries
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The space charge layer (SCL) is generally considered one of the origins of the sluggish
interfacial lithium-ion transport in all-solid-state lithium-ion batteries (ASSLIBs). However, in-
situ visualization of the SCL effect on the interfacial lithium-ion transport in sulfide-based
ASSLIBs is still a great challenge. Here, we directly observe the electrode/electrolyte inter-
face lithium-ion accumulation resulting from the SCL by investigating the net-charge-density
distribution across the high-voltage LiCoO,/argyrodite LigPSsCl interface using the in-situ
differential phase contrast scanning transmission electron microscopy (DPC-STEM) techni-
que. Moreover, we further demonstrate a built-in electric field and chemical potential cou-
pling strategy to reduce the SCL formation and boost lithium-ion transport across the
electrode/electrolyte interface by the in-situ DPC-STEM technique and finite element
method simulations. Our findings will strikingly advance the fundamental scientific under-
standing of the SCL mechanism in ASSLIBs and shed light on rational electrode/electrolyte
interface design for high-rate performance ASSLIBs.
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considered one of the most promising alternatives to

conventional LIBs in terms of their superior safety and
great potential to meet the requirements of high energy and
power density!>. As an essential component of ASSLIBs, several
state-of-the-art sulfide solid-state electrolytes (SEs) have achieved
a high room-temperature ion conductivity of 1072 Scm~16-11,
which is close to or even exceeds that of liquid electrolytes (LEs).
Nevertheless, the performance of ASSLIBs based on these elec-
trolytes is still inferior to that of commercially available LIBs!2
because fast solid electrode/electrolyte interfacial lithium-ion
transport remains a vital challenge in ASSLIBs!3-16.

The sluggish lithium-ion transport across the solid electrode/
electrolyte interface mainly results from three aspects: the space
charge layer (SCL), interface reaction generating ionically resistive
products, and poor physical contact. Recently, important progress
has been achieved in solving the interface reaction and physical
contact issues by coating, thermal soldering, or forming epitaxial
interfaces!’~1%. Unfortunately, inspiring solutions for the SCL
issue still remain to be explored owing to the unclear action
mechanism of the SCL on interfacial lithium-ion transport in
ASSLIBs. Although previous studies have tried to visualize the
ionic and potential profiles in the SCL via in situ electron-
holography transmission electron microscopy (EH-TEM)2,
spatially resolved electron energy-loss spectroscopy (SR-EELS)?,
and Kelvin probe force microscopy (KPFM)?22, the SCL effect on
interfacial lithium-ion transport is still unclear due to the lack of
direct experimental evidence of the interfacial charge distribution
and accumulation?®24, Furthermore, it has been reported that the
oxide/sulfide interface exhibits more severe SCL effects than the
oxide/oxide interface?”>. However, to the best of our knowledge,
an SCL visualization study related to sulfide SEs has not been
reported because they are easily damaged by the electron beam,
which, in turn, hinders the development of a rational interface

Q 1l-solid-state lithium-ion batteries (ASSLIBs) have been
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Fig. 1 In situ charge-density-distribution characterization of the LCO/
LPSCI interface. a-c HAADF-STEM image of the LCO/LPSCI interface a,
and corresponding mappings of Co b and S ¢ elements. d-i In situ DPC-
STEM observations of net-charge-density accumulation at the LCO/LPSCI
interface with bias voltages of .0V d, 1.2V e, 1.4V f, 1.6V g, 2.0V h, and
2.2V i. The color bar in Fig. 1d is defined as the relative magnitude of the
positive/negative charge density.

design strategy to solve the SCL issue in promising sulfide-based
ASSLIBs.

Recently, the segmented-detector differential phase contrast
STEM (DPC-STEM) technique was used to reconstruct an elec-
tric field vector map and a charge-density map with higher spatial
resolution than and without the restriction of specimen geometry
imposed by EH-TEM?S, offering a new method to solve this
challenging issue in ASSLIBs232427-29 Here, we directly observe
the interface lithium-ion accumulation resulting from the SCL by
investigating the net-charge-density distribution across the elec-
trode/electrolyte interface of a working sulfide-based ASSLIB
using the in situ DPC-STEM technique. To exclude the influence
of the interface reaction and poor contact on lithium-ion trans-
port, we rationally design high-voltage LiCoO, (LCO)/argyrodite
LigPSsCl (LPSCI)/In-Li ASSLIBs with high cathode/electrolyte
interface stability and good contact (Supplementary Figs. 1 and
2)3031 More importantly, we further demonstrate a built-in
electric field and chemical potential coupling strategy to reduce
the SCL effect and boost lithium-ion transport across the elec-
trode/electrolyte interface in sulfide-based ASSLIBs by the in situ
DPC-STEM technique and finite element method (FEM) simu-
lations. Our results on in situ visualization of the SCL effect on
interfacial lithium-ion transport in ASSLIBs are expected to
strikingly advance the fundamental scientific understanding of
the SCL mechanism in ASSLIBs and therefore boost the devel-
opment of energy storage devices.

Results

In situ charge-density-distribution characterization of the
LCO/LPSCI interface. To visualize the SCL effect on interfacial
lithium-ion transport in ASSLIBs, we first carry out in situ DPC-
STEM measurements to observe the charge-density distribution
at the LCO/LPSCl interface. The configuration of the in situ solid-
state battery is shown in Fig. la-c and Supplementary Figs. 3-5.
In DPC-STEM measurements, we initially obtain the electric field
map caused by the SCL, the mean inner potential (MIP) differ-
ence between the cathode and electrolyte, and the possible
dynamical diffraction effect (DDE). To eliminate the extraneous
interferences of the MIP and DDE parts on the interface charge
density, the data processing process described in detail in the
“DPC characterization” subsection in the “Methods” section is
applied. The obtained in situ net electric field and corresponding
charge-density distribution under different bias voltages at the
LCO/LPSCI interface are shown in Supplementary Fig. 6 and
Fig. 1d-i as well as in Supplementary Fig. 7.

When the LCO cathode and LPSCI SE come into contact, the
lithium-ion concentration on the LPSCI side of the interface will
decrease to match the electrochemical potential of lithium ions
between the two contacting species and make the interface reach
equilibrium. Therefore, a lithium-ion-deficient negative-charge-
density region will obviously be found on the LPSCI side of the
interface (Supplementary Fig. 7a). Although previous reports
have speculated that the SCL on the LCO side of the interface
should vanish because the electronic conduction can deal with the
concentration gradient of lithium ions?>32, the unexpected
finding in our study is that there still exists a lithium-ion-
enriched positive-charge-density region on the LCO side of the
interface (Supplementary Fig. 7a). This probably occurs because
the electronic conductivity of LCO is not high (~1074Scm™!)
enough to completely balance the positive net charge region33. In
particular, LCO will exhibit an insulated state when the lithium
content is higher than 0.95%%. Consequently, an SCL with
separation of lithium-ion-depleted (electrolyte side) and
lithium-ion-enriched (cathode side) regions on opposite sides of
the interface is formed at the LCO/LPSCI interface. However, it
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Fig. 2 Surface structure and composition of LCO and 5 at.% BTO-LCO. a, b Typical SEM images of LCO and BTO-LCO powders. ¢ Typical SEM images
and their EDS mappings of Co and Ba elements for a single BTO-LCO particle. d Typical HAADF-STEM image of a single BTO-LCO particle. e, f HAADF-
STEM image and corresponding EDS mappings of Co, O, and Ba elements for the selected regions in d. g High-resolution HAADF-STEM image of the

BTO-LCO particle surface.

should be noted that thus far, there have been no feasible
methods to remove the electric field component due to the MIP
difference from the DPC-STEM images at 0 V because the electric
field due to the MIP difference at the interface changes after
cathode/electrolyte contact?®35-37. Therefore, there is no doubt
that the electric field due to the MIP difference interferes with the
DPC-STEM result (only from the SCL) at 0 V to some extent.

The Li element mapping obtained by EELS can reflect the
migration of Li ions after cathode/electrolyte contact?!38:39, so we
further analyze the Li and Co elemental profiles from the EELS
line scan (Supplementary Fig. 8) under 0V at the interface. On
the cathode side, it can be found that interfacial lithium ions are
more abundant than bulk lithium ions without BTO coating
(Supplementary Fig. 8a, c). This indicates that there appears to be
obvious lithium-ion enrichment on the LCO side at the interface
due to lithium-ion diffusion from the electrolyte to the cathode.
When combined with the DPC-STEM results (the charge-density
distribution with positive and negative charges separation) of the
LCO/LPSCI interface, it can be inferred that at the interface
without BTO coating, the lithium-ion enrichment on the LCO
side should be the main source of the positive-charge-density
distribution, while the corresponding lithium vacancies should be
the main source of the negative-charge-density distribution. This
is because many more charges accumulate at the interface, which
can neutralize the false image effect from the difference in the
MIP. Therefore, the DPC-STEM result of the LCO/LPSCIl
interface still shows a charge-density distribution with positive
and negative charges separation.

As shown in Fig. 1d-i and Supplementary Fig. 7b, the slightly
negative net-charge-density region at 1.0 V on the LCO side of
the interface indicates decreased positive charge accumulation
when a small number of lithium ions are extracted from LCO
crystal lattices and then enter the interstitial voids of the LPSCI SE
(Fig. 1d). Owing to the resistances of lithium-ion-deficient layers
arising from the SCL, some of the extracted lithium ions can
migrate to the anode side to generate a current, while the rest are
detained on the LPSCI side of the interface. The positive charge
accumulation stemming from the detained lithium ions leads to

the formation of a slightly positive net-charge-density region at
1.0 V on the LPSCI side of the interface (Fig. 1d). With increasing
bias voltage, more lithium ions will be extracted from the LCO
crystal lattice, causing more obvious negative charge accumula-
tion on the LCO side of the interface (Fig. le-i and
Supplementary Fig. 7b). On the other hand, the positive charge
accumulation on the LPSCI side of the interface will also be more
pronounced because more lithium ions are stranded. Our in situ
visualization findings first show direct experimental evidence of
the resistance effect from the SCL on interfacial lithium-ion
transport in ASSLIBs, which makes it possible to deeply
understand the interface improvement mechanism of the built-
in electric field and chemical potential coupling strategy for
suppressing the SCL.

Construction and evaluation of the built-in electric field and
chemical potential coupling strategy for suppressing the SCL.
Yada et al.40 reported that dielectric BaTiO; (BTO) nanoparticles
can reduce the LiCrjo5Nig4sMn; 50,4 6/LiPON interface impe-
dance stemming from the SCL by forming a reverse built-in
electric field under the external electric field of the SCL. However,
the detailed mechanism and universality of dielectric modifica-
tion of interfacial lithium-ion transport in ASSLIBs have not been
demonstrated due to the very little evidence. Consequently, dis-
continuous BTO nanoparticles are selected as the coating on the
LCO/LPSCI interface to demonstrate the improvement mechan-
ism of the built-in electric field and chemical potential coupling
strategy for suppressing the SCL and boosting interfacial lithium-
ion transport. Discontinuous BTO nanoparticle-coated LCO
(BTO-LCO) cathode materials are prepared via the sol-gel
method. XRD results show that crystalline BTO can be obtained
at contents of 2 and 5 at.% without impurity phase BaCO3, which
appears in the 8at.% BTO-coated LCO sample (Supplementary
Fig. 9). Then, the surface structure and composition of the LCO
and 5 at.% BTO-LCO powders at the microscale are characterized.
Typical SEM images show that both the LCO and BTO-LCO
powders are composed of 5—15um particles (Fig. 2a, b). The
obvious difference is that the LCO powders display smoother
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Fig. 3 Electrochemical performances of LCO and BTO-LCO. a First galvanostatic charge-discharge curves of LCO/In-Li and BTO-LCO/In-Li all-solid-state
cells at 0.05 C. b Enlarged curves for the initial charge state in a. ¢, d EIS results of LCO/In-Li and BTO-LCO/In-Li all-solid-state cells after the first cycle.
The inset shows the equivalent circuit used for fitting the experimental EIS data. e Cycling performance of LCO/In-Li and BTO-LCO/In-Li all-solid-state
cells at 0.2 C after pre-cycling of three cycles at 0.05 C. f Rate capability of LCO/In-Li and BTO-LCO/In-Li all-solid-state cells. All cells are measured at
30 °C between 2.0 and 3.7 V (vs. In/InLi), corresponding to ~2.6-4.3V (vs. Li/Lit).

surfaces, while there are several aggregated nanoparticles on the
surface of the BTO-LCO powders. The Co and Ba energy-
dispersive X-ray spectroscopy (EDS) mappings of a single
BTO-LCO particle show that the Ba element is uniformly dis-
persed on the surface of LCO after coating (Fig. 2c), demon-
strating that the aggregated nanoparticles are BTO coatings. To
further investigate the nanoscale distribution of BTO, high-angle
annular-dark-field scanning transmission electron microscopy
(HAADF-STEM) is carried out for BTO-LCO powders
(Fig. 2d-g). The HAADF-STEM images of a single BTO-LCO
particle show discontinuously distributed BTO nanoparticles on
the surface of LCO, which is proven by the mapping results of
Co, O, and Ba elements and the (110) lattice stripes of
BTO. Consequently, it can be concluded that we have successfully
coated the LCO powders with discontinuously distributed BTO
nanoparticles.

To study the effects of the BTO nanoparticles on interfacial
lithium-ion transport, the electrochemical performances of LCO/
In-Li and BTO-LCO/In-Li all-solid-state cells are tested. As
shown in Fig. 3a, the LCO only exhibits a discharge capacity of

119.6 mAh g~ ! even at the low current density of 0.05C in the
initial cycle. By contrast, the BTO-LCO displays a relatively high
initial discharge capacity (162.3 mAhg—1) at the same current
density. Additionally, it can also be found that the BTO-LCO/
In-Li all-solid-state cell exhibits a smaller polarization than the
LCO/In-Li all-solid-state cell (Supplementary Fig. 10). From the
enlarged curves for the initial charge state (Fig. 3b) of Fig. 3a,
BTO-LCO shows a shortened potential slope compared with
LCO. Takada et al.2>*! has noted that the potential slope at the
beginning of the charge curve prior to the 4 V potential plateau
mainly stems from the SCL influence, which blocks lithium-ion
conduction and enhances the interfacial impedances. Therefore, it
can be inferred that the coated BTO nanoparticles effectively
suppress the SCL formation and decrease the interfacial
resistances. As shown in Fig. 3¢, d, the electrochemical impedance
spectroscopy (EIS) results of the LCO/In-Li and BTO-LCO/
In-Li all-solid-state cells after the first cycle reveal that their
electrolyte resistance (R.) and grain boundary resistance (R,) are
consistent (=26 Q) for Ry =12 Q for Ry). By sharp contrast, the
interfacial resistance (R;) of BTO-LCO/In-Li (=1339 Q) is much
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Fig. 4 In situ charge-density-distribution characterization of the
BTO-LCO/LPSCI interface. a-c HAADF-STEM image of the BTO-LCO/
LPSCl interface a, and corresponding mappings of Co b and Ba ¢ elements.
d-i In situ DPC-STEM observations of net-charge-density accumulation at
the BTO-LCO/LPSCI interface with bias voltages of 10V d, 1.2V e, 1.4V
f 1.6V g 2.0V h,and 2.2V i. The color bar in d is defined as the relative
magnitude of the positive/negative charge density.

lower than that of LCO/In-Li (=2993 Q), demonstrating that the
BTO nanoparticles effectively restrain the SCL formation.
Moreover, the stable cycling performance and higher capacity
of BTO-LCO suggest a stable chemical/electrochemical interface
between BTO-LCO and the sulfide electrolyte as well as the
sustained and steady modification effect of BTO on the interfacial
lithium-ion transport dynamics (Fig. 3e). On the other hand,
BTO-LCO also demonstrates a better rate capability than LCO
due to the suppressed SCL effect. As shown in Fig. 3f, BTO-LCO
can show a specific capacity of up to 92mAhg~! even at the
high current density of 1 C in ASSLIBs, whereas the discharge
capacity of LCO only reaches 60 mAh g1 at 1 C. Therefore, the
discontinuously distributed BTO nanoparticles significantly
enhance the capacity and rate capability of LCO-based ASSLIBs
by reducing the interfacial resistances resulting from the SCL.

In-situ charge-density-distribution characterization of the
BTO-LCO/LPSCl interface. The configuration of the
BTO-LCO/LPSClI interface is shown in Fig. 4a—c. It can be found
that BTO nanoparticles discontinuously distribute on the LCO/
LPSCI interface (Fig. 4c). When ferroelectric BTO nanoparticles
are coated on the LCO interface, BTO will generate permanent
reverse electric dipoles due to the spontaneous polarization under
the electric field effects of the formed SCL. The electric dipoles in
the BTO should be arranged such that the SCL is reduced: their
negative poles should face the positive charges on the LCO
cathode side, while their positive poles should face the other
direction0. Under the built-in electric field of BTO, the lithium
ions will redistribute at the LCO/LPSCI/BTO triple-phase inter-
face (TPI). Driven by the Coulomb interaction, both lithium ions
in LPSCl initially located behind the BTO (near the positive pole
side of BTO) and lithium ions in LCO originally located across
from the BTO (near the negative pole side of BTO) will migrate
towards the vicinity of the LCO/LPSCI/BTO TPI to maintain

local charge neutralities. Owing to the limited action scope of the
Coulomb interaction, the number of lithium ions that migrate to
the interface decreases when moving away from the LCO/LPSCl/
BTO TPI. Therefore, overall, the lithium-ion-deficient negative-
charge-density region on the LPSCI side and the lithium-ion-
enriched positive-charge-density region on the LCO side should
be significantly restrained. Unfortunately, the result of the cor-
responding charge-density distribution at 0 V was not obtained
by DPC-STEM due to the greater impact from the MIP difference
(Supplementary Fig. 11la). This is because much less charge
accumulates at the interface after BTO modification. Accordingly,
the false image effect from the MIP difference is particularly
obvious. Therefore, the DPC-STEM result of the BTO-LCO/
LPSCI interface does not show an obvious charge-density dis-
tribution with positive and negative charges separation but shows
a false image of only the positive-charge-density layer (Supple-
mentary Fig. 11a). Nevertheless, it can still reveal the charge-
density distribution of the BTO-LCO/LPSCI interface from this
side. To elaborate the lithium-ion distribution under 0V at the
interface after BTO coating, we also analyze the corresponding Li
and Co elemental profiles from the EELS line scan (Supplemen-
tary Fig. 8b, d). It can be found that the lithium-ion enrichment
on the LCO side is clearly suppressed after BTO coating (Sup-
plementary Fig. 8b, d). Such a rearrangement of the lithium-ion
distribution will lead to fast continuous pathways of lithium-ion
conduction, thus significantly improving the interfacial migration
kinetics. When adding a bias voltage to the BTO-LCO/LPSCI
interface, the result is obtained by subtracting the corresponding
electric field result at 0 V before the partial differential treatment.
It can be found that there is no obvious positive net-charge-
density region (i.e., positive charge accumulation) at the interface
(Fig. 4d-i and Supplementary Fig. 11b) and that a higher current
is generated (Supplementary Fig. 12). Therefore, the larger battery
current and lack of positive charge accumulation at the
BTO-LCO/LPSCI interface successfully demonstrate the sig-
nificantly accelerated interfacial lithium-ion transport. These
results also prove the existence of fast continuous interfacial
lithium-ion conduction pathways resulting from the effects of
ferroelectric BTO.

Discussion

The SCL is usually formed at the cathode/electrolyte interface,
which brings about separation of lithium-depleted (electrolyte
side) and lithium-enriched (cathode side) regions on opposite
sides of the interface (Fig. 5a)21-2>42-44, In particular, the lithium-
depleted layer on the SE side is highly resistive due to the lack of
charge carriers and becomes a bottleneck of lithium-ion transport.
According to conventional wisdom, interposed cathode interface
buffering layers (CIBLs) possessing high lithium-ion conduction
and strong lithium-ion attraction can restrain the SCL formation
to some extent?®. Typical material systems meeting these pre-
requisites are oxide-based fast Li-ion conductors, such as LiNbOs3,
Li3BO3—Li2CO318’4S, LiNb0_5Ta0_5O346’47, and Li0_35La0'55r0.05-
TiO;8. Nevertheless, it should be noted that the CIBLs form two
kinds of double-phase interfaces between the cathode and elec-
trolyte (Fig. 5b), which will create an additional interfacial diffu-
sion barrier*4. Therefore, fast Li-ion conductor coatings are not
the best strategy for solving the SCL issue.

The SCL formation is an interfacial charge redistribution
process driven by the chemical potential difference between the
cathode and electrolyte, which should also be influenced by an
electric field. Thus, introducing a built-in electric field at the
cathode/electrolyte interface will suppress the SCL formation and
even create lithium-ion conduction pathways by adjusting the
interface charge redistribution at the TPI without adding an
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Fig. 5 Schematic illustration of interface charge redistribution between
oxide cathodes and sulfide SEs after different interface engineering
approaches. a Initial interface. b Double-phase interface with fast Li-ion
conductor CIBLs. ¢ TPI with discontinuous ferroelectric nanoparticles. The
regions with light colors correspond to the relative Li-ion deficiency. FMs
ferroelectric materials.

Fig. 6 FEM simulations of the effects of BTO nanocrystals. a, b Simulation
results of the internal electrical field for the LCO/LPSC| and BTO-LCO/
LPSCl interfaces. The arrows represent the direction of the internal
electrical field. ¢ Schematic illustration of broader interface engineering for
suppressing the SCL. The L in ¢ is defined as the distance between
neighboring BTO nanoparticles.

additional interfacial diffusion barrier4049-54, Dielectric materials
have been demonstrated to build an internal electric field under
an external electric field, stress, or temperature. Taking a dis-
continuous nano-ferroelectric material (FM) as the model, our
electrochemical and in situ DPC-STEM results discussed above
have thoroughly demonstrated the feasibility of the built-in
electric field and chemical potential coupling strategy for

suppressing the SCL and boosting interfacial lithium-ion trans-
port (Fig. 5¢). Furthermore, our theoretical calculations further
confirm that discontinuous nano-FMs can feasibly suppress the
SCL in ASSLIBs. The internal electric field mappings at the LCO/
LPSCl and BTO-LCO/LPSCI interfaces are calculated through
FEM simulations based on the semiconductor analogy (Supple-
mentary Fig. 13)44$°05%56 A5 shown in Fig. 6a, the orientation of
the interface internal electrical field is from the LCO cathode to
the LPSCI electrolyte without an applied voltage, which suggests
that there is an SCL at the LCO/LPSCI interface. After coating
with discontinuous BTO nanoparticles, the gradient of the
internal electrical field is greatly reduced, as expected (Fig. 6b),
demonstrating that the SCL is suppressed.

More broadly, to drive lithium-ion redistribution at the TPI
and thus form lithium conduction pathways between neighboring
coated nanoparticles (CNs), the built-in electric field intensity E;,
of the CNs should be strong enough (Fig. 6¢). According to the
Lorentz hypothesis, the built-in electric field intensity of CNs
(Ei) is directly proportional to the electric field intensity Egcp of
the SCL and the dielectric constant of the CNs (ecy;). The SCL is
caused by the chemical potential difference between the electro-
lyte and cathode (Qelectrolyte Peathode)> and the dielectric constants
of CNs strongly depend on their particle sizes (dcns)?”>8. Fur-
thermore, the redistribution of lithium ions at the TPI is also
determined by E;, and the distance L between neighboring BTO
nanoparticles. Thus, the particle size and distribution of CNs
influence the SCL formation and fast lithium-ion conduction
pathways, leading to different interface resistances and reversible
capacities. As demonstrated by the electrochemical results shown
in Supplementary Figs. 14 and 15, the enlarged curves for the
initial charge state of LCO and 2, 5, and 8 at.% BTO-coated LCO
cathodes show that the inhibiting effect of BTO on the SCL
increases from 2 to 5 at.% BTO content, while it sharply decreases
at 8at%. Their corresponding polarizations and reversible
capacities have the same change trends. Then, it can be concluded
that the built-in electric field and chemical potential coupling
effect can be optimized by adjusting the built-in electric field
intensity Ej,-related factors, such as the interfacial chemical
potential difference, dielectric constants (kinds and sizes of
dielectric materials), and distance between neighboring CNs.

In summary, we have achieved in situ visualization of the SCL
effect on interfacial lithium-ion transport and showed direct
experimental evidence of interfacial lithium-ion accumulation in
ASSLIBs using in situ DPC-STEM. Furthermore, we demon-
strated in detail an innovative built-in electric field and chemical
potential coupling strategy to reduce the SCL effect in sulfide-
based ASSLIBs. The in situ DPC-STEM and FEM simulation
results confirm that the discontinuously coated BTO nano-
particles can effectively suppress the SCL formation and lead to
fast continuous interfacial lithium-ion conduction pathways, thus
significantly improving the interfacial migration kinetics between
cathode materials and the sulfide electrolyte. Therefore, the
BTO-LCO/In-Li all-solid-state cells can exhibit a high discharge
capacity of nearly 140 mAh g~! at 0.2 C when the upper cutoff
voltage is set to 4.3 V. Excitingly, the BTO-LCO cathode can still
display a specific capacity of up to 92 mAh g~! at 1 C, which is
much higher than that (60 mAh g~1) of the LCO cathode at the
same current density in ASSLIBs. Our findings will strikingly
advance the fundamental scientific understanding of the SCL
mechanism in ASSLIBs and therefore open up a new direction for
interface engineering of energy storage devices.

Methods

Material synthesis. BTO buffering layers were coated on LCO particles via the
sol-gel method. The BTO coating contents were set to 2, 5, and 8at.% LCO.
Typically, commercial high-voltage LCO powders (MGL New Materials) were first
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ultrasonically dispersed in absolute ethanol (AR, Sinopharm Chemical Reagent).
Then, barium acetate (99.99%, Aladdin) was dissolved in acetic acid (1.0 M,
Aladdin), and titanium butoxide (99+%, Alfa Aesar) was dissolved in 2-
methoxyethanol (99.8%, Aladdin). After that, these solutions were slowly added to
the LCO dispersion simultaneously under vigorous stirring at 70 °C. After con-
tinuous stirring for 12 h, the obtained gel was dried and annealed at 700 °C for 20 h
to obtain BTO-LCO powders. The 5 at.% BTO-coated LCO powders were selected
as the coated samples for in-depth analysis because they exhibited the best cycling
performance among the three coated samples based on our electrochemical mea-
surements (Supplementary Fig. 15). The LPSCI SE powders were prepared by ball
milling a stoichiometric mixture of Li,S (99.9%, Alfa Aesar), P,Ss (299.5%,
Macklin), and LiCl (99%, Alfa Aesar) at 600 rpm for 10 h with ZrO, balls. After
that, the ball-milled powders were heat-treated at 550 °C for 5h in an Ar atmo-
sphere. The total conductivity of the synthesized LPSCI SE (Supplementary Fig. 16)
using blocking stainless steel electrodes was 3.2 x 1073 S cm~! (Supplementary
Fig. 17, Supplementary Note 1).

Preparation and transfer of the in situ solid-state battery. The sulfide solid-
state electrolyte is extremely sensitive to moisture, so we protected the samples
from direct air exposure at every experimental stage. After the bulk solid-state
battery without an anode was prepared in an Ar-filled dry glovebox, the solid-state
battery pellet was sealed in the Ar-filled chamber of a special sample stage in the
glovebox. Then, the stage was removed from the glovebox and transferred to an
FIB-SEM system (FEI Helios Nanolab 460HP). A relatively flat area on the solid-
state battery pellet in the microscopic field of view was selected as the further
processing area. First, a thin Pt protective layer was deposited on the selected area
under an electron beam with relatively low energy. After that, the selected specimen
(10 x 1.5 x 1 um) was taken and placed across the middle (observation area) of a
chip. Then, the specimen was fixed and connected to a Pt electrode at both ends by
redepositing a thin Pt layer. Finally, the specimen in the observation area was
thinned by a focusing ion beam (FIB). The fabricated in situ solid-state battery chip
was sealed in the chamber of the special sample stage (the chamber was at vacuum
at this moment). Then, the stage was removed from the FIB-SEM system and
transferred into another Ar-filled dry glovebox. In the glovebox, the chip was
removed from the stage and sealed in the Ar-filled chamber of another special
sample stage of an ALD system. After ALD coating of Al,O; onto the chip, the chip
was placed on a DENS single tilt specimen holder to carry out the in situ DPC-
STEM experiments.

Material characterization. XRD measurements were conducted using an X-ray
diffractometer (Rigaku SmartLab) equipped with a Cu Ka radiation source (A, =
1.54060 A, ), = 1.54439 A). To avoid exposure to air, the LPSCl powders were
sealed in the sample holder with polyimide film. SEM measurements were carried
out using a field emission SEM (Hitachi SU-8010) equipped with an energy-
dispersive spectrometer (EDS, Oxford X-Max 80). HAADF-STEM images and
mappings were obtained by a JEOL ARM200F (JEOL, Tokyo, Japan) STEM with an
accelerating voltage of 200 kV with a thermal field-emission gun and a probe Cs
corrector (CEOS GmbH, Heidelberg, Germany). For in situ solid-state battery
experiments, the bias voltage range was 0—2.2 V in the electron microscope. EDS-
mapping images were obtained by using an FEI Talos F200X with a field-emission
gun and an accelerating voltage of 200 kV. X-ray absorption spectra at the P K-edge
and the S K-edge were measured using fluorescence yield mode (~200 nm depth) at
the 16A beamline (1800—7500 eV) at the Taiwan Synchrotron Radiation Research
Center.

Electrochemical measurements. The LCO/In-Li ASSLIBs were tested by using
STC-SB polyaryletheretherketone (PEEK) mold cells with a 10 mm diameter (Hefei
Kejing Mater. Tech. Co. Ltd., China) at 30 °C. An 80 mg amount of the SE powder
was first added into the cylinder, followed by uniaxial pressing at 150 MPa for 2 min.
The composite cathode was prepared by hand mixing LCO and LPSCI in the mass
ratio of 70:30 in an agate mortar for 30 min. A 10 mg amount of this mixed powder
was homogeneously distributed on one side of the preformed SE pellet, followed by
uniaxial pressing at 370 MPa for 2 min. After the second pressing step, a thin indium
foil (0.1 mm) with a 9 mm diameter and a thin lithium foil (0.25 mm) with a 3 mm
diameter were successively added to the other side of the SE pellet and pressed at
150 MPa for 2 min. After that, a constant pressure was applied to the cell using the
screw of the stainless steel framework, which was kept constant during the elec-
trochemical tests. The mass loading of the LCO cathode material was 8.9 mgcm—2.
Galvanostatic cycling tests of the cells were conducted using a Land battery test
system (Land CT2001A, Wuhan Land Electronic Co. Ltd., China) in the voltage
range from 2.0 to 3.7 V (vs. In/InLi), which corresponds to ~2.6—4.3 V (vs. Li/Lit).
The C-rate of 1 C corresponds to 140 mA g~!. The EIS tests were performed over a
frequency range of 1-5 mHz with an applied amplitude of 10 mV by an electro-
chemical working station (Biologic VMP-300).

DPC characterization. DPC results were obtained using an FEI Talos F200X with
a field-emission gun and an accelerating voltage of 200 kV. According to the
established DPC methodology23'24’27’29, the electric field (E) at a site with the
coordinates of (x, y) in a sample can be obtained from four DPC images (see a set

of typical DPC images in Supplementary Fig. 5) using the following equation:
R =1 mgvig 1 Li_cX+1Iy py
RC et I ’

sum

E=— (1)
where R is the radius of the electron diffraction disk,  is the inner (hole) radius of the
annular DPC detector, C is the camera length, m,q and v, are the relativistic electron
mass and velocity, respectively, ¢ is the absolute thickness of the sample, which can be
obtained by EELS** (Supplementary Fig. 18, Supplementary Note 2), I _c is the
difference between the electron intensities at the site in the DPC images obtained by
Segments A and C of the DPC detector, Iy_p, is the difference between those obtained
by Segments B and D, Iy, is the sum of the intensities at the site in the DPC images
obtained by the four segments, and % and y denote the x and y axis directions. Using
the equation and DPC images, the electric field distribution of a sample can be attained.
It should be noted that the electric field obtained from DPC without a bias voltage is
determined by the SCL, the MIP difference between the cathode and electrolyte, and
the possible DDE, named .., EM'" and EPP® (j=x or y), respectively. That is,

0V _ pSCL(OV) MIP DDE
E" =E +E7 +E7 (2)
When a bias voltage is applied to the battery, the electric field E)'?i'"‘s should change to

SCL(bias
Ejl;m =K (bias) EjMIP + Ej};D}a7 3)
where E].SCL(bm) is the SCL-caused electric field at the bias voltage. To eliminate the
extraneous interferences of the electric fields due to the MIP difference and possible
DDE, the electric field result at 0 V is subtracted from that at the bias voltage. This goal
of removing the electric field (MIP difference) effect at a bias voltage can be easily
achieved because the formed electric field due to the MIP difference after cathode/

electrolyte contact is constant?%3>-37. That is,

net (bias bias oV SCL(bias SCL(0V
A O®) — ghiss _ gV — pOHOR) g0V, (4)
According to Gauss’s law, the charge-density map can be obtained by
calculating the differential of the electric field map?32459-62, Then, according to the
relation between the electric field (E) and charge density (p)*>°!

& (OE, OE,
=0 (x> 5
P=7 (ax + ay )
the charge density can be obtained by calculating the divergence of the electric field
strength, where & is the vacuum dielectric constant. We used the plugin of

Holowork in DigitalMicrograph® to obtain ‘i; and %‘ The charge density can then

be acquired by adding % and f—y’.

FEM simulations. The built-in electric field model is implemented through FEM
simulations based on the commercial software COMSOL Multiphysics. For simpli-
city, a two-dimensional FEM model is considered. As an analogy to the semi-
conductor module, a predefined semiconductor interface is applied. The drift-
diffusion and Poisson equations are solved by the FEM. A set of coupled partial
differential equations is solved for the electric potential and the electron and lithium-
ion concentrations. The corresponding boundary conditions on the electrode side
and the electrolyte side are specified as 0 V. The internal electric field is caused by the
migration of lithium ions. The material parameters are consistent with the experi-
mental parameters. The active material is modeled as a rectangular plate with a
length of 500 nm and a width of 400 nm. The electrolyte is modeled as a rectangular
plate perfectly bonded to the active material with a length of 500 nm and a width of
100 nm. BTO is simulated as squares with a side length of 20 nm near the
cathode-electrolyte interface. The spacing of each BTO nanoparticle is 50 nm.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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