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Abstract: All-solid-state batteries have attracted attention
owing to the potential high energy density and safety; however,
little success has been made on practical applications of solid-
state batteries, which is largely attributed to the solid—solid
interface issues. A fundamental elucidation of electrode—
electrolyte interface behaviors is of crucial significance but
has proven difficult. The interfacial resistance and capacity
fading issues in a solid-state battery were probed, revealing
a heterogeneous phase transition evolution at solid-solid
interfaces. The strain-induced interfacial change and the
contact loss, as well as a dense metallic surface phase,
deteriorate the electrochemical reaction in solid-state batteries.
Furthermore, the in situ growth of electrolytes on secondary
particles is proposed to fabricate robust solid—solid interface.
Our study enlightens new insights into the mechanism behind
solid—solid interfacial reaction for optimizing advanced solid-
state batteries.

Introduction

Taking advantage of high energy density and long lifetime,
lithium-ion batteries (LIBs) have powered portable electron-
ic devices for decades.!! The demand for LIBs in electric
vehicles and grid-scale energy storage applications raise
increasing safety concerns that are associated with widely
used highly flammable organic electrolyte.” Instead of the
liquid electrolytes, solid-state electrolytes that utilize non-
flammable inorganic materials have received tremendous
attention.”! In the search for appropriate solid-state electro-
lytes, intensive research efforts have devoted to developing
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highly ionic conductive solid-state electrolytes including the
sulfides, oxides, and polymers." Ton conductivity, one of the
key physical properties, has undergone significant improve-
ment in recent years.[ﬂ

Despite these significant advances in improving ionic
conductivity, the electrochemical performance of most solid-
state batteries is still unsatisfactory, which is generally
ascribed to a number of interfacial issues, such as high
interfacial resistance, chemical incompatibility, and low
interfacial stability.*®! Poor physical contact and heteroge-
neous contact points may lead to uneven potential distribu-
tion at solid-solid interfaces, which are detrimental for
lithium-ion transport and rate performance.”’ The volume
expansion and shrinkage of battery materials upon electro-
chemical cycling may further cause contact loss with solid-
state electrolytes and deteriorate capacity retention.® In
addition, an interfacial chemical reaction may also contribute
to high interfacial resistance and low cycling stability.”) As
a general solution, interfacial modification with a variety of
functional materials may suppress interfacial chemical reac-
tion and improve interfacial compatibility, but make few
contributions to mitigate poor physical contact."”! As a result,
engineering better interfaces to improve physical contact and
chemical compatibility simultaneously is critical for solid-
state batteries but has proven difficult in part because the
experimental evaluation of the solid-solid interface remains
challenging and exact mechanism associated with high
interfacial resistance has not been ascertained precisely.

The present work aims to present a visualized study of
microstructural evolution of active battery particles in sulfide
solid-state batteries and elucidate the interfacial resistance in
the solid-solid point contact mechanism. To avoid space-
charge layer effect in sulfide solid-state electrolyte, transition
metal sulfides have been extensively employed as electrode
materials."!! FeS,, in particular, is a promising candidate as it
is inexpensive, environmentally benign, and energy-dense.
Also, taking advantage of the four-electron conversion
reaction, FeS, can provide a high theoretical capacity of
894 mAhg'. As a result, FeS, was selected as a model
material and assembled with Li,P;S;; in a solid-state battery.
With the combination of electrochemistry and operando
synchrotron X-ray nanotomography, we disclose the origin of
low reversibility capacity of solid-state batteries and reveal
a heterogeneous phase conversion of FeS, along with solid-
solid contact interface. Further, large volume expansion of
FeS, and the resulting contact loss with sulfide electrolytes
also deteriorate the electrochemical reaction in solid-state
batteries. In light of the performance degradation mechanism,
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we proposed a strategy via insitu syntheses of sulfide
electrolytes into secondary-particle FeS, to fabricate robust
and homogeneous solid—solid interface. The firmly anchored
point—point interface not only improves the interfacial wett-
ability but also buffers volume strain to inhibit solid-solid
interface loss. Our observation gives new insights into the
interface resistance mechanism in solid-state batteries and
demonstrate the importance of in situ growth strategies to
preserve the interfacial integrity for solid-state batteries.

Results and Discussion
Physical Characterizations

The Li* superionic Li;P;S;; (LPS) synthesized by a simple
liquid-state reaction exhibits a triclinic structure with a space
group of P—1, as shown in Figure 1 A. All Li sites are fully
occupied and P/S atoms make individual PS, tetrahedra or
P.,S, ditetrahedra. The primary cell has two formula units with
seven symmetrically distinct lithium sites."” Figure 1B shows
the X-ray diffraction for the commercial FeS,, glass-ceramic
Li;P;S;; solid electrolyte, and FeS,+LPS+ C composite
anode material. The commercial FeS, exhibits a cubic phase
(space group Pa—3), and the crystal structure of pyrite FeS, is
shown in the Supporting Information, Figure S2A.!3] The
characteristic peaks of the Li,P;S;; can be assigned to the
(102), (—212), (—=1-21), and (113) planes, which confirm that
Li,P;S;, was obtained without any impurities (Supporting
Information, Figure S1).") The characteristic peaks of
Li;P;S;, and FeS, can be found clearly in the XRD pattern
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Figure 1. Physical characterizations. A) Crystal structure of triclinic
Li;P;S;;. B) X-ray diffraction patterns of the neat Li,P;S,; electrolytes,
commercial FeS,, and electrode composites. C) XPS spectra of P and S
for Li,P;S;;. D) The Raman spectra of the neat Li,;P,S,; electrolytes,
commercial FeS,, and electrode composites. E) Nyquist plot of spectra
between 20°C and 100°C. F) Arrhenius plot of Li* diffusivity of
Li,P,S,,.
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of the composite anode material that indicates the solid
electrolyte mixed with the active material successfully.
Furthermore, the morphologies and microstructures of the
FeS,, Li,P;S;; and composites anode material were observed
by SEM (Supporting Information, Figure S2 B-D).

Surface analysis of the Li,P;S;; solid electrolyte was
performed by XPS, and the spectra of the S2p and P2p
signals are denoted in Figure 1 C. The S 2p signal is assigned
to three different spin—orbit split signals, which are bridging
(P—S—P, 163 ¢V), double bound (P=S, 162.1 eV), and single
bond (P—S—Li, 161.5 eV) sulfur atoms. The P 2p signal can be
described by two different species corresponding to P,S,*
and PS,’~ species, respectively.'>'* The chemical information
observed in these XPS spectra is well consistent with previous
reports.">>l The Raman spectra in Figure 1D was further
used to characterize the chemical species in the samples. The
stretching of PS,>~ (ortho-thiophosphate) and P,S,*” (pyro-
thiophosphate) anions are observed at the peaks around
420 cm™! and 405 cm .Y The peaks at 340 cm ™' 340 cm™! can
be attributed to the FeS,.'”? The characteristic peaks of LPS
and FeS, appear simultaneously in the composite. In the FTIR
spectrum (Supporting Information, Figure S3), characteristic
absorption peaks of LPS and FeS, appear simultaneously in
the composite. These results indicate that the electrolyte and
the active material are well mixed in the composite.

The Li-ion conductivity and activation energy were
determined by temperature-dependent electrochemical im-
pedance spectroscopy, as shown in Figure 1 E. Arrhenius plot
shows a temperature-dependency for ionic conductivity (Fig-
ure 1F). The calculated activation energy and room-temper-
ature ionic conductivity are 9.493 KImol ' and 1.27x
10~ Sem™!, respectively.

Low Coulombic Efficiency and Large Voltage Hysteresis in All-
Solid-State Batteries

To gain insight into how a solid-state electrolyte affects
electrochemical performance, a solid-state battery was as-
sembled. The first cycle is of particular importance, as the
electrochemical behavior in solid-state batteries may be
distinctive from conventional liquid electrolyte-based batter-
ies. Indeed, the discharge curve in Figure 2 A shows only one
plateau around 1.5 V in this solid-state battery for the initial
cycle without obvious electrolyte decomposition at low
potentials. In sharp contrast, apart from the voltage plateau
at 1.5V, an additional reaction occurring below 1.0 V at the
liquid state battery which can be attributed to solid electrolyte
interphase (SEI) formation in conventional carbonate liquid
electrolyte (Figure 2B).'®! The absence of obvious SEI
formation and the less electrolyte decomposition can offer
more advantages for solid-state batteries. Despite this merit,
the voltage hysteresis between charge and discharge process
is nearly twice larger in solid-state batteries (0.51 V) than
liquid batteries (0.26 V), and the coulombic efficiency of the
FeS,-sulfide solid-state battery is also low (54.77 %), which
could be attributed to the formed high ionic transport
resistance at the initial cycle. To understand this phenomenon,
the electrochemical resistance after 1st and 2nd discharge was
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Figure 2. Low coulombic efficiency and large voltage hysteresis in all-
solid-state batteries. A) The initial discharge and charge profiles of the
solid-state batteries. B) The initial discharge and charge profiles of the
conventional liquid coin batteries. C) Impedance spectra after 1st and
2nd discharge in solid-state batteries. Inset: corresponding impedance
spectra in liquid batteries. D) Capacity retention comparison of bat-
teries.

monitored with impedance spectroscopy in the Li/ Li;P;S;,/
FeS, solid-state battery to correlate to the observed large
voltage hysteresis and low cycle efficiency, as depicted in
Figure 2 C. A significant increase in interfacial resistance was
clearly observed in solid-state batteries, while negligent
change occurs at liquid electrolyte batteries (as shown in
the inset).

The ionic conductivity loss and poor coulombic efficiency
in solid-state batteries could be due to the issues associated
with the solid—solid interface, where the volume change of
FeS, upon lithium insertion may result in the contact loss of
the FeS, phases with the solid electrolyte or the conductive
carbon network making subsequent electrochemical reaction
difficult, resulting in little reversible capacity was achieved in
the subsequent cycles (Figure 2D). The details of the charge
and discharge profiles are shown in the Supporting Informa-
tion, Figure S4.

By comparing the CV curves of the first three cycles of the
solid-state battery and the liquid battery (Supporting Infor-
mation, Figures S5A,B). In the solid-state battery, there is
almost no obvious redox peak in the solid-state battery except
for a reduction peak in the first discharge process. It is
indicated that the electrochemical reaction is too slow due to
the large interfacial resistance formed by the first lithiation. In
contrast, the CV curve of the liquid battery exhibits good
reversibility, so the capacity of the liquid battery is high, and
the stable interface in the liquid battery further benefits.

Heterogeneous Phase Conversion

The increasing electrochemical impedance may suggest an
electrochemically induced contact loss at the interface
between the solid electrolyte and the active battery particles.
To further understand this phenomenon, the Li,P;S;,/FeS,
interface was quantified with operando synchrotron X-ray
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nanotomography.'” We have previously applied this unique
approach to characterizing lithium-ion battery electrodes.””!
Owing to the distinctive attenuation coefficients in elements
with different depth of discharge (DOD), FeS, compositions
with high X-ray absorption at the energy of iron K-edge are
easily distinguished from light-element including Li,P5S;
electrolyte. Further to morphology and element identifica-
tion, high-resolution chemical information can also be
obtained with the TXM-XANES approach by tuning hard
X-ray energy across Fe K-edge. Herein, to investigate the
chemical homogeneity and phase distribution in real 3D in
FeS, particles, we performed in situ 3D XANES (or called
spectroscopy tomography) measurement to track phase
evolution in sulfide solid-state electrolytes (Figure 3 A). The
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Figure 3. Operando X-ray spectroscopic nanotomography. A) Phase
distribution as a function of discharging states. B) Discharged FeS, at
DOD-3 from different orientations. C) Cut-view of FeS, at lithiated
state. D) The XANES spectra of standard FeS, and Fe. E) Phase volume
fraction obtained from 3D quantitative analysis.

chemical maps were generated by the linear combination
fitting with the XANES spectra of the standard phases
(Figure 3D), and the color legend illustrated in Figure 3 A,
where red and green represent FeS,, and Fe phases, respec-
tively. As for a conventional conversion reaction in batteries,
phase conversion usually starts from progressive nucleation
and followed by homogeneous propagation from the surface
of a particle until the particle core is fully converted.?'
Nevertheless, practical conditions in solid-state batteries are
complex and homogeneous phase conversion in the solid—
solid interface has proven difficult. Any changes on the solid—
solid interface and the resulting contact loss may cause
heterogeneous phase conversion. We first observe the con-
verted Fe phase front appear and progressively penetrate into
the particle, transforming the pristine FeS, phase and result-
ing in large volume expansion/cracks. However, the subse-
quent phase propagation seems to slow down and the phase
transformation nearly terminates at low discharging poten-
tials. To take a closer view, snapshots for the reconstructed
tomography for the discharged FeS, at DOD-3 from different
orientations are shown in Figure 3B and the associated cut-
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view is provided in Figure 3C, suggesting the core—shell
model at the finial discharging state. To quantify the phase
evolution, the segmentation of 3D-sub-volume of the particle
at different states of discharge and the quantitative analysis is
shown in Figure 3 E, further indicating the termination of the
conversion reaction at the low potentials in solid-state
batteries.

Apart from the 3D view, the propagation of the reaction
front is also visualized by the 2D cross-section mapping along
with different orientations (X-Y, Y-Z, X-Z) shown in Fig-
ure 4 A. Basically, a core—shell model can be clearly observed
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Figure 4. 2D cross-section mapping and heterogeneous phase conver-
sion. A) Cross-sectional slides along X-Y, Y-Z, and X-Z planes. B) Phase
composition analysis of selected slides from different orientations.

C) The internal microstructure of the same particle with a cut-away
view. D) Chemical phase mappings of the selected cross-section slide.
E) Line profile of XANES spectra along the horizontal axis at the
selected cross-section slide.

in most cross-section images. Taking a close look at the slides
at the top and bottom in which they are near to the particle
surface, Fe phase dominates the major component at slice 1
and 7 along the X-Y plane. In contrast, two phases of FeS, and
Fe co-exist across the particle along the Y-Z and X-Z plane
(also see the histogram of phase composition shown in
Figure 4B). This phenomenon indicates the phase trans-
formation seems to be heterogeneous along different orien-
tations, and the phase front prefers to occurring along the X-Y
plane which may be attributed to more electronic—ionic
accessible sites along this plane. To further understand the
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orientation-dependent phase transformation, we generate
a 3D phase composition distance maps as a function of depth
from the particle surface at the final discharged state (Fig-
ure 4C), and the statistics profile is shown in the Supporting
Information, Figure S6. The profile indicates that phase
boundaries prefer to propagating into the bulk along the Z
axis as the electrochemical reaction proceeds. From the line-
scanning analysis at the selected slice (Figure 4 D,E; Support-
ing Information, Figure S7), the asymmetric energy shift for
iron K-edge and the different propagation thickness also
suggests a unidirectional reaction for the phase conversion of
FeS, in solid-state batteries.

For comparison, lithiation behavior of FeS, in the conven-
tional liquid electrolyte was also investigated by in situ 2D
TXM, as shown in the Supporting Information, Figure S8. A
nearly uniform conversion reaction with a continuous ex-
pansion of the particles as well as crack initiation and growth
were observed in conventional liquid electrolyte batteries.*
Quantitative analysis of the microstructural changes during
the first discharge is shown in the Supporting Information,
Figure S9. As the phase propagates and cracks appear, the
liquid electrolyte can easily permeate into these cracks to fill
the void/cracks and access the surface of active battery
particles, therefore the electrochemical reaction further
proceeds and phase boundaries front can move smoothly.
An illustration (Supporting Information, Scheme S1) clearly
interprets the difference in electrochemical reactions between
solid-state and liquid-electrolyte-based batteries.

Interfacial Resistance Mechanism and Physical Contact Loss

Here, in situ EIS of the first two cycles were performed to
gain a detailed understanding of the interfacial resistance
mechanism in solid-state batteries (Supporting Information,
Figures S10, S11). The initial discharge cycle is shown in
Figure 5 A and the evolution of the impedance spectra at the
different DOD are illustrated in Figure SB.”! To improve
understanding the evolving interfacial resistance mechanism
in solid-state battery electrode, a series of solid-state batteries
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Figure 5. Interfacial resistance mechanism and physical contact loss in
solid-state batteries. A) First cycle discharge profile of the solid-state
cell. B) Impedance spectra recorded during the discharge period.

C) Scanning electron micrographs of the electrode composite of FeS,
and Li,P;S,; at the first discharge in solid-state batteries.
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at different discharging states were dissembled and the
morphologies of FeS, composite electrodes were investigated
with SEM (Figure 5C). As for the DOD-2V electrode, FeS,
active particles are firmly embedded in the composite and
most edges of FeS, particles contact the solid-state electrolyte
intimately. As the discharging process proceeds, volume
expansion of FeS, particles occurs and the active FeS,
particles begin to separate from the solid-state electrolyte. It
is well-known that most conversion materials undergo huge
volume expansion upon lithium-ion insertion, which is
responsible for the contact loss between FeS, and solid-state
electrolytes.’™!” Meanwhile, the heterogeneous phase trans-
formation from different orientations also results in the sum
of the axial strains within the FeS, particles, which further
deteriorate the contact loss. We, therefore, suggest that large
volume expansion in combination with the heterogeneous
axial strain provokes the contact loss between FeS, and solid-
state electrolytes at the initial electrochemical cycle. Unlike
liquid electrolyte which can flow and penetrate into the cracks
or pores in the electrode, solid-state electrolytes cannot easily
fill into the emerging gap once continuous ionic/electronic
contact loss occurs and the capacity fading is inevitable.

In Situ Growth in the Solid-State Sulfide Electrolyte

Our finding directly links electrode—electrolyte interface
behaviors and capacity fading phenomena that are directly
associated with the solid-state battery electrochemistry. An
illustration (Figure 6 A) interprets the phase evolution of FeS,
in solid-state lithium batteries. First, the heterogeneous phase
conversion dominates the conversion reactions, which may
directly affect battery electrochemical performance. The
heterogeneous phase transformation is likely caused in part
by the unidirectional propagation pathway at solid—solid
interfaces. In general, particles with different morphologies
and edges may form inhomogeneous contact with the solid-
state electrolyte, resulting in different conversion rates and
inhomogeneous electrochemical reactions at 3D (Figure 6 B).
Our operando synchrotron X-ray nanotomography clearly
shows multiple propagation fronts proceed inhomogeneously
at the FeS, particles. Second, the contact loss between the
solid-state electrolyte and active FeS, particles and mean-
while the absence of ion conductive pathways may be also
responsible for the low coulombic efficiency and capacity
fading of the solid-state battery. With SEM images and
impedance spectroscopy at different DODs, it was found that
there were some cracks appeared in the FeS, particles, which
originate from the large volume expansion of FeS, during the
discharging periods. Furthermore, the surface accumulation
of Fe phase and formation of the dense surface metallic layer
may also block the ionic transport, increase the diffusion path
in which both ions and electrons reach simultaneously, which
affect the electrochemical kinetics for solid-state batteries, as
shown in a sphere model of Figure 6 A.

The above results infer that the low electrochemical
performance in solid-state batteries is largely attributed to the
electrochemically induced ionic/electronic contact loss in the
solid—solid interface. Presumably, the driving force associated
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Figure 6. In situ growth in the solid-state sulfide electrolyte. A) The
process of Li insertion in commercial FeS, and porous FeS, micro-
sphere electrodes. B) Comparison of reaction depth and reaction
uniformity of active materials along with a, b, and ¢ axes. C)—E) The
3D view and cut-view of the porous FeS, microsphere. F) Galvanostatic
charge—discharge profiles of FeS,@Li,P;S;, nanocomposites. G) Impe-
dance spectra showing lower and relatively stable resistance of the
improved solid-state cell over cycles.

with the contact loss originates from large volume expansion
and heterogeneous phase transformation during the initial
lithium-ion insertion process. Therefore, to minimize this
unwanted chemo-mechanical effect, an ideal solution is to
develop a synergy strategy by designing the active battery
particles with the porous structure to buffer volume change
and simultaneously fabricating a robust solid—solid electrolyte
interface to self-heal the continuous contact loss. To verify our
assumption, we synthesized porous FeS, microsphere with
second particles and in situ growth in the solid-state sulfide
electrolyte within the FeS, microspheres. The 3D view and
cut-view of FeS, microsphere are shown in Figure 6 C-E.
Owing to the insitu growth and strong bond, the FeS,
particles are embedded well in the solid electrolyte, which
provides a 3D ionic conductive network, as shown in Fig-
ure 6F. The advantage of the strategy is verified by good
preservation of the interfacial contact between battery active
particles and solid-state electrolyte after lithiation—delithia-
tion.*! We therefore propose this optimized microstructural
and interfacial design to reduce the contact loss owing to the
stress and volume changes of the battery materials (Fig-
ure 6 G), which relieve electrochemical-mechanical induced
capacity fading and improve solid-state battery performance
(Supporting Information, Figure S12).
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In summary, the chemomechanical interplay evolution of
the FeS, electrode in solid-state batteries was investigated by
a combination of operando synchrotron X-ray nanotomog-
raphy with electron microscopy. The high irreversible capaci-
ty in solid-state batteries originated from multi-factors,
including chemomechanical effect, heterogeneous phase
transformation and the augmentation of metallic surface
passivation layers. Here, for the first time, we provide direct
visualized evidence that the heterogeneous phase transfor-
mation and internal strain-induced contact loss limit electro-
chemical reaction in conversion electrodes. The accumulation
of surface metallic phase upon lithiation also builds up the
obstacle for lithium-ion transport. With in situ growth of solid
sulfide electrolyte into a 3D FeS, microstructure, these
chemomechanical and interfacial issues can be significantly
inhibited and superior electrochemical performance can be
achieved. Our study provides new insights into phase
conversion in solid-state batteries and sheds light on the
solid-solid interfacial issues in solid battery electrodes.
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