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Sulfide solid-state electrolytes (SSEs) represent a critical advancement towards enabling next-generation
lithium metal batteries. However, a profound knowledge gap remains in understanding the structure—
property relationships inherent to these sulfide SSEs. Electrochemical assessment and spectroscopic
tools, such as Raman spectroscopy, offer bench-top ready, non-invasive, powerful avenues for
operando and in situ analyses. Despite this potential, the integration of these methodologies, particularly
for real-time interrogation, is markedly under-investigated. This review endeavors to catalog the use of
diverse electrochemical techniques and spectroscopic tools in elucidating the structural and functional
nuances of sulfide SSEs. Through the harmonization of these multifaceted evaluation strategies, our
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objective is to chart a course towards optimized sulfide SSEs, thereby aiding in the development of
informed protocols for a deeper comprehension and understanding of the structure—property relation-
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1. Overview of sulfide solid-state
electrolytes: the necessity for
multimodal evaluations

Due to the growing interest in sulfide solid-state electrolytes
(SSEs) for advanced battery technologies, numerous review
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ship and interfacial engineered design of solid-state batteries using sulfide-based SSEs.

papers have thoroughly documented their development. Li
et al. explored the evolution of sulfide-based composite electro-
Iyte films, emphasizing the function of polymer binders and
the associated challenges in optimizing ionic transport and
processing methods." Suci et al. categorized various sulfide-
based electrolytes, focusing on their ionic conductivity and
stability while highlighting issues like material scarcity and
instability in humid environments.> Reddy et al. provided
insights into sulfide and oxide electrolytes, stressing the impact
of synthesis and experimental conditions on their electroche-
mical performance.® Lau et al. examined sulfides as alternatives
to liquid electrolytes, focusing on their conductivity and pro-
cessing ease but underscoring challenges like dendrite
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suppression.” Lee et al. addressed scaling issues in sulfide-
based batteries, such as binder selection and air stability,’
while Ren et al. further analyzed these challenges, focusing
on interfacial instabilities and mass production hurdles.®
Finally, Su et al. summarized recent advances in sulfide elec-
trolytes, focusing on synthesis mechanisms, electrolyte stabi-
lity, and extending their discussion to high-energy-density all-
solid-state batteries.”

While previous reviews have provided foundational insights
into sulfide SSEs, our review distinctively highlights the inte-
gration of Raman spectroscopy with electrochemical methods,
offering innovative approaches to overcome the field’s most
pressing challenges. Our multimodal approach aims to provide
a deeper understanding of the mechanisms at play in optimiz-
ing sulfide electrolytes. This comprehensive perspective not
only looks at improving ionic conductivity and stability, but
also investigates how advanced spectroscopic characterization

Cheng is the Group Leader of the
Energy Storage and Conversion
Group at Oak Ridge National
Laboratory. Her research focuses
on using multiscale computational
methods to study material struc-
tures, properties, and interfacial
reactivities for energy storage
applications.

Lei Cheng

Dr Jagjit Nanda is a Distinguished
Scientist and Executive Director of
the SLAC-Stanford Battery Research
Center. ~ He  holds  adjunct
professorship in Materials Science
at Stanford University and is a
Scholar at Stanford’s Precourt
Energy Institute. An internationally
renowned  expert in  battery
technologies and energy storage,
focusing on advanced chemistries,
solid-state, and grid-scale storage,
Dr Nanda has authored over 250
Journal articles and holds more
than 15 patents. His accolades include two R&D 100 awards and
fellowships with the Electrochemical Society, Materials Research Society,
and National Academy of Inventors.

Jagjit Nanda

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

can be combined with electrochemical performance testing to
identify and resolve interfacial issues. This approach fills a
critical research gap, offering new strategies for enhancing the
practical applications and scalability of sulfide-based all-solid-
state batteries.

1.1 Sulfide SSE introduction

To address the growing concerns associated with the finite
nature of fossil fuels and their carbon dioxide emissions, there
is a significant demand for renewable energy storage technol-
ogies. Lithium-ion batteries (LIBs) have emerged as the leading
solution for energy storage applications, both stationary and in
transportation, due to their superior power density, satisfactory
energy density, exceptional stability, and outstanding capacity
retention. However, traditional LIBs employ organic liquid
electrolytes (LEs), which present numerous safety hazards,
including flammability and leakage, along with a limited
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thermal operating range. SSEs serve as an alternative solution,
capable of operating across a broad temperature range from
—10 °C to 100 °C,® mitigating concerns about freezing or
boiling of the electrolyte. Over the past decade, many SSEs
have been synthesized and implemented in industrial proto-
types, including oxide-based, sulfide-based, polymer, and com-
posite materials.” Among these, sulfide-based SSEs are
particularly effective due to their high ionic conductivity at
ambient temperatures, exceeding 1 mS cm ™', comparable to
LEs for commercial Li-ion batteries. Besides conductivity
aspects, SSEs also possess desirable mechanical properties for
room temperature manufacturing purposes.

Sulfide SSEs exhibit enhanced ionic conductivities relative to
other SSEs, because of the greater polarizability of sulfur anions
compared to oxygen anions,'® which promotes expedited lithium-
ion transport. For example, garnet-type Li,La;Zr,0;, (LLZO),"" an
oxide-based SSEs, demonstrates an ionic conductivity of approxi-
mately 10™* S ecm™". Lithium phosphorus oxynitride (LIPON),
another oxide-based SSE, has a markedly lower ionic conductivity,
approximately 10 ° S cm ™, yet it is prevalently utilized in thin-film
battery applications due to its stability and compatibility with
lithium metal anodes."" The field of solid-state battery research
has seen a surge of activity following the discovery of a new solid-
state electrolyte known as Li;(GeP,S;, (LGPS). This material has
demonstrated an outstanding ionic conductivity, measured to be
1.2 x 107> S em™ ! in 2011."* Tatsumisago et al. reported a glass
ceramic Li,P;S;; with a high conductivity of 1.1 x 107> S ecm ™" in
2014." Subsequently, Kato et al. reported a LGPS structure deriva-
tive Lig 54Si1 74P1.44511.7Clo 3, which had the highest conductivity of
2.5 x 107>S em ™ in 2016."

Li argyrodite compounds, such as LigPS5Cl, have emerged as
the preeminent material for sulfide SSEs in all-solid-state
batteries, owing to their facile synthesis and remarkable ionic
conductivity, reaching up to 2.4 x 107> S ecm "% Despite the
high ionic conductivity that facilitates rapid charge-discharge
cycles in all-solid-state batteries, these materials face several
critical challenges, including complexities in synthesis, struc-
tural modifications during processing, inherent moisture sen-
sitivity, a constrained electrochemical stability window, and
issues pertaining to the solid electrolyte interphase.”*****” To
overcome these challenges, we believe that evaluations on the
SSEs combining the chemical and electrochemical means are
essential.

1.1.1 Introduction of different chemical characterization.
Many chemical characterization tools can help with interpret-
ing sulfide SSE’s chemistry. X-ray diffraction (XRD) is the go-to
method for elucidating the crystalline structure of sulfide SSEs.
By analyzing the diffraction patterns, we can determine the
phase composition, identify any secondary phases, and assess
the degree of crystallinity to analyze the material’s performance
and stability. X-ray photoelectron spectroscopy (XPS) delves
into the surface chemistry (usually nano resolution), offering
a detailed view of elemental composition and oxidation states
present on the SSE surface. This is particularly important for
examining interfacial reactions and the formation of passiva-
tion layers.

9140 | Mater. Adv,, 2024, 5, 9138-9159
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X-ray absorption near edge structure (XANES) provides
another layer of detail, particularly when probing the sulfur
K-edge, allowing us to investigate the local electronic structure
and oxidation states of sulfur within the SSE matrix. This allows
us to identify the existence of side products, for example
elemental sulfur. X-ray computed tomography (XCT) offers a
three-dimensional perspective, visualizing the internal micro-
structure of the SSEs.

Infrared (IR) spectroscopy complements these techniques by
focusing on the molecular vibrations within the SSE, providing
insights into the bonding environments of elements such as
sulfur and the presence of specific functional groups. This can
be particularly useful for identifying subtle changes in the
chemical structure that might not be apparent through other
methods. Additionally, nuclear magnetic resonance (NMR),
especially when using isotopes like Li; and sulfur-related, offers
a powerful tool to probe the diffusion of lithium ions.

However, many of these characterization tools usually only
allow ex situ measurements because of several major chal-
lenges. First, some advanced spectroscopy tools such as XRD,
XPS, XANES, and XCT have strong laser power which causes
irreversible damage to samples after experimental measure-
ment. Second, sulfide SSEs are air-sensitive, so a special house-
designed sealed sample holder or cell mold is required.
Furthermore, the sulfide compounds can contaminate instru-
ments, often requiring a sulfide-dedicated instrument, which
can be very challenging for many researchers.

Raman spectroscopy was found to be particularly effective in
monitoring structural changes in sulfide SSEs during battery
electrochemical testing, and it is a benchtop instrument that is
broadly available.

Usually, electrochemical methods are considered noninva-
sive. However, most of the postmortem chemical evaluation
methods require cell disassembly. Therefore, the development
of a nondestructive chemical evaluation method, preferably
aligned with the electrochemical method, becomes necessary.
Our team and others have demonstrated that in operando
Raman spectroscopy and imaging, facilitated by machine learn-
ing analysis, is effective in probing the sulfide SSE structure,®
chemistry after solvent processing,'® and interface during SSB
operation.’* > Employing this integrated approach can reveal
the fundamental structure-property relationships of charge-
discharge processes for sulfide SSEs to foresee failure mechan-
isms. Despite the growing number of studies on sulfide solid-
state batteries (SSBs), there remains a notable gap in the review
literature that provides an overview of commonly used electro-
chemical methods, and the integration of in situ Raman
spectroscopy for SSB evaluations. Fig. 1a presents a summary
of the number of review articles published in the field of sulfide
SSBs, identified through keyword searches on the Web of
Science (WOS) database. Out of 169 SSB-related review papers,
only 14 discuss in situ or operando characterization techniques.
Among these, only one addresses the use of Raman spectro-
scopy in sulfur-based batteries. As noted in Fig. 1b, only two
research papers mentioned Raman mapping with electrochem-
istry in sulfide SSBs.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00619d

Open Access Article. Published on 03 oktéber 2024. Downloaded on 17.7.2025 12:20:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

(a) 10000

Numebr of publications

+ Solid-state battery + Solid-stat

Solid-state battery Solid-state battery battery +
Sulfide Sulfide+in-situ/operando Sulfide+Raman

Key words

(b)

100000

Number of publications

lid-state battery lid lid-state lid-stat

y y y
RS RS+mapping/ML

Key words

Fig.1 Comparison of publication counts vs. keywords for (a) review
papers and (b) all papers, sourced from Web of Science Database (1961-
2024).

This review seeks to bridge the gap by offering a compre-
hensive view that integrates traditional electrochemical techni-
ques with in situ Raman spectroscopy in the field of sulfide
SSBs. Our goal is to confront pressing interfacial challenges
and catalyze new research directions in the field.

1.2 Current challenges requiring multimodal characterization
and research trends

1.2.1 Informed sulfide SSE fabrication. Due to scope limita-
tions, we focus specifically on the combination of multiple electro-
chemical methods and chemical techniques provided by Raman
spectroscopy for a comprehensive multimodal evaluation.

The fabrication of sulfide SSEs, including mechanochemical
means, such as ball-milling, and wet chemical processes, such
as solvent-mediated synthesis,'® which plays a crucial role in
influencing the material’s structure and inherent properties. It
is desired to apply a knowledge-based approach to producing
sulfide SSEs, using specific information and techniques to
optimize the process and the performance of the resulting
materials. Therefore, it is important to employ multimodal
analytical techniques to probe the structure-property relation-
ships and their subsequent impact on performance post-
fabrication. In this section, we introduce the traditional meth-
ods for synthesizing sulfide SSEs first and then present

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established and effective electro and chemical techniques for
the characterization and evaluations of emerging sulfide SSEs.

The conventional fabrication of SSEs necessitates high-
temperature solid-state synthesis, which involves thermally
induced bond-breaking and requires substantial energy input,
thus constraining scalability due to a time-consuming anneal-
ing step. An alternative mechanochemical technique, com-
monly referred to as ‘“ball-milling,” has been developed for
the synthesis of SSEs. This method utilizes mechanical forces to
manipulate material size and crystal defect formation in a non-
equilibrium state.>® Notably, the superionic conductor argyro-
dite (LigPSsX, X = Cl, Br, I) has been effectively synthesized via
ball milling, substantially reducing crystallization time com-
pared to traditional solid-state methods.>® The efficiency of ball
milling and the resultant product quality are influenced by three
critical parameters: milling media-to-sample ratio, milling
speed, and milling time. These variables govern the specific
reaction yield, surface area, particle size, and byproducts for-
mation. Yu et al. reported the Li ion mobility of LigPSsBr is
strongly affected by the milling time over different crystallo-
graphic sites.> However, comprehensive studies to optimize the
ball milling parameters for the crystal structure and morpholo-
gical characteristics of SSEs have not been extensively reported.

The integration of solution-assisted synthesis with ball
milling represents a compelling approach for the fabrication
of SSEs. This method involves the homogeneous dispersion or
suspension of SSE precursors in a carefully selected solvent,
which must solubilize the precursors without inducing the
formation of undesirable byproducts. Ethanol and N-methyl
formamide (NMF) are effective solvents for Li,S and LiX; however,
they may adversely react with and decompose P;S;0.>>*® Con-
versely, tetrahydrofuran (THF) is unsuitable for argyrodite synth-
esis due to the reactants’ insolubility in this medium. To address
these challenges, the synthesis methodology has been refined by
initially forming Li;PS,, followed by the incorporation of addi-
tional Li,S and LiX. However, the chemistry behind solvent-
assisted processes within the reaction pathways remains largely
unelucidated. Therefore, multimodal assessments are necessary
to understand the effects of different fabrication methods on
newly synthesized SSEs’ chemical and electrochemical properties.
Raman spectroscopy is widely applied to investigate the struc-
tural and chemical attributes of fresh SSEs. For example, pristine
LPSCI has been reported that has an almost centered 425 cm™*
Raman shift peak indicating a PS,>” tetrahedra structure,”” as
presented in Fig. 2. However this P-S stretching bond can shift to
440 em™ in LGPS,?® and 418 cm™ ' in B-Li;PS,.>°

The reason behind this shift is due to its underlying crystal-
line structure. For example, the compound LigPSsCl adopts a
crystalline structure within the cubic F43m space group. This
structure is characterized by a LisPSs framework interspersed with
four clusters of Cl,. Within each of these clusters, each CI™ ion is
surrounded in a 12-coordinate geometry by surrounding atoms.
Within the overarching LigPS; scaffold, each Li" ion is arranged in
a trigonal planar configuration, coordinating with three S*~ ions.
The Li-S bonds vary in length, featuring one shorter bond at 2.33 A
and two longer bonds at 2.42 A. Phosphorus (P*") is tetrahedrally

Mater. Adv,, 2024, 5, 9138-9159 | 9141
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Fig. 2 An example of a Raman single spectra for pristine LPSCl shows a
P-S stretching bond at around a Raman shift of 425 cm™™.
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coordinated, linking symmetrically to four identical $> ions, each
at a bond length of 2.06 A. Sulfur (57) manifests in two distinct
coordination environments. In the first, a sulfur ion is surrounded
by six Li" ions, forming a corner-sharing SLis octahedron. In the
second environment, a sulfur ion bonds with three equivalent Li"
ions and one P°" ion to create a SLi;P tetrahedron. This tetrahedron
shares corners with three SLig octahedra and six additional SLizP
tetrahedra. The structure features octahedral tilt angles of 54°,
which indicates the degree of spatial rotation within these octahe-
dra. The most featured Raman peak is centered around 425 cm ™',
representing the P-S stretching mode for the PS,*>~ tetrahedra.

Concurrently, electrochemical impedance spectroscopy (EIS)
measures bulk ionic conductivity and electrode/SSE interfacial
resistance, and linear sweep voltammetry (LSV) delineates the
electrochemical stability window, capturing the oxidation and
reduction potentials. These parameters, obtained through mul-
timodal evaluation, serve as essential baselines that can further
be applied in molecular dynamics (MD), density functional
theory (DFT) calculations, and machine learning (ML) to predict
potentially useful new SSEs.>® Conversely, while computational
methods provide valuable insights into the design of materials
in crystalline phases, predicting synthesis and the impact of
processing on material performance remains challenging. To
bridge the gap between multimodal characterization techniques
and the structure-property relationships in SSEs, the integra-
tion of these techniques enables a deeper understanding of how
synthesis parameters influence sulfide SSE properties. By corre-
lating the structural and chemical data obtained from Raman
spectroscopy, EIS, and LSV with the observed electrochemical
performance, we can inform and optimize synthesis processes
to tailor sulfide SSEs with desirable properties. This informed
approach not only refines current methodologies but also
guides the development of new materials with enhanced per-
formance characteristics.

1.2.2 Sulfide SSE and SSB manufacturing. Manufacturing
sulfide SSEs and SSBs includes a sequence of dry and wet
chemical processes, such as slurry preparation, tape casting,
calendaring, and cell assembly."® Throughout these stages,
interactions between the solid electrolyte, solvents, and binders

9142 | Mater. Adv,, 2024, 5, 9138-9159
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may induce chemical and structural transformations in the
sulfide SSE, potentially altering its characteristics and perfor-
mance. Hence, it is critical to perform on-the-fly assessments of
the SSE’s chemistry and structure during the manufacturing
workflow. In the following content, we will detail the evolution
of cell design principles aligned with the industrial supply
chain and exhibit the cutting-edge developments in sulfide-
based SSBs. The evolution of designs should be guided scien-
tifically through systematic studies - an integrated approach
combining electrochemistry and chemistry. To achieve this, key
SSB manufacturing parameters that are critical to evaluate with
both multiple electrochemical and chemical techniques should
be evaluated.

As aforementioned in Section 1.2.1, interactions between
solvents and sulfide SSEs may alter their structures. Similarly,
solvent processing during manufacturing plays a critical role in
determining the structure stability of sulfide SSEs. Methods
such as tape casting involve solvents that can introduce struc-
tural defects if not controlled properly. These defects can affect
the ionic conductivity and mechanical properties of the SSEs,
thereby affecting the structural integrity of the thin SSE films.*'
Recent advances were made in Zhao et al’s group, as they
systematically studied the solvent effects in processing LPSCI
membranes.®” This study integrated XRD, XPS, Raman, and EIS
as a ‘chemistry checker’ to inform whether as-made films experi-
enced degradation from structural change in various solvents.
There is no doubt that this multimodal approach can strengthen
the chemical evidence for processing science. Usually, a single
characterization cannot provide convincing scientific findings,
and requires back up supporting evidence provided using other
characterization tools. For example, Delnick et al. reported that
Raman spectroscopy and XPS are co-used to determine the
chemical structure of several Li-P-S ternary compounds.'® This
is because Raman spectroscopy alone is insufficient to reveal this
structure, due to a lack of distinguished peaks of some of the S
ternary compounds.

Another factor during the sulfide SSE and cell manufacturing is
the processing environment. The environmental conditions are
crucial for sulfide SSE stability and performance. Shirley Meng
et al. comprehensively examined LPSCI stability under different
operating conditions,”” such as exposure to air, and exposure to
water followed by heat treatment. In this paper, they found pristine
LPSCI has PS,*>" at a Raman shift to exactly 425.2 cm™ ", and any
exposure can cause the peak position to shift which indicates a
local structural change. Notably, the air exposed LPSCI had a peak
Raman shift all the way to 418 cm ™", suggesting significant side
product degradation occurs. To unveil the chemistry, FTIR was
further applied to the air exposed sample and revealed that the
C=0O0 carbonate bond and O-H stretching suddenly appeared at
frequencies of 3000-3500 cm™ ' and 1427 cm™". This indicates
LPSCI experienced hydration and reaction with CO,. Furthermore,
air exposure of LPSCI resulted in a loss of at least one order of
magnitude of ionic conductivity as measured by EIS, even with
550 °C heat treatment. Correlating ionic conductivity with local
structure can also be found in H. Muramatsu et al.’s report.>® This
study utilizes solid-state NMR to examine the structure and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dynamics of Li,S-P,Ss based solid electrolytes, providing insights
into the ionic conduction mechanisms in SSBs. Other techniques
were also frequently reported to study the interfacial stability and
reactions in sulfide SSBs. For example, K. Kang et al. discusses the
use of XPS and TEM to analyze the native defects of LGPS.>!
Multimodal characterization is beneficial in bridging the gap
between fundamental and manufacturing science.

The scope of this mini-review will focus on combining an
electrochemical method and Raman spectroscopy to study
sulfide SSEs.

Raman spectroscopy can be used in controlled environ-
ments such as dry rooms or gloveboxes to prevent moisture
and air exposure, which can degrade the materials, to explore
the structure of the sulfide SSEs. Meanwhile, the properties of
the sulfide SSE exposed to a specific environment can be
evaluated by multiple electrochemical means.*®> Surface coat-
ings, such as Al,0;, LiNbO3, and short chain polymers, create a
barrier that prevents the sulfide SSE particle being exposed to
air.>®3” Raman spectroscopy can monitor these coatings’ effec-
tiveness by detecting characteristic Raman shifts which
indicates degradation products like H,S.

In-line Raman spectroscopy can provide real-time monitor-
ing for quality control during the manufacturing of sulfide SSEs.
This technique allows manufacturers to observe the chemical
composition and structural changes in real-time, ensuring that
the final product meets the desired specifications. Implement-
ing an in-line Raman systems helps detect and correct issues
promptly, optimizing the manufacturing process.

When manufacturing sulfide-based SSBs, the compatibility
of the electrode and the SSE is vital for whole-cell integration.
The multimodal approach helps reveal the chemical and
mechanical stresses at these interfaces, providing insights into
designing more stable and efficient SSBs.

Traditionally, the lithium anode thickness was thicker than
the combined solid electrolyte and cathode layers, based on the
design that maximizing lithium content would enhance the

View Article Online
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theoretical capacity and energy density of the cell. Nevertheless,
such designs for thick lithium anodes have encountered signifi-
cant challenges, including substantial volume changes during
electrochemical cycling, the formation of lithium dendrites, and
an unfavorable trade-off between energy density and the intrinsic
weight and volume of lithium. Consequently, contemporary
design philosophy has shifted towards the ‘anode-free’ approach.
This approach completely removes the lithium metal anode,
choosing instead to directly deposit solid-state electrolytes onto
the current collector. This strategy must have lithium included
within the cathode composite itself, potentially through alloys
with nickel manganese cobalt oxide (NMC), sulfur, or nitrogen-
doped materials, to ensure the presence of lithium for the initial
charging process. Fig. 3 shows the developments of components
and designs to increase the energy density.

Lee and colleagues at Samsung have developed a prototype
pouch cell with a capacity of 0.6 Ah, realizing an energy density
exceeding 900 W h L ™" and maintaining 99.8% CE across 1000
cycles, which marks the state of the art performance in all solid-
state batteries.* This was accomplished by employing an Ag-C
composite anode in a lithium-free anode configuration. The
detailed manufacturing processes of this advanced pouch cell
were revealed, noting the application of a processing pressure
of 490 MPa and a stack pressure between 2-4 MPa. This
information is vital given that all-solid-state battery technology
is acutely pressure-dependent, contrasting with conventional
liquid electrolyte lithium-ion batteries where pressure sensitiv-
ity is less critical. Meng et al. also investigated the impact of
pressure on the performance of SSBs, offering practical insights
on the significance of pressure in these systems.*® However,
there is a gap in understanding how these manufacturing
parameters, for example, cell processing and stack pressures,
affect sulfide electrolyte lattice structural defects, parasitic side
products, and chemical compositions over cycling. Raman
spectroscopy and imaging have the great potential to decipher
the SSE structure with different processing conditions. For
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example, we have shown that when processed by different
solvents during slurry casting, the argyrodite sulfide SSE has
varied stability against a lithium metal anode.*

The next section will discuss this core approach that intrin-
sically catalyzed the new direction, cross-talk between electro-
and chemical characterization.

2. Evaluating SSEs: conventional
approaches and in situ Raman
spectroscopy (is-RS)

The advantages of electrochemical methods are beneficial to
quantify sulfide SSB performances. However, they lack a funda-
mental understanding of the underlying chemistry. Raman
spectroscopy can resolve this issue by directly imaging the
structural difference. For example, J. Lim performed full sulfide
SSB galvanostatic cycling in the first cycle and the initial poor
coulombic efficiency is obvious.”" Raman mapping revealed the
degradation is attributed to the formation of (CHj)-S, high-
lighting the importance of choosing an appropriate carbon
ratio. S. Liatard performed a direct dry room exposure study
on the sulfide SSE.**> Both EIS and galvanostatic cycling clearly
show LPSCI outperforms Li,P;S;; with higher ionic conductiv-
ity and optimal capacity both before and after exposure. The
reason for the higher performance of LPSCl was further con-
firmed from the Raman spectrum. It shows a more centered
P-S stretching bond and no detected deformation product —
P,S,*” in LPSCL X. Li et al. reported a nanolayer coating of
LiCoO, (LCO) on a high nickel NMC cathode significantly
enhances cycling stability, registered at 585 cycles with 80%
capacity retention.*’ dQ/dV analysis also indicates that the H2-
H3 phase was mitigated with an LCO coated cathode during
cycling. To understand what exactly is happening in the cath-
ode electrolyte interphase, Raman spectroscopy revealed that a
new peak at 1441 cm ™' appeared for the uncoated the NMC but
couldn’t be seen for the LCO-coated NMC in the cycled sam-
ples. This peak is assigned to phosphate-sulfate like species
and indicates the LCO coating effectively suppressed this
undesired species, which improves cell performance.

As pre-described evidence, we demonstrate the strong necessity
to combine electrochemical methods with Raman spectroscopy. In
the following context, we will detail the general application of each
electrochemical method and Raman spectroscopy. Furthermore,
we will explore their limitations and include comprehensive dis-
cussion of the importance of multimodal characterization in
sulfide SSBs.

SSEs present many interfacial challenges that necessitate
comprehensive evaluation of their fundamental properties
prior to integration into full-cell configurations. Critical para-
meters such as ionic conductivity, electrochemical stability
window, and electrode-electrolyte interfacial stability must be
assessed. Established electrochemical techniques—such as EIS,
linear sweep voltammetry/cyclic voltammetry (LSV/CV), and
galvanostatic cycling (GC)—are utilized to gauge these essential
characteristics within a half cell configuration but in different
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designs. EIS typically uses two pieces of stainless steel (SS) as
blocking electrodes, whereas LSV/CV employs lithium metal as
the working electrode, with either SS or platinum as the counter
electrode. In GC, it is common to use two lithium foils or plates
as electrodes.

Upon demonstrating satisfactory performance in half cell
tests, including enhanced stability and conductivity, SSEs are
then incorporated into full cells to evaluate overall battery
performance metrics such as capacity retention across various
C-rates, temperatures, pressures, and cathode active material
(CAM) loadings.** Interfacial resistances and Li* diffusion
coefficients are further discerned via EIS and a galvanostatic
intermittent titration technique (GITT) within the full cell to
elucidate the mechanisms underlying battery failure.** Addi-
tionally, in situ/operando Raman spectroscopy serves as an
interdisciplinary method to monitor real-time structural and
compositional changes at the interphases, correlating these
observations with performance degradation.*® In the following
paragraphs, conventional electrochemical methods in this field
are summarized and discussed within their key applications.

2.1 EIS: quantify ionic conductivity and interfacial resistance

In the field of energy storage, the ionic conductivity of solid
electrolytes is usually quantified through EIS. EIS employs an
alternating current (AC) impedance technique where a
potential of small amplitude, typically between 5 to 10 mV, is
applied while scanning frequencies from 1 MHz to 10 mHz. The
impedance spectrum is commonly visualized using a Nyquist
plot, which facilitates the interpretation of resistances based on
an equivalent circuit model. The ionic conductivity of SSEs is
measured in a symmetrical cell configuration utilizing two
‘blocking electrodes’ (e.g., stainless steel), which do not
undergo faradaic reactions.*” In a ‘fresh’ cell, the Nyquist plot
typically exhibits a linear response, with the intersection on the
real axis indicating the total resistance of the SSE. This resis-
tance is converted into conductivity using a straightforward
equation.”” Occasionally, a Nyquist plot may reveal a semicircle
in the high-frequency domain, indicative of grain boundary
resistance.*® Thus, EIS serves as an essential and unequivocal
method for quantifying the ionic conductivity of SSEs. How-
ever, studies probing the interfacial resistance between electro-
des and SSE via EIS during active discharge-charge cycles are
lacking, representing a critical knowledge gap in transitioning
from an understanding of solid electrolyte performance in half-
cells to full-cell applications.

Besides this, the limitation of EIS in determining either a
solid electrolyte’s conductivity or interfacial resistance origi-
nates from its complexity in interpretation. Specifically, in
solid-state batteries, the electrode and electrolyte interfaces
are often more complex compared to those in liquid electrolyte
systems. This complexity arises from the solid nature of the
electrolyte and the potentially diverse interface phenomena,
such as interfacial chemical reactions and mechanical stress
effects. The use of equivalent circuit models to interpret EIS
data can be particularly limiting here, as these models may not
accurately capture the intricate physicochemical processes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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occurring at these interfaces. For example, the increase in
interfacial resistance during SSB operation may be due to the
loss of solid-solid contact, the generation of a passive interface,
or both. However, EIS fails to discern the exact reason for the
increase in interfacial resistance.

On the other hand, solid state batteries may experience
overlapping impendence which corresponds to different physi-
cochemical processes. Thus, separating different interphases
and bulk conductivity can be very challenging to achieve due to
dynamic processes and complicated systems. Systematic stan-
dardization has not yet been established for application in the
solid state battery research community. In the following con-
text, we try to pinpoint some appealing examples to present
how EIS is applied to study different systems, possible inter-
pretation, and a potential strategy to overcome this limitation.

EIS is instrumental for quantifying interfacial resistances at
varying states of charge (SOC) in full cells. Zhang et al. utilized EIS to
analyze resistance contributions throughout galvanostatic charge-
discharge cycles in an In,Li|LGPS|LiCoO, cell,’® as presented in
Fig. 4. They interpreted impedance spectra using a three-element
equivalent circuit model, attributing the high-frequency semicircle
to grain boundary resistance, the medium-frequency semicircle to
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cathode-SE interfacial resistance, and the low-frequency semicircle
to anode-SE interfacial resistance. Additionally, bulk or Warburg
resistances were identified at the high and low boundaries of the
frequency spectrum in Nyquist plots. During charging, the In/LGPS
resistance remained relatively constant, whereas the LiCoO,/LGPS
resistance significantly increased with rising potential, suggesting
possible factors such as crack formation, volume changes, or
accumulation of side products leading to increased interfacial
resistance as SOC increased.

On the other hand, during discharging, the In/LGPS inter-
facial resistance increased when the discharge capacity exceeded
50%, while the LiCoO,/LGPS resistance was nearly unaffected.
The increasing anode/SE resistance during discharging corre-
lated with the depletion of Li from the Li,In alloy.*® Furthermore,
bulk and grain boundary resistances were observed to remain
constant across different SOC, resulting of the intrinsic stability
of the material itself. This methodology elucidates the contribu-
tors to resistance and loss during galvanostatic cycling, providing
quantitative electrochemical insights into battery failure mechan-
isms. However, its interpretation regarding how resistances are
assigned still lacks direct supporting evidence. This suggests
further in situ characterization methods, such as in situ/operando
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LNTO-LCO and liquid electrolyte in the initial galvanostatic charging—discharging profile; SOC dependent Nyquist plot at (c) charging and (d) discharging
to highlight the dynamic change of interfacial resistances under different scenarios. Reproduced from ref. 48 with permission from American Chemical

Society, copyright 2017.
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Raman, X-ray diffraction (XRD), and scanning electron micro-
scopy (SEM) are critically urgent to link chemical and mecha-
nistic interphase observations to a specific frequency of range
impendence.

From a chemistry perspective, activation energy is used to
describe the mobility of Li-ions through the solid electrolyte
interface (SEI), which is related to lithium ion hopping between
sites and is quantified through temperature dependent EIS and
calculated by the Arrhenius equation as follows:°

o = Aexp(E,/kT)

where ¢ is the ionic conductivity, A is the proportional constant,
E, is the activation energy, k is the Boltzmann constant, and T is
the absolute temperature. Keefe et al. conducted EIS measure-
ments that were temperature-dependent on lithium-ion
batteries,”* as depicted in Fig. 5(a). To clearly present E,, the R,
is plotted against 1/7T in log scale as shown in Fig. 5(b). It turns
out the slope of the curve directly reflects the magnitude of E,.
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Fig. 5 (a) Temperature dependent Nyquist plot in positive blocking elec-
trode symmetric cells; (b) charge transfer resistance was plotted against
the reciprocal of temperature in log scale under positive symmetric cells.
(Inset lists the activation energy values of each curve). Reproduced from
ref. 51 with permission from The Electrochemical Society, copyright 2019.
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In terms of structure, some sulfide SSE types have ionic
conductivity comparable to that of liquid electrolytes. For
example, experiments show that argyrodite SSE, LizPS;X (X =
Cl, Br and I) have the same crystallographic structures (space
group F43m) as Li;PSs and the ionic conductivity of LigPS5Cl
and LigPSs;Br at room temperature is high enough to be
considered for battery technology.”> Halogen disorder is
believed to be responsible for the high room temperature ionic
conductivity as calculations have suggested that extra halogens
and Li-vacancies result in higher conductivities.>® These struc-
tures can be probed by Raman spectroscopy. For example, the
PS>~ tetrahedral has a featured band at around 425 cm ™, and
this peak can shift upon local chemical environment change
resulted from the structural change.>*

2.2 LSV/CV: determine the electrochemical window of the
sulfide SE

In addition to ionic conductivity, the quantification of the
electrochemical stability window (ESW) is essential prior to
full-cell assessments. ESW delineates the stable potential range
for SSEs, establishing the requisite operational boundaries for
safe cell cycling and preventing electrolyte decomposition.
Linear sweep voltammetry (LSV)*>™’ and cyclic voltammetry
(CV)**38¢1 are employed to determine the ESW of SSEs using a
two-electrode setup, typically Li/stainless steel. LSV conducts a
unidirectional potential scan, whereas CV reverses the scan
back to the initial potential. The Viallet group used CV on a
series of halide substituted argyrodite, LisPS¢X (X = Cl, Br, I).°?
It shows they are electrochemically stable up to 5 V against Li
metal. Lis 1Ga.05P0.95S5Cl, a Ga substitution argyrodite, further
improves their electrochemical stability against Li metal as
evidenced in CV.*° J. Yi et al. confirms increasing loading of
PEO in LPSCI-PEO3-LiTFSI improves the interfacial stability by
LSV.*® S. Luo et al further employed LSV to explore the
electrochemical stability of modified LPSCI through oxygen
substitution and adding PEO. Both strategies can significantly
stabilize the Li/SE interphase as evidenced by the diminishing
oxidation peak.®* LSV and CV are well-established techniques
and widely applied to describe the electrochemical stability in
the theoretically low ESW of sulfide electrolytes.

Both LSV and CV possess inherent limitations, notably the
tendency to overestimate the onset potential at an arbitrarily
chosen threshold current density, e.g., 0.1 mA cm 2. Efforts to
mitigate this involve reducing the scan rate to below 0.1 Vs~ .
However, the onset potential may still be overestimated due to
suboptimal contact and consequently low electrical conductiv-
ity between the solid electrolyte and the electrode.® In contrast,
with liquid electrolytes, several challenges affecting the validity
of CV are resolvable by: (1) enhanced contact between the
electrolyte and electrode; (2) the use of a three-electrode setup,
which is more conducive to accurate measurements. Therefore,
CV analysis in solid electrolytes requires cautious control of
experimental conditions. For example, applying higher external
pressure can improve the contact between the SE and electrode,
yielding a more reliable estimation of the onset potential.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Other potential limitations are observed when applying CV/
LSV in both modeling and experimental aspects. For example,
the finiteness of diffusion and the kinetics of electrode reac-
tions can complicate the interpretation of voltammetry data,
especially in nanoscale processes.®® At different scan rates, the
size of the diffusion layer and the time taken to record the scan
can vary experimentally, leading to different current responses.
This dependency on scan rate can obscure the understanding
of the underlying electrochemical processes and requires care-
ful calibration and interpretation. Schmickler et al. reported
that quasi-reversible or irreversible electron transfer reactions
occur when electron transfer processes are slow relative to the
voltage scan rate.®” This results in an inaccurate current peak
position being used to interpret the kinetics of reactions. We
believe a standardization protocol to evaluate the electroche-
mical stability window of sulfide SSEs by CV/LSV must be
established in the near future.

On the other hand, it is known that sulfide electrolytes tend
to be oxidized when operating at a higher threshold potential.
This resulting structure change and decomposition product
can be probed through Raman spectroscopy.®® J. Zhang et al.®®
designed a house-made in situ Raman cell to elucidate the
LPSCI/NMC interphase during CV measurements. In the first
CV scans in both positive and negative sweep, two peaks
denoted as 418 cm™ " and 425 cm™ " are observed, and there is
no third peak captured. It is believed that these two peaks are
assigned to PS,*~ (ortho-thiophosphate) in a different vibra-
tional mode. No obvious signal shows a conversion from PS>~
to P,S¢* ™ (at 410 ecm ™) or P,S,*” (at 390 cm ™). This indicates
no decomposition occurs at this LPSCI/NMC interphase in the
first CV cycle. Conversely, Gewirth’s group’® observed a strong
peak at 411 cm ™, denoted as P,S¢* ", and other ‘deformation’
peaks at 178 cm™ ' and 272 cm ' for the Li,P;S;;(LPS)/Au
interphase during a negative sweep. As a result, Raman spectro-
scopy can bring critical insights of chemical structure in a
dynamic potential sweeping process.

2.3 Galvanostatic cycling: to determine the capacity retention
capability

Galvanostatic cycling (GC) is a technique wherein a constant
current density is applied to charge and discharge a battery cell.
This method allows for evaluating lithium stripping and plat-
ing stability by plotting potential versus time across varying
current densities in a symmetric cell configuration (Li/SSE/Li).
For full-cell assessments, the rate of charge or discharge is
expressed in terms of C-rates rather than current density, as
this metric indicates the time required for a battery to fully
charge or discharge its capacity; for instance, a 1C rate equates
to one hour, while a 10C rate corresponds to six minutes.

In the context of all-solid-state lithium batteries (ASSLBs),
the lithium content within the cell dictates its theoretical
capacity. The applicable current density for testing is derived
from dividing the theoretical specific capacity (expressed in
mA h™") by the discharge duration (in hours).

For a comprehensive understanding of a cell’s research and
development value at the laboratory scale, it is prudent to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conduct galvanostatic cycling (GC) tests under different stack
pressures, temperatures, and cathode active material (CAM)
loadings, at C-rates ranging from 0.05C to 20C as shown in
Fig. 6. Optimal stack pressures during battery operation should
be maintained at approximately 0.1 MPa to ensure scalability;
pressures exceeding 10 MPa are typically impractical for mass
production. Nonetheless, to compensate for suboptimal solid
component contacts, most solid-state cells undergo testing at
lab scale under stack pressures above 5 MPa at its declared
‘optimized pressure’.** The correlation of capacity fade with stack
pressure is illuminating for the transition from lab-scale to proto-
type development. Besides stack pressure, temperature has a
significant influence on battery kinetics. Furthermore, the CAM
loading is crucial as it impacts the lithium diffusion coefficient
through its effect on the tortuosity and porosity of the cathode,
consequently affecting GC performance. Hennequart et al. evalu-
ated these parameters on a halide-based Li;YBr,Cl, solid electro-
Iyte, successfully operating at 0.1 MPa against a Li-In anode with
minimal capacity loss from 5 MPa to 0.1 MPa under a 1C rate.**
Substantial capacity losses were reported with increased NMC
loading from 5 mg cm™2 to 20 mg cm > and with temperature
reductions from 50 to 10 °C under a 1C rate. They determined that
the hardness of the halide solid electrolyte predominantly governs
GC performance, more so than its ionic conductivity.

GC provides direct information regarding capacity, energy
density, and cycling stability. However, its limitation becomes
obvious in that it only quantifies the cell performance but does
not provide scientific justifications. For example, it lacks a way
to monitor interfacial resistance. Due to poor contacts between
the electrode and electrolyte in SSBs, high interfacial resistance
is inevitable during cycling. This can lead to significant polar-
ization under constant current conditions, which may obscure
true material capabilities and lead to misleading interpreta-
tions of the battery’s performance. Similarly, applying constant
current can induce mechanical stresses within the solid com-
ponents of the battery, particularly if there are mismatches in
thermal and mechanical expansion between the solid electro-
Iyte and electrode materials. These stresses can exacerbate
delamination, cracking, or other mechanical degradation phe-
nomena, which galvanostatic cycling does not inherently moni-
tor. Lastly, GC cannot predict a battery’s calendar life, which is
independent of cycle numbers.

GC is an essential tool for quantifying capacity fade in
batteries, predominantly due to interfacial degradation. How-
ever, the scope of GC does not extend to elucidating the
chemical or structural defects at the battery’s interfaces, which
are critical in the capacity fade mechanism. The integration of
cross-sectional Raman imaging with GC can penetrate these
layers of complexity, bringing insights regarding dynamic
interfacial changes. This integrated approach enables a com-
prehensive discourse between the quantitative facets of GC and
the qualitative revelations from Raman imaging, advancing our
comprehension of connection between a battery’s performance
and its underlying chemistry mechanisms.

After intensive GC, both cathode/SSE and anode/SSE inter-
faces experience degradation, which is attributed to SEI and
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cathode electrolyte interphase (CEI) passive layers. These inter-
faces can be explored through Raman imaging. This post cycle
Raman characterization or ex situ Raman imaging are very
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S mpVm . .
where 71 is time, represents the volume of active material

. V. . .
in the electrode, 3 is the L, the thickness of the electrode, AE; is

the change after the relaxation steady state process, and AE; is
the total voltage change for one step of GITT. Note that these
simplifications are only valid if the electrode coating is free-
standing, and with a high loading of active substance with
minimal binders and solvents.

GITT remains a favored technique with its sole purpose of
quantifying the diffusion coefficient over cyclic voltammetry
(CV), which yields an average diffusion coefficient, and electro-
chemical impedance spectroscopy (EIS), which needs a War-
burg impedance fitting model. However, GITT received many
controversies of its validity due to reported discrepancies —
orders of magnitude errors in the diffusion coefficients for
identical materials by various research groups.”"”

It is necessary to meticulously select experimental conditions to
satisfy the assumptions for the validity of the equations used. Kim
et al. have provided a summary of principal experimental condi-
tions employed by researchers,”* highlighting the application of a
low C-rate (e.g, 1/20C or 1/10C) pulse for 5 to 30 minutes. The
relaxation time is case-dependent, with the system reaching
equilibrium typically within 1 to 10 hours. Therefore, GITT is
notably time-consuming. Geng and colleagues have proposed the
use of intermittent current interruption (ICI) as an alternative to
GITT, citing that ICI can achieve the same diffusion coefficient
results with an 85% reduction in wait time.”> Nonetheless, the
adoption of ICI remains limited within the lithium-ion battery
(LIB) research community, and its reliability requires further
validation by additional research groups.

Although GITT is widely employed to quantify the D value of
lithium ions, it is recognized that GITT often yields apparent
values that may not reflect the real diffusion coefficients. To
address this discrepancy, Jia et al. have synergized key factors and
strategies into a standard protocol for GITT that is more likely to
yield the real D value.”* They emphasize that the material’s
volume change during lithiation and delithiation processes can
lead to inaccuracies in measurement, as indicated by the GITT
equation. Based on reviewing in situ transmission electron micro-
scopy (TEM) studies of silicon electrodes and associated volume
expansions,”® they propose the following guidelines: GITT is
recommended if the expansion multiple (Ey,) is less than 1.44;
it should not be applied if E,,, exceeds 2.31. For E,, values within
this range, the precision of the results may be adequate for
single-instance studies but is not universally applicable.

Furthermore, it is mandatory to ensure that the duration of
the current pulse in the transient step of GITT is sufficiently
short to satisfy the condition. Deng et al. established that when
the ratio of t and L?/D falls below 10%, the resultant error in the
calculated diffusion coefficient (D) is negligible.”” To meet the
criterion, one could either increase the thickness of the elec-
trode or reduce the duration of the current pulse. While
minimizing pulse duration can result in tedious GITT experi-
ments, enhancing electrode thickness proves to be a more
practical solution to meet this criterion. Xu et al. demonstrated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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this approach by adjusting the thickness of a commercial
electrode (SINPs@CA@graphene oxide anode) to 82.5 um,
achieving a ¢ to L*/D ratio of 6.2%, thereby aligning with the
established standard.”®

While GITT provides an apparent value of lithium-ion mass
transport, there remains an analytical gap regarding its appli-
cation in analyzing the factors influencing lithium-ion trans-
port within the cathode in SSBs. These factors include: (1) the
oxidation stability of the CAM, (2) the uniformity of the
cathode, (3) the crystallographic properties of the cathode
and particle size distribution, and (4) the influence of surface
treatments and catholyte interactions. Each can significantly
affect the lithium-ion diffusion pathway. GITT, by measuring
the apparent lithium diffusion coefficient, offers a preliminary
but crucial characterization of cathode performance. Addition-
ally, Raman spectroscopy provides a means to visualize and
quantify the cathode structure and its interphase. Together,
these non-destructive techniques can enhance our comprehen-
sion of the variables impacting cathode efficiency.

GITT only explored the overall lithium-ion transport quanti-
tively in a more engineering perspective. To describe what
chemicals in interphases impede the lithium migration,
Raman mapping is required to visualize the chemical composi-
tion distribution inside the electrode. However, there is no
report to synergize this critical connection yet.

2.5 In situ/operando Raman spectroscopy (i-s/o RS)

Traditional electrochemical methods provide comprehensive
evaluations of ionic conductivity, ESW, capacity retention, and
lithium diffusion coefficients. However, elucidating the causes
of losses in electrochemical properties remains a significant
research gap. To bridge this gap, the adoption of in situ
diagnostic techniques is essential for real-time monitoring of
volumetric and structural changes in solid electrolytes, SSE/
electrode interfaces, and electrodes during electrochemical
processes. In situ/operando Raman spectroscopy (i-s/o RS),
favored over in situ XRDor TEM, offers a non-destructive alter-
native that does not damage the sample under investigation.
This methodology avoids repeating cell assembly, thereby
mitigating reproducibility issues.

Is/o RS is extensively employed to characterize structural and
compositional changes in electrodes, SEs, and their interfaces.
Li et al. explored the chemical stability between Li;oGeP,S;,
(LGPS) and aluminum-substituted LiNi, g5_,C0g.15ALO, (With x
values of 0.25, 0.15, and 0.05) utilizing EIS and i-s/o RS.”° A1:1
mass ratio of cathode material to LGPS was homogenized, pelle-
tized, and subjected to EIS and i-s/o RS assessments. The impe-
dance analysis indicated a relatively slower increase in resistance
for the NCA(025) compared to NCA(005) in Fig. 8(a)-(d), suggesting
that aluminum addition could attenuate side reactions at the
cathode-SSE interface. Real-time i-s/o RS monitoring revealed the
emergence and evolution of a peak at 1441 cm™* for NCA(005),
intensifying between 60 and 150 minutes. However, for NCA(025),
a peak at 1441 cm ™' diminished within 120 minutes before
reappearing at 150 minutes, implying that while aluminum addi-
tion mitigates interface instability, it does not entirely inhibit side
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(a)—(c) Nyquist plots were collected every 24 hours till 144 hours for NCA0O5, NCA015, and NCAO025; (d) relative resistance analysis versus time

for three cells, highlighting the magnitude of resistance evolution; (e) and (f) time resolved Raman spectra from 30 to 150 mins for NCA0O5 and 025,
highlighting the effectiveness of Al to suppress interfacial degradation. Reproduced from ref. 79 with permission from Elsevier, copyright 2020.

reactions. However, a significant knowledge gap remains in com-
prehending the failure mechanisms of full cells during cycling,
particularly through the application of electrochemical impedance
EIS and i-s/o RS. Key aspects such as the expansion of interphase
thickness and the evolving structural and compositional dynamics
within the interphase are not fully understood. A deeper under-
standing of the chemistry that drives the increase in resistance is

9150 | Mater. Adv.,, 2024, 5, 9138-9159

critical for identifying and addressing the primary factors that
limit performance.

Lang et al. employed operando confocal Raman microscopy
to elucidate the dynamic evolution of the cathode in a lithium-
sulfur (Li-S) battery during galvanostatic cycling.?® Fig. 9 cor-
relates the galvanostatic discharging profiles with Raman spec-
tral mapping as a function of the depth of discharge (DOD).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from Springer Nature, copyright 2022.

This analysis provides insights into the formation and trans-
formation of polysulfides, as well as diffusion processes, offer-
ing valuable data for identifying mechanisms of redox reaction
to enhance battery performance. However, the application of
time-dependent operando Raman spectroscopy in conjunction
with galvanostatic cycling remains largely unexplored in the
context of all-solid-state lithium batteries. To advance research
in this area, we suggest two strategic approaches:

1. For cells with fewer than 100 cycles that present significant
capacity decay, we recommend detailed examination of the initial
charging and discharging cycles using operando RS. This early-stage
analysis is crucial for understanding cathode evolution mechanisms
that dictate the cell’s rate capability and cycling stability.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2. For cells approaching state-of-the-art performance with
more than 500 cycles, periodic Raman mapping at intervals of
100 cycles is advised to assess structural and compositional
changes throughout the battery. Attention should be concen-
trated on the evolution of interphase thickness and composi-
tion at the electrode-solid electrolyte interfaces.

To summarize, the function and applications of Raman
spectroscopy in sulfide SSBs are as follows:

1. RS can probe the interfacial structure to determine which
composition is favored for facilitating Li ion mobility.

2. RS examines whether a deformation product exists
when the operating potential is higher than its threshold
potential.
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3. RS can complement GITT analysis to strengthen evidence of
the limiting factors in diffusion process in either cathode or anode.

4. In situ RS brings real-time insights to explore the mechan-
isms of limiting steps inside of the battery which strengthen
battery researchers’ understanding from the molecular-level to
the overall performance of the cell.

However, the limitation of Raman spectroscopy falls in both
hardware and large data-processing challenges. Raman spectro-
scopy releases scattering light which only detects Raman active
material and ignores inactive material. Furthermore, interpre-
tation of some peaks can be difficult due to convolution from
peaks from two or more species. For example, in a composite
NMC cathode (including LPSCI and NMC), the Raman peaks
range from 200 to 300 cm™ ', and overlapping signals can be
hard to determine which are assigned to NMC peaks®' at
around 285 cm ! and Li,CO; 290 cm ™.

In addition, the laser power must be carefully tailored if
working with carbonaceous material (e.g. carbon black, vapor
growth carbon fiber (VGCF)) to avoid burning samples. However,
lowering the laser signal can result in requiring a longer accu-
mulation time to meet better peak intensity resolution. In
particular, it is important to deal with some critical compositions
of material that are semi-active towards Raman scattering light.

Raman imaging also suffers from several limitations. As is
well known, Raman imaging can only detect microns resolution,
which is not sufficient to distill nano chemistry.?* Additionally, a
mapping size with sufficient axial points (>2000) usually takes
hours to accumulate, so the transition state is hard to capture
when performing in situ mapping. Although certain technologies
have been developed, such as the ‘SWIFT mode’ developed by
Horiba company which changes the spectral collecting mode to
make the mapping speed faster, they did not help that much
when the mapping spectra accumulation time is above 0.5 s.
Furthermore, special data processing algorithms are needed to
extract useful information from a large dataset.®

2.6 Evolution of electro- and chemical characterization: from
an integrated to synergistic method

The integration between electro and chemical methods is
commonly applied in sulfide SSEs. Cao et al. explored the
unique electrochemical mechanisms in sulfide SSBs with sulfur
conversion cathodes,®* focusing on the solid-state reactions that
influence the performance of the sulfur cathode. Electrochemi-
cal evaluations using GC and CV identified a single discharge
plateau and diminished redox peak, suggesting a potentially
distinct reaction pathway where Sg directly converts to Li,S, with
Li,S, serving as an intermediate in solid-state Li-S batteries.
This indicates a unique polysulfide mechanism differentiating
solid-state from liquid-phase systems. To corroborate this
hypothesis, the integration of chemical characterization is
essential to provide definitive chemical evidence.

To explore these mechanisms, the study combined operando
Raman spectroscopy with ex situ X-ray absorption near-edge
structure (XANES) spectroscopy. Raman spectroscopy provided
real-time monitoring of the chemical evolution of the sulfur
cathode during discharge, showing the gradual reduction of Sg
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and the emergence of Li,S,. However, Raman alone could not
fully justify the reaction mechanisms due to its limitations in
detecting small changes in sulfur’s oxidation states. This is
where sulfur K-edge XANES proved crucial, offering high sensi-
tivity to the sulfur chemical environment and confirming the
presence of Li,S and Li,S,, while ruling out the formation of
long-chain polysulfides. Electrochemical evaluations of SSBs
provide crucial performance insights but miss detailed chemical
and structural changes. Raman spectroscopy and XANES fill this
gap by tracking in situ structural transformations and offering
precise chemical state analyses during operation. Integrating
these spectroscopic techniques with electrochemical methods
bridges the macroscopic performance metrics with microscopic
material insights, enabling targeted battery design improve-
ments and pinpointing degradation mechanisms. This compre-
hensive approach highlights the importance of integrating
multiple characterization methods to overcome the limitations
of individual techniques and achieve a thorough understanding
of complex electrochemical reactions.

Nikodimos et al. improved the moisture robustness of LPSCI
using nano-level Lewis acid additives.®® Direct proof can be
seen in the EIS Nyquist plot with effectively suppressed resis-
tance growth after moisture exposure, and more stable cycling
performance evidenced in GC. To illustrate its mechanism,
XRD and in situ Raman spectroscopy first confirmed that the
LPSCI structure remained minimally impacted after treatment,
even under humid conditions. From a deeper angle, NMR and
XANES spectroscopy revealed chemical interactions between
the sulfur atoms and Lewis acids, evidenced by shifts in 33S
NMR and sulfur L-edge XANES spectra. This provides its under-
lying mechanism that Lewis acid interacts with sulfur species
in LPSCI, which isolates direct contamination with water. A
multimodal approach provides a complete picture from its
initial electrochemical evaluation to atomic explanation
achieved with advanced characterization techniques.

Kim et al. developed a thin film sulfide SSE by mixing
carboxylated nitrile-butadiene rubber (XNBR) with LPSCL®*®
LSV initially presents its wide ESW. Followed by time-resolved
EIS and symmetric cell cycling, they show minimal resistance
evolution and stable cycling. To characterize the chemistry after
processing with XNBR and toluene, FT-IR presents peak shifts
toward lower wavenumbers suggesting the formation of inter-
molecular bonds between LPSCl and XNBR. This indicates
strong interactions between the components. To further verify
the chemical and structural stability of LPSCI within the thin
solid electrolyte, Raman and XRD analyses were conducted.
Raman spectroscopy confirmed that the vibrational modes of
PS> in LPSCI remained intact, indicating no significant
chemical alterations. XRD analysis supported these findings,
showing that the diffraction pattern of the thin film matched
that of pure LPSCI, with no signs of decomposition into Li,S.
These complementary techniques were essential to confirm
that the LPSCI structure and chemistry remained stable during
the sheet-type SSEs fabrication and operation.

We emphasized the importance of a multimodal approach,
physically applying different advanced characterization tools

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with electrochemical methods in the study of sulfide SSEs. In
various instances, we have explored the rationale for applying
these methods in conjunction. Nonetheless, to transcend the
integrated approach, greater emphasis must be placed on employ-
ing synergistic methods to characterize battery performance and
underlying mechanisms comprehensively. For example, combin-
ing three-electrode EIS with in situ Raman spectroscopy can
elucidate whether impedance at the anode or cathode interphase
primarily limits performance during cycling, along with associated
structural changes at these interfaces. Sole reliance on Raman
spectroscopy or other chemical characterization techniques falls
short of determining which cell component is the bottleneck or
identifying the electrochemical factors contributing to perfor-
mance degradation. In contrast, three-electrode EIS specifically
pinpoints performance losses to the growth of interfacial resis-
tance. Additionally, GITT can determine whether performance
constraints are due to lithium diffusion processes in electrodes.
It is crucial to integrate these non-invasive characterization
techniques, particularly for the study of sulfide SSEs during cell
cycling. Looking ahead, a deeper scientific understanding is
anticipated through the synergized application of electrochemi-
cal and chemical characterization methods.

3. Evaluate sulfide SSBs:
standardization of testing parameters

With the rapid growth of reported original research papers on
solid-state batteries, most groups compare their battery perfor-
mance with the parameters found in other reports. However,
these interlaboratory data are usually not comparable due to
unforeseen different conditions during measurements.®”
Furthermore, nontransparent reporting, due to IP concerns or
simply ignoring inconsistent results, and reproducibility
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issues, make it difficult to benchmark performance of a ‘new
electrolyte’, or ‘new material’. Thus, it is urgent but informative
to develop a standardized protocol in the field of solid-state
batteries.

The meticulous reporting of material details as part of
standardization testing is essential. Such reporting includes
comprehensive specifics on the chemical composition, purity,
particle size, morphology, and specific post-processing treat-
ments or coatings of SSB materials (see Table 1). This depth of
detail enables researchers and engineers to precisely assess the
impact of these materials on battery performance, safety, and
longevity. Crucially, the documentation should also cover ven-
dor information and batch numbers, as well as detailed proper-
ties of materials, such as ionic conductivity for electrolytes and
proportions of active materials, binders, and conductive addi-
tives in electrodes. This comprehensive level of transparency is
vital not only for validating experimental results and facilitating
comparisons across different studies but also for enhancing the
scientific understanding of how these materials behave under
varying operational conditions. Moreover, detailed reporting
aids significantly in optimizing and developing SSBs, support-
ing standardized industry practices essential for commercial
scalability and regulatory compliance.

Unlike conventional lithium-ion batteries with liquid elec-
trolytes, sulfide SSBs encounter many interfacial challenges that
influence the choice of processing and testing parameters during
full cell evaluation.®® Consequently, it is essential to standardize
certain critical parameters. Specifically, every peer-reviewed pub-
lication in the SSB field should report the fabricating pressure
and stack pressure of the cell, as SSBs require optimal contact
among all cell components to guarantee satisfactory lithium-ion
conductivity. Shirley Meng et al investigated the fabrication
pressure and stack pressure effects on electrolyte ionic conduc-
tivity and cycling performance of battery performance.’® They

Table 1 A sample of standardized cell parameters for sulfide solid-state battery construction

Category Parameter Details/description
Anode Type Lithium metal
Composition 99.9% pure lithium, stabilized surface (e.g., LIPON coating)
Loading level mg cm >
Thickness Specified in micrometers
Density Specified in g cm ™
Cathode Type NMC (nickel manganese cobalt oxide), LFP, conversion type, etc.
Composition Detailed composition, including carbon additive, binder, etc.
Loading level mg cm 2
Thickness Specified in micrometers
Density Specified in g em™®
Porosity Percentage
Tortuosity
Sulfide SSE Type Beta-LizPS,, LigPS5Cl, etc.
Binder content Percentage by weight or volume
Thickness Specified in micrometers
Density Specified in g cm™?
All materials Vendor
Purity Percentage

Post-processing

© 2024 The Author(s). Published by the Royal Society of Chemistry

Milling; calendering; sintering
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Table 2 Key testing parameters for a full-cell SSB evaluation
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Testing parameter Description

Measurement level

Cell capacity or areal capacity

Total and per area capacity of the cell

mA h™' or mA h em™2

C-rate Discharge/charge rates based on theoretical capacity C (e.g., 1C, 0.5C)
Operating voltage Range of voltage the cell operates under Volts (V)
Pre-cycling conditions Conditions before cycling like temperature, state of charge Descriptive
Initial charge/discharge capacity Capacity during the first cycle mA h™'

Coulombic efficiency
Energy density evaluations

found increasing both the fabrication and stack pressure can
significantly improve the measured ionic conductivity for pelle-
tized LPSCI, and therefore cycling performance, because a higher
fabrication pressure helps to densify the material and a higher
stack pressure improves the contact between electrolyte and
current collectors. To better assist standardization of pressures,
we are committed to documenting both the fabrication and stack
pressures used in PEEK cells in all future reports. It not only
addresses the consistency and reproductivity issues, but also can
define the capability of equipment and facilities from each group.
For example, the Samsung team achieved the benchmark perfor-
mance of an all solid-state pouch cell through warm isostatic
pressing (WIP) at a fabrication pressure of 490 MPa. It is
important to note that such WIP equipment may not be widely
available across the research community in this field. Therefore,
by openly sharing details about the fabrication pressures used,
we enable researchers to gauge their ability to replicate battery
performance tests accurately, even if they are not using the most
optimized conditions.

It is crucial to report certain parameters during the assembly
and testing phases to mitigate prevalent inconsistencies in our
field as shown in Table 1. Darren H. S. Tan et al. investigated
cycling performance dependent on cell temperature. They
revealed that when lowering the cell temperature from room
temperature to —20C, the cell lost two-thirds of its capacity.®®
Complementing these findings, K Minami et al. reported ele-
vated processing temperature through hot pressing improves

Ratio of discharge capacity to charge capacity
Energy per unit mass or volume at different scales

Percentage (%)
W h kg™', W h L™, material, cell, pack

the ionic conductivity of argyrodite powder compared with cold
pressing.’® It is essential that we integrate these findings into
our standardized procedures, and the proposed Table 1 is a step
towards that goal.

Furthermore, the electrochemical testing protocols for sul-
fide SSBs have been outlined in preceding sections and encom-
pass methods which include EIS, CV, GITT, C rate galvanostatic
cycling, and long galvanostatic cycle. Full cell testing needs to
be standardized, and Table 2 summarizes some of the key
parameters worth reporting.

In terms of chemical evaluations, Raman measurements
also provide many challenges that also need to be standardized.
As of today, no unified Raman cells are available and widely
used in the literature for sulfide SSE. Most Raman cells are
custom and in-house made. Thus, the variety of designs result
in different compromission of measurement condition for the
existing defects of cell design. For example, L. Sang et al.
designed a plane imaging Raman cell with 50 nm Au (as the
cathode) to monitor the Au/SE interphase in 2017.%" This cell is
theoretically pressure controlled with screw fasten but it is not
effective for use with a real cathode (usually the thickness is
three or four orders of magnitude higher) due to the limitation
of plane imaging. J. Zhang and his colleges successfully made a
cross-sectional imaging Raman cell for in situ studying the
LPSCl and NMC interphase during CV scans in a PEEK
mold.®*® However, it is hard to tell whether the cell is
pressure-controlled and capable of monitoring stack-pressure

Table 3 Key parameters for the standardization of Raman spectral measurements

Parameter category Parameter

Details/description

Instrument details
Laser details Type
Wavelength

Local laser power

Spot size
Optical components Objective
Grating
Filter
Slit
Pinhole

Raman mapping

Mapping size
Step size

9154 | Mater. Adv., 2024, 5, 9138-9159

Brand and model

Acquisition time
Accumulation
Auto focus mode

(Brand), (model)
(Type of laser)
(Wavelength in nm)
(Power in pW)
(Diameter in pm)

(Magnification and NA)
(Lines per mm)
(Type of filter)

(Width in pm)
(Diameter in pm)

(Time per point in seconds)
(Number of accumulations)
(Enabled/disabled)

(Area in pm?)

(Distance between points in pm)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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during a charging and discharging process based on the sche-
matic of the design. Besides this, little information about
sample exposure time and laser power was reported in most
literature reports, although samples are very sensitive to Raman
laser dose and could be damaged irreversibly without carefully
optimizing the parameters. Ultimately, the Raman cell needs to
perform time resolved Raman mapping to catch the hetero-
genous chemical change over time at different spots. To achieve
this capability, we will need a unified Raman cell design that can
automatically work with Raman spectroscopy systems with well
controlled pressure and hopefully temperature. The system ide-
ally will be equipped with ‘fast mapping’ to efficiently monitor
numerous different spots (e.g. each sport area is 100 pm X
100 pm) in a short time (<10 min) to capture the transient
chemical and structural information in different locations. This
fastmapping imaging system brings the hope to capture the
transition stage during cell cycling which is invaluable to sulfide-
based SSB research communities.

The key parameters listed in Table 3 need to be reported
when considering standardization of the Raman spectral
measurements.

In conclusion, it is of interest that this standardization is
specifically for the community who works in sulfide SSE thin
film research & development and their cell evaluation in PEEK
mode cells. At this early stage for sulfide SSE thin film research,
establishing a uniform set of standards is a strategic move that
will substantially enhance future consistency and replicability
across studies.

4. Conclusion

The integration of multimodal characterization techniques,
particularly combining Raman spectroscopy and electrochemi-
cal methods, has proven to be pivotal in advancing our under-
standing of sulfide solid-state electrolytes (SSEs) and solid-state
batteries (SSBs). These combined methodologies address the
intricate challenges associated with the synthesis, processing,
and in situ performance evaluation of SSEs. Utilizing tools such
as in-line Raman spectroscopy, electrochemical impedance
spectroscopy (EIS), and linear sweep voltammetry (LSV) allows
for real-time monitoring of structural and chemical transfor-
mations, ensuring the production of high-quality SSEs. These
insights are critical for optimizing synthesis and processing
conditions, thereby enhancing the performance and stability of
sulfide-based SSBs. This comprehensive approach not only
elucidates the fundamental structure-property relationships
but also informs the development of improved materials and
manufacturing protocols, setting the stage for significant
advancements in energy storage technology.

5. Outlook

To propel the field of sulfide SSEs and SSBs forward, future
research should concentrate on the following strategic areas:
1. Innovative material design and synthesis:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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@ Explore new material compositions and doping strategies
aimed at enhancing ionic conductivity and mechanical robust-
ness. Develop novel synthesis methodologies that can be scaled up
for industrial applications without compromising material quality.

2. Advanced in situ characterization techniques:

® Expand the application of advanced in situ and operando
characterization methods, such as real-time Raman spectro-
scopy, to gain deeper insights into the dynamic processes
occurring within SSEs during battery operation. This will aid
in understanding ion transport mechanisms and interfacial
phenomena at unprecedented resolution.

3. Computational modeling and simulation:

@ Leverage state-of-the-art computational tools, including
molecular dynamics (MD) and density functional theory (DFT),
to predict material behaviors and guide the design of next-
generation electrodes and electrolytes. This predictive capabil-
ity will accelerate the identification and optimization of pro-
mising materials.

4. Standardization of testing protocols:

@® Establish and adopt standardized testing protocols
across the research community to ensure consistency and
reproducibility in experimental results. This will facilitate more
reliable comparisons and benchmarking of different studies,
fostering collaborative progress.

5. Scalable and sustainable manufacturing:

@ Focus on developing scalable manufacturing processes
that can produce high-performance SSEs at reduced costs and
with minimal environmental impact. Innovations in processing
techniques will be crucial for transitioning from laboratory-
scale demonstrations to commercial-scale production.

6. Commercial integration and market deployment:

® Work towards integrating these advanced technologies
into commercial products, addressing challenges related to
manufacturing scalability, market acceptance, and regulatory
compliance. Close collaboration with industry partners will be
essential to bridge the gap between research and practical
application.

By addressing these critical areas, the field of sulfide-based
solid-state batteries can achieve significant breakthroughs, lead-
ing to the development of safer, more efficient, and sustainable
energy storage solutions. The proposed research directions are
poised to unlock the full potential of sulfide SSEs, driving the
next wave of innovation in energy storage technology.
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