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All-solid-state lithium batteries benefit from scalable routes to sulfide solid electrolytes with controlled
phase formation. Here, an in situ Raman spectrometer integrated with a microwave reactor provides real-
time vibrational fingerprints of the liquid-phase reaction between Li>S and P4Sio in acetonitrile. We
benchmark the cell by tracking P4S;o solubility up to 130 °C and establish analytical performance for the
P=S stretch at ~716 cm™, determining LOD = 0.78 mM and LOQ = 2.60 mM. Time-resolved spectra
capture the systematic decay of the 716 cm™ band during the reaction, consistent with the disruption of
the P4S;0 cage and formation of thiophosphate intermediates. Early-stage kinetics are quantitatively
described by the Finke—Watzky two-step model, and temperature-dependent rate constants yield
Arrhenius and Eyring relationships with E,(mw) = 39.59 kJ mol™, AH* = 36.97 kJ mol™, and AS* =
—178.55 J mol™* K™ This combined in situ spectroscopic—kinetic approach offers a direct pathway to
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Introduction

The global demand for safer, more energy-dense, and longer-
lasting energy storage systems has propelled all-solid-state
lithium-ion batteries (ASSLiBs) to the forefront of research and
development. Unlike conventional lithium-ion batteries (LIBs),
which rely on liquid electrolytes, ASSLiBs utilize solid-state
electrolytes (SSEs) to transport lithium ions, offering transfor-
mative improvements in safety and performance. Notably, the
complete absence of flammable liquid electrolytes in ASSLiBs
renders them inherently non-flammable, mitigating the risk of
thermal runaway and catastrophic failure—a persistent issue
in traditional LIBs. Beyond safety, the use of solid-state electro-
lytes enables the adoption of lithium metal anodes, signifi-
cantly improving energy density due to the high capacity of
lithium metal compared to those of conventional anode
materials." These advancements collectively position ASSLiBs
as a key technology for next-generation energy storage,
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mechanistic understanding and parameter extraction in solution-based synthesis of sulfide SSEs.

underpinning critical applications in electric vehicles, grid
storage, and portable electronics.

Among the various materials explored for SSEs, sulfide-
based solid electrolytes (SSEs) have garnered particular atten-
tion due to their remarkable ionic conductivities, which can
reach conductivities similar to liquid electrolytes.” Sulfide
SSEs, such as those derived from lithium thiophosphates (e.g.,
LPS systems), exhibit additional advantages, including low
grain boundary resistance, excellent processability, and com-
patibility with high-voltage cathodes.®> These properties make
sulfide SSEs especially appealing for integration into ASSLiBs,
where both ionic conductivity and electrochemical stability are
critical to device performance. However, despite these promis-
ing attributes, significant challenges remain in the synthesis
and large-scale production of sulfide SSEs.

Conventional synthetic methods for sulfide SSEs, such as
mechanical ball-milling and melt-quenching, are energy-inten-
sive and time-consuming, due to their dependence on pro-
longed processing times and high-temperature conditions.
These drawbacks present bottlenecks for commercialization
and have spurred the search for alternative synthesis strategies
that are scalable, efficient, and capable of producing high-per-
formance materials. In recent years, solution-based suspen-
sion synthesis has emerged as a compelling alternative,
offering rapid, low-temperature processing of sulfide SSEs.
This method employs polar organic solvents to mediate the
reaction between precursor materials, significantly reducing
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the energy requirements and processing times associated with
traditional methods. Among the solvents explored, acetonitrile
(ACN) has demonstrated notable success in facilitating the syn-
thesis of LPS and LPSX (X = Cl, Br, I) systems, yielding
materials with ionic conductivities up to 107 § em™'.*°

While solution-based suspension synthesis represents a
promising pathway for the scalable production of sulfide solid-
state electrolytes (SSEs), the underlying mechanisms that
govern these reactions remain poorly understood. Specifically,
the role of the solvent in mediating the dissolution, nuclea-
tion, and growth of thiophosphate phases is not fully eluci-
dated. Fundamental questions regarding the thermodynamics
and kinetics of these processes, as well as the nature of inter-
mediate species formed during synthesis, remain unanswered.
Addressing these knowledge gaps is critical not only for opti-
mizing synthetic protocols but also for ensuring the reproduci-
bility and scalability of sulfide SSE production. Furthermore, a
deeper understanding of these mechanisms could enable the
rational design of new solvents and processing conditions tai-
lored to specific electrolyte compositions and performance
requirements.

Despite several mechanistic models having been proposed
to describe the formation of thiophosphate networks in liquid
media,®® these frameworks often rely on indirect or ex situ evi-
dence, leading to ambiguities in their interpretation. Many
reported mechanisms assume a simple stepwise conversion
from molecular precursors such as P,S;, and Li,S into term-
inal [PS,]*” or bridging [P,S,]*” units, yet they fail to capture
the complexity of intermediate speciation observed
experimentally.

Furthermore, the proposed mechanisms rarely account for
the dynamic equilibria between solubilized fragments, col-
loidal clusters, and precipitated products that can coexist
during synthesis. The influence of solvent polarity, donor
number, and Lewis basicity on the stabilization of these
species remains largely speculative, as does the impact of reac-
tion conditions such as temperature, stirring rate, and concen-
tration gradients. Without direct in situ or operando evidence,
these mechanistic descriptions remain qualitative and system-
dependent, limiting their predictive power across different
solvent systems or precursor ratios.

A comprehensive mechanistic understanding will therefore
require integrating experimental and computational
approaches capable of resolving short-lived intermediates,
mapping reaction energy landscapes, and correlating the mole-
cular structure with macroscopic properties. Such insight
would not only clarify the limitations of current models but
also pave the way for a truly rational, chemistry-driven design
of next-generation sulfide electrolytes.

Advanced characterization techniques are indispensable for
probing the complex chemical and physical processes that
occur during the synthesis of sulfide SSEs. Among these tech-
niques, in situ Raman spectroscopy stands out as a powerful
method for real-time monitoring of chemical transformations.
Raman spectroscopy, which is based on the inelastic scattering
of photons, provides molecular-level insights into the
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vibrational modes of chemical species. This technique is par-
ticularly well-suited for studying sulfide-based materials due to
its sensitivity to thiophosphate functional groups, which are
the primary constituents of sulfide SSEs. By enabling the
identification of reaction intermediates, phase transitions, and
molecular interactions, in situ Raman spectroscopy offers a
unique window into the dynamics of sulfide SSE synthesis.

The application of in situ Raman spectroscopy to the study
of sulfide SSEs is not without precedent. Previous studies have
demonstrated the utility of Raman spectroscopy for character-
izing thiophosphate-based materials, revealing critical infor-
mation about their structural and compositional properties.’
For example, Raman analysis has been used to identify key
vibrational modes associated with PS,>~, P,S,*>”, P,Ss>~ and
P,S¢' ™ anions,'®™*® which are characteristic of lithium thiopho-
sphates. However, the potential of in situ Raman spectroscopy
for unravelling the complex mechanisms of solution-based
suspension synthesis remains largely untapped.

In this study, we utilized in situ Raman spectroscopy to
investigate the synthesis of sulfide solid-state electrolytes
(SSEs) through solution-based suspension processes. By moni-
toring the real-time reaction between Li,S and P,Ss in aceto-
nitrile, we aim to elucidate the underlying reaction kinetics
and identify transient intermediates. This approach provides
direct spectroscopic evidence of the chemical pathways
involved in SSE formation. In parallel, we performed comp-
lementary kinetic analyses to develop a comprehensive under-
standing of the mechanisms and factors governing sulfide SSE
synthesis.

Experimental

All chemical precursors, solvents, and reaction vessels were
prepared in an argon-filled glovebox (O, < 0.5 ppm, H,O <
0.5 ppm). Acetonitrile (ACN, Aldrich, 99.9%) was dried for 1
week using prewashed, heat-treated molecular sieves (Supelco,
3 pm). Lithium sulfide (Li,S, Aldrich, 99.98%) and phosphorus
pentasulfide (P,Ss, Aldrich, 99.99%) were combined in three
molar ratios (1:2, 2:2, and 3:2) to produce three pre-sulfide
solid electrolyte (pSSE) mixtures.

The solubility of P,Ss in ACN was analyzed by heating the
mixture from 30 to 130 °C in 10 °C increments, holding each
step for 10 minutes using an Anton Paar Monowave 400 micro-
wave reactor with mechanical stirring. In situ Raman spectra
were collected with a Cora 5001 spectrometer (785 nm, fiber
probe) integrated with the microwave reactor. Spectra were
recorded at the end of each step to monitor changes.

Reactions of pSSEs in ACN were carried out at constant
temperatures (35-50 °C) with stirring at 600 rpm for up to
1000 seconds. Reaction vials, containing pSSE, a magnetic stir
bar, ACN, and PTFE-lined silicon septa, were prepared in the
glovebox and sealed before use in the microwave reactor.
Raman spectra were collected every 10 seconds (average of 6
scans) using a 785 nm laser at 450 mW with 1000 ms
exposure.
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Baseline correction and normalization of Raman spectra
were performed using Cora 5001 software. Peak integration
and analysis were carried out using the SciPy Python library.

Results and discussion
Solubility of P,S,, and spectral monitoring

Microwave assisted reactions have been increasingly explored
offering several advantages over conventional heating like
rapid and instantaneous heating, high temperature homogen-
eity and selective heating.' Microwave heating works
especially well with polar solvents like acetonitrile, tetrahydro-
furan, and dimethoxymethane, which have all been reported
for the synthesis of LPS SSEs without microwave irradiation.*”
Microwave reactor systems not only help control the tempera-
ture of synthetic processes in solvents, but also maintain con-
stant power or pressure. When coupled with in situ Raman
spectroscopy, it becomes a powerful tool in understanding the
evolution of functional groups during reaction processes.

To validate the performance of the reaction cell and the
in situ Raman spectroscopic setup, a solubility analysis of P,Ss;
in acetonitrile (ACN) was conducted. This test serves as a func-
tional benchmark, confirming that the system can effectively
monitor solid-liquid interactions in real time. Fig. 1 presents
the Raman spectra collected during the dissolution process,
demonstrating the spectrometer’s sensitivity and the reactor’s
ability to maintain stable and reproducible mixing and
sampling conditions.

Evidently, there is a lack of any significant change in the
Raman signals present during the solubility analysis between
30 and 130 °C. It is worth mentioning that these temperatures
far exceed the typically reported temperatures for liquid-phase

130
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Fig. 1 The Raman spectra for P,Ss in acetonitrile and heated to temp-
eratures between 30 and 130 °C by microwave irradiation at constant
volume.
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synthesis of LPS, generally reported at room temperature or up
to 50 °C. However, these higher temperatures are justifiable in
studying the effects of the solubility of P,Ss in ACN. At these
higher temperatures there is the inclusion of a shouldered
signal at 392 cm™, which becomes noticeable at 90 °C, which is
assigned to the P-S-P bend in the P,S;, structure.'® Above the
boiling point of ACN (82 °C), acetonitrile undergoes significant
volatilization, resulting in a reduced liquid-phase contribution
to the Raman spectrum and thereby enhancing the relative
intensity of the solid-phase P,S;, vibrational mode observed at
392 cm™. The transition from the liquid to gas phase of the
ACN in the reaction vessel is observed with the significant
increase in reaction gas pressure illustrated in Fig. S1.

To better understand the spectra in Fig. 1, an explanation
of signals for the reaction system is necessary. One caveat to
the Cora 5001 with a 785 nm laser is that the signal measure-
ments start at 100 cm™ " with an intensity of 0 AU. Because of
this, during baseline correction and normalization, the spectra
offer little quantitative data up to 250 cm™" due to spectral
deformation. The system analyzed in Fig. 1 exhibits peaks at
196 (broad), 272, 306, 382-392 (broad), 690, 718, and
920 cm™". Following tabulated data from comprehensive study
with Raman spectroscopy for ACN, the peaks at 382 (vg; C-
C=N bend) and 920 cm™" (v,; C-C stretch) have been assigned
to acetonitrile.”” However to discuss the remaining signals, it
is important to illustrate P,Ss in its native state, P,S;o. P,Ss is
the ionic monomer of P,S;,, and both are illustrated in Fig. 2.

Comprehensive theoretical experiments using Hartree-
Fock, Moller-Plesset and density functional theory calcu-
lations examined the vibrational frequencies of the P,S;, struc-
ture for IR and Raman spectroscopy, identifying possible
signals exhibited by the P,S;, structure.'® Therefore, the
remaining Raman signals illustrated in Fig. 1 were assigned to
the vibrational nodes of P,S;o: 130 em™" (P=S wag), 196 cm ™"
(P-S-P bend), 272 cm™" (P-S-P wag), 306 cm " (P-S-P wag),
and 690/718 cm ™' (P=S stretch; double signal).

For years, it has been generally accepted that during thiona-
tion reactions, P,S;, would dissociate into ionic P,S; under
reflux conditions in polar solvents.'® The solubility experiment
presented in this work demonstrates that this is not the case
when P,S;, is heated above reflux temperatures in ACN.
Alternatively, P,S;, conserves its structure under reflux con-
ditions in ACN, as shown in this work via in situ Raman spec-
troscopy at elevated temperatures in a microwave reactor.

s s 4As
I i Teemty g 196!
S S Sl S S /4 S
l's | S | s “»|
s=FPls—=P=s s l-5--P=s =P l-syP=s
S/ ~ -— S~ -— ~ "
Z S 7S STUNE y
P4S10 S 272 cm
a b c

Fig. 2 (a) Native state of P4S;o, (b) dimerized P,Ss, and (c) the Raman
signals associated with the structure of P4S;o.
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Furthermore, for clarity, P,Ss will be discussed as P,S;, (with
corrected molar stoichiometry) for the remainder of this
manuscript.

To further investigate the Raman signals under the reaction
conditions, the concentration standards of P,S;, in ACN were
analyzed. The objective of analyzing milled powders of P,S;,
was to establish a limit-of-detection (LOD) and a limit-of-
quantification (LOQ) for the Raman spectrometer under reac-
tion conditions, which is imperative for analytical experi-
ments. For this experiment, the double signal at 718-690 cm ™"
was selected for quantitative experiments because it exists in a
region of spectral data that does not have any overlapping
signals from ACN and is within close proximity to flat back-
ground noise that can be used for determining a signal-to-
noise ratio (SNR).

The SNR for each concentration was determined using the
conventional method of the mean signal intensity in the
region (700-730 cm ™) divided by the standard deviation of the
intensity in the noise region (590-620 cm™'). Subsequently,
the plotted data of the SNR vs. the concentration of each stan-
dard in Fig. S2b allowed for the determination of the LOD and
LOQ. Conventionally, the LOD and LOQ are equal to 3 and 10
SNR, respectively. Therefore, the signal at 718 cm ' from
in situ Raman measurements under the reaction conditions
revealed a LOD and LOQ of 0.78 and 2.60 mM, respectively.
The common functionality of a LOD and LOQ is primarily for
analytical experiments; however this can also be used to deter-
mine when to stop taking measurements if analyzing spectra
for kinetic changes in signals. If or when the signal of interest
reaches the LOQ during kinetic experiments there is sufficient
justification to exclude any following results due to the pres-
ence of measurement error.

With the determined LOD and LOQ, the experiments pro-
ceeded with the addition of Li,S to the reaction system. The 3
LPS systems investigated were 1Li,S-1P,S;, 2Li,S-1P,S;,, and
3Li,S-1P,S,, all under identical conditions and described in
the Experimental section. During each reaction trial, there
were noticeable changes in the signals associated with P,S,,,
which were not observed during solvation analysis. Fig. 3
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Fig. 3 (a) 1Li;S—1P4Si10, (b) 2Li;S—1P4S;0, and (c) 3LiS—1P4S;o all
recorded at 35 °C showing the Raman spectra between 600 and
800 cm™! at the reaction start and reaction stop.
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shows the 3 respective LPS systems with the first and last
spectra of the reaction for the P=S stretch signal at 716 cm ™"
(a nominal shift from 718 cm™" and assigned accordingly).

Like the other Raman signals attributed to P,S10, the band
at 716 cm '—associated with P=S stretching—gradually
decreases in intensity across all reaction conditions. However,
in the 2:1 and 3:1 Li,S:P,S;o systems, the signal either
degrades to below the limit of detection or undergoes a pro-
nounced shift to approximately 680 cm™ by the end of the
reaction. The 716 cm™" feature is commonly attributed to P—=S
stretching vibrations and is particularly prominent due to the
high symmetry and rigidity of the P,S;, cage-like structure. As
the structure becomes increasingly disrupted during the
course of the reaction—either by ring opening or full conver-
sion to thiophosphate intermediates—the intensity of this
band diminishes correspondingly. Interestingly, this same
spectral transformation was also observed, albeit unrecog-
nized, in a separate study by Wang et al.” investigating LPS syn-
thesis in acetonitrile. In that work, the authors proposed a
mechanistic pathway wherein P,S;, reacts with Li,S to form
Li,P,S;; as an early intermediate in the solution-phase for-
mation of Li;P;S,4, consistent with a glass-type thiophosphate
condensation reaction.

LiyS + P4S19 — LiyP4S14 (1)

Like the experiments presented here, their reaction system
1Li,S-1P,S4, also preserved the signal at 716 em™'. Likewise,
their additional reaction systems of 2:1 and 3:1 Li,S:P,S;o
showed total signal degradation. However, since there is sig-
nificant signal degradation in the 1:1 system the signal likely
arises from the structural rigidity of P,S;, as mentioned
earlier.

By modeling the reaction mechanism as previously pro-
posed for the 1Li,S-1P,S;, system in ACN, the structural integ-
rity of P4S;o can be analyzed. Scheme 1 presents the reaction
mechanism described in eqn (1).

Following the reaction between Li,S and P,S,,, the resulting
Li,P,S;; species depicted in Scheme 1 retains considerable
structural integrity due to its bicyclic configuration. The
energy barrier required to distort or invert this structure is
likely higher than the thermal energy available under the
experimental conditions. Upon further reaction with
additional Li,S, the bicyclic compound may undergo a ring-

‘ﬁ’ L'l Li,S S\\P/S\Ll ‘
A = R (A
s lsPSs Taen” s ks
s s s s
S S
P4S1o Li,P4S14

Scheme 1 The reaction mechanism for 1Li,S—1P4S;¢ in acetonitrile in a
partially coordinated state with Li*.
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opening process with two plausible mechanistic pathways. If
the P-S bond cleavage occurs at one of the terminal phos-
phorus atoms, the system is expected to relax into a monocyc-
lic core with a thiophosphate side group. Alternatively, if bond
cleavage takes place at a bridging phosphorus atom, the struc-
ture may expand into a single, larger ring. While this simpli-
fied model does not consider potential side reactions involving
excess Li,S or trace contaminants, such scenarios represent
additional mechanistic complexity and are not addressed in
this work. The key conclusion here is that the structural motifs
responsible for the Raman band at 716 cm™" are sufficiently
disrupted under 2:1 and 3:1 Li,S: P,S;, conditions, resulting
in total signal loss, indicating complete degradation of the
original framework.

There is also the possibility that the signal at 716 cm™
shifts, as well as degrades, as previously mentioned. Fig. 3b
and c both exhibit small double signals at 680 cm™" with a
similar shape to the double signal at 716 cm™". If there exist
ionic compounds when Li,S reacts with P,S;, the n-bond of
P=S can delocalize, stabilizing the negative charge on S.
Subsequently, electron delocalization is a common culprit for
signal shifts in Raman and IR spectroscopy.

By following the reaction mechanism in Scheme 1 and ana-
lyzing time-resolved spectra at controlled temperatures
using a microwave reactor, kinetic information about the
reaction systems can be obtained. Fig. 4 illustrates the time-
resolved spectral analysis of a 1Li,S-1P,S;, reaction system in
ACN.

The change in the signal observed at 716 cm™" described in
Fig. 4a allows for further examination of reaction dynamics, as
illustrated in Fig. 4b.

To date, there are no reported reaction kinetics for the syn-
thesis of LPS in liquid-phase processes. Presumably, this is
due to the complicated reaction process, which involves react-
ing solid precursor chemicals in solvents, which then partially
or fully dissociate. During the reaction these solvated or par-
tially solvated intermediates precipitate in the presence of
additional  Li,S, forming  LizPS,/solvent complexes.
Subsequently, there are many factors that potentially influence
the kinetics of these processes, including solvent type, temp-
erature, particle size and morphology. However, if the overall
process is divided into more controllable stages, then a clearer
picture of the process and kinetics may be elucidated.

LPS systems in ACN have been reported to form soluble
intermediates depending on the molar stoichiometry of the
precursor reagents Li,S : P4S;o. Experiments performed at 1:1
and 2 :1 molar ratios, respectively, have demonstrated high, if
not complete, solubility in ACN.*” Consequently, these
2 molar stoichiometries coincide with the reaction stoichi-
ometries presented in this work, which bolster the claim that
the change in the Raman signal observed at 716 cm™" corres-
ponds to the change in the molecular structure of P,S;o as it
reacts with Li,S.

Accordingly, the time-resolved Raman spectra were inte-
grated between 700 and 730 cm ™
kinetics.

1

, and evaluated for reaction
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Fig. 4 (a) The change in signal intensity at 716 cm™ as described in the
reaction mechanism of Scheme 1, where the intensity decreases as the
reaction progresses. (b) A 3D surface plot of the change in the signal at
716 cm™.

Early-stage reaction kinetics

The Finke-Watzky (FW) kinetic model was first introduced in
1997 as a mathematical framework to describe nanoparticle
growth kinetics, particularly in systems exhibiting sigmoidal
reaction profiles."® Originally developed to model particle
aggregation, this approach has since been refined to provide
physical meaning to its rate constants,*® and has found broad
applications in nanoparticle synthesis and protein aggregation
studies.”"

The FW model describes two elementary steps that together
account for the observed sigmoidal behaviour: (1) a slow
nucleation step A — B with rate constant k;, and (2) an autoca-
talytic growth step A + B — 2B with rate constant k,. In the
context of nanoparticle growth, these steps represent the
initial formation of critical nuclei followed by rapid, self-accel-
erating particle growth. The corresponding reaction curve typi-
cally displays a lag phase (slow nucleation), a transition or
inflection point (onset of autocatalytic growth), a growth phase
(rapid increase in product formation), and a plateau phase
(reaction completion due to precursor depletion). This frame-
work has proven particularly useful for understanding the
interplay between nucleation kinetics, precursor consumption,
and particle growth.
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Notably, the FW model is mathematically flexible and may
also describe particle degradation or dissolution, provided the
same mechanistic conditions are met: a slow, spontaneous
reaction followed by an autocatalytic process. In such cases,
the sigmoidal curve is simply reversed in direction. The initial
“lag phase” corresponds to a period of slow degradation, fol-
lowed by a rapid decrease in concentration as autocatalytic
mechanisms accelerate the process, culminating in a plateau
once degradation reaches equilibrium.

This reversed application is particularly relevant to the solu-
tion-phase reaction between P,S;, and Li,S in acetonitrile
(ACN). While P,S,, is largely insoluble in ACN, it rapidly reacts
with Li,S to form soluble thiophosphate intermediates. These
reactions likely proceed via particle surface interactions, where
Li,S progressively reduces the solid P,S;, particles over time
until equilibrium is reached. Mechanistic studies, such as that
of Wang et al., propose that the reaction initiates via opening
of the cage-like P,S;, structure.” This structural rearrangement
decreases steric hindrance around phosphorus atoms, enhan-
cing the accessibility of positively polarized P centers to
nucleophilic attack by Li,S, thereby accelerating the reaction
through an autocatalytic pathway.

By analogy with the FW model, we may define A = P,S,,,
and B = P,S;,>”, where:

1. A - B represents the initial spontaneous breakdown of
P,S,, with the rate constant k, and

2. A + B — 2B captures the autocatalytic enhancement of
this process with the rate constant k.

The differential rate law is given as:

dA], _d[B], _
@ = a@ Al k[Al[B), (1)

The corresponding integrated rate expressions are:

ky + ka[A],
A= o, + k1e([k1]+kz[AJo>f )
ki +ky [A]o
[B]t = [A}O (1 - kZ[A]O + kle(lirkz[A]o)t) )

Although direct observation of the intermediate species
Li,P,S;; by Raman spectroscopy is not feasible—due to a lack
of unique diagnostic peaks—monitoring the decay of the P=S
stretching mode at 716 cm™" provides a reliable proxy. This
band corresponds to the P,S;q structure, and its diminishing
intensity during the reaction indicates progressive consump-
tion of the precursor. By tracking the integrated Raman inten-
sity of this peak over time, the FW model can be fitted to
extract meaningful kinetic parameters (Fig. 5a).

Additional temperature studies were performed and In(k)
was plotted in an Arrhenius relationship with the inverse of
temperature (Fig. S2). The activation energy of each system was
determined for the initial reaction step using the Arrhenius
relationship between k and E,(mw):

k = AeFa(mw)/(RT) (4)
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Fig. 5 (a) The decay of the 716 cm™ Raman signal over time, fitted
using the FW model. (b) The first derivative —d[Al/dt, which captures the
time-dependent reaction rate. (c) The 2" derivative (d%[Al/dt?) illustrat-
ing the acceleration points in the reaction. (d) The 3" derivative (d3[A]/
dt®) representing the induction (jerk) phase in the reaction. The fit
yielded an R? = 0.9911, with rate constants k; = 3.99 x 10™* st and k, =
9.71 x 10™> mM st at 40 °C. The peak of the first derivative curve
(Fig. 5b) corresponds to the maximum rate of degradation, confirming
the sigmoidal behavior and autocatalytic character of the reaction.

where A is a pre-exponential factor determined from the fitted
line, R is the universal gas constant and T is absolute
temperature.

Additional thermodynamic parameters (AH* and AS*) were
extracted (Fig. S3) using the Eyring relationship:

-
ASTH
R

(5)
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where kg and # are the Boltzmann and Planck constants,
respectively. The Arrhenius and Eyring analyses yield E,(mw) =
39.59 k] mol™, AH* = 36.97 k] mol™?, and AS* = —178.55 ]
mol™" K", These values indicate a modest activation barrier
and an ordered transition state, consistent with rapid nuclea-
tion and growth under microwave-assisted conditions. The
enthalpy of activation is slightly lower than E,(mw), as
expected, reflecting the true energetic requirement for forming
the transition state complex. The strongly negative entropy of
activation suggests that the transition state is more ordered
than the reactants, likely arising from precursor alignment
and restructuring at particle surfaces before bond reorganiz-
ation occurs. Taken together, these parameters imply an ener-
getically accessible but entropically disfavored process, a be-
havior typical of solid-solid or solid-liquid interfacial reac-
tions where molecular mobility is constrained. This analysis
confirms that the in situ Raman-kinetic framework provides
robust parameter extraction and a reliable basis for mechanis-
tic interpretation, while also highlighting that the addition of
further Li,S may modulate equilibria and kinetics, in agree-
ment with Le Chatelier’s principle.

Another important caveat of this experiment is that the
reported activation energy corresponds to microwave-assisted
conditions, E,(mw), rather than the conventional activation
energy. Microwave irradiation is known to reduce the apparent
activation barrier of chemical reactions,* thereby accelerating
reaction kinetics. It is therefore essential to clarify that the
extracted kinetic and thermodynamic parameters reflect a reac-
tion conducted under microwave assistance. Nevertheless, this
analysis demonstrates that the Finke-Watzky (FW) model can
be effectively extended beyond growth kinetics to capture par-
ticle degradation processes involving thiophosphate intermedi-
ates in polar aprotic solvents such as acetonitrile (ACN). In
doing so, it provides both a physical and mathematical frame-
work for describing the early-stage reaction kinetics of lithium
thiophosphates (LPS).

Late-stage reaction kinetics

Raman spectroscopy has long been employed in the character-
ization of several types of sulfide solid electrolytes following
synthesis, such as LPS and LPSC. A reported characteristic
peak at approximately 420 cm™" has long been attributed to
PS,*7, a tetrahedral atomic structure found in most high-per-
formance sulfide solid electrolytes like p-LizPS,, Li,P5S;4, and
LigPS5CL.

Although these electrolytes exhibit these characteristic
signals which can confirm the microstructure of the syn-
thesized SSEs, there lacks evidence of the progression of these
signals during the synthesis process. To help better under-
stand the formation of PS,*~, LPS and LPSC were monitored
in situ at various reaction temperatures for 24 h (Fig. 6a and b).

Fig. 6a and b illustrate the integration of the normalized
peak at 420 cm™" with a 785 nm laser during the reactions of
3Li,S-0.5P,S;0 and 5Li,S-0.5P,S;,—2LiCl, respectively. The nor-
malized intensity is achieved with respect to the acetonitrile
solvent vibrational node at 920 cm™" (Fig. S5 and S6), associ-
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Fig. 6 (a) The reaction progress of 3Li,S—0.5P4S;0 at 70 °C for 24 hours

under microwave irradiation, and (b) the reaction progress of 5Li,S—
0.5P4S10—2LiCl at 70 °C for 24 hours under microwave irradiation, both
in acetonitrile.

ated with C-C bonds in acetonitrile.'” Additionally, acetonitrile
exhibits a vibrational node centered at 382 cm™' with an
overlap upwards of 430-440 cm™" (the same range as that of
PS,*>7). The non-zero values observed in Fig. 6a and b are
attributed to this overlapping of signals; thus reliable obser-
vations are derived from the change in intensity from this
baseline. This overlap was accounted for by applying a baseline
correction to the kinetic model as illustrated by the dashed red
line in Fig. 6a and b. The initial mixing of the particles in the
solvent tends to contribute noise in the first few seconds and
minutes of the reactions with higher concentrations of Li,S,
which can also contribute to the shift in intensity.

A clear distinction in the late-stage reaction kinetics (moni-
tored through the PS,>” signal) is that the sigmoidal reaction
profile is inverted compared to that in the early stages. As
expected, PS;*>~ does not appear during the initial phase but
emerges later in the reaction. In Fig. 6a, its formation in LPS
begins only after approximately 12 hours, followed by a very
sharp acceleration. Similarly, in Fig. 6b, the onset of PS,*~ for-
mation in LPSC occurs almost instantaneously, which leads to
a poor fit with the FW model.

Both LPS and LPSC exhibit the characteristic stages
described by the Finke-Watzky (FW) kinetic framework: (i) an
initial slow nucleation period, (ii) an acceleration phase, (iii) a
growth phase, and (iv) final equilibration to a plateau. The flex-
ible nature of the FW model also allows for a physical
interpretation of these late-stage kinetic behaviors.
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The PS,*>” species has been widely reported only in the
solid phase and has not yet been detected in the liquid phase
in acetonitrile (ACN). Instead, under reaction conditions, PS,*~
is known to form solid-phase complexes with lithium and
solvent molecules.>*** Because the “B” species in the FW
model was originally defined by Finke and Watzky as a
growing or aggregated product, it is reasonable to assign “B”
to the ACN/Li;PS, complex in this system. Accordingly, “A” rep-
resents the chemical intermediate that precedes the formation
of this complex.

Therefore, any kinetic or thermodynamic parameters
derived from the integration of the 426 cm™ Raman band
correspond to the step associated with the generation of the
ACN/Li3PS, complex. Given that the literature still presents
inconsistencies in the proposed mechanisms for lithium thio-
phosphate synthesis, the plateaus observed in Fig. 6a and b
are better interpreted as qualitative indicators of reaction com-
pletion. Furthermore, because the acceleration phase occurs
almost instantaneously, applying the FW model to describe
PS>~ formation in either system introduces substantial fitting
error.

Given the critical role of PS,*>” in thiophosphate electro-
lytes, the equilibration of its Raman band at 420 cm™" can be
taken as an indication that the reaction has effectively termi-
nated. Importantly, if the reaction is prolonged under aggres-
conditions (e.g., elevated temperature,
irradiation, or ultrasonication), PS;>~ becomes increasingly
susceptible to undesirable side reactions such as phosphorus
reduction or sulfur oxidation. Indeed, Fig. 6b shows a decline
in the PS>~ signal after ~15 hours, suggesting that such degra-
dation pathways consume the species. P,S¢>~ (385 cm™") and
P,Ss"™ (380 cm™),>® both reported decomposition products of
lithium thiophosphate systems, could be the culprit in signal
deterioration at 426 cm ™, but these species share overlapping
signals with P,S;, (392 em™") and ACN (382 cm™'), making it
difficult to discriminate between the species during in situ
experiments. However, the synthesized electrolytes can be
further processed and analyzed ex situ which will remove the
solvent signals after drying and elucidate other thiophosphate
functional groups. As expected, decomposition products can
be observed in the dried LPSC powders with Raman spec-
troscopy as shown in Fig. S7c at approximately 375 and
385 cm™', both of which likely correspond to P,S¢>~
(385 cm™') and P,S¢*” (380 cm™). Albeit the obstacles, these
observations underscore the utility of in situ monitoring to
determine optimal reaction times, enabling more efficient
syntheses while minimizing the risk of unwanted reactions.

sive microwave

Conclusion

In situ Raman spectroscopy under microwave control enables
direct, real-time tracking of the Li,S + P,S;, thiophosphate
reaction in acetonitrile, providing a powerful means of corre-
lating molecular-scale vibrational signatures with kinetic
models. The Finke-Watzky framework successfully captures
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the early-stage evolution of the P=S (716 cm ") band, offering
clear evidence of nucleation and growth processes occurring
during precursor conversion. Temperature-dependent analyses
further refine this understanding, yielding Arrhenius and
Eyring parameters of E,(mw) = 39.59 k] mol~!, AH* = 36.97 k]
mol~?, and AS* = —178.55 ] mol™ K™, which together indicate
an energetically accessible pathway accompanied by a highly
ordered transition state.

Beyond parameter extraction, the workflow integrates
several practical features that enhance its utility: the determi-
nation of analytical benchmarks such as the LOD/LOQ, quanti-
tative assessment of rate constants and their derivatives, and
systematic comparison across multiple stoichiometries (1:1,
2:1, and 3:1) under identical conditions. This multifaceted
approach not only validates the robustness of the methodology
but also highlights its versatility in dissecting both chemical
and physical aspects of sulfide electrolyte formation.

Importantly, the insights obtained here extend well beyond
the specific Li,S-P,S;o system. The combination of in situ
vibrational spectroscopy, microwave-assisted synthesis, and
kinetic modelling establishes a generalizable platform for real-
time process elucidation and optimization in liquid-phase
routes to sulfide solid electrolytes. Such a framework can be
readily adapted to explore alternative solvents, precursors, or
dopants, as well as applied to emerging families of halide or
oxide solid electrolytes. Furthermore, coupling Raman with
complementary in situ probes (XRD, NMR, or IR) holds signifi-
cant potential for building a comprehensive picture of inter-
mediate speciation and structural evolution. Ultimately, this
integrated strategy advances both the fundamental mechanis-
tic understanding and the practical design principles required
for scalable, reproducible, and high-performance solid electro-
Iyte synthesis.
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Abbreviations

ASSLIiB(s) All-solid-state lithium-ion battery(ies)

LIB(s) Lithium-ion battery(ies)

SSE(s) Solid-state electrolyte(s)

LPS Lithium thiophosphate (family of sulfide elec-

trolytes; e.g., LizPS,/Li;P3S4,)
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LPSX Halogen-substituted lithium thiophosphates (X
=Cl, Br, I)

LPSC Lithium thiophosphate chloride (commonly
LisPS;5Cl, argyrodite)

ACN Acetonitrile

PSSE(s) Pre-solid-state electrolyte(s) (pre-sulfide
mixtures)

FW (model) Finke-Watzky kinetic model

LOD Limit of detection

LOQ Limit of quantification

SNR Signal-to-noise ratio

XRD X-ray diffraction

IR Infrared (spectroscopy)

NMR Nuclear magnetic resonance

SEM Standard error of the mean

E,(mw) Microwave-assisted activation energy
AH? Enthalpy of activation

AS* Entropy of activation
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