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1 | INTRODUCTION

Steve W. Martin

Abstract

The preparation of 0.58 Li,S + 0.315 SiS, + 0.105 LiPOs glass, and the impacts
of polysulfide and P'* defect structure impurities on the glass transition tem-
perature (Ty), crystallization temperature (T.), working range (AT= T. - Ty),
fragility index, and the Raman spectra were evaluated using statistical analy-
sis. In this study, 33 samples of this glass composition were synthesized through
melt-quenching. Thermal analysis was conducted to determine the glass tran-
sition temperature, crystallization temperature, working range, and fragility
index through differential scanning calorimetry. The quantity of the impurities
described above was determined through Raman spectroscopy peak analysis.
Elemental sulfur was doped into a glass to quantify the wt% sulfur content in
the glasses. Linear regression analysis was conducted to determine the impact of
polysulfide impurities and P'* defect impurities on the thermal properties. Poly-
sulfide impurities were found to decrease the T, at rate of nearly 12°C per 1 wt%
increase in sulfur concentration. The sulfur concentration does not have a sta-
tistically significant impact on the other properties (a = 0.05). The P'¥ defect
structure appears to decrease the resistance to crystallization of the glass by
measurably decreasing the working range of the glasses, but further study is
necessary to fully quantify and determine this.

KEYWORDS
glass transition, solid-state electrolytes, sulfide glass, sulfur

present several advantages over liquid electrolytes due to
their lower flammability, increased resistances to dendrite

Solid-state electrolytes (SSEs) are of growing interest due
to the proliferation of lithium-ion batteries (LIBs) in con-
sumer electronics and electric vehicles."” Current LIB
technology utilizes flammable organic liquid electrolytes,
which prevent the use of high energy density lithium metal
anodes due to dendrite formation and/or thermal run-
away leading to combustion of the organic solvent.>* SSEs

formation, and thermal degradation.>®

Several classes of SSEs exist, with two of the most
general classifications being polymeric and inorganic
SSEs.”® Inorganic SSEs typically exhibit better resistance
to dendrite formation, near unity Lit transference num-
bers, and better thermal stability over polymeric SSEs.”!!
Oxides and sulfides are two of the most common broad
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categories of inorganic SSEs.'*!* Oxide SSEs, such as
LLZO''% and LLTO,"-?° exhibit more atmospheric and
electrochemical stability, while sulfide SSEs, such as LGPS
and sulfide glassy solid electrolytes (GSEs), possess higher
ionic conductivities and easier processability at lower
temperatures.’? %4

Many of the materials being studied for use as SSEs
are crystalline ceramics, but amorphous materials, espe-
cially melt quenched glasses, have a few advantages over
crystalline SSEs due to their lack of grain boundaries,
tunable chemistries, and ease of low-temperature melt
processing.”?’ As such, many studies have been con-
ducted on GSEs to characterize their electrochemical
and thermal properties to generate thin, highly conduc-
tive SSEs.”®?’ Many of the GSEs studied in literature
are sulfide-based due to the higher ionic conductivity
that the sulfide anion enables due its larger size, lower
localized charge density, and higher polarizability.** Com-
monly studied sulfide GSEs include Li,S + P,Ss or Li,S
+ SiS, due to their ease of preparation and high ionic
conductivities.?>%2

However, these GSEs often possess impurities, seen
through Raman spectroscopy, such as polysulfides, ~S-
(S,)-S™, which have an intense Raman peak located at
473 cm~! and the P'F defect structure, 2~S,(S)P-P(S)S,%™, in
thiophosphate glasses which has measurable peak located
at 390 cm~!1.31333* Sometimes, these peaks are seen in the
Raman spectra without being identified in the literature as
they are often at very low concentration, typically less than
a few atomic percent. For these reasons, these impurities
are either overlooked or simply ignored.

While these structures have been reported in both
lithium and sodium ion conducting thiophosphate
GSEs,* ¥ the effects of polysulfide impurities and the P
structure on thermal and electrochemical properties have
not been carefully examined. When reported in literature,
these structures are often just mentioned in the structural
analysis, with minimal discussion regarding the impact of
these impurities on the properties of the glass. However,
these polysulfide impurities may lead to detrimental
electrochemical behavior due to the possibility of sulfur
redox reactions with a lithium metal anode in a solid-state
battery. As such, it is important to minimize the quantity
and understand the effect of these impurities on the
properties of the GSE. Here, we present the first in-depth
investigation on the impact of polysulfide impurities and
the P'P defect structure on thermal properties.

In this work, we synthesized 33 samples of a single
mixed oxy-sulfide glass composition using nominally the
same procedure and materials for each sample. The glass
composition chosen for this study was 0.58 Li,S + 0.315
SiS, + 0.105 LiPO; due to its high ionic conductivity,
good electrochemical stability, and moderate resistance
to crystallization. Each sample was characterized using

Raman spectroscopy to determine the quantity of poly-
sulfide impurities and the P'P defect structure. The glass
transition temperature, crystallization temperature, and
fragility index were explored using differential scanning
calorimetry (DSC). Statistical relationships between these
thermal properties and impurities were explored through
simple linear regression. Out of this work, we find that
polysulfide impurities function as “plasticizers” in the
glassy network by lowering the glass transition tempera-
ture, while the P'P defect structure appears to increase the
rate of crystallization of a glass.

2 | EXPERIMENTAL

2.1 | Preparation of glasses

Samples of 0.58 Li,S + 0.315 SiS, + 0.105 LiPO; GSEs were
prepared in an inert N, glovebox containing <5 ppm H,O
and <5 ppm O,. Li,S (99.9%, Alfa Aesar) was heat-treated
at 900°C for 15 min in a vitreous carbon crucible prior to
batching to remove potential contaminants. SiS, was also
heat-treated following the same procedure, after being syn-
thesized in-house from elemental Si (99.99%, Alfa Aesar)
and sulfur (99.9995%, Alfa Aesar) following a procedure
previously described.®® Glassy LiPO; was also synthe-
sized in-house from lithium carbonate (Li,CO3,99%, Acros
Organics) and diammonium phosphate ((NH,4),HPO,,
99%, Acros Organics) as previously reported.*® Samples
were synthesized in 10 g batches from stoichiometric
amounts of the precursors. Precursor powders were milled
inside a stainless-steel mill pot using a single stainless steel
milling ball in a Spex 8000 M Mixer/Mill at 1725 rpm for 7
min to obtain a homogenous well-mixed powder prior to
melting. The samples were then melted for 8 min inside a
vitreous carbon crucible and then poured on a brass plate
and splat quenched with a second brass plate at room tem-
perature. Some samples were melted twice, with the first
melt used to determine a mass loss during melting, prior
to the second melt quenching. Mass loss on melting was
typically approximately 0.5 wt% and ranged from 0.15 to
1.4 wt%. Samples were stored as bulk glass shards inside
the N, glovebox and labeled with a number indicating the
chronological order in which they were synthesized.

2.2 | Differential scanning calorimetry

A total of 3-20 mg of glass was sealed into a TA instru-
ments TZero hermetic pan inside the glove box for DSC
measurements using a TA Discovery 2500 DSC equipped
with an autosampler. Two different pans were packed
for each sample, the first being a survey scan, where an
estimate of the glass transition temperature (T,) and the
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crystallization temperature (T..) were determined through
the onset method. The survey scan followed a heating
profile from 100 to 450°C at a heating rate of 20°C/min. A
second DSC pan was packed and ran to determine the T,
and the fragility index using varied heating and cooling
rates through a method described by Zheng et al.** The
temperature profile used is described in Table S1. The T,
determined through this method after cooling at 20°C/min
and heating at 20°C/min is taken as the T}, of a glass.

2.3 | Fragility index

Glass processing is determined largely by the viscosity
behavior above the glass transition temperature, and as
such, the kinetic fragility can be an important value
to understand the viscosity behavior of a glass forming
liquid.**! The value of the calorimetric fragility index can
be determined through T, measurements at varied heating
rates through Equation (1) as follows:

q T
log < . ) = Mca) — mcalT_ @
f

c,S

where g, is the DSC scan rate, g, is the standard DSC
scan rate (typically 10°C/min), m, is the calorimetric
fragility index, T¢® is the fictive temperature at the standard
scan rate, and Ty is the fictive temperature at the speci-
fied scanning rate.*’ The calorimetric fragility index can
be determined by taking the slope of the graph of log(1/q.)
versus Ty/T; . When the prior cooling rate is equal to the
reheating rate, the difference between the onset of Tg and
the T¢ is minimal, and as such, the onset of Tg can directly
replace the T; to determine the slope of curve, and thus
mpgc.* The calorimetric fragility index is converted to a
kinetic (viscosity) fragility index through the relationship
by Zheng et al.**:

Mmyis = 1-289(mca1 - mO) +my (2)

where m,;s is the kinetic viscosity fragility index and m,
is 14.97. This kinetic viscosity fragility index can then be
used to estimate the viscosity behavior of a liquid through
the Mauro-Yue-Ellison-Gupta-Allan model.*’

2.4 | Sulfur dilution

To quantify the concentration of polysulfides present in
each glass, a sample was chosen that exhibited no P'* peak
at 390 cm~! and a low concentration of polysulfides (sam-
ple 8, see Table S2). Known concentrations of additional
sulfur were doped into sample 8 to quantify the amount

SCIENCE

of sulfur present from Raman peak analysis. Sample 8 was
milled in the Spex 8000 M Mixer/Mill at 1725 rpm for 3 min
to obtain a powdered form of the glass. Known amounts
of additional sulfur were then added to this powder and
then the Raman spectra were collected to create a com-
position plot of the intensity of the polysulfide peak at
473 cm™. For the concentration study, 0.2 g of glass pow-
der was massed out along with an amount of sulfur to
achieve concentrations ranging from 0.64 to 3.99 wt%, a
range experimentally observed to span the range of Raman
peak intensities at 473 cm ™! of the as-prepared glasses. The
sulfur and glass mixture was milled using a mortar and
pestle for approximately 15 min per sample. Each sample
was then packed into a die and pressed into a pellet at 1
metric ton force. Two pellets were pressed and tested for
each dilution percentage.

2.5 | Raman spectroscopy

Bulk pieces of glass and pressed glass powder pellets were
packed into a hermetically sealed Raman sample holder
consisting of a recessed rectangular pocket deep enough
to hold the samples and then covered with an ordinary
glass slide sealed around the edges with vacuum grease.
Raman spectra were collected using an InVia 488 nm
Renishaw Coherent Laser Raman Micro-Spectrometer,
calibrated to an internal standard silicon reference cen-
tered at 520.5 + 0.4 cm™!. The various samples were
measured under a 20X objective lens, spot size ~ (50 um)?,
at 12.5 mW power. Spectra were collected from 100 cm™ to
2000 cm™! using at least five accumulations.

The pressed powders were measured in essentially the
same way. The samples were packed into the same her-
metically sealed Raman sample holder and the spectra
were collected using the same spectrometer as described
above. Samples were tested using a 5X objective lens with a
much larger spot size of approximately 500 um? at 12.5 mW
power. Each sample was tested in at least five different
locations, and the spectra were added together to generate
an average spectrum. The combination of using a larger
sampling area and averaging the spectra from different
areas was used to minimize the possible inhomogeneities
in the sulfur distribution within the pressed pellet. Spectra
were collected from 100 cm™! to 1000 cm™! with at least 10
accumulations.

3 | RESULTS
3.1 | Differential scanning calorimetry

A DSC thermogram for the 20°C/min scan is shown
in Figure 1. The glass transition temperature (T,) and
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FIGURE 1 Differential scanning calorimetry (DSC)
thermogram (endothermic up) at 20°C/min heating rate showing
the heating curve for sample 33 with the T, and T marked.

crystallization temperature (T.) are shown with values for
both determined through the onset method. T, for the sur-
vey scan ranged from 308.3 to 328.5°C over the 33 samples
of the same composition. The T, determined in the same
way with the known cooling and heating rate of 20°C/min,
Ty 20°C/min» Varied from 304.3 to 330.7°C over the same 33
samples of the same composition. The T, ranged from 414.5
to 438.1°C. The working range, AT = T;.-Tg, ranged from
86.8 t0 126.3°C. A histogram for each value can be seen in
Figure 2A-D. The full data can be found in Table S2.

The calorimetric fragility index was determined as
described, with an example of the DSC thermograms
shown in Figure 3A. The T, was calculated using the onset
method. The determination of the calorimetric fragility
index is shown through the fitting of the slope of the plot
in Figure 3B. The calorimetric fragility was converted to a
kinetic fragility through Equation (2). The values for the
kinetic fragility index ranged from 49.9 to 74.3.

3.2 | Raman spectroscopy

Raman spectra were collected for each glass composition
and as expected, only minor, yet statistically significant
differences between the glasses were observed. Fully ana-
lyzed Raman spectra for samples 3,9, and 26 that contained
impurities and sample 0 used for comparison with no
impurities can be found in Figure S1. The annotated
Raman spectra for the same samples can be found in
Figure 4A, that highlight the Raman bands for the P'* and
polysulfide impurities.

From previous research on this and related glasses, we
and others have attributed the broad peak at 251 cm™! to the
symmetric bending mode of the PS>~ tetrahedra.** The
shoulders to the main peak located at 386 and 391 cm™"
are attributed to the symmetric stretching modes of the
(SiS,)*~ structure and of the (P,S¢)*~ defect structure, or
P structure, respectively.>>*>#® The main peak in the
spectra centered at 423 cm™! is attributed to the symmetric
A, stretch of the PS,*~ tetrahedra.’®*” An impurity struc-
ture is present in some of the samples at 473 cm~! and is
attributed to the symmetric stretch of S-S bonds present in
the form of Sg chains, rings, and the various polysulfides
~S-(S,)-S™.*Y In other chalcogenide glasses, particu-
larly with highly covalent structures, -S-S- chains can be
found between networking units, such as in Ge-S-S-Ge
bonds in Na,S-GeS, glasses, however, no one has so far
reported on these bridging -S-S- bonds in highly modi-
fied invert thiosilicophosphate glasses.’*” Therefore, the
mode at 473 cm™! is attributed to the stretching mode of
S-S bonds in Sg chains, rings, and the various polysulfides
~S-(Sy)-S™.

To better distinguish the differences between the refer-
ence glass and the other samples, the spectrum of sample 0
glass that contained no impurity bands is subtracted from
the other spectra to show only the changes that are present,
which is shown in Figure 4B. Sample 0 is a glass made
previously, that showed neither the P'* defect structure
at 390 cm~! nor the polysulfide peak at 473 cm~!* Sam-
ple 0 is not included in the table as it was not tested for
thermal properties. It can be seen, for example, that sam-
ple 3 shows a substantial amount of the P'¥ unit, sample
9 shows a substantial amount of polysulfide impurities,
and sample 26 shows minimal change from sample O.
Other samples showed similar spectra and are omitted for
clarity.

3.3 | Sulfur dilution

To quantify the amount of polysulfide impurities that are
present in these glasses, sample 8 was taken and milled
into a powder and then doped with a known concentration
of sulfur ranging from 0.64 to 3.99 wt%. The Raman spec-
tra were taken and averaged over many sample locations
for each doped sample. The Raman spectra are shown in
Figure 5. As expected, the intensity of the Raman spectral
peaks due to sulfur located at 219 and 471 cm™! increase
with increasing additional sulfur doped into the sample
8 powder.” Likewise, a very minor peak at 247 cm ™ also
increases with added sulfur.”®> While either or both peaks
at 219 and 471 cm ™! could have been used for this study, we
focused on the peak at 471 cm™! because it appears to be
the most intense in the glasses.
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working range (AT).

4 | DISCUSSION

4.1 | Raman peak analysis

The subtracted spectra shown in Figure 4B are analyzed to
determine the size of each peak for each glass. Examples
of the peak analysis for sample 9, which contains poly-
sulfide impurities, and sample 3 which contains the P’
defect structure are shown in Figure 6A,B, respectively.
The peak area was chosen for the analysis of the sulfur
peak due to line broadening present compared to the sulfur
doped samples. The peak height was chosen for analysis
of the P'* as there is no simple way of doping in extra P'
units to the glass to determine its concentration as was
done for polysulfide. The peak height relative to the PS,>~
mode is a simple method of determining the relative P'¥
concentration. The peak area for polysulfide containing
glasses ranged from 0 to 4.3. The peak height for the P'?
containing glasses varied from 0 to .14. It is interesting to
note that no samples contain both the P'¥ and polysul-
fide impurities, suggesting that the sulfur atom given up in

Histograms showing distribution of thermal properties for (A) Ty, (B) T, at 20°C/min cooling/heating rate, (C) T, and (D)

forming the P'* defect structure leaves the system, perhaps
through volatilization, rather than becoming an impurity
itself, leading to a sulfur deficiency.

4.2 | Quantification of polysulfide
content

The Raman spectrum of sample 8 that had very minimal
polysulfide and hence a very low intensity peak at 473 cm™"
is subtracted from each of the other spectra of Figure 5 to
subtract out the effect of the minor polysulfide content on
the Raman spectra. This allowed a fit to be made to only
the signal from the known addition of doped sulfur. These
spectra are shown in Figure S2, and show the expected sul-
fur peaks in increasing peak area due to the increasing
amount of added sulfur.”® The peak located at 473 cm™!
was chosen to be analyzed through peak fitting due to it
being situated outside of most other peaks present in the
spectra. Each peak was fitted, and the peak area was plot-
ted against the amount of added sulfur, and this is shown

a0 ‘F6T11+0T
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FIGURE 3 (A) Differential scanning calorimetry (DSC)
thermograms of sample 33 showing the fragility scan where the T is
determined at different paired heating and cooling rates. (B) The
fitted line is used to determine the calorimetric fragility index. The
shaded region indicates a 95% confidence interval for the slope and
intercept of the line.

in Figure 7. The peak area was fit to the amount of added
sulfur concentration and this is described by Equation (3)
as follows:

A
27415

C= ®3)
where A is the peak area, and C is the sulfur concentra-
tion in wt%. The intercept in this linear expression is zero
since the minor peak at 473 cm~! was subtracted from
of the other spectra. Through this relationship, the peak
area of the -S-S- peak at 473 cm~! in the Raman spec-
tra for each glass can be converted to a concentration. In
this way, it was found that the polysulfide concentration in
all of the samples studied here ranged from 0 to 1.6 wt%
sulfur.

4.3 | Multiple regression of structural
impurities on thermal properties

To investigate the significance of the P'F defect structure
and the polysulfide impurity on the thermal properties, a
multiple regression model was developed and is given in

Normalized i
o o
=
T T

S o

)

T L T

T

o

-

o

(D S T
1

200 300 400 500 600 700
Raman shift (cm™)

FIGURE 4 (A)Raman spectra of sample 0 which contains no
PP nor polysulfide impurities, sample 3 which contains the P
defect structure, sample 9 which contains polysulfide impurities,
and sample 26 which matches well with the spectrum of sample 0.
(B) Subtracted spectra showing changes from the reference sample
for the same three samples. Fully annotated Raman spectra are
given in Figure SI.

3.5 Sample 8 —— 3.99 Wt% T
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30}k —2.10 wt%
74 wt%
.64 wt%

n
(&)
T

0 wt%

n
o

Normalized intensity (a.u.)
(6)]

1.0
0.5F E
0.0F B
1 " 1 " 1 " 1 " 1 "
200 300 400 500 600 700
Raman shift (cm™)
FIGURE 5 Raman spectra for powder samples of sample 8

mixed with varying levels of added sulfur and pressed to s solid
pellet for testing. Spectra were all normalized so that the height of
the PS,>~ peak is equal to unity.
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FIGURE 6 (A) Analyzed differenatial Raman spectrum for
sample 9, showing the peak area for the polysulfide impurity. (B)
Analyzed differential Raman spectrum for sample 3, showing the
peak height for the P'* defect structure.
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FIGURE 7 Area of the sulfur peak located at 473 cm™! in the
Raman spectra compared to the concentration of sulfur after
subtracting out the spectrum of sample 8 that contained minimal
polysulfide impurities. The linear fit assumed an intercept of 0 and
the shaded region corresponds to a confidence interval of 95% for
the slope of the line.
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TABLE 1 Values for the variables for the main effects and the
interactions of each of the response variables (T, T., AT, and my;)
for the regression.

Response f3, SE B SE B, SE B, SE

T, 326 28 38 29 22 30 -49 29
T, 412 41 8 42 20 44 -88 43
AT 87 8 48 873 33 91 25 84
Myis 59 62 55 63 18 66 72 63

Note: Shaded cells indicate the following, green: p-value <.05, yellow: p-
value <.10, and red: p-value >.10. SE is the standard error of each estimator
from the linear regression.

Equation (4) as follows:
Y =By + B1X1 + B Xy + BroXn Xy € 4)

where Y is the response variable (Tg, Tc, AT, or my;), By
is the estimated intercept of the regression model, ; is
the estimated effect of the concentration, X; is the con-
centration covariate, 3, is the estimated effect of the type
of structural defect, X, is a categorical covariate describ-
ing the type of defect (X, = 0, if it is P'* and X, = 1, if it
is polysulfide), ), is the estimated effect of the interac-
tion effect between the type and the concentration, and
¢ is the error. These parameters were estimated through
multiple linear regression performed in the statistical soft-
ware package R, with the code and outputs available in
the Supporting Information. The models for each response
variable are convoluted, and while they are a very effec-
tive statistical model for each data set, interpretation is
challenging due to interaction effects between the different
explanatory variables.

A graphical form of the model for each response variable
is shown in Figures 8A-D. The model shows the fit to the
change in the response variable with both the P'¥ and the
polysulfide concentrations. The values for the regression
parameters and their corresponding p-values are given in
Table 1. From the regression models shown, it is seen that
the Ty, T¢, and AT have a strong dependence on the type
of defect, the concentration, and the interaction between
the two. As the sample size of the P'¥ is small (n = 3),
the p-values for the estimated covariates are high and may,
therefore, not be statistically significant. A larger sample
size for the P'¥ containing glasses would lead to more sta-
tistically significant values. However, the presence of these
defects is detrimental to other glass properties, so the lack
of many samples with the P'¥ defect speaks to the quality
of the glass samples that were prepared. The model for the
fragility index shows a slope that is very close to zero, and
as such this model suggests that the fragility index is not
closely correlated with the concentration of either the P'*
defect structure or polysulfide impurities.
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Plots of each response variable (Ty, T, AT, and m;) along with the corresponding linear regression for each situation. The

regression line is extended for each plot to better show differences between the P'¥ and polysulfide impurities.

To better interpret the way in which polysulfide impu-
rities and the P'P defect structure affect the values of
these thermal properties, two other regression models
were investigated. Here, the dataset was split into those
that contain no P'¥ structural defect and those that con-
tain no polysulfide. Sample 26 is included twice, one each
in both datasets, as it, like sample 0, contained neither the
P'P nor polysulfide impurities.

4.4 | Linear regression for polysulfide
containing samples

A simple linear regression model was chosen to analyze
the dependence of the thermal properties on the concen-
tration of polysulfide impurities. The model is given in
Equation (5) as follows:

Y=‘80+51X1 +¢€ (5)

where Y is the response variable (T, T¢, AT, or my;), By
is the estimate of the response variable at zero concentra-

TABLE 2
variables for both the polysulfide concentration and the

Values for the regression variables for all response

concentration of P'¥ defect structure.

Polysulfide p'P
Response  f3, SE B SE B, SE B SE
T, 324 .99 12 1.1 326 1.1 35 13
T, 433 14 27 1.6 423 7.0 25 82
AT ns 29 25 33 96 7.1 -38 84
My 62 22 15 25 66 58 -68 68

Note: Shaded cells indicate the following, green: p-value <.05, yellow: .05 <
p-value <.10, red: p-value >.10. SE is the standard error for each estimator.

tion, (3; is the estimated expected change in the response
variable per unit increase in the concentration, and X is
the concentration of either P'* or polysulfide impurities.
The linear regressions for the thermal properties as a func-
tion of sulfur concentration can be seen in Figures 9A-D.
The regression variables along with the p-values are given
in Table 2. The T, of a sample appears to be very depen-
dent on the concentration of polysulfide impurities. The
estimate of the T, for a glass containing no polysulfide
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FIGURE 9
regions indicate a 95% confidence interval for the regression.

impurities is 323.9 +1.9°C and for every 1 wt% sulfur added
into the glass, the T, decreases by 11.7 + 2.2°C. The rela-
tionship between T, and the polysulfide concentration is
not statistically significant (o = .05), and as such the rela-
tionship between AT and polysulfide concentration is also
not statistically significant (o = .05). However, it appears
that higher concentrations of polysulfide impurities lower
the T, slightly, while the substantial decrease in T, leads
to a slightly larger working range. Such behavior is only
conjecture at this point and is not conclusive and for this
reason warrants further study. Similarly, the fragility index
does not show a statistically significant relationship with
the polysulfide concentration. Thus, from this data, it is
suggested that polysulfides have a plasticizing effect on
the glass transition temperature, lowering T, with increas-
ing polysulfide content, but does not significantly alter the
other thermal properties tested here.

4.5 | Linear regression for P'¥ containing
samples

The same linear regression model described in Equa-
tion (5) was used to model the impact of the P'¥ defect

SCIENCE
(B) Samples with PP excluded
440} ]
- [
—~ L]
Q 435} ' :
£ " .-
£ 3 L =
O 430r - L " . g
o L
o " - -
[a] ] " oa
= 425| -
|\° n
420 Sam?le 1 Samile 33 ]
415 . .

0.0 0.5 1.0 1.5
Concentration sulfur (wt%)

(D) ' ' '

90k Sam?le 1 Samile 33 |

| |

Fragility index
~
o
=

o [}
o o
T T
e y—m—

Samples with P'? excluded

40 1 1 1 1
0.0 0.5 1.0 15

Concentration sulfur (wt%)

(A) Plots of the linear regression for (A) Ty, (B) T, (C) AT, and (D) m,; as a function of polysulfide concentration. Shaded

structure on the same thermal properties. Plots of the
linear regressions can be found in Figure 10A-D and
the values of the regression variables can be found in
Table 2. Due to the small sample size that contains the
PP defect structure, no statistically significant correlations
were found between the height of the P'¥ peak and the
thermal properties of this glass. However, from the esti-
mates given, it appears that the P'¥ may have a substantial
impact on the crystallization behavior of these glasses due
to the 10°C decrease in the intercept (3,) for the T, and
a more than 20°C decrease in the intercept for the work-
ing range between the polysulfide containing glasses and
the P'¥ containing glasses. While the small sample size
makes it challenging to draw meaningful conclusions, this
comparison suggests that the P!¥ does have an impact on
the crystallization properties of these glasses and warrants
further investigation.

5 | CONCLUSION

Evidence for polysulfide impurities and P! defect
structures was found in the Raman spectra of
Li,S + SiS, + LiPO; glasses. From the 33 samples
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regions indicate a 95% confidence interval for the regression.

synthesized, the concentration of polysulfide impurities
was determined for each glass through the addition of
known quantities of sulfur. The Ty, T;, AT, and my;
were measured and calculated for all of these glasses and
were tested through three statistical models to determine
the effects of polysulfide impurities and the P'" defect
structure on each thermal property. Increasing sulfur
impurity concentration leads to a lower T, but does not
seem to significantly alter the other thermal properties.
The P defect structure does not have a statistically
significant impact on the thermal properties measured,
however this is largely due to the small sample size (n = 3).
The data suggests that the P'¥ defect structure affects the
crystallization behavior of the glass, reducing its resistance
to crystallization. Further research is necessary to more
fully understand the impact of the P'¥ defect structure on
the thermal and other properties of these glasses.
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