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ABSTRACT: Lithium—sulfur batteries are attractive due to their high
theoretical specific energy, but the dissolution of lithium polysulfide
intermediate species formed during discharge results in capacity fade and
limited cycle life. In this study we present the first measurements of ionic
conductivity of the polysulfides in a nanostructured block copolymer. The
morphology, thermal properties, and the conductivities of polystyrene-b-
poly(ethylene oxide) (SEO) containing lithium polysulfides, Li,S, (x = 4,
8), were studied using small-angle X-ray scattering (SAXS), differential
scanning calorimetry (DSC), and ac impedance spectroscopy. We also

21 of T T , T T T : T ]

S 0.8} N4 . - _é = T 1

k=] . . ~

L O s, a/ﬂ. o o A T
L - Yola J

E 04 - = A B

= 0.2 o by MEECED o & Li.S, 4

E == Ve

5 0.0, ? 1 1 el 1 3

Z 000 0.02 0.04 0.06 0.08

Salt Concentration

measured conductivities of mixtures of poly(ethylene oxide) (PEO) and Li,S,. X-ray absorption spectroscopy was used to
confirm the nature of dissolved polysulfides. SAXS measurements on SEO/Li,S, mixtures indicated that all samples had a
lamellar morphology. DSC measurements indicated that SEO/Li,Sg interactions were more favorable than SEO/Li,S,
interactions. The effect of nanostructure on transport of Li,S, was quantified by calculating a normalized conductivity, which
is proportional to the ratio of the conductivity of SEO/Li,S, to that of the PEO/Li,S,. The normalized conductivities of both
polysulfides peaked at intermediate concentrations. The efficacy of block copolymer electrolytes in Li—S batteries was evaluated
by comparing ionic conductivities of polymer electrolytes containing Li,S, with those containing lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI), a common salt used in PEO-based battery electrolytes. The transport of Li,S, species in SEO is
suppressed by factors ranging from 0.4 to 0.04 relative to LiTFSI, depending on x and salt concentration. To our knowledge, this
study represents the first systematic investigation of the effect of molecular structure of polymer electrolytes on polysulfide

migration.

1. INTRODUCTION

There is considerable interest in rechargeable lithium—sulfur
batteries because their theoretical specific energy, 2600 Wh/kg,
is 5 times greater than that of current lithium-ion batteries.'
Elemental sulfur is abundant, nontoxic, and inexpensive
compared to cobalt- and iron-based cathodes in conventional
lithium-ion batteries.® There are, however, many challenges that
must be addressed before lithium—sulfur batteries become a
commercial reality.* During the discharge of lithium—sulfur
batteries, lithium polysulfide intermediates with chemical
formulas Li,S,, where x ranges from 2 to 8, are formed.
Some of these polysulfides dissolve in the electrolyte and
diffuse out of the cathode.® Besides a permanent loss of active
materials in the cathode, the dissolved Li,S, species participate
in a parasitic shuttle between electrodes, resulting in capacity
fade and self-discharge.® The reaction between polysulfides and
active materials in the anode results in the formation of an
insulating layer that increases cell resistance and compromises
cycle life.” Tt is thus important to quantify diffusion and
migration of lithium polysulfides in lithium battery electrolytes.

Recent work has focused on designing nanostructured
cathodes that confine sulfur and polysulfides within the cathode
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without impeding transport of lithium ions and electrons,
which are necessary for the redox reactions. "> While these
efforts have improved the cycle life of lithium—sulfur batteries,
the diffusion of polysulfides out of the cathode has not been
completely eliminated. It is conceivable that nanostructuring
the electrolyte may be another approach for controlling the
diffusion of polysulfides.

The theoretical specific energy of a battery with a sulfur
cathode and a graphite anode is only 576 Wh/kg, a factor of 4
lower than that of a lithium—sulfur battery."® It is thus essential
to have an electrolyte that is stable against lithium metal, as the
lithium metal anode will be a necessary component of high
specific energy batteries with sulfur cathodes. Dendrite
formation on the lithium anode is a prominent failure mode
in these batteries."* '® Previous work has shown that
nanostructured block copolymer electrolytes, mixtures of
polystyrene-b-poly(ethylene oxide) (SEO) and lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI), slow down the
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dendrite growth in lithium metal batteries.'’ > This approach
was motivated by theoretical calculations by Monroe and
Newman, who predicted that electrolytes with high shear
moduli were needed to stabilize lithium metal anodes.** The
glassy polystyrene microphases endow SEO electrolytes with
high moduli while the poly(ethylene oxide) (PEO) micro-
phases provide channels for ion transport.'”~** Understanding
the electrochemical properties of SEO electrolytes containing
lithium polysulfides is essential for evaluating their potential use
in lithium—sulfur batteries.

Since polysulfides are ionic in nature, they may also migrate
under the influence of electric fields. The importance of
polysulfide migration can only be assessed after measuring
transport properties such as conductivity, transference number,
etc.” A significant problem in obtaining such data is that
lithium polysulfides cannot be isolated.”® Thus, making
mixtures of solvents and polysulfides is nontrivial. Furthermore,
polysulfides can undergo numerous spontaneous reactions: e.g,,
disproportionation reactions such as 25> & S.,.* +
Sy’ 27?* In a study of polysulfide species dissolved in PEO
and SEO, Wujcik et al. showed that at a particular sulfur
concentration (0.44 g S/g PEO) only Li,S, and Li,Sg exist as
pure species. In contrast, Li,S, undergoes a disproportionation
reaction to form Li,S and Li,S,. Similarly, Li,Ss undergoes a
disproportionation reaction to form Li,S, and Li,Sg.>’
Interpreting conductivity measurements of SEO/Li,S, and
SEO/Li,S4 systems would be complicated due to the presence
of more than one polysulfide anion species. Therefore, in this
study we focus on SEO mixed with Li,S, and Li,Ss.
Conductivity of these mixtures is compared with that of
PEO/Li,S, and PEO/Li,Sg mixtures to quantify the effect of
nanostructuring on ion transport. In a practical lithium—sulfur
battery, one would like to choose an electrolyte wherein the ion
transport of the salt, such as LiTFSI, used in the electrolyte is
much more rapid than that of the polysulfides. We therefore
compare the conductivity of SEO/polysulfide and PEO/
polysulfide mixtures with that of SEO/LiTESI and PEO/
LiTFSI. For simplicity, we refer to both Li,S, and LiTFSI as
salts.

To our knowledge, there are limited published reports on the
conductivity of polysulfide/solvent mixtures; Chang et al.
reported the conductivity of Li,Sg in tetraglyme,®® and Agostini
et al. reported the conductivity of a ball-milled mixture of Li,Sg
in a PEO-based electrolyte containing additional salt.*!

2. EXPERIMENTAL SECTION

2.1. Materials. PEO homopolymer with a number-averaged
molecular weight, M,, of 100 kg/mol was obtained from Sigma-
Aldrich. The polymer was purified by dissolution in dichloromethane
and subsequent precipitation in hexane. The purification process was
repeated three times. The polymer was then dried in a vacuum oven at
90 °C for 24 h. The SEO block copolymer was synthesized on a high-
vacuum line via sequential anionic polymerization.>’ The number-
averaged molecular weights of the polystyrene (PS) and PEO blocks
were 47 and 45 kg/mol, respectively. Both PEO and SEO were dried
under vacuum at 90 °C for 24 h in the antechamber of an argon (Ar)
glovebox and then taken into the glovebox. Sulfur (Sg) and lithium
sulfide (Li,S) were received under Ar from Alfa Aesar, opened in an
Ar-filled glovebox, and used as received.” LiTFSI salt was received in
an air-free package from Novolyte, transferred into a vial inside of the
Ar glovebox, and then dried at 120 °C under vacuum for 3 days before
using.32

2.2. Sample Preparation. Five types of samples were made for
this study: PEO/Li,Ss, PEO/Li,S,, SEO/Li,Sg, SEO/Li,S,, and SEO/
LiTFSI, following procedures established in refs 29 and 32. The
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polysulfide samples were made by dissolving the polymer of interest in
dimethylformamide (DMF) by mixing at 90 °C on a heating plate for
S h. Separately, an Li,S, solution was made by mixing Li,S and Sg in
DMEF at 90 °C for S h in a sealed vial. The Li,S to Sg ratio was
determined by the stoichiometric reaction

-1
Li,S + xTSs — Li,S, (x=4o0r8)

The Li,S,/DMF solution and the polymer/DMF solution were then
mixed together at 90 °C for 24 h in a sealed vial. The polymer/Li,S,
samples were obtained by drying the mixed solutions in a Teflon Petri
dish at 75 °C under Ar for 3 days, followed by drying at S0 °C under
vacuum for 1S h. Removal of the solvent and retention of the
polysulfides in the samples were confirmed using elemental analysis to
determine the relative ratios of C, H, N, and S at the Microanalytical
Laboratory in the College of Chemistry, University of California,
Berkeley.

SEO/LIiTFSI samples were prepared by dissolving the components
separately in DMF and mixing the two solutions at 90 °C for 24 h.
The mixed solutions were dried at 90 °C in an Ar environment for 24
h and then dried at 90 °C under vacuum in the glovebox antechamber
for 24 h to get the sample.

In our previous studies, the concentration of lithium salts in PEO-
containing polymers is defined as the molar ratio of lithium atoms to
ethylene oxide moieties, » = [Li*]/[EO]."”7>*** Whether or not the
same definition should be used to describe PEO/LA,S, and SEO/Li,S,
mixtures is an interesting open question. In most publications, lithium
polysulfides are depicted as linear chains with charged sulfur and
lithium ions at the chain ends.*>>* Such depictions suggest that both
lithium ions might, in principle, dissociate from the polysulfide chains.
Simulations of polysulfides in PEO by Pascal et al. show a different
molecular configuration, as shown in Figure 1. The S~ and Sg*~

(a) (b)
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Figure 1. Typical simulation results of (a) Li,Sg and (b) Li,S,
configurations in a matrix of short PEO chains (matrix not shown
for simplicity) taken from ref 36. The red spheres represent lithium
ions.

e

chains form a claw-like structure, with one Li" localized within the claw
and the other outside of the claw.>® It is thus likely that Li,S,
molecules dissociate into LiS,” and Li*. In this paper, we thus define
our salt concentration, R, as

[Li']

= [EO] (1)

where |z7] is the magnitude of the charge of the anion. For Li,S,, Iz7| =
2, and for LiTFS], |z7| = 1. Given our current understanding, it is best,
in our opinion, to compare polymer/Li,S, and polymer/LiTFSI
mixtures with the same value of R.

2.3. Small-Angle X-ray Scattering (SAXS). The morphology of
the polymer/Li,S, samples was determined by SAXS. Each sample was
pressed into a 1 mm thick fiberglass reinforced silicone spacer with a
diameter of 3.18 mm inside an Ar glovebox. Both ends of the spacer
were sealed with Kapton windows in a custom-designed airtight
sample holder. All samples were annealed at 120 °C under Ar for 24 h
to eliminate any strain induced during sample preparation.

SAXS measurements were performed at beamline 7.3.3 at the
Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory using 10 keV monochromatic X-rays.”’ Samples were
mounted in a custom-built heating stage, and the sample-to-detector
distance and beam center were calibrated using a silver behenate
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Figure 2. (a) Equivalent circuit for determining the ionic resistance of the polymer/salt electrolytes with blocking electrodes. (b) Typical
experimental data plotted in the Nyquist format of SEO/Li,S, at 70 °C (R = 0.025). The simulated impedance diagram is indicated by a dashed line.

standard. The samples were heated from 30 to 120 °C and cooled to
60 °C, with increments of 30 °C during heating and increments of 10
°C during cooling, before being cooled back to room temperature. The
samples were held at each temperature for 30—60 min before taking
the measurements. All images were obtained using 2 s exposures. The
Nika macro for Igor Pro developed by Jan Ilavsky was used to reduce
the two-dimensional SAXS patterns,”® and the azimuthally averaged
intensity, I, was plotted against the magnitude of the scattering vector,
q = 4 sin(6/2)/4, where 0 is the scattering angle and A is the
wavelength of the X-ray. Each scattering data was further processed by
subtracting the background scattering from the blank, an empty
sample cell, using eq 2:

’I;ample

X Lypank

= Isample -

@)

where Iy, and I, are the raw scattering intensities from the
sample and the empty cell respectively, and Typpe and Ty are
transmission coefficients of the sample and the blank, respectively.

2.4. Differential Scanning Calorimetry (DSC). PEO/Li,S, and
SEO/Li,S, samples were sealed in hermetic aluminum pans in an Ar
glovebox for DSC experiments, which were performed on a Thermal
Advantage 2920 instrument. All samples were heated to 150 °C at a
rate of 10 °C/min, cooled to —70 °C at a rate of 5 °C/min, and heated
again to 150 °C at a rate of 10 °C/min. Data from the second heating
are presented in this paper.

2.5. AC Impedance Spectroscopy. The ionic conductivity of
each sample was measured by ac impedance spectroscopy. Each
sample was mechanically pressed into a 0.125 mm thick epoxy
fiberglass, Garolite-10 spacer with a diameter of 4.76 mm. Two high
purity, 19 pum thick aluminum electrode foils were pressed on each
side of the polymer contained spacer. The area of the sample was
determined by the size of the hole in the spacer, and the thickness of
the sample was measured with a micrometer. Two aluminum tabs were
attached to each of the electrode foils to make electrical contacts. The
samples were then placed in a laminated aluminum pouching material
and sealed under vacuum before removing them from the glovebox.

A Biologic VMP3 potentiostat was used to measure the real and
imaginary impedances, Z' and Z”, of the samples using an ac signal
with 80 mV amplitude and frequencies varying from 1 Hz to 1 MHz.
The impedance spectrum was interpreted by an equivalent circuit
shown in Figure 2a. The equivalent circuit is composed of R,, the
electrolyte resistance, in series with Q,, the blocking electrode/
electrolyte interfaces pseudocapacitance, together in parallel with C;,
the geometrical capacitance due to the finite dielectric constant of the
electrolyte between the two parallel metallic electrodes, and together
in series with the apparatus resistance, R;, and the inductance, L1.39’4O
The impedance locus simulated by using this equivalent circuit is used
to determine R,, the resistance due to ion transport in the electrolyte.

The conductivity of the electrolyte is determined by eq 3:

Tblank
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©)

where [ is the sample thickness, which is remeasured after the
measurements, and A is the area. The conductivity of salt-containing
samples is reported after subtracting the measured conductivities of
pure PEO and SEO. Values for conductivities of pure polymers range
between 1.91 X 1077 and 5.33 X 1077 S/cm. Three independent
replicates at each salt concentration were used to determine the
conductivity of SEO/Li,S, and PEO/LI,S, samples. Only one sample
at a given salt concentration was used to determine the conductivity of
SEO/LIiTFSI samples.

2.6. X-ray Absorption Spectroscopy (XAS). Thin film samples
for concentration-dependent XAS experiments were prepared by spin-
coating solutions of PEO containing Li,Sg and Li,S, in DMF as
described in our previous study.”® The samples for each “x” value were
prepared from one single bulk solution (e.g., Li,Sg at a concentration
of 0.2 g S/g PEO was prepared from the same Li,Sg/DMF solution as
the 0.5 g S/g PEO). The range of R values covered are 0.034—0.086
for Li,Sg and 0.069—0.172 for Li,S,. This means that the observed
spectra only reflect the different salt concentrations and not small
differences in “x” values. The experimental Li,S, “x” values were 7.97
and 4.01 for the Li,Sg and Li,S, solutions, respectively. The PEO used
to make the thin film samples had a molecular weight of 55 kg/mol
(Polymer Source Inc.). Samples were spin-coated at 2000 rpm for 60 s,
at room temperature, with 30 uL of solution.

Thin film samples are not appropriate for temperature studies due
to the potential of sulfur loss during measurements. We thus conduct
these measurements on liquid samples. Polysulfide solutions were
prepared by mixing Li,S and Sg in PEO at 90 °C for 3 days. The
molecular weight of the PEO was 600 g/mol and was obtained from
Polymer Source Inc. The experimental Li,S, “x” value for the Li,Sq
solution was 7.97, and that of the Li,S, solution was 4.00. The
concentration of polysulfide species in the Li,Sg sample corresponded
to R = 0.005, and the concentration of the Li,S, sample corresponded
to R = 0.015. These low salt concentrations were used to avoid X-ray
overabsorption. After 3 days of mixing, solutions were brought to the
Stanford Synchrotron Radiation Lightsource (SSRL) and placed in an
Ar glovebox. Prior to measurement, approximately 0.3 mL of each
solution was loaded into an airtight, custom-made liquid cell
containing a 3 ym thin film of Mylar that served as an X-ray
transparent window.

Unfortunately, due to instrumental limitations, the concentration
and temperature range over which XAS experiments were performed
are different from those used in our morphology and conductivity
studies. Entirely different XAS setups would be needed to cover the
concentrations used in our morphology and conductivity studies.

XAS experiments were performed at beamline 4-3 at SSRL. Samples
were measured in fluorescence mode using a four-element silicon
Vortex detector. The beamline energy was calibrated using sodium
thiosulfate, setting the first centroid peak to 2472.02 eV. Spectra were
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Figure 3. SAXS intensity versus magnitude of the scattering vector, g, for (a) SEO/Li,Sg and (b) SEO/Li,S, at 90 °C. Profiles are offset for clarity.
Markers on top of each profile indicate the expected locations for q*, 2¢%, 3¢*, 4¢™, and Sq*. (c) Lamellar domain spacing, d, versus the Li,S,

concentration, R.
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scale. Arrows show Tngo and triangles show Tgps. (c) Effect of salt concentration, R, on the crystallinity of the PEO microphase for SEO/Li,S,

samples.

taken over the range of 2440—2575 eV with an energy resolution as
low as 0.08 eV near the absorption edge. Three consecutive scans were
taken for each sample, and at each temperature, without any
movement of the sample stage between scans and then averaged for
further data analysis. Samples were allowed to rest for 20 min after
each change in temperature to allow for full equilibration. X-ray
spectra were normalized and background subtracted using SIXPACK.

3. RESULTS AND DISCUSSION

3.1. Morphology. We first examine the morphology of
SEO/L4,S, mixtures. Figures 3a and 3b show selected SAXS
profiles of the block copolymer with Li,Sg and Li,S,,
respectively, over a range of salt concentrations, R = 0—
0.075. All of the SAXS profiles in Figure 3 are consistent with a
lamellar morphology. The center-to-center distance between
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adjacent PS lamellae, d, is given by 277/q*, where g* is the value
of g at the primary peak. Higher order peaks at 2g*, 3q*, 4%,
and Sq* are evident in most samples. The even order peaks are
absent in the R = 0 sample due to the minima in the form factor
of lamellae. The dependence of d on R is shown in Figure 3c.
For SEO/Li,Sg samples, d increases more or less linearly with R
for values less than 0.05 from 58 to 78 nm, approaching a
plateau for higher values of R. In contrast, for SEO/Li,S,
samples, d is a nonmonotonic function of R, with a shallow
maximum at R between 0.05 and 0.06, as shown in Figure 3c.
We are not sure of the reason for the slight decrease in d with
increasing R at R > 0.06. The domain spacing at fixed R is
higher for SEO/Li,Sg samples compared to SEO/Li,S, samples.
The SAXS profiles of SEO/Li,S, mixtures were insensitive to
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changes in temperature; the maximum change in d over the
temperature range from 60 to 120 °C was 1.6%.

3.2. Thermal Properties. Figures 4a and 4b show DSC
scans for selected concentrations of SEO/Li,Sg and SEO/Li,S,,
respectively. The enthalpy of melting of the PEO crystals in our
samples, AH,, is related to the area under the melting peak
seeing in Figure 4. AH,, generally decreases with increasing salt
concentration in both samples. As R increases from 0 to 0.075,
AH,, decreases from 64 to 14 J/g in SEO/Li,Sg and from 64 to
46 J/g in SEO/Li,S,. The degree of crystallinity was calculated
according to eq 4

AH

m

crystallinity = ———
v 7 wEOAHrg

(4)

where @y is the weight fraction of ethylene oxide (EO) in
each sample, AH,, is the melting enthalpy of the sample, which
is evaluated by integrating the area under the melting
endothermic peak in the second heating scan, and AHY, is
the melting enthalpy of 100% crystalline PEO. Literature value
for AHg1 ranges from 134 to 214 _]/g.41_47 Here, for
concreteness, we use a value of 186 J/g for AHY,. The effect
of Li,Sg and Li,S, concentrations on the crystallinity of the
PEO/Li,S, microphase in SEO/Li,S, samples is shown in
Figure 4c. The polarity of ether oxygen atoms on PEO
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backbones and the suitable distance between them enables
coordination of lithium ions,* causing lithium salts to segregate
into PEO microphases. This suppresses crystallization of PEO
chains, and crystallinity generally decreases with increasing salt
concentrations in both SEO/Li,Sg and SEO/Li,S, samples. The
suppression of crystallinity in SEO/Li,S, samples is less
significant than that in the SEO/Li,Sg samples, indicating that
PEO/Li,Sg interactions are more favorable than PEO/Li,S,
interactions.

Figure Sa plots the measured melting temperature of
crystalline PEO, T,, of PEO/Li,S; and PEO/Li,S, samples
obtained from the DSC scans shown in Figure S1 in the
Supporting Information. In the PEO/Li,Sg samples, T,
decreases monotonically from 64 to 51 °C as R increases
from 0 to 0.05. We do not see a melting peak for R > 0.05,
indicating that the crystallinity of PEO is completely suppressed
in high Li,Sg concentration samples. In the range R = 0—0.075,
T,, of PEO/Li,S, samples range from 56 to 66 °C. Figure Sb
shows T, of SEO/Li,Sg and SEO/Li,S, samples obtained from
the DSC scans shown in Figure 4. In the SEO/Li,Sg samples,
T,,, monotonically decreases from 63 to 54 °C as R increases
from 0 to 0.05 and reaches a plateau for R > 0.0S. In the range
R = 0-0.075, T, of SEO/Li,S, samples range from 65 to 59
°C. Reproducibility of measured T, values is about 1 °C. It is
clear that T, is a weak function of salt concentration in both
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PEO/Li,S, and SEO/Li,S, samples. The T,, values of both
PEO/Li,S, and SEO/Li,S, samples with R = 0.01 are slightly
higher than those of the neat polymers. We do not know the
reason for this observation.

The DSC scans of SEO/Li,Sg and SEO/Li,S, show glass
transition temperatures below 0 °C and above 100 °C. The
former corresponds to the glass transition of the PEO-rich
microphase while the latter corresponds to the glass transition
of the PS-rich microphase. The DSC scans of PEO/Li,Sg and
PEO/Li,S,, shown in Figure S1 of the Supporting Information,
only show glass transitions below 0 °C. Figure 6a plots the
measured glass transition temperature, TgPEO, of PEO/Li,Sq
and PEO/Li,S, samples. In the low salt concentration limit
PEO/Li,Sg samples exhibit a single glass transition; TgpEo
increases from —50 to —14 °C as R increases from 0 to
0.0425. At R = 0.0, two glass transitions are observed. This can
be seen if one carefully examines the DSC scan in Figure Sla.
To clarify this phenomenon, expanded views of the DSC scans
at R = 0.0425 and 0.05 are shown in Figure S2 of the
Supporting Information. A single glass transition is clearly
obtained at R = 0.0425 while two glass transitions at —24 and
—12 °C are obtained at R = 0.0S. A single TgP O is recovered
upon increasing R to 0.06 and beyond as shown in Figure 6a.
All PEO/Li,S, samples exhibit a single T, which increases from
—50 to —6 °C as R increases from 0 to 0.05 and reaches a

4868

plateau for R > 0.0S. Figure 6b shows TgPEO of SEO/Li,Sg and
SEO/Li,S, samples obtained from the DSC scans shown in
Figure 4. In the SEO/Li,Sg samples, TgpEO increases from —49
to —10 °C as R increases from 0 to 0.0425. For R > 0.05, two
T.PEO values are observed: a higher TgPEO value at —8.1 + 0.4
°C and a lower TgPEO value at —26.1 & 1.6 °C. The dependence
of TgPEO on R in the SEO/Li,S, samples is similar to that in the
PEO/Li,S, samples; TgPEO increases from —49 to —11 °C as R
increases from 0 to 0.05 and reaches a plateau for R > 0.05.
The presence of two glass transitions in both PEO/Li,Sg and
SEO/Li,Sg samples appears to be related to both salt
concentration and crystallinity. In dilute samples with R <
0.0425, a single TgpEO is obtained in both systems (Figure 6).
Increasing R to 0.05 results in two glass transitions in PEQ/
Li,Sg and SEO/Li,Sg. These samples are semicrystalline in the
vicinity of their glass transition temperatures. It is reasonable to
assume that salt molecules are localized in the amorphous
portions of PEO. We propose that two glass transitions reflect
two different amorphous regions: one with high salt
concentration and the other with low salt concentration. The
heterogeneity in salt distribution disappears when crystallinity is
lost as is the case in PEO/Li,Sg at R = 0.06 and beyond. Further
work is needed to determine the underpinnings of the observed
behavior of glassy and semicrystalline PEO-rich microphases
containing Li,S,. The main focus of this work is to quantify ion
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transport at temperatures above the melting temperature of
PEO. Our limited understanding of salt distribution in
crystalline samples does not affect interpretation of ion
transport data given below.

The glass transition temperature of the PS microphase, TgPS,
in the SEO/LL,S, samples at all salt concentrations are at 107 +
1 °C. The insensitivity of TgPS of PS microphase with salt
concentration indicates that Li,S, molecules do not interact
with PS.

3.3. Electrochemical Properties. Our electrochemical
characterization experiments are limited to temperatures above
the melting temperature of PEO. Figure 7a plots the measured
conductivity of PEO/Li,Sg and PEO/Li,S, samples at 90 °C.
Also shown in Figure 7a is the conductivity of PEO/LiTFSI,
taken from the work of Lascaud et al*’ The conductivity of
PEO/L4,S, increases rapidly at low R values, and reaches a
plateau at R = 0.0425. The conductivity of PEO/Li,Sy is higher
than that of the PEO/Li,S, samples at R < 0.05 and becomes
similar at R > 0.05. Within this concentration range, the
conductivity of PEO/LiTFSI increases monotonically with salt
concentration. (The conductivity of PEO/LiTFSI measured by
Lascaud et al. peaks at R = 0.085 and decreases slowly until R =
0.5.) The conductivity of mixtures containing Li,S, are
generally lower than that of mixtures containing LiTFSL At
high salt concentrations (R > 0.04), the conductivity of Li,S,
mixtures is about a factor of 5 lower than that of LiTFSI
mixtures.

Figure 7b shows the conductivity of SEO/Li,Sg and SEO/
Li,S, samples. Also shown in Figure 7b is the conductivity of
SEO/LiTFESI The trends seen in Figure Sb can be anticipated
from the PEO data in Figure Sa. The conductivity versus R
curves of SEO/Li,Sg and SEO/Li,S, are nearly parallel to each
other; the conductivity of SEO/Li,Sg is about a factor of 2
higher than that of SEO/Li,S, at all salt concentrations. The
conductivity of SEO/LiTFSI is higher than that of both
polysulfide mixtures at all concentrations. The conductivity of
SEO/Li,S, mixtures at R > 0.05 is a weak function of salt
concentration. It is well-known that increasing the glass
transition temperature lowers the conductivity of polymer
electrolytes.***® The glass transition temperature of our PEO/
Li,S,, and that of the PEO microphase in SEO/Li,S,, TgPEO,
increases with increasing R (Figure 6). The increase in
conductivity with increasing R (Figures 7a and 7b) might
have been larger if TgP O were unaffected by R. Figures 7c and
7d show the conductivity of PEO/salt and SEO/salt,
respectively, at R = 0.0425. All conductivities increase with
temperature.

In Figure 8, we plot o as a function of d for SEO/Li,Sg and
SEO/Li,S, at 90 °C. Both sets of data appear to collapse onto a
single curve, suggesting a relationship between transport and
thermodynamics; the values of d reflect thermodynamic
interactions between polysulfides and PEO chains.

The effect of morphology on conductivity of block
copolymer/salt mixtures can be quantified by examining
normalized conductivities. The normalized conductivity, o, is

defined by eq 5

GSEO /salt
o =

= SrOfEt

f @0 /5altOPEO /salt (5)
where Ospo/e and Opposee are conductivities of the two
systems at the same value of R, ¢hgo/q is the volume fraction of
the PEO/salt microdomains, and f is the morphology factor
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Figure 8. Conductivity, o, versus domain spacing, d, for SEO/Li,S,
samples at 90 °C.

that accounts for the geometry of the conducting micro-
domains. Since all of the SEQO/salt mixtures have a lamellae
morphology, f = 2/3.2

In Figure 9 we plot o, versus T of SEO/LiTFSI, SEO/LAi,Sq,
and SEO/Li,S, samples in the temperature range 70—110 °C.
The normalized conductivity of SEO/LiTESI increases with
increasing temperature, while the normalized conductivities of
SEO/Li,Sg and SEO/Li,S, decrease with increasing temper-
ature. The SEO/salt data indicate a slight suppression of
migration of Li,S, species in SEO compared to PEO with
increasing temperature. If the proposed normalization scheme
accurately described transport of salt through block copoly-
mers, then ¢, would be independent of temperature. The finite
slopes of linear fits through the data in Figure 9 indicate
limitations in the proposed normalization scheme. We quantify
this by fitting the data in Figure 9 to the linear equation

T— 90]
(6)

40

where o}, is the fitted value of 6, of each sample at a reference
temperature of 90 °C (o5 = a + 90b, where a and b are
intercepts and the slope of the fitted line, respectively, as shown
in Figure 9a—c). The parameter m signifies the relative change
of o, in the temperature range of interest. The plot of m versus
R in Figure 10 shows that the magnitude of m averages around
0.2. We do not know the reason for the observed slight
suppression of polysulfide migration as a function of increasing
temperature. In the discussion below, we present the
temperature-averaged values of o,.

Figure 11 shows the temperature-averaged normalized
conductivities, o,, for all three salts. The o, for LiITFSI samples
increases monotonically over the measured concentration
range, while the o, for both Li,Sg and Li,S, samples increases
initially with salt concentration, peaks between R = 0.05 and R
= 0.06 and decreases at higher concentrations. The o, for Li,S,
is lower than that of Li,Sg at all salt concentrations, indicating
that SEO hinders the migration of Li,S, more significantly than
it hinders the migration of Li,Ss. This effect is more prominent
at higher salt concentrations.

In Li—S battery applications, one is interested in suppressing
migration of polysulfides without interfering with the migration
of the electrolyte salt. It is therefore instructive to examine oy
defined as the ratio of conductivity of the polymer of interest

anzo;f[l + m
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Figure 10. Plot of m versus salt concentration, R. The parameter m is a
nondimensional measure of the temperature dependence o, as defined
in eq 6.

containing Li,S, to the conductivity of the same polymer
containing LiTFSI at the same value of R.

Gpolymer/LiZSx
op = —

™)
Suppression of Li,S; migration due to the nanostructured
nature of SEO is only seen at low salt concentrations; oy of
SEO is less than that of PEO when R < 0.04 (Figure 12a). At
higher salt concentrations, oy of Li,Sg in SEO and in PEO are
comparable, indicating no suppression due to the presence of a
nanostructured electrolyte. In contrast, Li,S, migration in SEO
is significantly suppressed compared to that in PEO (Figure
12b); oy of SEO is less than that of PEO over the entire
concentration range. The oy versus R curves of SEO/Li,S,
appeared to be peaked in the vicinity of R = 0.04, while those of
PEO/LL,S, are peaked at significantly lower salt concentrations.

The data in Figures 7—12 indicate that Li,S, species
dissociate in both PEO and SEO to generate carrier ions that

Opolymer/LiTESI
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Figure 11. Temperature-averaged normalized conductivity, o, versus
salt concentration, R. The error bars represent the standard deviation
of o,

contribute to ionic conductivity, and their conductivities are
somewhat lower than those of LiTFSI in both PEO and SEO.
More importantly, Li,S, migration can be partially suppressed
by SEO but cannot be prevented. However, since the diffusion
coefficients and the cation transference numbers for polymer/
Li,S, samples have not yet been measured, it is not clear
whether the suppression is due to a reduction in carrier
concentration or a reduction in mobility.*®

In Figure 13, we show XAS spectra obtained from PEO/
Li,Sg and PEO/Li,S, mixtures at a variety of temperatures and
salt concentrations. The spectra of Li,Sg and Li,S, do not
depend on either temperature or salt concentration. We
therefore conclude that these species are maintained over the
salt concentration and temperature ranges used in these
experiments. While we cannot make concrete conclusions
about the nature of the polysulfide mixtures used in our study
of morphology and conductivity, the data in Figure 13 suggest
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Figure 13. XAS sulfur K-edge spectra of Li,S, and Li,Sg in PEO at (a) temperatures of 30, 45, and 65 °C and (b) sulfur concentrations of 0.2, 0.3,
and 0.5 g of S per g of PEO. The overlapping spectra suggests no changes in polysulfide speciation as temperature and salt concentration is changed.
The range of R values covered are 0.034—0.086 for Li,Sg and 0.069—0.172 for Li,Ss.

that Li,Sg and Li,S, are likely to remain intact over the
temperature and salt concentration range of interest. In ref 29 it
was shown that XAS spectra of Li,S, (x = 2—8) in SEO and
PEO were identical. We thus do not expect the presence of the
polystyrene block to affect speciation in SEO.

4. CONCLUSIONS

The morphology and the thermal properties of a polystyrene-b-
poly(ethylene oxide) (SEO) block copolymer containing
lithium polysulfides (Li,S,; x = 4, 8) were studied using
small-angle X-ray scattering and differential scanning calorim-
etry. Both SEO/Li,S; and SEO/Li,S, samples showed a
lamellar morphology at all concentrations. The crystallinity of
the PEO lamellae was suppressed due to the presence of Li,S,,
and this suppression was more significant in the case of SEO/
Li,Sg samples relative to SEO/Li,S, samples, suggesting that
the interactions between PEO and Li,Sg are more favorable.
The conductivities of SEO/Li,S, and PEO/L,S, samples
were measured by ac impedance spectroscopy. The con-
ductivities of both SEO and PEO samples containing Li,Sg are
higher than the same polymer containing Li,S, at all salt
concentrations, indicating that dissociation of Li,Sg occurs
more readily than Li,S,. We used normalized conductivity, o,
to focus on the effect of morphology on ion transport. Using
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this analysis, we show that SEO suppresses the migration of
polysulfides relative to PEO.

Our study was motivated by the possibility of using
nanostructured block copolymer electrolytes to suppress
polysulfide migration in Li—S batteries. To examine this
possibility, we evaluated oy, the ratio of the conductivity of
SEO/Li,S, mixtures to that of SEO/LiTFSI mixtures; LiTFSI is
a salt that is commonly used in batteries with PEO-based
electrolytes. The values of o range from 0.1 to 0.4 in the case
of Li,Sg and from 0.04 to 0.15 in the case of Li,S,. This
suppression is inadequate for practical applications. In other
words, cathode architectures that prevent polysulfides from
entering the electrolyte are necessary for enabling Li—S
batteries with block copolymer electrolytes. Nevertheless, the
results obtained in this study are important as they enable
quantification of polysulfide migration in Li—S batteries with
imperfect polysulfide encapsulation, a limitation that applies to
all known Li—S batteries. To our knowledge, our work
represents the first systematic investigation of the effect of
molecular structure of polymer electrolytes on polysulfide

migration.
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B ABBREVIATIONS

d, domain spacing (nm); f, morphology factor; m, relative
change of o, per degree of change in T; g, scattering vector
magnitude (nm™'); r, molar ratio of lithium ions [Li*] to
ethylene oxide monomers [EOJ; R, salt concentration: R =
[Li*]/(Iz”1*[EQ]); T, temperature (°C); T, PEO, glass transition
temperature of PEO (°C); T, glass transition temperature of
PS (°C); T, melting temperature (°C); z~, charge of anion
species in salt molecules; AH,,, AHY, heat of fusion (J/g); o,
ionic conductivity (S cm™); O'SEo/salv SEQ/salt mixture ionic
conductivity (S cm_l); Opeossay  PEO/salt mixture ionic
conductivity (S em™); polymer/LrZS , polymer/Li,S, mixture
ionic conductivity (S cm™'); er/LlTFSI, polymer/LiTFSI
mixture ionic conduct1v1ty (S cm v temperature- averaged
normalized ionic conductivity; oy, hnearly fitted value of o, at
90 OC} Oy ratio Of Gpolymer/LiZSX to Gpolymer/LiTFSIJ q)EO/salt) VOlume
fraction of the PEO/salt block; wgg, weight fraction of ethylene
oxide.
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