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ABSTRACT: We demonstrate a simple, yet effective, mixed-salt

method to increase the room temperature ionic conductivity of

lithium-doped block copolymer electrolyte membranes by sup-
pressing the crystalline phases in the conducting block. We
examined a mixed-salt system of LiClO, and LiN(SO,CFs),
(LiTFSI) doped into a lamellae-forming poly(styrene-b-ethylene
oxide) (PS—PEO) diblock copolymer. The domain spacings,
morphologies, thermal behavior, and crystalline phases of salt-
doped PS—PEO samples were characterized, and the ionic
conductivities of block copolymer electrolytes were obtained

PEO:salt PS
crystal PEO:sal\t
. crysta RS
@ II /\ \l\ )O
Voo, So=- Single-salt PEO Mixed-salt o
T @» "o
oy — —) 4K
SR e / «—
PEO:salt
PS crystal

through ac impedance measurements. Comparing the ionic conductivity profiles of salt-doped PS—PEO samples at different mixed-
salt ratios and total salt concentrations, we found that the ionic conductivity at room temperature can be improved by more than an
order of magnitude when coinhibition of crystallite growth is promoted by the concerted behavior of the PEO:LiClO,4 and PEO:
LiTFSI phases. Additionally, we examined the influence of mixed-salt ratio and total salt concentration on copolymer energetics, and
we found that the slope of the effective interaction parameter ().g) vs salt concentration in our lamellae-forming PS—PEO system
was lower than that reported for a cylinder-forming PS—PEO system due to the balance between chain stretching and salt

segregation in the PEO domains.

I. INTRODUCTION

Solid-state lithium batteries have attracted significant interest
due to several desirable features including high energy density,
good mechanical stability, and solvent free composition. A key
component of these batteries is the electrolyte that facilitates ion
transport between electrodes, and dry electrolyte systems with
high mechanical strength are advantageous for avoiding thermal
runaway reactions and dendrite formation during repeated
charge—discharge cycles." Block copolymers with well-defined
ion-conducting pathways and a relatively high shear modulus have
the potential to overcome the thermal and mechanical limitations of
current electrolyte systems.> Poly(ethylene oxide)-based electro-
lyte systems have been the most popular for lithium batteries due to
their promising ionic transport properties, which result from their
high lithium salt solubilities and low glass transition temperatures.*
However, because of the relatively low room temperature conduc-
tivities of these dry polymer electrolytes, lithium batteries containing
PEO electrolytes are usually operated at elevated temperatures
(typically >60 °C). In most cases, the low room temperature
conductivity is caused by the crystallization of poly(ethylene oxide)
(PEO) or PEO:salt complexes,” which reduce ionic conductivity by
retarding segmental motion.”

Several methods have been proposed to extend the operating
temperature range in non-block copolymer systems without
using organic small-molecule plasticizers. Most approaches aim
to decrease the melting temperature and the crystallinity of the
polymer electrolyte. For example, in 1990, Armand et al. re-
ported that it is possible to obtain a noncrystalline PEO electro-
lyte using a combination of LiN(SO,CF;), (LiTFSI) salt and
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low molecular weight PEO (~4 kg/mol).”~'° A crystallinity gap,
between [EO]:[Li] = 12:1 and 6:1, was found in the PEQ:LiTFSI
phase diagram;” however, the crystallinity gap disappeared in
higher molecular weight PEO systems."' "> Another approach
by Craven et al. connected short chains of PEO with oxymethy-
lene groups to produce a class of polymer that exhibited
melting temperatures similar to their low molecular weight
PEO analogues."* An additional avenue employed cross-linked
PEO electrolytes to decrease the melting point and crystallinity,
but the decreased chain mobility caused by cross-linking also led
to a substantial reduction in ion conductivity.">~"” Polymers
with PEO side chains (i.e., comb-like copolymers) also exhibited
successful suppression of PEO crystallization.'® However, the
length of the PEO side chain had to be optimized because the
ionic conductivity was low if the side chain was too short,'® and
crystallization occurred if the side chain was too long.*

Instead of decreasing melting temperature or crystallinity, Bruce
and co-workers found that some crystalline polymer electrolytes,
P(EO)4LiXFg (X = P, As, or Sb), exhibited higher ionic conductiv-
ities than their amorphous analogues.”' These crystalline polymer
electrolytes provided stable conducting channels for ion transfer
in their crystalline structure; furthermore, the ionic conductivity
in these materials was improved by mixing different anions while
maintaining the crystal structure.””** However, the PEO molec-
ular weight necessary to optimize the ionic conductivity for these
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crystalline polymer electrolytes was very low, ~1 kg/mol. This low
molecular weight enabled fast local segmental motion (which
differs from the segmental motion in amorphous 2polymer electro-
Iytes) and therefore increased ionic conductivity.”* Unfortunately,
the increase in mechanical strength afforded by using a crystalline
polymer electrolyte or a cross-linking approach as mentioned
above was not sufficient to prevent dendrite growth.

For block copolymer systems, most of the above-mentioned
methods are not ideal for increasing ionic conductivity at room
temperature. These methods either required low molecular weight
PEO, which has been shown to give poor ionic conductivity in
block copolymer systems,” or involved complicated synthesis
procedures that are not easily adapted to lower cost block copoly-
mers. Several reports used comb-like block copolymer systems, such
as poly(methyl methacrylate-b-oligo-oxyethylene methacrylate)
(PMMA—POEM),*>?° poly(styrene-b-(ethylene §lycol) methyl
ether methacrylate-b-styrene) (PS—POEM—PS),*”*® poly(styrene-
b-(p-hydroxystyrene)-g-PEO)-b-styrene) (PS—P(S-g-EO)—PS),**
and poly(styrene-b-(butadiene-g-ethylene oxide)-b-styrene)
(PS—P(B-g-EO)—PS),*"* to achieve high room temperature
ionic conductivities (>10~° S/cm). However, the crystallization
behavior in those salt-doped systems was not examined in detail.
In contrast, PEO crystallization behavior in nondoped block
copolymer systems has been reported. For example, in reports by
Cheng and co-workers on a lamellae-forming poly(styrene-b-
ethylene oxide) (PS—PEO) system, the PEO crystallite orientation
and degree of crystallinity under nanoscale confinement by the PS
domain were affected by the crystallization temperature.**>° In
the context of block copolymer electrolytes, PS—PEO has been
used as a model system because of the adequate mechanical
strength and salt-solvating properties frovided by the PS block
and the PEO block, respectively.”**°~*® Working within this
framework, Balsara and co-workers found that the ionic conductivity
of LiTESI-doped PS—PEO increased as the PS—PEO molecular
weight increased, and the maximum normalized ionic conduc-
tivity (0,) was 2/3 in the lamellae-forming PS—PEO system.”
Also, using energy filtered transmission electron microscopy
(EFTEM), they demonstrated increased segregation of the
lithium salt to the middle of the PEO domain with increasing
PS—PEO molecular weight.37 In this work, we demonstrate a
mixed-salt method, which can be easily used on current block
copolymer electrolyte systems to increase their ionic conductiv-
ities at room temperature by decreasing the PEO/salt complex
melting temperatures and degrees of crystallinity.

Il. EXPERIMENTAL SECTION

Materials. The poly(styrene-b-ethylene oxide) (PS—PEQ) diblock
copolymer was synthesized via sequential anionic polymerization. First,
the poly(styrene) (PS—OH) block was synthesized using sec-butyl-
lithium as the initiator and then end-capped with ethylene oxide to
generate a hydroxyl end group. Subsequently, the PS-OH was reinitiated
with potassium naphthalenide to perform the ring-opening polymeriza-
tion of ethylene oxide. The number-average molecular weight (M,,),
polydispersity index (M,,/M,,), and PEO volume fraction (¢pgo) of the
synthesized PS—PEO were 25 600 g/mol, 1.04, and 0.49, respectively, as
determined by gel permeation chromatography (Viscoteck 270max with
Waters Styragel HR1 and HR4 columns) and 'H nuclear magnetic
resonance spectroscopy (Bruker AV-400) using homopolymer densities
at 140 °C (pps = 0.969 g/mL, ppro = 1.064 g/mL).*" Lithium
perchlorate (LiClO,4) and LiTFSI were obtained from Aldrich and Alfa
Aesar, respectively. The salts were dried under dynamic vacuum

overnight before transfer into an argon-filled glovebox. PS—=PEO and
tetrahydrofuran (THF) also were dried rigorously before transfer into a
glovebox due to the hygroscopic nature of the PEO:Li" complex. All
further sample handling was performed in a glovebox or vacuum
chamber. The salt-doped PS—PEO samples were prepared by mixing
premeasured PS—PEO and salt(s) in dry THF, followed by solvent
removal under dynamic vacuum. Samples are denoted as SO, where
x.x represents the mixed-salt ratio ([LiTFSI]/([LiTFSI] + [LiClO,4]) =
xx = 0.0, 0.1, 0.5, 0.9, or 1.0) and y represents the salt-doping ratio
([EO]/[Li] =y = 12 or 6).

Small-Angle X-ray Scattering (SAXS). SAXS experiments were
conducted in the Department of Chemical Engineering at the University
of Delaware using a Rigaku SAXS instrument with 2 kW sealed-tube
X-ray source (Cu Ka, 4 = 1.54 A) and a 2000 mm sample-to-detector
distance. Sample temperature was controlled using a Linkam HFS91
CAP stage while acquiring scattering data under vacuum. SAXS sample
cells were sealed in the glovebox before transferring into the vacuum
chamber of the SAXS instrument. One-dimensional SAXS data are
presented as azimuthally integrated logarithmic intensity vs the magni-
tude of the scattering vector, q = |q| = 474" sin(6/2), where 0 is the
scattering angle.

Transmission Electron Microscopy (TEM). A JEOL JEM-
2000FX TEM was used to study the nanostructures of the polymer
electrolyte samples. Thin sections (~70 nm thickness) of samples were
obtained at —120 °C using a Leica Reichart Ultracut S microtome with a
cryo-attachment. Samples were transferred and stored under a dry
nitrogen environment until staining with ruthenium tetraoxide (RuO,)
at room temperature. The typical staining time was 90 s.

Differential Scanning Calorimetry (DSC). DSC experiments
were conducted on a Mettler Toledo DSC 1 in the Center for
Composite Materials at the University of Delaware. Samples were sealed
in aluminum pans in the glovebox and stored in an argon environment
prior to measurement. To study the effect of thermal history on
crystallization, two sample preparation procedures were used. In the
long crystallization procedure, the assembled sample pans were annealed
in the antechamber of the glovebox at 150 °C under vacuum for 3 h,
followed by crystallization in the glovebox refrigerator (0 = 3 °C) for 3
months. Following crystallization, DSC experiments were conducted on
these samples. The samples were cooled to 1 °C and held for § min and
then heated up to 150 °C at 10 °C/min. The first heating curves are
reported for these samples. In the short crystallization procedure, the
assembled sample pans were annealed in the DSC at 150 °C for 0.5 h,
cooled to 20 °C at 10 °C/min and held for 12 h, further cooled to 1 °C at
10 °C/min and held for 5 min, and then reheated to 150 °C at 10 °C/min.
In this case, the second heating curves are reported.

Wide-Angle X-ray Scattering (WAXS). WAXS experiments
were performed on the DND-CAT beamline (S-ID-D) at the Argonne
National Laboratory (Advanced Photon Source). Two-dimensional
scattering patterns were collected on a Roper Scientific CCD camera
with an incident beam of wavelength 1 = 0.7293 A and a sample-to-
detector distance of 158 mm. One-dimensional WAXS data are pre-
sented as azimuthally integrated logarithmic intensity vs the magnitude
of the scattering vector, g.

AC Impedance Spectroscopy. The ionic conductivity was
measured using a Princeton Applied Research PARSTAT 2273 fre-
quency response analyzer with ahomemade test cell on a Linkam HFS91
CAP stage. The samples were hot-pressed into disks under vacuum in
the antechamber of a glovebox and then sandwiched between two
blocking aluminum (Al) foil electrodes with a 0.5 mm thick Teflon
O-ring as spacer. The contact area (A) between sample and Al foil was
0.32 cm® on each side. The impedance measurements were conducted
under vacuum in either a standalone chamber or the sample chamber of
the SAXS instrument. Samples were preannealed at 150 °C for 2 h to
ensure good contact between the electrodes and the sample and then
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Figure 1. SAXS profiles of neat and salt-doped PS—PEO samples at
various mixed-salt ratios and salt-doping ratios. The diffraction peaks are
identified by q/q*, where q* is the primary diffraction peak. All of the salt-
doped samples exhibited a lamellar morphology with Bragg reflection
peaks located at g% 2%, 3¢%, 4q%, 5q*, and 6q*. The primary peak shifted
to smaller g with increased salt loading (i.e., smaller [EO]:[Li] ratio),
whereas the primary peak location exhibited negligible change with
respect to the mixed-salt ratio. Curves were shifted vertically for clarity.

cooled to 20 °C at 30 °C/min and held for 12 h. The ionic conductivity was
measured on heating between 20 and 150 °C. First and second impedance
measurements were taken at each temperature with S and 8 min annealing
times, respectively. We report the first measurement; the second measure-
ment was used to ensure that stable ionic conductivity results were obtained
during the process. The ac frequency range and voltage amplitude were
0.1—1 MHz and 10 mV, respectively. The bulk resistance of the electrolyte,
R, was determined from the high-frequency plateau in the real impedance
data, and the ionic conductivity, 0, was calculated using 0 = L/(RA), where
L is the sample (Teflon O-ring) thickness.

Ill. RESULTS

The morphologies of neat and salt-doped PS—PEO samples
were studied using a combination of SAXS and TEM. Typical
SAXS profiles of neat and salt-doped PS—PEO samples at
different mixed-salt and salt-doping ratios are shown in Figure 1.
All SAXS data were acquired at 100 °C. The peaks are labeled as
q/q* where q* is the primary peak position. The scattering peaks
of all salt-doped PS—PEO samples were consistent with a
lamellar structure with Bragg reflection peaks located at g%
24 39%, 49", 59", and 64*. The neat sample exhibited a diffraction
peak at g = 0.0287 A, giving a domain spacing, d*, of 21.9 nm.
The 12:1 salt-doping ratio samples all showed primary peaks
between 0.0208 A~' (SO, _15, d* = 30.2 nm) and 0.0213 A™*
(SO0 12, d* =29.5 nm) whereas the 6:1 samples showed primary
peaks between 0.0190 A™" (SO, _¢ and SOg_¢, d* = 33.1 nm)
and 0.0193 A" (SOy5_¢ d* = 32.6 nm). As the salt concentration
increased, the primary peaks shifted to smaller g values (larger
domain spacings), but the mixed-salt ratio showed no significant

Figure 2. TEM images of SO (a), SOg_12 (b), and SO, ¢_¢ (c). Thin
sections (~70 nm) of samples were obtained using a cryo-microtome at
—120 °C under an N, atmosphere, and PEO domains were stained with
RuO, vapor. The scale bars represent 100 nm.
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Figure 3. DSC traces of neat and salt-doped PS—PEO samples at
various mixed-salt ratios and salt-doping ratios. The solid curves are the
first heating curves of the samples after 3 months crystallization at 0 °C.
The dashed curves are the second heating curves taken after 12 h
crystallization at 20 °C. The heating rate was 10 °C/min for all samples.

effect on the primary peak position. The absence of the peak at 2¢*
in SOgp_1, was likely the result of a minimum in the scattering
form factor. The change in relative higher-order peak intensities at
different mixed-salt ratios was also a result of changes in the
scattering form factor with varying salt composition.

The TEM images shown in Figure 2 for SO (a), SOg_12 (b),
and SO, o_¢ (c) also indicated a lamellar morphology for the neat
and salt-doped samples. The domain spacings measured from the
TEM images were 14.6, 16.2, and 23.3 nm for SO, SOg 15, and
SO;_¢ respectively. The domain spacing trend upon salt-
doping measured from TEM was consistent with the SAXS data,
and the deviation in values between SAXS and TEM was likely
caused by sample shrinkage under exposure to the electron beam
in the TEM. Also, the thickness of the darkened PEO domain
increased as the salt concentration increased (volume fraction of
PEO:salt complex increased). However, the fractions of the dark
PEO domains in the images of SO and SOg g_1, were lower than
0.5 due to differences in staining rates for the samples at different
salt concentrations.
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Figure 4. In situ WAXS profiles of neat and salt-doped PS—PEO
samples. All data were obtained at 30 °C except for SOg 5 s, which
was acquired at 30 °C (SOgs_6 - 30 °C) and 50 °C (SO - SO °C). The
triangles, circles, and diamonds on the curves mark the peak positions for
the crystalline phases of PEO (a),° P(EO)4:LiClO, (®),° and P(EO)4:
LiTESI (#)," respectively.

In Figure 3, we show the DSC traces for neat and salt-doped
PS—PEO samples. Because of the slow crystallization of PEO:
salt complexes, we prepared one set of samples via the long
crystallization procedure (3 months at 0 °C) described in the
Experimental Section to obtain melting temperatures (solid
curves). The neat sample exhibited a melting peak at 54.5 °C,
and integration of the peak area indicated that the PEO domain
in the SO sample had 73.0% crystallinity (based on 196 J/g heat
of fusion of PEO).* At the 12:1 salt-doping ratio, the melting
point decreased gradually from 45 to 35 °C as the mixed-salt ratio
increased from 0.0 (pure LiClO,) to 1.0 (pure LiTFSI). The
peak area also decreased as the mixed-salt ratio increased at the
12:1 salt-doping ratio. At the 6:1 salt-doping ratio, SOgo_¢
(PS—PEO:LiClO,) exhibited a melting peak at 69 °C. As the
mixed-salt ratio increased, the melting point first decreased to
59 °C (SOg1_¢), and 42.5 °C (SOg5_¢) and then increased to
53.5 OC (SOO.9—6) and 57 OC (501.0—6)' Both SOO.1—6 and
SOop.5—6 had a high temperature shoulder adjacent to the main
melting peaks. Using the mixed-salt ratio and the peak areas of
SOp.0—sand SO o_e, we estimated theoretical heats of fusion for
mixed-salt specimens based on a linear interpolation between the
SO00_s (PS—PEO:LiClO,) and SO, ¢ (PS—PEO:LiTFSI)
heats of fusion. (Note: we assumed that the P(EO):LiClO,4 and
P(EO)&:LiTFSI complexes in the mixed-salt specimens had
similar relative degrees of crystallinity to the pure salt specimens,
ie., SOgo_gand SO y_g, to calculate the interpolated theoretical
values.) The heat of fusion of SO s_s obtained from DSC peak
area was 72% of the interpolated theoretical value, while SO¢ ; ¢
and SOgo_¢ were 87% and 98%, respectively. The second set of
samples (dashed curves) was characterized following the short
crystallization procedure (12 h at 20 °C) as described in the
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Figure S. Ionic conductivity profiles of salt-doped PS—PEO samples at
[EOJ:[Li] = 12:1 (upper panel) and 6:1 (lower panel). Samples were
annealed at 150 °C for 2 h and then cooled to 20 at 30 °C/min and held
for 12 h before measurement on heating. The annealing time before each
measurement was S min. The reported values are the average of multiple
samples at each mixed-salt and salt-doping ratio, and the typical standard
deviation is shown on the data for SOy 5_g.

Experimental Section. After the short crystallization, SO ¢_¢ and
SOy 5—¢ exhibited no melting peak above 0 °C, while SO ¢ had
a melting peak at 50 °C.

To determine the crystalline phases in each sample, WAXS
experiments were performed at the DND-CAT (APS). Figure 4
shows the in situ WAXS profiles, acquired at 30 °C, for neat and salt-
doped PS—PEO samples after the long crystallization process.
Additional data were acquired at 50 °C for SOps_¢ (SOps_¢-
50 °C) following the acquisition at 30 °C. The solid triangles, circles,
and diamonds mark the expected reflection peak positions of PEO
(a),° P(EO)4LiClO, (®),° and P(EQ)sLiTESI (#)," respec-
tively. At [EO]:[Li] = 12:1, all samples exhibited reflection peaks
similar to those noted for the SO specimen, corresponding to the
PEOQ crystal structure. SO 1, and SOp 5 1, also showed reflection
peaks for P(EO)4:LiClO, crystallites, but SO, 1, did not show
reflection peaks for P(EO)s:LiTFSI crystallites. At [EO]:[Li] = 6:1,
the SO o_¢ and SO, o_ scattering data matched the expected peak
characteristics for P(EQ)4:LiClO, and P(EO):LiTFSI crystallites,
respectively, and the SOy 5_¢ exhibited peaks from both 6:1 crystal-
lites at 30 °C. After heating SOp5_g to 50 °C, only two strong
reflections at 1.04 and 1.64 A~ " remained. These peaks matched the
two strong reflections from P(EO)4:LiClO,. On the basis of our
long crystallization DSC results for SOp5_s, we expect that the
crystallinity at SO °C was related to the higher temperature shoulder
for SO ¢ in Figure 3. Thus, the combined WAXS and DSC data
indicated that the main melting peak at 42.5 °C was from P(EO)s:
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Figure 6. LiTFSI-normalized conductivity (SO, /SOLO_y) profiles
0f SOg.s_15 and SO s The open () and solid (Ii squares represent
the conductivity data for SOgs_1, and SOgs_s normalized to the
conductivity of SO, o1, and SO, o_g, respectively, at each temperature.

LiTFES], and the higher temperature shoulder at 54 °C was from
P(EO)4LiClO,.

The ionic conductivity profiles of salt-doped PS—PEO sam-
ples are shown in Figure 5. The samples were preannealed at
150 °C for 2 h followed by 12 h crystallization at 20 °C before
measurement on heating. (This protocol is similar to the DSC
short crystallization procedure described above.) Data points
shown in Figure S are the average values from two or three
samples at each specific salt-doping ratio and mixed-salt ratio.
The error bars on SO 5_¢ are the standard deviation of the data
acquired at 6:1 doping ratio and 0.5 mixed-salt ratio. Those error
bars are representative of the error associated with all conductiv-
ity measurements. For the 12:1 doping ratio (upper panel),
samples had nearly identical ionic conductivities at high tem-
peratures. As the temperature decreased, the spread in ionic
conductivities between samples at the various mixed-salt ratios
increased. Additionally, the high-temperature conductivities of
each sample changed gradually compared to their corresponding
low-temperature counterparts. The steep trend in ionic conduc-
tivity at low temperature is due to contributions from the
crystalline phase(s), in which the activation energy for ionic
transport is high. The transition temperature between high- and
low-temperature conductivity trends varied gradually from
~46 °C (SOgo_12) to ~38 °C (SO, ¢_12). Furthermore, we
note that at 20 °C SOg;_;, exhibited a slightly higher ionic
conductivity than SO o_ 15, whereas SO 51, exhibited about an
order of magnitude higher conductivity than SOg;_1,.

At the 6:1 doping ratio (lower panel), SO, ¢ exhibited S
times higher conductivity than SOg¢_¢ at 150 °C. For tempera-
tures greater than 50 °C, the ionic conductivity of the 6:1 doping
ratio samples increased as the mixed-salt ratio increased. For
temperatures less than 50 °C, SOg9_¢ and SO;_¢ exhibited
sharp decreases in ionic conductivity compared to their higher
temperature counterparts. The transition temperature of 50 °C
for SO, ¢_¢ matched the melting temperature as determined by
DSC after 12 h crystallization at 20 °C. Though SOgg_¢ and
SO, ¢_¢ exhibited transitions in conductivity behavior, SO¢o_s,
SOp1-¢ and SOgs_¢ showed no transitions at temperatures
greater than 20 °C. This result is also consistent with the DSC
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Figure 7. ).qgvs Coy ([Li]/[EO]) at 100 °C. The solid and dash lines
are the least-squares fitting lines for LiTFSI-doped PS—PEO and
LiClOy4-doped PS—PEO systems, respectively.

results of SOgy_¢ and SOgs_¢ after 12 h crystallization at 20 °C,
which showed no melting peaks at temperatures greater than 0 °C.

The LiTFSI-normalized conductivity (SO,,—,/SO;0-,) of
SOps5-12 and SOgs_¢ are shown in Figure 6. The LiTFSI-
normalized conductivity of SOgs_1, (open squares) decreased
slightly as the temperature decreased. However, the LiTFSI-
normalized conductivity of SOy s 4 (solid squares) was greater
than 1 at temperatures less than 46 °C and reached ~10 at 20 °C.

IV. DISCUSSION

The SAXS profiles and TEM images of neat and salt-doped
PS—PEO samples revealed that the morphology of SO remained
lamellar upon salt-doping to a 6:1 [EO]:[Li] doping ratio
regardless of mixed-salt ratio. Thus, any effects of morphology
on ionic conductivity were eliminated in this study.*> The
domain spacings calculated from SAXS profiles of neat and
salt-doped samples varied from 21.9 nm (neat) to ~30 nm
([EO]:[Li] =12:1) and ~33 nm ([EO]:[Li] = 6:1). The increase
in domain spacing upon salt-doping was consistent with previous
work on salt-doped cylinder-forming PS—PEQ.*****~*% This
domain size behavior is likely a result of chain conformations
caused by PEO-salt association in the PS—PEO system. We
estimated effective interaction parameters ().q) vs salt-doping
level and counterion composition using the domain spacing data
for the LiClO,-doped and LiTFSI-doped systems, where ). was
calculated from d* ~ y'/°, the relationship between domain
spacing and y for diblock copolymers in the strong segregation
regime.*”*° Details of this calculation can be found elsewhere.*’
The y.g of PS—PEO increased from 0.057 in the nondoped
specimen to ~20.370 at the 12:1 doping ratio and to ~0.677 at the
6:1 doping ratio. Thus, we calculated a slope of y.g vs Ceue =
3.783 in the LiTFSI-doped PS—PEO system and a slope of 3.658
in the LiClO,-doped PS—PEO system (where C,, = [Li]/[EO];
see Figure 7). We note that this estimation did not take into
account possible increases in segmental lengths and small devia-
tions of the exponential dependence of d* vs y from 1/6.>'
Although these simplifications may cause a slight overestimation
of g the results still showed a reasonable relationship between
salt-doping ratio and ). The slopes of the LITFSI-doped system
and the LiClOy4-doped system were nearly identical, supporting
the hypothesis that the similar Lewis acidity of LiTFSI and
LiClO, led to similar behavior when doped into PEO-containing
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block copolymers.*” We note that the slope of LiClO,-doped
PS—PEO in this study was lower than the slope obtained in a
previous study on a cylinder-forming PS—PEO system, in which
the slopes of y.g vs Cgye was 5.532 at 120 °C.* This lower slope
can be explained by the free energy minimization of the system
through chain stretching of the block copolymer and the nonuni-
form salt distribution in the PEO domain. As mentioned above,
Balsara and co-workers found an increased nonuniform salt dis-
tribution in the PEO domains at higher segregation strengths.>”
This salt segregation behavior implies that a strong repulsion exists
between the PS and the PEO:salt complex, and to minimize
the system overall free energy, the PEO:salt complex separates
from the PS domain. This repulsion behavior results in more
chain stretching in a cylinder-forming PS—PEO than in a
lamellae-forming PS—PEO at the same salt-doping ratio due to
the geometry of the PEO domain. The greater chain stretching in
the cylinder-forming system produces a larger increase in domain
spacing, also indicating a larger increase in ),g for the cylinder-
forming system compared to the lamellae-forming system at the
same salt-doping level.

The DSC traces of salt-doped PS—PEO samples after the long
crystallization process provided melting temperatures of the
crystalline phases in each sample. Here, the crystallite size was
not limited by the PEO domain thickness as the crystallite could
grow along a direction perpendicular to the lamellar normal.**
Although our long crystallization procedure was not optimized,
the melting temperatures for P(EO)LiClO, (SOpo_s) and
P(EO):LiTFSI (SO,4_¢) were consistent with the values
obtained by Robitaille and Fauteux in a PEO—LiClO, system
and Lascaud et al. in a PEO—LiTFSI system.”® Thus, the
crystallite size was likely close to the maximum in our salt-doped
PS—PEO samples after the long crystallization process. For the
five mixed-salt ratios in this study, the melting temperatures in
the 12:1 doping ratio system can be considered a weighted-
average of the melting temperatures for the crystalline phases in
SOo0-12 and SO o_1,. However, the trend for the 6:1 doping
ratio system showed different behavior as the 0.5 mixed-salt ratio
possessed the lowest melting temperature in the 6:1 doping ratio
system. On the basis of estimated heat of fusion values, SO¢s_¢
exhibited roughly 72% of the crystallinity found in the SOg_¢
and SO, o_¢ samples. Additionally, the in situ WAXS profiles for
SOy.s-indicated that the low temperature melting peak resulted
from P(EO)4:LiTFS, and the high-temperature shoulder was
from P(EO)gLiClO,. Thus, the majority of the crystalline
phases in SOg5_¢ was P(EO)4:LiTFSL This result was reason-
able as P(EO):LiTFSI crystallization was favorable compared to
P(EO):LiClO, crystallization, as evidenced by the DSC traces
of SOgo_sand SO, o_¢ after the short crystallization process (see
Figure 3, dashed curves).

The conductivities of LiClO,-doped samples (SOgo_;» and
SOp0_s) and LiTFSI-doped samples (SO ;> and SO1_¢)
shown in Figure S are relatively low compared to the numbers
reported in the literature.%” In fact, the conductivity values of
SO, 06 are only ~6% of the corresponding conductivities of
P(EO)4:LiTESI in the literature.” Considering that the volume
fraction of the PEO was ~0.5, the normalized conductivity of
SO, 9_¢ was ~0.18. (0, = Oso/f/Preo/0pro, where f is a
morphology-related factor and is 2/3 for a lamellae case. 0go
and Opgo are the ionic conductivities of the block copolymer
electrolyte and the corresponding homopolymer electrolyte, res-
pectively, at each temperature.) This value is consistent with the work
by Balsara and co-workers® in which they found that the normalized

conductivity increased as the molecular weight of block copolymer
increased. Therefore, by increasing the PS—PEO molecular
weight, the conductivity in our study should increase by a factor
of S or more (up to g, = 1).

The ionic conductivity profiles of salt-doped PS—PEO sam-
ples with 12:1 salt-doping ratios all exhibited a transition between
high- and low-temperature conductivity trends. This transition
temperature moved from 46 to ~38 °C as the mixed-salt ratio
was varied from 0.0 to 1.0. This trend matched the melting point
trend in the DSC results, which indicated that the mixed-salt
approach did not decrease the melting temperature at the 12:1
doping ratio. From the WAXS profiles of SO 1, and SO 1>
at 30 °C, we found that the majority crystalline phase in the 12:1
doping ratio samples was PEO, which may explain why the mixed
salt failed to decrease the melting temperature and improve the
room temperature ionic conductivity. The presence of a majority
PEO crystalline phase implies that PEO crystallite growth is
preferential to that of P(EO)4:LiClO, and P(EO)s:LiTFSI
crystallites. Thus, replacing a certain amount of LiTFSI with
LiClO, will not significantly alter the growth of crystallites that
ultimately leads to a sharp reduction in ionic conductivity.

From the ionic conductivity profiles of the 6:1 doping ratio
samples, transitions in conductivity behavior only occurred for
SOp9_s and SO; ¢_¢ Comparison of the DSC traces of SOg_¢
and SO, ¢ after 12 h crystallization at 20 °C implied that
crystallization was more favorable for P(EO):LiTFSI than for
P(EO)e:LiClO,. Therefore, in the 6:1 samples P(EO)4:LiTFSI
would crystallize first likely prohibiting the growth of P(EO)s:
LiClO, crystallites. However, LiClO,-rich regions would also
interrupt the growth of P(EO)&LiTFSI crystallites. As a result,
the melting point and crystallinity decreased in SO ;_6, SOg 5
and SOgy_. Furthermore, the nucleation of P(EO):LiTFSI was
prohibited when enough LiClO, was present in the system as
P(EO)e:LiTFSI did not crystallize in SOg5_¢ after the 12 h
crystallization at 20 °C but did crystallize in SO, ¢ at the same
temperature.

V. CONCLUSIONS

In this work we demonstrated a mixed-salt method to increase
the room temperature ionic conductivities of block copolymer
solid electrolytes. These electrolyte systems are especially suita-
ble in solid-state lithium batteries, where a thermally, electro-
chemically, and mechanically stable electrolyte membrane with
high ionic conductivity over a wide temperature range is needed.
Using a mixed-salt system of LiClO, and LiTFSI, we found that
the melting temperatures and degrees of crystallinity of the
crystalline phases could be decreased in the PS—PEO system
at [EO]:[Li] = 6:1. This reduction in melting temperature and
crystallinity enabled us to obtain higher ionic conductivities at
low temperatures compared to corresponding single-salt-doped
PS—PEO electrolytes. We also found that the mixed-salt system
showed no benefit on decreasing the melting point and crystal-
linity at [EO]:[Li] = 12:1 because the crystallization behavior
in the 12:1 system was dominated by the PEO crystalline
phase, which showed preferential crystallization compared to
the P(EO)4:LiClO, and P(EO)4:LiTFSI phases and ultimately
drove the decrease in ionic conductivity at this salt doping level.
These results suggest that the use of a mixed-salt system can lead
to a higher room temperature ionic conductivity in the appro-
priate block copolymer electrolyte system. Additionally, we
examined the mixed-salt and salt concentration effects on block
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copolymer energetics by estimating the y.q values in our
lamellae-forming PS—PEO system using the domain spacing
data from SAXS and the relationship between domain spacing
and y, for block copolymers in the strong segregation regime. The
LiTFSI-doped system and the LiClO,-doped system showed
similar slopes ().q vs salt concentration), which were attributed
to the close Lewis acidities of LiTFSI and LiClO, as previously
postulated.®
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