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Introduction

Confinement effects in microphase separated
block copolymer electrolytes — conductivity
and crystallinity

Michael Patrick Blatt,” Stephanie Posedel,® Kyoungmin Kim?® and
Daniel T. Hallinan Jr 3 **°

A series of strongly microphase separated block copolymers of polystyrene (PS) and poly(ethylene oxide)
(PEO) were studied with morphologies of spheres, cylinders, and lamellae. Each morphology comprised
two samples, one with glassy PS as the majority component and one with semicrystalline PEO as the
majority block. Complementary block copolymer (BCP) electrolytes were formed by mixing each BCP
with lithium bis(trifluoromethanesulfonylimide) (LiTFSI) salt. The thermal and ion transport properties of
these neat and electrolyte BCPs did not exhibit clear trends with respect to either PEO volume fraction
or effective medium theory predictions, which prompted an examination of the confinement of the PEO
conductive phase. The domain spacing of each morphology was measured with X-ray scattering, and a
confinement length was defined as the characteristic PEO domain size in PEO-minority BCPs or the
minimum distance between two non-conductive PS microdomains in PEO-majority BCPs. Confinement
was found to impede crystallization in an exponentially decaying fashion with an exponential constant of
15 nm, which is similar to PEO crystal lamella size. The dependence of conductivity on confinement
was found to be more nuanced. Confinement was detrimental to ionic conductivity in lamellar
morphologies, approaching the effective-medium prediction with increasing confinement length
(i.e. less confined). Conversely, in morphologies with curvature, conductivity was enhanced, increasing
strongly with decreasing confinement length. This remarkable result could be leveraged to design more
conductive polymer electrolytes for solid state batteries.

the lithium metal anode has up to an order of magnitude
higher specific capacity (3860 mAh g™ ') as compared to anodes

Batteries enable the integration of intermittent clean energy
production modalities, such as wind and solar, with applica-
tions such as electric vehicles and domestic power grids.” The
Li-ion battery has long been the epitome of practical energy
storage due to its high power output per unit mass and cycle
stability compared to preceding and contemporary techno-
logies.” New battery chemistries offer a potential means for
disruptive and significant improvement over the Li-ion battery
benchmark. One potential innovation is the lithium metal
battery (LMB) as, from a purely specific capacity perspective,
the lithium metal anode is a decisive improvement over Li-ion
anodes such as graphite. Due to the lack of an ion housing
substrate, like the carbon atoms used in the graphite electrode,
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that rely on intercalation.’

Despite this, the adoption of the lithium metal anode has
been hampered by its reactivity with conventional liquid
electrolytes.* Polymer electrolytes have long been studied as a
potential means to enable the use of the lithium metal anode
due to their much greater chemical compatibility with lithium
metal.* Despite this, the low room temperature ionic conduc-
tivity («) of polymer electrolytes relative to liquid electrolytes
results in a prohibitively low power density, a phenomenon that
has made the commercialization of polymer electrolyte LMBs
rare.”> Some progress has been made using plasticizer in gel
electrolytes,” but truly solid-state electrolytes are desired for
safe, fast-charging, next-generation batteries.®

Finding polymer electrolyte with high room-temperature
ionic conductivity has been a key engineering research focus
for decades.”” Electrolytes consisting of poly(ethylene oxide)
(PEO) and the salt lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) have been thoroughly studied.>'® Due to PEO’s weak
mechanical properties, particularly above its melting temperature

This journal is © The Royal Society of Chemistry 2025
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Table 1 Molecular structure of key polymer electrolyte components

Lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI)

Polystyrene-block-poly(ethylene
oxide) (SEO)

Lt

O\\ PN

TN P

of roughly 67 °C, extensive research has been done on ion
transport in microphase separated polystyrene (PS)-block-poly-
(ethylene oxide) (PS-b-PEO, SEO) block copolymers (BCPs)."'™**
The chemical structure of SEO and LiTFSI are shown in Table 1
for reference. The polystyrene block offers mechanical strength
at the cost of being an insulator. In fact, ion transport occurs
nearly exclusively through the PEO phase, particularly through
percolated networks that enable a continuous path for the ions
to travel across the electrolyte.

Due to poor miscibility between PS and PEO, SEO BCPs self-
assemble into microstructures termed morphologies. These
morphologies form spontaneously to minimize unfavorable
enthalpic surface interactions between the PS and PEO mono-
mers (by minimizing interfacial surface area) while entropy
works as a competing force, seeking geometries that enable
more chain conformations, ie. minimize chain stretching.'®
The morphologies that achieve this energy minimization are
a roughly discrete function of the volume fraction of each
block.”"® As shown in Fig. 1, prior work on SEO BCP electro-
lytes with LiTFSI has reported that decreasing conductive
domain size has a detrimental effect on ionic conductivity in
lamellar BCPs.'® On the other hand, hydrated single-ion con-
ducting BCPs exhibited a weak increase in ionic conductivity
with decreasing domain size,"” and free polymer electrolytes
loaded into track-etched membranes exhibited strong enhance-
ment of ionic conductivity as they became more confined.'®*°
While this compilation of research results is interesting, it is not
possible to infer the cause of this emergent physics due to the
significant differences in material systems. Therefore, the present
work focuses on a consistent set of SEO/LITFSI BCP electrolytes
with varying degrees of curvature and confinement. Ion transport
and thermal properties have been measured in three unique
morphologies: spheres (Sph), cylinders (Cyl), and lamellae (Lam).
Two different samples are studied for each morphology; one that is
PEO majority and another that is PS majority. Thus, a total
of 6 different BCPs with varying degrees of confinement of the
conductive PEO microphase are studied in this work.

A simple representation of the ionic conductivity of a
composite with one conductive phase and one insulating phase
developed from Sax and Ottino’s work with effective medium
theory (icgy) is shown in eqn (1).>%°

ke =Lon. 0

This model considers the volume fraction of the conduc-
tive phase (¢), the probability that a morphological grain is
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Fig. 1 lonic conductivity of various nanostructured electrolytes normal-

ized to bulk conductivity of the conducting phase. Below ~100 nm,
nanoscale enhancement/impediment occurs in pores of PC and in BCP
domains, demonstrating the possible effects of nanostructure on ion
transport. PAMPS is a polyanion confined in nanopores, whereas PSS is a
polyanion both confined in BCP cylindrical domains and tethered to the
matrix. It is unknown if universal rules govern the effect of nanostructure
on ion/molecule transport. “PEO + LiTFSI salt in polycarbonate (PC)
pores.’® PPoly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS)
in PC pores.’® ©Poly(styrenesulfonate-block-methylbutylene) (PSS-b-
PMB).Y” 9PS-b-PEO + LiTFSI.*

conductive in the direction of ion transport as encapsulated by
the morphology factor (f), and the tortuosity (z) of conductive
pathways, which is defined conventionally. Finally, x. repre-
sents the ionic conductivity of the pure conductive phase, in
this case PEO/LITFSI. Innate in this model is the assumption
that the PEO block’s proximity to PS does not fundamentally
change its intensive properties. In other words, k. is assumed to
be equal to that of a bulk PEO/LIiTFSI electrolyte (where no PS is
present). This work seeks to re-examine the ion transport and
thermal properties of SEO by considering how confinement, the
physical proximity and interfacial interaction between opposite
phases, may affect the properties of the conductive phase,
as compared to bulk PEO/LiTFSI homopolymer electrolyte.

Fig. 2 shows values for the composite Variable,‘]j, whose values
T

are taken from a 2018 review by Hallinan, Villaluenga, and
Balsara.’

Experimental
Block copolymer synthesis

SEO block copolymers were synthesized using anionic poly-
merization, an excellent technique for fundamental polymer
studies due to the control it grants over the molecular weight of
each block as well as the low polydispersity of the product
polymer.>" PS was first synthesized from purified styrene with a
sec-butyllithium initiator in benzene. The molecular weight of
the PS was then determined via size exclusion chromatography.

Soft Matter, 2025, 21, 9112-9124 | 9113
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Fig. 2 Schematic representation of the morphological structure of each block copolymer in this study with its corresponding neat PEO volume fraction
(ppeo). Red represents polystyrene while blue represents PEO. Spheres (Sph), cylinders (Cyl), and lamellae (Lam) of both PEO and PS are shown.

The composite variable i is discussed in greater detail in a 2018 review by Hallinan, Villaluenga, and Balsara.®
T

Purified ethylene oxide was grown on the end of the polystyrene
with the aid of phosphonium catalyst. The polymerization was
terminated with degassed methanol. Detailed synthetic steps
can be found in works by Hadjichristidis and collaborators,*” as
well as Fetters and Morton.*!

Electrolyte and neat BCP sample preparation for thermal and
electrochemical characterization

SEO polymers were dried at 60 °C under vacuum for 24 h, while
LiTFSI salt was dried at 120 °C for 48 h under vacuum. After
drying, all materials were transferred into an argon-filled glove-
box (less than 0.2 ppm of H,0 and O,) without exposure to air
(using a temperature-controlled antechamber) and maintained
in an argon or inert vacuum environment unless explicitly
noted. In the glovebox, approximately 1 gram of each polymer
was combined with enough LiTFSI to achieve a molar ratio,
r = 0.085 [mol Li] per [mol O]. Dimethylformamide (DMF) was
added to make a 5 wt% solids solution that was mixed for
approximately 16 h at 40 °C. Neat polymers were prepared with
the same method, except that no salt was added.

Each solution was cast on a level plate set to 60 °C to drive
off most of the solvent over a 16 h period and subsequently
dried under vacuum at 90 °C for 24 hours. A small amount of
each solution, enough to achieve ~ 8 mg of residual solids after
DMF removal, was cast into aluminum pans for differential
scanning calorimetry (DSC). After drying, the DSC pans were
hermetically sealed for later testing. The bulk of each solution
was cast onto nickel foil. In the case of PEO majority SEOs, free-
standing membranes were not produced by this method due
to the electrolyte’s fragility, and these samples were transferred
into glass vials for drying. PS majority SEOs formed robust
membranes that were easily peeled from the nickel foil prior to
vacuum drying. SEO/LIiTFSI electrolytes were built into lithium
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symmetric cells for electrochemical characterization using pre-
viously established methods.”*** A polyethylene spacer was
used for PEO majority SEOs to augment their mechanical
strength while free standing membranes were used for PS
majority SEOs.

Neat PEO (M, = 20 kg mol ', Sigma-Aldrich), and neat
polystyrene (M, = 170 kg mol !, M,, = 350 kg mol ', Sigma-
Aldrich) were prepared in the same fashion as the neat SEO
samples and used as controls. Due to polystyrene’s poor
solubility in DMF, it was dissolved in chloroform prior to being
cast on nickel foil in an air environment at 60 °C for 16 h. The
sample was cast in air to enable the removal of chloroform
before taking the sample into the glovebox, because haloge-
nated solvent vapors irreversibly bind to and inactivate the
catalyst in the glovebox’s purification column that adsorbs
water and oxygen from the argon gas. The polystyrene sample
was peeled off the foil and dried in the glovebox antechamber
at 90 °C for 24 h before it was taken into the glovebox. Excluding
thermogravimetric analysis, neat and salt-containing polymers
remained in an inert/dry environment following drying in the
glovebox antechamber.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Prior to studying the electrochemical properties and thermal
transition behavior of each polymer or polymer electrolyte, TGA
was employed to ensure the thermal stability of each species on
relevant temperature ranges and testing environments. A dry
nitrogen purged TA Instruments TGA Q50 was used for testing.
Neat SEO polymers, polystyrene, and PEO were ramped
from room temperature to 105 °C at 10 °C min~' and held
isothermally for 1 minute to drive off any absorbed water. The
resulting mass after this 1-minute period was taken as the

This journal is © The Royal Society of Chemistry 2025
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polymer’s initial mass which deviated by less than 0.5% from
the initial mass. The TGA was then ramped to 600 °C at a ramp
rate of 10 °C min~" while the mass loss was tracked.

DSC was conducted to reveal variations in thermal transition
behavior between differing SEOs as well as the effect of adding
salt to each polymer. DSC began by holding each sample for
5 minutes isothermally at 210 °C for five minutes to erase
thermal history (the highest expected thermal transition of
either homopolymer is the T, of polystyrene occurring at
roughly 100 °C). After this, two heating and cooling cycles were
completed with each cycle beginning with the sample being
ramped to —60 °C at 20 °C min " followed by a 5-minute
isothermal hold. Following this, the sample was ramped at the
same rate to 210 °C and once again held isothermally for
5 minutes. This cycle was repeated once to ensure reproduci-
bility in thermal properties, and data from the 2nd cycle is
shown in each figure.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) on the neat copolymers
was completed as part of a previous investigation at Argonne
National Laboratory at the 8-ID-I beamline of the Advanced
Photon Source.?® Further details about this beamline and
measurement techniques are reported by Sinha and collabo-
rators,>>*® and our previous study on BCP dynamics.>® Neat
SAXS samples were prepared as follows; the procedure is
further detailed in our previous publication.>® Approximately
500 mg of each SEO was dissolved in approximately 5 mL of
toluene in an air environment. The mixture was stirred at 65 °C
until a homogeneous solution was generated. The solution was
cast in a stainless-steel dish of diameter 75 mm (VWR, model
BOCHS8636), with a lid placed on top of the dish leaving only a
small space for solvent effluent to slow drying time. The dishes
were maintained at 80 °C with a nitrogen purge for one week to
allow solvent to evaporate. Afterwards, the dry membranes were
removed from the dishes and dried under vacuum at 90 °C for
48 hours. Each membrane was then folded multiple times and
pressed at 115 °C in a dry room (dew point —23 °F, ambient T
71 °F) using a Carver hot press applying a force of 1.6 MTon
(equivalent to 1000 psi) for approximately 5 minutes. The
thickness of the pressed membrane was checked to make sure
it fell between 1 and 2 mm as is required for synchrotron hard
X-ray measurements. Samples were then sealed in airtight
stainless steel sample holders inside an argon glovebox to
ensure an inert environment during X-ray exposure. Finally,
all samples were annealed at 180 °C for 48 hours under
vacuum. After transport to Argonne National Lab neat SEO
samples were thermally equilibrated at 120 °C prior to SAXS
measurements.

SEO/LIiTFSI electrolytes for SAXS were cast and dried exactly
as they were for electrochemical characterization (cast at 60 °C
in an argon filled glovebox and subsequently dried under
vacuum at 90 °C for 24 hours). Following drying, the electrolytes
were pressed into SAXS sample holders prior to annealing at
180 °C for 48 hours under vacuum. Samples were then shipped
to the National Synchrotron Light Source II at Brookhaven

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

National Laboratory, where SAXS data were collected at beam-
line 11-ID at room temperature (as temperature control was not
possible in the set-up available).

Electrochemical characterization

Lithium symmetric cells were used to measure the ionic
conductivity (k) and cation transference number (¢,) of each
electrolyte using electrochemical impedance spectroscopy (EIS)
and potentiostatic polarization, respectively. Symmetric cells
were made using previously established methods.>*** Briefly,
each electrolyte was placed (medially) between two pieces of
lithium metal foil (MTI Corp). Nickel tabs (TOB New Energy)
were used as current collectors and were placed on the lateral
surface of each piece of lithium foil. Polyamide tape (McMaster-
Carr) was used to secure each assembly to pouch material (MTI
Corp) prior to vacuum sealing inside the glovebox to form an
air-tight pouch cell. For the PEO majority block copolymers, a
polyethylene spacer (ID = 6 mm, OD = 12 mm, thickness =
6 mm) was used to augment the electrolyte’s mechanical
strength. Free-standing membranes of the PS majority electro-
lytes were used to separate the lithium metal electrodes. The
electrolyte membranes had diameter = 12 mm and thicknesses
on the order of 200 pm with actual thickness of each cell
measured and used for calculations. The lithium metal electro-
des had diameter of 6 mm and thickness of 0.17 mm.

The k of each SEO electrolyte was determined in lithium
symmetric cells using EIS. An alternating voltage with peak
amplitude of 10 mV was applied in a frequency range of 1 MHz
to 100 mHz. Cells were given 1 h to return to electrochemical
equilibrium between measurements. The EIS measurements
were conducted from 90 to 30 °C in 10 °C descending incre-
ments. 25 °C was also measured to roughly simulate ambient
conditions. Three replicates were conducted per temperature
per cell. At least 3 cells of each composition were constructed
and measured. Three hours were allowed for thermal equili-
bration after each temperature change.

The cationic transference number (¢,) was determined at
90 °C using the potentiostatic polarization method.>”*® Each
cell was polarized using chronoamperometry at 10 mV for 1 h,
and the initial and steady state currents were determined. The
initial and steady state resistances were also determined, using
EIS with the settings described above. At least three measure-
ments were taken on at least three cells of each sample type.

Results and discussion

For ease of discussion, Table 2 introduces an abbreviation
system for each SEO tested in this study that reveals the
expected morphologies to be studied in this work. These predic-
tions are based on well-established relationships between PEO
volume fraction (¢pgo) and the theoretically predicted morphol-
ogy for neutral diblock copolymers.®*® Additionally, the volume
fraction of the PEO block after the addition of LiTFSI salt
was approximated assuming simple volume additivity and is
reported in Table 2. This volume fraction represents the

Soft Matter, 2025, 21, 9112-9124 | 9115
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Table 2 PEO and conductive phase volume fractions, PEO weight frac-
tions, block molecular weights, polydispersity index (D). Polymers are
named according to their thermodynamically expected morphologies

M, (kg mol ")

Polymer® ¢drEo ol Wpgo PS PEO b

SEO—Sphps 0.08 0.12 0.08 154 13.7 1.08
SEO—Cylps 0.30 0.39 0.32 91.5 43.6 1.10
SEO-Lampg 0.42 0.52 0.44 149 117 1.06
SEO-Lampgo 0.51 0.61 0.54 122 141 1.04
SEO-Cylpgo 072 079  0.74 365 104 1.05
SEO-Sphpko 0.83 0.88 0.84 19.2 102 1.10

“ SEO-Xy is an abbreviation for each SEO where X is the expected
morphology and Y is the majority species. > Conductive phase volume
fraction for = 0.085 mol; yrgsy MOlgo assuming volume additivity and
using component densities at 25 °C.

expected volume of the conductive phase (¢.). This value was
found by assuming the LiTFSI exclusively enters the PEO block
and neither component changes specific volume upon mixing.
An example ¢, calculation is shown in the SI in Appendix S5.
This was done to demonstrate that, even in this most extreme
case of PEO swelling, the expected morphology for each SEO
remains the same. The number average molecular weight (M,,)
of the PEO and PS blocks and the PEO mass fraction (wpgo) are
also reported in Table 2.

The thermal transitions of each neat polymer and polymer/
LiTFSI electrolyte were studied. Nitrogen purged TGA was first
employed on each neat polymer to ensure thermal stability
within the desired testing range. The temperature at which a
5 wt% loss in sample mass was observed (Tp) was used as a
heuristic to compare the relative thermal stability of each
polymer. T, is shown as a function of PEO volume fraction in
Fig. 3. Fig. 3 shows that increasing PEO content in the BCP
roughly correlates with decreased thermal stability. The varia-
tion in thermal stability is a relatively modest 27 °C with a
maximum Ty, of 362 °C occurring at 8 vol% PEO (PS majority
spheres) and a minimum occurring at 335 °C for neat PEO.
The neat PEO used in this work has a molecular weight (M,,) of
20 kg mol ™', similar to the M, of SEO-Sphps as is reported in
Table S1. This indicates that the presence of PS, and perhaps its
covalent attachment to the PEO chain end, has a stabilizing
effect on thermal degradation. These TGA measurements indi-
cate that DSC sweeps up to 210 °C are acceptable regarding
thermal stability.

As was described in the Experimental section, a 20 °C min~
ramp rate was employed to measure thermal transitions occur-
ring during both polymer heating and cooling. DSC heating
traces are shown in Fig. 4 for the neat polymers. Unsurpris-
ingly, as the content of semicrystalline PEO increases, so too
does the latent heat of fusion (AH,,). The maximum of the pure
PEO melting endotherm occurs at 65.4 °C and the polymer is
completely amorphous by approximately 70 °C. Above this
temperature, every polymer will be amorphous, promoting
ion movement via segmental mobility.>**° Interestingly, SEO-
Sphps show no detectable crystallinity either due to poor signal-
to-noise ratio or due to the amorphous PS block completely
inhibiting crystallization.

1
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Fig. 3 Thermal decomposition temperature, Tp, (temperature at which 5
wt% mass loss was observed) of neat SEOs as a function of each neat block
copolymer's volume fraction PEO (¢pgo) as measured by N, purged
thermogravimetric analysis. Neat PEO and PS homopolymers are shown
for comparison. Each sample was ramped at 10 °C min~! from 105 to
600 °C.
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Fig. 4 DSC traces of neat SEO’s. A heating ramp rate of 20 °C min~
used for all data sets.

! was

Fig. 5 shows the effect of adding salt to each polymer (both
PEO and SEO). Due to the immiscibility of PS and LiTFSI, the
polystyrene sample shown in Fig. 5 is once again neat (and thus
identical to Fig. 4). As has been reported previously, LiTFSI
acts as a plasticizer, reducing the degree of crystallinity of the
PEO phase as is visible through the reduced area under each
endotherm.?" Interestingly, moderate volume fractions corres-
ponding to the cylindrical and lamellar morphologies show a
less dramatic decrease in AH,,,.

This is made even more apparent when the degree of crystalli-
nity (y.) of the PEO block is calculated. This normalization is

This journal is © The Royal Society of Chemistry 2025
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salt was added to polystyrene due to immiscibility. A heating ramp rate

of 20 °C min~! was used. The window on the right is used to display
otherwise visually subtle PS T,

essential as it controls for the sample mass contributed by the
non-crystallizable component: PS. This normalization is done
according to eqn (2),*>

_ AI-Im
- wAHY,

Ze % 100 2)

where y. is the degree of crystallinity per mass of the PEO block,
AH?, is the standard melting enthalpy of 100% crystalline PEO,
w is the weight fraction of the PEO block in each SEO/LiTFSI
electrolyte relative to the total mass of SEO and LiTFSI. Due to a
wide variety of reported values, AHY, was taken as 203 J g
based on an average of several reports as was compiled for a
previous publication.?*”*® There are several remarkable features
of the crystallinity results shown in Fig. 6A. First, the PEO-
minority spheres exhibit no crystallinity, even in the absence of
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LiTFSI In fact, all SEOs exhibit lower crystallinity than pure
PEO, in agreement with prior reports.*® Thus, physical confine-
ment by polystyrene due to the BCP structure appears to
play a role in inhibiting crystallization. Confinement effects
on crystallization and ion transport will be discussed in more
depth below, after SAXS results are discussed.

Regarding secondary phase transitions, only the salt doped
copolymers showed two visible T, values, and thus the electro-
lytes were used to probe the relationship between ¢. and Tj.
In general, two T,'s were found for each SEO/LITFSI electrolyte
as shown in Fig. 5. One Ty, is in proximity to —48 °C, the T of
neat PEO as reported in a previous investigation.>* The other
Ty is similar to the value measured in this work for pure PS,
93.5 °C. PS majority spheres was the only polymer where only
one T, was detected. This is likely due to a weak PEO signal as a
result of low PEO wt%. Fig. 6B shows that T, was a very weak
function of volume fraction PEO, and thus likely does not
contribute considerably to variances in ion transport properties
when the salt concentration is held constant.

Following thermal characterization, the ion transport prop-
erties of each electrolyte were measured. ¢, was probed using
potentiostatic polarization at 90 °C. The red series in Fig. 7 is
simply the ratio of the steady state current density () and the
initial current density (I,) as shown in eqn (3).

1.
lyss = Ii(: (3)

This equation can be further refined by correcting for charge
transfer resistance as proposed by Bruce, Vincent, and Evans and is
shown in blue on Fig. 7.***7 This correction is shown in eqn (4),

Is(AV — IhRy)

5= (A — IRy 4
.. .. | ® 9
ote® @ . @.L
150 .
B
1004 4 S S S
6 50¢ * T, PEO Block|
N % T PSBlock
o0 g
= O
_50 L * Kk ¥ * % *
-100
0 0.5 1
PpEO

(A) PEO mass normalized degree of crystallinity (xc) of neat polymers and with a LiTFSI ion concentration of r = 0.085 mol Li per mol O. (B) T4 of

PEOQ/LITFSI and SEQ/LITFSI electrolytes and neat PS. Results are shown as a function of PEO volume fraction (¢peo), i.€. that of neat SEO. The blue series
corresponds to the lower Ty attributable to the PEO block while the red series corresponds to that of the higher Ty, attributable to the PS block.
Schematics of the expected morphology of each SEO are shown above each data point.
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Fig. 7 Cation transference number (t,) of SEO/LITFSI electrolytes deter-
mined at 90 °C as calculated from egn (3) (red) or egn (4) (blue). For the
lowest PEO volume fraction, the EIS data did not exhibit a feature
associated with interfacial resistance, and a charge transfer corrected
value is therefore not reported.

where R, is the unpolarized interfacial resistance, Ry is the steady
state interfacial resistance, and AV is the applied potential gradient.
In both cases (t. and ¢,), the transference number has an
unexpected dependence on PEO volume fraction, increasing with
increasing ¢pgo to a value in SEO-Sphpgo that is greater than that
in the homopolymer PEO electrolyte. We are not aware of prior
reports that found transference number to depend on volume
fraction of the block copolymer’s conductive phase and note that
electrochemical theory does not predict such a dependence, as
transference number is a fractional mobility (of the cation in this
case). Speculating on possible explanations, migration is related to
the formation and build up of the ionic double layers at the
electrodes, such that an orientational dependence of interfacial
BCP structure at the lithium electrode could play a role in this
dependence. Perpendicular alignment of BCP lamellar structure
near a lithium electrode has been observed previously.>® Another
possibility is that confinement fundamentally changed the con-
ductive phase properties, perhaps by interfering with the ability of
PEO to strongly coordinate Li', rendering the lithium ions more
mobile and resulting in increased cation transference number.
This possibility is investigated in semi-quantitative fashion below
using other conductive phase properties, and we refrain from
assigning a specific physical cause to this dependence of ¢, on ¢pgo.

x of the SEO/LiTFSI electrolytes as a function of temperature
is shown via an Arrhenius plot in Fig. 8. Of note in this figure is
the relative parity between SEO-Sphpgo and PEO/LITFSI, parti-
cularly at high temperatures. Furthermore, SEO-Sphpg shows a
non-zero k which disagrees with the simple prediction of
eqn (1). This is because eqn (1) relies on the assumptions that
PS is a perfect insulator and therefore no continuous path
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Fig. 8 lonic conductivity (k) of SEOs with LiTFSI salt with an ion concen-
tration of r = 0.085 mol Li per mol O.

exists between the ionically conductive PEO/LiTFSI spheres. To
verify the validity of treating PS as an insulator, the conductivity
of pure PS was measured to be on the order of 10 '® S ecm™*
at 90 °C. While it is difficult to verify if this measured PS
conductivity corresponds to the transport of electrons or ions, it
validates the assumption that ion transport through the PS
domain can be neglected. The larger than expected ionic
conductivity of SEO-Sphpg electrolyte may be due to disorder
in the microphase separation enabling continuous paths for
ions, e.g. via conduction through grain boundaries that are a
known contributor to ion conduction.®®

As was previously mentioned, each polymer is fully amor-
phous, even in the neat state, at and above about 60 °C. This
means that data from 60 °C and above can be treated with
classical models that capture the temperature dependence
of ionic conductivity: the Arrhenius model and the Vogel-
Fulcher-Tammann (VFT) model. The Arrhenius model is
defined as:

Ey Arrhenius

k(T) =Koe RT (5)

Here, K, is the preexponential factor representing the con-
ductivity in the limit of infinite temperature, E, arrhenius 15 the
Arrhenius activation energy, and R is the gas constant.*®
Similarly, the VFT model can be stated as:

(7i> (7 EaveT )

K(T) = woe\ T-70) = e\ RIT-To) (6)
Here, B = Eaver and T, is the Vogel temperature and will

be defined as 50 °C below the electrolyte’s T, as per

convention.’>*’ The Ty, of the PEO/LITFSI electrolyte was found

to be —46.7 °C; thus T, = 176.5 K. Due to the nonlinear nature of
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this model, it is important to fix T, before regressing the other
two parameters, in order to minimize compensation effects and
obtain reproducible fit results. It was confirmed that the
convention (T, = Ty — 50 K) agrees well with regressions in
which T, was treated as an adjustable parameter, but those
regressions resulted in much greater uncertainty in the values
of the other two parameters and are therefore not reported.

In both models, the activation energy describes the negative
of the slope of x(T~") on a semilog plot and thus describes
the rate of increase of x with increasing temperature. The
average and relative uncertainty of each activation energy was
34.5 k] mol ™" =+ 9.5% for E, arrhenius and 7.91 k] mol ™" + 11%
for E, ver, with the relative uncertainty defined as the quotient
of the standard deviation and the average E, multiplied by 100%.
These values compare closely to the Eyyer = 7.6 &= 7% kJ mol "
found by Pesko and collaborators,*' and E, arrhenius = 26.05 &
3.7% KkJ mol ™" found by Bakar and coworkers.*> In both cases
the activation energy is for homogeneous PEO/LIiTFSI electrolytes
with nearly the same salt concentration as this study. The VFT
model’s lower E, can be attributed to the equation’s empirical
nature where xover and E,ypr are positively correlated via
the compensation effect.*® As E, roughly corresponds to the
temperature dependence of each electrolyte’s conductivity, the
self-consistency of E, arrhenius and E, vrr suggest the PEO phase’s
ionic conductivity shows a similar dependence on temperature
regardless of ¢.. This is shown in the Fig. S1 (in Appendix S1)
where each SEO electrolyte’s «(7) is normalized relative to the
value at 90 °C. Normalized x(7) data collapse on a master curve
down to 60 °C, below which different levels of crystallinity cause
scatter. k, showed much greater variation for both models due to
the vastly different x of each SEO. Fitting parameters for the
Arrhenius model for each electrolyte are visible in Table S2 while
VFT fitting parameters are shown in Table S3.

To demonstrate differences in k and thus x, between
different SEOs, x at 90 °C was plotted in Fig. 9 as a function
of conductive phase volume fraction, ¢.. Fig. 9 demonstrates
the non-monotonic relationship between ¢, and « despite their
generally direct correlation. SEO-Lampgo is the sole contra-
diction to monotonicity as it shows a higher x than the more
PEO rich SEO-Cylpgo. Fig. 9 shows the predicted conductivity of
each electrolyte according to the Sax and Ottino model (eqn (1))
as a blue line. In other words, the blue line in Fig. 9 is the
effective-medium prediction of the x of randomly oriented
grains of simple body-centered-cubic, hexagonally packed cylin-
ders, and lamellae. Conversely, the volume-weighted average ionic
conductivity (k) is also plotted in Fig. 9 and is shown in eqn (7).
Eqn (7) can be simplified to a single term if the insulating
polystyrene block’s ionic conductivity (kins) is approximately 0.
Both versions of eqn (7) produce visually identical versions of the
orange trace on Fig. 9.

Ky = KeBe  Kins@ins = KePe (7)

K, represents a homogenous and disordered electrolyte as is
seen above the order-to-disorder temperature (Topr) of a BCP."
It should be noted that previous works have shown each of
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Fig. 9 Measured and predicted ionic conductivities of SEOs with salt at
90 °C (r = 0.085 molgitrs Molgo ™). The blue line represents the effective
medium prediction, kgm (€qn (1)), in which SEO—-Sphps is approximated as a
perfect insulator. The orange line represents a simple volume-weighted
average model of the conductivity, k, (eqn (7)), of PEO/LITFSI and poly-
styrene at 90 °C. The equations for each of these models are shown in blue
and orange on the figure, respectively.

these SEO morphologies is below Topr at 90 °C, and thus the
observed data’s negative deviation from the volume weighted
average should be expected.?>**** However, deviation below
the Sax and Ottino model suggests a more complicated frame-
work is likely needed. Reviewing Fig. 6A, the crystallinity of
lamellar and cylindrical morphologies showed relatively low
depression of the y. of their PEO blocks thus showing these
morphologies have both complex ionic and thermal properties.

Due to the complexity of each of these results at least when
cast as a function ¢., SAXS data was leveraged to understand
important dimensions in the BCP morphology (including the
PEO/PS interfacial area per unit volume as derived in Appendix
S3 in the SI). The one-dimensional SAXS patterns for the neat
SEOs and SEO electrolytes are shown in the SI in Appendix S2.
The primary scattering peak (g*) is indicated on each of these
profiles, as are up to three higher order peaks. Combined,
broad peaks at high g-values are not labeled and are due to PEO
crystals and poor long-range order that results from high
molecular weight BCPs such as these being kinetically trapped
during solvent casting with extremely slow structural evolution
during thermal annealing.>*® From these SAXS profiles, the
domain size (d) of each SEO was determined from g*. Table 3
shows d and its relationship to g* for each morphology. Prior
work using real-space techniques (atomic force and electron
microscopy) verifies that these BCPs exhibit the assigned
morphology.”>*> The addition of salt increases contrast (and
possibly segregation strength) between the salt-containing PEO
phase and PS, as indicated by improved signal to noise in salt-
containing samples and in agreement with other work.*®*¢™48
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Table 3 Domain spacing (d) and confinement length (c) values in neat
BCPs and BCP electrolytes (r = 0.085 molres moleo ), and schematic
depicting physical description of c. In the schematics, red represents PS
and blue represents PEO

d and ¢ (nm) Schematic

Morphology ~ Neat (120 °C)  Electrolytes (RT)*  definition of ¢
d =459 d=357
SEO-Sphps c=13.8 c=12.3
C
d=421 d=34.0
SEO-Sphpgo c=10.0 c=95 @
SEO-Cylps d=94.2 d=125.1
c=54.2 c=82.0
c
SEO-Gvl d=88.0 d=99.0
YIPEO L _ 3933 c=516
d=108.3
SEO-Lampg ¢ =455 — ¢
SEO-Lamppo  — d=163.9
¢=100.1

“ RT = room temperature.

A confinement length (¢) was defined as the shortest
distance between two non-conductive PS microdomains.
Confinement length thus quantifies the bottleneck that limits
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transport/crystallization in the conductive phase. As the con-
finement length increases the conductive phase may be less
influenced by the presence of the PS microdomains and thus
may behave more similarly to an equivalent homopolymer PEO/
LiTFSI electrolyte (as is assumed in eqn (1)). In the limit as ¢
gets large, a microphase separated electrolyte would tend to the
effective medium prediction. In the SI, the distance describing
the confinement length for each SEO is shown in Appendix S4,
and values of ¢ for each SEO are shown in Table S1.

Fig. 10A shows y. as a function of confinement length. At the
largest confinement length the PEO block is least confined by
PS and the degree of crystallinity approaches the value in pure
PEO (dashed line). With decreasing confinement length, y.
decreases following saturated exponential growth (red curve).
At these cooling rates, the effect of confinement is dramatic,
and the characteristic length scale for the decay of y. is 15 nm.
Confinement has been shown in numerous reports to reduce
the rate of crystallization of BCP that contain an amorphous
block, due in part to reduction in chain mobility but primarily
due to nucleation becoming the rate limiting step.**”" In other
words, when the confinement length is similar to the charac-
teristic PEO crystal lamellae thickness (for rapid cooling that
results in non-integer folding this is 12 nm)**** a transition
from heterogeneous to homogeneous nucleation occurs.”
In our work, the decreased y. observed at low confinement
lengths is a result of this slower rate of crystallization. The key
length scale in our work agrees reasonably well with the
literature reports and indicates that at our cooling rate of
20 °C min~' there is a dramatic reduction in crystallization
rate at confinements of 15 nm. There is a complex dependence
of BCP crystallization rate on block molecular weight, number
of blocks, and confinement length.>"**>* Studies with similar
confinement lengths to our work have reported a transition
from heterogeneous nucleation and growth dominated kinetics

s %107 . ' . .
B PEO
/-\4 [ 1
£
2
@3 [ $ SEO-SphPEO ]
) § SEO-Cyl,.
o E § SEO-Lam,
Q2 ¥ SEO-Cyl, |1
=
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-
Electrolytes  w
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Confinement length (nm)

(A) PEO mass normalized degree of crystallinity (y.) of neat polymers as a function of confinement length (c). ¢ was calculated according to

room temperature SAXS data in Appendix S2. The black dashed line is the value for pure PEO, and the red curve is a saturated exponential growth curve.
(B) Measured ionic conductivities (k) of SEOs with a salt concentration of r = 0.085 mol Li per mol O at 25 °C as a function of confinement length.
The black dashed line is the value for PEO + LiTFSI electrolyte at the same temperature and salt concentration.
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in the bulk to homogeneous nucleation that limits kinetics in
confinement.’”° This also causes changes to PEO crystal
orientation that have been observed in PS-b-PEO BCPs across
a similar range of confinement to our study in both minority-
and majority-PEO cylinders.’®®” It is worth noting that the
confinement effect does not capture the behavior of the sphe-
rical morphology with PEO majority in our work. Intuitively, the
concept of confinement when PS spheres are nothing more
than inclusions in a sea of PEO seems inappropriate in this case.
Another consideration is the dimensionality of the confinement,*
e.g. some studies report bulk crystallite-growth-like behavior in
lamellar morphology but confined growth in cylindrical BCPs,®
but other reports observe rate inhibition in lamella as well.*®
Finally, topological constraints are also at play in BCPs, where the
tethering of the semicrystalline block to the glassy block also
appears to contribute to impeding crystallization.”®*

These complex relationships reveal the need to advance
effective medium theory predictions beyond a geometric

description of the BCP (as captured by ]:] to a model that
T

considers how confinement affects the properties of the con-
ductive phase as compared to an analogous homopolymer
electrolyte. To that end, we examine the dependence of BCP
electrolyte conductivity on confinement length in Fig. 10B.
SEO-Sphps was neglected due to its lack of a continuous path-
way for ions. Holistically considering all morphologies, x
appears to have a nonmonotonic dependence on ¢, with
enhancement occurring with increasing confinement. How-
ever, regardless of confinement effects, the x of BCP electrolytes
is considerably lower than the homopolymer PEO electrolyte
(dashed line), due in large part to the presence of nonconduc-
tive PS and concomitant tortuosity, both of which are captured
by effective medium theory.

View Article Online
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Conclusions

This study demonstrated the complex relationship between the
volume fraction of each block and the thermal and ion trans-
port properties of block copolymers. Effective medium theory
considers the geometric features of each self-assembled mor-
phology but it does not consider how the incorporation of PEO
into a block copolymer might alter the conductive phase’s
thermal and ionic properties. A simple parameter, the confine-
ment length, was introduced as a proxy for the relative strength
of these confinement effects that evoke a divergence in beha-
vior of the conductive phase from that exhibited in the bulk.
In order to visualize the divergence from bulk behavior, we
present normalized conductivity in Fig. 11, where the BCP
electrolyte conductivity is normalized by that of PEO electrolyte
at the same temperature and salt concentration. This normal-
ization allows a large number of literature reports at various
conditions to be directly presented along with the results of this
work. For clarity, and due to apparent differences in behavior,
only lamellar morphologies are reported in Fig. 11A and
morphologies with curvature are reported in Fig. 11B. A general
direct correlation was found between x and ¢ for the lamellar
BCPs as can be seen in Fig. 11A, such that confinement is
detrimental to transport in this morphology. This explains the
unexpected early result in the area of BCP electrolytes, where
lamellar BCP conductivity increased with increasing PEO block
molecular weight (M,,),** i.e. d increases with increasing M,
which reduces confinement. Conversely, a more complex rela-
tionship was found for cylinders (and possibly spheres),
whereby confinement may be beneficial, ie. x increases
with decreasing ¢, as shown in Fig. 11B. Fig. 11B also shows
that while not sufficient on its own, effective medium theory
does elucidate some key realities of transport in composite

A ®m Singh 2007 ® B Young 2012 HEX matrix
B Panday 2009 A Chintapalli 2016 HEX matrix
08l Young 2012 ] 08l A This work HEX matrix
: ® Yuan 2013 : A This work HEX cyl
B Chintapalli 2016 @® This work BCC matrix
m Xu 2021 O This work BCC sph
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Fig. 11 Conductivity of SEO BCP electrolytes from literature and this work normalized to PEO electrolyte conductivity at the same salt concentration
and temperature versus the confinement length, as defined in this work. (A) Lamellar (Jll) morphology designated in legend by first author and year: Singh,
etal. 2007,%! Panday, et al. 2009,*® Young, et al. 2012,%2 Yuan, et al. 2013,%% Chintapalli, et al. 2016,** Xu, et al. 2021,%* and this work. (B) Hexagonally (HEX)
packed cylinder matrix conductivity ( A) from Young, et al. 2012,5% Chintapalli, et al. 2016,%® and this work, and HEX cylinder (cyl) conductivity from this
work (/\), as well as body-centered cubic (BCC) sphere matrix conductivity with continuous PEO phase (@) and BCC spere (sph) conductivity with

isolated PEO phase (Q) both from this work.
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electrolytes. For instance, the near zero ionic conductivity of
SEO-Sphps shows the importance of a continuous pathway for
ions to travel for meaningful ion conduction, as the continuous
morphologies in Fig. 11B demonstrate. However, in contrast to
polymer electrolytes confined in pores that can exhibit con-
ductivity enhancement beyond that of the bulk (Fig. 1), BCPs
universally appear to exhibit a reduction in conductivity with
addition of non-conductive phase, including in minority PEO
BCP electrolytes that have been first reported in this work. This
may be due to differences in how conductivity was calculated in
literature reports versus this work in which the macroscopic
electrolyte area was used. Future work should focus on studying
how changing ¢ within the same geometry and BCP chemistry
impacts the crystallization and transport properties of the con-
ductive phase, as well as examining how BCP properties are
affected by confinement in gyroid and other exotic morphologies.

Surprisingly, the transference number was found to increase
with increasing PEO volume fraction. It is unclear if this is due to
interfacial BCP structure at the electrode interface, confinement,
or some other effect, but further investigation is warranted. The
other properties of the block copolymers did not exhibit clear
trends with PEO volume fraction, nor was the ionic conductivity of
the electrolytes well represented by effective medium theory,
which prompted the confinement analysis. Confinement clearly
impedes crystallization, with a saturated exponential decay in
degree of crystallinity at a confinement length of 15 nm. Confine-
ment was found to decrease ionic conductivity in lamellar
morphologies, with values approaching that predicted by effective
medium theory in the limit of large confinement length (i.e. less
confined). On the other hand, conductivity increased strongly
with decreasing confinement length in curved morphologies
(spheres and cylinders). In these morphologies with curvature,
it is possible that confinement driven deviation of conductivity
from bulk behavior could lead to unprecedented polymer electro-
lyte ion transport capability, an essential component in the quest
for all-solid-state batteries. It remains to be seen if the deviation of
the confined conductive phase from bulk behavior could lead to
conductivity values surpassing even the effective-medium predic-
tion and enable solid-state batteries.
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