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ABSTRACT: Potentially high-performance lithium metal cells in

extreme high-temperature electrochemical environments is a WWHFJWMAM
challenging but attractive battery concept that requires stable and

robust electrolytes to avoid severely limiting lifetimes of the cells. ,LL JL oAPal(CLco: wcu>_< g )1\

Here, the properties of tailored polyester and polycarbonate diols as

the soft segments in polyurethanes are investigated and electro- i
chemically evaluated for use as solid polymer electrolytes in lithium
metal batteries. The polyurethanes demonstrate high mechanical
stability against deformation at low flow rates and moreover at temperatures up above 100 °C, enabled by the hard urethane
segments. The results further indicate transferrable ion transport properties of the pure polymers when incorporated as the soft
segments in the polyurethanes, offering designing opportunities of the polyurethane by tuning the soft segment ratio and
composition. Long-term electrochemical cycling of polyurethane-containing cells in lithium metal batteries at 80 °C proves the
stability at elevated temperatures as well as the compatibility with lithium metal with stable cycling maintained after 2000 cycles.

L
Li-metal
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B INTRODUCTION assisted by polymer segmental motions compared to vehicular
transport in liquid electrolytes."'~"*

Compared to liquid counterparts, the mechanical and
thermal stability of SPEs is improved. At elevated temper-
atures, however, most of the reported SPEs are suffering from
stability issues.'”'® Therefore, there is a trade-off between
conductivity and stability, which both are influenced by
temperature. SPEs should hence be both flexible to conduct
ions, while they must be mechanically stable to tolerate the
strains and prevent the dendrite growth the battery is exposed
to during operation.

A careful design of the SPE is critical to achieve an
adequately performing lithium battery,'” especially at elevated
temperatures. Inherent parameters of the SPE that strongly
influence its performance are, among others, the salt content
which normally affects the glass transition temperature ( Tg),
the crystallinity of the SPE, the mechanical stability, and the
ionic conductivity."*~*° Efforts that have been implemented to
promote the performance by increasing the mechanical
stability or ionic conductivity, or both, are through cross-
linking the polymer,”"*” incorporating fillers and nanoparticles

Simultaneously to the increasing demand for high-energy-
density Li-ion batteries (LIBs), the need for high-temperature
battery operation is likewise on the rise. Large markets where
the LIBs are required to endure high-temperature operations
are, for example, the oil, gas, and military industries.' > High-
temperature LIBs are also of great interest for the electrical
vehicle (EV) market since they will enable the possibility for
more energy-efficient operations by reducing the requirements
on large and heavy energy-consuming cooling systems.” At the
same time, the intercalation chemistry in LIBs is approaching
its inherent limits in terms of capacity, prompting efforts into
the study of other battery chemistries.””~’

One way to increase the energy density is to replace the
conventional graphite-based anode with lithium metal, which
has a low reduction potential and much higher capacity.® The
use of lithium metal as the anode material does, however, come
with the safety issues of high reactivity as well as dendrite
growth through the electrolyte. By replacing the liquid
electrolyte with a solid polymer electrolyte (SPE), not only
can the dendrite growth be prevented but the safety issues
associated with the volatile and flammable liquid electrolyte

can also be avoided. SPEs possess the unique characteristics of Received:  September 20, 2021 ;'Tm@
having a low flammability, good processability and flexibility, Accepted: December 22, 2021 e '
and great thermal stability.”~ "> The main disadvantage of SPEs Published: January 10, 2022

is their ionic conductivity, which typically is 2—3 orders of

magnitude lower than for liquid electrolytes. The origin is to

be found in the slower ion transport mechanism in SPEs
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into the polymer matrix,”* >° decreasing the molecular
weight,””*" utilizing single-ion polymer electrolytes,””*" and
copolymer electrolytes.”*> Another route to enhance the
performance is to employ block copolymer electrolytes in
SPEs, in which each block contributes with different attributes
to the overall behavior. Normally, at least one block
contributes with good ionic conductivity properties, while at
least one block is rigid and supplies the mechanical
stability.** >

Polyurethanes constitute a type of polymer that consists of
two continuous alternating components in the structure: one
hard urethane segment and one soft segment. There is wide
variety in the choice of the soft segment which can be
synthesized prior to the formation of the polyurethane
structure. The properties of the soft segment can therefore
to a large extent be designed to meet specific application
requirements.’” In the context of SPEs, this would correspond
to a cation-coordinating soft polymer with high molecular
flexibility for a high ionic conductivity, while the mechanical
stability is provided by the hard segment. The hard segment is
composed of urethane linkages (—NHCOO-) that contribute
to the mechanical stability.”® The mechanical strength
originates from hydrogen bonding groups between C=O
and N—H in different urethane chains, which physically cross-
link the segments in the structure.”®*” Several soft segment
approaches have previously been studied in polyurethane
combinations, for example, ether-based polyurethanes,
polycarbonate-based polyurethanes,*' single-ion-polyurethane
electrolytes,”” and self-healing polyurethanes.*

The modular design principle of polyurethanes allows, at
least in theory, for separately designing the soft and hard
segments for ion conduction and mechanical robustness,
respectively. The question is then how well these respective
properties will be retained in the composite polyurethane
electrolyte, which also incorporates an ionic component. In
this study, the design of the soft segments in a series of
polyurethane and their properties as host materials for SPEs for
high-temperature lithium metal batteries have been inves-
tigated. The design aspect has been extended to not only
include the mechanical and ion transport properties but also
the solubility of the materials in volatile organic solvents to
enable facile processing into solvent-free electrolyte films. The
structural influence of the soft segment on the intrinsic ion
transport properties and the mechanical stability of the
polyurethanes have been investigated along with their
temperature dependence. Ultimately, the electrochemical
performance of the polyurethanes as SPEs in high-temperature
batteries has been evaluated.

B EXPERIMENTAL SECTION

Soft Segments. For use as polyester/polycarbonate soft blocks,
1000 g mol™' and 2000 g mol™" poly(CL-co-TMC) was synthesized
through ring-opening polymerization of the monomers e-caprolactone
(CL, Perstorp; distilled under reduced pressure over CaH,) and
trimethylene carbonate (TMC, Richman Chemical) in a molar ratio
of 4:1 with the initiator 1,3-propandiol (98%, Sigma-Aldrich) and the
catalyst Stannous 2-ethylhexanoate (95%, Sigma-Aldrich)."” In an
argon-filled glovebox, the materials were added to a reactor before it
was sealed and transferred out of the glovebox and polymerized in an
oven for 72 h at 130 °C. During the first few hours, the reactor was
shaken occasionally to ensure homogeneous mixing. After polymer-
ization, the reactor was transferred back into an argon-filled glovebox
and the polymer was collected.
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For the pure polycarbonate soft blocks, ETERNACOL PH1000
and PH2000 polycarbonate diols (UBE Corporation) were used.
These are carbonate linked copolymers prepared from a 1:1 molar
mixture of 1,5-pentanediol and 1:1 hexanediol and their molecular
weights are 1000 g mol™' and 2000 g mol ', respectively, as
determined from their hydroxyl numbers obtained by titration with
potassium hydroxide.

Polyurethane Synthesis. The polyurethane compositions were
prepared in cyclopentanone or tetrahydrofuran using the general
procedure described below. Methylene di-p-phenyl diisocyanate
(MDI, 98%), 2-methyl-1,3-propanediol (MPD, 99+%), dibutyltin
dilaurate (95%), cyclopentanone (>99%), and tetrahydrofuran (THF,
anhydrous, >99.9%) were obtained from Sigma-Aldrich and used as
obtained. MDI was stored under refrigeration until use and was
allowed to warm to room temperature before opening the container.

The polyurethane materials were prepared at 30 wt % in the chosen
reaction solvent. The reaction solvent was charged into a 250-ml
round-bottom flask fitted with a nitrogen inlet, overhead paddle-type
stirrer, and a reflux condenser, after which MD], polycarbonate diol or
poly(CL-co-TMC) diol, and MPD were added under nitrogen cover
and dissolved in the solvent by stirring at room temperature. 4 mol %
excess MDI based on the combined moles of polymeric diol and
MPD was utilized to compensate for side reactions with trace
amounts of moisture in the reaction mixture. Once the reactants were
in solution, dibutyltin dilaurate (50—100 ppm) was added to the
mixture to catalyze the polymerization reaction. The polymerization
was initiated at SO wt % polymer solids and the contents were then
diluted over the first few hours to 30 wt % as the viscosity of the
mixture increased. The reaction was then allowed to proceed
overnight while stirring under nitrogen cover at room temperature.
Transparent, viscous polymer solutions were obtained in all instances.
When cyclopentanone was used as the reaction solvent, an initial
exotherm of 20—40 °C was usually observed after adding the catalyst.
However, when THF was used as the reaction solvent, an exotherm
did not occur after initiating the polymerization. Consequently, it was
found advantageous to preheat the reactants to 40 °C before adding
the organotin catalyst to obtain consistent high viscosity solutions.

For electrical and thermo-mechanical studies, the polyurethane
compositions were prepared in cyclopentanone and then precipitated
by rapid stirring into a large volume of 50:50 water/methanol. The
precipitated polymer solids were allowed to rest in the solution for 48
h to extract cyclopentanone and low-molecular-weight residues. They
were then vacuum-dried at 50 °C for at least 24 h. GPC analysis
before and after precipitation consistently showed a single elution
peak corresponding to high-molecular-weight polymer chains. The
synthesized polyurethane structures were validated by 'H NMR
measurements at 25 °C on a JEOL ECZ 400S 400 MHz nuclear
magnetic resonance (NMR) spectrometer (Figures S1-54).

Polymer Electrolyte Preparation. Polyurethane electrolyte films
were prepared by solution casting in polytetrafluoroethylene (PTFE)
molds of the dissolved polymers and lithium bis-
(trifluoromethylsulfonyl)imide (LiTFSI, Solvionic, vacuum-dried at
120 °C for 48 h) in tetrahydrofuran (THF, anhydrous, >99.9%,
inhibitor-free, Sigma-Aldrich) followed by controlled evaporation of
the solvent as described elsewhere.'”** The weight percentage of
LiTFSI was varied between 0 and 30 wt % of the total weight of the
prepared polymer films. The thickness of the final polymers was
between 100—200 pm and is specified when relevant.

Polymer Electrolyte Characterization. The thermal properties
of the electrolyte films were studied by differential scanning
calorimetry (DSC) on a TA Instruments DSC Q2000. The samples
were prepared in hermetically sealed aluminum pans in an argon-filled
glovebox and measured by cooling at a rate of 5 °C min™" to —80 °C
and subsequently heated at 10 °C min™" up to 150, 180, or 200 °C.

The mechanical properties were characterized by an oscillatory
rheology on an Advanced Rheometer 2000 (TA Instruments) with an
8 mm stainless steel parallel plate geometry. A frequency sweep was
performed at the temperatures 25, 40, SS, 70, and 85 °C from 0.01 to
10 Hz with a controlled strain of 0.5%. A temperature sweep was also
performed between 25 and 120 °C with an increment of 2 °C

https://doi.org/10.1021/acsaem.1c02942
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Figure 1. Structural depictions of (a) poly(CL-co-TMC), where m/n = 1:4 and R = caprolactyl or carboxypropyl radical, (b) polycarbonate, where
m = n and R = pentyl or hexyl radical, and (c) the generalized polyurethanes derived from them.

between each measurement at an angular frequency of 1 rad s and a
controlled strain of 0.5%. All measurements were carried out in a
nitrogen atmosphere by covering the sample and geometry with a
steel cover and a controlled normal force on the sample of 1 + 0.1 N.

Electrochemical Characterization. The total ionic conductivity
of the polymer electrolyte films was determined by electrochemical
impedance spectroscopy (EIS) between the frequencies 1 Hz and 10
MHz at 10 mV amplitude with a Schlumberger SI 1260 Impedance/
Gain-phase Analyzer. The electrolyte films were assembled with
stainless steel blocking electrodes in CR2032 coin cells and annealed
at 100 °C for 1 h and then cooled down to room temperature prior to
the experiment to ensure good interfacial contact between the
polymer and the stainless-steel electrodes. The measurements were
carried out at temperature intervals of 10 °C between room
temperature and 100 °C. The thickness was measured using a
Mitutoyo digital indicator and is an average of four different
measurements of each electrolyte film. The conductivity was
calculated in ZView from the bulk resistance of the electrolyte film
by fitting a Debye circuit to the impedance response.

The Li* transference number of the electrolyte films was
determined by the Bruce—Vincent method** using a Bio-Logic SP-
240 Potentiostat for the impedance spectroscopy and potentiostatic
polarization measurements. The measurements were conducted at 80
°C with a symmetrical cell setup, where the electrolyte film was
sandwiched between two lithium electrodes and assembled in a pouch
cell. Prior to the measurement, the cell was allowed to equilibrate at
the set temperature for at least 48 h or until a steady resistance was
achieved. The impedance measurement was performed between 1
MHz and 100 mHz with an amplitude of 20 mV and a bias of 0 V and
10 mV before and after the polarization, respectively. The
chronoamperometric polarization was conducted with an applied
bias of 10 mV until a steady-state current was obtained. The
electrolyte bulk resistance and interfacial resistance between the
electrolyte and electrode was calculated in ZView and the initial
current was determined by the approach developed by Hiller et al.*®

The electrochemical stability of the electrolyte films was
determined by linear sweep voltammetry (LSV). The measurements
were performed at 80 °C with a scan rate of 0.1 mV s™' by sweeping
from open circuit voltage (OCV) to 6 V and back to 2.5 V. Five cycles
were performed. The oxidation stability potential was studied with
carbon-coated aluminum as the working electrode (WE) and lithium
metal as the counter electrode (CE) in CR2032 coin cells.

Electrode Preparation. LiFePO, (LFP) (Phostech, P2 nano-
sized) electrodes were prepared by ball milling the active material
with carbon black (CB, C6S, Imerys) and the polymer electrolyte as a
binder (varied to be the same as the electrolyte between the
electrodes) with the ratio LEP/CB/binder = 70:15:15 in THF. The
electrode slurry was coated on carbon-coated aluminum foil with a
doctor blade gap of 150 ym. The electrode was thereafter allowed to
dry in ambient temperature for at least 24 h, before finally dried in a
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vacuum oven at 120 °C for 12 h. The diameter of the electrodes was
12 mm with an active mass loading of 1.8—2.4 mg cm™.

Battery Cycling. Type CR2032 coin cells were assembled from
electrode—SPE assemblies prepared by casting the polymer electrolyte
solution on top of LFP working electrodes, using the same procedure
as described under Polymer electrolyte preparation, with Li metal as
the counter electrode. To ensure good interfacial contact between the
materials, the cells were allowed to rest for 24 h at 80 °C.
Galvanostatic cycling tests of the electrolyte films were performed
with an ARBIN BT-2043 cycling equipment at 80 °C.

B RESULTS AND DISCUSSION

The key to designing polyurethane SPEs with high ionic
conductivity is to understand the influence of the soft segment
and how it is affecting the transport properties. Normally, a low
molecular weight of the ion-conducting polymer is preferred to
achieve high ionic conductivity since that will facilitate the
chain dynamics. At molecular weights under 2000 g mol™’,
vehicular transport becomes the dominating ion transport
mechanism, in contrast with the segmental motion-assisted ion
transport at higher molecular weights.'”””*”*® Part of the
increased dynamics at low molecular weights originates from
the freely moving chain ends. In polyurethanes, however, the
chain ends of the soft ion-conducting segments are covalently
bonded in the structure to the hard segment. This will restrict
the segmental dynamics of the chains and thereby limit the
ionic conductivity. The proportion of the soft segment in the
structure of the polyurethane will also influence the ionic
conductivity, considering that a larger amount of the soft
segment allows for more pathways for ion conduction in the
polymer matrix. The choice of soft segment is another factor to
consider when designing the polyurethane, as it has been seen
that the strength of the interaction between the coordinating
groups on the polymer and the cations in the system directly
affects the ionic conductivity and transference number (T,),
which together describe the ion transport abilities in the
system.'” Considering this, soft blocks based on polycarbon-
ates and polyesters were targeted for the polyurethane
preparation, as these classes of materials have shown weak
ion coordination leading to high T, and improved battery
performance compared to poly(ethylene oxide) (PEO), which
is otherwise the most widely studied host materials for
SPEs.*”*" In particular, the copolymer between e-caprolactone
and trimethylene carbonate (poly(CL-co-TMC)) with an
amorphous morphology and low T, has demonstrated
promising qualities in this regard.** The poly(CL-co-TMC),
which consists of ion-coordinating carbonyl groups from the

https://doi.org/10.1021/acsaem.1c02942
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Table 1. Molecular Weight and Soft Segment Content of the Polyurethanes Studied

polyurethane soft segment polymer soft segment M, /g mol™* soft segment content/wt % total M, /g mol™ PDI
BPP1000 poly(CL-co-TMC) 1000 742 59700 2.05
BPP2000 poly(CL-co-TMC) 2000 67.3 65300 2.05
PH1000 polycarbonate diol 1000 74.2 47 800 1.79
PH2000 polycarbonate diol 2000 67.3 41172 1.91
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Figure 2. Time—temperature superposition master curves of the polyurethanes with 0—30 wt % LiTFSI with 25 °C as the reference temperature.

carboxylate and carbonate ester units in the chain, was used
along with a second soft block based on a polycarbonate diol
comprising carbonyl groups only originating from carbonate
esters.

Another important design consideration is processability.
Designing the polyurethanes to be soluble in THF instead of
the more commonly used casting solvents such as
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
and n-methyl-2-pyrrolidone (NMP) enables easier process-
ability and removal of solvent residues during manufacturing,
due to the more volatile nature of THF."? Polyurethanes with
high hard segment contents (>40% of polymer mass) are often
soluble only in strong polar aprotic solvents like NMP.
Likewise, solubility also becomes more restricted at polymeric
diol molecular weights below 1000 g mol™!. As a result,
polymeric diols with higher molecular weight was used, and the
hard segment content was confined to less than 35% of the
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polymer mass. A branched chain extender (MPD) was selected
to introduce disorder into the hard segments and reduce
interchain hydrogen bonding. The chemical structures of the
polymeric soft block segments and a generalized structure for
the polyurethanes derived from them can be seen in Figure 1.

When performing the polyurethane synthesis with all of the
design criteria in mind, it was found that when utilizing
polymeric diols with molecular weights of 1000 g mol™,
polyurethanes with consistently high molecular weights could
be obtained for a soft segment content as high as ~75% of the
total polymer mass. On the other hand, when utilizing
polymeric diols with molecular weights of 2000 g mol™’, the
polyurethane molecular weights were inconsistent and
generally lower when the soft segment content was greater
than about 65% of total polymer mass. One explanation for
this might be the longer hard segments formed when the soft
segments have higher molecular weight, leading to poorer
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Figure 3. Temperature sweep of the polyurethanes with salt concentrations between 0—30 wt % based on the total weight of the polyurethane.

solubility and inconsistent total molecular weights of the final
product. No obvious solubility issues were observed during the
synthesis, however, and the lower molecular weights may
instead be an effect of the reaction kinetics due to the slower
dynamics and diffusion of the longer soft segments. As a result,
the molar proportions of MDI-to-polymeric diol-to-MPD were
fixed at 100:80:20 when using the lower-molecular-weight
(1000 g mol™") soft segment components, which corresponded
to 74.2 wt % polymeric diol in the final polyurethane product.
When using the higher-molecular-weight (2000 g mol™") soft
segment components, the molar proportions were fixed at
100:33:67, which corresponded to 67.3 wt % polymeric diol in
the polyurethane product.

The compositions and molecular weights of the investigated
polyurethanes are shown in Table 1. All products featured a
high average molecular weight and showed complete solubility
in THEF, with no turbidity or gelatinous properties present in
solutions containing as much as 30 wt % polymer solids.
Throughout the text, the mentioned salt contents are based on
the total weight of the polyurethanes unless otherwise stated.
Specific compositions are abbreviated equivalent to BPP2000-
20, where the part before the dash indicates the type of
polyurethane and the molecular weight of the soft segment,
while the number after the dash indicates the salt
concentration based on the total weight.

In sharp contrast to the essentially liquid low-molecular-
weight diols used as the starting material for the polyurethane
synthesis, all prepared polyurethanes were tough and nonsticky
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both in their pure form and when combined with LiTFSI salt,
which made them easy to handle and process, suggesting high
mechanical stability necessary for high-temperature use. Digital
photos of a synthesized polyurethane and a solution-cast
polyurethane film with salt are shown in Figure SS.

To study the mechanical stability of the aforementioned
polyurethanes, two types of rheological measurements of the
storage (G’) and loss modulus (G”) were performed; first a
wide frequency range measurement and specifically at very low
frequencies (long time scales) and second a wide temperature
range measurement were conducted. The stability at low
frequencies is interesting since it mimics the static stresses the
electrolyte membrane is exposed to under pressure in a battery
cell during ordinary cycling conditions. To access information
at extremely low frequencies of deformation, the time—
temperature superposition (TTS) principle was applied to
construct a master curve spanning several orders of magnitude
of frequencies within an acceptable time frame.”' In Figure 2,
TTS superposition master curves for the polyurethanes with
0—30 wt % LiTFSI constructed from the frequency sweep
measurements are shown, with the reference temperature set at
25 °C. All materials show considerable mechanical stability,
with the crossover of G’ and G” (indicating a transition from
solid-like to liquid-like behavior) located below 10> Hz for the
BPP-polyurethanes and even below 10™* Hz for the PH-
polyurethanes. Similar to what is observed for pure high-
molecular-weight poly(CL-co-TMC),>” the static mechanical
stability increases when LiTFSI salt is added, seen as a shift of

https://doi.org/10.1021/acsaem.1c02942
ACS Appl. Energy Mater. 2022, 5, 407—418


https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02942/suppl_file/ae1c02942_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02942?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02942?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02942?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02942?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

the crossover to lower oscillation frequencies (i.e., longer time
scales). This is an effect arising from the transient physical
cross-links formed from the interaction between the polymer
chains and the Li* ions at higher LiTFSI concentrations.'”'”>’
While there is no obvious and consistent difference in
mechanical response between the different molecular weights
of the soft block, there is a distinct difference between the
BPP- and PH-polyurethanes with the latter consistently
showing mechanical stability extended to lower frequencies,
indicating an overall better mechanical stability regardless of
salt concentration.

The temperature dependence of the mechanical response
was evaluated by temperature sweeps of the polyurethanes
with 0—30 wt % LiTFSI between 25—120 °C (Figure 3) to
investigate the upper temperature limit for the polyurethanes
and where the materials start to flow. Initially, the addition of
LiTFSI is seen to have a negative impact on the mechanical
stability at elevated temperatures for all of the materials, as the
crossover between the storage and loss modulus is shifted to
lower temperatures for all polyurethanes when 10 wt % LiTFSI
is added. This indicates that the addition of salt weakens the
intermolecular interactions that are largely responsible for the
mechanical stability of the materials, that is, the hydrogen
bonding between the urethane groups of the hard blocks.>
However, when the LiTFSI concentration is increased further
beyond 10 wt % LiTFSI, the limit to mechanical stability is
pushed toward higher temperatures, which can be explained by
cross-linking effects arising at higher salt concentrations.''”>”
For both polyurethanes, there appears to be a trend that the
materials with a high molecular weight of the soft segments
(2000 g mol™") demonstrate a greater mechanical stability at
elevated temperatures for all LiTFSI concentrations despite
exhibiting similar response in the frequency sweep measure-
ments (Figure 2) as the polyurethanes with 1000 g mol™" soft
segments. BPP1000 was found to be the most temperature-
sensitive polyurethane, where the only composition mechan-
ically stable above 100 °C was with 30 wt % LiTFSIL In
contrast, BPP2000 displays superior mechanical stability up to
110 °C for all salt concentrations with PH1000 and PH2000
falling in between. A higher molecular weight of the soft block
should lead to a softer material, as the longer chains between
the “locking points” of the hard blocks will have more
flexibility. At the same time, the longer soft segments will have
more opportunities for cationic cross-linking and entangle-
ments in the structure.”>>® In this case, the observed effect is
likely to also be influenced by the higher proportion of hard
segments present in the 2000 g mol™' polyurethanes,
originating from the hard and rigid urethane groups in the
structure that stiffens the structure. In addition, the hard
segments are longer for the 2000 g mol ™" polyurethanes (972 g
mol™" vs 348 g mol ™, estimated from the proportions of hard
and soft segments and assuming a 1:1 stoichiometric ratio),
which is likely to have large influence on the mechanical
properties.

The T, was determined for the polyurethanes to gain insight
into the flexibility of the polymer chains, which gives an
indication of how well the cation can be transported by the
segmental motion of the polymer.”” In Figure 4, the influence
of the LiTFSI content based on the total polyurethane weight
on the T, of the polyurethanes is shown. As expected, the T, of
the polyurethanes is increasing with increasing LiTFSI content
as the guest cations have an ionic cross-linking effect on the
polyurethane chains."”'”>® These findings are in accordance
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Figure 4. T, of the polyurethanes at different salt concentrations. The
salt concentrations are based on the total weight of the polymers.

with the increased mechanical stability with increasing salt
content stemming from the cross-linking network. From these
results, it is also clear that the poly(CL-co-TMC)-based
polyurethanes have a distinctly lower T, than the polycar-
bonate diol-based compositions for all LITESI concentrations,
suggesting a higher chain flexibility in the former. This
translates into faster chain dynamics of the poly(CL-co-TMC)
soft segments, which will ultimately affect the rate of ionic
transport in the polyurethane. Comparing the T, of the
poly(CL-co-TMC) polyurethane containing 27—-30 wt %
LiTFSI based on the soft segment weight (Figures S6 and
S7) with pure high-molecular-weight poly(CL-co-TMC)
containing 28 wt % LiTFSI (poly(CL-co-TMC)-28), apparent
differences are observed. While a T, between —6 and 0 °C is
observed for both BPP1000-20 and BPP2000-20, the high-
molecular-weight poly(CL-co-TMC)-28 exhibits a T, of —37
°C. This apparent difference originates from the locked chain
ends of the soft segments in the polyurethane structure, which
slows down the total segmental dynamics of the polymer
chains compared to in the high-molecular-weight poly(CL-co-
TMC)-28. In the latter, the length of the flexible segments is
instead limited by chain entanglements together with ion—
polymer interactions, which both constitute transient physical
locking points. This constitutes a significant penalty to the
chain flexibility and ultimately also the ability of the polymer
hosts to support fast ion transport at lower temperatures. This
renders the polyurethane SPEs useful solely for applications
operating above room temperature, where the chain dynamics
may be sufficiently fast. However, as noted by the mechanical
stability measurements, the polyurethanes show robust
mechanical properties up above 100 °C depending on the
design of the material, making high-temperature application an
attractive option.

While the T, is found to be lower for the polyurethanes
based on the low-molecular-weight diols, this is likely not a
direct effect of the molecular weight of the soft segments, as
the restriction of the chain ends imposed by incorporating the
diols into the polyurethane chains significantly increases the
T,. For comparison, the T, for the poly(CL-co-TMC) diols was
determined to be —68 °C and —62 °C for the 1000 g mol™’
and 2000 g mol™" diol, respectively. In contrast to the soft
segments of the polyurethanes, the segmental mobility of the
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Figure S. Ionic conductivity of the polyurethanes at different salt concentrations based on the total weight of the polymer.

diols is heavily influenced by the end-groups and the T, is
poorly representative of the T, of the resulting polyurethanes.
The lower T, of the low-molecular-weight polyurethanes is
thus likely to instead originate from the higher proportion of
soft segments in the structure, although it should also be
acknowledged that phase mixing can also have a large influence
on the T, for polyurethanes.

The effect of T, on conductivity can be seen in Figure S,
showing the ionic conductivity of the polyurethanes, where the
differences in T, are reflected in the ionic conductivity of the
polyurethanes, with the poly(CL-co-TMC)-based polyur-
ethanes in general showing higher ionic conductivity than
the polycarbonate diol polyurethanes. The temperature
dependence of the ionic conductivitgr follows a Vogel—
Fulcher—Tamman (VFT) behavior,”*™° indicating that the
ion transport characteristics are retained when incorporating
segments into the polyurethane structure with the Li" transport
being coupled to the segmental motions of the soft block. The
higher ionic conductivity for the poly(CL-co-TMC)-based
polyurethanes thus originates in the higher molecular flexibility
and faster chain dynamics of this polymer, as indicated by the
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lower T,. The highest ionic conductivity was obtained for the
higher salt concentrations of 20 and 30 wt % LiTFSI at high
temperatures. The highest ionic conductivity is observed for
BPP1000 with a maximum of 0.052 mS cm™ at 100 °C
compared to 0.030 mS cm™" for BPP2000 at 100 °C, which is
in accordance with the lower T, for BPP1000. The
polycarbonate diol samples displayed similar ionic conductivity
to each other at all temperatures and LiTFSI concentrations
with a maximum of 0.014 mS cm™" for PH1000 at 100 °C.
Comparing the results of the polyurethanes with the high-
molecular-weight poly(CL-co-TMC)-28 with a similar salt
content™ (Figure 6), it is clear that ionic motion is impaired
when the poly(CL-co-TMC) is incorporated in the polyur-
ethane, as the ionic conductivity decreases by 1 order of
magnitude or more and the T is increased by more than 40 °C
(Figure S7). The low ionic conductivity for the polyurethanes
compared to the poly(CL-co-TMC)-28 can partly be explained
by the locked chain ends of the short ionically conducting soft
segments in the polyurethanes, as evidenced by the increased
T, values. In addition, since the polyurethanes also consist of
both soft and hard segments, where only the soft segments are
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Figure 6. Ionic conductivity of the polyurethanes with 27—30 wt %
LiTFSI (based on the weight of the soft segments in the
polyurethanes) and pure high-molecular-weight poly(CL-co-TMC)
with 28 wt % LiTFSI. Please note that the notations of salt content in
the figure are based on the total weight of the polyurethanes.

ion-conducting, the pathways through the polymer are
restricted to the part of the matrix formed by the soft
segments. This limits the freedom of movement of the Li* ion
and consequently reduces the ionic conductivity. Lastly, the
larger proportion of nonconducting content from the hard
mechanically stable urethane segments in the polyurethanes is
contributing to the lower ionic conductivity, as less material
can contribute to the Li* jon transport. However, at elevated
temperatures the fast chain dynamics of the poly(CL-co-
TMC)-28 result in insufficient mechanical stabilization from
entanglements alone, causing the material to quickly reach its
mechanical stability limit.*'>* As demonstrated here, this can
be improved by incorporating it into a polyurethane chain,
rendering this promising SPE platform also useful at high
temperatures.

The cation transference number (T,) of the polyurethane
electrolytes was measured at 80 °C using the Bruce—Vincent
method.** The results of the impedance measurements before
and after the polarization, the current during polarization, and
the equivalent circuit used to determine the resistances are
shown in Figures S8 and S9. From these measurements, the
transference number was calculated by

_ ISS(AV - IORint,O)
I(AV — IR, 5)

¥
(1)
where I, and Ig5 are the initial and steady state current
respectively (before and after polarization), the Ry, o and Ry, s
are the interface resistances initially and at steady state current
and AV is the applied bias voltage. I, was calculated from the
bulk resistance of the electrolyte according to the method
proposed by Hiller et al.*® The calculated transference
numbers from the measurement are shown in Table 2. All
polyurethanes display a transference number around 0.6. This
is very similar to the T, value of 0.66 reported for high-
molecular-weight poly(CL-co-TMC) at a similar salt concen-

tration.®® This confirms that the conduction mechanism in the
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Table 2. Calculated Transference Number for Each
Polyurethane with a Salt Concentration of 20 wt % Based
on the Total Weight of the Polyurethanes

polyurethane T,

BPP1000-20 0.61
BPP2000-20 0.63
PH1000-20 0.67
PH2000-20 0.56

poly(CL-co-TMC) is retained when incorporated as the soft
segment in the polyurethanes. The Li* ions are thus mainly
transported in the soft segment in the structure and the hard
urethane segments are merely contributing to the mechanical
stability.

As recently reported by Rosenwinkel et al, the cation
transference number is determined by the coordination
strength of the Li* cations to the polymer chains.'” Previous
studies have shown higher T, for electrolytes based on the
polycarbonate poly(trimethylene carbonate) than for electro-
lytes based on the poly(CL-co-TMC) copolymer.'”®" In
contrast, very similar T, values are seen here for the
polyurethane systems. This indicates that, while poly-
(trimethylene carbonate) has a weak affinity for Li*, the
polycarbonate soft segments used for the PH-polyurethanes
are more similar to poly(CL-co-TMC) in its ion coordination
properties. This implies that the ion coordination properties of
these polymers are not only affected by the coordinating
functional groups but by the overall structure of the
coordinating polymer as well. The longer aliphatic carbon
chains in the PH-polyurethanes compared to poly-
(trimethylene carbonate) seem to enhance the affinity of the
carbonate group to Li*, yielding a reduced T,.

The signs of preserved conduction mechanism of Li*-ions
when incorporating a polymer chain as the soft segment in
polyurethanes enlighten the power of utilizing polyurethanes as
a SPE for lithium metal batteries. Considering that the ion
conduction mechanism remains the same for the soft segment
in the polyurethane as for the pure polymer, it is possible to
design the polyurethane to achieve desirable properties for
utilization as an SPE in lithium metal batteries by controlling
the hard and soft segments ratios and by the choice of polymer
type and molecular weight of the soft segments as the ionically
conducting part. As the ion transport characteristics are carried
over from the soft block to the polyurethane electrolytes, this
means that soft blocks with low T, combined with weak
interactions with Li* are optimal to design polyurethanes with
fast Li* conduction while potentially retaining mechanical
integrity at elevated temperatures.

On the basis of this evaluation, BPP2000-20 was selected for
further evaluation of the electrochemical properties, since the
poly(CL-co-TMC) polyurethanes exhibited superior properties
compared to the polycarbonate diol polyurethanes and the
BPP2000 displayed the highest mechanical stability of the
studied polyurethanes and an ionic conductivity of the same
order of magnitude as BPP1000.

The electrochemical stability at high potentials was studied
through cyclic voltammetry (CV) measurements of the
BPP2000—20 electrolyte (Figure 7) at 80 °C. Five consecutive
scans were conducted. On the first scan, we observe an
oxidation current onset at ~3.5 V vs Li*/Li which is
interpreted as electrolyte oxidation, which has previously
been observed for polycarbonates at 3.5 V.%> However, with
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Figure 7. CV measurement of BPP2000—20 performed with a scan
rate of 0.1 mV s™" at 80 °C.

increasing number of scans, the onset of the oxidation current
is increased up to 4.5 V vs Li*/Li in the fifth scan. This is an
indication that the irreversibly formed species on the surface of
the working electrode protect the SPE from further
degradation on consecutive scans, that is, a passivation layer
on the working electrode is formed.”*** During consecutive
scans, the formed passivation layer aids the electrolyte to
withstand higher potentials and will ultimately extend its
lifetime and cyclability.

Long-term galvanostatic cycling of BPP2000—20 in cells
consisting of LFP cathodes and lithium metal as the anode
were performed at charge/discharge rates of C/10 and C/S at
80 °C (Figure 8). Initially, issues were faced during the
construction of the cells with many failed cycling attempts. The
issues appeared to originate from insufficient infiltration of the
SPE into the porous LFP electrode, leading to a large portion
of the LFP being inaccessible for Li" transport, ultimately
failing the cells. Because of the high mechanical stability of the
electrolytes, even at high temperatures, there is insufficient
flow of the material into the pores of the cathode to form ionic
pathways and a well-connected electrolyte—electrode interface
throughout the porous cathode. Part of the problem could be
eased by increasing the temperature for the cycling and thereby
facilitating better infiltration of the cathode with the SPE. Still,
the resistance was too large to obtain decent cycling
performance. However, by incorporating the BPP2000 polyur-
ethane into the LFP electrode as the binder and solution
casting the BPP2000-20 on top of the LFP electrode, an
immense improvement in cycling performance was obtained.
Further improvement was attained by lowering the upper
cutoff potential (without losing capacity) which reduces the
risk of uncontrolled electrolyte degradation. The final
improvement was achieved when precycling the cells at C/
40 for two conditioning cycles to ensure proper infiltration of
the SPE in the LFP electrode and establishing stable and
uniform solid/cathode electrolyte interphase (SEI/CEI) layers
on each electrode surface and ensuring good adhesion between
the electrodes and the electrolyte for continued cycling (Figure
S10). After a few unsteady initial cycles, stable and continuous
cycling was eventually obtained (Figure S11). The cell
containing BPP2000-20 cycled at C/10 demonstrates an initial
discharge capacity of 163 mAh g™" in the first cycle after the
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Figure 8. Cycling of LFPIBPP2000—20ILi cells at a rate of (a) C/10
and (b) C/S at 80 °C.

initial conditioning cycles and 100 mAh g™" after 800 cycles
(capacity retention of 61%). When cycling the cell containing
BPP2000-20 at C/S, a slightly lower initial capacity of 151
mAh g~' was observed but still showing stable long-term
cycling stability after 2000 cycles with a capacity of 76 mAh
g~'. The evolution of the voltage profile during cycling of
BPP2000-20 at C/S (Figure S12) supports the theory of a
formed passivation layer, showing a polarization resistance
already at the beginning of cycling. During the consecutive
~2000 cycles, only a slight increase of the polarization
resistance in the cell is observed, indicating the formed
passivation layer protects the SPE from further degradation at
high temperatures.

Regarding the C.E., some minor fluctuations between 0.9—
1.0 can be seen. However, considering the amount of cycles
(2000 for the cell cycled at C/S), in addition to that the cells
always recover the capacity after the lower-C.E. cycles, these
fluctuations appear not to be the result of irreversible damage
to either the electrodes or the electrolyte. The cycling results
confirm the mechanical robustness of the polyurethanes and
illustrates how the mechanical stability of the BPP2000-20
electrolyte can support long-term cycling at 80 °C, with
reliable performance observed after one year of continuous
cycling of the cells. At the same time, the long-term
electrochemical stability toward metallic lithium and LFP at
80 °C is clearly sufficient to sustain extended cycling under
these conditions.
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B CONCLUSIONS

The properties of polyurethanes with either poly(CL-co-TMC)
or a polycarbonate diol as the soft segment have been
investigated for application as SPEs in high-temperature
lithium metal batteries. The studied polyurethanes show high
stability toward flow at low rates of deformation and
mechanical stability at temperatures up to and above 100
°C, demonstrating the strength supplied by the hard urethane
segments. Observations also illustrate that the mechanical
properties of the polyurethanes can be tuned by the properties
of the soft segment. Considering the ion transport properties,
the results indicate transferrable abilities from the pure
polymer to the polyurethanes when incorporated as the soft
segment, allowing for designing the polyurethanes host
material for a combination of mechanical strength, fast ion
transport, and processability by adjusting the segment ratios
and by tailoring the structure of the soft segment. However,
compared to a high-molecular-weight analog of the soft
segment by itself, a distinct reduction of the ionic conductivity
is observed. The reduced ionic conductivity originates from the
locked chain ends of the soft segment by the hard segments,
limiting the flexibility and segmental dynamics of the soft
segments.

Electrochemical measurements confirm the long-term
function of the poly(CL-co-TMC) polyurethane at high
temperatures in a lithium metal battery, still cycling after
2000 cycles at 80 °C. Although possessing limited ionic
conductivity, polyurethanes have thereby proven to be
mechanically robust enough at high temperatures and to be
compatible with the Li metal cell setup. This is an attractive set
of features and, considering the design possibility of the
polyurethanes, there is a future potential for utilization of
polyurethane SPEs with appropriately designed structure and
composition.
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