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ABSTRACT: Polymer electrolytes mitigate safety concerns surrounding
flammable liquid electrolytes in lithium-ion batteries. Poly(ethylene oxide)
(PEO) electrolytes demonstrate viable conductivity values (~1 X 1073 §/

P(EO-MO)

1‘0/\/0\’];

cm) at elevated temperatures (>70 °C) but a relatively low Li* current \OP/maat/onersaltioadings j{Optimal at higher sat loadings
fraction (<0.2) because strong Li* coordination inhibits cation mobility. 207
We have developed a series of polyacetal electrolytes by systematically 3 15- “\\'
varying methylene oxide (MO) and ethylene oxide (EO) units in the [ 1
polymer backbone. These materials maintain high oxygen-to-carbon ratios 3 '] , PEO —*
like PEO but offer improved ion transport, revealing trends of decreasing % 0.5 + /\/],
conductivity and increasing current fraction with respect to polymer 1 ° n
0.0 ——— T

composition. In particular, the increasing current fraction measured via the
Bruce—Vincent method suggests that MO units improve Li* mobility
relative to anion mobility. We calculate an overall efficacy (product of
conductivity and current fraction) for each polymer/salt composition and identify two polymers—P(EO-MO) and P(EO-
2MO)—that outperform PEO at high and low salt concentrations, respectively.
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cial energy storage technology since their introduction

in the 1970s, largely due to their high energy and power
densities."”” The majority of these devices contain low-viscosity
liquid electrolytes wherein Lewis basic (i.e., oxygen contain-
ing) molecules solvate Li* species, forming coordination
spheres that can rapidly difftuse and migrate between
electrodes.” Although liquid electrolytes have enabled LIBs
with high conductivities, they present significant safety
concerns due to their flammability. Over the past 40 years,
polymer electrolytes have emerged as safer alternative
electrolytes for LIBs.” Much of polymer electrolyte develop-
ment has translated the Lewis basic oxygen-binding motif used
for liquid electrolytes to polymeric materials. Poly(ethylene
oxide) (PEO) doped with a lithium salt has remained the
predominant polymer electrolyte due to its moderate perform-
ance, low commercial cost, low toxicity, and good stability.6
With a high concentration of oxygen relative to carbon, PEO
can solvate high concentrations of lithium salts; however, it
suffers from inherently low ionic conductivity at room
temperature.”® Unlike in liquid electrolytes, oxygens in PEO
are covalently linked by the polymer backbone, and Li* must
inter- or intramolecularly “hop” between coordination environ-

I ithium-ion batteries (LIBs) have dominated commer-
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ments in a mechanism modulated by relatively slow segmental
motion.” ">

Polyacetals are a class of polymers that, like PEO, possess a
high oxygen-to-carbon ratio, providing both good lithium salt
solvation and well-connected binding pathways for lithium
transport.”">'* Previous studies have reported promising ion
transport properties in polyacetal electrolytes based on
poly(1,3-dioxolane) (P(EO-MO))"*™*° and poly(1,3,6-triox-
ocane) (P(2EO-MO))*'—wherein the backbone consists of
ethylene oxide (EO) and methylene oxide (MO) units. In this
study, we developed a series of five polyacetals by systemati-
cally varying the EO-to-MO content in the monomers and
resultant polymers (Scheme 1). We measured two ion
transport parameters in the presence of an applied direct
current (dc) potential as found in LIBs—ionic conductivity
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Scheme 1. Generic Polymerization Scheme for the Cationic Ring-Opening Polymerization of Cyclic Acetals (Top Left),
Structure of LiTFSI Salt and Salt Loadings (r = [Li]/[O]) Used in This Study (Top Right), and Structures of PEO and the
Polyacetals Used in This Study Arranged by Increasing Oxygen-to-Carbon Ratio (p = [0]/[C]) (Bottom)
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(x) and cationic current fraction (the fraction of the current
carried by Li*; p,)—as a function of salt concentration in our
series of polyacetals. In order to study the relationship between
polymer structure and ion transport, we compare both metrics
at a given salt concentration with respect to the stoichiometric
ratio of oxygen to carbon present in the polymer backbone (p
[0]/[C]). We then calculate the efficacy (xp,) of each
composition, which is proportional to the steady-state current
reached in different electrolytes in the limit of small applied
potentials. By examining the dependence of xp, on p, we
identify optimal polyacetal electrolyte compositions for ion
transport and confirm their promise as polymer electrolytes
using cyclic voltammetry.

Polyacetals are typically synthesized via acid-catalyzed
cationic ring-opening polymerization (CROP) of cyclic
methylene acetals (CAs). We first synthesized the monomers
1,3,5-trioxepane (EOQ-2MO), 1,3,6-trioxocane (2EO-MO),
1,3,6,9-tetraoxacycloundecane (3EO-MO), and 1,3,6,9,12-
pentaoxacyclotetradecane (4EO-MO) from their correspond-
ing diols and paraformaldehyde in the presence of an acid
catalyst. 1,3-Dioxolane (EO-MO) was purchased. Using a
triflic-acid-based initiator, we polymerized the CA monomer
scope to their corresponding polyacetals, terminated the
reaction with a soluble alkoxide quenching agent, and
employed a thorough purification procedure to give excellent
thermal stability of the resultant materials. Detailed synthetic
procedures are included in the Supporting Information.

The polyacetals poly(1,3,5-trioxepane) (P(EO-2MO)),
poly(1,3-dioxolane) (P(EO-MO)), poly(1,3,6-trioxocane) (P-
(2EO-MO)), poly(1,3,6,9-tetraoxacycloundecane) (P(3EO-
MO)), and poly(1,3,6,9,12-pentaoxacyclotetradecane) (P-
(4EO-MO)) demonstrated monomodal gel permeation
chromatography (GPC) traces with number-average molecular
weight (M,) = 5.2—55.2 kDa (Figure S1). Differential scanning
calorimetry (DSC) was used to measure T, values of —66,
—64, —62, —63, and —67 °C for P(EO-2MO), P(EO-MO),
P(2EO-MO), P(3EO-MO), and P(4EO-MO)), respectively. All
polyacetals except P(3EO-MO) were semicrystalline in the
neat state with melting temperatures (T,,) ranging from 28—57
°C (Figures S2—S6). Thermogravimetric analysis (TGA) of
the neat polyacetals shows excellent thermal stability for all
polymers with degradation temperatures at 5% mass loss
(Tys%) >266 °C in all cases (Figure S7).
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Each polyacetal was doped with several concentrations of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) by form-
ing a homogeneous polymer/salt solution in acetonitrile, then
removing the solvent and thoroughly drying the samples.
When preparing the samples, we designated salt concentration
as the molar ratio of lithium ions to oxygen atoms in each
polymer (r = [Li]/[O]). This convention is commonly used in
PEO-based electrolytes to normalize the lithium concentration
to the number of oxygen-binding sites in different polymer
compositions. We note that the weight percent (wt %) of
LiTFSI at a given r value is different for each polyacetal
electrolyte in our series, but this difference is small (<5 wt %)
in all cases (Figure S8). Ion transport data for the polyacetal
electrolytes with respect to wt % added salt are included in the
Supporting Information (Figures S10—S11). In the presence of
LiTFS], the degradation temperature of P(2EO-MO) (and
presumably all other polyacetals) decreases, suggesting that
LiTFSI facilitates the depolymerization of polyacetals at
elevated temperatures (Figure S9). However, Ty values
with added salt remain well above the temperature used for
electrochemical characterization (90 °C), suggesting these
materials maintain excellent thermal stability during use.

We measured the ionic conductivities of the polyacetal
electrolytes using electrochemical impedance spectroscopy
(EIS). Data were recorded at an elevated temperature (90
°C) to ensure all polymer electrolytes were fully amorphous.
The ionic conductivity of each polyacetal electrolyte was
measured at salt concentrations from r = 0.01 to 0.13 (Figure
1a). With increasing salt concentration, all polymer electrolytes
show expected non-monotonic behavior, wherein there is an
initial increase in conductivity to a maximum value followed by
a decrease. Increasing conductivity in the dilute regime is
expected as the number of charge carriers increases. At higher
salt concentrations, the segmental motion is inhibited by the
increased number of intermolecular interactions, resulting in
lower conductivities.”> All five polyacetal compositions exhibit
peak conductivity values at r = 0.0S, which is slightly lower
than PEO which peaks at r = 0.08. The observed changes in
conductivity are unrelated to differences in polymer molecular
weight. As previously reported, PEO electrolytes show
comparable ijonic conductivities above an entanglement
threshold molecular weight of 4 kDa.**** Additionally,
P(2EO-MO) shows similar conductivity values at both 20
kDa and 55 kDa (Figure S12). Because the M, values of the
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Figure 1. (a) Ionic conductivity measured as a function of salt
concentration (r = [Li]/[O]). The conductivity initially increases
until reaching an optimal salt concentration, after which it
decreases in all cases. (b) Ionic conductivity as a function of
polymer composition (p = [0]/[C]) at a single salt concentration
of r = 0.08 shows that the conductivity decreases with increasing
acetal content.

polyacetals in this work are within the range 4—55 kDa, the
effect of molecular weight on ion transport properties is
considered to be negligible.

To examine the effect of polymer composition (p = [O]/
[C]) on k, ionic conductivities were compared at a fixed salt
concentration of r = 0.08 (Figure 1b). With increasing p,
values drop by nearly a factor of 4 across the series.
Conductivity values are closely tied to segmental relaxation
in polymer electrolytes.'” Relative segmental relaxation in a
polymer is typically estimated by the glass transition
temperature (T,). In the presence of LiTFSI, polyacetals
show high T, values as compared to PEO (Table S2). For
example, at r = 0.08, PEO has a T, value of —44 °C, while
polyacetals exhibit T, values of —22, —23, —16, —27, and —31
°C for P(EO-2MO), P(EO-MO), P(2E0-MO), P(3EO-MO),
and P(4EO-MO)), respectively (Figure S13, Table S2). At 90
°C, the reduced temperature (T—Tg, where T = 90 °C) of the
polymer electrolytes generally decreases with increasing p =
[0]/[C], suggesting slower segmental relaxation in electrolytes
with high p values at 90 °C. Therefore, we attribute the
decreasing ionic conductivity to decreased segmental relaxa-
tion observed in polyacetals'> as compared to PEO, thougzh
additional contributing factors such as polymer polarity”>*°
also play a role.
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The current fraction is a measure of the mobility of cations
relative to anions in the presence of an applied dc potential.
We used Li/electrolyte/Li symmetric cells at 90 °C to measure
p, via the Bruce—Vincent method such that p, is defined as

i (AV — igR,A)
L N
" o (AV - lssRi,ssA) (1)

where i and i refer to the steady-state and initial current
densities, respectively, and AV is the dc potential across the
electrolyte. R,  and R, are the interfacial impedances at steady
state and initial state, respectively, and A is the electrode area.
The initial and steady-state interfacial impedances were largely
the same, indicating the interfaces between the polyacetal
electrolytes and lithium metal electrodes were electrochemi-
cally stable for the duration of the measurements. Figure 2a
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Figure 2. (a) Current fraction (p,) of PEO and the polyacetal
series as a function of salt concentration (r = [Li]/[O]). In most
cases, the current fraction initially decreases with increasing salt
loading, followed by a plateau. The current fraction of P(EO-MO)
increases with increasing salt concentration. (b) Current fraction
as a function of polymer composition (p = [0]/[C]) at a constant
salt concentration of r = 0.08. The current fraction increases with
increasing p, suggesting that acetals allow improved -cation
transport relative to anion transport.

shows the current fraction with respect to the salt
concentration in various polyacetal electrolytes as calculated
by eq 1. In most cases, p, decreases as r increases from 0.01 to
0.0S. At higher salt concentrations (r > 0.05), the p, values for
PEO, P(4EO-MO), P(3EO-MO), and P(2EO-MO) reach a
plateau. P(EO-MO) shows increasing p, at higher salt
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Figure 3. (a) Polymer efficacy at a given salt concentration calculated as the product of conductivity and current fraction. The most
efficacious polymer is dependent on salt concentration: P(EO-2MO) shows the best efficacy at lower salt loadings, while P(EO-MO) is most
efficacious at higher salt loadings. Some error bars are omitted here for clarity and can be found in the Supporting Information (Figure S14,
Tables S4—S8). (b) Efficacy values normalized to those of PEO for the highest performing polyacetals, P(EO-2MO) and P(EO-MO),
showing that at most salt concentrations these systems outperform PEO with both polymers showing approximately 1.5 times higher efficacy
than PEO at lower salt concentrations (P(EO-2MO)) and high salt concentrations (P(EO-MO)).

concentrations, eventually intersecting with P(EO-2MO).
Overall, the current fraction shows an approximately five-fold
increase with increasing p value at a fixed salt concentration of
r = 0.08 (Figure 2b), reaching values as high as 0.43 and 0.45
for P(EO-MO) and P(EQ-2MO), respectively.

Both ionic conductivity and current fraction are important
ion transport parameters for evaluating the overall performance
of a polymer electrolyte. We therefore calculate the overall
efficacy (kp,) as the product of conductivity and current
fraction at a given salt concentration using the definition of the
steady-state current and current fraction obtained by
concentrated solution theory:*’

lSS

T AV/L

K"+ @
where L is the distance between the electrodes. As shown in eq
2, the efficacy of the electrolyte at steady-state under a small
polarization can be used to represent electrolyte performance
under typical operating conditions. Full averaged values and
standard deviations are included in the Supporting Information
(Figure S14; Tables S3—S8).

The overall kp, of polyacetal electrolytes varies significantly
with the salt concentration (Figure 3a). Between r = 0.01 and
0.13, all polyacetal electrolytes demonstrate a peak efficacy
value, which appears at lower salt concentrations of r = 0.03—
0.05 for P(4EO-MO), P(3EO-MO), P(2EO-MO), and P(EO-
2MO). Meanwhile, P(EO-MO) and PEO show optimal xp, at
a slightly higher salt concentration of r = 0.08. Although
P(4EO-MO) and P(3EO-MO) have efficacies comparable to
that of PEO, we have identified three polyacetals that
demonstrate enhanced efficacy over PEO: P(2EO-MO),
P(EO-MO), and P(EO-2MO). In particular, P(EO-MO) and
P(EO-2MO) show the highest efficacy values in higher and
lower salt concentration regimes, respectively.

To directly compare the efficacy values of P(EO-MO) and
P(EO-2MO) to PEO, we calculated normalized efficacy as a
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function of p, wherein the efficacy values for P(EO-MO) and
P(EO-2MO) were normalized to the efficacy of PEO at a given
salt concentration (Figure 3b). In the dilute regime (r = 0.03—
0.05), P(EO-2MO) shows the highest efficacy of all studied
compositions, over 1.5 times higher than that of PEO. This
high efficacy value results from the exceptional p, of P(EO-
2MO) at low salt concentrations (p, = 0.48) despite relatively
low conductivity. At a moderate salt concentration (r = 0.08),
both P(EO-MO) and P(EO-2MO) show much improved
efficacies approximately 1.3 times higher than that of PEO.
P(EO-MO) outcompetes PEO at high salt concentrations (r =
0.10—0.13), demonstrating efficacy values nearly 1.4 times
higher than those of PEO; its uniquely increasing p, with
increasing salt concentration is largely responsible for the high
efficacy values. Since practical electrolytes contain high salt
concentrations, P(EO-MO) is the best polymer electrolyte
candidate identified in this work.

Both P(EO-MO) and P(EO-2MO) show a wide electro-
chemical stability window as measured by cyclic voltammetry
(Figures S16—S17, data obtained at a sweep rate of 1 mV/s).
The voltammetric profiles are shown for cycle 15, demonstrat-
ing the stabilized current profiles. The initial cycles exhibit
increased currents during the formation of the solid electrolyte
interface. At both r = 0.05 and r = 0.08, P(EO-2MO) shows
excellent voltage stability and expected redox behavior with
current densities comparable to those observed in PEO
(Figure S16). In the presence of LiTFSI, P(EO-MO) shows
a higher current density at low potentials at both r = 0.08 and
= 0.10, suggesting the observed current may arise from either a
salt or polymer degradation reaction, although more in-depth
studies are needed to investigate further (Figure S17).
Nevertheless, both polyacetals show promising electrochemical
stability windows similar to that of PEO, validating their
potential application in commercial LIBs.

In summary, we systematically studied two ion transport
parameters across a series of polyacetal electrolytes and PEO at
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varying salt concentrations and identified trends in ion
mobility with polymer composition. With increasing p =
[0]/[C], we see a four-fold decrease in ionic conductivity,
likely related to changes in segmental motion. However, the
current fraction advantageously increases up to a factor of S
with increasing oxygen content. Although the conductivity is
sacrificed with increasing oxygen content, the current fraction
compensates for the decreased conductivity. Resolving these
two trends by calculating electrolyte efficacy (kp,), we identify
several optimal polyacetal compositions that outperform PEO,
including P(EO-2MO) which shows the highest overall
efficacy at lower salt concentrations, and P(EO-MO) which
exhibits excellent efficacy at high salt concentrations. Both
P(EO-2MO) and P(EO-MO) have wide electrochemical
stability windows, rendering them viable candidates for PEO-
replacement polymer electrolytes.”® The observations pre-
sented here provide a pathway to move past PEO polymer
electrolytes that have dominated the field since 1973.
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