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Design, System, Application

Lithium ion batteries have achieved significant market penetration, but further innovation
is necessary to enable the next generation of fast charging, high energy density cells. A key
component of any high energy density battery is the porous electrode, where the pores are wetted
by the ion-transporting electrolyte to provide a high surface area for electrochemical reactions to
occur. At high current rates, transport within these electrodes becomes a major limiting factor as
it is possible to deplete the concentration of lithium in the electrolyte contained within the
electrode. This problem could be overcome by designing an electrolyte in which the lithium is
more mobile than the anion, as the high anion mobility in current electrolytes is the main cause
of large concentration gradients. Polyelectrolyte solutions, where the anion is a large
macromolecule, have been proposed as systems in which this discrepancy could be directly tuned
due to the control of charge density and size of the anion. In a battery, the range of stable
solvents is limited, and thus solubility and dissociation of ion groups on the polyelectrolyte are
important problems. Here, additives are studied to improve the dissociation of lithium-sulfonate
groups, a common anion for polyelectrolytes, in a battery-relevant solvent to overcome the low
conductivity measured in prior studies. The success shown here could enable future
understanding of transport within battery electrolytes, and thereby achieve higher energy density,
faster charging cells.
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TOC Sentence: In this work, crown ethers are shown to significantly improve the conductivity of

nonaqueous polyelectrolyte solutions, enabling their use in a battery.
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Abstract

Nonaqueous polyelectrolyte solutions, in which a negatively charged macromolecule
neutralized by lithium is dissolved in nonaqueous solvents, have shown promise as potential high
transference number electrolytes. However, in battery-relevant carbonate solvents (ethylene
carbonate/dimethyl carbonate blends), it has been shown that lithium ions do not readily
dissociate from easily synthesized sulfonated polymers, despite the solvent’s high dielectric
constant (~50). In this work, a range of additives are screened to improve conductivity, and we
demonstrate that the addition of less than 5 vol% of 15-crown-5 achieves an order of magnitude
conductivity increase by selectively improving lithium dissociation. Utilizing the optimized
electrolyte, we show that polyelectrolyte solutions may be directly substituted for a standard
electrolyte with commercial electrodes in a graphite/LiFePOy cell, providing further motivation
for future study of these new electrolytes.
Introduction

Lithium-ion battery electrolytes have been engineered extensively to have high
conductivity and form a stable, Li*-conductive passivation layer on the graphite electrode
surface. A key remaining challenge in these electrolytes, however, is engineering control over
the relative motion of anions to cations. Lithium is the electroactive species within the battery,
but in all commercial electrolytes to date the anion is in fact more mobile than the lithium. This
discrepancy is captured by the low cation transference number (t;) of the electrolyte, defined as
the fraction of the total conductivity that arises due to lithium motion in the absence of any
concentration gradient.! It has been shown that battery rate capability and energy density could
be improved with a high t; electrolyte (HTNE), even if the total conductivity is reduced relative

to the standard electrolyte.?>



Molecular Systems Design & Engineering

Recently, nonaqueous polyelectrolyte solutions, in which a lithium-neutralized negatively
charged polymer is fully dissolved in a solvent, have been proposed as potential HTNE’s due to
the bulky nature of the polyanion.>¢ These solutions have been investigated extensively in water
due to their relevance to biological systems,”® but significantly less effort has been expended for
nonaqueous polyelectrolyte solutions.? For a battery application, the preferred solvent is a blend
of ethylene carbonate (EC) and a linear carbonate like dimethyl carbonate (DMC). EC has a high
dielectric constant and degrades into a stable graphite electrode passivation layer, while DMC is
added to reduce the electrolyte melting temperature and lower the viscosity.!® We have recently
investigated a model sulfonated polysulfone/poly(ethylene glycol) copolymer in this solvent and
found that sulfonate groups on the polymer do not readily dissociate in the battery-relevant
solvent, leading to very low conductivity when compared with a similar dielectric constant
solvent that has been studied more frequently with polyelectrolytes, dimethylsulfoxide (DMSO).6

In this work, we investigate the possibility of using additives to enable dissociation of the
lithium from the sulfonate group within the desired EC/DMC solvent. Additives are key to the
performance of all current battery electrolytes, and have been studied extensively both as
transport enhancers and for stability.!’!'> Doyle in 2001 studied the possibility of using additives
to enable higher conductivity in charged polymer membranes for battery applications, but we
know of no study which has ever investigated additives for nonaqueous polyelectrolyte solutions,
particularly with the goal of improving lithium ion dissociation and transport.!?> Here we show
that preferential lithium binding solvents, particularly crown ethers, are a promising means to
enable lithium dissociation from sulfonate groups in EC/DMC, allowing fabrication of a full

battery from commercially available electrodes.
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Results and Discussion

We select and screen several potential additives to promote lithium dissociation in Figure
1. For this screening study, the control solution is 0.1M of the sulfonated polysulfone — co —
poly(ethylene glycol) shown in Scheme 1 and described fully in our previous work dissolved in a
2:1 EC:DMC (vol/vol) solvent.® The reported polymer molarity is the appended sulfonate ion
molarity in each solution, or twice the molarity of the sulfonated sulfone repeat unit (given that
each sulfone repeat unit has 2 sulfonate groups). 0.1M polymer represents the maximum in
conductivity for this polymer in EC/DMC, and the 2:1 ratio is selected due to issues with
crystallization of EC at higher EC contents. Candidate additives are introduced at an equivalent
molar ratio of lithium to additive for comparison here. Also shown is the addition of lithium
bis(trifluoromethylsulfonimide) (LiTFSI), which was included in our previous study. As shown
there, this solution has a conductivity roughly the same as the salt without polymer.
Representative additives were selected that had a high donor number (DMSO),'* could
coordinate to metal ions (imidazole),'> or had ether functionality (tetraglyme). Each of these
additives indeed improves solution conductivity with minimal viscosity change, but not
significantly. Stabilizing additives, vinylene carbonate'® and fluoroethylene carbonate,!” have a
negligible effect on the conductivity or viscosity. Crown ethers are shown here to have the most
impact on the conductivity, again with relatively minimal change in viscosity. The specific
crown ethers chosen here are the same previously studied by Doyle,'* with the addition of
dibenzo 24-crown-8 which is a commercially available crown of larger ring size. The magnitude
of this impact is particularly apparent in comparison to dioxane and tetraglyme, which have

similar functionality, and even water.
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The trend in conductivity with crown ether size (15-crown-5 > 12-crown-4 > 18-crown-6
> 24-crown-8) mirrors the trend observed by Doyle for EC/DMC swollen Nafion membranes
with added crown ether.!®> The close size match of the cavity formed by each crown and the
metal ion is likely the cause of this trend as it has long been known that different metal ions bind
preferentially to different crown ethers.!® This is further supported by past calorimetric
measurements of crown ether complexation with lithium in several different solvents, which
quantify the strength of binding. These measurements correspond directly to the trend in
conductivity observed here, with 15-crown-5 having the strongest interaction.'® As conductivity
must arise from charged species, this suggests addition of crown ether allows lithium to
dissociate from the sulfonate group in solution, and the more strongly coordinated species
provides a greater degree of dissociation. This ability to improve dissociation and solubility was
recognized for battery electrolytes before,?® but in these cases addition of crown tends to
ultimately be detrimental to transport because the lithium/crown complex is bulkier than simply
lithium/solvent, lowering the transference number.!? This is significantly different than the
poorly dissociated polyelectrolyte solution case, where the alternative to a crown/lithium
complex is coordination with a very bulky slow-moving polymer. Importantly, crown ether
additives have not been noted to change electrolyte stability significantly, having been used in
the past to enhance the solid interface in PC electrolytes, and appearing to have similar stability
as poly(ethylene oxide).!0?!

In Figure 2 we examine the effect of 15-crown-5 (the additive that provided the highest
conductivity in our initial additive screening) concentration on the solution conductivity and
viscosity. Furthermore, we quantify the influence of water on these measurements given its

strong solvation properties (high dielectric constant and Lewis acidity), and its ubiquitous
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presence as an impurity in nonaqueous solvents. These solutions were prepared by diluting a
higher concentration solution to 0.1M Li* either by adding EC/DMC or additive, keeping the Li*
concentration constant. In Figure 2A, a clear maximum in conductivity appears near ~4 vol%
crown ether, corresponding to a crown to lithium ratio of 2. This conductivity is significantly
higher than that observed for a similar ratio of water to lithium (Figure 2B). A similar
conductivity with water as the additive is not achieved until a much higher water volume. As the
amount of crown ether in the solvent increases, conductivity begins to decrease. This could be a
result of the slight increase in viscosity at higher concentration (the viscosity of 15-crown-5
alone is 22 mPa-s) or result from the formation of larger solvation structures in solution, such as
a single ion with two crown ethers.

The local solution structure and diffusion coefficients of the solution constituents are
probed directly through NMR measurements summarized in Figure 3. In Figure 3A, diffusion
coefficients measured through pulse field gradient NMR of EC, lithium, and the polymer
backbone clearly demonstrate that the increase in conductivity observed in Figure 2A are due to
changes in lithium motion alone. Diffusion coefficients for DMC and the crown ether could not
be measured independently as their 'H NMR peaks overlap. The polymer backbone diffusion
coefficient is measured via '°’F NMR. It should be noted that the lithium diffusion coefficient
measured by this technique averages all lithium species in solution. The trend in lithium
diffusion coefficient directly aligns with the trend in conductivity in Figure 2A, with a maximum
in diffusion coefficient observed at 2 crowns per lithium. At higher crown content the decrease in
lithium diffusion can be explained by the slight increase in bulk solution viscosity, as the relative

decrease in EC diffusion is equivalent to the decrease in lithium diffusion.
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The increase in lithium diffusion is accompanied by a narrowing of the NMR peak width,
as shown in Figure 3B. Here the 7Li spectra of each solution is shown, with the chemical shift
referenced to 9.7m LiCl in D,0.?? Each of these peaks has a nearly equivalent area. NMR peak
width can be a result of numerous interactions in solution, but polymers tend to have broad peaks
due to slow molecular reorientation rates in solution. For this system where lithium can either be
strongly associated with a polymer or more freely moving in solution, it is reasonable to
associate narrowing with an average decrease in association of the lithium with the polymer. 7Li
shift has also been used in previous studies on 15-crown-5 solvation with lithium, and the
monotonic shift upfield is reminiscent of the trend seen for LiClO4 in propylene carbonate, and
other solvents.!” Importantly, a sharp leveling off of the shift is not observed at a 1:1 ratio, and
no change in the shift direction is observed. These observations would be consistent with
extremely stable 1:1 complexes, or higher order (2:1) crown complexes. Together these
observations on complexation and lithium diffusion indicate that the decrease in conductivity
past 2:1 crown per lithium is not due to the formation of larger crown complexes, but instead is
likely due to the increased viscosity at higher crown ether content.

As a proof of concept for the optimized electrolyte containing a 2:1 molar ratio of 15-
crown-5 to lithium here, we fabricate a battery composed of commercially available electrode
components. A graphite anode and LiFePO, cathode were purchased from MTTI Inc. and a coin
cell battery was fabricated using a quartz fiber separator. We note that the majority of other
proposed novel electrolytes would require optimization of electrode design, as dry polymer
electrolytes, swollen charged membranes, and ceramic lithium conductors must be incorporated
directly within porous electrodes to achieve high energy density. An advantage of a

polyelectrolyte solution is the direct applicability to already available electrode designs. In
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Figure 4, the second charge and discharge curve at C/20 is compared for an electrolyte with no
additives, an electrolyte containing stabilizing additives, and the optimized 15-crown-5
containing electrolyte. Combining 15-crown-5 with the stabilizing additives achieves nearly 90%
of the full theoretical capacity on the second discharge, while only 20 and 30% are achieved with
no additives, or just stabilizing additives, respectively. The difference in capacity can likely be
ascribed to the large increase in conductivity when 15-crown-5 is added to the electrolyte,
thereby improving Li" transport through the porous electrode and increasing active material
utilization. While cyclability and rate capability are still under study, this initial result clearly
demonstrates the ability of additives to enable polyelectrolyte solutions for battery application. A
wide variety of sulfonated and other weakly dissociating charged polymers exist, but none have
ever been tested for battery applications in solution.

These results also provide further motivation to fully characterize the transport properties
of nonaqueous polyelectrolyte solutions utilizing fully rigorous transport theories and
experiments, a significant undertaking. To date, no study has accurately measured the
transference number of a lithium containing polyelectrolyte solution experimentally.
Computational work in collaboration with our lab has identified a rich assortment of fundamental
questions governing transport within these solutions.?® In particular, the true transference number
may vary significantly from any simple estimate due to the complex relationship between
diffusion and mobility in these systems. This complex relationship suggests that a unique
opportunity exists with polyelectrolyte solutions to directly tune transference number by varying
the fraction of charged groups on the polymer, changing the type of anion, or varying the solvent

properties through additive engineering.
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Conclusions

We have demonstrated that additives, particularly 15-crown-5, enable charge and
discharge of a battery fabricated of commercially available electrodes and a polyelectrolyte
solution that would otherwise have prohibitively low conductivity. We show that 15-crown-5
selectively solvates lithium ions in solution, allowing much higher diffusivity and thereby
increasing solution conductivity. This application of crown ethers allows more direct
quantification of crown to lithium ratios as compared with previous studies in membranes and is
significantly different from historical applications of crown ethers in batteries which tend to
increase solubility at the expense of lithium mobility. While significant work remains in
quantifying the effects of crown ethers and polyelectrolytes on battery performance, we believe
these initial results should spur further interest in the field. A polyelectrolyte solution could be
exchanged directly with existing electrolytes in current cell designs, but also enable direct
control over transference number. This could enable faster charge rates and higher energy
densities, and provide better fundamental understanding of the effect of transference number on
battery performance.
Materials and Methods
Materials
Battery grade ethylene carbonate, dimethyl carbonate, lithium bis(trifluoromethylsulfonimide),
and tetraglyme were purchased from BASF and used as received. Fluorinated ethylene carbonate
was kindly provided by Daikin, and all other additives were purchased from Sigma Aldrich and
used as received. The polymer used in this study is a second batch of the polymer used in our
prior work and the synthesis and characterization is described there.® The structure of the

polymer is shown in Scheme 1, along with NMR characterization. The peaks noted as A, B, C
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contain several peaks due to the different possible neighbor monomers and the slight shift that
results from these different neighbors. The same is true for the PEG peak, where the peaks noted
as “PEG ends” correspond to the PEG monomers at the end of the chain, within the copolymer.
The presence of these peaks verifies the incorporation of PEG into the main polymer backbone.
This NMR was taken after drying the polymer, and the very small H,O residual peak (equivalent
to the residual H,O in DMSO-dg) confirms the polymer is in fact dry. This batch of the polymer
has M,=6.7kDa and a dispersity of 1.6 as measured against poly(ethylene oxide) standards
(Sigma Aldrich) in an Agilent 1150 Series GPC with Waters Styragel HR3 and HR4 columns
and NMP with 0.05M LiBr as the mobile phase.

Solution Characterization

Conductivity was measured using a Mettler Toledo InLab 751-4mm conductivity probe in vials
kept at 25°C by a dry heating/cooling block inside of an argon glovebox kept below 1ppm water
and 10ppm oxygen (Vac Atmospheres). The conductivity probe was calibrated to known
standards (Mettler Toledo) at 84 uS/cm, 1413 puS/cm and 12.88 mS/cm. Viscosity was measured
with an electromagnetically spinning viscometer (EMS-1000, Kyoto Instruments) using a 2mm
aluminum ball at a rotation rate of 1000 rpm and 25°C after the tube was sealed in the glovebox.
Error on conductivity is estimated from several repeat measurements on separate samples to be
around 10%. Viscosity error bars are taken from 10 repeat measurements of each individual
sample.

Nuclear magnetic resonance spectroscopy (NMR) measurements

Diffusion coefficients of each species were measured by pulse field gradient NMR on a Bruker
Avance III 500 MHz instrument fitted with a Smm Z-gradient broadband probe and variable

temperature unit maintained at 25°C throughout the measurement. The gradient was calibrated to

10



Molecular Systems Design & Engineering

known values of H,O in D,0,2* H-DMSO in d¢-DMS0, 0.25M LiCl in H,0,?* and 4M LiCl in
H,0.2* A recycle delay of at least 4xT; was utilized for all measurements. Bruker’s double
stimulated bipolar gradient pulse sequence (dstebpgp3s) was used for all measurements to
account for any convection. The signal decay as a function of gradient strength was fit to
Equation 1, which includes adjustments for a slight change introduced to the pulse program in

TopSpin 3.0, as compared with the original paper.26-27

Ji — y2g252D(A —5?6— 31’)
o ¢ (1)

Here y is the gyromagnetic ratio, g is the gradient strength, § is the gradient pulse duration
(between 0.1 and 0.2 seconds), D is the diffusion coefficient, A is the diffusion delay (between 1
and 3 milliseconds), and 7 is the delay for gradient recovery (5 milliseconds). ’Li chemical shift
was referenced by adding a flame-sealed melting point capillary filled with 9.7m LiCl in D,0O to
the NMR tube after the diffusion measurement.?> The location of the peak was recorded, and the
original "Li spectra prior to adding the capillary was adjusted to the same location.

Coin Cell Preparation

Graphite (2.64 mAh/cm?) and LiFePO4 (1.52 mAh/cm?) electrode sheets were purchased from
MTI Corp. and punched to 1.5 cm diameter electrodes inside of an argon glovebox (Vac
Atmospheres). These were then assembled into a CR2032 coin cell with a 1.6 cm diameter
quartz fiber (Whatman) separator and 200 pL of the electrolyte of interest. The electrolyte was
dropped onto each electrode and the separator was fully soaked before being stacked and
crimped closed. The cells were allowed to rest for 12 hours, before cycling at C/20 (0.076
mA/cm?). 3.8 and 2.0 V cutoffs were chosen for charge and discharge, respectively.
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