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Introduction

Solvent-free, solid polymer electrolytes (SPE) have the potential to
improve safety, increase design flexibility and enhance performance of
rechargeable lithium batteries.' Solution based electrolytes are flammable
and typically incompatible with lithium metal anodes, limiting energy
density. We have previously demonstrated use of polyimide rod coil block
copolymers doped with lithium salts as electrolytes for lithium polymer
batteries.” The polyimide rod blocks provide dimensional stability while the
polyethylene oxide (PEO) coil portions conduct ions. Phase separation of the
rods and coils in these highly branched polymers® provide channels with an
order of magnitude improvement in lithium conduction over polyethylene
oxide itself at room temperature. In addition, the polymers have been
demonstrated in coin cells to be compatible with lithium metal. For practical
use at room temperature and below, however, at least an order of magnitude
improvement in ion conduction is still required. The addition of nonvolatile,
room temperature ionic liquids has been shown to improve the ionic
conductivity of high molecular weight PEO.* Herein we describe use of these
molten salts to improve ionic conductivity in the rod-coil block copolymers.
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USE OF TIONIC LIQUIDS IN ROD-COIL BLOCK CO-
POLYIMIDES FOR IMPROVED LITHIUM ION CONDUCTION

Mary Ann B. Meador', Dean M. Tigelaar’, Kara Chapin’, and William R.
Bennett’maryann.meador@nasa.gov, (2) Ohio Aerospace Institute, (3) QSS
Group
NASA Glenn Research Center
21000 Brookpark Road
Cleveland, OH 44135

Introduction

Solvent-free, solid polymer eclectrolytes (SPE) have the potential to
improve safety, increase design flexibility and enhance performance of
rechargeable lithium batteries.'! Solution based electrolytes are flammable
and typically incompatible with lithium metal anodes, limiting energy
density. We have previously demonstrated use of polyimide rod coil block
copolymers doped with lithium salts as electrolytes for lithium polymer
batteries.> The polyimide rod blocks provide dimensional stability while the
polyethylene oxide (PEO) coil portions conduct ions. Phase separation of the
rods and coils in these highly branched polymers® provide channels with an
order of magnitude improvement in lithium conduction over polyethylene
oxide itself at room temperature. In addition, the polymers have been
demonstrated in coin cells to be compatible with lithium metal. For practical
use at room temperature and below, however, at least an order of magnitude
improvement in ion conduction is still required. The addition of nonvolatile,
room temperature ionic liquids has been shown to improve the ionic
conductivity of high molecular weight PEO.* Herein we describe use of these
molten salts to improve ionic conductivity in the rod-coil block copolymers.

Experimental

Materials. All reagents were used without further purification.
Tetrahydrofuran (THF), 3,3°,4,4’-benzophenone tetracarboxilic dianhydride
(BTDA) and phthalic anhydride (97%) were purchased from the Aldrich
Chemical Co. 1,3,5-Tris-aminophenoxybenzene was synthesized by Triton
Systems. Lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and Lithium
bis (perfluoroethylsulfonyl)imide) (LiBETI) were purchased from 3-M
Company. Diamine-capped polyethylene oxide oligomer (Jeffamine XTJ-
502) was kindly supplied by Huntsman Corporation. Diamine-capped
propylene oxide (DPA-PPG 1000) was obtained from Tomah® Products, Inc.
N-propyl-N-methylpyrrolidinium  trifluoromethanesulfonimide (P;3) was
synthesized and purified according to a literature procedure to give clear
liquid.*!!' PEO (M, = 5 x 10° and PVDF(HFP) (M,, = 4 x 10°) were
purchased from Aldrich and used as received.

Instrumentation.  Polymers were characterized by differential
scanning calorimetry (DSC) from -90 to 300°C using a Q1000 calorimeter
manufactured by TA Instruments. Thermal gravimetric analysis (TGA) was
obtained using a TA instruments high resolution TGA2950 analyzer. ATR-
FTIR spectra of polymer films were taken with a Nicolet Nexus 470 FTIR
spectrometer equipped with a Smart Omni sample ATR accessory.

lonic conductivity was measured between stainless steel electrodes by
electrochemical impedance techniques, using a Solartron/Schlumberger
model 1250 FRA and model 1286 Electrochemical Interface '
Conductivity was measured over the range of 0 to 80°C. Coin cells were
made from a film of electrolyte sandwiched between 5/8”diameter lithium
discs under internal pressure. Cells were heated to 40°C and cycled at +50
uA/cm? and £100 uA/cm’ current density. Cycles used a 3-hour current
application followed by a 1-hour rest. A polarization limit of 2-Volt was
included to minimize deterioration of the SPE

Synthesis of polymers. Polymers were prepared as previously
described in a glove box according to Scheme 1. In general, the amine
terminated polyalkylene oxide was combined with the BTDA and PA in
enough THF to give a 20-25 w/w% solution of polymer when complete. The
mixture was stirred until dissolved at which time TAB was added slowly with
more stirring until the mixture was completely dissloved. Lithium salt and
ionic liquid was added in the desired amount, and the solution was cast into
two inch diameter Teflon petrie dishes. The films were allowed to dry in the
glove box. After all the solvent was gone, the films were placed in a vacuum
oven attached to the glove box and cured at 200 °C for three hours.

CH;y

XTJ-502; MW=2000; 38.7/6 PEO/PPO
DPA-PPG; 1000 MW=2000; 100% PPO

Scheme 1. Structure and preparation of rod-coil polyimides.

Results and Discussion

lonic conductivity for a 60,000 formulated molecular weight rod-
coil polymer using the Jeffamine, XTJ-502 and LiTFSI in a concentration
giving a Li to EO ratio of 1 to 20 ( or 0.5) is shown in Figure 1 graphed
vs. temperature. Addition of ionic liquid P)3 in amounts up to 150% the
weight of the polymer gives over an order of magnitude increase in ionic
conductivity across the entire temperature range studied (0 to 80 °C).
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Figure 1. Comparison of ionic conductivity for rod-coil films containing
LiTFSi salt at 20:1 O to Li and ionic liquid in quantities of 0. 30 and
150% the weight of the polymer.



Though ionic conductivity is higher in the presence of ionic liquid,
an estimate of Li" transference in the ionic liquid containing films was
almost an order of magnitude lower than in the dry polymer films.
Hence, that Li mobility is not much different. However, since Li
coordinates well with PEO in the polymers, it was thought that perhaps
the Li transference number could be improved by substituting some or all
of the PEO with PPO coils which does not interact strongly with Li. To
this end. a statistical experimental design study was carried out with four
variables. The amount of PEO coil was varied from 100% (PPO coil 0%
to 0% (PPO coil 100%), the quantity of ionic liquid was varied from 50
to 150 % the weight of the polymer. Also, the type of salt (LiBETI and
LiTFSI) and amount of salt was varied. In all, thirty different films were
prepared and the ionic conductivity was measured.

Empirical models were calculated from the measured ionic
conductivities of the films by linear least squares regression. A full
quadratic model containing all main effects, secondary effects of salt,
ionic liquid and PEO concentration, as well as all two-way interactive/
synergistic effects was entertained. Terms not deemed statistically
significant (<90% confidence) were dropped from the model one at a
time using the step-wise modeling technique. Graphs of the models are
shown in Figures 2 and 3.
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Figure 2. Response surface models of room temperature ionic
conductivity vs. salt and ionic liquid concentration for polymers with
100% PEO coil (top), and 50-50 mixture of PEO/PPO (bottom).

Overall, in the study the highest ionic conductivity was obtained for
polymers with 100% PEO coil, containing 150% ionic liquid at the
lowest salt concentration. lonic conductivity decreased with increasing
salt concentration and decreasing ionic liquid concentration as shown in
the top plot in Figure 2. Demonstrating a similar trend, the 50/50
PEO/PPO polymers had nearly the same maximum ionic conductivity
(bottom plot in Figure 2.).

In contrast, 100 % PPO containing polymers actually show an
increase in ionic conductivity with increasing salt concentration. Though
the maximum ionic conductivity at room temperature is slightly lower for
this formulation, it is likely that overall lithium ion mobility is higher
with a larger number of lithium ions and less interaction with the
polymer.
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Figure 3. Response surface model of room temperature ionic
conductivity vs. salt and ionic liquid concentration for polymers with
100% PPO coil.

Differences in ionic conductivity between the two salts were small
and depended on the amount of PPO or PEO contained in the various
formulations as well as the salt concentration. At 100% PEO and low
salt concentration, for example, LiBET] was slightly higher in ionic
conductivity whereas for 100% PPO containing polymers and high salt
concentration, LiTFSI had a slightly higher conductivity.

Further electrochemical characterization of the optimum
formulations will include study of electrochemical stability, lithium
transference measurements, lithium plating and stripping experiments,
and cycling stability.
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