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Graft copolymer electrolyteSGCE9 of poly[ (oxyethyleney methacrylaté-g-poly(dimethyl siloxane) (POEMy-PDMS)

(70:30 have been synthesized by simple free radical polymerization using a macromonomer route. Differential scanning calo-
rimetry, transmission electron microscopy, and small angle neutron scattering confirmed the material to be microphase-separated
with a domain periodicity of~25 nm. Over the temperature range 290T < 360 K, the electrical conductivities of the lithium
triflate-doped POEMy-PDMS, which exhibited solid-like mechanical behavior, were nearly identical to those of the liquid
POEM homopolymer. Thermal and electrochemical stability studies showed the electrolyte to be stable over a wide temperature
range and voltage window. Solid-state, thin-film batteries comprised of a metallic lithium ane@e2 pm thick vanadium oxide
cathode, and an electrolyte of POE§APDMS doped with LICESO; proved resistant to capacity fade during extended cycling

at room temperature>200 cycles) at a discharge rate of 2/3 C and could be cy@hdrged and dischargedt subambient
temperaturg0°C).
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The proliferation of portable electronics has brought an increased:onducting block*1® With its T, of —123°CY far lower than that
demand for high-performance rechargeable batteries. Currentlyof the alkyl methacrylates used in our previous studies, PDMS was
most commercial cells use liquid or liquid-based electrolytes thatan attractive candidate, expected to impart conductivities higher
limit their thermal stability, energy density, and safe®learly, per- than previously attained.
formance gains could be made if a dry, solid electrolyte were ex-
ploited.

Since the discovery of the ion-conducting properties of doped
polyethylene oxide, researchers have searched for a material exhib- Poly(oxyethyleng; methacrylat¢g-poly(dimethyl siloxang
iting liquid-like ionic conductivity and mechanical properties suit- (POEM-g-PDMS) (70:30 was synthesized by free radical methods.
able for separating the electrodes. Work in our laboratory and else6 mL of poly(dimethyl siloxan¢ monomethacrylate macromonomer
where has focused on block copolymer electroly(BCES,>*? (Aldrich, M,, =~ 10,000 g/mol) and 13 mL of polgthylene glycol
polymers consisting of two chemically dissimilar chains or methyl ether methacrylate monoméAldrich, M, = 475 g/mol)
“blocks.” A net repulsion between the blocks leads them to phasewere added to 80 mL of ethyl acetate and stir(€iy. 1). This
separate locally into nanometer-scale domains, the morphology oformulation corresponds to a weight ratio of 70:380EM:PDM3
which can be controlled by the overall composition of the or a molar ratio of~50:1 (POEM:PDMS side chainsNext, 6 mg
copolymer:® A material thus can be created that has a continuous,of the initiator 2,2-azobisisobutyronitrile(AIBN, Aldrich) were
amorphous polethylene oxidg (PEO-rich phase€'* The interfaces  added (825:1 monomer:initiator and the flask was sealed and
between the domains engender solid-like mechanical propertiespurged for 30 min with grade-5 argon. The solution was then heated
even if both components are well above their respective glass tranto 68°C in an oil bath and left under constant stirring. After 24 h, the
sition temperaturesT(s) 1 while locally within each domain the polymer was precipitated in hexane. The product had a molecular
polymer chain mobility remains hight. When a lithium salt is  weight of ~480,000 g/mol with respect to a polystyrene calibration
added, the polymer becomes a solid electrolyte, behaving mechanturve as determined by gel permeation chromatogra@O), cor-
cally like a rubbery solid but still possessing high ionic responding to roughly 15 PDMS side chains per molecule.
conductivity? Thermal analysis of the material was conducted on a TA Instru-

In the past, block copolymers of this nature were produced byments, Inc., 2920 differential scanning calorimg@6C) and a 951
anionic synthesis, a time-consuming, expensive, laborious procesthermogravimetric analyzefTGA) equipped with a Nicolet 510P
that requires high-purity reagert$>® More recently, our group  Fourier transform infraredFTIR) spectrometer to identify gases
employed atom transfer radical polymerizatiGhiTRP) to create  evolved during thermal decomposition. DSC samples were heated
such systems$,ameliorating many of these synthesis drawbacks.at a rate of 10°C/min in a flowing atmosphere of nitrogen
However, the reaction rates associated with ATRP vary greatly with(50 cni/min). The samples were encapsulated in aluminum pans
factors such as temperature and the age of chemicals, and the tectightly fitted with inverted lids to ensure good thermal contact be-
nique has yet to gain wide-scale acceptance in industry. This papefiveen the sample and the pany,'s were determined by the inflec-
introduces a novel graft copolymer electroly\@CE) created by  tion point method. TGA samples were heated in a platinum boat at a
simple, robust, free radical synthegigth the aid of a commercially  rate of 30°C/min with a nitrogen purge (100 ¥min). The rela-
available macromonomerThe material has a backbone composed tively fast heating rate was used to increase the sensitivity of the
of the lithium-salt-solvating po[y{oxyethyleney methacrylaté FTIR measurements. The TGA module was interfaced directly to the
(POEM) and long side chains of pdigimethyl siloxang (PDMS). FTIR gas sampling cell, thereby obviating the need for a heated
The choice of PDMS was motivated by the observation in our BCEtransfer line. This arrangement provided for excellent temporal reso-
studie$ that the electrical conductivity of these systems scales in-lution between the TGA and FTIR signals. FTIR gas-phase spectra
versely with the glass transition temperature of the secon@mny-  were collected at a resolution of 4 chwith an MCT/A detector.

Small angle neutron scattering measurements were performed
using a pulsed-source time-of-flight instrument, the Low-Q Diffrac-
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CH; CH;, The electrochemical stability of the GCE was investigated by

| _| cyclic voltammetry. The electrolyte was pressed between an over-
H,C=C H,C —(|? sized counter electrode of lithium and a 1%cworking electrode of
C| C platinum to a film thickness of approximately 1Qdm. Using a
/\ /\ Solartron 1286 electrochemical intgrfac(SoIartron Analytical,
0" O(CH,CH,0)CH; 0" O(Si(CH3),0)14sCHs Houston, TX controlled by a PC running CorrWak&cribner As-

sociates, Inc., Southern Pines, N@he potential was scanned from
POEM monomer PDMS macromenomer +2.3t0+5.0V at a sweep rate of 2 mV's.

To study the GCE’s performance in a solid-state battery, the elec-
trolyte was incorporated into thin-film test cells fitted with a cathode
of vanadium oxide on aluminum foil and an anode of lithium. For
the cycling data, vanadium oxide thin films were deposited onto an
aluminum foil substratéarea~1 cn?, thickness~20 wm) by ion-

. ) 1 . assisted, e-beam evaporation of vanadium metal in a controlled oxy-
vided data in the-range of 0.004-0.3 Alin asingle measurement  gen environment. The chamber was kept at 320°C. After deposition,
by using a position-sensitive area detector and neutrons with waveg;ms were annealed at 250°C for 2 h. Oxide film thicknesses were
lengths in the range of 1.5-15 A. All measurements were taken ajjerermined to be-0.2 pwm as measured by profilometry. X-ray dif-
ambient temperature (25 1°C). The scattering data were Cor- fraction (XRD) studies using a rotating anode and Cu Kadiation
rected for empty quartz-window scattering, detector sensitivity, and(Rigaku RTP500RCrevealed the oxide films to be partially crystal-
sample transmission. The differential scattering cross setigh line with broad peaks. Some peaks were identified a®,V al-

was calculated on an absolute scale in the units of'chy using  though several others could not be matched to a specific phase,
secondary standards whose absolute scattering cross sections Wejigggesting a mixed phase system. By Auger electron spectroscopy
known. As the magnitude of the scattered neutron momentum transthe vanadium concentration of the oxide films was measured as
fer was measured by time-of-flight techniques, the reduction of datagg + 204 on an atomic basis, which puts their stoichiometry be-

from these instruments included other operations such as projectiofaen W0, and V,O,; accordingly, we refer to the films simply as

of .the initielll data[i.e.., 1(6,t), where9 is the scattering angle and VO,, where 1.5< x < 2. Electrolyte films, measuring 2 and 60

tis thig time of flight onto q space[i.e, 1(q)]; published | 'in thickness for the ambient temperature and varied temperature

me_tl_hod Towere Lljsetd for these prg;ée'\cjlt)lres. . dusi cycling tests, respectively, were prepared by solution casting from
ransmission €lectron microscopyevl) was pertormed usinga - tyg directly onto the VQ film in an argon-filled glove box. The

JEOL 200CX in bright-field mode operating at 120 keV. TEM Speci- 5cg/cathode construct was subsequently dried under vacuum for

mens were obtained by first securing the polymer onto a metal posf g h. Cycle testing was conducted at 25°C with a Maccor series

using quick-setting epoxy. The sample was then coole¢86°C, 4000 automated test system. Voltage limits were set at 4.0 and 1.5 VV
trimmed, and cryomicrotomed inte30 nm thick sections with the  \yith discharge and charge rates of 2/3 C, where the C/1 rate is
aid of an RMC (Tuscon, AZ MT-XL ultramicrotome. The thin  defined as a current density of 270 mA/g cathode mass. A second
slices were then mounted on copper grids. The resulting TEM im-stydy involved comparing the current capabilities of cells fitted with
ages confirmed the SANS findings and also provided informationGCEs of different thicknesses to that of another identical cell con-
about the specific morphology of the polymer. y taining liquid electrolyte. For this study, vanadium pentoxide cath-
In order to demonstrate the dimensional stability needed forgde films were produced via radio-frequerief). sputtering of a 3
solid-state battery appllcqtlons, the_ dynamic properties of the cojn diam \,Os target in 2% Q:Ar gas. The substrate current col-
polymer were probed using a strain-controlled rheomeéMdRES, lector consisted of an aluminum foil kept at a constant temperature
Rheometrlc}; The rheometer was operated in the parallel-plate 0s-q¢ approximately 250°C during the course of the deposition. The
cillatory shear mode whta 1 mmgap. The sample was molded on  gpttering gun was kept at a forward power of 300 W. Films were
the 25 mm diam test_flxture by pressing a film of the material to thesubsequently annealed at 250°C under a flowing oxygen:argon at-
measurement gap width at 90°C. Measurements were perfqrmed ?ﬁosphere and were determined to bgly/ via XRD. Profilometry
90° and 25°C; the temperature was regulated to withrf C using erformed on a dummy silicon wafer showed the thickness to be
a thermally'controlled nitrogen purge. The frequency depe_ndence Ohpproximately 375 nm. Again, the Maccor was used at higher cur-
the dynamic storage and loss modut’( and G”, respectively  rent rates while a Solartron 1286 was used at lower currents for
were recorded for the frequency range from 200 to 0.1 rad/s at amproved resolution. Due to systematic error in the Maccor instru-
relatively small strain amplitude of 1.5%. All the data documented ment at low current ranges<(100 uA), data obtained from the Mac-
were reproducible W|th|_n an error limit of 5%. Compre_ssmn studies oy was normalized to the Solartron potentiostat through applying a
were also performed with the aid of the rheometer. Circular parallel .qstant current shift of 1@A/cm? across the entire data range.
plates were electrically insulated from one another by fixing a S'lver'CeIIs were tested between 2.1 and 3.9 V. Specific current rates were

coated mylar film to each 8 mm diam platen. A controlled normal rgneateq for cells after an entire run to ensure that no capacity fade
force was applied and the resistance was measured for electrolytg ., ireqd during the course of the experiment

films of varying initial thickness. Higher pressures were also applied
using a clamp and a calibrated load cell.

The electrical conductivity was obtained by impedance spectros-
copy using a waveform generator/response analySslartron Figure 2a shows a TGA curve of a POEgAPDMS sample
model 1260 frequency response analyzer, Solartron Analyticaldoped with lithium triflate.(The TGA trace for the pure, undoped
Houston, TX controlled by a PC running commercially available polymer was virtually identical The GCE exhibits excellent ther-
software(Z60, Scribner Associates, Inc., Southern Pines).N@e mal stability well above 200°C. The small, low-temperature weight
test fixture consisted of two blocking electrodes made of stainlesgoss is due to the evolution of adsorbed water. FTIR spectra of
steel and attached to a micrometer which measured the electrodgtraethylene glycol diethyl ether and hexamethylcyclosiloxane were
separation, and hence, the thickness of the polymer specimen, whicbbtained at approximately 350 and 450°C, indicating the decompo-
was kept under an atmosphere of flowing argon gas. Polymer filmssition of the POEM® and PDM$* components, respectively. The
were cast from tetrahydrofurdifHF) and dried under vacuum for 6  weight losses are in good agreement with the overall composition of
h. Increasing the drying time and temperature did not affect thethe material, noting that the residue of about 3% consisted of black
recorded conductivity. Doping with LiGS0; to obtain a LifEO] char, a common decomposition product of polymeric materials in an
ratio of 1:20 made the polymer electrolyte conductive. inert atmosphere. The DSC heating cuffg. 2b of the graft co-

Figure 1. Chemical formulas for POEM and PDMS monomers. The synthe-
sis produces a polymer consisting of a random distribution of these units.

Results and Discussion
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Figure 2. (a) TGA data on POEMg-PDMS system. FTIR spectroscopy
identified the evolved gase&) A DSC curve of the graft copolymer. Scan
rate 10°C/min.

Figure 3. SANS data taken at 20°C on POEPDMS (70:30 and
POEM-g-PDMS (70:30 doped with LICKSQO; to obtain a LifEO] ratio of
1:20. The intense reflection at 0.025 Aindicates an ordered morphology
having a domain periodicity of-24 nm.

polymer indicates that the material is microphase-separated, show-

ing two distinct glass transition temperatures-&t36 and—66°C (68:32 system studied previousfithe low-frequency behavior sug-
that can be attributed to the PDMS and POEM domains, respecgests that the copolymer exists in a microphase-separatedstate,
tively. The exothermic and endothermic peaks at abe@7 and and the moduli are sufficiently high for most battery applications.
—10°C are the result of crystallization and subsequent melting ofFor both materials, the general weak dependence of the moduli on

the PDMS component. frequency/temperature arises from the fact that the mechanical prop-
Small-angle neutron scattering data confirm that the materialerties of the system are dictated by the interfaces between the do-
is microphase-separate@Fig. 3). The strong reflection afq mains. At room temperature each polymer is already well into the

~ 0.03 A1 suggests a characteristic domain spacing of approxi-me“ regime; accordingly, temperature variations have little effect on
mately 23 nm, a figure consistent with dimensions observed in im-the overall stiffness of the materid. o .
ages obtained via TEMFig. 4). The copolymer remains in a Com_pre;sm_)n_ tests reve_aled that the material is highly elas_tlc,
microphase-separated state upon the addition of lithium triflate, with"e€covering its initial dimensions upon removal of pressures as high
an increase in domain periodicity t625 nm. The material exhibits &S 40 psi(corresponding to the highest force that could be applied
a defect-laden, bicontinuous, nanophase morpholégig. 4), by the apparatys Undoped graft copolymer films betweer8 and
as seen in other studies on microphase-separating graf["lgoum thick were subject to static loading for 1 h. The material
copolymers->2223The random graft-site distribution perturbs the
development of long-range order. Contrast between the PDMS
(dark and POEM(light) domains in Fig. 4 can be attributed to
differences in electron density and beam degradation rates.
Because both copolymer blocks are I3ypolymers, the mate-
rial’s rubbery mechanical properties and excellent dimensional sta
bility originate from the interfaces created by the microphase sepa
ration of the POEM backbone and PDMS side chaiRg. 5). 5
Figure 5 shows the storag&() and loss G”) moduli of the graft
copolymer as a function of reduced frequency, illustrating the solid- &
like nature of the material. As is common, the storage moduli, taken;*
at two different temperaturg80 and 25°C, were brought to overlap |
using the method known as time-temperature superposition, and th
loss moduli were shifted correspondingly. Here, the 90°C moduli |
were referenced with respect to the 25°C data by applying a#
horizontal shift factor &) of 0.125. The magnitude and frequency
dependence of the graft copolymer is nearly identical to that ofFigure 4. Bright-field TEM micrograph of POEMg-PDMS (70:30. PDMS
a poly (oxyethyleney methacrylatéb-poly(lauryl methacrylate)  appears as the darker phase.
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was capable of supporting elevated pressures without any detectabfdgure 7. Temperature dependence of electrical = conductivity —of

creep. Although the electronic resistance of the sample did decreasgOEM-9-PDMS (70:30 and POEM, each doped with LIGEO; to a

due to the thickness change that accompanied the loading, the film's:[EC] ratio of 1:20.

always possessed more than adequately high values to prevent short-

ing. Subsequent tests were done with 0.3 isamples(200 pm

thick, stainless steel electrode platesing a clamp and a load cell  film. Cycle testing at a current rate of 2/3(200 mA/g between 1.5

to measure the applied force. At a pressure-60 psi, the copoly- and.4.0 V revealed a first dlscharge_ capacity of 50 mAh/g.. Further

mer exhibited limited plastic flow. However, after an initial irrevers- cycling caused the discharge capacity to increase substantially. This

ible deformation the material was able to maintain the pressure forésult may be attributable to improved contact between components

15 min, which was the duration of the experiment. At 120 psi, when Of the cell. Alternatively, we speculate that the enhanced capacity on

the film dimensions stabilized, the resistance still exceeded @00 k cycling may be due to orientation of the GCE domains under the

Visible inspection of the film after the test revealed substantial non-applied potential, causing a reduction of the interfacial impedance

uniform thinning (average thickness-10 wm). These results sug- between the electrolyte and electrode. Block copolymer domain ori-

gest that(neglecting any margin of safétghe GCE can be pro- €ntation under applied electric fields has been observed previously,

cessed or used at pressures approaching 60 psi. Beyond thiff example, by Thum-Albrechtetal. in their work with

threshold, the cell still should not short immediately, but its dimen- Polystyreneb-poly(methyl methacrylate’® Figure 8 shows the evo-

sions and integrity would begin to be compromised. lution of the discharge capacities for a cell cycled at 2/3 C for 200
Cyclic voltammetry performed at room temperature demon-cycles. While an initial capacity of-50 mAh/g was measured, this

strated the electrolytic stability of the salt-doped graft copolymer rose monotonically and reached a steady-state valu€l8D mAh/g

(Fig. 6). Small currents were measured at extreme potengadg, after 15 cycles. These results suggest that a further attribute of this

~2.5pAlcm? at 5.0 V. Apart from a slight rise in current at4.0 V elecyrolyte may be the ability to self-optimize its morphology in

believed to be associated with the breakdown of the lithium salt,Service.

there was no evidence of significant electrochemical activity in the — The effect of bulk electrolyte resistance on cell performance was

polymer at potentials as high as 5 V. probed by studying several cells constructed with different polymer
Figure 7 shows that over the temperature range 29D thicknesses ranging from 13 to 12in. These batteries, fitted with

< 360K, the electrical conductivities of the GCE and the salt- V20s sputtered cathodes, were cycled at assorted discharge rates

doped molten POEM homopolymer, both exhibiting the expectedand their performance was compared to that of a cell made with

Vogel-Tammann-Fulcher behavior, are almost identical. This illus- liquid electrolyte. Although capacity was seen to decrease at higher

trates the benefit of including a loW, nonconducting domain: com- ~ current ratesas expectexl there was no appreciable difference in

parable conductivity combined with dimensional stability. Replacing Performance between any of the celiSg. 9); the rate-limiting step

lithium triflate with a more conductive imide salt, increasing the N these microbattery geometries does not appear to be related to the

fraction of POEM, or incorporating oligomeric PEO would raise the lithium-ion transport through the electrolyte.

GCE conductivity still higher. Furthermore, because the GCE film  In an effort to investigate the relationship between battery per-

can be made very thin, the overall resistance can be kept acceptabfprmance and temperature, cells fitted with a GCE of thickness

low for battery use even at the reported values of electrical conduc-~60 .m and liquid electrolytd EC:DEQ were cycled at subambi-

tivity. ent temperatures(10 and 0°C and at elevated temperature
To confirm the viability of the GCE, a solid-state cell was con-

structed with a VQ cathode, lithium anode, and 2Zm electrolyte
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Figure 6. Cyclic voltammetry of doped POEMi-PDMS using a platinum  Figure 8. Room-temperature cycling of a solid-state battery of
working electrode and lithium counter electrode. Li/POEM-g-PDMS (70:30/VO, . GCE film thickness~2 pm.
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(~52°C), always at a rate of 2/3 Fig. 10. The capacity data in
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viously, even huge changes in the bulk electrolyte resistance did not
impact the batteries’ performance. The GCE cell's behavior was
monitored as it warmed from 0°@ig. 10D. The consistency in the
cell's performance at room temperature demonstrated that the capac-
ity was recoverable. Upon heating to 52°C, the liquid-electrolyte-
containing cell experienced rapid capacity fade before it failed
abruptly. Inspection of the disassembled battery revealed that the
cathode had dissolved into the electrolyte leaving the current collec-
tor nearly bare. The graft-copolymer-electrolyte battery fared better
at elevated temperature, exhibiting much less capacit%/ fade. These
findings are consistent with those published by le¢el.?” amor-
phous vanadium oxide films dissolve in liquid electrolyte unless a
solid-electrolyte layer is used as a protective coating.

The graft copolymer electrolyte investigated in this work pos-
sesses the best combination of electrical and mechanical properties
of the salt-doped materials examined to date in our laboratory. In
parallel, the GCE can be produced by simple and scalable synthesis.
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