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Abstract

The electrochemical and rheological properties of composite polymer electrolytes (CPEs) based on fumed silica with tethered crosslink
able groups are reported. These silica nanoparticles are dispersed in electrolytes consisting of poly(ethylene glycol) dimethyl ethe
(PEGdm + lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) to which various methacrylate monomers, such as methyl (MMA),
ethyl (EMA), butyl (BMA), n-hexyl (HMA), and n-dodecyl (DMA) methacrylate, are added. The methacrylate monomer facilitates
creation of chemical crosslinks between fumed silica particles and formation of a crosslinked network. In this study, the effects of con-
centration and alkyl chain length of the monomers on conductivity, dynamic rheology, open-circuit interfacial stability, and cell voltage
in lithium—lithium cell cycling are examined. Increasing the length of the monomer alkyl chain enhances both conductivity and elastic
modulus of the crosslinked CPE. In contrast, increasing monomer concentration results in higher elastic modulus, but reduced conduc
tivity. Lithium—lithium cell cycling and open-circuit interfacial stability results did not correlate with alkyl chain length. That is, for the
lithium—lithium cycling studies, all crosslinked samples exhibit higher half-cycle voltage compared to non-crosslinked samples; however,
the open-circuit interfacial stability of CPEs containing BMA and HMA exhibit improved stability compared to the other monomers and
the CPE without monomer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the charge transported by *Licompared to the total
charge transportefll—3]. Electrolytes must be chemically
Rechargeable lithium batteries are promising power and electrochemically stable, mechanically strong, yet eas-
sources for devices such as electric vehicles, portable elec4ly processable, safe, and inexpengite6]. Solid polymer
tronics, and implantable medical devices, because of theirelectrolytes have been recognized as viable candidates for
high-energy density and low self-discharge rate. Although rechargeable lithium batteries. The use of solid polymer
significant progress has been made in these batteries, sevelectrolytes would overcome limitations of liquid elec-
eral important factors, especially the low conductivity and trolytes including: lithium dendrite formation, electrolyte
chemical stability of the electrolyte, have limited their com- |eakage, flammable organic solvent, and electrolytic degra-
mercial use. A large portion of electrolyte research focuses dation of electrolytd5,7,8].
on improving the mechanical strength of the electrolyte  Early approaches to solid polymer electrolytes employed
without sacrificing important electrochemical properties, high-molecular weight #, > 10°) polyethylene oxide
such as conductivity, lithium transference number, and (PEO)[9-11] Linear PEO forms a semi-crystalline elec-
interfacial stability. trolyte with reasonable mechanical properties after addition
Electrolytes for lithium batteries must have acceptable of lithium salts. The crystallites act as crosslinks that make
ionic conductivity (>103Scnt? at 25°C) and should  high-molecular PEO dimensionally stable up to the melting
possess a high ti transference number, i.e., a high ratio point of the salt—polymer complexes-§5°C). However,
since conductivity is dominated by the segmental motion
of the amorphous polymer, the presence of crystalline
* Corresponding author. Tek:1-919-515-3572; fax:+1-919-515-3465.  Phase reduces the room-temperature conductivities to less
E-mail address: fedkiw@eos.ncsu.edu (P.S. Fedkiw). than 10°Scnt!, which is too low for most practical
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applicationg10,11] Various methods have been devised to rather than a physically crosslinked CIfg]. Crosslinked
inhibit crystallinity and maximize the volume fraction of CPEs require the use of additional monomers to form suf-
the amorphous phase in PEO, including: (a) synthesis officient links between particles to give mechanically robust
PEO-based polymers with modified architectfe$2—15] networks. Ideally, added monomer “coats” the surface of the
(b) addition of ‘plasticizers’[10,16—25] (c) addition of silica network and provides permanent mechanical stability
solvents[6,24,26—34] (d) addition of inorganic fillers such  with minimal penalty in conductivity. Using commercially
as alumina, silicas, and zeolitfkl,14,35-48] available crosslinkable fumed silicdDegussa R711+

The synthesis of PEO-based polymers with modified ar- PEGdm(250) + lithium bis(trifluoromethanesulfonyl)imide
chitectures has emphasized comb-branched systems, wher@ iTFSI, Li:O = 1:20)+20wt.% butyl methacrylate
the “teeth” of the comb are designed to have maximum flexi- (BMA) monomer, we prepared thermally crosslinked com-
bility and hence high conductivity. However, the mechanical posites with a room-temperature ionic conductivity ap-
properties of these polymers are poor and require crosslink-proaching 102Scnt! and an elastic modulus6] (G)
ing to minimize creep. Even for these neat polymer systems, approximately 1®Pa. We have recently built on this pre-
regardless of the polymer structure, the room-temperatureliminary study to examine the effects of fumed silica sur-

conductivity[15] of electrolytes is less than8l0~° S cnr L. face group, fumed silica weight percent, salt concentration,
The addition of plasticizers to PEO, either as an absorbedand solvent molecular weight on electrochemical and rhe-
liquid or as a plasticizing lithium sa[tl0,16,23-25]is of- ological propertieg65]. These composite electrolytes of

ten used to reduce the glass transition temperalyrand crosslinked fumed silica exhibit significantly higher elastic
increase conductivity to 10~* S cnt; however, suchad-  modulus and yield stress with minimal penalty in conduc-
ditives often cause a reduction in mechanical properties andtivity and ion transport compared to the CPEs with hy-
a decrease in the interfacial stability with lithiyi,11,49] drophobic fumed silica. However, these crosslinked systems
Gel electrolytes are two-component systems that are behaved poorly in lithium—lithium cycling experiments due
prepared by dispersing liquid solvents (typically, or- to the possible presence of unreacted monomer and/or poor
ganic carbonates) and/or plasticizers in an electrochemi-interfacial contact.
cally inert polymer, such as polyacrylonitrile (PAN) and In this study, we focus on understanding how changes
poly(vinylidene fluoride) (PVdF]12,13,50-53] Here, the in the monomer bulk properties affect the rheological and
ionic transport is primarily governed by the liquid elec- electrochemical properties of CPEs using methacrylate
trolyte with the polymer providing mechanical support. monomers of various length and concentration. Results from
The ionic conductivity of a gel electrolyte is higher than ionic transport, dynamic rheology, open-circuit interfacial
that of a solid system, but often at the expense mechanicalstability, and lithium/lithium cell-cycling are discussed in
strength. To improve the mechanical properties of the gel, terms of a mechanistic crosslinking model. In addition, these
crosslinkable components (e.g., diacrylate compounds) mayresults are correlated with the bulk properties of the mate-
be added to form networked gel—polymer systgfis52] rial components to further evaluate the performance of the
The addition of inorganic fillers to form composite composites, especially the interfacial stability with lithium.
polymer electrolytes (CPEs) decreases the crystallinity in
samples prepared from high-molecular weight PEO, thus
stabilizing the conductive amorphous phase. Furthermore,2. Experimental
the fillers can form self-assembled network structures that
provide favorable mechanical properties in low-to-moderate  Chemicals and preparation used in this study consist of
molecular weight electrolyte systeni84—63] The prin- five components: crosslinkable-based fumed silica (Degussa
cipal advantage of the self-assembly approach is that it R711), lithium salt (lithium bis(trifluoromethanesulfonyl)
provides significant processing advantages that can lead tamide [LIN(CF3SQ,)2] (LITFSI, Li imide, 3M)), poly(ethy-
reduced-cost electrolytes. lene glycol)dimethyl ether (PEGdm/, = 250, Aldrich),
CPEs consisting of low-molecular weight polyethers, methacrylate monomer, and initiat¢s5,66] LiTFSI is
lithium salts, and fumed silica are being developed in our dried at 110C under vacuum~1 kPa) for 24 h before use.
laboratories to produce materials with high conductivity and Fumed silicas are dried at 9C under vacuum~1kPa)
mechanical stabilityf54,55,60,63] The mechanical stabil- for 1 week to achieve a water content of 150-200 ppm
ity stems from a three-dimensional network of interacting before transferred to a glove box. PEGdm (250), used for
fumed silica aggregates. A unique feature of our CPEs is thatinterfacial impedance and lithium—lithium cycle studies, is
the surface chemistry of the fumed silica particles can be dried over 4 A molecular sieves for at least 1 week after
tailored to produce desirable mechanical properties without the inhibitor (butylated hydroxytoluene, BHT) is removed
affecting the electrochemical properties. We have investi- using an inhibitor-removing column (Aldrich). For conduc-
gated composite electrolytes that contain fumed silica with tivity and rheology measurements, PEGdm (250) is dried
octyl and methacrylate groups on the surface. Compositesover 4 A molecular sieves for at least 1 week. Methacry-
that contain these dual-functionalized fumed silica can be late monomers with varying length of alkyl chains, methyl
subsequently reacted to form a chemically crosslinked CPE(MMA), ethyl (EMA), butyl (BMA), n-hexyl (HMA),
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Table 1
Structure and properties of methacrylate monomers used in this study

MW (g moft) BP (°C)

Structure

o}
H,C
3 O)H(

Monomer

Methyl methacrylate 100.12 100
(MMA)
Ethyl methacrylate c Hs\ 114.14 119
(EMA)
Butyl methacrylate 142.20 160
(BMA)
n-Hexyl methacrylate C H13\ 170.24 162
(HMA)
n-Dodecyl methacrylate CyH 25> 254.42 192
(DMA)

and n-dodecyl (DMA) (Aldrich, Alfa Aesar), are pro-
cessed through inhibitor-removing columns (Aldrich) to
remove monomethyl ether hydroquinone (MEHQ), and then
stored over 4 A molecular sieves in a refrigeratof G).
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to a temperature-controlled circulating water bath (Isotope
1016P Fisher Scientifidb4]. The temperature of the water
bath is varied from 0 to 100C (+1°C) and the tempera-
ture of each sample is measured using a T-type thermocou-
ple placed in a sealed glass compartment fully submerged
in the sample. The temperature data acquisition system con-
sists of a National Instruments Fieldpoint Module (FP 1000)
connected to two National Instruments eight-channel ther-
mocouple modules (FP-TC-120). The resistivity of the elec-
trolyte is determined by the real-axis intercept on a Nyquist
plot. For each sample, multiple cells (typically 3-5) are mea-
sured, with the reported value representing the average.
The compatibility between the electrolyte and lithium
metal at room temperature is studied by time-dependent
impedance spectroscopy using symmetric lithium/CPE/
lithium button cells. The crosslinked CPE is prepared by
placing the pre-cured composite in a 25.4mm diameter
propylene mesh materiab0.3 mm thick, 50% porosity,
McMaster-Carr). The CPE/mesh sample is positioned be-
tween two Teflon discs to ensure uniform sample thickness,
sealed in a stainless steel vial, and then cured in an oven
at 80°C for 24 h. From this CPE/mesh sample, 12.7 mm
diameter discs are punched and used in the fabrication of
symmetric lithium/CPE/lithium cells. The design of the
button cells is given elsewher®6]. The cell is stored
at open-circuit and room-temperature between and dur-
ing experiments. The impedance of the cell is measured

The structure and physical properties of the methacrylate using EG&G Princeton Applied Research PowerSine soft-

monomers are shown ifable 1 The free-radical initiator,
2,2-azo-bis-isobutylnitrile (AIBN, Aldrich), is stored in a
refrigerator (’C) and used as received.

After the appropriate amount of PEGdm electrolyte solu-
tion, e.g., LITFSI in PEGdm (250), is added to the fumed
silica, a solution of 1% 2;2azo-bis-isobutylnitrile (AIBN)

ware to control an EG&G Model 273 potentiostat and an
EG&G Model 5210 lock-in amplifier in the frequency range
100 kHz to 100 mHz. The interfacial resistance between the
electrolyte and lithium metal is determined according to
the method of Fauteup]. For each sample, three cells are
prepared and measured. An Arbin battery cycler (Model

in monomer is added to prepare composites with the desiredBT2042) controlled by Arbin ABTS software is employed

weight percent of monomer. Samples used in electrochem-

to carry out constant-current cell cycling using symmet-

ical measurements are prepared in a glove box and mixedric lithium/CPE/lithium button cells. Current densities of

using a high-shear mixer (Tissue TedMr Model 398,

BioSpec Products Inc.) while samples for rheology are pre-

pared outside the glove box and mixed using a Silvef¥on
Model SL2 mixer (Silverson Machines). The final CPEs are

0.2mAcnT? are applied with a fixed charge density of
1Ccni?, and cell cycling is terminated upon reaching a
cell voltage of 500 mV.

obtained by curing the samples in a sealed vial inside an2.2. Rheological characterization

oven at 80C for 24 h.

2.1. Electrochemical characterization

Electrolyte conductivities are measured using a glass con-

ductivity cell that consists of two blocking platinum wire
electrodes (0.64 mm diameter, Fisher Scientift)]. Con-
ductivity is measured using EG&G Princeton Applied Re-
search PowerSine software to control an EG&G Model 273
potentiostat and an EG&G Model 5210 lock-in amplifier

The dynamic rheology of the crosslinked samples is
measured using a TA Instruments AR2000 stress-controlled
rheometer. Unless otherwise noted, the temperature of the
samples is maintained at 26 using a Peltier plate. A
20 mm diameter steel parallel-plate geometry is used on all
samples. Sandpaper is adhered to the plate surface to elimi-
nate sample wall-slip, which could result in underestimation
of the measured properties of a samf@i8]. Samples with
a thickness of 800-15Q0m are used. Initially, samples are

in the frequency range 100-100 mHz. Cells are calibrated loaded in a manner to maintain a normal force of less than

at 25°C using a standard KCI solution (14p$cnt! at
25°C). Conductivity cells are placed in wells in an insulated
aluminum block with an internal coolant circuit connected

5N on the sample. At the desired thickness, the normal force
is allowed to relax below 3N prior to measurement. For
each sample, a dynamic stress sweep is used to determine
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the range of stresses within the linear-viscoelastic (LVE) re-

gion. A new sample is then loaded and a frequency sweep of

0.01-100rads! is performed using a pre-determined LVE

stress, followed by a dynamic stress sweep at a constant

frequency of 1rads!. Reported data represent the average

of three measurements. Typical experimental variances are

less than 20%.

Dynamic rheology measures the elasti&)(and viscous
(G”) moduli of a sample. The frequency dependenc&'of
andG” is an important indicator of microstructure. The elas-
tic modulusG’ qualitatively provides information about the
elastic nature of the material while the viscous moduits
qualitatively provides information about the viscous nature
of the material. Typically, the frequency dependencésof
and G” is measured to understand the extent of structure
formation within the sample. For disperse systems with no
particle flocculation(G” is typically greater tha®’ over the

depend on frequency. For weakly flocculated systems, the

presence of particle structures introduces both viscous and

elastic effects into the rheological response. Thus, the mod-

uli show a weaker dependence on frequency, and the elastic

modulusG’ often exceeds the viscous modul@$ at high
frequencies. If the particles flocculate into a volume-filling
network structure, the modulz’ and G” are independent

of frequency, and the materials is classified as a gel, i.e.,
shows predominantly elastic properti{€®] with G’ > G”.

3. Results and discussion
3.1. Effect of monomer weight percent

Crosslinkable fumed silica-based composite polymer
electrolytes require the addition of monomer to tether ad-
jacent fumed silica particles together and form a robust
solid electrolyte. The addition of monomer to the compos-
ite electrolyte can significantly affect the electrochemical
and rheological properties. To understand how the amount
of monomer influences conductivity, we measured con-
ductivity as a function of monomer weight percehig. 1
shows the conductivity of crosslinked CPEs consisting of
10% R711 in PEGdM250) + LiTFSI (Li:O = 1:20) with
varying amounts of BMA. The conductivity decreases with
the amount of BMA present, with 20% BMA resulting in
a reduction of a factor of 2 and 40% BMA resulting in a
factor of 3 reduction from that in its absence. The addition
of BMA does not appear to affect the mechanism of ionic
transport since all curves show similar curvature, i.e., the
apparent activation energy is unaffected. In general, the
mechanism of ionic transport in these crosslinkable-based
fumed silica composites indicate that crosslinking reactions
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Fig. 1. Effect of monomer weight percent on conductivity of crosslinked

BMA monomers at various weight percent (5, 10, 20, and
40 wt.%) are shown irFig. 2 All samples exhibit higher
elastic modulusG’ than viscous modulu§&’ (shown only
for 5wt.% BMA for purposes of clarity) at all measured
frequencies and exhibit weak frequency dependence, sug-
gesting an elastic network structytb,56,60,63] There is
a six order of magnitude increase in elastic modulus as the
BMA concentration increases from 0 to 5wt.% BMA. The
elastic modulus of crosslinked composites increases with
BMA concentration (5—-40wt.%), with a three-fold increase
in elastic modulus from 10 to 20 wt.% BMA and no signif-
icant change in elastic modulus from 20 to 40 wt.% BMA.
Fig. 3 summarizes the elastic modulus & 1rads?)
and conductivity T = 25°C) of crosslinked composites
as a function of BMA weight percent. We find that the
crosslinkable-based fumed silica composites possess high
conductivity and good mechanical properties The addition
and reaction of 20% BMA increases the elastic moduli over
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occur at a length scale between adjacent silicas thereby

unaffecting the bulk transport processes of the electrolyte.
The dynamic frequency spectra of crosslinked electrolytes
containing 10% R711 in PEGd®@50) +LiTFSI (1:20) with

Frequency o (rad s™')

Fig. 2. Effect of monomer weight percent on the elastic and viscous

moduli of crosslinked CPEs.
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Fig. 5. Conductivity as a function of temperature of CPEs with five
) . o different monomers having varying length of alkyl chains.
six orders of magnitude, yet the conductivity decreases only

a factor of 2. Such a significant increase in elastic modulus
with only a small change in conductivity indicates that the 2. Effect of monomer alkyl chain length
coupling between ionic transport and mechanical strength is
weak.

To assess the reactivity of the crosslinked CPEs with
lithium metal, cycling of Li/CPE/Li cells is performeétig. 4
shows the ohmically corrected average half-cycle voltage
versus cycle number for CPEs with various monomer weight

perceﬂt (0’h5' 10, 20, and 4OV\,'t‘%;]BMA)‘ -Irhlf r(;asults ingi- ties.Fig. 5shows the conductivity of CPEs after crosslinking
cate that the amount of BMA in the crosslinked CPEs has as a function of temperature for composites with five differ-

a sétrong |rlfluence ondcellbvoltage. The a;;id:(yon of 5|, 2(_), ent monomers (MMA, EMA, BMA, HMA, DMA) at a con-
z,n h40 WJEII/O IBMA and su Seql,uﬁ,m crossl,.m mgfresu 1S 1N stant salt concentration (Li:& 1:20), 20 wt.% monomer,
igher cell voltage and poorer lithium cycling performance o4 19t 9 R711. The conductivity increases modestly

than composites without monomer (no crosslinking). How- iy, alieyi chain length, but with a more pronounced change
ever, the crosslinked CPE containing 10 wt.% BMA exhibits from EMA to BMA. This result is primarily due to the lower

a comparable cell voltage to the sample without monomer. solubility of the longer alkyl chains in the PEGdm (250)
This SUGQGStS that 'crosslinked QPES can be stable with r€electrolyte. Longer alkyl monomers are less likely to ho-
spect to lithium during charge/discharge cycles. mopolymerize in the bulk electrolyte phase and are more
likely to react at the fumed silica surface to create links be-
tween silica particles. Polymerization of the monomer in the
electrolyte phase increases the viscosity of the electrolyte

In addition to varying the amount of monomer, differ-
ent types of methacrylate monomers are also studied. We
chose methacrylate monomers with varying length of alkyl
chain lengths to further probe how the chemical nature of the
monomer affects the electrochemical and rheological proper-

>
g 0.3+ 20% BMA 10% BMA thereby impeding ionic transport. The electrolytes contain-
qu, 8 . o ing 20% HMA and 20% DMA have conductivities exceed-

89 40% BMA 5% BMA | i ing 10-3Scnt! at room temperature.

E o 02 ’,‘/"' The dynamic frequency spectra of crosslinked electrolytes

i(% o) containing 10 wt.% R711 in PEGd@50) + LiTFSI (1:20)

T = 0% BMA with different monomers at 20 wt.% are showrFig. 6. For

E ® 04 all samples’ exceedsG”, in addition, bothG’ andG” ex-

5 o (PWE Eﬁ'ﬁgﬂﬁf’g): 1:20) hibit only a slight frequency dependence indicating presence
g 00 10% R711 ) of an elastic network. The length of the alkyl segment of the
>
<

T~ 25°C monomer affects the mechanical properties. As the number

' of alkyl carbons increases, there is an initial increase in elas-
0 S0 100 150 200 tic modulus that reaches a maximum for samples containing
Cycle Number HMA. Further increases in the alkyl chain, e.g., DMA, yield
Fig. 4. Cell voltage of Li/CPE/Li cell as a function of cycle number for a S"th'y lower elastic modulus, althoth the decrease in
crosslinked CPEs with four different monomers of varying BMA weight €lastic modulus compared to BMA and HMA may not be
percent. significant. This is illustrated more clearly Fig. 7 which
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Fig. 6. Effect of varying length of monomer alkyl chain on elastic and
viscous moduli.

showsG’ (w = 1rads1) and conductivity { = 25°C) as a
function of alkyl chain length at 20 wt.% monomer. This plot
shows that conductivity and elastic modulus exhibit slight

increases between MMA and EMA and sharp increases from

EMA to BMA followed by moderate changes for HMA and

DMA. These crosslinked CPEs are unique in that increasing

the alkyl chain length of the monomer enhanbeth con-
ductivity and elastic modulus. Monomers that tend to poly-
merize in the interstitial electrolyte phase, such as MMA

and EMA, cannot form covalent crosslinks between silica
particles. Samples containing such monomers will thus have
weaker mechanical properties and lower ionic conductiv-

ity than those containing monomers, such as BMA, HMA,
and DMA, that do not polymerize in the interstitial elec-

trolyte phase and segregate to the silica surface and reac
to form covalent crosslinks between silica particles. Using

DMA monomer instead of MMA increases the conductiv-

ity by 50% and increases the elastic modulus an order of

magnitude.
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Fig. 7. Conductivity { = 25°C) and elastic modulusxy(= 1rads?) as
a function of number of alkyl carbons in the methacrylate monomer.
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The addition of fumed silica stabilizes the interface
between lithium metal and salt solutions consisting of
PEGdmM(250) + LiTFSI (Li:O = 1:20) [54,70] However,
crosslinked CPEs are prepared with monomer, initiator,
and methacrylate-modified fumed silica that can react with
lithium resulting in the formation of a passivating layer on its
surface. Open-circuit interfacial impedance measurements
are performed to assess the effect of various monomers on
the crosslinked CPE interfacial stability with lithiuraig. 8
shows the open-circuit interfacial impedance of lithium
in contact with 10wt.% R711 in PEGdi250 + LiTFSI
(Li:O = 1:20) (uncrosslinked) with five different monomers
at 20 wt.% as a function of time. We find that the interfacial
impedance of CPEs without monomer (uncrosslinked) is
~700% cn? after 60 days. This value is higher than sim-
ilar CPEs with octyl-modified fumed silica (e.g., Degussa
R805) [54]. Although the higher impedance may indicate
that the methacrylate surface groups are themselves reactive
with lithium metal, the 10 wt.% R711 CPE is liquid-like and
stronger gel electrolytes, such as octyl-modified (Degussa
R805) fumed silica in PEGdm electrolytes, have lower inter-
facial impedance than weaker géf]. In addition,Fig. 8
shows that the interfacial impedance does not correlate with
the length of the alkyl chain in the monomer: EMA, DMA,
and MMA exhibit interfacial impedance values significantly
higher than the CPE without monomer while BMA and
HMA have stable interfacial impedances that are slightly
lower than the CPE without monomer. To further assess
the reactivity of the crosslinked CPEs with lithium metal,
cycling of LI/CPE/Li cells is performedFig. 9 shows the
ohmically corrected average half-cycle voltage versus cy-
cle number for CPEs with various monomers at 20 wt.%
MMA is not shown since it failed upon the first cycle).
he results indicate that the crosslinked CPEs perform
poorly than CPEs without monomer at this added level of
monomer (compare with 10 wt.% BMAig. 4). In addition,
the performance of the crosslinked CPEs is not sensitive to
monomer type. EMA composites, which exhibit relatively

<~ 13000

§ 12000 | —~— MMA PEGdm (250)

= —e— EMA LiTFSI (Li:O = 1:20)

< 11000 r —8— BMA 10% R711

< 40000 - v— HMA 20 wt% monomer

3 —o— DMA T ~25°C

s 9000 ¢ —e— No monomer

o

g 20007

S

= 1500

s

{:‘g 1000

[0} 500

IS ) . ‘ ,

0 50 100 150 200 250

Time (days)

Fig. 8. Open-circuit interfacial impedance as a function of time of
crosslinked CPEs with five different monomers of varying alkyl chain
length.
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T~25°C
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Ohmically-Corrected
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Fig. 9. Cell voltage of Li/CPE/Li cell as a function of cycle number for
crosslinked CPEs with four different monomers of varying alkyl chain
length.

poor open-circuit interfacial stability, perform the best in
cycling studies of Li/CPE/Li cells. Although HMA and
BMA have lower interfacial impedance than the CPE with-
out monomer Fig. 8), both CPEs exhibit higher half-cell
voltage and exceed the cut-off voltage much faster than
the control. The CPEs without monomer outperforming
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