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Nanocomposite Electrolytes with Fumed Silica and Hectorite Clay
Networks: Passive versus Active Fillers**
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By Howard J. Walls, Michael W. Riley, Ruchi R. Singhal, Richard J. Spontak, Peter S. Fedkiw, and
Saad A. Khan*

The use of nanocomposites constitutes a versatile and robust approach in the development of novel electrolytes with tailored
electrochemical and mechanical characteristics. In this study, we examine the morphology, rheology, and ion-transport proper-
ties of two types of nanocomposite electrolyte gels, one consisting of branched silica nanoparticles and the other composed of
hectorite clay. In the first system with hydrophobic (fumed) silica, oligomers of poly(ethylene oxide) (PEO), and lithium salt,
the silica acts as a passive filler and does not participate in ion transport. The electrochemical properties are controlled by the
salt—PEO electrolyte, allowing for ionic conductivities greater than 10> Scm™ at ambient temperature. At sufficiently high
concentrations, the silica forms an elastic gel possessing a large open network structure that provides for unimpeded ion mobil-
ity. In the second system composed of lithium-exchanged hectorite filler, the nanoscale platelets serve as the anion. This active
filler yields ionic conductivities in excess of 10* Scm™ and lithium transference numbers approaching unity. Similar to fumed
silica, the hectorite clay also forms an elastic gel network. However, the morphologies of the two systems are distinctively dif-
ferent both in terms of network structure and characteristic length scale. These morphological differences manifest themselves

in different rheological responses with regard to gel modulus and yield stress.

1. Introduction

The development of solid polymer electrolytes is recognized
as a viable solution to many of the problems currently faced by
rechargeable lithium (Li) and lithium-ion batteries. Polymer
electrolytes derived principally from Li salts dispersed in
poly(ethylene oxide) (PEO) promise improved safety and relia-
bility, better electrode—electrolyte stability, and excellent me-
chanical stability.[l'él Moreover, they may eliminate the need for
separators and can conform to any cell shape that an application
may require, thereby avoiding can-type design constraints.*”’)
However, development of a solid polymer electrolyte with desir-
able properties that include high ambient-temperature conduc-
tivity, high Li transference number (i.e., high mobility of lithium
cation relative to anion), mechanical stability, and processability,
is yet to be realized.®! This is because many of these properties
are mutually exclusive, in which case efforts to improve one,
such as conductivity, may only be achieved at the expense of
other properties, such as reduced mechanical strength.!!

An intriguing and facile approach to address the shortcom-
ing of low conductivity involves the addition of inorganic fillers
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(e.g., SiO, or AlLL,O3) to PEO-based electrolytes.**) Addition
of micro-/nanoscale particulates to such electrolytes to form
hybrid nanocomposites results in an increase in conductivity, a
slight increase in Li transference number, improved electrode—
electrolyte interfacial stability, and little compromise in me-
chanical strength."**'* The reported increase in conductivity
reflects the ability of the particles to inhibit crystallization of
high-molecular-weight PEO and, consequently, promote poly-
mer mobility.[“’lz’lsl Improved Li transference numbers have
been attributed to the role of the ceramics, which serve as Le-
wis acid-base centers that effectively increase the number of
free Li cations." Unfortunately, the conductivity improve-
ment in these systems is not sufficient to warrant their usage in
commercial applications. Since the particulates employed in
these systems are not charged and play no direct role in ion
transport, we refer to them as “passive” fillers. A related ap-
proach to improve the performance of polymer electrolytes by
enhancing the Li transference number uses Li-exchanged na-
noclays (e.g., hectorite, laponite, and montmorillonite) in a
polymer (e.g., PEO) capable of solvating Li cations.'*"! In this
regard, PEO molecules intercalate within the galleries of the
organoclay platelets and solvate the Li cations. The large clay
platelets therefore serve as anions, but have low mobility be-
cause of their size. As such, high Li transference numbers can
be expected. Unfortunately, low ionic conductivity is typically
observed in these materials, even after they are further doped
with a salt such as lithium triflate (LiCF3SO3).'"¥! Since the
Li-exchanged organoclays used in these systems directly affect
ion transport, we refer to them as “active” fillers.

The ability of an electrolyte to transport ions is strongly
coupled to i) its ability to solvate/dissociate a salt and ii) the
resultant mobility of the ions in the electrolyte.“‘im’zz] In
PEO-based electrolytes, the polar ether linkages coordinate
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the cations, while a large low-lattice energy anion delocalizes
the negative charge.[4'5’21] The ions then migrate through the
amorphous regions of the polymer matrix as a result of local
segmental motion. Increasing the chain mobility generally in-
duces an increase in conductivity.’*?!! Electrolytes with a high
dielectric constant and low viscosity can yield very high ion
transport.>?! This design paradigm explains why carbonates
such as ethylene carbonate (EC) and dimethyl carbonate are
common solvents used in commercial Li ion batteries.”” In
similar fashion, a marked increase in conductivity is found to
occur in PEO-based electrolytes when the molecular weight of
PEO (Mpgo) falls below the critical molecular weight of entan-
glement (M. ~3200 gmol™).”?* Low-molecular-weight PEO
with Mpgo <500 gmol™, often referred to as poly(ethylene
glycol) (PEG), is molten at ambient temperature, and pos-
sesses a relatively low melt viscosity to promote high ion trans-
port. The drawback to using low-molecular-weight PEO is that
it is a liquid at ambient temperature rather than the desired
mechanically stable solid.

Our effort to formulate nanocomposite electrolytes, which
deviates significantly from the traditional approach, exploits
the high ambient temperature ionic conductivity possible in
PEG or mixtures of PEG and carbonates, and uses nanoscale
particulates that can form a three-dimensional network struc-
ture to impart mechanical stability. In this regard, we consider
two types of fillers: a passive fumed silica that forms a branch-
like network and an active Li-exchanged hectorite clay with
a high aspect ratio. Electrolytes derived from fumed silica con-
sist of PEG dimethyl ether (PEGdm), a Li salt such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and a fumed sili-
ca modified with various surface groups such as hydrophobic
C3H17.[25'27] When a sufficient amount of fumed silica is dis-
persed in the liquid PEGdm-LiTFSI electrolyte, the fumed sili-
ca organizes into a three-dimensional network that provides
the requisite mechanical strength through physical gela-
tion®?! while retaining favorable ion transport with an ionic
conductivity (o) in excess of 10° Scm™ at ambient tempera-
ture.””) While the mechanical properties of such nanocompos-
ites are primarily governed by the fumed silica,® jon transport
is dictated by the PEGdm-LiTFSI matrix. In contrast, nano-
composites derived from hectorite are formed by dispersing
Li-exchanged synthetic hectorite in a mixture of EC and either
PEGdm or propylene carbonate (PC). Since the hectorite
serves the dual role as anion and network-forming filler, high
Li transference numbers and mechanical strength are simulta-
neously realized.’”! In this case, the mixed EC/PEGdm or
EC/PC solvent provides for relatively high ion transport at
ambient temperature with ¢>107 Scm™.

Previous work on these nanocomposites have addressed
some aspects of their electrochemistry®**” and rheology.?**!
Missing, however, is a detailed morphological analysis of these
systems together with a comprehensive understanding of the
relationship between observed morphology, electrochemistry,
and rheology. Such an understanding is essential in establishing
new design paradigms for nanocomposite electrolytes. In this
study, we investigate and compare the morphologies and prop-
erties of passive and active routes to efficient nanocomposite

electrolytes for Li-ion battery applications. On one hand, the
fumed silica serves as an inert filler that improves mechanical
strength with little influence on ion transport. On the other
hand, Li-exchanged hectorite constitutes an active filler that
benefits both mechanical strength and Li transference number.

2. Results and Discussion

2.1. Fumed Silica Nanocomposite Electrolytes

Addition of hydrophobic fumed silica to the liquid electro-
lyte composed of PEGdm and LiTFSI salt creates an elastic
network, the dynamic rheology of which is presented in Fig-
ure 1. Figure 1a, which is representative of the dynamic elastic
(G”) and viscous (G”) moduli as functions of frequency (w),
clearly reveals that G’ is i) much larger in magnitude than G”
and ii) relatively independent of frequency. These characteris-
tics taken together confirm that a self-supporting three-dimen-
sional network structure composed of the fumed silica filler de-
velops. In this case, the nanocomposite behaves as a physical
gel. Figure 1b shows the elastic and viscous moduli as functions
of increasing stress amplitude (7) for the same nanocomposite
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Fig. 1. Dynamic elastic (G”) and viscous (G”) moduli as functions of frequency
(a) and stress (b) for a typical nanocomposite electrolyte derived from fumed sili-
ca. The data correspond to a nanocomposite with 1.06 M (Li/O =1:20) LiTFSI
salt in PEGdm and 7 wt.-% octyl modified (R805) fumed silica evaluated at
30°C. The frequency test in (a) has been conducted at a stress amplitude of
3.5 Pa, whereas the test in (b) has been conducted at a frequency of 1 rads™.
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electrolyte. At low stresses, the elastic modulus G’ is larger
than the viscous modulus G” and relatively independent of
stress, characteristic of the behavior of a gel in the linear visco-
elastic (LVE) regime.’!! However, with increasing stress, the
elastic modulus decreases precipitously above a critical stress
of ~100 Pa. In addition, G’ becomes smaller in magnitude than
G”. These observations indicate that the physical association of
fumed silica particles starts to deteriorate beyond a critical
stress and the network structure breaks down (yields) so that
the material is able to flow freely.

The effect of fumed silica content on the elastic modulus
(G’) and yield stress (zy) for a 1.06 M nanocomposite electro-
lyte (O/Li=20) is provided for illustrative purposes in Figure 2.
As silica is added to the system, more physical linkages are
formed, thereby promoting a substantial increase in the gel
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Fig. 2. Dependence of the elastic modulus (G”) and yield stress (z,) on fumed sili-
ca volume fraction (¢). The data correspond to a nanocomposite electrolyte with
1.06 M (Li/O =1:20) LiTFSI in PEGdm and octyl-modified (R805) fumed silica
evaluated at 30 °C. The solid lines correspond to power-law fits to the data.

modulus. The stress required to disrupt the network, i.e., the
yield stress, also increases considerably with silica volume frac-
tion (¢). It is noteworthy that both G” and 7, exhibit power-law
dependence on ¢, i.e., G" or 7y~ ¢"; for G’, nis 3.2, and for 7, n
is 3.0. These results demonstrate that the addition of an inert,
hydrophobic fumed silica can dramatically and controllably al-
ter the rheological properties of a polymer
electrolyte, resulting in an elastic solid
that is yet processable.

While the data presented in Figures 1,2
indicate that the rheological properties of
the fumed silica nanocomposite electro-
lytes are strongly dependent on silica con-
centration, the electrochemical properties
of these electrolytes are not. Figure 3
shows the conductivity (o) and the Li
transference number (7;) for a 1.06 M
electrolyte as a function of fumed silica
content. In this example, o decreases by
only 14% wupon addition of nearly
160 gsilica per liter PEGdm. Even in light
of this modest reduction, o remains above
the desirable value of 10~ Scm™ over the
entire filler concentration range explored.

0eV

AE=

75eV

AE=

Furthermore, Figure 3 demonstrates that 77 ; increases slightly
(which is beneficial) upon addition of fumed silica. Comparison
of Figures 2 and 3 indicates that the mechanical and electro-
chemical properties of these fumed silica nanocomposite elec-
trolytes are not coupled, in which case these properties can be
independently tuned to satisfy application requirements.

To elucidate the mechanism by which fumed silica imparts
favorable macroscopic properties—high ionic conductivity and
mechanical stiffness—to these nanocomposite electrolytes, we
have investigated their morphologies by transmission electron
microscopy (TEM). As alluded to in the Experimental section
(Sec. 4), difficulties associated with microtoming/stabilizing ul-
trathin sections (ca. 50-70 nm thick) of Aerosil R805/PEGdm
systems have been alleviated by using a cross-linkable analog
composed of Aerosil R711 and a mixture of PEGdm and PEG
diacrylate (PEGda), in which the fraction of PEGda was varied
from 20 to 100 wt %. Relatively low magnification energy-fil-
tered TEM images of these nanocomposite electrolytes, ac-
quired at two different electron energy loss (AE) settings, are
displayed for comparison in Figure 4. Those shown in Fig-
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Fig. 3. Variation of ionic conductivity (¢) and Li transference number (77;) with
fumed silica concentration. These data correspond to a nanocomposite electro-
lyte with 1.06 M (Li/O =1:20) LiTFSI in PEGdm and R805 fumed silica evalu-
ated at 30 °C. Error bars denote one standard deviation in the data, and the solid
lines serve as guides for the eye.

Fig. 4. Energy-filtered TEM images obtained from fumed silica nanocomposite electrolytes with different
concentrations of PEGda (in wt.-%) in the PEGdm/PEGda solvent mixture: a,d) 100, b,e) 66, and c,f) 20.
Images displayed in (a—c) have been acquired at an electron energy loss (AE) of 0 eV, whereas those shown
in (d-f) have been collected at AE =75 eV and confirm the presence of non-carbonaceous features (light).
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ures 4a—c have been collected at AE=0 eV, which means that
image formation occurs primarily by elastically and non-scat-
tered electrons. Inelastically scattered electrons possessing a
AE greater than ca. 30 eV (the width of the energy filter) are
excluded from these so-called “zero-loss” images.*”! Converse-
ly, the matched images provided in Figures 4d—f have been
obtained at AE=75 eV and clearly identify the structural char-
acteristics that are non-carbonaceous (i.e., the fumed silica).
Ideally, “structure-sensitive” imaging such as this should be
conducted at higher AE (below the ionization edge of carbon
at AE=284 eV) to minimize collection of electrons inelasti-
cally scattered from carbon during image formation,*>**! but
illumination considerations precluded imaging at higher AE
settings. Structure-sensitive images provide greater contrast
between carbonaceous and non-carbonaceous species than
conventional TEM images. For this reason, this imaging mech-
anism is particularly useful in the morphological study[34] of
organic/inorganic nanocomposites.

The images included in Figure 4 illustrate the effect of vary-
ing the fraction of PEGda in the mixed PEGdm/PEGda sol-
vent. At all three PEGda concentrations examined, individual
fumed silica particles appear to form a highly branched
morphology possessing high interfacial area. This feature is re-
sponsible for the substantial change in rheological properties
observed in Figure 2 and elsewhere at relatively small filler con-
centrations. Note from the images in Figure 4 that the fumed
silica is the most dispersed as small aggregates and individual
particles in Figures 4a,d, in which the electrolyte solvent is
100 wt.-% PEGda. As the fraction of PEGda in the solvent is
reduced in Figures 4b,e and 4c,f, the fumed silica particles are
observed to form larger aggregates and a generally more open
branched morphology. This observation can be attributed to the
ability of PEGda to form chemical cross-links in the polymer
matrix and permanently lock-in the fumed silica morphology
before it is capable of organizing into large-scale structural ele-
ments. Decreasing the fraction of PEGda in the solvent slows
the rate, as well as lowers the extent, of polymer cross-linking,
thereby allowing greater flocculation of fumed silica particles.

The particulate networks formed by fumed silica in Figure 4
and, at higher magnification in, Figure 5, are responsible for
imparting mechanical stability to these nanocomposite electro-
lytes. While the images displayed in Figures 4,5 are two-dimen-
sional, it must be remembered that the networks are three-di-
mensional in nature, forming an inorganic skeleton within an
organic matrix, as can be seen by some of the faint features evi-
dent in Figure 5b. Despite noticeable structural differences in
these images due to varying PEGda fraction, all the networks
are, for the most part, open, with “pore” sizes increasing with
increasing fumed silica flocculation. These pores permit rela-
tively unhindered migration of ionic species throughout the
polymer matrix, which explains why both ¢ and 77 ; are weakly
dependent on fumed silica concentration (see Fig. 3). Since the
polymer matrix employed in the rheological and electrochemi-
cal tests discussed thus far consists exclusively of PEGdm, we
expect that the fumed silica networks in those nanocomposite
electrolytes more closely resemble Figures 4c,f and 5c than any
of the other images in Figures 4,5.

=100 nm

Fig. 5. Zero-loss TEM images of fumed silica nanocomposite electrolytes with
varying concentrations of PEGda (in wt.-%) in the PEGdm/PEGda solvent mix-
ture: a) 100, b) 66, and c) 20.

2.2. Hectorite Nanocomposite Electrolytes

When hectorite is properly dispersed in a solvent mixture of
EC and either PEGdm or PC, it likewise forms a physical gel.
Dynamic rheological results obtained from a typical nanocom-
posite electrolyte derived from hectorite are presented in Fig-
ure 6. The electrolyte employed in these tests consists of
120 gclay per liter of solvent in a 1:1 v/v mixture of EC and
PEGdm. For convenience sake, the rheology experiments have
been performed with native Na-hectorite, rather than Li-ex-
changed hectorite, since the alkali counterion is not expected
to alter the rheological properties of these materials to any
measurable extent. Since G’ in Figure 6a is i) consistently larg-
er than G” over 3 orders of magnitude in frequency and ii) re-
latively independent of frequency, we conclude that this nano-
composite electrolyte behaves as a physical gel. Figure 6b
shows the variation in G” with respect to stress and reveals the
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Fig. 6. Dynamic elastic (G”) and viscous (G”) moduli as functions of frequency
(a) and stress (b) for a typical nanocomposite electrolyte derived from native
Na-hectorite. The data correspond to a specimen with 120 g clay per liter of sol-
vent (1:1 v/v EC/PEGdm) evaluated at ambient temperature (~25°C). The test
in (a) has been conducted at stress amplitude of 3.5 Pa, whereas the test in
(b) has been conducted at a frequency of 1 rads™.

existence of a critical stress at ~600 Pa. Note that the magni-
tude of this critical stress is significantly higher than that mea-
sured for the fumed silica nanocomposite in Figure 1b.

Another interesting difference between the dynamic stress
data provided here is that the critical stress of the clay-based
nanocomposite (Fig. 6b) is better defined than that of the
fumed silica nanocomposite (Fig. 1b). This difference is attrib-
uted to the shape of the primary particles, as well as the result-
ing network that forms upon flocculation. In the case of fumed
silica, the primary particles are irregular in shape, but can be
envisaged as roughly spherical. Hectorites, however, are plate-
let-like with a high aspect ratio (~250:1 for the hectorite used
here). When the fumed silica nanocomposite is subjected to
shear, the network is gradually disrupted due to the existence
of numerous branch points (differing in size and location) that
must break and disentangle before the material can flow. In
marked contrast, increasing the shear stress serves to align the
high-aspect-ratio platelets in the hectorite nanocomposite.
Once sufficient stress is applied, the hectorite platelets
abruptly slip past each other, thereby allowing the material to
flow freely.

Analogous to the silica-based nanocomposite electrolytes, the
gel modulus and yield stress for the hectorite nanocomposites in
EC/PEGdm also exhibit a power-law dependence with respect
to filler loading (Fig. 7). However, the power-law exponents for
both G’,n=9.1, and 7y, n=7.9, are larger for the clay system rel-

10° ¢ ‘ ;

10° ¢ E

10! : : : T
2 -1
10 clay volume fraction, ¢ 10

Fig. 7. Effect of Na-hectorite volume fraction (¢) on elastic modulus (G’) and
yield stress (zy) at ambient temperature (~25°C). The solvent is 1:1 v/v EC/-
PEGdm. The solid lines represent power-law fits to the data.

ative to the corresponding exponents for the silica nanocompos-
ite. Accordingly, the G’ data in Figure 7 increases by almost two
orders of magnitude as the concentration of Na-hectorite in-
creases by less than a factor of two. A comparable increase in G’
measured from the fumed silica nanocomposites requires nearly
a three-fold increase in fumed silica concentration. Moreover,
the physical gels formed by the hectorite have considerably
higher elastic moduli than those formed by fumed silica. In fact,
the Na-hectorite nanocomposites tested by rheology (see
Figs. 6,7) are at least half as concentrated as those employed in
the subsequent conductivity and morphological analyses.

The effect of Li-hectorite concentration on conductivity (o)
is presented in Figure 8. As with the nanocomposite electro-
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Fig. 8. Variation of conductivity (o) with Li-hectorite concentration at several
different temperatures. The solvent is 1:1 v/v EC/PEGdm. The solid lines serve
as guides for the eye.
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lytes derived from fumed silica (see Fig. 3), o values in excess
of 10* Sem™ are achieved over the entire range of filler con-
centrations explored at ambient temperature and above. While
the standard that has been established for the conductivity of
solid electrolytes to be commercially competitive is 10> Scem™,
theoretical considerations!®! suggest that electrolytes with 7} ;
approaching unity could tolerate o values as low as 10* Scm™.
It is important to recognize that batteries with 77;=1.0 would
be particularly useful for high-discharge applications since they
would be less susceptible to deleterious effects arising from
concentration polarization.%* Riley et al.**! have measured
Ty; values as high as 0.98 for Li-hectorite in PC.
High-resolution imaging of these hectorite nanocomposite
electrolytes can reveal both the bulk dispersion of the clay
within the solvent matrix and the degree to which the clay is in-
tercalated or exfoliated. We first consider the dispersion of the
hectorites dispersed in EC/PEGda for the same reasons dis-
cussed earlier with regard to fumed silica (Figs. 4,5). Figure 9
shows energy-filtered TEM images of nanocomposites at two
different hectorite concentrations and two different AE values.

AE=0eV

AE=200eV

Fig. 9. Energy-filtered TEM images acquired from Li-hectorite nanocomposite
electrolytes with different concentrations of Li-hectorite (in M) in EC/PEGda:
a,b) 0.25 and c,d) 0.50. Images displayed in (a,c) have been obtained at
AE=0 eV, whereas those in (b,d) have been collected at AE=200 eV to eluci-
date the spatial distribution of the organoclay (light).

The non-carbonaceous hectorite platelets are more clearly visi-
ble in the structure-sensitive images acquired at AE =200 eV.
Many of the platelets measure ~1 pm across, and the spacing
between platelets (or platelet aggregates) appears generally
smaller in the nanocomposite with the higher hectorite concen-
tration. The morphologies evident in these images indicate rea-
sonably good clay distribution, but are less uniform and more
aggregated than those obtained from fumed silica in Figure 4.
This observation may explain why the hectorite nanocomposite
electrolytes are stiffer than those prepared with fumed silica
(see Figs. 2,7). Another noteworthy feature of Figure 9 is that
the orientation of the hectorite platelets appears random,

which is expected to yield isotropic bulk (mechanical and con-
ductivity) properties. Under large amplitude strain, however,
the platelets will preferentially align and exhibit a propensity
to flow, as observed in Figure 6b. It is expected that upon ces-
sation of shear, the hectorite platelets will again orient ran-
domly in a pseudo-solid state.*!

Evidence of intercalation or exfoliation depends on the ori-
entation of the platelets relative to the electron beam, and the
degree to which the platelets are exfoliated or intercalated, can
only be ascertained if the platelets are aligned edge-on. Fig-
ure 10 displays a series of TEM images acquired from Li-hec-
torite nanocomposites at two concentrations dispersed in
EC/PEGda. These images show platelets that are oriented

100 nm

Fig. 10. Zero-loss TEM images of Li-hectorite nanocomposite electrolytes with
different concentrations of Li-hectorite (in M) in EC/PEGda: a,b) 0.75 and
¢) 1.00.

edge-on and reveal the existence of small, thin bundles measur-
ing 8-12 nm thick, which translates into 2-3 platelets if each
platelet is about 4 nm thick.’”! Indeed, individual platelets
measuring ca. 4 nm thick are visible in Figure 11. The images
provided in Figures 10,11 confirm that most of the hectorite
platelets are intercalated, rather than exfoliated. The extent to
which the platelets are intercalated or exfoliated is expected to
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Fig. 11. Energy-filtered TEM image (AE =0 eV) of a nanocomposite electrolyte with 0.75 M
Li-exchanged hectorite dispersed in EC/PEGda. The circled regions identify single exfoliated

hectorite platelets.

play a distinct role in the conductivity of these nanocomposite
electrolytes. A completely exfoliated morphology is expected
to yield the highest o since more Li cations would be mobile
and available for conduction. Conversely, a system in which the
Li cations are “trapped” between intercalated platelets would
not be nearly as conductive. Likewise, the rheological behavior
of these nanocomposites should be directly linked to the dis-
persion of the hectorite platelets, with complete exfoliation
yielding a larger gel modulus, as well as inducing gelation at
lower concentrations.

3. Conclusion

In this study, two strategies for producing nanocomposite
electrolytes, one employing a passive fumed silica filler and the
other using an active Li-hectorite filler, are examined. Both
approaches yield elastic gels exhibiting ionic conductivities in
excess of 10 Scm™. In the case of hydrophobic fumed silica,
the filler forms an open network structure that provides for rel-
atively unimpeded movement of the ions. This particulate net-
work imparts mechanical stability to the electrolyte but plays
no part in ion transport. In contrast, the Li-hectorite filler
plays an active role in ion transport since the relatively large
platelets serve as the anion and allow for exceptionally large Li
transference numbers. While the hectorite also forms a self-
supporting network, the morphology is less uniform and more
contiguous than those obtained from fumed silica with most of
the hectorite platelets displaying evidence of intercalation
rather than exfoliation. The differences in the morphology of
the two systems are reflected in their structural breakdown
under shear in that the fumed silica shows a gradual yielding
behavior whereas the hectorite system undergoes a sharp
transition.

— 100 nm

4. Experimental

Electrolyte Preparation: The lithium bis(trifluoromethanesulfony-
I)imide (LiTFSI) salt, obtained from 3M Co. (St. Paul, MN), was
dried under vacuum at 80 °C for 48 h before use, and PEGdm with
M,=250 gmol™ was purchased from Aldrich Chemicals (Milwau-
kee, WI) and dried over 4 A molecular sieves (Fisher Scientific,
Pittsburgh, PA) for 1 week. Hydrophobic fumed silica (Aerosil
R805), with 50 % of its native Si-OH surface replaced by octyl
(CgHy7) groups [28], was supplied by Degussa (Akron, OH) and
dried at 120 °C under vacuum for 5 days. While additional polymer
electrolytes were prepared here to facilitate morphological analysis
(described later in this section), most of the polymer electrolytes ex-
amined here employed the compounds listed above. These com-
pounds were routinely stored and used in an Ar-filled glove box
maintained at a moisture level of <5 ppm.

The fumed silica nanocomposite electrolytes were prepared by
first dissolving a predetermined quantity of Li salt in PEGdm. The
fumed silica particles were then added to the salt solution and dis-
persed with a high-shear BioSpec mixer (BioSpec Products, Bartles-
ville, OK) equipped with a rotor measuring 7 mm in diameter. The
nanocomposite electrolyte was subsequently degassed under vacu-
um for 1 h to remove bubbles. The maximum moisture content in
the material was <50 ppm, according to a Karl-Fischer titration.
Synthetic Na-hectorite (SKS-21, 88 meq./100 g, ~250 nm mean size,
clay platelet anionic charge of ~60000) was provided by Hoechst (Strasbourg,
France). The ethylene carbonate (EC) was obtained from Aldrich Chemicals and
dried in identical fashion as the PEGdm. The procedures for generating Li-ex-
changed hectorite and preparing nanocomposite electrolytes with exfoliated Li—
hectorite initially involved converting native hectorite to Li-hectorite via serial
mixing with LiCl in deionized water, followed by centrifugation and drying in a
conventional oven [30]. The resultant dry Li-hectorite powder was then dis-
persed in a high-dielectric solvent by a Silverson high-shear mixer. In the present
work, nanocomposites were produced with a mixture of dry EC and dry PEGdm
(1:1 v/v) as the mixed solvent. The final Li-hectorite nanocomposites retained a
water content of ca. 200-300 ppm.

Electrochemistry: An EG&G Princeton Applied Research (PAR) 273 poten-
tiostat and PAR 5210 lock-in amplifier controlled by the PAR M398 impedance
software was used to measure electrolyte conductivity by alternating current
(AC) impedance spectroscopy. The temperature was controlled to within £0.5°C
using a Fisher Isotemp 1016S circulating water bath. Conductivity cells with Pt
wire electrodes were used [29,30]. Lithium-ion transference numbers were mea-
sured by two different methods. Electrophoretic nuclear magnetic resonance
(ENMR) spectroscopy was performed on the fumed silica nanocomposite elec-
trolytes according to the methodology prescribed by Dai and Zawodzinski [38]
and Walls and Zawodzinski [39]. In this analysis, a sample was placed in an elec-
tric field during pulse field gradient NMR (pfg-NMR) so that the migration of
cations or anions (depending on the nucleus of interest) could be probed and re-
lated to the transference number. The steady-state current method of Bruce and
Vincent [40] was used to examine the Li-hectorite nanocomposite electrolytes
[30].

Rheology: Dynamic rheological tests were performed with a Rheometrics Dy-
namic Stress Rheometer (DSR II) in which the test geometry temperature was
controlled by a Polyscience recirculating bath filled with a 50:50 v/v mixture of
water and ethylene glycol. Several different test geometries were used according
to sample and test requirements: 40 mm cone and plate (cone angle of 0.05 rad),
40 mm parallel plates with a ridged (serrated) surface, 25 mm cone and plate
(cone angle of 0.1 rad), and 25 mm serrated plates. A Rheometrics RMS 800
strain-controlled rheometer was employed to measure the dynamic rheology of
the Li-hectorite electrolytes. In this case, a single test geometry consisting of
25 mm parallel plates with a 1 mm sample gap was used. All measurements were
acquired at ambient temperature (~20°C). Dynamic frequency (w) tests were
performed safely within the limits of instrument sensitivity and the linear visco-
elastic (LVE) regime of each sample. Dynamic stress (7) tests were conducted
with parallel (serrated, when appropriate) plates at @ values of 1 rads™ on the
DSR II and 5 rads™ on the RMS 800 to extract values of the dynamic storage
modulus (G").

Microscopy: Due to the deformable nature of the nanocomposite electrolytes
generated here, homologous sample series were prepared for transmission elec-
tron microscopy (TEM) in which PEGdm was substituted partially or completely
by PEG diacrylate (PEGda) from Aldrich Chemicals. The PEGda could be
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