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Transport Properties of Lithium Hectorite-Based Composite
Electrolytes
Michael Riley,* Peter S. Fedkiw,** ,z and Saad A. Khan

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27695-7905,
USA

Conductivity and lithium-ion transference numbers are reported for physically gelled composite electrolytes using lithium hec-
torite clay as the charge carrier and carbonate solvents~ethylene carbonate, propylene carbonate, and dimethyl carbonate!. Results
are compared with those of typical lithium-ion battery electrolytes based on lithium hexafluorophosphate~LiPF6! and carbonate
solvents. Room-temperature conductivities of the composite electrolytes as high as 23 1024 S/cm were measured. Because of the
nature of the anionic clay particulates creating the gel structure, near-unity lithium-ion transference numbers are expected and
were observed as high as 0.98, as measured by the dc polarization method using lithium-metal electrodes. Since the carbonates
react with lithium and create mobile ionic species that significantly reduce the observed lithium-ion transference number, care
must be taken to minimize or eliminate the presence of the reaction-formed ionic species. These hectorite-based composite
systems are possible electrolytes for rechargeable lithium-ion batteries requiring high discharge rates.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1470652# All rights reserved.
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A viable electrolyte for lithium-ion batteries must meet a numb
of requirements, for example, high conductivity~.1023 S/cm at
25°C!, low electrode-electrolyte interfacial impedance, and hig
potential stability window~.4.5 V!. It is most often the electrolyte
conductivity that receives the majority of attention in electroly
characterization and design. While the conductivity is certainly
important property in determining the success of a particular e
trolyte in a lithium-ion cell, the lithium-ion transference number
also an important property and in recent years has started to re
increased attention.1-5 A high lithium-ion transference number ca
significantly reduce the effects of concentration polarization, t
decreasing this potential loss in a cell. Theoretical work has sh
that a transference number of unity can offset a decrease in con
tivity by up to an order of magnitude, particularly under high d
charge rates.6 Thus, a single-ion conducting electrolyte is partic
larly attractive for applications requiring high power such as elec
vehicles.

Single-ion conducting polymer electrolytes intended for lithiu
batteries have been reported.7-9 For polyelectrolytes gelled with pro
pylene carbonate,7 ethylene carbonate,8 and dimethyl sulfoxide,9

room-temperature conductivities have been reported in the 124

S/cm range. However, lithium-ion transference numbers were e
not reported7,8 or were low~,0.3! and explained by reaction of th
solvent with the lithium metal electrodes which created other mo
ionic species.9

We have developed single-ion conducting, physically gel
electrolytes based on lithium hectorite clay nanoparticulates
persed in carbonate solvents suitable for lithium-ion cells. As
report in this communication, room-temperature conductivities
these electrolytes have been measured as high as 23 1024 S/cm
and lithium-ion transference numbers have been observed as hi
0.98. With conductivities approximately an order of magnitude l
than those of typical lithium-ion electrolytes, these electrolytes
pear to be an attractive alternative for cells designed for hi
discharge applications.

Hectorite and other 2:1 layered clays~smectites! are character-
ized by a negatively charged plate-like structure with exchange
associated cations sandwiched between the plate-like layers,10 as
illustrated in Fig. 1. It has long been known that the smectites ca
dispersed in water to create physically gelled systems, somet
described as a ‘‘house-of-cards’’ type of structure.10 We have also
been able to create physically gelled systems by dispersing the
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torite in high-dielectric solvents based on ethylene carbonate~EC!
and propylene carbonate~PC!. With the relatively large anionic
platelets~approximately 1mm for natural clay down to 25 nm for
synthetic clay! interacting with one another to create the gell
structure, the anionic platelets are essentially rendered immo
which should result in cationic transference numbers approac
unity.

Other investigators have looked at the smectites as possible
trolyte components for lithium-based batteries. However, cond
tivities of both native-dry and organic-intercalated forms of t
smectites are,1027 S/cm at room temperature,11,12 even when
measurements are performed parallel to the orientation of
clay layers for MEEP intercalated sodium montmorillonite12 ~MEEP
5 poly@bis~2-~28-methoxyethoxy!ethoxy!phosphazene#!. Conduc-
tivities exceeding 1026 S/cm at 30°C have been observed for po
~ethylene! oxide ~PEO!-intercalated lithium montmorillonite,13

while attempts at dispersing a synthetic hectorite~Laponite®! into
PEO-based systems met with limited success with conductiv
observed at best at 1026 S/cm at 80°C.14 While each of these nove
intercalated or dispersed systems has shown conductivity impr
ment over native dry clays, they are still orders of magnitude be
that typically required for lithium or lithium-ion batteries operatin
at room temperature~1023 S/cm!.

The focus of this work was the efficient dispersion of the lithiu
form of hectorite into high-dielectric organic solvents~carbonates!
to create a physically gelled nanocomposite electrolyte. The h
dielectric carbonate medium solvates the lithium ions well enou
that collapse of the dispersed hectorite is prevented by self-repu
of the negatively charged platelets. We present an experime

Figure 1. Pictorial representation of hectorite structure.
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study of conductivity and lithium-ion transference numbers for th
electrolyte systems. Results are compared with measuremen
typical LiPF6-based electrolytes presently used in lithium-ion
chargeable batteries.

Experimental

Synthetic sodium hectorite was provided by Hoechst~SKS-21,
88 meq/100 g, approximately 250 nm avg size, clay platelet anio
charge is approximately 60,000!. EC, PC, and dimethyl carbonat
~DMC! were obtained from Aldrich and dried using 4 Å molecular
sieves~Fisher Scientific!. Lithium hexafluorophosphate~LiPF6! was
obtained from Aldrich and vacuum dried at approximately 120°C
24 h. Solvents and salts were stored in an argon-filled glove b
The water content of solvents and salts were measured to be b
30 ppm using a Mitsubishi CA-06/VA-06 Karl-Fisher titrator.

Sodium hectorite was first exchanged to the lithium form~Li
Hectorite! according to the following procedure. Sodium hector
~approximately 20 g! was mixed in deionized water~approximately
800 mL! using a blender. A lithium chloride~Fisher Scientific! so-
lution ~approximately 30 g LiCl in 200 mL deionized water! was
then blended into the dispersion. The sodium hectorite/LiCl mixt
was allowed to sit overnight, then centrifuged at 10,000 rpm
approximately 30 min to separate the hectorite from the solut
The exchange/separation process was repeated twice more usin
hectorite obtained from the centrifugation step. After the third se
ration, the hectorite gel~;250 mL! was diluted with deionized wa
ter to 1000 mL and separated twice more. After the final separa
the resulting lithium hectorite was dried at 100°C, then rinsed i
glass frit filter with 100 mL methanol to remove any remaini
LiCl. A drop ~;0.1 mL! of 1 M AgNO3 was added to approximatel
3 mL of the rinse solution to qualitatively test for the presence
Cl-. The methanol rinse was performed until no AgCl precipita
was observed, or approximately three times total. The lithium h
torite was then dried at 80°C to remove the methanol.

Dispersion of the lithium hectorite into the carbonates was p
formed using water as a dispersing aid according to the follow
procedure. Approximately 8 g of the dried lithium hectorite was
mixed using a Silverson high-shear mixer into a solution of 40
deionized water140 g EC or PC. The majority of the water wa
removed by drying the resulting gel at 100°C in a conventional o
for approximately 2 days. The gel was then dried in a vacuum o
at 120°C for approximately 1 h. Care was taken not to remove
much of the carbonate, otherwise the hectorite particles would
gregate and require the addition of more water to redisperse.
maximum concentration appears to be approximately 50-60 w
lithium hectorite before significant aggregation occurs. Qual
tively, significant aggregation occurs when the composite is
longer translucent. The concentrated hectorite/carbonate was t
ferred to an argon atmosphere glove box where it was diluted w
dry ~,30 ppm water! EC or PC to approximately 20-30 wt % hec
torite and hand mixed well. The concentrate was transferred bac
the vacuum oven and dried again, diluted with EC or PC, a
vacuum dried once more~three vacuum drying cycles total!. The
resulting concentrate composition was approximately 50 wt
lithium hectorite with a water content of approximately 200-3
ppm. Composite electrolytes of various weight percent hecto
were made from the concentrated PC- or EC-based lithium hect
composites. Equivalent lithium-ion molar concentrations are
ported for these systems and are based on the total moles o
changeable cations~complete exchange of Li1 for Na1 is as-
sumed! per liter of solvent. All sample preparation and cell assem
was performed under an argon atmosphere.

Electrolyte conductivities were measured using two-electr
~0.64 mm platinum wire, Fisher Scientific! cells such as that show
in Fig. 2. The cell constants were found using a standard condu
ity solution ~Fisher Scientific! prior to and after each measuremen
Conductivities were measured over the temperature range of25 to
100°C. Conductivity measurements were performed using stan
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ac impedance techniques with a Princeton Applied Research~PAR!
273 potentiostat and 5210 lock-in amplifier.

Lithium-ion transference numbers were determined using
steady-state current method of Bruce and Vincent.15 Although noted
in the literature to have limitations due to its assumption of dilu
solution,16 this method was chosen due to its relative simplicity. T
method consists of initial measurement of the lithium interfac
resistance~R0!, application of a small voltage~DV , 10 mV! until
a steady current is obtained~I ss!, and final measurement of the in
terfacial resistance~Rf!. The lithium-ion transference numbe
~tLi 1 ! is calculated using the following equation

tLi 1 5
I ss

I 0
S DV 2 I 0R0

DV 2 I ssRf
D

whereI 0 is the initial current and is calculated from the voltage a
the overall cell resistance by

I 0 5
DV

~Re 1 R0!

whereRe is the electrolyte resistance.
Measurements were performed using a PAR 273 potentio

5210 lock-in amplifier or a BAS-Zahner IM6e impedance analy
in conjunction with a PAR 173 potentiostat. Cells were construc
using either a stainless steel coin cell configuration~Fig. 3! or a
Kel-F™ cylindrical cell configuration~Fig. 4!. Both configurations
used two lithium metal electrodes that were scraped with a scalp
expose fresh lithium immediately prior to cell assembly. In the c
cells, Celgard™ 2400~polypropylene, Hoechst Celanese! or Veratec
PowerWeb™~nonwoven polyolefin, Veratec! separators were use
for liquid electrolytes, while polypropylene screen~approximately
500 mm thick/50% open volume, McMaster Carr! was used as a
separator for the lithium hectorite-based composite electroly
While composite electrolytes of higher clay concentrations~approxi-
mately 40 wt % clay and greater! are strong enough to be use
without a separator, the separator was used with all composite e
trolytes to insure consistency among the various cells. The cylin

Figure 2. Schematic design of two-electrode~platinum wire! cell used for
conductivity measurements.
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cal cells used a small piece of Teflon tubing@approx. 0.75 cm i.d.
and 1 cm length# as a means to reproducibly position the lithiu
electrodes. All transference-number cells were allowed to sit fo
day to allow the lithium metal interface to stabilize to insure
significant change in the interfacial impedance during the cours
the measurement and steady state could be achieved. A minimu
three measurements on each cell was performed, with 1 day at
circuit between measurements to allow the concentration pola
tion to relax.

Examples of typical steady-state currents and initial and fi
lithium-electrolyte interfacial impedances obtained for stand
electrolyte and composite electrolyte button cells are shown in
5. Electrolyte and interfacial impedance values were determine
fitting an equivalent circuit to the Nyquist plot. The circuit initiall
chosen consists of a resistor~Re, representing the electrolyte resi
tance! in series with a parallel combination of a resistor~RLi , rep-
resenting the lithium-electrolyte interfacial resistance and equiva
to eitherR0 or Rf! and a constant-phase element~Q!. This circuit is
designated on Fig. 5 byRe(RLiQ!. A constant-phase element wa
chosen rather than a capacitor to better account for the roughne
the lithium surface. If the fit is not adequate~as determined by visua
quality!, a second parallel combination of a resistor and a cons
phase element are added in series to the original circuit to acc
for each lithium interface separately. This circuit is represented
Fig. 5 by Re(RLi1Q1)(RLi2Q2!. In this case, the lithium-electrolyte
interfacial resistance~R0 or Rf! is equal toRLi1 1 RLi2 .

Figure 3. Schematic design of coin cell used for lithium-ion transferen
number measurements. SS stainless steel. PP polypropylene.

Figure 4. Schematic design of cylindrical cell used for lithium-ion transfe
ence number measurements. SS stainless steel.
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Results and Discussion

The ideal composite electrolyte is comprised of lithium hector
dispersed as single platelets in a high-dielectric solvent, resul
from good solvation of the exchangeable lithium cations~Fig. 6!.
Mobility of the lithium cations results in a high conductivity, whil
the platelets create a mechanically stable gel structure, most li
through face-to-face electrostatic repulsion and edge-to-edge at
tion. Due to their physical interactions, the platelets are essent
immobile, resulting in a near-unity lithium-ion transference numb
Results that follow focus on experimentally measured conducti
and lithium-ion transference numbers for lithium hectorite-bas
composite electrolytes and comparisons with this ideal compos

Conductivity.—Conductivities were measured for a variety
systems based on LiPF6 or lithium hectorite and carbonate solvent
Room-temperature conductivities at various lithium-ion molar co
centrations are shown in Fig. 7. Room-temperature conductivitie
LiPF6-based electrolytes are approximately 8-93 1023 S/cm
at concentrations of approximately 1 M, a typical concentrat
for commercial electrolytes. In comparison, maximum roo
temperature conductivities of the lithium hectorite-based compo

Figure 5. Example of measurements taken for transference number dete
nation by the steady-state current method. Actual applied voltage was
proximately 8.2 mV. Parameters obtained for Li1 transference number cal
culation: ~a! I ss 5 42.1 mA, Re 5 10.9 V, R0 5 127.3 V, Rf 5 125.2 V
(tLi 1 5 0.157!; ~b! I ss 5 11.2mA, Re 5 499V, R0 5 119V, Rf 5 115V
~tLi 1 5 0.808!.
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electrolytes are approximately 23 1024 S/cm at a lithium-ion con-
centration of approximately 0.5 M or about 30 wt % clay.

Room-temperature molar conductivity as a function of lithiu
ion molar concentration is shown in Fig. 8. Molar conductivity f
the LiPF6-based electrolytes decreases with lithium-ion concen
tion. In comparison, the molar conductivity for the lithium hectorit

Figure 6. Pictorial representation of the desired lithium hectorite compo
electrolyte structure. Drawing is not to scale.

Figure 7. Effect of lithium-ion concentration on the conductivity of lithium
hectorite and LiPF6-based electrolytes. Solvents: EC, PC, and DMC.
-

based composite electrolytes increases to a maximum at a lith
ion concentration of approximately 0.2 M, then decreases w
increasing concentration.

Conductivity is determined by two factors: ion concentration a
mobility. In typical high-dielectric liquid electrolytes for lithium-ion
batteries, as salt concentration increases, so does conductivity.
trolyte viscosity increases with salt concentration as well and be
to impede ion mobility. When the effect of electrolyte viscosity b
comes the same order as that of increasing ion concentration
rate of conductivity increase with ion concentration drops~e.g., Fig.
6, LiPF6 electrolytes!. Plotting molar conductivityvs.concentration
removes the effect of the number of ions on the conductivity, le
ing only that of electrolyte viscosity, and molar conductivity is o
served to decrease~e.g., Fig. 9, LiPF6 electrolytes!.

With the lithium hectorite-based composite electrolytes, the c
ductivity increases with salt~clay! concentration; however, as th
clay concentration increases, not only does the electrolyte visco
increase, but so does the effective path required for lithium-
movement due to the large size of the clay particles relative to
free lithium ions. Also, the likelihood of hectorite particle collap
increases as well, thus reducing the number of mobile lithium io
As a result, conductivity of these composites then decreases. M
conductivity of the hectorite composites also shows a maximum
contrast to the molar conductivity of the LiPF6 electrolytes. We
believe that the ion motion in these composites occurs prima
near the hectorite particles. At the low clay concentrations, an
ergy barrier exists for lithium-ion transfer between the hecto
platelets due to their separation. As the molar concentration
creases, the energy barrier is reduced, forming more facile io
pathways for the lithium ions and a maximum in the molar cond
tivity is observed. With further increase in molar concentration,
tortuosity of the lithium ion pathways increases, as well as the e
trolyte viscosity, and molar conductivity decreases.

Low-dielectric solvents such as dimethyl carbonate can be ad
to the electrolytes to reduce the mixture viscosity and incre
lithium-ion mobility, so long as the decrease in dielectric const
does not significantly impact salt solubility. The reduction in solve
dielectric constant is particularly critical for the Li hectorite-bas
composites. A reduction in the solvent dielectric constant shrinks

Figure 8. Effect of lithium-ion concentration on the molar conductivity o
lithium hectorite and LiPF6-based electrolytes. Solvents: EC, PC, and DM
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double layer surrounding the particles and the repulsive force
tween the particles is reduced. As van der Waals attractive fo
become more significant, the probability of platelet collapse is
creased, and the number of highly mobile lithium cations is redu
as lithium cations become trapped between the collapsed plate

The effect of temperature on the conductivities of the lithiu
hectorite- and LiPF6-based electrolytes is similar, as seen in
Arrhenius plot ~Fig. 9!. Concentrations yielding the approxima
maximum conductivities of each system are shown,i.e., 0.5 M for
the lithium hectorite-based electrolytes and 1 M for the LiPF6-based
electrolytes. Conductivities of the lithium hectorite-based compo
electrolytes are approximately 30 times lower than those of mo
equivalent Li1 concentration LiPF6 electrolytes.

Water content of the electrolytes is of particular concern a
creates adverse reactions in a lithium-ion cell. It is desirable fr
the standpoint of the adverse reactions to reduce the water conte
the composite electrolytes to below 50 ppm. It is not known, ho
ever, what role, if any, water plays in the solvation of the lithiu
cations in the composite and thus the conductivity. The effec
water content of the composite electrolytes on conductivity is sho
in Fig. 10. There does not appear to be a significant effect of w
content on conductivity from about 75 to 500 ppm. Thus, the p
per million level water content that exists in the composites sho
not play a significant role in the solvation of the lithium cations, n
is the conductivity observed due to proton conduction. It is ant
pated that reduction in the water content below 50 ppm will
significantly affect the composite electrolyte conductivity.

At water concentrations.500 ppm, the conductivity decrease
particularly at the lower temperatures. We hypothesize this is rel
to the hydrophobic nature of propylene carbonate. As the water
tent increases, the lithium ions become preferentially solvated by
water rather than the PC. As hydration shells form around
lithium ions, the hydrated ions begin to form small clusters. T
‘‘clustering’’ increases the effective mass of the lithium ion a
reduces its mobility, and thus the conductivity decreases. At hig
temperatures, the hydrated cations are more soluble in the PC
‘‘cluster’’ to a lower extent, resulting in a reduced effect on t
conductivity. However, as this phenomenon is only noticed in

Figure 9. Effect of temperature on the conductivity of lithium hectorite a
LiPF6-based electrolytes. Solvents: EC, PC, and DMC.
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single set of samples, further studies are required to confirm
hypothesis.

Lithium-ion transference number.—The effect of lithium cation
concentration on lithium-ion transference number for LiPF6 and Li
hectorite-based electrolytes is shown in Fig. 11. Lithium-ion mo
concentration was varied between 0.1 and 1.0 M and these data
collected in the coin cell. Each data point represents three meas
ments on a single coin cell over the course of 3 days. No spe
trends in these consecutive-day measurements were obse
Lithium-ion transference numbers for the LiPF6-based electrolytes
range between 0.2 and 0.3 and demonstrated a solvent depen
for the sample range investigated. In contrast, lithium-ion trans
ence numbers for the Li hectorite composites increase with lithiu
ion concentration to approximately 0.8 in PC and 1:1~v:v! EC:PC.
Li hectorite composites in a 2:1:1~v:v:v! EC:PC:DMC show a lower
lithium-ion transference number with the largest value of 0.65 m
sured at the highest lithium-ion concentration.

Figure 10. Effect of water content on the conductivity of lithium hectorit
based composite electrolytes. Solvent: PC.

Figure 11. Effect of lithium-ion concentration on the lithium-ion transfe
ence number of lithium hectorite and LiPF6-based electrolytes. Solvents: EC
PC, and DMC.
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A few of the samples of the LiPF6 in 2:1:1 ~v:v:v! EC:PC:DMC
exhibited rather low~,0.05! lithium-ion transference numbers
These samples also exhibited the highest lithium-electrolyte inte
cial resistances. In fact, a general trend of decreasing lithium
transference number with increasing lithium- electrolyte interfac
resistance was noted in all of the data. The aforementioned t
appears stronger in the LiPF6-based electrolytes than in the L
hectorite-based electrolytes. Other researchers have noted a s
trend when measuring lithium-ion transference numbers using
steady-state current method.17 It is unclear at this point whether thi
is a real physical phenomenon or an artifact of the assumptions
go into the steady-state current method.

The effect of water content on lithium-ion transference numb
of the composite electrolytes is shown in Fig. 12. Above about
ppm concentration in button cell configurations, the lithium-i
transference number drops significantly to less than 0.3. It app
that at higher concentrations water reacts with the lithium electro
to form non-Li1 mobile ionic species in the electrolyte. Aurbac
et al. reported lithium-water reactions in a tetrahydrofuran solv
creating LiOH at the lithium metal interface, and in addition, e
dence that a portion of the LiOH is solubilized.18

While the lithium-ion transference numbers for the Li hectori
based composites are significantly higher than those of stan
LiPF6-based electrolytes, it was expected that they would be n
unity. The platelet interactions in forming the gel structure we
anticipated to render these anions immobile. In order for the lithiu
ion transference numbers to be less than unity, there must be o
more other mobile ionic species present besides lithium. Cons
ing the experimental setup for the transference number meas
ment, that is, a carbonate solvent in contact with lithium meta
seems possible that a reaction could occur between the electr
and lithium to form other ionic species in the electrolyte. React
of the carbonates with lithium metal has been documented, w
LiOCO2R forming with cyclic carbonates~EC and PC! and
LiOCO2R and LiR ~alkyl lithium! forming with linear carbonates
~DMC!.19-21 The question then is whether these ionic species
mobile enough and present at high enough concentrations to i
fere with the transference-number measurement of the comp
electrolytes. The following experiment was performed to addr
this issue.

Coin cells with two lithium electrodes were assembled that c
tained only the base solvents~i.e., no salt!. Cells with each solvent
were assembled both in the ‘‘dry’’ state, less than 30 ppm water,
‘‘wet’’ state, with purposely added water between 100 and 150 p
In a case where the solvents contained no ionic species, the
frequency impedance of the cells should be very high. However
cells studied showed rather moderate impedance. The h
frequency impedance, representative of the bulk electrolyte re

Figure 12. Effect of water content on the lithium-ion transference number
lithium hectorite-based composite electrolytes. Solvent: PC.
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tance, was approximately 3-4 kV for most of the cells, indicating
that mobile ionic species were created as a result of reactions
tween the solvent and the lithium metal. We would expect to se
high-frequency impedance greater than 50 MV for a pure carbonate
solvent in this cell configuration.

Ionic conductivities resulting after reaction of the solvent w
lithium were estimated~Fig. 13!. To produce these estimates, a co
cell with two lithium electrodes and a standard electrolyte of 1
LiPF6 in 1:1 ~v:v! EC:DMC was assembled. The conductivity of th
standard electrolyte was measured in a platinum wire conducti
cell ~Fig. 2!. The standard electrolyte conductivity was used with t
high-frequency impedance from the standard electrolyte coin ce
calculate an approximate cell constant for the coin cell. The coin
constant and the impedance measurements from the base so
coin cells were then used to calculate conductivities for the ‘‘pu
solvents. In most cases, the conductivities are near 1024 S/cm, simi-
lar to the conductivities of the composite electrolytes~measured in
cells with platinum electrodes, Fig. 7!. ‘‘Pure’’ carbonate conductivi-
ties measured in the platinum electrode cells are approximate
3 1027 S/cm!. Thus, the lithium-solvent reaction could have a s
nificant impact on the composite electrolyte lithium-ion transferen
number measurements. The wet 2:1:1 EC:PC:DMC solvent was
parently the most reactive and exhibited a conductivity near 123

S/cm. It is composites with this solvent that show the low
lithium-ion transference number.

Lithium-ion transference numbers were also measured for th
‘‘pure-solvent’’ cells and are shown in Fig. 13. They are all close
0.2-0.3. Based upon these data, calculations were performed t
timate what values to expect for the observed lithium-ion trans
ence numbers of the Li hectorite-based composite electrolytes
suming that the actual lithium-ion transference numbers for
composite electrolytes are unity. Conductivities and lithium-i
transference numbers of the composite electrolytes and the pure
vent were used in these calculations, as were conductivities of
composite electrolytes. It is also assumed that the solvent/lith
metal reaction is independent of the presence of the Li hectorite.
following formula is derived from dilute solution theory22

tLi 1
est

5 tLi 1
idealS sc

sc 1 ss
D 1 tLi 1

solv S ss

sc 1 ss
D

Figure 13. Conductivity and lithium-ion transference number of pure s
vents placed in contact with lithium metal. Water content of dry solvent
less than 30 ppm and that of wet solvents is approximately 150 ppm. So
ratio ~v:v! in the EC:PC solvent is 1:1, while that in the EC:PC:DMC solve
is 2:1:1.
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wheretLi 1
est is the estimated lithium-ion transference number,tLi 1

ideal is
the ideal lithium-ion transference number for the composite elec
lyte ~assumed to be 1!, tLi 1

solv is the pure solvent lithium-ion transfer
ence number,sc is the composite electrolyte conductivity, andss is
the pure solvent conductivity. These systems are obviously no
infinite dilution, but for these purposes this method is only be
used to evaluate the likelihood that this apparent lithium-electro
side reaction is the cause of the nonunity lithium-ion transfere
numbers for the composites.

Results of the calculation are shown in Fig. 14. The calcula
lithium-ion transference numbers~unfilled symbols! are less than the
observed values~filled symbols!. Thus, it appears likely that at leas
a significant portion of the nonunity transference number beha
observed for the lithium hectorite composites is a result of additio
ionic species created by the solvent/lithium metal reaction.

Efforts were made to minimize the effect of the lithium-solve
reaction on the lithium-ion transference number measurement
the composite electrolytes by using cylindrical transference num
cells ~Fig. 4! with a larger electrolyte volume. The volume is in
creased by approximately an order of magnitude so as to dilute
reaction-formed salt so that it would not as strongly influence
lithium-ion transference number measurement. The drawback o
ing a larger electrolyte volume cell is that significantly more sam
is needed and the electrolyte polarization requires a significa
longer time to obtain a steady state~approximately 12 hvs.45 min
for the coin cells!. With a lithium hectorite/PC electrolyte~;150
ppm H2O!, transference numbers are shown to increase to value
high as 0.9, as shown in Fig. 15, compared to previous highs in
cell configurations around 0.8. The observed transference num
increased, though still not to unity.

In order to reduce the effect of water on the lithium-ion transf
ence number measurements of the composites, the water conte
the composites was reduced. Composite electrolytes were dried
ther and the effect of reduced water content on the composite e

Figure 14. Comparison of the~-d-,-.-,-j-! measured and~-s-,-,-,-h-!
expected lithium-ion transference number for lithium hectorite-based ele
lytes. The expected values are calculated using the conductivity and lith
ion transference number measurements of the pure wet solvents in co
with lithium metal, the conductivities of the lithium hectorite-based elect
lytes, and assuming the actual lithium-ion transference number of these
trolytes is unity. Solvent ratios are in volume.
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trolyte lithium-ion transference number measured in the lar
volume cells is shown in Fig. 15. Transference numbers have b
observed in these cases as high as 0.98, very close to the val
unity that is expected.

Conclusion

We have demonstrated electrolytes based on lithium hecto
and carbonate solvents that are attractive candidates for us
lithium-ion batteries. Dispersion of the hectorite and solvation of
lithium ions is critical to the performance of these electrolytes.
complete dispersion leads to poor mobility of the lithium ions
they become trapped between the clay platelets. With good dis
sion of the hectorite, room-temperature conductivities have b
observed as high as 23 1024 S/cm in these systems. Improve
solvation of the lithium cations and subsequently higher conduct
ties might be achieved through high-dielectric or high-donor num
solvent additives. Additives to lower the solvent viscosity may i
prove conductivity as long as the solvent dielectric constant is
lowered appreciably. In adding any component, it must be com
ible with the electrodes under consideration for the full lithium-i
cell.

Lithium-ion transference numbers of these electrolytes are
pected to be near unity. DC polarization or the steady-state cur
method was employed for these measurements, though side
tions of the electrolyte with the lithium metal electrodes appear
create additional ionic species that create problems with this te
nique. If the concentration and mobility of these reaction-form
species in the electrolyte is of a similar order of magnitude as tha
the electrolyte, then the lithium-ion transference number meas
ment will be compromised. Such is the case with the lithiu
hectorite-based composite electrolytes. However, by increasing
electrolyte volume and reducing the water content, lithium-i
transference numbers can be observed close to unity at the exp
of greater sample volume and longer experiment times.
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