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Abstract

We describe and implement a microelectrode procedure for the determination of important transport properties
required for the evaluation of liquid electrolytes used in lithium-based batteries. Three solvents of interest
(propylene carbonate, ethylene carbonate, and diethyl carbonate) and two lithium salts (lithium hexa¯uorophos-
phate and lithium perchlorate) are investigated. In addition, by combining microelectrode and radiometric analyses,
we are able to characterize fully the transport phenomena in the nonaqueous solvent + salt systems. Thus a
radiometric technique is used to monitor solvent transport, both under di�usion and current-passage conditions,
and the solvent di�usion coe�cient is reported as a function of salt concentration.

1. Introduction

For electric and hybrid vehicle batteries, the energy
available under most discharge conditions is limited
primarily by the capacity of the electrode materials and
the thermodynamic potential di�erence between the two
electrodes, while the power capability is in¯uenced
greatly by irreversible processes, such as intraparticle
and electrolyte-phase di�usion, interfacial (electrochem-
ical) reaction, and ionic migration. Cell-chemistry mod-
els [1±7] have shown that for reasonably small sizes of
active-material particles, i.e., less than a few microns in
characteristic size, both intraparticle and electrochemi-
cal reaction resistances [8, 9] can be substantially
reduced, leaving electrolyte-phase transport resistance
to limit the power-delivery rate.
In order to quantify the transport limitations in

electrolytes of immediate interest for lithium battery
applications, characterization procedures are described

and implemented. Solutions containing either lithium
hexa¯uorophosphate (LiPF6) or lithium perchlorate
(LiClO4) salts in solvents of propylene carbonate,
propylene carbonate + ethylene carbonate, or ethylene
carbonate + diethyl carbonate are analyzed. In addi-
tion, the di�usion of 14C tagged propylene carbonate is
determined as a function of LiClO4 concentration,
yielding information useful for the elucidation of elec-
trolyte-phase transport phenomena and speci®c solvent-
salt interactions.
The scope of this work is to describe and implement

procedures for the determination of important trans-
port properties. Because actual lithium battery systems
utilize a mixture of solvents and various salts, and
there is no uniform agreement as to the optimal
solvent + salt system, it is beyond the scope of this
work to characterize the entire range of solvent + salt
systems of immediate technological signi®cance. For
this reason, only the better-understood lithium per-

List of symbols

a disk radius
c salt concentration
d diameter of transport channel (Figure 1)
D di�usion coe�cient
F Faraday constant
i current density
L length of transport channel (Figure 1)
N species ¯ux
N number of propylene carbonate molecules

coordinating a lithium cation
t time

t0 transference number with respect
to the solvent velocity

V reservoir volume (Figure 1)
z charge number

Subscripts and superscripts
avg average
PC propylene carbonate
* radiotracer species
ÿ anion
� cation
0 solvent
1 far from the electrode surface
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chlorate + propylene carbonate system is studied in
detail.

2. Experimental

2.1. Chemicals

All salts and solvents on which we report were obtained
from Fluka and were greater than 99% purity. The
LiClO4 was dried in a heated, evacuated antechamber at
100 �C, and a temperature of 60 �C was used for the
LiPF6. Solutions were made with vacuum distilled
solvents; the distillation procedure and apparatus are
described elsewhere [10] and correspond closely to those
detailed by Jasinski and Kirkland [11]. Lithium (Foote
Mineral, 99.99%) was used to construct the counter/
reference electrode. (The counter and reference elec-
trodes are one and the same for the microelectrode
experiments.) All experiments were carried out in a
Vacuum Atmospheres glove box fed with 99.999%
argon gas (Scott Speciality Gases). Provisions were
made to remove trace amounts of oxygen and water.
Propylene carbonate with radioactive 14C incorpor-

ated at the carbonyl position was employed as the
radiotracer species (Amersham). Radio-gas chromato-
graphy indicated a 97.7% radiochemical purity of the
tracer. The initial radiotracer solution was diluted to a
6 ml volume by the addition of untagged propylene
carbonate. This diluted stock solution, having a speci®c
activity of 0.83 mCi mlÿ1, was maintained at ÿ20 �C in
a sealed container prior to usage.

2.2. Instrumentation

The electrochemical cells were controlled by a Bioana-
lytical Systems 100B Electrochemical analyzer. Platinum
38 lm radius electrodes, sealed in glass, were constructed
and prepared using standard methods [12, 13]. Refer-
ences [14, 15] describe related analyses of polymer
electrolyte systems. All lithium experiments were done
in a Faraday cage within the glove box. Radiometric
assays of the 14C solutions were performed using a
Packard Tri-Carb CA2000 Liquid Scintillation Analyzer.

2.3. Radiometric measurements

An aliquot of the radiotracer stock solution (0.06 to
0.5 ml, depending on the anticipated di�usion or trans-
port rate) was transferred to the `hot' reservoir of the
radiotracer cell, shown schematically in Figure 1. Due
to the cell design and construction, transport resistance
is con®ned primarily to the channel, and the well-stirred
reservoirs o�ered no signi®cant resistance to propylene
carbonate transport. The simultaneous deposition of an
equal volume of untagged solution was made to the
`cold' reservoir of the cell to eliminate ¯ow through the
channel due to a di�erential in liquid levels. Samples
from both reservoirs (0.1 ml) were removed simulta-

neously and at regular time intervals for liquid-scintil-
lation (LS) analysis. Depending on the amount of
radiotracer stock solution employed, sample volumes
from the hot reservoir were reduced by a factor of 10
prior to analysis. (This procedure was used to reduce
sample activities so that dead-time counting losses
during the radiometric assay were not signi®cant.) The
samples were transferred into 15 ml aliquots of Instagel-
XF LS cocktail (Packard) in LS counting vials. Samples
were counted until statistical uncertainties were better
than 0.5%, or for a maximum of 60 min. The quench
rate of each sample was determined from the Compton
spectrum induced by an external 133Ba source. After
background subtraction, observed count rates were
converted to 14C disintegration rates by corrections
from quench standards (Packard).

3. Chronoamperometry analyses

The electrochemical experiments discussed concern
transport-controlled conditions associated with the re-
action

Li� � eÿ � Li0 �1�

The governing equations to be described below are
appropriate for the treatment of a concentrated binary
electrolyte; a general overview of phenomenological
relations and resulting conservation equations can be
found elsewhere [16].

3.1. Governing equations for transport characterization

The governing equations that describe the transient,
two-dimensional problem for the microdisk system
consistent with our experimental conditions are [17,
18, 19]

@c
@t
� Dr2c �2�

Fig. 1. Schematic illustration of the cell used for the radiotracer

experiments. Both reservoirs were well stirred.

270



c � c1 initially �3�
c � c1 far from disk electrode �4�
c � 0 on the disk, and �5�
rc � n � 0 on the insulator surrounding the disk

�6�

where D refers to the di�usion coe�cient of the salt

D � D�0Dÿ0�z� ÿ zÿ�
z�D�0 ÿ zÿDÿ0

t denotes time, c1 represents the initial and bulk-
solution concentration of salt, and n is the surface unit-
normal vector pointing into solution. Thus the salt
di�usion coe�cient, D, results from a combination of
di�usion coe�cients re¯ecting cation-solvent (subscript
+0) and anion-solvent (subscript ÿ0) interactions.
Upon solving these equations for the salt concentration
c, the component of the local current density normal to
the disk surface, i, can be calculated from

i
F
� ÿ D

1ÿ t0�

� �
rc � n �7�

where F denotes Faraday's constant, the lithium cation
transference number t0� (with respect to the solvent
velocity) is given by

t0� �
z�D�0

z�D�0 ÿ zÿDÿ0

and t0� � t0ÿ � 1. The average current iavg, which is to be
compared with experiments for the measurement of D
and t0�, is given by

iavg � 1

pa2

ZZ
A

i dA

These governing equations result from concentrated-
solution theory if the propylene carbonate solvent is
immobile and the solvent concentration as well as the
ionic transport coe�cients are invariant over the range
of concentrations investigated [13]. For the steady-state
condition, r2c � 0, and [12, 13]

iavg � ÿ 4F
pa

D
1ÿ t0�

� �
c1 �t!1� �8�

For short times the results of Aoki and Osteryoung [18,
19] can be used to express the average current density as

iavg � ÿ F
a
���
p
p 1� a�����

tD
p � 0:094

8

ap

�����
tD
p� �

� D
1ÿ t0�

� �
c1 �tD aÿ2 small� �9�

This equation is su�ciently accurate for tD=a2 � 0:1
[17, 18, 19]. Thus steady-state transport-limited current

plateaus corresponding to the current decay after a
potential step to the transport-limited condition can be
used to determine t0� by means of Equation (9) and the
measured quantity D=�1ÿ t0��. The only remaining
electrolyte-phase physicochemical parameter required
for the mathematical simulation of batteries employing
a binary electrolyte [1±6] is the ionic conductivity, which
is easily measured and well known [20, 21] for the
solvent±salt systems investigated herein.

3.2. Pseudo steady-state experiments

For the current-potential traces shown in Figure 2, the
potential of the microdisk electrode was scanned linearly
with time, from 0 V vs. Li to more negative values, at a
scan rate of 25 mV sÿ1. Because of the low LiPF6

concentration, 0.05 M, the deposition current density in
accordance with Equation (1) is su�ciently low to
preclude substantial deposit growth that could lead to a
change in the electrode geometric area, and well-de®ned
limiting current plateaus can be obtained. As has been
reported in previous studies, no evidence of solvent
reduction was found prior to the clear onset of LiPF6

transport limitations. Since the Pt disk was initially
devoid of lithium deposit, a ®nite cathodic (deposition)
current was observed immediately upon scanning from
0 V (cf. Figure 3 of [12]).
The results shown in Figure 2 indicate that the

quantity D=�1ÿ t0�� appearing in Equation (8), which
can be applied to simulate the limiting-current plateau,
is the same for propylene carbonate + 0.05 M LiPF6

and 1:1 by weight propylene carbonate + ethylene
carbonate solvents of the same dilute LiPF6 concentra-
tion. In contrast, the less viscous diethyl carbonate
allows for faster salt di�usion, which explains the larger
magnitude of the limiting-current plateau for the ethyl-
ene carbonate + diethyl carbonate solvent mixture

Fig. 2. Experiments for the determination of steady-state transport-

limited currents. The potential was scanned linearly with time, from

0 V vs. Li to more negative values, at a scan rate of 25 mV sÿ1.
A 0.05 M LiPF6 salt concentration was employed, and the various

solvents are indicated (PC: propylene carbonate, EC: ethylene car-

bonate, DEC: diethyl carbonate).
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relative to that of the propylene carbonate + ethylene
carbonate mixture. In addition, the small potential
range (ÿ0:5 to ÿ0:6 V) associated with the limiting-
current plateau for the diethyl carbonate + ethylene
carbonate solvent mixture indicates that the lower-
molecular-weight, linear carbonate is less stable to
reduction then either of the heavier cyclic carbonates.
The concentration dependence of the limiting-current

plateau for LiPF6 in propylene carbonate is displayed in
Figure 3 (0 to 0.5 M) along with the published curve
relating the transport-limited current density to salt
concentration for propylene carbonate + LiClO4 solu-
tions [13]. As was found for propylene carbon-
ate + LiClO4 solutions up to 1 M, the transport
coe�cients D and t0�, which determine the slopes of
the curves shown in Figure 3, are to good approxima-
tion independent of salt concentration over the range of
study. The values of D=�1ÿ t0�� for the various solutions
are stated in Table 1 and were taken from data shown in
Figures 2 and 3.

3.3. Potential-step experiments

Upon stepping the potential to large, negative values,
the surface concentration of the lithium salt tends to

zero immediately, and Equation (9) can be used to
determine t0� and D, the quantity D=�1ÿ t0�� being
obtained previously as described above. Results for
propylene carbonate + 0.05 M LiClO4 are shown in
Figure 4. The data are represented by symbols. If the
®rst and last terms of the quantity �1� �a= �����

tD
p ��

0:094�8=ap� �����tD
p � in Equation (9) are dropped, the

Cottrell equation results [17]. Curves A and B shown in
Figure 4 represent calculations that are obtained with the
®rst two terms and all three terms, respectively. It is
important to note that in ®tting the transference number
to the data shown in the lower plot of Figure 4, both the
slope and magnitude of the current vs. 1=

��
t
p

relation are
sensitive to the lone ®ttedparameterD, which lends strong
support to the concept that the overall approach taken in
this treatment is fundamentally correct. The ®tted trans-
ference number and salt di�usion coe�cient are:

t0� � 0:44

D� 2:9� 10ÿ6 cm2 sÿ1

)
Propylene carbonate�LiClO4

cLiClO4
� 1M

The lithium ion transference number of 0.44 is in
qualitative agreement with previous studies [22±24] in
that the lithium cation, being more strongly solvated
than the perchlorate anion [25] is part of a larger
solvated complex and is represented by a lower trans-

Fig. 3. Concentration dependence of the limiting-current plateau for

LiPF6 in propylene carbonate. The transport-limited currents were

obtained from current-potential curves similar in appearance to those

shown in Figure 2 for the propylene carbonate + LiPF6 solution.

Also displayed is the published curve for LiClO4 in propylene

carbonate [13].

Table 1. Values for the quantity D=�1ÿ t0��, appearing in Equation 8,

for various solvent + salt systems

Solvent + salt system D=�1ÿ t0�� cm2 s)1

Propylene carbonate + LiPF6 and

(1:1 wt. ratio) propylene carbonate,

ethylene carbonate + LiPF6

7.8 ´ 10)6

Propylene carbonate + LiClO4 [13] 5.2 ´ 10)6

(1:1 wt. ratio) Ethylene carbonate,

diethyl carbonate + LiPF6

9.9 ´ 10)6

Fig. 4. Potential-step experiments. Upper panel: two experimentally

obtained current-time traces and theoretical traces discussed in the

context of Equation (9). Lower panel: dimensionless currents shown in

the upper panel are plotted against 1=
��
t
p

.
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ference number and ionic di�usion coe�cient than the
perchlorate anion. There is, however, a large di�erence
in values reported for t0�, probably due to the di�culties
associated with prior methods used to determine the
transference number [26]. The measured salt di�usion
coe�cient of 2:9� 10ÿ6 cm2 sÿ1 is very close to that
reported by Sullivan et al. [27] of 2:6� 10ÿ6 cm2 sÿ1 for
a 1 M LiClO4 + propylene carbonate solution. While it
is possible to identify studies reporting values for either
t0� or D that are close to those reported here, there is a
wide spread in the reported values [22, 24] and it is
notable that the results reported in this work for t0� and
D were obtained with the same experimental set up and
nominally at the same time.
The reproducibility of the potential-step experiments

is indicated by the two data curves shown in the upper
plot of Figure 4 being nearly identical. The smoother of
the two data curves was obtained with a higher gain on
the current ampli®er. We attempted to perform the same
experiment with LiPF6, but e�ects perhaps related to
nucleation and growth, as have been reported for
¯uoride-based lithium salts [28] precluded facile depo-
sition initially, and Equation (9) could not be applied to
treat the resulting data.
It is expected that neither the experimental results

nor the theoretical curves shown in the lower plot of
Figure 4 are particularly useful for longer times, i.e., for
values of time greater than about 1 s, or, correspond-
ingly, for values of 1=

��
t
p

less than 1 sÿ1=2. Equation (9),
curve B, is valid only for short times, and the curves
marked A and Cottrell represent progressive approxi-
mations to Equation (9). Long-time asymptotic solu-
tions are reviewed and discussed elsewhere [29]. For
intermediate times, numerical calculations are required
[30±32]. With regard to the experimental data, the
e�ects of deposit growth are identi®ed clearly by the
upturn in the measured current near a value of
1=

��
t
p � 0:25 sÿ1=2, or t � 16 s.

4. Radiometric analyses

4.1. Mathematical relations for data analysis

Propylene carbonate di�usion and transport during
current passage are described in this section. A sche-
matic of the radiotracer cell appears in Figure 1. The
analysis to follow is consistent with the transport
resistance being con®ned to the channel, as indicated
in the Experimental section. For a detailed treatment of
tracer di�usion experiments that includes the e�ects of
both mutual and self-di�usion coe�cients, see [33]. Such
e�ects are generally of lower-order importance when
large molecules are the tracer species [33, 34]; we shall
assume that the dilute-solution treatment o�ered below
is appropriate for propylene carbonate.
The pseudo steady-state ¯ux N� of tagged, and

extremely dilute, propylene carbonate from the hot
reservoir to the cold reservoir is given by

N� � D�
chot� ÿ ccold�

L
�10�

where c� denotes the concentration of the propylene
carbonate radiotracer and D� refers to the tracer
di�usion coe�cient. For the conditions of this work,
ccold� � chot� . A material balance on the cold-side reser-
voir of volume V yields

V
@ccold�
@t
� N�

pd2

4

� pd2

4
D�

chot� ÿ ccold�
L

�11�

Because ccold� � chot� , �pd2=4�L=V � 1, and tD�=L2 � 1,
Equation (11) can be replaced with [35, 36]

ccold�
chot� t

� pd2

4V
D�
L

�12�

We shall also provide data corresponding to current
passage, conditions under which propylene carbonate
solvates lithium cations that transport from an anodi-
cally dissolving lithium foil in the hot reservoir to the cold
side containing a lithium-foil cathode. For the pseudo
steady-state, we may treat the perchlorate anions within
the channel as immobile, as they are not involved in the
electrode reactions. Within the channel, the lithium ¯ux
at steady-state is given by i=F , where i refers to the cell
current density based on the channel's geometric area
(1 mA cmÿ2 in this work). We shall not attempt a
quantitative analysis of the current-passage experiment,
but it is helpful to suggest an approximate treatment to
provide a basis for analyzing the data. In particular, if
one assumes that the time period over which propylene
carbonate molecules exchange into and out of solvation
shells is large relative to the time it takes for lithium
cations to transport across the channel, then the ¯ux of
tagged propylene carbonate from the hot reservoir to the
cold reservoir can be approximated as

N� � D�
chot� ÿ ccold�

L
�N

chot�
cPC

i
F

�irreversible solvation kinetics� �13�

where N is the number of propylene carbonate mole-
cules coordinating a lithium cation, and, based on an
atomic weight of 102 g molÿ1 and a density of
1.2 g cmÿ3 [37] the (untagged) propylene carbonate
concentration cPC in solution is 0.012 mol cmÿ3. Thus
to alter Equation (12) so as to incorporate this quali-
tative treatment of the current-passage experiment, D=L
is replaced by ��D=L� � �N=cPC��i=F ��.

4.2. Radiometric results

The data shown in Figure 5 are characteristic of those
collected for the di�usion studies; also shown in Figure 5
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are the results for the one current-passage experiment
that was conducted, which is discussed below. A number
of features warrant discussion. First, we note that the
hot-side concentration is large and invariant relative to
that of the cold side, consistent with the approximation
chot� ÿ ccold� � chot� used in deriving Equation (12). In
keeping with the philosophy of presenting an untreated
data set, the plotted cold-side activity corresponds to the
disintegration per minute per 0.1 ml aliquot withdrawn,
while the plotted hot-side activity corresponds to the
disintegration per minute per 0.01 ml diluted aliquot
withdrawn. Second, the duration of the experiment is
quite long, tD�=L2 � 1, and the cold-reservoir disinte-
gration per minute increases linearly with time. The two
largest sources of error in the analysis were most likely
pipetting irregularities and temperature ¯uctuations dur-
ing the test. Of these, only the former can explain a
decrease in the plotted activity vs. time. Third, we note
that the cold-reservoir activities are well above the
measured background (�30 disintegrations per minute),
and the subsequent counting of the aliquots yielded no
signi®cant di�erences in ccold� , as is indicated by the
agreement between the two separate counts shown for the
last 10 data points on the cold-side results of Figure 5.
(For the results shown in Figure 5, the di�usion
experiment was initiated after a previous experiment,
and the disintegration per minute corresponding to zero
time are large relative to that of background. The
change in the measured disintegration per minute over
the experiment duration, however, was two orders of
magnitude greater than background.)

The ®rst objective of the di�usion studies was to
determine the propylene carbonate di�usion coe�cient
as a function of LiClO4 salt concentration. Thus D� is
plotted against the LiClO4 concentrations in Figure 6.
The values of D� shown in Figure 6 were obtained from
disintegration per minute vs. time slopes, similar to the
di�usion portion of the plot shown in Figure 5, for each
indicated salt concentration, with Equation (12) applied
to calculate D�. For each data point, with the exception
of that corresponding to pure propylene carbonate,
the molar ratio of propylene carbonate to LiClO4 is

Fig. 5. Experimental data for the radiometric analysis. For the displayed data, an 8:1 molar ratio of propylene carbonate to LiClO4 was

employed. The data shown are characteristic of those collected for the propylene carbonate di�usion coe�cients; also shown are the results for a

1 mA cmÿ2 current-passage experiment. Duplicate counts of the last 10 cold-side samples are shown to verify that the radiometric measurement

errors are small compared to those of other sources, such as pipetting-aliquot variations and temperature changes over the experiment duration.

Fig. 6. Di�usion coe�cient of tagged propylene carbonate along with

the solution conductivity [20, 21] and viscosity [22]. The di�usion-

coe�cient values were obtained from disintegration per minute vs. time

slopes similar to the di�usion portion of the plot shown in Figure 5 for

each indicated salt concentration, with Equation (12) applied to

calculate D�. For each data point, with the exception of that

corresponding to pure propylene carbonate, the molar ratio of

propylene carbonate to LiClO4 is speci®ed in parentheses.
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speci®ed in parentheses. The mean value is 2:8 �
10ÿ5 cm2 sÿ1, and, like the plotted ionic conductivity
for propylene carbonate + LiClO4 solutions [20, 21] D�
decreases for propylene carbonate to LiClO4 ratios less
than about 20, corresponding to salt concentrations
above about 0.5 M. Increases in viscosity [22], which are
also plotted in Figure 6, have been cited in attempts to
explain the decrease in conductivity [20, 21] but it is not
immediately clear why the quantity D=�1ÿ t0�� does not
show a similar decline for concentration between 0.5
and 1 M [13]. In addition, there is no ®rm explanation
that can be o�ered to explain why D� increases with
LiClO4 concentrations in dilute salt solution, although
one can speculate that structure-forming mechanisms in
pure propylene carbonate solutions may be disrupted
upon the addition of salt, allowing for more mobile
propylene carbonate. This speculation, however, does
not readily explain the concurrent increase in solution
viscosity.
The di�usion coe�cient D� corresponding to an 8:1

propylene carbonate to LiClO4 ratio, 5� 10ÿ6 cm2 sÿ1,
can be used along with the current-passage data shown
in Figure 5 and Equation (13) to obtain a value of
N � 2. We would expect the actual cation solvation
number to be larger than two for propylene carbon-
ate + LiClO4 solutions based on the properties of
propylene carbonate [37] and we should expect the very
approximate treatment embodied in the use of Equation
(13) to underestimate the cation solvation number, as
the treatment does not consider the exchange of
propylene carbonate molecules into and out of a
solvated complex.

5. Conclusion

The electrochemical data obtained and analyzed in
this study constitute a robust interpretation of the
LiClO4 + propylene carbonate system. This assertion is
based on (i) the unambiguous limiting current plateaus
of large duration, (ii) the demonstrated reproducibility
of the potential-step experimental data (upper panel,
Figure 4), and (iii) the need to include higher order
terms [18, 19] in the analysis of potential step data in
order to capture both the slope and magnitude of the
curve representing microdisk current versus inverse
square root of time (lower panel, Figure 4). With regard
to the last point, con®dence in the analysis is clearly
enhanced when the addition of higher-order terms leads
successively to improved agreement between experimen-
tal and theoretical results. While the radiometric anal-
ysis shows clear trends in the variation of the di�usion
coe�cient of 14C-tagged propylene carbonate with
LiClO4 concentration, and viscosity as well as other
physical property data are available over the same range
of salt concentrations [20, 21, 22] several unanswered
questions remain; the data should, however, provide
fertile grounds for solution-phase analysis required to
unravel the underlying chemistry [25].
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