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Abstract

Several solid electrolytes derived from poly(ethylene oxide) doped with lithium tetrafluo-
roborate and a high conductivity lithium borosulfate glass were formulated and investigated
for their electrochemical performance. The electrochemical characterization included a.c.
impedance measurements, the temperature dependence of conductivity, scanning electron
microscopy (SEM), cyclic voltammetry (CV), and the charge/discharge cycling of symmetric
cells. The ionic conductivities of these electrolytes at ambient temperature were around
1077 S cm~!. Although no significant improvement in conductivity was observed, the cyclic
voltammetry, impedance spectroscopy, and cycling data on Li/polymer/Li and Li/polymer/
Ni cells reveal that the electrode reactions are facilitated by the glass incorporation.

Intreduction

A great deal of interest in solid polymer electrolytes has developed in the last
decade [1]. The major driving force for the interest is a potential technological
application—rechargeable power sources with long cycle life. Justifiable research efforts
have made significant advances in the state of understanding of solid polymer electrolytes.
These efforts have also identified certain issues such as ambient temperature conductivity,
cationic transport number, electrode-electrolyte interfacial reactions and lithium re-
cycleability. It is apparent that these issues must be addressed and resolved before
solid polymer batteries become a commercial reality.

In the last three years, two approaches to enhance the room temperature conductivity
of polymer composite electrolytes have been reported. The first approach makes use
of a high conducting liquid phase in a polymer matrix [2}, frequently referred to as
gel electrolytes. Due to the presence of a liquid phase, these electrolytes exhibit room
temperature conductivity in the 1072 to 1073 S cm ™! range. The basis of the second
approach is an incorporation of solid inorganic additives or fillers in the conducting
polymers [3, 4]. An enhancement of conductivity occurs at low temperatures, however,
the conductivity of this type of solid electrolyte material is not as high as those made
by the first approach. Basically, both approaches produce composite electrolyte materials,
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the difference being the fact that the gel type electrolyte consists of a solid polymer
and a highly conductive liquid phase whereas in the second type of electrolyte both
the polymer and the inorganic additive are solids. As pointed out in the preceding
paragraph, in addition to high conductivity, the electrolytes should exhibit minimal
reactivity with lithium and mechanical resilience in order to commercially produce
rechargeable lithium batteries with a long cycle life. The basic kinetic arguments suggest
that the reactivity of lithium will be less with a solid—solid composite electrolyte as
compared to a solid-liquid composite electrolyte. In fact, there is some experimental
evidence supporting this hypothesis [5]. It is therefore believed that the very high and
appealing conductivity of gel type electrolytes may have limited use, so in order to
advance solid polymer battery technology, the second approach deserves further attention.
Thus, the objective of this paper is to explore and evaluate the electrochemical properties
of polymer-inorganic solid composite electrolytes. A lithium borosulfate glass was
chosen as the inorganic solid phase due to its relatively high lithium ion conductivity
[6] at room temperature.

Experimental

Polyox N750* was used as the source of poly(ethylene oxide). The Polyox material
was doped with reagent grade lithium tetrafluoroborate and powders of a lithium
borosulfate glass (0.4B,0;-0.4Li,0-0.2Li,SO,). The glass formation, properties and
conductivity of numerous compositions in the Li,O-B,0;3-Li,SO, system were measured
and reported [6]. The room temperature conductivity of the 0.4B,0;-0.4Li,0-0.2Li,SO,
glass has been reported to be around 107% S cm ™", This glass composition was melted
at 950 °C for 30 min, quenched, and ground to fine particles. The distribution of
particle size of the glass ranged between 0.25 and 7.5 um with the mean particle size
around 1.5 um. The concentration of PEO:LiBF, was adjusted such that the O:Li
ratio remained constant at 8:1. The glass concentration in the composite electrolyte
was varied from 0 to 19.17 wt.%.

Films containing the dopants were cast in a Teflon mold from solutions containing
the components in the desired ratio in acetonitrile. The films were dried under partial
vacuum at room temperature for 24 h. Several Li/PEO:LiBF,-glass/Li and Li/PEO:LiBF,-
glass/Ni cells were assembled using the films. The cell fabrication technique consisted
of assembling Li/film/Li laminate at a pressure of 100 psi and 70 °C, applying silver
electrodes, and encapsulating in a polyethylene case. The celis were rectangular in
size, varying in area from 2 to 5 cm® All the cells were annealed at 60 °C overnight
and cooled down slowly to room temperature prior to experimental measurements.

The a.c. impedance measurement was conducted to characterize the electrochemical
performance of the cells using an EG&G Princeton Applied Research model 368, a.c.
impedance meter and a lock-in amplifier with a frequency range 0.1-100 kHz. The
a.c. response of the Li/film/Li cells included two semicircles corresponding to high
and low frequencies in the complex impedance plane. The high frequency semicircle
relates to the bulk resistance, R,, and bulk capacitance, C,. The bulk resistance, R,,
was used to calculate the conductivity of the electrolyte materials. The second and
low frequency semicircle reflects electrode/electrolyte interfacial resistance, R., and
interfacial capacitance, C.. The parameters, R, and R, were used to calculate electrolyte
conductivity, o, and interfacial or charge-transfer resistance, p, as a function of

*Supplied by Union Carbide, average mol. wt. 300 000.
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temperature, respectively. The cells were also characterized using an EG&G model
175 universal programmer coupled with a model 173 potentiostat/galvanostat. The
microstructure of the composite electrolyte was evaluated using an International Scientific
Instruments model SIITA scanning electron microscope. Some of these cells were
cycled for several hundred cycles with a half cycle of 1 h and a current of 50 pA at
ambient temperature, 50, 75, 100 and 125 °C. During the cycling experiment, the
voltage drop across the cell was monitored and recorded as a function of time and
temperature. The voltage was then related to the electrochemical events taking place
in the cell.

Results and discussion

Impedance spectroscopy

A typical complex impedance plot of a Li/composite/Li cell is shown in Fig. 1.
Most of the specimens exhibited two semicircles. At high temperatures, due to the
frequency limitation of the equipment, only a segment of the high frequency semicircle
was obtained in some specimens. The electrolyte conductivity was determined from
the intercept of the first semicircle with the z' axis. The electrode/electrolyte interfacial
resistance, p, was determined from the diameter of the second semicircle.

The effect of the glass additive on the temperature dependence of conductivity
is shown in Fig. 2. It should be noted that the addition of glass alters the slope of
the log o versus 10°/T lines in the first three specimens. These lines are referred to
as 1, 2 and 3 in Fig. 2, and they correspond to PEO:LiBF,, PEO:LiBF,-7.33% glass
and PEO:LiBF,-13.65% glass, respectively. The slopes of these lines reflect the associated
activation energies. The calculated activation energies are 25.21, 26.91, and 30.00 kcal
mol ™! for the curves marked as 1, 2 and 3, respectively. A further increase in the
concentration of glass in the composite electrolytes to 19.17% decreases the conductivity
with a small increase in activation energy to 31.01 kcal mol™".

The results obtained from the temperature dependence of the conductivity of
these composite electrolytes differ from the data reported previously on polymer ceramic
composite materials [4]. Capuano et al. [4] have reported an order of magnitude
increase in the low temperature conductivity for small additions of y-LiAlO, in PEO-
based electrolytes. This study suggests that there is little effect of the glass additive
on the conductivity. The small increase in the activation energy with the increasing
concentration of glass is believed to be related to an enhancement of the potential
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Fig. 1. Complex impedance plots of a Li/PEO:LiBF,/Li cell at 10 °C.
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Fig. 2. Conductivity vs. temperature for various composite electrolyte: (1) PEO:LiBF,, (2)
PEO:LiBF,-7.33% glass, (3) PEO:LiBF,-13.65% glass, (4) PEO:LiBF,-19.17% glass.

barrier in the path of the conducting ions that may result from either increased viscosity
or a reduction in the segmental chain motion of the polymer.

Figure 3 shows the charge-transfer interfacial resistance, p, of Li/composite/Li
cells as a function of temperature. The charge-transfer resistance also exhibits the
Arrhenius type of behavior. The calculated activation energy for the charge-transfer
resistance of the Li/PEO:LiBF./Li cells 24.73 kcal mol~!. After the addition of glass
to the PEO:LiBF, complex at 7.33, 13.65 and 19.17% levels, the activation energies
changed to 23.76, 24.40 and 26.91 kcal mol™?, respectively. It is thus inferred that
the activation energy for a charge transfer in the first three specimens, i.e., PEO:LiBF,,
PEO:LiBF,-7.33% glass and PEO:LiBF,-13.65% glass, ramains constant at about 24.0
kcal mol~!; however, there appears to be an increase in the activation energy for the
PEO:LiBF,-19.17 wt.% glass electrolyte to 26.91 kcal mol™.

A revealing feature of Fig. 3 is the significant reduction in the charge-transfer
resistance after glass incorporation into the PEO:LiBF, complex. The charge-transfer
resistance is reduced by a factor of 3 when 7.33% of the glass is incorporated into
the PEO:LiBF, polymer. A further increase in the concentration of glass appears to
have little effect. This feature of the composite electrolyte offers an advantage with
respect to the cycle life and the overall performance of polymer cells. It is believed
that the glass in the electrolyte enhances charge-transfer reactions at the electro-
lyte—electrode interface.

Cyclic voltammetry (CV)
Cyclic voltammograms of Li/composite/Li cells with a scan rate of 20 mV s™* at
60 °C are shown in Fig. 4. It should be noted that the addition of the glass to the
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Fig. 3. Charge-transfer resistance as a function of temperature for various Li/composite/Li celis:
(1) PEO:LiBF,, (2) PEO:LiBF,-7.33% glass, (3) PEO:LiBF,-13.65% glass, (4) PEO:LiBF,-19.17%

glass.

PEO:LiBF, complex progressively decreases the peak potential difference, AE.
PEO:LiBF, exhibits a AE of 3.8 V, and AFE is decreased to 2.98 and 2.30 V for the
composite electrolytes containing 13.65 and 19.17 wt.% glass, respectively. These data
also suggest that the glass acts like an enhancer in lowering the potential at which
electrode reactions take place. The presence of one cathodic and one anodic peak
implies that the new constituents of the glass such as boron and sulfur are non-reactive
to lithium.

The peak current, iy, is also affected by the addition of glass; however, in this
case the i, goes through an optimum for 13.65 wt.% glass (Fig. 4(b)) and then decreases
for 19.17 wt.% glass (Fig. 4(c)) to a value lower than that of the PEO:LiBF, complex.
The enhancement of i, for the 13.65% specimen is not clearly understood at the
present time. The CV results of Fig. 4 substantiate the impedance data with respect
to charge-transfer resistance and the catalytic effect of the glass additive. A repetitive
cycling of Li/composite/Li cells exhibited only a small shift in the peak locations and
intensities, suggesting a relatively efficient deposition and stripping of Li on the Li
substrate.

A cyclic voltammogram of an Li/PEO:LiBF,/Ni cell is shown in Fig. 5. The
repetitive Li deposition and stripping processes on an Ni working electrode are
characterized by a shift in the potentials of cathodic and anodic peaks. The locations
and intensities of the peaks shift with the number of cycles, suggesting a rather
significant passivation of the Ni substrate which leads to a decrease in the peak currents.
The unsymmetrical shape of the curve indicates that the reversibility of the process
is poor, which further implies that the lithium deposition on the cathode is not followed
by an equivalent stripping of lithium at the anode.
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Fig. 4. Cyclic voltammogram of Li/composite/Li cells: (a) no glass, (b) 13.65 wt.% glass, (c)
19.17 wt.% glass; scan rate 20 mV s~!, temperature 60 °C.

Charge/discharge cycling

Cell performance as a function of temperature

The charge and discharge curves of an Li/PEO:LiBF,-7.33% glass/Li cell during
the fifth cycle at ambient temperature and a 50 uA current are shown in Fig. 6. At
the beginning of each half cycle, the cell exhibits a high voltage which decays exponentially.
The voltage reaches a minimum value and then again it gradually increases until the
half cycle ends. After a reversal of the current flow a similar trend in voltage variation
was noted. The cycling data were identical for 150 complete cycles at the ambient
temperature. Thus, there are two segments of the voltage curve that need to be
explained in terms of electrochemical events that take place in the cell.

The initial high voltage and its exponential decay are attributed to a resistive or
passivation layer at one of the electrode surfaces. This layer breaks up in about 3 to
5 min and the voltage reaches a minimum and then increases. This voltage increase
is probably related to the depletion of the lithium available for transport and it may
likely be a diffusion-controlled process. In such a situation, the inverse of voltage
should show a linear dependence with the square root of time (see Appendix A).

A plot of 1/V versus ¢t a half cycle at ambient temperature is shown in
Fig. 7. The latter part of the half cycle indeed shows a linear relationship adding
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Fig. 5. Cyclic voltammograms of a Li/polymer/Ni cell, scan rate 20 mV s™!, temperature 60 °C.
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Fig. 6. Charge and discharge curve of a symmetric cell at ambient temperature. Electrode
area=6.45 cm”. Film thickness =0.0115 cm.

credence to our explanation that the electrochemical phenomenon drives the latter
part of the charge and discharge curves at ambient temperature.

The charge and discharge curves were also obtained at 50, 75, 100 and 125 °C.
The high initial voltage and its exponential decay within 3—5 min was a characteristic
of the ambient temperature curves. This phenomenon was reduced to a certain degree
when the specimen temperature was raised to 50 °C, and it completely disappeared
at 75 °C, as shown in Fig. 8. All the charge/discharge curves at temperature >75 °C
exhibit an exponential increase in voltage in the beginning, which is then followed by
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a more gradual increase. It is noted that the resistive layer that is formed at ambient
temperature and is unstable at higher temperatures. This observation is consistent
with the impedance data as presented in Figs. 2 and 3. The temperature dependence
of the interfacial resistivity is greater than that of the temperature dependence of
electrolyte resistivity. When the temperature is increased, beyond a certain value the
only limiting factor is the electrolyte resistivity during the charge and discharge
experiments. This temperature appears to be somewhere between 50 and 75 °C for
this electrolyte. The melting point of the PEO:LiBF, complex ( <68.2 °C) also happens
to fall in this temperature range. It is thus believed that the disappearance of interfacial
phenomenon may be related to the melting of the PEO:LiBF, complex.

A plot of V! versus ¢! for a half cycle at 75 °C is shown in Fig. 9. This Figure
depicts a linear relationship during most of the half cycle. A deviation from the linear
relationship is noted toward the end of the half cycle.

The temperature dependence study also revealed an increase in cell voltage with
successive increases in the number of cycles, specifically at higher temperatures. This
phenomenon was quite pronounced at 125 °C. A typical increase in cell voltage with
an increasing number of cycles at 125 °C is shown in Fig. 10. Approximately a three-
fold increase in cell voltage is observed after five cycles. This suggests that the resistance
of the cell has increased approximately by three-fold. The increased resistance is
believed to be related to the aging of the polymer electrolyte and/or the extensive
reaction of lithium with the electrolyte.

A few of the cells were cycled for over 1500 cycles at ambient temperature with
no obvious problem. Their charge/discharge characteristics remained similar to the
one shown in Fig. 6. The cycling efficiency appeared to be excellent for these half
cells with composite material as the electrolyte and two lithium electrodes.

Determination of the concentration (n;), mobility (u;), and diffusion coefficient (D,)

of lithium

The charge and discharge experiments also allowed us to determine the concen-
tration, n;, mobility, p;, and diffusion coefficient, D;, of the conducting lithium ions.
Toward the end of a cycle in the experiment at 75 °C, external power to the cell was
turned off and the polarized cell was allowed to relax. During the relaxation process,
both current and voltage were recorded (Fig. 11(a)). The voltage and current curves
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Fig. 9. 1/V vs. t'2 at 75 °C of a Li/composite/Li cell.
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Fig. 10. Charge/discharge curves of a symmetric Li/film/Li cell at 125 °C: (a) after 5 cycles, (b)
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are typical of the relaxation processes. From these voltage and current curves and
the geometry of the cell, the cenductivity, o, of the cell was calculated and shown in
Fig. 11(b). Ignoring the early part of the relaxation experiment, a reasonably constant
o with a value of 1.11 X107 S cm™! at 75 °C is obtained. This conductivity value is
about two orders of magnitude lower than that of the value obtained by impedance
spectroscopy (Fig. 2). This is expected because the potential barrier for the diffusion
of lithium in the electrolyte is higher. The barrier is diminished by the application
of voltage across the cell resulting in low activation energy and increased mobility.
From Fig. 11(a) and (b), n; was determined to be 3.33%x 10*. The chemical diffusion
induced conductivity in combination with n; allowed the determination of mobility, w;.
A value of 2,08 1072 A(VemC) ™! was obtained. Further application of the mobility
data yielded a value of Dy;=7.49x 107 cm? s~'. The calculated diffusion coefficient
at 75 °C is comparable to the value reported for lithium self diffusion in LiCF;SO;-
doped polyethylene oxide and measured by NMR spectrometry [7]. The calculation
of n;, w;, and D; is shown in Appendix B.

Scanning electron microscopy (SEM)

Figures 12(a)—~(d) show scanning electron micrographs of composite electrolyte
specimens. On a scale of about 5-10 um, the PEO:LiBF, specimen in Fig. 12(a) shows
a relatively homogeneous microstructure and a crystalline morphology. A 3.8 wt.%
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Fig. 12. Scanning electron micrographs of PEO:LiBF,-glass electrolytes: (a) PEO:LiBF,, (b)
PEO:LiBF,-3.80% glass, (c) PEO:LiBF,-LiBF,-7.33% glass, and (d) PEO:LiBF,-19.17% glass.



74

glass addition changes this to a rather diffused morphology (Fig. 12(b)). The micro-
structure again becomes distinct for the 7.33 wt.% specimen (Fig. 12(c)) and remains
similar for the 19.17 wt.% specimen (Fig. 12(d)). The glass particles are evident as
brighter spots in these micrographs, and, as expected, their concentration increases
on going from Fig. 12(b) to (d). It should also be noted that there is a distribution
of glass particle size in the 0.5-2 um range, as one would expect. The crystalline
morphology of the 10-30 um range is very much evident for the 7.33 and 19.17 wt.%
specimens.

Summary and cenclusions

Solid composite electrolytes from a PEO:LiBF, polymer complex and a lithium
borosulfate glass were formulated and characterized using impedance spectroscopy,
cyclic voltammetry, charge/discharge cycling and scanning electron microscopy. The
analysis of these data led us to arrive at the following conclusions.

1. The temperature dependence data of the conductivity in the 0 to 60 °C range
suggests that for small additions of glass up to 13.65%, there is little effect on
conductivity. However, the activation energy for the conductivity increases. Further
increases in the glass concentration decrease the conductivity of the composite material
to the lowest levels.

2. The charge-transfer resistance of Li/PEO:LiBF,/Li cells is decreased by a
factor of three when glass is incorporated in the polymer. However, this phenomenon
is independent of the concentration of glass in the composite electrolyte. The activation
energy for charge transfer is around 24 kcal mol !, which shows only a slight variation
among different materials.

3. The cyclic voltammetry data reveal significant variations in the anodic and
cathodic peak potential as the composition of the composite electrolyte material was
varied. The peak potential difference, AE, decreases with the addition of the glass.
The glass acts like a catalyst to lower the potential at which the electrode reactions
take place.

4. The charge and discharge curves of symmetric cells at temperatures below
75 °C show two distinct regions. The first and second regions are attributed to the
formation of a resistive layer at the electrode and the depletion of lithium ions,
respectively. With an increase in cell temperature, the first region diminishes and
vanishes at temperatures >75 °C.

5. At higher temperatures, the cell voltage increased with an increasing number
of cycles. This phenomenon was enhanced as the cell temperature was increased.

6. The repetitive Li deposition and stripping on nickel substrate suggest significant
passivation of nickel and poor reversibility.

7. The SEM micrographs show significant variation in the morphology of the
composite material. Higher concentrations of glass in the composite material led to
well-defined crystallite regions.
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Appendix A

Diffusion equation and its solution to determine voltage and time relationship in the
cycling experiment

The depletion of lithium may be described by using Fick’s laws of diffusion. The
electrochemical response and characteristics of a symmetric cell as shown in Fig. Al
under a constant current or flux can be approximated by using Fick’s second law of
diffusion, eqn. (Al):
aC #C
The concentration, C, of diffusing species (Li in the present case) is a function of
time, ¢, and distance, x.

To analyze the electrochemical response of the cell, one must solve the differential
eqn. (Al) and describe how the concentration of diffusing species varies with time
and distance after the constant flux or current is applied. C(¢=0) refers to the
concentration before the commencement of ion transport, i.e. it describes the initial
condition of the polymer electrolyte in which diffusion is made to occur by the flow
of a constant current. The initial condition of the electrolyte is C(=0)=C". The first
boundary condition relates to a point very far from the boundary at which the diffusion
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Fig. Al. Schematic of a symmetric cell with a constant flux.
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source or sink is established. The concentration of the diffusing species at this point
is unperturbed and remains the same as the initial condition, i.e. C(x > a)=C(t=0)=C".
The second boundary condition states that at any instant of time, the concentration
flux across the boundary is related to the concentration gradient through Fick’s first
law, i.e.:

aC
—o=1=-D|=
Jx )] (ax)x_o

The boundary conditions can be summarized as:

C[t=0]=C° (A2)
Cx — a]=C° (A3)
5.5

The solution of eqn. (Al) is facilitated by introducing a new variable, C;, such
that:

C1=C0"‘C (AS)

The variable C, can be recognized as the difference (C°—C) of the concentration
from its initial value, C° In other words, C; represents a perturbation from the initial
concentration. The partial differential eqn. (A1) and the initial boundary conditions
can now be restated in terms of the new variable, C;:

GCI aZCI
=1 _p-—2 A
o &’ (A6)
Ci(t=0)=0 (A7)
Cix— a)=0 (A8)
9C, 1
(2) -3 (A9)
x=0
After Laplace transform, the differential eqn. (A6) becomes:
- d’C
pCi—Ci[t=0]=D dx; (A10a)
since Ci[t=0]1=0
dzél P 5
@ - D C (A10b)
The general solution of the equation has the following form:
C,=A exp(— (p/D)"*) + B exp(p/D)"*x (A11)
Since C,(x = a)=C?, therefore C;(x = o) =0; this will only be true if B=0. Therefore:
C1=A exp(— (p/D)"*) (A12)

Differentiating eqn. (Al2) with respect to x:
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gd% \ﬁ A exp(— (p/D)"%)

at x=0

AN
(E),_;“\/i*‘ (A1

It can also be shown by Laplace transform of eqn. (A9) that:

) 1 (A1)

dx o D
Thus,

1
A= ——
P3/2D1/2

and,

- 1
C= (A15)

p3/2D1/2 exp( _ (p/D)UZx

An inverse transform of eqn. (Al5) gives rise to an equation for C; such that:

1 [2e2 X2 2\
C = Din [;We (4Dt) —xD"erfc (4Dt) ] (A16)
where erfc is the error function complement defined by
erfc(y) =1 —erf(y) (A17)
and,
Y
erf(y) = \/._ exp(—u*)du (A18)

In the case of an electrochemical cell, where the electrolyte thickness is very small,
one can further impose a condition that x —0. Then:

2

Ci= — 2 A19

"= 7D (A19)
2

C=C"- — A20
0 (A20)

Equation (A20) describes the change in concentration of diffusing species at the
sink or source. In our experiment, we have measured the change in voltage at a
constant current or flux. The voltage variation is related to the conductivity of the
cell which in turn is directly related to the number of charge carriers, i.e. concentration
of lithium ions. In other words, the voltage is inversely proportional to the concentration
of lithium ions which is the limiting factor at either the source or the sink such that:



K_c (21)

where K=constant.
Combining eqns. (A20) and (A21), one obtains:

1 _C (c° 2

e (o (2 22
Equation (A22) is a basic equation showing how the voltage varies with the time,

t, that has elapsed since a constant flux was established. A plot of 1/V versus ¢?

should yield a straight line for a truly diffusion controlled electrochemical reaction

taking place either at the source or the sink. The intercept and slope determine the
initial concentration and Dy;, respectively.

Appendix B

Calculation of concentration, n;, mobility, u;, and diffusion coefficient, D;, from the
relaxation data
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