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Thin-Film Technology for Solid-State Lithium Batteries Employing Solid Redox
Polymerization Cathodes
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ABSTRACT
Solid-state, thin-film technology offers numerous advanta
over conventional liquid electrolyte methodologies for hi
performance rechargeable battery systems. Some of th
vantages for secondary cells include extremely low self-
charge rates, high reliability, and greatly increased safet
operation and disposal. The potential market of such batt
is enormous since these advanced cells are being consi
for applications ranging from consumer electronics to elec
vehicles and satellites. However, in order for this young te
nology to become a commercial reality, the development of
cost, thin-film, current collectors (similar to those used in 
capacitor industry) is a must. The basic design of a solid-s
lithium cell includes a thin polymer electrolyte film (10 to 5
microns) sandwiched between a lithium negative electrod
to 40 microns) and a polymeric positive electrode (20 to 
microns). Although lithium foils of close to 25 microns can
formed through extrusion, it is presently an expensive p
cess. In order to realize thinner Li films an evaporative pro
onto a polymer base might be an attractive option. Furt
more, as the positive polymer electrode is non-metallic 
therefore fairly resistive, it must be deposited onto a cur
collector. In order to minimize the contribution of the curre
collectors to the cell volume, metallized plastic films of t
order of 5 to 15 microns are being considered for use in t
cells. If successful, the fabrication of such solid-state batte
could be done in a continuous manner, giving this techno
a very strong competitive edge over existing rechargeable
teries.

INTRODUCTION
The rapidly growing demand for secondary batteries hav
high specific energy and power has naturally led to increa
efforts in lithium battery technology. Still, the increased saf
risks associated with high energy density systems has 
pered the enthusiasm of proponents of such systems fo
in the consumer marketplace. The inherent advantages o
solid-state batteries in regards to safety and reliability are st
factors in advocating their introduction to the market-pla
However, the low ionic conductivity of solid electrolytes re
tive to non-aqueous liquid electrolytes implies low power d
sities for solid-state systems operating at ambient temp
tures. Recent advances in polymer electrolytes have led t
introduction of solid electrolytes having conductivities in t
8
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range of 10-4 (ohm cm)-1 at room temperature[1]; this is still two
orders of magnitude lower than liquid electrolytes. Althou
these improved ambient conductivities put solid-state bat
ies in the realm of practical devices, it is clear that solid-s
batteries using such polymeric separators will be thin-film 
vices. Fortunately, thin-film fabrication techniques are well 
tablished in the plastics and paper industry, and presen
possibility of continuous web-form manufacturing. This sty
of battery manufacture should make solid polymer batte
very cost-competitive with conventional secondary cells.
addition, the greater geometric flexibility of thin-film solid-sta
cells should provide benefits in terms of the end-use fo
factor in device design.

SOLID REDOX POLYMERIZATION ELECTRODES AND
REDOX RESINS
Although the majority of research on solid polymer batter
has been performed using intercalation compounds in the p
tive electrode, research in this laboratory has centered 
new class of materials termed solid redox polymerization e
trodes (SRPE’s). SRPE’s are essentially the oxidation pro
of dithiols, or polyorganodisulfides,
HSRSH + LiOH = Li

2
SRS + H

2
O

n Li
2
SRS + nl

2
 = (SRS)

n
 + 2n Lil

where R is an organic moiety such as CH
2
CH

2
, phenyl, etc.

However, SRPE’s are not limited to 2 sulfur groups per orga
R group. In fact, the oxidation product of trithiocyanuric ac
(three SH groups/R) has been successfully cycled in so
state lithium cells[2][3]. Polymerization electrodes are unique
that on cell charge the materials are electro-polymerized,
on discharge they are electro-depolymerized,
n Li

2
SRS = (SRS)

n
 + 2n Li.

Further, in contrast to intercalation materials, SRPE’s are
versible to many metal ions, and accordingly have been te
in solid-state sodium batteries as well as in lithium ce
Polyorganodisulfides also have the advantage of tremend
flexibility in terms of chemical and macromolecular formulati
of the electrodes. The chemical, electrochemical, physical,
thermodynamic properties of these materials are a strong f
tion of the organic group, R, adjacent to the disulfide lin
ages[4][5][6] . The related polymeric disulfides, the polythiol
are also of potential value as positive electrodes. These m
rials, also known as redox resins, undergo reversible ele
9
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SOLID-STATE LI/PEO/SRPE BATTERIES
The basic components of solid polymer cells are shown
figures 1 and 2. If 5 micron metallized polyethylene terephth
late (PET) current collectors are used to build the basic cell, 

crosslinking upon oxidation and reduction. Cross-linking i
the polythiols can be either inter or intramolecular depende
on the distance between sulfur sites on the polymer backb
and on nearest neighbor polythiols as shown below,

Clearly, for any of these materials to be viable for practic
systems, the gravimetric and volumetric energy densities m
be sufficiently attractive, and the actual behavior of batteri
based on SRPE’s must demonstrate suitable levels of per
mance. As can be seen from table I, the volumetric and gra
metric energy densities of lithium batteries based on SRP
are more than adequate for applications ranging from co
sumer electronics to electric vehicles. More important than t
calculated values shown in table 1 are the actual capacitie
batteries based on these materials. Since polyorganodisulf
are not electronically conductive, functional electrodes a
typically composed of dispersed carbon black in a matrix 
polymer electrolyte and active material (SRPE). The volumet
and gravimetric capacities of composite electrodes based
poly(2,5-dimercapto-1,3,4-thiadiazole), X1, and the intercal
tion compound TiS

2
 have been reported previously[7]. The

energy densities calculated for such films and the performan
of batteries based on them[2,3,7], clearly puts them in the realm
of commercial application.

90
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dimensions of each component can be calculated as shown
table II. As is evident from table II, if the cell capacity is close
to 1 C/cm2, the total cell thickness including current collectors
would be about 50 microns (1/2 mil) which is exceeding thin in
relation to conventional battery design. From the basic formu
lation shown in table II one can easily extrapolate energy an
power densities for thin-film cells as a function of surface ca
pacity, electrolyte thickness, and current density. Although
the majority of laboratory thin-film cells were tested between
thick stainless steel plates, tests using metallized films showe
no difference in performance. Energy and power densities we
consequently extrapolated from lab cell performance using th
dimensions of metallized PET current collectors. Shown in fig
3 is the dependence of volumetric energy density on cell ca
pacity. As one might expect the energy density improves a
the electrode thickness increases, yet the improvement b
yond 3 C/cm2 is not dramatic. This is fortunate since the power
density of the cell certainly drops off with increasing electrode
thickness; the rate of decrease depending on the current de
sity at which the cell is operated.

Figure 4 shows the 1st 15 cycles of a Li/p(EO)
8
LiCF

3
SO

2
/X1

cell at operating at 20°C. The electrolyte contains modified
polyethylene oxide which is amorphous at room temperatur
with a conductivity of approximately 10-4 (ohm cm)-1. As is
evident from figure 4, the room temperature cells can attai
capacities of approximately 1 C/cm2 at a current density of 50
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Figure 1.  Schematic comparison of thin-film polymer batteries
using SRPE positive electrodes (top) and intercalation com
pounds (bottom).

Comparison of SRPE’s and INTERCALATION electrodes

Figure 2.  Cross-section of thin-film cell.
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Figure 3.  Dependence of energy density on cell capacity 
current collector thickness; electrolyte thickness constan
10 microns.

µm/cm2 and about half of that (0.5 C/cm2) at a current density
of 100 µmA/cm2. At these current densities, it is clearly nece
sary to maximize the total surface area of the cell, or to incre
the rate of discharge. Given the current densities shown
figure 4, the power densities of thin-film cells can be extrap
lated as a function of surface capacity, electrolyte thickne
and current collector thickness. Shown in figure 5 is the d
pendence of power density on cell capacity (thickness) 
ambient temperature batteries at current densities of 0.05 o
mA/cm2. One can see from these curves, that for these cur
densities, the power density falls off fairly rapidly beyond
surface capacity of 0.5 to 1 C/cm2. Consequently, for those
applications where power densities in excess of 100 W/l 
necessary, one would probably not want to increase the 
face capacity of the solid-state cells beyond the levels in
cated in figure 4. Conversely, for low to medium rate applic
tions where high energy density is more important, it would
advantageous to use electrodes with greater than 1 C/cm2. As
one would expect, both the energy and power density incre
with decreasing thickness of the current collectors. One 
cron metallized PET films are presently used in the capac
9
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industry and would be attractive as current collectors in sol
polymer batteries (although the cost of PET films increase
with decreasing thickness). Accordingly, the cell dimension
should be scaled with the intended application of the batte

The performance of Li/PEO/SRPE cells operating at higher tem
peratures, 70 to 90°C, have been reported previously[2,7]. In
particular, Li/PEO/X1 cells have demonstrated energy an
power densities that meet the demands of electric vehicle a
plications. At these elevated temperatures the solid-sta
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lithium cells are routinely cycled at current densities of 0.5 mA
cm2, and have demonstrated current densities of up to 10 m
cm2 for over 80% of the available capacity. As mentioned pre
viously (figure 3), the energy density of these cells does n
improve dramatically beyond 3C/cm2, and consequently the
majority of the laboratory cells were constructed with compos
ite cathodes having capacities of 2 to 4 C/cm2. Li/PEO/X1 cells
were cycled at 0.5 mA/cm2 for over 300 cycles at a nominal
discharge voltage of 2.6 volts[2,7], corresponding to energy
densities of 190 Wh/l (160 Wh/kg) and power densities o
140W/I (120 W/kg) as described previously, and indicated i

Figure 4.  Li/PEO/X1 cell: performance at 20°C.

Figure 5.  Dependence of volumetric energy and power de
sity on cell capacity; ambient temperature solid-state cell.
1



-
l-

o-
y
-

or
c-

l

Figure 6.  Intermediate temperature cell, 70 to 90°C; variation o
energy and power density as a function of cell capacity an
current density; each marker indicates increments of 0.1 C/cm2

from 2 to 6 C/cm2 (left to right).

The cost of raw materials is an important factor in assessin
the economic feasibility of any product. The materials cost ca
be examined as a function of cell dimensions. Figure 7 show
the estimated cost in dollars/kWh for raw materials as a func
tion of cell capacity. As one can see from the trends in figure 7
the raw materials costs will most likely be dominated by the
cost of lithium above a surface capacity of 2 C/cm2, whereas,
below 0.5 C/cm2 the cost of materials is probably dominated by
the current collectors. Although it is premature to estimate th
manufacturing costs of Li/PEO/SRPE cells, crude estimate
based on current industrial film-processing lines indicates tha
fabrication costs may be as low as 1/10 of the raw materia
cost. In addition to the low cost of the solid-state Li/PEO/
SRPE system, the problems associated with disposal of th
batteries should be minimal owing to the low toxicity and envi-
ronmentally inert nature of the electrodes and electrolyte. Th
reported toxicity (LD

50
) of the mercaptan precursor to the X1

polymer is essentially the same as that reported for caffeine

CONCLUSIONS
All-solid-state lithium batteries based on polyorganodisulfides
offer reliable and safe energy storage for applications rangin
from medium power demand at ambient temperatures to hig

figure 6. Furthermore, these cells could deliver much highe
power densities and still attain high capacity utilization. As
shown in figure three, at a current density of 2 mA/cm2, a cell
with a positive electrode capacity of 3 C/cm2 can provide power
densities of over 500 W/I. The gravimetric and volumetric spe
cific energy and power of solid-state Li/PEO/SRPE batterie
makes them an attractive system for electric vehicles. In add
tion, the low cost of raw materials and low estimated cost o
fabrication, makes these batteries economically viable for elec
tric vehicle use as well as other applications where large sp
cific energy and power are required.
Figure 7.  Cost of  raw materials in solid state Li/PEO/X1 cells
as a function of cell capacity (electrode thickness).
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rate applications at intermediate temperatures. These thin-film
systems should be economically competitive with existing sys
tems, yet offer the advantages inherent in solid-state techno
ogy. Furthermore, Li/PEO/SRPE cells avoid the problems ass
ciated with disposal of toxic heavy metals, and/or the safet
hazards attributed to the use of flammable organic electro
lytes.
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