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PROMISINGFUTUREENERGYSTORAGESYSTEMS:
NANOMATERIAL BASED SYSTEMS, ZN-AIRAND E_OMECHANICAL BATTERIES

R. KoopmanandJ. Richardson
LawrenceLivermoreNationalLaboratory

7000 EastAvenue
P.O.Box 808

Livermore,CA 94550

ABSTRACT

Futureenergy storagesystemswill requirelongershelf life, higherdutycycles, higher efficiency,
higher energy and power densities, and be fabricatedin an environmentallyconscious process.
This paperdescribes severalpossible futm'esystemswhich have the potentialof providing stored
energy for futureelectricandhybridvehicles. Threeof the systemshave theiroriginin the control
of materialstructureat themol_ular level and the subsequentnanoengineeringinto useful devices
and components: aerocapacitors,nanostructuremultilayer_tors, and the lithiumion battery.
The zinc-airbattery is a highenergydensity batterywhich canprovidevehicles with long range
(400 km in autos) and be rapidly refueled with a slurry of zinc particles and electrolyte. The
electromechanicalbatteryis a battery-sizedmodulecontaininga high-slg_ rotorintegratedwith an
iron-lessgeneratormountedon magneticbearingsandhousedin an evacuatedchamber.

INTRODUCTION DISCUSSION
Aerocavacitor.The storageof electricalenergy

Future emission regulations are driving the based on the separation of charged species in an
automotiveindustrytowardsthe considerationof electric electrolytic doublelayer is inherentlysimplerand more
and hybrid vehicles. In order to achieve comparable reversible thanin secondarybatteries. While obviously
performance to gasoline fueled internal combustion not batteries, capacitors offer the promise of an
engines, significant improvements in currentenergy efficient, convenient way to store energy for peak
storage technology are required. Specifically, higher demands (e.g., catalyst preheat, acceleration, starting
energydensities (energy per unit volume) and _c motors, load leveling) and recover waste heat (e.g.,
energies (energy per unit mass) will be required, regenerative braking). In most cases the cycle life of
Similar improvements in power density and specific electrochemicaldouble-layercapacitorsis limitedby the
power will also be required. Improvements in
durability, shelf life, lifetime, and reliability will also
be required in order to compete successfully with
gasoline as a means of energy storage. Matexiais and
manufacturing processes must be environmentally
friendly, with an ability to be recycled high on the list
of desired attributes. Most importantof all may be the
overalleconomicviabilityofanyproposednewenergy _._t,._ .....
storage system.

Advanced materials and manufacturing
technology offers several potentially promising new
mutes to energy storage systems with high energy and
power densities. Several systems which are being Figure 1. Schematic illustrationof the enhancement
developedendevaluatedat LawrenceLivermereNational in charge storagecat_tbilityof anelectrochemical

arebased on understandingand controlling doublelayer capacitorusinghighsurfacearea,open
the nanostructureof materials. These systems are the porositymaterial.
aerocapacitor,the nanostructure multilayer capacitor,
and the lithium ion battery. Anothersystem, the zinc- device packagingand not by degradationof thedevice
air battery, takes advantage of past work in metal components. Though all electrode / electrolyte
battery systems using air electrodes and novel self- interfaces exhibitdouble-layercapacitance,only devices
feedingcell design for the zinc particulatefuel. F'mally, which do not exhibit faradaic reactions over the
the electromechanicalbatteryoffers a new look at an old potentialrangeof olga_ou (i.e.,are ideally polarizable)
technology taking advantage of new developments in areconsideredelectrochemicaldouble-layexcapacitors.

The _itor (Figure 1)exhibits high double layer
high-strength fiber composites, magnetic bearings, capacitance without resortingto faradaicreactionsby
solid-state power electronics and permanent magnet taking advantage of the unique properties of carbon
materials. . aerogels [1].



Carbon has the initial advantage of being
electrochemically inert. Aerogels are a class of low s.s ,
density solid foams that are characterized by having

open cell structures composed of particles usually less _.0_han50 nm in diameter. Aerogels are usually made

from silica precursors, and are noted for their _ u
outstan_ng thermal insulation properties [2]. Aerogels --" _ N
have not been widely used because of the difficulty in _"8 s.E sssaa
producing them (a critical extraction step is required, ,_
employing usually high temperature and high pressure) ._ L,
as well as the initial high cost of precursor materials.

Recently, organic aerogels have been
synthesized by condensing aqueous solutions of
resorcinol with formaldehyde in the presence of base u
catalyst [3,4]. The microstructure is regulated by the , 1 I s 4 s
catalyst concentration. These materialsroutinelyhave l_m (sl
surface areas approaching 1000 sq m/g. For organic Figure3. Observeddischargeperformancevs. porous
aerogels with a high carbon content, such as resoreinol- elecCode distributedmodel (PE)and simpleresistive
formaldehyde, pyrolysis in an inert atmosphere results model (RC) for test device illustratedin Figure5 and for
in the formation of essentially pure carbon aerogels. 600 mg/cc carbon aerogel, R/C = 200, from 0.1 to 0.0
Besides having improved mechanical properties, these V.
materials become conductive and suitable for application
in energy storage devices• The capacitance density Energydensitiesof approximately25 J/ce have
(F/cc) of devices made using these conductive, high been meam_redfor low voltage aerocapacitor devices
surface materials can be as high as 25 F/ce without with aqueous electrolyte; the corresponding power
further surface activation. Figure 2 illustrates the density is about 10 kW/kg carbon. The use of organic
dependenceof capacitanceon density, electrolytes, with higher breakdown voltages (i.e., 3-4

V vs about 1 V for water), results in higher energy
se ........... densities albeit lower power densities. All of these

• . • valuesexceed DOE projectedgoals forEDLCin electric
, vehicles. These devices have been repeatedly charged

and discharged, with over 85% retention of initial
_. - energy storagecapability after 100,000 cycles. Current

o[ • _ work is directed towards fabricating components and
. ,. ° " " devices of increasing voltage specification; current

i l0 Ii ""

•-. devices have been limited to approximately 5 V.
• ,m Reduction i_n internal resistance and improved, O Im

n m manufacturability is being pursued through the
- m incorporationof carbon paperand various methods of

• ....... inco_g metalfibers into theelectrode material.
(_)

Figure2. Capacitance density (Flee) for variouscarbon
aerogelcatalyst ratios (R/C). NanostruetureMultilayerCapacitors.

Multilayer hUnt-technology [5,6] offers the
At the higher densities desired to maximize the possibility of fabricating new material structures with

capacitance, the carbon aerogel material is sufficiently customized properties by controlling the structure
robust to withstand air drying, thus elimi_ting the [7,8,9] and hence properties at the near-atomic level.
critical extraction processing step. Alternate monomer Since tmno-engineexed multilayers are characterized at
precursors have been demonstrated to also result in the atomic scale they have large interracial area to
suitable carbon aerogel formation; many of these volume ratios. Although the most visible of such
monomers are considerably less expensive than materials are semiconductor supedattiees synthesized
resorcinol, and in some cases the co-monomer, using molecular beam epitaxy techniques, mulfilayers
formaldehyde,can be eliminated as well. may be synthesizedusing elements from all parts of the

The capacitance of the aerogel electrode is Periodic Table using MBE, evap(nafion,sputtering and
complicated by the distributed nature of the porous electrochemical atom-by-atomtechnologies. Multilayer
surface. The equivalent circuit diagram has been structures have been synthesized by PVD - in elemental
analyzed to include the effects of the separator length, form, as alloys, or as compounds - from at least 75 of
the electrolyte conductivity in the separator, the matrix the 92 naturally oeeuring elements. The mierostructmal
conductivity and the external resistance. Figure 3 scale of multilayer materials is typically determined
illustratestheobservedcurrentdischargecomparedwith during synthesis by controlling the thickness of the
the porous electrode distributeA model and a simple individual layers. These layers areone monolayer(0:2
resistive model, nm) to hundreds of monolayers (>500 nm) thick and



generally define the in-depth grain size. These synthesis _ '_ _ _ . _k_i_. . , , • ...... _ .......................

processes typically produce highly textured layers with : .......i]:t,_,,,b_m,,_:: . :. :-=.::t;_::./-

the close-packed lattice plane of the material in the _ii :i: • i : :: !:i_'_ S' ! i ii " >randomlyplaneof orientedthemultilayer,inplane, although these grains are . .:.]_:.:.: _:/ _. • _:_.:_ c_ ,,,.

Until recently, the macroscopic thickness of _i::_..... ."i : _ , .... !._

nano-structure multilayer materials has been generally :. : t
limited to less than a few microns. Recently, processes
for deposition of thick macroscopic nano-structure
layers have been developed at Lawrence Livermore :-............ ............•.....-.., ....... - ................. -

• " _li. '. qUl:' :'. .'" ' "" ';.1,1)'"".: . : ." .": i.I i . ." . ss

National Laboratory [10] and used to fabricate free :::/:_:i;_::.: :.::i_:_i:._:_::_:;:?_:_._s_,:_.:_:_:::i::::_:_:!i:
standing high quality structures up to 500 microns thick
containing up to 50,000 individual layers. The existing Figure 5. Volumetric capacitance and voltage
research synthesis system produces material having breakdown curves for sitca based multilayercapacitors.
periods uniform to 2% of the individual layer thickness
and areas of 400 sq cm. These macroscopic hunt- A proposed Sit2 dielectric I00 IIF, 600 V
structure multilayer materials enable use of standard device would be 9.0 x 5.5 x 0.13 era, and could store 18
diagnostic techniques for property characterization and J (3 J/cc) ff charged to its breakdown voltage. Initial
open a path to develop devices with performance that hbot_tory results using ZrfZr(_ capacitor structures
approaches theoretical limits, be it with respect to deposited on silicon wafers have demonstrated the
mechanical properties, magnetic properties, or technical feasibility of multilayer capacitors, with
thermoelectric properties [11]. One application of this measured breakdown voltages of 3 MV/cm for
technology is the fabrication of capacitors withexpected approximately 1.2 microns of dielectric yielding an
exceptionalperformance, energy density of 10 J/cc.

A parallel plate capacitor can be fabricatedby

depositing alternating thin layers of metaland dielectric Lithium ion batteries, The lithium ion battery
(Figure 4). High energy densities (> 5 J/co) should be is a rocking chair battery, with lithium ions moving
possible with high o_ting v _!_ges (i.nthe kV .ran..ge). from the metaloxide cathode of the battery through the
ii[iiii_::ili!!ii!ii!ii!i::iiiiiii!!ii::ii_!_::iii!F:iiii!::i::iilziiii!i#_i_::z::_i_::i_i_:z_::_i_i_i;i;i:i_i_;i_i_i_i:i;:_i_::_iii_•i:i_i_3_:::_/_-:_separator and intercalating into the carbon anode
:[i__ __ _ i!i!iiiiiili: [13,14]. Thus, the intercalating electrodes store the
i" .;':': /':'1" ............... _" -_- _" ••" ":'":':""''..... ' ...._-, -_-_:':i:-_:_:/,5"?._

   i ! ii iiii!iiilil lithium,but are unchanged in so doing. This process is
::___ _¢...e_ __:__|:: substantially safer than that used in conventional

, oium  ow. oliOiomo ,'" i electroplated lithium metal is typically non-uniform,
ii_iiiiiiii!iiiiii!ii::iiii:::iiiiiiiiiiiii::_iii!!!iiii!iii:i_!iiiili':iiiiiii_:_i_!_i:_i_::_i_i__!i_!_i_!iii_ii_i:_i_i_i_ii!_i_i_i!_ii_iiii_!i_ii_iii_i_iii_iiiii_ii_iiii_i_powderous, or dendritic. With cycling, this leads to a

rapidly fading capacity and consequently shorter life.
Figure4. Cross section for a typical multilayer Thereis also the possibility of dendritesforming which
capacitor fora 600 V application, canpunctta¢ the separatorand lead toa run-awaybattery

shortand explosion.
There are several potential advantages to this design. Lithiumion battery specific energy andenergy
First, a wide range of materials with corresponding density compare very favorably with other batteries,
differentpropertiescan be used. Initialdesigns arebased with projected values on the order of 120 W-hr/kgin
on a simple dielectric [12], amorphous silica (Sit2), comparison to about 30 W-hr/kg for NiCd. $ony's
with a dielectric constant of 3 and a maximumstandoff battery, which achieves about 60-70 W-hr/kg,claims its
field of about 6xl06 V/cm. Standoff fields of these batteries can provide 1200 cycles at 100% depth of
materials in thin film form are not currently well discharge or 50% more cycles than NiCd (and at 4000

cycles, projections indicate over 40,000 cycles at 30%
known but are expected to be substantially larger than depth of discharge). Superior power density is also
those observed for commercial bulk materials formed available in lithium ion densities, potentially on the
using powder compaction/sintering processing (< 105 order of 250 W/kg at high energy densities, with high
V/cm). In applications where high capacitance (as voltage (3.0- 4.1 V).
opposed to high voltage) is required a high dielectric Lithium ion batteries hold significant potential
constant material, BaTiO3 for instance, would be used. for electric vehicleappfications;Honda has benehmadagt
Furthermore, unlike rolled foil with paper or polymer the lithium ion battery for its electric vehicle
dielectrics, multilayer capacitors are solid state devices development. However, to realize this potential
with excellent thermal and mechanical properties due to additional improvements in performance have to be
the low number of defec:s present. Figure 5 shows the achieved. For example, Sony's carbon anode achieves
volumetric capacitance and breakdown voltage versus approximately 50-60% intercalation of lithium. We
thickness for multilayercapacitors based on amorphous have developed carbon foams which closely match the
silica (Sit2). ideal spacing in LiC6 of 3.70 ./_ coupled with



continuous structure and hence lower resistance than equivalent to diesel and modest 4-cylinder ICE autos.
carbon particle composites. Up to 95% intercalation Attractive acceleration and improved battery life and
has been achieved, resulting in higher energy densities, economy require hybridizationwith apower device such
through doping of the carbon foams. Formatting as flywheel, high-rate batteries or supercapacitors,
reactions are being reduced to lower the amount of whichmay also be used to recover brakingenergy.
lithium lost into the lattice during the initial cycles.
Finally, work is progressing on optimizing the lithium TechnicalStatus and Plans. We have tested a
metal oxide cathode to improve conductivity and novel battery configuration (600 cm2 cells) which
lithium availability in a manufacturable process, consumes 100%of zinc fuel particles gravity-fed from
Figure 6 illustrates the projected improvement in an overlying hopper. The cell supports an expanded
specific energy as a function of improved cathode quasi-stationary bed of negligible hydraulic resistance
utilization for various levels of carbonutilization, and constant properties. Air and electrolyte pumps

consume < 0.5% of the gross output. Peak power
is0 exc.eeds 5 kW/m2 at 50% discharge; nominal output

power is 2 kW/m2 at 1.25 V. The novel cell
• • , configuration has been engineered into 1000-cm2 cell

---, , " . *" stackswith internal ("bipolar")series connection for

• =._ loo u.sL_w ,, • :"". • "" testsin FY1994.
"-""-_,: • "."" Hydraulic transfer to hoppers using dripless.'_-:......75 •

: • • e,_tom, c,k hoseconnectors eliminateshumancontactandpotential
t
• CarbonUfl.zatlon liabilities, and avoids damage to cell membranes byt

!1 _ t t i" rapidlymovingslurry.

t • so_ • The nearesttermapplicationof this technology, • 7s_, is fleet vehicles. Busses andvanspowered by leadacidU) m • 100%
, batteries have missioas of only -4 hours without

• . , . , . , . batteryexchange. Zn-airbatteriescan morethandouble
o_ 0.1 0_ 0_ o:4 0.s this at aboutone-third the weight of lead-acidbatteries.

The zinc fuel battery will cost about$50/kW for large
FraeUonalMetalOxideUtt,zseon scale vehicles, and allows continuous operation with

periodic refueling. Retrofittingthe APS/M'IZ)Villager
Figure6. Effects of carbonand lithiumcobaltdioxide Bus with a fuel battery and flywheel is expected to
utilization on energy density, decreasegross weightby 15% (batteryweight is reduced

nearly threefold), double ;he range per refueling, and
. Zinc -airbatteries allow 24 hour/dayoperationwhereneeded. Modeling of

Back_ound. We are developing a refuelable aparallel hybrid using zinc/airand advanced high power
battery thatprovideselectric vehicles withthe essential secondarybatteries(for regenerative brakingandpower
functions of automobiles: long range (400 km); safe peaking)indicatesa propulsioncost of-1 kWh-AC/km
acceleration;and rapid(10 minute) refueling [15]. The and anoverall electricalefficiency of 45-50 % foran 8.2
battery consumes l-ram size zinc particles to produce tonnebus on the SAE-J227a(B)cycle.
electricity and a liquid reaction product. Refueling Airelectrodesusingorgano-cobaltcatalystsand
consists of a hydraulictransferof the reactionproduct similar to those used in our cells have tested over
and a return flow of zinc flurry to a hopperportion of 12,000 hours in alkaline electrolytes under fixed
each cell. The zinc fuel panicles are recycled from the discharge conditions and temperaturessimilar of those
productliquidby an externalelectro-mechanicalprocess, in a hybrid bus. Still, the electrodecost andlife under
Refueling is particularly attractive for extending the actualdutycycles are notdemonstrated.Otherproblems
range and mission of fleet vehicles such as transit include demonstration of closure of the fuel cycle,
busses, vans and taxis or enclosure industrial vehicles control of electrodedeteriorationduringcold standby,
such as fork lift trucks, by making use of a fleet's andoptimizationof the controllerand power device, and
existing home base for both refueling and fuel the capacity of the electrolyte to hold zinc discharge
recycling, productsasa pumpablefluid.

(The same fuel recovery process can in 7_1c mayalso be used asa vector forhydrogen
principlebe miniaturizedandplacedon boardan electric energy. If the electrowinning of zinc is done with
car. This would allow overnight electrical recharge hydrogen reacted at a gas-diffusion anode, the cell
while retaining the option for range extension at a voltage drops from 2.2 V to about 0.5 V, giving the
service station. This dual mode refueling aids market vehicle a fossil-fuel/wheel-base energy transfer
introduction in advance of an extensive service network, efficiency of 27-30%. This year, we plan to close the
On-board recovery is more difficult and is beyond the fuel cycle-by discharging recycled fuel in a bipolarstack
scope of our current project.) of six 1000-cm2 cells. An engineering design will be

This fuel battery is limited by power (100 W- completed on a 24 cell stack for on-vehicle testing in an
peak/kg) and not by energy (>150 Wh/kg), but can electric bus.
provide an electric car with performances nearly



Table 1. Estimatesof range extension and weight rotors of these modules are to be of the "multi-rim"
reductionfor an urbanbus of f'LXeCltime-averagepower type, that is, they consist of a series of nested fiber-
of 12kW (Based on APS Villager Bus, Oxnard CA). composite cylinders, coupled to each other for torque

loads by "separators"that insure mechanical integrity
Curb _ _ Peak _ androtationalstability.

_s tc_m_ight _.¢jghtaed W_w__d_on

:.. ,-/.i.ili i'i  i!i iiil/.,.ii..iLead/ 10'.9 2500 64 98 5.5 :. :. iii ;iacid mt
Zn//_ir, 9.3 mt 820 125 125 11, "
Fly- Zn/air extend
wheel + 100 able

fly-
wheel

.'.

Electromecharficalbatteries. ' ...... :...
, The electromechanical (E-M) battery is a i__ _.:_..:

battery-sized module containing a high-speed rotor
integrated with an iron-less generator, and housed in an
evacuated chamber [16]. For the electric car, the E-M ...........................:...:..
battery offers a means forovercoming the limitations of _::.:"::
electrochemical batteries in specific power, deep _::i":"
discharge lifetime, and energy recoveryefficiency. ..

In the late 1970s, LLNL carried out federally- ..
sponsored studies of flywheel materials _ _!technology. " .
Federal funding for this work was terminated,
nationwide, before a practical pt ,duct emerged. In the :_::ii.::_......
intervening years, developments in materials, design _:i!i:!:i::._:.::i.:i!!;! .......::_ii:::iii"ii
concepts, and solid-state power electronics prompteda _::::_::_:.:::.:.::_i.i:;ii:i::!!:ii:!":!i":.:!'..
new look. What has emerged appears far moreatwactive
than the concepts and the designs studied in the earlier Figure 7. General layout of an E-M battery module.
work.

' New materials,new design congc,p_ts.Besides Magnetic bearings--a key technology,
long service life, two key requirements for vehicular Because the rotor of the E-M battery rotates in vacuo at
batteries are high specific energy (Whr/kg) and high speedsas highas 200,000 RPM, the only practicalway
specific power (kW/kg). For an E-M battery,energy to support it against the force of gravity, minimize
density is maximizedby fabricatingthe rotor of material frictionaldrag, and achieve long service life is to use a
with the highest ratio of strengthto density. Today, the magnetic suspension/bearing system. We are now

• prime candidateis fiber-composite made from graphite studying new concepts for magnetic bearings that
fibers embedded in an epoxy matrix, commercial promise to be much simplexand less expensive thanthe
graphite fibers now have strengths of 7.0 GPa servo-contmlled bearings now in use. With these new
(1,000,000 psi), heading toward 10 GPa, a factor of 5 concepts, it should be possible to design a bearingthat
improvement in 20 years. This improvement was will notonly accommodatevehicularaccelerationloads,
achieved mainlythroughqualitycontrol in manufacture, but reducefriction understandbyconditions to the point
Though cosily now, the price for these fibers is heading that rotor rundown times (self-discharge) of weeks to
down as their use increases. Ourdesign studies have monthsshouldbe achievable.
centered on the use of graphitefiber-composite for the
rotor in an E-M battery. The generator/motor; the "Halbach Array,"

High specific power is essential for snappy Another key element in our E-M battery module is an
acceleration, to absorb high regenerative-brakingrates, iron-less generator/motor,the rotating field of which is
and to permitfast (5 to 10 minutes) chargingtimes. In produced by an array of permanent magnet bars
an E-M battery, high specific power goes hand-in-hand supportedagainst centrifugal forces by the innermost
with high rotation speed. High rotation speed is cylinder of the multi-tim rotor. By using the new Nd-
e_hieved by downsizing the E-M module to about the Fe-B magnet material,deployed in a special array(the
size of alead-acidcarbattery.Otheradvantagesof small "HalbachArray"[17]), a rotatingdipole magnetic field
module size aremajorreductionsin gyroscopic effects, is produced within the assembly. This field then
and in containment problems in case of rotor failure, couples, througha re-entrantglass_ic sleeve-like
Our design studieshave thereforeconcentratedon small vacuum barrier,to three-phasewindings lying outside
modules, storing about 1 kWhr of energy each. The the evacuated region. The absence of hysteresis,



i,

windage, and bearing losses leads to high transfer [7] R. Frahm, T. W. Barbee, Jr. and W. K.
efficiencies. High rotation frequency results in high Warburton, "ln-situ Structural Study of Thin Film
specific power---many times that of a V-8 eng:,ne. Growth by QEXAFS" Phys. Rev. B44, 2822 (1991).

[8] T. W. Barbee, Jr. and J. Wong, "EXAFS of Near
The hybrid electric vehicle: a first use for the Monolayer Hafnium Film", Physica 13158, 670

E-M battery, For economic reasons, the first vehicular (1989)
use of our E-M battery modules will be in "hybrid" [9] T. W. Barbee, Jr., "X-ray Evanescent -Standing
electric vehicles, where one or two E-M batteries Wave Fluorescence Studies Using a Layered Synthetic
provide or accept the peak power required for Microstructure", Matq. Lett. 3, 17,(i984)
acceleration and braking, while a conventional [10] Troy W. Barbee, Jr., "Nano-structure Multilayer
electrochemical battery, a fuel cell, or a small heat Materials, in "State of the Laboratory, Lawrence
engine provides average power. If the economics of Livermore National Laboratory (1991), UCRL 5200-
mass production are favorable, the E-M battery might, 91-718 (1991).
in time, be able to take over the entire job, resulting in [11] L. D. Hicks and M. S. Dresselhaus,
an electric car that could compete toe-to-toe with the "Thermoelectric Figure of' Merit of a One-dimensional
best internal combustion-driven automobile. Conductor", Phys P.ev B, Vol. 47, pp. 16631-16633,

May, 1993.
CONCLUSION [12] T. W. Barbee, Jr., D. L. Keith, L. Nagel and W.

. A. Tiller, "Controlled Reactive Sputter Synthesis of
Several promising new technologies have been Refractory Oxides", J. Elect. Soe. vol 131, pp. 434-

identified and are being developed for evaluation as 439, February, 1984
po_noal energy storage systems suitable for electric and [13] B. Scrosati, "Lithium rocking Chair Batteries: An
hybrid vehicles. Some of these new technologies (i.e., Old Concept?", J. Electrochem. $o¢., Vol. 139, pp.
aerocapacitors, nanostructure multilayer capacitors, 2776-2781, October, 1992.
lithium ion batteries) take advantage of the ability to [14] R. long, U. yon Saeken, and J.R. Dahn, "Studies
control materials at the nano-scale, hence exert more of Lithium Intercalation into Carbons Using Non-
profound control over the resulting macroscopic aqueous Electrochemical Cells", J. Electrochem. Soc.,
properties. Other promising technologies (zinc-air and Vol. 137, pp. 2009-2013, July, 1990.
electromechanical batteries) take advantage of new [15] J. Noring, J.F. Cooper, et ill., "Mechanically-
processing and systems design, in addition to modern refuelable Zin/Air Electric Vehicle Cells", Proc. 183rd
materials. Meeting of the Electrochemical Society, Honolulu,

Hawaii, May 16-21, 1993.
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