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Bl Introduction I

The Energy Conversion and Storage
(BEC&S) Program investigates state-of-
the-art electrochemistry, chemistry, and
materials science technologies for:

* development of high-performance
rechargeable batteries and fuel cells;

¢ developmentof high-efficiency ther-
mochemical processes for energy con-
version; )

¢ characterization of new chemical
processes and complex chemical species;

* study and application of novel mate-

rials related to energy conversion and
transmission.
Research projects focus on transport-pro-
cess principles, chemical kinetics, ther-
modynamics, separation processes, or-
ganic and physical chemistry, novel ma-
terials and deposition technologies, and
advanced methods of analysis.

Electrochemistry research aims to devel-
op advanced power systems for electric
vehicle and other energy storage appli-
cations. Phenomenological and model-
ing studies are conducted to elucidate
fundamental electrochemical processes.
Advanced spectroscopic and traditional
electrochemical characterization meth-
ods are used to study new electrochem-
ical systems. Topics include the explor-

atory development of new electrochem-
ical couples for advanced rechargeable
batteries, improvements in battery and
fuel-cell materials, the establishment of
engineering principlesapplicable to elec-
trochemical energy storage and conver-
sion, and the characterization of ad-
vanced high-performance cells in collab-
oration withindustry. LBNL-EED-EC&S
is the designated Lead Center for man-
agement of the Exploratory Technology
Research (ETR) Program, designed to
identify new components for advanced
batteries and fuel cells, with major em-
phasis on applied research that will lead
to superior performance and lower life-
cycle costs.

Chemical Applications research includes
topics such as separations, catalysis, fu-
els, and chemical analyses. Included in
this program area are projects to develop
improved, energy efficient methods for
processing product and waste streams,
coal gasifiers, and biomass conversion
processes. The development of reliable
new methods for removing solids and
gaseous contaminants from coal-gas at
high temperatures and pressures is one
of the most important technological ad-
vances required in the field of coal gasifi-

cation. Reversible chemical complex-
ationisinvestigated for selective separa-
tions of compounds from formation me-
dia for product recovery. The use of
polymer pendant organic ligands is in-
vestigated as an efficient technology for
the removal and recovery of toxic metal
ions from waste streams. Extended x-
ray absorption fine structure (EXAFS) is
combined with electrochemical process-
es to obtaina thorough understanding of
the lithium intercalation processes onan
atomiclevel. Laser material-interactions
arebeing investigated for sensitive chem-
icalanalyses of environmental and waste-
stream species.

Materials Applications researchincludes
the evaluation of the properties of ad-
vanced materials, as well as the develop-
ment of novel preparation techniques.
Pulsed laser deposition is being used to
producehigh temperature superconduct-
ing thin films and new rechargeable bat-
tery electrode materials. Sol-gel and sol-
vent extraction methods are used to pro-
duce aerogel superinsulators; and light
scattering techniques are being adapted
to characterize sea water and sea ice in
order to better interpret remote observa-
tions of the surface of the earth.
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Lawrence Berkeley National Labora-
tory (LBNL) is lead center for manage-
ment of the Exploratory Technology Re-
search (ETR) Program, which is sup-
ported by the Electric/Hybrid Propul-
sion Division of DOE’s Office of Trans-
portation Technologies. This program’s
research supports DOE development of
electrochemical energy conversion sys-
tems for potential usein electric vehicles.
Themost promising electrochemical tech-
nologies are identified and transferred
to the U.S Advanced Battery Consor-
tium (USABC) and/or to another DOE
program for further development and
scale-up.

The ETR Program identifies new elec-
trochemical couples for advanced bat-
teries, determines the technical feasibili-
ty of the new couples, improves battery
components and materials, establishes
engineering principlesapplicable to elec-
trochemical energy storage and conver-
sion, and investigates fuel cell and met-
al/air systems for transportation appli-
cations. Major emphasis is given to ap-
plied research that will lead to superior
performance and lower life-cycle costs.

The LBNL senior investigators partic-
ipating in the project are E.J. Cairns, J.W.
Evans, K. Kinoshita, F.R, McLarnon, J.S.
Newman and C.W. Tobias* (emeritus
professor) of the Energy and Environ-
ment Division; and L.C. DeJonghe and
P.N. Ross of the Materials Sciences Divi-
sion. Research projects conducted by
subcontractors are described in the re-
cent annual report, Exploratory Tech-
nology Research Program for Electro-
chemical Energy Storage (LBL-37665).
Highlights of the ETR Program subcon-
tracted work follow.

Exploratory Research

Oak Ridge National Laboratory
(ORNL) has fabricated all-solid-state Li/
Li,Mn,O, cells that exhibited good per-
formance with less than 0.05% capacity
loss per cycle after hundreds of cycles
when discharged at 2040 mA /cm? to 2—

*deceased 1996
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3 volts (~C/1). Efforts are underway to
fabricate thicker Mn oxide electrodes to
improve the specific energy of the cell.

Georgia Institute of Technology has
achieved sodium plating and stripping
with 94% coulombic efficiency at current
densities to 25 mA /cm? in an electrolyte
that contains methyl-ethyl imidazolium
chloride/aluminum chloride buffered
with sodium chloride.

PolyPlus Battery Co. achieved 20 cy-
cles at 100 Wh/kg with Na/organosul-
fur (Na/SRPE) cells at 90°C. The Na
electrode was prone to shorting during
the charge cycles, and this charging in-
stability is attributed to the difficulty in
maintaining a contamination-free Na/
polyethylene oxide (PEO) interface.

Applied Science Research

Several projects are underway that
utilize advanced spectroscopic tech-
niques to investigate cell components or
phenomena that occur during cell oper-
ation. Brookhaven National Laboratory
(BNL) has used extended X-ray absorp-
tion fine structure (EXAFS) and X-ray
absorption near-edge spectroscopy
(XANES) tostudy nickel oxide electrodes
that were cycled in Zn/NiOOH cells.
EXAFS showed no specificinteraction of
the zincate with Ni(OH),. Ni EXAFS for
a nickel oxide electrode (with sintered
plaque) after cycling indicate that most
of the sintered plaque had corroded to
form B-Ni(OH),. Southern University is
also investigating the applicability of
EXAFS in situ studies of Li/FeS, cells.
An electrochemical system for the in situ
studies has been fabricated. Case West-
ern Reserve University (CWRU) de-
signed and constructed a versatile vari-
able-temperature electrochemical cell for
conducting in situ attenuated total re-
flection-Fourier transform infrared spec-
troscopic (ATR-FTIR) experiments un-
der reduced pressure. The results with
Li/PEO(LiAsF,) suggest that under the
experimental conditions selected for
these studies, and to the level of sensitiv-
ity of this technique, PEO(LiAsF,) does

Exploratory Technology Research Program for Electrochemical Energy Storage
K. Kinoshita, F.R. McLarnon, and E.J. Cairns

not react with metallic Li. -

Projects are underway to identify im-
proved polymer electrolytes and to un-
derstand transport phenomena which
will guide the development effort. North-
western University (NWU) has synthe-
sized polymer electrolytes based on alu-
minosilicate-polyether hybrid electro-
lytes, (amorphousPEO),;LiTfand (amor-
phousPEO),Li[Al(OSiEt,),], which yield-
ed 135 mAh/g active cathode material
in Li/LiMn,O, cells. In another project,
NWU showed conclusively by molecu-
lar dynamics simulation that in poly-
mer/salt electrolytes of the stoichiome-
try usually measured, there are very few
free ions, and that the conductivity is
fixed both by the segmental relaxation of
the polymer host (the renewal time) and
by the number of effectively free ions.
The University of Dayton has successful-
ly prepared a novel liquid crystalline
monomer, 4-[11-acryloylundecan-
lyDoxyl-4'-(4'-carboxybenzo-15-crown-
5)biphenyl (ACB), by a four-step syn-
thetic route. Studies are underway to
prepare aligned, doped polymeric films
with ACB that contain crown ethers
which could have a fundamentally dif-
ferent mode of ion transport than those
currently under investigation. CWRU
also successfully sulfonated a polybenz-
imidazole (PBI) to obtain 2.1 to 2.2 sul-
fonic acid groups per PBI unit.

Lawrence Livermore National Labo-
ratory (LLNL) observed that electrodes
fabricated from various Lonza graphites
yielded Li intercalation capacities that
range from 320 to 365 mAh/g (equiva-
lent to x in Li,C, from 0.85 to 0.95), ap-
proaching the theoretical value of 372
mAh/g corresponding to LiC,  The
graphite powders with particle diameter
in the range of 6-44 mm showed no Li
diffusion limitation to deintercalation at
rates from C/2 to C/60.

The State University of New York
(Binghamton) has produced hexagonal
Mo oxides by a hydrothermal method at
150-200°C which has a greater capacity
forLiintercalation than thenormal MoO,
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phase.

The Environmental Research Institute
of Michigan (ERIM) has prepared TiN-
coated Al containment materials, and
two cells using these coatings produced

by commercial reactive ion-plating have..

achieved over 300 cycles on accelerated
charge/discharge cycles (at a rate of
~2/day) at Silent Power Ltd., Salt
Lake City, UT.

Rutgers University has completed a
project which identified alumina-con-
taining formulations that showed im-
proved thermodynamic stability. A for-
mulation containing 14 mol% alumina
had the highest ionic conductivity of 4.7
x 104 S/cm at 250°C.

SRI International cycled a Na/
PEO,NaTf/polyorganopolydisulfide
(polyHTB) cell and achieved a cathode
utilization of 164 mAh/g, with a specific
energy of 260 Wh/kg (C/10rate)at 95°C.

Air Systems Research

Eltech Research Corporation complet-
ed a projecton bifunctional air electrodes.
They achieved 145 cycles with electrodes
containing graphitized carbon black

(Monarch 120) for the support and
LagCa,Co0; as electrocatalysts in 35
wt% KOH at room temperature.

Los Alamos National Laboratory
(LANL) obtained for the first time, lim-
iting currents significantly in excess of
2 A/cm? in H,/air proton-exchange
membrane (PEM) fuel cells under ordi-
nary operating conditions. Nuclearmag-
neticresonance (NMR) wasused to show
that the diffusion coefficient of methanol
in Nafion membranes is only a factor of
2-3 smaller than in aqueous solutions,
and this is an important factor contribut-
ing to the sizable cross-over rates ob-
served with methanol. LANL has exper-
imentally established that with a cath-
ode of low Pt loading (0.4 mg/cm?), the
cathode loss caused by methanol cross-
over could easily reach 100 mV.

Future Directions

New projects were initiated with
Brookhaven National Laboratory, Uni-
versity of South Carolina and University
of Michigan on metal/hydride batteries,
and the University of Wisconsin and
SAFT America, Inc. on double-layer

Energy & Environment Division

capacitors. These projects were selected
from the submissions received from a
Request-for-Proposal issued by LBL on
“Applied Research on Novel Cell Com-
ponents for Advanced Secondary Bat-
teries and Capacitors.”
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Advanced Electrode Research
E.J. Cairns, F.R. McLarnon, T.C. Adler, E. Biddia*, D. Marmorstein, M.L. Perry, J.A. Reimer**,

B. Rush, W. Schnurnberger*, and M.S. Yahnke

We have been studying the behavior
of electrodes used in advanced second-
ary batteries and fuel cells currently un-
der development for energy storage ap-
plications such as electric vehicles. We
have also continued to investigate prac-
tical means for improving the perfor-
mance and lifetimes of these batteries
and fuel cells. Systems of current interest
include the metal-hydride/nickel oxide
battery; nonaqueous-electrolyte cells
with Li electrodes (Li/polymer, Li-ion);
and fuel cells that utilize the direct elec-
trooxidation of methanol. We study life-
limiting and performance-limiting phe-
nomeéna under realistic cell operating
conditions.

Novel Lithium/Polymer-Electrolyte/
Sulfur Cells

An electrochemical cell based on the
lithium/sulfur couple is attractive as an
electric vehicle (EV) power source be-
cause of its very high theoretical specific
energy (2600 Wh/kg). A primary obsta-
cle in producing a functional Li/S cell is

*Visiting Scientist
**Materials Sciences Division, LBNL

the poor conductivity of sulfur. This dif-
ficulty led other researchers to utilize
sulfur compounds instead of elemental
sulfur, a choice which results in signifi-
cantly lower theoretical specific ener-
gies. We are developing ambient-tem-
perature solid-state Li/S cells using sol-
id polymer electrolytes. The use of a
solid polymer electrolyte which is ioni-
cally conductive below the melting point
of sulfur alleviates some problems en-
countered by researchers studying high-
temperature lithium-sulfur cells (e.g., Li/
FeS, cells). It also mitigates problems
associated with the use of solid lithium
metal in liquid electrolytes.

Sulfur electrodes were initially pre-
pared from suspensions of elemental
sulfur powder, carbon (graphite), poly-
ethylene oxide (PEO), lithium trifluo-
romethanesulfonate (LiTf), and Brij 35
surfactant in acetonitrile. These suspen-
sions were castonto Teflon-coated plates
to produce 100-200 pm thick films. Gal-
vanostatic cycling of cells fabricated from
these electrodes and PEO-LiTf electro-
lyte filmsshowed good charge-discharge
behavior at low currents (~10 mA/cm?),
but resulted in poor utilization of the

active material (of order 1-2%). Scan-
ning electron microscopy (SEM) in con-
junction with electron spectroscopy for

10wt

Figure. Scanning electron micrograph of a
small portion of an as-prepared sulfur elec-
trode. Light spots are sulfur-rich islands (as
large as 10 pim elsewhere on the electrode).
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chemical analysis (ESCA) revealed the
presence of 10-im sulfur islands in the
as-prepared sulfur electrodes (Figure).
Based on our electrochemical and mor-
phological studies, we have formulated
a preliminary phenomenological model
of thesulfurelectrode. The model postu-
lates the creation of a Li,S reaction zone
which is characterized by slightly higher
ionic conductivity but equally poor elec-
tronicconductivity, compared to elemen-
talsulfur. Inaddition, the volume chang-
es that accompany the electrochemical
reaction are incorporated into the mod-
el, which predicts a loss of available ac-
tive material. This model makes appar-
ent the need for smaller sulfur particles
in the electrode, and various fabrication
methods were used to achieve this. The
most successful method yet developed
involves the dissolution of sulfur in car-
bondisulfide followed by the addition of
this solution to a suspension of the other
electrode components. Galvanostatic
cycling of some of these electrodes re-
sulted in a utilization of several percent
of the active material.

Some unusual results were obtained,
however, when these cells were subject-
ed to extended cycling, including much
longer charges than dischargesand some
dischargesbearing two distinct plateaus.
In addition, many charging plateaus ex-
hibited large, prolonged voltage fluctua-
tions. These results suggest that parasit-
ic reactions may be taking place in the
cells or that lithium dendrites may be
present. Our data indicate the need to
develop spectroscopic methods to ana-
lyze the electrodes during and after cy-
cling, and the necessity to refine fabrica-
tion protocols to minimize contamina-
tion with impurities from the environ-
ment. These efforts are now being un-
dertaken. In addition, we are trying to
further reduce the size of the sulfur par-
ticles in the electrodes, and we are using
SEM/ESCA to characterize theelectrodes
and preparation techniques.

High-Performance Direct-Methanol
Fuel Cells

Fuel cells are energy conversion de-
vices that offer the promise of higher
efficiencies and greatly reduced emis-
sions, compared to internal combustion
engines. Consequently, an application
of major interest for these devices is the
electric vehicle (EV). However, present-
day fuel cells typically operate on H,, so
either a H,-storage device or a fuel re-
former must be carried onboard the ve-
hicle, Each of these H,-delivery options

Energy Conversion & Storage Program 1995 Annual Report

resultsinaheavy, bulky, and costly pow-
er plant. Therefore there exists a strong
need for a fuel cell that can electrochem-
ically oxidize liquid fuels, and successful
development of a direct-methanol fuel
cell (DMFC) would represent a major
advance.

Forvehicleapplications, only the poly-
merand alkaline electrolyte fuel cells are
considered tobe practical because of their
low operating temperatures, i.e., they are
capable of rapid start-up because they
operate below 150°C. The polymer elec-
trolyte fuel cell is an attractive candidate
forEV applications, however permeation
of CH;OH through the electrolyte sig-
nificantly degradesits fuel efficiency and
performance. The formation of undesir-
able reaction products and cathode de-
activation also reduce the overall perfor-
mance of fuel cells with acidic electro-
lytes. The desired reaction products from
the electrochemical oxidation of CH,OH
are H,O and CO,. In alkaline electro-
lytes, carbonation reactions and the for-
mation of carbonate salts have prevent-
ed their use in fuel cells that utilize
CH,OH directly. However, buffered
electrolytes such as aqueous Cs,CO, re-
ject CO, and have shown considerable
promise as an electrolyte for the direct
oxidation of CH,OH. Our recent results
demonstrated that the direct electro-
chemical oxidation of CH,OH on sup-
ported Pt/Ru alloy electrocatalyst oc-
curs with a polarization comparable to
Pt supported on carbon, but at a lower
temperature.

The major goal of this research project
is to demonstrate that a Cs,CO, electro-
Iyte fuel cell, utilizing a Pt/Ru anode
catalyst for the electrooxidation of
CH;OH, is an efficient and reliable sys-
tem that produces only H,0O and CO, as
reaction products. A model fuel cell was
designed and fabricated to accommo-
date 20-cm? electrodes. The electrodes
havea bi-layered structure, consisting of
a semi-hydrophilic reaction layer which
is hot-pressed onto a hydrophobic gas
diffusion layer. Electrodes of various
catalystloadings (0.3 to 1.0 mg/cm?) and
polytetrafluoroethylene content (15 to
40 wt %) have been prepared and tested
in half-cell and full-cell configurations,
utilizing both H,SO, and Cs,CO, as elec-
trolytes with H, and CH;OH feeds. Thus
far, the full-cell performance has been
lower than expected, because of prob-
lems with the design of the complete cell.
We plan to improve DMFC performance
by optimizing the overall design and
varying the composition of theelectrodes

and the electrolyte. Alternative separa-
tor materials may also be utilized in fu-
ture experiments. Analyses of the exit
gases will be performed to determine if
CH,OH oxidizes completely to benign
reaction products. Engineering design
studies of an optimized system will be
initiated to assess its suitability for EVs
and other applications.

Poisoning of Fuel-Cell Electrocatalyst
Surfaces: NMR Spectroscopic Studies

Platinum s themostactivesingle-com-
ponent catalyst for methanol electroox-
idation in DMFCs, however poisoning
reactions on the surface in acidic electro-
lytes render the anode ineffective under
target operating conditions. As an ap-
proach to designing better catalysts for
this system, a number of in situ, ex situ
and on-line techniques have been uti-
lized to obtain information on the nature
of the poisoning intermediate(s). While
significantadvances havebeen made, no
current in sifu technique can yield de-
tailed quantitative information on prac-
tical (i.e. supported, dispersed) electro-
catalysts. Nuclear magnetic resonance
(NMR) spectroscopy is a quantitative,
non-destructive, bulk method of prob-
ing the chemical environment of a spe-
cific nucleus. During the last two de-
cades the technique has been used suc-
cessfully in the field of gas-phase catal-
ysis as a tool for identifying and charac-
terizing chemisorbed species on practi-
cal catalysts. Our research seeks to ex-
tend the application of NMR spectros-
copy to studies of surface poisoning of
carbon-supported platinum and plati-
num-alloy DMFC anodes in operating
electrochemical cells.

We have constructed a glass three-
electrode electrochemical cell foruseina
narrow-bore (5 cm) spectrometer oper-
atingata proton frequency of 270 MHz.
The working electrode material is com-
mercially prepared 20% Pt/Vulcan XC-
72 supported on thin carbon cloth. This
cloth is rolled tightly to form a cylindri-
cal porousplug, filling the volume of the
NMR coil with anactive catalystsurface
area on the order of 3 m2 The electro-
magnetic coupling of the conductive

electrode material with the coil presents

a special problem for these experiments.
To minimize this effect, a porous separa-
tor is wound with the cloth to electroni-
cally insulateadjacentlayers of the plug.

We have carried out preliminary stud-
ies of the model system of CO adsorbed
onPt. Lendingjustification to this choice
areresults of in situ IR studies of smooth
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Pt electrodes which suggested CO as
the main poisoning adsorbate in the
CH,OH electrooxidation reaction. We
used a circulation system for adsorption
of BC-enriched CO from saturated aque-
ous H,SO,. As an indirect monitor we
used voltammetry to observe the dis-
placement of adsorbed H, from the Pt
surface by the irreversibly adsorbed CO.
To date we have detected the *C NMR
signal arising from ®CO adsorbed on
the electrodes described above under
open-circuit conditions. We are opti-
mizing the signal-acquisition process to
establish the feasibility of NMR to pro-
videin situ information on adsorptionat
the electrode-electrolyte interface. We
will then have a firm base for extending
our studies to the CH;OH electrooxida-
tion reaction, in-situ potential control,
and bimetallic electrocatalyst surfaces.

Anion Adsorption at Electrocatalyst
Surfaces: Probe Beam Deflection
Study

The rate and extent of anion adsorp-
tion on electrocatalyst surfaces can have
a major effect on the electrochemical ki-
netics of important fuel cell reactions
such as hydrogen oxidation, methanol
oxidation and oxygen reduction. Anion
adsorption isotherms are generally diffi-
cult to measure, and little reliable data
havebeen reported in the literature. The
purpose of this work is to use the in situ
Probe Beam Deflection (PBD) technique
to study the rate and extent of anion
adsorption at polycrystalline Pt elec-

We are studying the effects of surface
modification on the electrochemical be-
havior of electrodes used in recharge-
able batteries. We use both low-energy
(~3 keV) and high-energy (to >100 keV)
ion beams to implant dopants into the
surfaces of electrodes. Advanced spec-
troscopic ellipsometry, Raman spectros-
copy and traditional electrochemical
characterization methods are used to
study the structure, composition and
evolution of surface layers on these elec-
trodes. The primary objective of this re-
search is to identify film properties that
improve the rechargeability, cycle-life
performance, specific power, specificen-
ergy, and stability of electrochemical cells.

*Materials Sciences Division, LBNL
**Visiting scientist

trode surfaces as a function of electrode
potential. We have carried out a series
of PBD experiments to detect the proton
and anion fluxes that accompany the
oxidation and reduction processes that
proceed on Pt electrode surfacesin 0.1M
solutions of H,PO,, H,SO, and HCIO,.
The measured beam-deflection signals
exhibited a strong dependence on elec-
trode potential and anion identity. We
found that in all three electrolytes the
onset of anion adsorption began at ~200
mV (vs. the dynamic hydrogen reference
electrode), i.e., within the potential range
wherein adsorbed H, is oxidized. We
also confirmed that the presence of PO>
anions shifts the Pt oxidation reaction
toward more positive potentials.
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Electrode Surface Layers
E.R. McLarnon, R.H. Muller*, L. DeSouza**, F.-P. Kong, and R. Kostecki

Raman Spectroscopic Study of Nickel
Electrodes

Oxidized nickel [believed to be mostly
NiOOH in the charged state and mostly
Ni(OH), in the discharged state] is the
electrochemically active component of
the positiveelectrodeinseveralrecharge-
able alkaline batteries presently under
consideration for use in electric vehicles.
There is a strong incentive to better un-
derstand the operation of this important
electrodeand toimproveits performance
and efficiency. While much is known
about the electrochemical properties of
the NiOOH electrode, and rechargeable
alkaline batteries are in widespread use,
the electrode formation process, the ki-
netics and mechanism of its redox reac-
tions, and the controlling charge/mass
transport processes arestillnot complete-
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ly understood. Improvements in the
NiOOH electrode specific capacity, cou-
lombic efficiency, charge retention and
cycle life will lead to enhanced battery
performance. Weareusing Raman spec-
troscopy, surface-enhanced Raman spec-
troscopy (SERS) and traditional electro-
chemical characterization methods to
study changesin theelectrode phase com-
position and structural transformations
that accompany charge transfer.

The phase transitions which occur in
thin NiOOH/Ni(OH), films as a result
of multiple charge-discharge cycles usu-
ally reduce the electrode specific capac-
ity. Freshly precipitated o-Ni(OH), is
highly disordered and delivers a high
specific capacity when oxidized to g-
NiOOH, often reaching the Ni*7 oxida-
tionstate. However, the conventional o~
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Ni(OH), tends to transform irreversibly
into the isostructural B-Ni(OH), form,
which yields a lower average valence
stateupon oxidation to the B-NiOOH. In
sity Raman spectra of the charged mass
havebeen successfully recorded and are
consistent with previously published
data. Numerical deconvolution proce-
dures were applied to the recorded spec-
tra and revealed unique structural infor-
mation that is not easily obtainable via
otherstructural analysis methods. Care-
ful analysis of vibration band parame-
ters allowed us to monitor structural
transitionsin the charged (oxidized) film
which accompanied the electrode
capacity loss associated with long-term
cycling,

SERS spectra of precursor cathodical-
ly deposited a-phases showed that they
differ in structure from chemically pre-
pared ¢-Ni(OH),. The deconvoluted
SERSspectra (Figure) demonstrated that
these precursor phases consist of a non-
close-packed structure of the o-Ni(OH),
phase, however the presence of B-like
structures was also detected. The pres-
ence of such asecond phase in the fresh-
ly precipitated Ni(OH), electrode hasnot
been previously detected using other
methods. This result illustrates the
ability of Raman spectroscopy to distin-
guish between different interlayer NiO,
stacking arrangements.

In situ SERS spectra of the discharged
(reduced) film measured during long-
term cycling experiments did not resem-
ble the spectra of any known single
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Ni(OH), phase. Wedeconvoluted these
spectra to quantitatively analyze the in-
terconversion between o and B phases.
The deconvoluted spectra were charac-
teristic of neither true B-phase material
nor the pure a-phase form of the Ni(OH),.
Aging and/or long term charge-dis-
charge cycling processes result in the
formation of disordered B-phase materi-
als from the precursor o-like phase. In-
terestingly, long-term cycling leads to
the formation of still another unknown
phase which could possibly contribute
to electrode capacity loss. We estimate
that the charge efficiency of the nickel
electrode drops to ~50% of its initial val-
ue at the end of the long-term cycling
experiments.

Thebeneficial effect of small additions
of certain metals to the NiOOH electrode
has been known for a long time. In par-
ticular, the addition of 5-10 wt% of Co
improves thereversibility of theNiOOH/
Ni(OH), redox reaction and slows aging
processes. We have confirmed that the
co-precipitation of Co ions into Ni(OH),
films reduces the drop in charge efficien-
cy to ~25% after long-term cycling. Ex-
amination of the Raman spectra of oxi-
dized active mass showed that Co addi-
tions stabilize a structure that is y-like,
characterized by a high average Ni va-
lence state, and exhibits a minimal struc-
tural change upon cycling. Incorpora-
tion of cobaltions into the film appears to
involve formation of a new phase in the
discharged active mass, suggesting that
Co doping occurs by substitution of Ni
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Figure, In situ surface-enhanced Raman spectrum of cathodic Ni(OH), on Ni deconvoluted
into three components: B-Ni(OH), at 445 cm?, o-Ni(OH), at 460 cm, and an unknown
phase which correlates with electrode failure at 522 cm™.

sites.

Experiments to further characterize
structural effect of Co incorporation on
the electrochemical properties of the
NiOOH electrode will continue. To con-
firm our SERS results, Raman spectros-
copy experiments will be attempted us-
ing modified, highly absorbing nickel
electrodes. Nickel electrodes with over-
layers of photosensitive TiO, will be in-
vestigated as a means to promote the
formation of Ni* compounds.

Characterization of Nickel Electrodes
by Spectroscopic Ellipsometry

We are using in situ spectroscopic el-
lipsometry and cyclic voltammetry to
study the properties of anodicoxide films
formed on polycrystalline Ni electrodes.
Preliminary studies were carried out in
1 M NaOH electrolytes under potentio-
dynamic conditions at 10 mV /s over the
range -0.9V to 0.0V vs. Hg/HgO: First,
polished Ni was exposed to air and ellip-
sometric measurements were made. De-
convolution of the ellipsometric data
using the effective medium approxima-
tion technique indicated the presence of
a 2-nm-thick film of NiO, as well as sig-
nificant roughness at the Ni/NiO and
NiO/airinterfaces. Measurements were
then carried out at -0.4 V and 0.0 V,
which are associated with the initial for-
mation and growth of Ni(OH),, respec-
tively. Measurements were made when
the Ni electrode potential first reached
0.0 V and following a 2-h hold at this
potential.

Deconvolution of the ellipsometric
datarecorded at-0.4 Vindicated that the
anodic layer is ~1.4 nm thick (including
the roughness of the metal and oxide) at
this potential, and can be described as a
mixture of 50 vol% NiO plus 50 vol%
Ni(OH),. When the electrode potential
first reached 0.0V the anodic layer grew
to 2.4 nm thick and its composition
changed to 30 vol% Ni(OH), with the
balance NiO. After holding at 0.0 V for
2htheanodiclayer grew to ~15.6 nmand
contained only Ni(OH),. Itis interesting
to note that the electrode potential never
reached -0.9 V, where one might expect
thereduction of the air-formed NiO film.

Surface Modification of Lithium
Electrodes

Rechargeable Li batteries are attrac-
tive because of their high specific ener-
gy, however they exhibit short lifetimes
and safety problems, in part because of
the poor stability of the surface layers
that form spontaneously on metallic Li
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electrodes in liquid organic electrolytes.
The high jonic conductivity and chemi-
cal stability of Li;N suggest its use as a
protective surface layer, but prior at-
tempts to form a compact, nonporous
Li;N surface layer have not succeeded
because of the large difference between
the molar volumes of Li and Li,N. We
have nowused the LBNL low-energyion
implantation and plasma-assisted depo-
sition facility to form compact and ho-
mogeneous nitrided lithium surface lay-
ers. Weused ESCA to measure 3-6 atom-
ic percent nitrogen at the nitrided elec-
trode surface, and SEM images of as-
grown nitrided Li surfaces showed is-
land structures with a characteristic siz-
es of ~20 pm, and no macroscopic cracks
or other inhomogeneities were detected.
We fabricated Li/propylene-carbon-
ate (PC)/stainless-steel and Li/PC/
MnO, cells with and without protective
Li;N layers on the Li electrodes. Cyclic
voltammetry tests showed that cells with
protective Li;N layers can be operated
in a stable manner up to ~4.4V, which
is comparable to the behavior of Li-ion
cells. We also prepared 3-electrode cells

and measured the cell capacity as a func-
tion of current density over the range 0.2
t02.0mA/cm? The polarization charac-
teristics of the nitrided lithium electrode
were quitedifferent from those observed
in cells with untreated lithium electrodes.
Features associated with unwanted Li
dendrite growth that accompany the re-
peated charging and discharging of Li/
PC cells are absent in the cells with pro-
tective Li,N layers. Cycle-life perfor-
mance tests are being carried out at 0.5
mA/cm? between discharge/charge
potential limits of 3.35 and 4.35 V, res-
pectively. After the first 40 cycles, the
capacity of a cell with a nitrided lithium

_electrode decreased by ~30%, whereas a

similar cell with a pure Li electrode de-
creased by ~40% under the same cycling
conditions. These preliminary tests with
unoptimized electrodes clearly demon-
strate the beneficial effects of using pro-
tective Li;N layers in rechargeable cells
with liquid organic electrolytes. We
plan to establish a model to describe
interfacial behavior in these cells,
using spectroscopic ellipsometry and
other analytic techniques to characterize

Analysis and Simulation of Electrochemical Systems
J. Newman, R. Darling, C. M. Doyle, C.-P. Lau, ]. Meyers, B. Paxton, B. Pillay, and K. Podolske

This program involves fundamental
investigations of the transport and inter-
facial phenomena important in electro-
chemical systems. Results of this work
are used to analyze experimental data,
to identify important system parame-
ters, and to aid in the design and scale-
up of electrochemical systems. The ap-
proach taken is to develop a detailed
mathematical model of the device using
the principles of transport phenomena,
reaction kinetics, and thermodynamics.
The mathematical models are developed
to be as general as possible without un-
necessary mathematical or physical ap-
proximations. The resulting sets of
coupled equations are then solved nu-
merically, which permits the complex
interactions between phenomena to be
treated. Experimental workmay thenbe
used to confirm and refine the mathe-
matical models and to détermine the
physical parameters necessary for a
complete, quantitative understanding of
the system.

Lithium-based rechargeable batteries
havebeen explored in detail using math-
ematical modeling. The first-generation
model has been expanded to treat film

formation on the electrode surfaces and
temperature rise during nonisothermal
discharge. The model is also able to
simulate charge/discharge schemes
more complicated than just galvanostat-
ic ones, for example, potentiostatic taper
charges, power pulses, and extended
cycling. The specific lithium systems
thatare being explored include alithium
foil cell consisting of a polymer electro-
lyte and a manganese oxide spinel posi-
tive electrode. This system has been
studied in detail in order to determine
the tradeoffs in system performance that
occur as the transport properties of the
polymer electrolyte, especially ionic
conductivity and lithium ion transfer-
ence number, are varied.

The modeling work also emphasized
the importance of accurate transport
property data to the design process. The
necessary transport properties arerarely
available for even the most common lith-
ium salt and solvent combinations. This
problem is even worse for solid-polymer
electrolytes where the methodology to
measure the lithium ion transference
number without the assumption of an
ideal solution does not exist. Motivated
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their properties under typical cell oper-
ating conditions.
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by this situation, a novel method to mea-
sure the transference number has been
developed. This method is not only easy
to carry out, but also involves no as-
sumption about the ideality of the solu-
tion. In order to demonstrate the gener-
ality and validity of this method, it is
being applied to the measurement of the
potassium ion transference number in
aqueous potassium chloride solution of
several different concentrations. The ex-
perimentally determined transference
numbersare found tobe within1% agree-
ment with the literature values. This
method has also been used to measure
the sodium ion transference numberina
concentrated solid polymer electrolyte
solution.

Experiments have shown that an elec-
trochemical cell having a composite pos-
itive electrode containing lithium man-
ganese oxide and carbon black, a lithium
perchlorate in propylene carbonate elec-
trolyte, and a lithium foil negative elec-
trode exhibits behavior indicative of a
side reaction at the positive electrode.
Such a cell will cycle with a coulombic
efficiency of less than 100% and will com-
pletely self-discharge if left at open cir-
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cuit for a long time. This behavior is
expected to affect the performance and
safety of lithium batteries. A model of
this system is being developed which
will consider the main insertion reaction
in the cathode as well as a side reaction
occurring predominantly on the conduc-
tive filler. This model will be used to
guide experiments into the nature and
significance of the side reaction.

The variable diffusivity in intercala-
tion material is also being studied. A
theoretical approach for estimating a
“best” constant diffusion coefficient to
use in an electrode model is developed
for the case where experimental data on
the diffusion coefficient as a function of
the state of charge for an intercalation
material are available. This method uses
a model of diffu\qion in a single particle
as its basis, From examining the surface
concentration vs. average concentration
curve for diffusion in a single particle,
we can determine a diffusion coefficient
that is a function of the dimensionless
flux rate of material into the particle.
This diffusion coefficient function can
then be used in a model of a porous
electrode.

The solid state diffusion coefficient of
protons (H*) in nickel oxide insertion
compounds has been experimentally
determined using an intermittent gal-
vanostatic method. The diffusion coef-
ficient of protons was found to range
between 8 x 10" to 8 x 10" cm?/s for
~1-pum-thick sol-gel deposited nickel ox-
ide. The range of diffusion coefficients
obtained demonstrates the dependence
of the diffusion coefficient on the state of
charge of the nickel oxide. The film
preparation, characterization, and diffu-
sion coefficient measurement methods
used in this work are generally applica-
ble to most insertion materijals. The ac-
curate determination of proton diffusion
coefficients is important for the optimi-
zation and design of devices which em-
ploy insertion materials. The depen-
dence of the diffusion coefficient on tem-
perature, electrolyte concentration, and
film thickness are under investigation.

A fairly comprehensive model of elec-
trochemical capacitors has been devel-
oped. The model is based on pseudo-
homogeneous porous-electrode theory.
Concentrated-solution theory is used to
predict the mass transfer. The capacity
to treat multiple faradaic reactions, in-
cluding side reactions and those leading
to faradaic pseudocapacitance, is incor-
porated. Simulations allow us to identi-
fy the physical processes that govern the
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behavior of these systems, as well as to
investigate the dependence of perfor-
mance on various design parameters.
The model is being used to test the po-
tential of different systems; the specific
systems being modeled include carbon
electrodes in aqueous sulfuric acid, ru-
thenium oxide electrodes in aqueous
sulfuric acid, and carbon electrodes in
propylene carbonate with a suitable salt.
The influence of side reactions on the
behavior of the carbon electrodesinaque-
ous sulfuricacid system has been shown
to be fairly important. With consider-
ation of side reactions, the model pre-
dicts some of the anomalous behavior
seen in experiments on similar devices.
The model is fairly general, and can be
extended to treat other systems and ef-
fects. ’

Amathematicalmodel of thedischarge
behavior of the nickel oxide/KOH/LaNi
battery system has been developed. The
model shows great sensitivity to the ki-
netic parameters of the nickel oxide ac-
tive material. The electrode thickness
and porosity of the battery system are
optimized in terms of the specificenergy
and power of the system.
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Thermal management is crucial to the
safe operation of,and the achievement of
optimal/normal performance of, elec-
tric vehicle batteries. The objective of
this project is to examine , by mathemat-
ical modeling and experimental measure-
ment, battery thermal behaviour and
suitable thermal management systems,
and to evaluate battery energy efficiency
and the possibility of the occurrence of
thermal runaway due to battery abuse.
A similar approach will also be applied
to solid oxide fuel cells.

A three-dimensional model is devel-
oped to simulate and compare heat gen-
eration and transport within a lithium/
polymer-electrolyte battery under gal-
vanostatic discharges and the SFUDS
dynamic power profile. Emphasis has
been placed on the maintenance of the
operational temperature and tempera-
ture uniformity within a battery by de-
signing a suitable thermal management
system. The results indicate that, on the
one hand, because of the low effective
thermal conductivity across a laminated
cell stack, steep temperature distribu-
tions may be caused if cooling channels
or electric heaters are placed at the two
ends of a cell stack. On the other hand,
the relatively large average thermal con-
ductivity along the width and height
directions allows more efficient heat re-
moval or addition, and thus facilitates
the maintenance of uniform operating
temperature. The thermal model has
been applied to study the effectiveness
of different arrangements of cooling
channels and electric heaters and to se-
lect suitable heating intensities and
insulating materials.

The calculations of the temperature
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rise in the Sandia conceptual battery de-
signs for Ford Van and GM Impact, dur-
ing constant current discharges and a
DST/Fast Charge/DST/Full Charge cy-
cle, have been conducted, with the three-
dimensional thermal model. Also,acom-
parison of heat generation rates within a
lithium/polymer-electrolyte battery dur-
ing the DST and SFUDS dynamic power
profile was carried out.

The main concern with the thermal
behaviour of the room-temperature lith-
ium-ion batteries is the possible signifi-
cant temperature increase which may
cause thermal runaway. The modeling
results indicate that, during normal bat-
tery operation, battery temperatures are
unlikely to reach the onset temperature
for thermal runaway, although heat may
not be dissipated out of a large cell stack
during high-rate discharge (e.g., during
the short time period of a high-pulse
power extraction from a battery). How-
ever, if a battery is continuously cycled
under high-rate charge and discharge,
significant heat accumulation within a
battery may be caused. The analysis of
heat transfer in the existence of highly
localized heat sources due to battery
abuse (e.g., short circuit) indicates that
localized heating may raise battery tem-
perature, within one minute, to the ther-
mal runaway onset temperature, above
which battery temperature may keep
increasing rapidly due to exothermicside
reactions triggered at high temperature.

To provide answers to the concern as
to how quickly the temperature of solid
oxide fuel cells (SOFCs) for transporta-
tionapplication willdrop, a thermal anal-
ysis of the cool-down time of a SOFC
stack during vehicle idle or standby has
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Heat Transport and Thermal Management in Advanced Batteries

been carried out. Becausealargeamount
of thermal energy is stored in high-tem-
perature SOFC stacks, it is important to
select suitable thermal insulations to re-
duce heat loss. The results indicate that
a high-performance, vacuum-multifoil
thermal insulation can be applied to sig-
nificantly reduce heat loss and to main-
tain temperature uniformity across a cell
stack. Consequently, the cooldown time
from 1000 to 800°C is extended from 2 h
(with a 5-cm thick conventional materi-
al) to about 31 h (with a 1-cm-thick high-
performance material).

Systematic investigation of the ther-
mal conductivity of cell components, and
the effective properties of cell stacks, of

_ lithium/polymer-electrolyte batteries is

underway. The total energy efficiency of
the lithium/polymer-electrolyte battery
will be evaluated by including the ener-
gy consumption for heating the battery
before vehicle startup or during vehicle
standby, and by taking into account of
thestatistical data of the commute length
(journey-to-work) of the general public.
The thermal models will also be extend-
ed to examine the thermal behaviour of
nickel/metal-hydride batteries.
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This project involves investigations of
i) the role of physicochemical properties
of carbonaceous materials on their abili-
ty to reversibly intercalate Li, i) the role
of electric field and solution-side mass
transport in the electrocrystallization of
metals: mechanisms of initiation, growth
and propagation of imperfections and
development of surface textures; and iii)
the characterization of the physical pro-
cesses involved in the evolution of gases
at electrodes.

Carbon Electrochemistry

This effort is coordinated with the
research conducted at LLNL to evaluate
the intercalation of Li in carbonaceous
materials for rechargeable Li batteries.
Studies of samples obtained from com-
mercial vendors, as well as several that
were synthesized in-house, are continu-
ing. In particular, the systematic study
of the physical properties of carbon-
aceous materials by utilizing electron
microscopy (facilities at the National
Center for Electron Microscopy) and x-
ray diffraction analysisis underway. The
results to date show that graphite pow-
ders, both natural and synthetic, which
have d(002) spacing of 0.3354 nm, yield
the theoretical capacity for Li intercala-
tion, LiC,,

A new effort was initiated to under-
stand the mechanism of lithium storage
by exploring the use of in situ TEM to
investigate the microscopic changes that
occur during lithium intercalation/de-
intercalation of carbonaceous materials.
The preliminary design and component
fabrication of a hermetically sealed cell
for in situ TEM studies have been com-
pleted. The cell is fabricated by growing
thin 5i,N, membranes on top of a Si wa-
fer. The backside of the wafer is then
etched to form small windows of the
electron-transparent membrane which
should be about 100-nm thick. Electrode
materials are subsequently patterned on

*Materials Sciences Division, LBNL

Chen Y, Evans JW. Thermal analysis of
lithium-ion batteries. (submitted to J.
Electrochem. Soc., November 1995)

Chen Y, Evans JW. Cool-down time of
solid oxide fuel cellsintended for trans-
portation application. (accepted for

the membranes such that the desired
electrode/electrolyte interfaces are visi-
ble through the window. The cell is
completed by “sandwiching” the elec-
trolytebetween twomembranes and seal-
ing the edges of the cell with a suitable
material. Several cells have been fabri-
cated and the structure of the thin Si,N,
membranes arebeing examined by TEM.
Asaprelude to the in situ studies, lithiat-
ed carbon samples were prepared ex situ,
and examined by TEM. Samples of lith-
ium intercalated graphite, which were
synthesized by chemical lithiation, were
examined by TEM and XRD analysis.
The samples, which are dark yellow in
color and indicative of a stage-one com-
pound, showed the presence of both LiC,
and LiC, phases. In the future, lithiated
graphite that is formed on a SiN, mem-
brane will be examined by TEM.

Surface Morphology of Metals in
Electrodeposition

The local mass transport distribution
around microscale protrusionsinanelec-
trolyte flow channel was studied by mea-
suring the local currents for aredox cou-
ple (Fe* /Fe*) at a segmented electrode.
The segmented electrode was designed
and fabricated in the Microfabrication
Laboratory of EECS on the Berkeley cam-
pus and consisted of an array of 22 Pt
microelectrodes (50-um square) posi-
tioned around the protrusion (~50 pm
height and ~85 um diameter). With this
array of microelectrodes, the following
results were obtained. When the bulk
fluid flow is laminar, mass transport is
impeded in the vicinity of the protru-
sion, and it is impeded the most in the
immediate wake. For example, at ReP =
0.56 the current density is reduced (rela-
tive to the current density which would
be measured in the absence of a protru-
sion) by 25% at a location of 100 pm
downstream of the protrusion but by
only 15% at 100 (tm in front of the protru-
sion. This effect changes with increasing
Reynolds number. At Rep = 34, the
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Carbon Electrochemistry/Surface Morphology of Metals in Electrodeposition
K. Kinoshita, X. Song, C.W. Tobias, G. Matzen, R. Stover, |. Newman, and M. Denn*

current is reduced by 30% downstream
and by only 7% upstream at the same
microelectrode locations. The influence
of protrusions on mass transportis qual-
itatively similar in turbulent flow for Re,
of up to about 50. At higher Reynolds
numbers, mass transport is enhanced by
a factor of about 1.5 at 100 pm in front of
the protrusion and about 1.5 at 250 pm
downstream.

A high-speed laser-illuminated pho-
todetector array and associated data ac-
quisition system has been employed for
the study of coalescence between elec-
trolytically generated gas bubbles. The
fast phenomena associated with the coa-
lescence and separation from the surface
of two electrolytically generated hydro-
gen bubbles, 50 to 600 pm in diameter, is
recorded with a resolution of 10° sec-
onds. Inagreement with theoretical pre-
dictions, the coalescence event is com-
pleted in less than 102 sec. The experi-
mental results show that the position of
the interface in the coalescence plane
(i.e., the saddle point between two bub-
bles) rapidly accelerates to 200 to 400
cm/s. The initial motion is followed by
large amplitude oblate-prolate oscilla-
tionsat frequencies of 0.4 to 17 kHz which
are dampened in 0.3 to 10 ms during
bubble coalescence. The oscillation fre-
quency is proportional to the square root
of the surface tension, inversely propor-
tional to the bubble radius raised to the
3/2 power, and independent of the elec-
trolyte viscosity. The oscillations decay
atarate proportional to the viscosity and
inversely proportional to the square of
the radius.
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- K. Kinoshita and X. Chu

A fundamental research program on
the synthesis, characterization and
modification of carbon-based materials
to improve their properties for use in
electrochemical systems is underway
that involves studies on: (i) oxygen re-
duction on carbonaceous materials in
alkaline electrolyte and (ii) electrochem-
ical double layer capacitance of porous
carbon electrodes. The results are sum-
marized here.

Oxygen Reduction on Carbonaceous
Materials in Alkaline Electrolyte

The freshly cleaved basal plane of high-
ly oriented pyrolysis graphite (HOPG),
which possesses an atomically smooth
surface with few defects and offers an
inactive surface for electrochemical re-
actions, was used as a prototypical car-
bon electrode to study the effects of sur-
face modification and treatments on the
kinetics of oxygen reduction. This sur-
face was modified in a well-controlled
manner to increase the surface density of
edge sites by exposure to an oxidizing
atmosphere at different temperatures.
Gas-phase oxidation was conducted ina
tube reactor as previously described by
Chu and Schmidt [1]. Graphite elec-
trodes were heated in air at 1.0 atm from
500 to 750°C for various time, and then
examined by scanning tunneling micros-
copy (STM).

The STM studies of the HOPG basal
plane after heating at 600°C in air for 10
min. showed that uniform monolayer
pits were formed and randomly distrib-
uted on the basal plane of graphite.
However, when the HOPG sample is
heated at higher temperatures, two dis-
tinguishing processesareinvolved in the
surface etching process: (a) oxygen re-
acts with the carbon atoms at the original
defect sites such as steps and surface
vacancies, and (b) oxygenreacts with the
carbon atoms in the basal plane of graph-
ite creating new defect sites, which actas
nuclei for the growth of the surface mono-
layer pits. Comparison of the typical ring
and disk current distribution of a freshly
cleaved and an oxidized HOPG basal
plane (air at 700°C for 30 min.) at differ-
ent rotation speeds in 0.1 M KOH at
room temperature showed that the O,
reduction current increased significant-
ly following oxidation of the basal
plane. This change is attributed to the
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increase in the density of active surface
sites at the etch pits which are formed
during oxidation.

Electrochemical Double-Layer
Capacitance of Porous Carbon
Electrodes

The effortin this study is to investigate
the relationship between surface struc-
ture/surface groups associated with car-
bon electrodes and the double-layer ca-
pacitance. Active carbon fibers AFC (A-
10, Spectrocorp; 10-15 mm, 1000 m?/g)
and low-surface-area carbon fibers were
used in this study. Three representative
low-surface-area carbon fibers were cho-
sen: 1) rayon carbon fibers from regener-
ated cellulose (Du Pont); 2) polyacry-
lonitrile (PAN)-based fiber T-8000
(Toray); and 3) mesophase pitch-based
carbon fibers (Amoco).

Because the low-surface-area carbon
fibers have a relatively low capacitance,
a catalytic process was employed to ex-
pose more surface sites or to create spe-
cific active sites. The fibers were pre-
loaded with a small fraction of nickel (0.2
to 0.5 at%) on the surface using a nickel
acetate solution and then treated in air or
H, to partially remove the surface of the
carbon fiber to expose different sites.
This process also introduced a different
microstructure and pore distribution of
the fiber surface to improve the trans-

portproperties. The double-layer capac-’

itance was determined in 1.0M H,SO, by
cyclic voltammetry.

SEM analysis of the surface of a rayon
carbon fiber, which is generally smooth,
showed no detectable fine structure
down to 0.1 mm However, after catalyt-
ic etching of the carbon fiber with 0.02%
Ni in 5% H,/He at 500°C for 30 min. it
was apparent that many pits were formed
on the surface by this treatment. The
surface of the carbon fiber after further
heating at600°CinH,for 30min.showed
an open and interconnected pore struc-
ture. Applying the same treatment to
PAN fiber results a similar structure,
however, for the mesophase carbon fi-
bers, catalytic etching removes the sur-
face layer.

An electrochemical double-layer ca-
pacitance of 240 F/g carbon is obtained
with A-10 ACF, which after oxidation in
air (400°C for 30 min), the capacitance

Energy & Environment Division
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increased only slightly to260F/g. After
oxidation in air, the capacitance of the
rayon and PAN fibers increased about
60% and the mesophase carbon fibers
showed a capacitance increase of about
100%. However, after the catalytic etch-
ing, the capacitance of thefibers increased
dramatically; the mesophase carbon fi-
bers showed an increase in capacitance
of about twenty times while those for the
other two fibers only doubled. These
difference in the capacitance of carbon
fibers after treatment is attributed to the
microstructures of the three fibers. For
the rayon and the PAN fibers, the cata-
lytic treatments increase the surface area
whichresults inanincreased capacitance.
However, for the mesophase carbon fi-
ber, a high density of graphite edge sites
are exposed which are the key for en-
hancing the capacitance. Therefore de-
signing fiber structure with high exter-
nal surface area and radial orientation of
the graphitized plane, for example, will
enhance the capacitance.

Reference
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XAS Studies of Electrode Materials for Lithium Batteries
E.J. Cairns, S.P. Cramer, and C. Horne

We seek to establish how Li intercala-
tion affects the atomic and electronic
structure of Li-Mn-O spinels used in Li
secondary batteries. Weuse a variety of
XASand electrochemical techniques with
the intent of developing a solid-state re-
action mechanism based upon the afore-
mentioned types of structural change.
This information will be used to identify
beneficial material parameters provid-
ing increased capacity, improved cycla-
bility, and/or higher rate capacities.

Manganese dioxide (MnO,) spinel-
based electrodes are the most promising
for Li*-intercalation batteries when con-
sidering a combination of specific ener-
gy, cost, availability, toxicity, and elec-
trode potential. However, batteries de-
rived from these materials display reac-
tion-rate limitations (which affect the
battery specific power) and capacity fad-
ing that circumvent their present useful-
ness and commercial viability.

Upon Li intercalation, the Mn sites in
MnO,-spinel based host materials are
reduced from Mn(IV) to Mn(I1I), and the
structure changes to accommodate the
Li intercalate at empty tetrahedral or
octahedral sites. Therefore, changes in
the atomic structure as well as the Mn 3d
states occur during the reaction. Previ-
ous research on MnO,-spinel based elec-
trode materials combined electrochemi-
cal characterization with structural in-
formation obtained from x-ray and/or
neutron diffraction studies. Investiga-
tors found that, upon discharging, when
theaverageMn-oxidationstateisreduced
below 3.5 (x> 1.0 in Li,Mn,0,), a cooper-
ative Jahn-Teller distortion takes place,
whichlowersthespinel’ssymmetry from
cubic to tetragonal symmetry and ex-
pands the unit cell volume by 5-6%. Fig-
ure 1 shows the open-circuit voltage as a
function of Li content in LiMn,O, for
0 < x £2.2. There are two voltage pla-
teaus when the Li*content is varied over
the full range, the 4 volt plateau for 0 < x
<1, and the 3 volt plateau for 1 < x < 1.8.
Introduction of dopants and cation va-
cancies into LiMn,O, has yielded im-
proved Li intercalation properties.
Dopants were shown to be superior to
cation vacancies for improving cell cy-
cling stability. Due to the nature of XRD
and neutrondiffraction techniques, these
studieshave provided along-rangeatom-
icstructural picture as well as an indirect

approach tointerpreting electronicstruc-
ture information.

We use electrochemical characteriza-
tion techniques to help interpret XAS
spectra. The electrochemical techniques
are cyclic voltammetry, repetitive gal-
vanostatic cycling, and potential-step
voltammetry. The XAS techniques em-
ployed to this point can be grouped into
three main categories: 1) X-ray Absorp-
tion Near Edge Spectroscopy (XANES),
2) Extended X-ray Absorption FineStruc-
ture (EXAFS), and 3) K, Emission Spec-
troscopy. K-edge XANES and EXAFS
give information on the local atomic
structure about the absorbing atom,
which can also be used to interpret the
electronic configuration of the absorber.
The absorbing atom’s electronic struc-
tureis directly determinable by K, Emis-
sion Spectroscopy and L, ;-edge XANES
as these techniques detect transitions
involving the absorbing element’s va-
lence states.

During 1995 we characterized thebase
material LiMn,O,. Physical and chemi-
cal characterization of this material in-
cluded atomic absorption, B.E.T. surface
area, XRD, and SEM. Electrochemical
characterization was carried out in
swagelok-type cells within a He glove
box and included galvanostatic cycling,
cyclic voltammetry, and potential step
voltammetry. Additionally, a series of
XAS measurements was performed on
electrochemically intercalated composi-

tions LiMn,0O,, 0 <x<2.2 (Figure 1). The
electrochemical intercalation was per-
formed slowly and the electrodes were
allowed to reach open-circuit potentials
after the calculated charge was passed to
achieve the desired lithiated state, x. The
XAS measurements included K-edge
XANES & EXAFS, K, emission, and L, ;-
edgeabsorption. Figure2 (seenextpage)
shows the Mn K-edge XANES data set.
Along the 4-V plateau, the spectra all
correspond to octahedral symmetry of
the oxygen ligands about the Mn. Small
distortions of the Mn local environment
occur due to Li* intercalation and are
reflected by the inflection seen in the
edge spectra. These observations are
consistent with a cubic spinel structure.
However, along the 3-V plateau a step
develops in the absorption edge, which
is indicative of octahedral distortion
caused by the Jahn-Teller effect and the
resultant tetragonal symmetry of the
highly lithiated phase. The Mn K-edge
main peak results primarily from 1s ‘ 4p
transitions. As theJahn-Teller distortion
occurs, the oxygen octahedra surround-
ing the Mn elongate along the z-axis.
The larger Mn-O distance along the z-
axis splits the degeneracy of the Mn 4p
states by lowering the energy of the 4p,
orbital relative to the4p, and 4p, orbitals,
giving the observed step in the XANES.

In the coming year, doped spinels will
be synthesized, Li intercalated within
electrochemical cells, and analyzed by
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Figure 1. Open-circuit voltage as a function of lithium content, x, in Li Mn,O,.
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the above-described XAS techniques.
Atomic and electronic structural chang-
es can then be correlated with electro-
chemical performance via the techniques
described above to identify how the
modified spinels behave compared to
LiMn,O,. Based on this information,
spinels with alternate dopant concentra-
tion or type can be synthesized to obtain
optimum cell performance.

We expect to obtain an atomic-level
understanding of how the Mn 3d orbit-
als adapt to Li intercalation in various
MnO,-spinel materials, and to establish
relationships between the electrochemi-
calinformation, theL,-edge, and K-edge
XAS results. This information should
allow us to deduce the important com-
positional and structural properties nec-
essary for the most complete and revers-
ible reactions of lithium with MnO,-
spinel materials and point the way to-
wards synthesizing significantly im-
proved battery materials.

The aim of this project is to study per-
formance-limiting phenomena in com-
plex metal oxides, present in a wide va-
riety of rechargeable batteries, and to
suggest practical means for improving
their performance and lifetime in sec-
ondary consumer batteries. We prepare
thin dense films from these oxides on
electronically conductive substrates uti-
lizing the pulsed laser deposition tech-
nique. This method is superior to other
film-formation techniques, such as sput-
tering and vapor evaporation, based on
both speed and simplicity. Films are
characterized with x-ray diffraction, x-
ray absorbence, XPS, optical and scan-
ning electron microscopy and profilom-
etry. In addition, the groundwork has
been laid for characterization of films
with Fourier Transform Infrared Spec-
troscopy (FTIR).

Transmission-modeFTIR spectrawere
obtained from Li Mn,O, cathodes, where
x was varied electrochemically from
“zero” to 2.4. The observed infrared
absorption peaks can be assigned to the
various Mn-O and Li-O environments

*Materials Sciences Division, LBNL
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Figure 2. Mn K-edge XANES of electrochemically intercalated LiMn,0,, 0 <x <2.2

within the spinel framework. The re-
sults correlate well with XRD and neu-
tron diffraction analyses in the literature
as well as with the phase behavior indi-
cated by electrochemical measurements.
The technique gives both qualitativeand
quantitative information and is shown
to be an effective companion technique
to x-ray diffraction. The mechanisms
responsible for capacity fading during
normal cycling of LiMn,O, cells in both
the 3V and 4 V regions were determined
by examination of spectra obtained from
electrodes following 25 cycles at charge
and discharge rates of C/6. Inthe 3V
region, electroactive material becomes
electronically disconnected from therest
of the electrode possibly due to fracture
of the oxide particles during the cubic-
to-tetragonal phase transformation. In
the 4 V region, the active electrode mate-
rial is gradually converted to a lower-
voltage defect spinel phase viz dissolu-
tion of manganese in the electrolyte.
Electrochemical properties of the met-
al oxide films, such as electrocatalyst
kinetics, film corrosion behavior and ac-
tive species diffusivity, can be measured
by employing standard techniques for
geometries with well-defined electrode-

Application of Pulsed Laser Deposition to the Study of Rechargeable Battery Materials
K.A. Striebel, C. Deng, S.J. Wen, L. Ma*, and E.J. Cairns

electrolyte interfaces. The pulsed laser
deposition technique hasbeen used to pre-
pare smooth dense films LayCa,,CoO,,
La,Cao MnO,, LaysSr,sFeO;, Bi,Ru,0O,,
LiMn,0, and Li CoO, on substrates of
stainless steel, quartz and silicon. High-
quality crystalline films of all of the ox-
ides except Bi,Ru,0, were obtained by
deposition onto stainless steel at 600°C
in the presence of 100 mtorr of O,. The
correct structure for the Bi,Ru,O, films
was obtained by lowering the O, pres-
sure while maintaining the total pres-
sure with Ar.

The rates of O, reduction and evolu-
tion on thin films of La,Ca,,Co0;,
La,Cay MnO, and La,sSrysFeO, were
measured with the RRDE technique in
0.IM KOH. The order of activity was

La,Cap MnO; > LaysSrysFeO, >
La,Cay,CoO0, with Tafel slopes of ~90
mV/decade. The order of activity for O,
evolution was Lag¢Cag,MnO; >
La,Ca0.4Co0,> La,sSr,sFeO, with Tafel
slopes of ~60 mV/decade. A partially
carbon-coated La, Ca, ,CoO,filmshowed
higher currents for O,reduction than the
bare film, due to O, reduction on the
carbonand furtherreactionon theneigh-
boring La,sCap,Co0,. We believe that
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thisis the first direct measurement of the
synergism between O, reduction of the
oxide and the carbon.

Films of LiMn,0O, and LiCoO, from
0.125 to 1.5 um thick have been subjected
to a wide range of electrochemical stud-
ies. Film capacity densities as high 56
and 62mAh/cm?pm were measured for
Li,Mn,0, and Li,CoO,, respectively.
LiMn,O; films have been subjected to
>350 cycles at 10 mA /cm? with insignif-
icant fading of capacity. Capacity losses
on increasing charge and discharge cur-
rent density to 100 mA /cm? were ~54%.
These studies are not yet complete but
they illustrate the promise of pulsed la-
ser deposition for the production of cath-
ode films for rechargeable lithium mi-
crobatteries.

The chemical diffusivities of lithium
inLiMn,0, were measured with the cur-
rentstep/relaxation technique with both
thin-filmand porous PTFE-bonded elec-

Therechargeablealkaline Zn/NiOOH
cell has the potential to meet all of the
mid-term requirements for electric vehi-
cle (EV) batteries established by the U.S.
Advanced Battery Consortium (USABC).
Compared to other rechargeable alka-
line batteries such as Cd/NiOOH (nick-
el/cadmium)and MH/NiOOH (nickel/
metal hydride), the Zn/NiOOH cell will
have higher specific energy and lower
cost. The lifetime of earlier versions of
the Zn/NiOOH cell has been limited to
100-200 deep cycles because of the high
Zn species solubility in alkaline electro-
Iytes and consequent rapid redistribu-
tion of Zn electrodeactive material (shape
change). In 1991 LBNL developed new
electrolyte compositions which reduced
zinc species solubility and eliminated
theshape-change problem, thereby leav-
ing the Zn electrode nearly unchanged
after hundreds of cycles. Many life-cycle
experiments with various electrolyte
compositions indicated that 4.5 M KOH,
1.8 M KF and 1.8 M K,CO; is near-opti-
mal, LBNL1.5-Ah Zn/NiOOH cells with
this electrolyte typically retain >80% of
their initial capacity for ~400 deep-dis-
chargecycles, and >60% after ~550 deep-
discharge cycles. This optimal cell oper-
ateswellinasealed, nearly maintenance-
free mode and is tolerant of overcharge
and overdischarge.

LBNL has entered intoa CRADA with
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trodes of LiMn,O,. Diffusion coefﬁci(ents
of 1-3 x 10 cm?/sec were measured in
both electrodes if the critical distance in
the porous electrode isassumed tobe the
grain size of the oxide as determined
with x-ray diffraction, as opposed to the
thickness of the electrode.

Future work will involve preparation
and characterization of doped LiMn,0O,
films. Extension of the FTIR techniques
developed so far to investigations of thin-
film electrode should yield further in-
sight into capacity-fade mechanisms.
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Zinc/Nickel Oxide Batteries for Electric Vehicle Applications
T.C. Adler, F.R. McLarnon, and E.J. Cairns

compromise cell performance after hun-
dreds of cycles. One approach now un-
der investigation is the establishment of
an internal wicking mechanism within
the NiOOH electrode that will not only
hydrate the electrode for longer periods,
butalsoreduce the mass of external wick-
ing material. Another approach is to
evaluate new lightweight microfiber
nickel current collector materials.
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High-Rate Zinc/Air Batteries for Consumer Applications
K. Striebel, S. ]. Wen, ]. Rheaume, and E.]. Cairns

LBNL is working with Rayovac Corp., using proprietary technology from both
parties, on the development of high-rate single-use Zn/air batteries for consumer
applications. Baseline performance of the Rayovacair electrode has been established
in half-cell studies at LBNL. Several novel methods to reduce the kinetic overpoten-
tial of the electrode are under evaluation.

Future work will includeapplication of electrolyte optimization techniques devel-
oped at LBNL under DOE support. -

Applied Research on Lithium/Polymer-Electrolyte Cells

Energy & Environment Division

E.]. Caitns, Y. Chen, T. Devine, Z. Deng, M. Doeff*, ]. Evans, D. Ghantous, J. Kerr, E. Kong, K. Kinosh_ita,
F.R. McLarnon, ].S. Newman, L. Rao, T. Richardson®, P.N. Ross*, K.A. Striebel, M. Tian, and S.-]. Wen

LBNL and the U.S. Advanced Battery Consortium have completed work undera
Cooperative Research and Development Agreement (CRADA) to advance Li/
polymer-electrolyte battery technology. Investigators from both the Energy and
Environment Division and the Materials Sciences Division participated in this
effort. Research tasks included study of electrochemical phenomena at electrode/
polymer electrolyte interfaces, development of advanced mathematical models of
Li/polymer-electrolyte cells, synthesis of improved polymer electrolytes and ma-
terials for positive electrodes, establishment of an extensive bibliographic database
on components for Li/polymer-electrolyte cells, an investigation of overcharge/
overdischarge phenomena in secondary Li cells, and a study of corrosion processes
in these cells.

*Materials Sciences Division, LBNL
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- Chemical Applications

The development of reliable methods
for removing solid and gaseous contam-
inants from coal-gas at high tempera-
tures and pressures is one of the most
important technological advances re-
quired in the field of coal gasification.
Gaseous contaminantsinclude H,S,NH,,
and volatilized metal and alkali salts, all
formed from trace components of the
coal, Entrained solids are mainly gasifi-
er fines formed during the gasification
process. Itisnecessary thatall of thesebe
removed prior to the combustion of the
coal gas to prevent damage to turbine
equipment and infringement of emis-
sions legislation.

This project explores the technical and
economic feasibility of a high-tempera-
ture process for cleaning coal gas prior to
combustion in a gas turbine. In the pro-
posed process the coal gas would pass
throughanearly isothermal, moving bed
of millimeter-size calcium carbonate
(limestone) particles that would serve to
remove particulates (by filtration), hy-
drogen sulfide (by chemisorption), and
ammonia (by catalysis). Other configu-
rations, such as entrained-flow, fluid-
ized and packed-bed sorption systems,
have also been modeled. The objective
of this research is to define the tempera-
ture at which these goals (mainly the
sulfur removal) can best be realized at a
given pressure and for a given coal gas
composition, as well as to determine the
performance of such a clean-up system.
A further objective is to synthesize a
processsuitable forrecovering the sulfur
from the CaS formed in the process.

Study of Calcium-Based Sorbents
Under Simulated Coal Gases
Thermodynamics

At a given fugacity of CO,, limestone
also undergoes calcination if the temper-
ature is high enough (approximately
900°C for 1 bar of CO,):

CaCO,¢»CaO +CO, (1)

Below the calcination temperature of

limestone the desulfurization reaction of
importance is:

CaCO; + H,S «» CaS + H,O + CO,(2)

which becomes increasingly favorable
as the temperatures increases. Above
the calcination temperature of CaCO,,
the lime (CaO) formed can then react
with H,S:

CaO + H,S «» CaS + H,0 3)

Reaction 2 is endothermic (about 165
kJ/mol at 900°C) whereas reaction 3 is
exothermic (about 65 kJ/mol at 900°C).
The lowest level of H,S thermodynami-
cally possiblein a coal gasin contact with
lime(stone) is obtained at the calcination
temperature of the limestone, which is
only a function of the partial pressure
(i.e., fugacity) of CO, However, it is
favorable to operate the H,S sorption
reaction slightly above this temperature
because of kinetic considerations (Fenouil
and Lynn, 1995a,b). Extensive thermo-
dynamic calculations show that the level
of removal of H,S could be well above

Use of Limestone for Hot-Gas Cleanup and for Regeneration of the CaS Produced
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the 90% mandated by the Clean Air Act.
Figure 1 shows the value of the equilibri-
um H,S level as a function of tempera-
ture for a typical gasifier pressure and
gas composition.

Kinetics

All experiments were carried out with
a differential tube reactor originally de-
signed by Towler and described by
Fenouil et al. (1994). The conversion of
CaCO, to CaO and CaS and of MgCO; to
MgO was followed by a combination of
gravimetric measurements and of iodo-
metric titrations of CaS (Fenouil, 1995).

Results for H,S Sorption with
Limestone

Sorbent choice

The H,S-sorption capabilities of 18-35
mesh particles (average mass-radius of
0.40 mm) of three different calcium-based
sorbents (limestone, CaCO,; dolomitic
limestone, [MgCO;-CaCO;,],[CaCO;l;,do-
lomite MgCO;-CaCO;) were tested un-
der simulated coal gases. Two funda-
mentally different behaviors were ob-
served. Above the calcination tempera-
ture of CaCO,, complete conversion of

600 ; : .
[ CaCoO, + H,S = CaS + CO, + H,0
[\ T 2 * 1 Pe’ = 1000
500 | - =1 mm
R / 35 bars ; _l 0
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400 ——— 002 3% , H?_O 47 n KXom = V.
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Figure 1. Effect of temperature, CO, and H,0 on H,S sorption by limestone (Da’ = ).
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CaCQ, to CaS can be achieved with all
threesorbents (Fenouiland Lynn, 1995a).
However, chemical attrition of the sor-
bent also increases as more magnesium
ispresent. This chemicalattrition, caused
by near-explosive calcination of MgCO,,
is responsible for the formation of a rel-
atively large quantity of fine powder. It
thus appears that low-magnesium lime-
stone, which has the best sulfur loading,
should be the sorbent of choice. None-
theless, dolomitic limestone and dolo-
mite can also be used.

Below the calcination temperature of
CaCO, (about 900°C under 1 bar of CO,),
less than 20% of the CaCO, in the lime-
stone can be converted to CaS compared
to 100% for dolomite. For the dolomitic
limestone, all of the calcium atoms asso-
ciated with the dolomite regions can be
converted to CaS whereas only 20% of
those associated with the limestone re-
gions can be converted, yielding a max-
imum overall conversion of about 40%.
Limestone is thus the preferred sorbent
for coal-gas desulfurization, except at
low temperatures (i.e., below the tem-
perature of calcination of CaCO,) where
only dolomites can be used effectively
(Fenouil and Lynn, 1995a).

Kinetics of the reaction between H,S and
calcined limestone

Limestone particles can be completely
converted to CaS when the temperature
is held above the calcination tempera-
ture of the calcium carbonate. The reac-
tion actually takes place between CaO
and H,Sfollowing a shrinking-coremech-
anism with a very sharp interface be-
tween the unreacted CaO core and the
Ca$S product layer (Fenouil and Lynn,
1995c). When the temperature is higher
than 20 to 30°C above the calcination
temperature of CaCO,, the kinetics of
limestone calcination (reaction 2) be-
comes faster than that of lime sulfidation
(reaction 3) and does not interfere with
the overall sulfidation kinetics. The ki-
netics of the sorption of H,S by CaO does
not decrease significantly when the CaO
is severely sintered for several hours at
1050°C prior to sulfidation. The CaS
layer that forms on CaO appears to be
much more permeable than that formed
on CaCO,, and conversion of millimeter-
sized particles of CaO to CaSis complete
in one to two hours if the H,S concentra-
tionin the gas phaseis maintained around
1%. Once CaO is formed, the reaction
between CaO and HS,S is controlled by
the diffusion of H,S through the pores of
the CaS product layer.

16

Design of the coal-gas cleanup system

Design equations describing fixed beds
as well as co-current and counter-cur-
rent moving beds of limestone particles
sorbing H,S (for plug-flow for gas and

solid phase) have been developed and

analytically solved for steady-state op-
eration (or for constant-pattern break-
through in the case of a fixed bed) using
the Grain Model to describe the reaction
kinetics (Fenouil and Lynn, 1996).

The concentration profile of H,S and
CaS along the bed length as well as the
degree of utilization of the sorbent, the
degree of removal of H,S from the gas
and the required bed total length can be
expressed as a function of only five pa-
rameters: R, the radius of the limestone
particles; y,,, the thermodynamic equi-
librium mole fraction of H,S in the gas
under bed conditions; Sh'= 2(t,+t,)/t;, a
modified Sherwood number (or Biot
number); Pe’= 6(t;+t,)/t;, a modified Pé-
clet number (t; is a characteristic flow
time, equal to (R(1-e)rg)/(ug(C-Cy) in
the case of a fixed or moving bed, ug
being the superficial velocity of the gas);
and Da’= 6(t,+t,)/t,, a modified
Damkahler number.

Figure 2 provides an example of the
H,S concentration profile as a function of
the bed length for counter-current gas/
solid flow in a moving bed (limestone
particles of 2 mm diameter, 95% sorbent
utilization, 98% sulfur removal (y,, =
200 ppm, y., = 180 ppm)). Using the
kinetic data described in the preceding
section and reasonable estimates of the
operating conditions of a moving bed of
limestone particles (i.e., Pe’ on the order

104,
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of 1000, Sh’ on the order of 200, Da’being
extremely large), the total bed length is
found to be of the order of 1 meter. For
entrained-flow and fluidized-bed sorp-
tion systems, the gas/solid contact time
should be of the order of one second.

Recovery of H,S and CaCO, from CaS

A process studied by Keairns, ef al
(1974) is the reverse reaction of the sulfi-
dation of calcium carbonate:

CaS + H,0 + CO, —» CaCO, + H,S @)

This approach was found to be unsatis-
factory because of the decrease in regen-
erability of the CaS as the number of
cycles increased. Keairns reported that
after 21 cycles the amount of CaS which
could be converted to CaCO,decreased
from 69 to 13%. Sintering was blamed
for the regeneration difficulties. The ar-
gument could be made that the cost of
lime is so small there is no need to regen-
erate the sorbent. This may be the case,
but Ca$ is considered hazardous and its
disposal must be preceded by oxidation
toinert CaSO,. Schwerdtfeger and Barin
(1993) studied this process exhaustively
but concluded that with a single-step
process it was not possible to convert
CaS quantitatively to CaSO,.

The production of fresh CaCO, crys-
tals from anaqueousslurry of CaSwould
eliminate crystal-structure problems that
hindered gas-solid regenerationschemes.
The formation of CaCO, by the reaction
between CO, and solid CaS particles sus-
pended in water was observed by Be-
champ as early as 1869 (Gmelin, 1957).
The reaction is identical to reaction (3)
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Figure 2. H,S Concentration as function of bed length for countercurrent flow
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except that it occurs in an aqueous solu-
tion. However, the reaction was incom-
plete due to the formation of a CaCO,
layer around the CaS. Both CO,and CaS
have low aqueous solubilities. The reac-
tion between the aqueous CO, and solid
CaS occurs between the dissolved CO,
and solid CaS at the liquid-solid inter-
face and is limited by how fast the CO,
can dissolve and diffuse. The produc-
tion of CaCO, at this interface eventually
encapsulates the remaining CaS, pre-
venting further reaction. Biswas and
Dutta (1976) achieved 98% carbonation
of 150 pm CaS$ particles in an aqueous
slurry by controlling the CO, flow rate
and bubble size. This carbonation was
achieved with roughly three times the
stoichiometric amount of CO,, showing
that high conversions of CaSare possible
if the particle size is reduced enough.

An alternative is to reverse the reac-
tion order as follows.

Ca$S + H,S — Ca(HS), 5)
Ca(HS), + CO, + H,0 — CaCO, + 2 H,S
(6)

An initial concentration of aqueous H,S
would react with CaS to form the highly
soluble Ca(HS), in one reactor, which
then reacts in solution with CO, in a
second reactor to precipitate CaCO,
and produce more H,S. The H,S then
reacts with CaS in the first reactor to
perpetuate the reaction. The feasibility
of such a reaction sequence would re-
quire a substantial increase in the aque-
ous solubilities of H,S and CO,. This
canbe done through the use of a solution
of methyldiethanolamine (MDEA) or
otheralkanolamine. The reactionsareas
follows:

MDEA-H,S + CaS — MDEA + Ca(HS),

@)
MDEA-CO, + MDEA + Ca(HS),+ H,0 -
2 MDEA-H,S + CaCO, ®)

In reaction (7), MDEA has complexed
H,S, keeping it in solution and readily
available for reaction with solid CaS.
The products of this liquid-solid reac-
tion are free MDEA and Ca(HS),, which
is very soluble in water. Carbon dioxide,
bound in solution by MDEA, then reacts
with the aqueous Ca(HS), to precipitate
CaCO, and produce H,S, which is com-
plexed by the free MDEA. A portion of
the MDEA-H,S stream is then used to
produce more Ca(HS), via reaction (7)
and the remaining portion is stripped to
produce concentrated H,S. The stripped
H,5 would contain only a small amount
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of CO, and water vapor and may easily
be converted to elemental sulfur vig the
Claus process. The free MDEA produced
afterstripping may then bereloaded with
CQ, in an absorber, with a combustion
gas as the CO,source, and be recycled to
react with Ca(HS),.

The process described above has many
benefits when compared to other CaS-
regeneration techniques:

1) A very concentrated stream of H,S is
generated after CaCO, precipitation. This
can readily be converted to elemental
sulfur via the well-known Claus process.
2) “Fresh” CaCO, is obtained after each
regeneration cycle. This eliminates crys-
tal structure problems such as sintering
that are experienced in many high-tem-
perature gas/solid reactions.

3) The increase in H,S and CO, solubility
due to the MDEA decreases reaction
times and eliminates the need for a large
excess of CO,.

4) The formation of the highly soluble
Ca(HS), eliminates CaS encapsulation,
resulting in higher CaS conversions.

Burns (1995) studied the critical steps
in the process outlined above. The effect
of Ca$ particle size and prior CaS oxida-
tion on the kinetics of Ca(HS), genera-
tion (reaction 7) was determined. It was
found that smaller crystals react more
rapidly, as would be expected, and that
freshly formed Ca$S reacts very much
faster than partially oxidized material.
The precipitation of CaCO, from solu-
tion, reaction (8), wasalsostudied. Vary-
ing theconcentrations of CO,and Ca(HS),
had little effect on the size of the CaCQ,
crystals produced, which were quite
uniformly 10 pm in diameter and nearly
spherical. An excess of only 10% of the
CO, stoichiometrically required was
found to adequate for complete Ca(HS),
conversion, and the reaction is complete
assoonas the solutions are mixed. These
data were then used to design an entire
process for the production of H,S and
CaCO, from CaS.

Conclusions

Limestone presents the advantage of
being cheap, readily available and rela-
tively safe to handle. Itisalso among the
best in thermodynamic performance for
H,S removal from coal gas at and above
800°C, where zinc-based sorbents can-
notbeused. Furthermore, CaS can easily
and economically be regenerated to
CaCO; and H,S by a low-temperature
aqueous process, and elemental sulfur
can subsequently be recovered. For all
these reasons, limestone appears to be
the most suitable sorbent for high-

temperature coal-gas desulfurization.
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- CJ. King

Highly hydrophilic organic solutes,
notably carboxylic acids, glycols, glycer-
ol, sugars, lower alcohols and phenols,
are difficult to remove from water, yet
they are high-volume products typically
manufactured in aqueous solution and
also appear in waste streams from many
different industries. Carboxylic acids,
glycols and alcohols are the most prom-
ising products for large-scale manufac-
ture from biomass by fermentation. Be-
cause of chemical specificity, separations
based upon reversible chemical com-
plexation are promising for these appli-
cations. Our research pursues that gen-
eral area.

Recovery of Carboxylic Acids

Our research in this area has dealt
with extraction and adsorption of car-
boxylic acids, primarily lactic, acetic,
succinic and fumaric acids, by use of
basic extractants and adsorbents, nota-
bly those with amine functionalities. We
have measured and interpreted equilib-
ria and have developed methods of re-
generation.

We investigated regeneration of the
amine-based solid polymeric sorbent,
Dowex MWA-1 (Dow Chemical Co.), by
solvent leaching. The degree of acid
removal by leaching with various Lewis-
base solvents correlates well with the
Gutmann Donor Number (DN). An in-
teresting and potentially useful result is
that the equilibrium distribution of ace-
tic acid between Dowex MWA-1 and
pyridine is greatly affected by small
amounts of water. In the absence of
water, the distribution of the acid from
the sorbent into the solvent increases
substantially. This suggests a regenera-
tion process for low-volatility sorbed
carboxylic acids wherein co-adsorbed
water is first removed by stripping, and
then the carboxylic acid is leached into a
dry basic organic solvent.

We have measured equilibria for si-
multaneous adsorption of mixed acids
with basic sorbents. Mixed acids are
often encountered in fermentation and
in waste streams, and itis often desirable
to isolate individual acids. Measure-
ments of both batch equilibria and fixed-
bed separation of mixed lactic and suc-
cinicacidsat various values of pHagreed
with predictions made on the basis of
complexation constants derived fromsin-
gle-acid data. Usinganotherapproach,a
mixture of aceticand lacticacids inaque-
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ous solution was successfully fractionat-
ed by sorption of the two acids together
onto Dowex MWA-1, followed by selec-
tive vaporization of aceticacid. Further-
ing the work on lacticand succinicacids,
we have been working closely through a
Technical Assistance Agreement with a
commercial firm engaged in separation
of glycerol, lactic acid and succinic acid
and possibly also pyruvic and citric ac-
ids as byproducts obtained from fer-
mentation ethanol plant stillage.

We carried out an experimental stiidy
of the selectivity obtained between lactic
acid and glucose during extraction with
the tertiary amine extractant Alamine
336 (Henkel Corp.) in various diluents
and also during adsorption by Dowex
MWA-1. High-precision liquid chroma-
tography was required, since the deple-
tions of glucose in solution are low. Se-
lectivities between these two solutes are
critically important, since glucose is the
substrate for production of lacticacid by
fermentation. Seemingly small levels of
contamination of lactic acid by glucose
cause discoloration, thereby causing the
lacticacid product tobe off specification.
Very high selectivities in favor of lactic
acid (glucose uptakes of only 0.05 mg/g
fresh solvent) were found for extraction
by 15% (w/w) Alamine 336 in 1-octanol.
The uptake of glucose by the solid sor-
bent Dowex MWA-1 was higher, in the
range 5-10 mg/ g dry sorbent, because of
swelling of the sorbent. However, the
sorbent exhibits about ten times the ca-
pacity of the extractant/diluent mixture
on a weight basis.

Recovery of Glycols by lon-Pair
Extraction

The complexation properties of the
-OH group are similar to those of water,
and hence the most effective routes found
for selective removal of glycols from
aqueous solution through complexation
have been based upon steric properties
of the glycol. Following work onrevers-
iblereaction of glycols with aldehydes to
formrelatively non-polar dioxolanes, we
returned tostudies of separation by com-
plexation with boronate functionalities.
The uptake of propylene glycol during
extraction of the glycol by an Aliquat 336
(Rohm & Haas Corp.)-phenylboronate
ion pairin2-ethylhexanol diluentis great-
er than stoichiometric, i.e., more than 1.0
mole of glycol per mole of the ion pair.
Nuclear magneticresonance (NMR) stud-
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ies indicated that this phenomenon is
probably attributable to the formation of
reverse micelles. We also examined and
interpreted the effect of the nature of the
diluent (2-ethylhexanol, o-xylene, tolu-
ene, diisobutyl ketone) on the degree of
glycol extraction.

Recovery of Sugars and Glycols by
Carbon Adsorption

We initiated studies on the adsorption
of sugars by activated carbons, follow-
ing leads from earlier research showing
high capacities, substantial degrees of
reversibility and considerable variation
from carbon to carbon in the adsorption
of sugars by different activated carbons.
It appears that the high capacities, the
differences in capacity, and possibly
also the differences in reversibility, re-
flect the chemical properties of the car-
bon surfaces.

Tomeasureadsorptionisotherms with
precision, we developed a precise lig-
uid-chromatography analytical tech-
nique for measuring concentrations of
glucose and ethylene glycol in aqueous
solutions. Measurements of isotherms
with different carbons are underway.
Future work will relate uptakes and re-
versibilities to various indicators of car-
bon surface chemical functionalities.

Recovery of Phenols by Carbon
Adsorption

There are many industrial needs for
recovery of phenols, with applications
including petroleum refining, process-
ing of coals, processing of aqueous efflu-
ents from coke ovens in theironand steel
industry, and manufacture of phenolic
compounds and resins. Activated car-
bons are effective for removal of phenols
fromaqueoussolutions, and arefrequent-
ly used for wastewater treatment. How-
ever, reversibility and full product re-
covery are difficult to achieve. Earlier
research in our group demonstrated that
irreversibilities in adsorption of phenols
onto carbons stem from oxidative cou-
pling reactions, which are catalyzed by
the carborn surface and lead to the forma-
tion of phenyl ether oligomers. We are
carrying out research to characterize this
phenomenon better, and to identify and
confirm ways in which carbon adsorp-
tion can most effectively be used for re-
versible uptake of phenols, enabling com-
plete or nearly complete product recov-
ery. We have begun by measuring ad-
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sorptionisotherms of phenol onto differ-
ent commercial carbons derived from a
variety of starting materials. Among the
factors that we study will be the method
of activation of the carbon and various
chemical characterizations of the carbon
surface.
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Hard x-ray absorption spectroscopy,
especially Extended X-Ray Absorption
Fine Structure (EXAFS), has long been a
popular tool for determining the struc-
ture of metal sites in biological samples
such as enzymes. The vastimprovement
in brightness for synchrotron radiation
sources such as the Advanced Light
Source (ALS) and the Advanced Photon
Source will permit more difficult types
of spectroscopy to be conducted on di-
lute biological samples. Our group is
developing and using the methods of
softx-ray absorption, x-ray magneticcir-
cular dichroism, and high-resolution x-
ray fluorescence for studying dilute met-
als in biological samples.

XMCD

In 1995 we conducted our first soft x-
ray and XMCD experiments at the ALS.
We commissioned anew XMCD appara-
tus with a superconducting split-coil
magnet, a He3-He4 dilution refrigerator,
and a 30-element fluorescence detector.
Preliminary indications are that XMCD
experiments can now be conducted at
~100 milliKelvin, allowing use of rela-
tively weak magnetic fields to spin po-
larize the sample. We are using this ap-
paratus to examine mixed-valence Feand
Mn systems (Figure).

High-Resolution X-Ray Fluorescence

X-ray experiments were also done by
group members at the Stanford Synchro-
tron Radiation Laboratory (SSRL), the
National Synchrotron Light Source
(NSLS), and the European Synchrotron
Radiation Facility (ESRF).
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Figure. Preliminary XMCD from ALS beamline 9.3.2. (Left) Fluorescence-
detected absorption and XMCD for the Fe in purple acid phosphatase. (Right)
XMCD for 450 Lay4St,,MnO; film on LaAlO, substrate.
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Bioorganometallic chemistry is a rela-
tively new aspect of metal-carbon bond
compound reactivity that is focused on
thereactions of organometallicaqua com-
plexes withbiological substratesinaque-
oussolution. We havebeen studying the
reactions of nucleobases, nucleosides,
nucleotides, and oligonucleotides in
aqueous solution with Cp*Rhaqua com-
plexes, as a function of pH. In this fiscal
year, we demonstrated the rich and di-
verse structural chemistry uncovered via
reaction of [Cp*Rh(H,0),(OTf),] with 9-
methyladenine, 1-methylcytosine, 9-
ethylguanine, 9-methylhypoxanthine,
9-ethylhypoxanthine, adenosine, gua-
nosine, adenosine and methyl-5'-
adenosine monophosphates, and the oli-
gos,dA, ,anddA ,at various pH values.

We have also discovered that su-
pramolecular hosts, Cp*Rh cyclic trimer
complexes, could form host-guest com-
plexes with a number of biologically
important guests. Moreover, we have

*Department of Chemistry, University of
California, Davis, CA 95616.

*Department of Chemistry, Technion-Israel
Institute of Technology, Haifa, 32000, Israel

The purpose of this project is to inves-
tigate the use of polymer pendant ligand
technology for theremoval and recovery
of economical and toxic metal ions from
DOE waste streams. Polymer pendant
ligands are organic ligands, bound to
cross-linked, modified divinylbenzene-
polystyrene beads, that are capable of
selectively complexing metal ions. The
metal ion removal step usually occurs
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with the blue Cu site in plastocyanin.
Inorg. Chim. Acta (in press, 1995).
GrushMM, ChenJ, Stemunler TL, George
SJ, Penner-Hahn JE, Christou G,
Cramer SP. Manganese L-edge x-ray
absorption spectroscopy of lactobacil-
lus plantarum catalase and mixed va-
lence manganese complexes. J. Am.

also synthesized the first possible orga-
nometallic enzyme model, a two coordi-
nate, 12-electron Rh(J) complex buried in
a hyrophobic cavity of [(Cp*Rh),(u~
OH),I* dimers.
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through a complexation or ion exchange
phenomena, and thus, recovery of the
metalionsand reuse of thebeadsisreadi-
ly accomplished.

Theresearch objectives, whichwehave
achieved this fiscal year, includes syn-
thesis of selective polymer pendant
ligands for removal and recovery of the
metal ions of interest to the Efficient Sep-
aration and Processing Cross-Cutting
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Removal and Recovery of Toxic Metal Ions from Aqueous Waste Streams by Utilization
of Polymer Pendant Ligands
R.H. Fish, S.-P. Huang, W. Li, ]. Devenyi, K.J. Franz, E. Arnold, R. Giauque, and R. L. Albright

Program goals, determination of rates of
both removal and recovery of these met-
al ions, and transference of the technolo-
gy to our industrial partner, AquaEss,
San Jose, CA, for implementation of the
polymer pendant ligand technology we
have generated. Thestudies haveinitial-
ly focused on the waste waters of the
Berkeley Pit (~pH =2.5) located in Butte,
Montana, with emphasis on the follow-
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ing metal ions, Fe**, A3+, Cr3+, Cu®, Zn?*,
Mn?, Mg?, Ni%, and Ag*. Since Fe3* was
dominant in the Berkeley Pit waste wa-
ters, we placed special attention on de-
vising Fe* selective polymer pendant
ligands in order to be able to remove and
recover the other economically impor-
tant metal ions such as Cu?*, Zn?*, Mn?,
Mg?, and A+,

The removal and recovery of metal
ions from aqueous waste streams is an
area that will demand a considerable
amount of attention for technology de-
velopment. In addition to developing a
wide range of technologies for specific
metal ion removal and recovery applica-
tions, the tremendous advantage in hav-
ing a generic based technology is that it
can accommodate a wide range of appli-
cations with regard to metal ion and
waste stream to be treated. Clearly, the
cost effectiveness of the polymer pen-
dant ligand technology would make it
an excellent alternative to cumbersome
precipitation techniques.

Accomplishments

The first priority for this task was to
develop selective polymer pendant
ligands for iron (Fe’*) removal and re-
covery and our experimental studies at
LBNL have successfully accomplished
this aspect. The polymer pendant cate-
chol ligand derivatives, sulfonated cate-
chol, sulfonated 2-6-LICAMS, and sul-
fonated 3,3-LICAMS, were ideal biomi-
metic candidates for an Fe* selective
polymer pendant ligand, since they are
structurally similar to biological ligands
that selectively sequester Fe* (Figure).

We have, therefore, been able to syn-
thesize and evaluate the Fe** selectivity

CH,

N. aO3S OH
OH
NaOsS
PS-CATS
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for the above-designated polymer pen-
dant ligands. From pH values of 0.5 to
2.5, we have found that the following
order for removal of Fe** from aqueous
solution is as follows: 3,3-LICAMS
>>>> CATS with high capacities (0.8 to
1 mmol/g beads) and excellent removal
kineticrates (2-4 X 10 sec?). Recovery of
Fe?* from the beads and then reuse of the
beads was readily accomplished using a
2N H,S0O, solution.

Inaddition, theabovedesignated poly-
mer pendant ligands have been found to
have utility in other DOE remediation
problems, for example, selectively re-
moving several radionuclides, Cs* and
Sr*, and environmentally important
metal ions such as Hg? and Pb* from
aqueous solutions. As well, we will also
present data on several new polymer
pendant ligand, PS-SED (Figure), that
are highly selective to Ag*, Hg?, Pb%,
and Cd* for remediation of Resource
Conservation and Recovery Act Metal
Ions. Finally, synthesis of novel metal-
ion templated polymers introduces a
new concept for selective removal and
recovery of metal ions from aqueous
waste solutions.
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Mechanistic Aspects of the Oxidation of Alcohols and Alkanes with MMO Biomimics in
Aqueous Solution and Aqueous Micelles

R.H. Fish, A. Rabion, R.M. Buchanan*, S. Chen*, ]. Wang*, and ] -L. Seris*

The unique ability of water soluble
methane monooxygenase enzymes
(MMO) to oxidize a broad range of hy-
drocarbons has led to several environ-
mental applications for the use of meth-
anotrophic bacteria, including bioreme-
diation of land contaminated by oil spills,
and the oxidative removal of trichloroet-
hylene from drinking water. Therefore,
the utilization of biomimics of MMO in
aqueous solution for the oxidation of
water soluble substrates, such as alco-
hols, would be of interest from a mecha-
nistic focus; previous MMO biomimetic
oxidation studies have all been per-
formed in organic solvents.
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This report describes laser ablation as
it is used with analytical spectroscopy
for chemical analysis. The term laser abla-
tion is used generically to describe the
explosive laser-material-interaction; laser
sampling refers to theremoval of material
from a solid using a pulsed laser beam
with vapor transport to an analytical ex-
citation source for analysis. Laser-mate-
rial-interactions involve coupling of op-
tical energy into a solid, resulting in va-
porization, ejection of atoms, ions, mo-
lecular species, fragments, shock waves,
plasma initiation and expansion, and a
hybrid of theseand other processes. Laser
irradiance (power density) and the ther-
mo-optical properties of the material are
critical parameters that influence these
processes.

Two general descriptions for thelaser-
material interaction are based on irradi-
ance: vaporization and ablation. When the
laser pulse duration is microseconds or
longer and the irradiance is less than
approximately 10° W/ cm?, vaporization
is likely a dominant process influencing
material removal. Although thisinterac-
tion is defined as vaporization, the ener-
gy is delivered ina very short time and it
is localized; thermodynamic models do
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In this fiscal year, we studied themech-
anisms involved in the oxidation of two
water soluble substrates, cyclohexanol
and benzyl alcohol, using several
LFeOFeL. complexes as catalysts with
TBHP as oxidant in aqueous solution.
Initial studies, on themode of TBHP O-O
bond scission, show dramatic effects of
water on the mechanism of cleavage,
and ‘provide strong evidence for a ho-
molytic scission of the peroxide bond (in
acetonitrile the O-O bond scission main-
ly occurs via a heterolytic pathway to
give Fe=O and t-BuOH) to provide t-
BuO- radicals. Thus, the t-BuO- radicals
appear to be mainly responsible for the con-
version of alcohol to ketone, not Fe=0 com-
plexes. We also studied the oxidation of
cyclohexane in aqueous micelles to pro-
vide a similar mechanism.

Laser-Material Interactions
R.E. Russo, X.L. Mao, M. Kilgo, and S. Jeong

not completely describe the interaction.

At higher irradiance, beyond 10° W/
cm? with nanosecond and shorter laser
pulses focused onto any material, an ex-
plosion occurs. The pressure over the
irradiated surface from the recoil of va-
porized material can be as high as 10°
MPa (10¢ atmospheres). This explosive
interaction has been described as “non-
thermal,” and melting is often not ob-
served around the crater. During an
ablative interaction, a plasma is initiated
at the sample. Plasma temperatures are
in excess of 10* K and radiative heat
transport can establish a plasma-material
interaction.

Laser Ablation and Atomic Emission
Spectroscopy

Laser ablation is used for directly va-
porizing solid samples for elemental anal-
ysis by the inductively coupled plasma
(ICP) using atomic emission spectrosco-
py (AES). In turn, AES is used for study-
inglaserablation mechanisms. AES pro-
vides fundamental information on the
laser plasma such as electron density,
temperature, and temporal properties.

By transporting the sampled vapor to
the ICP, we exploit additional capabili-
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ties of AES for studying laser ablation
mechanisms. If the ICP conditions are
constant, changes in the interaction due
to laser parameters, inert gas environ-
ment, and material properties can be
studied by observing elemental emis-
sion intensity in the ICP, temporally and
spatially.

ICP-AES is probably the best technol-
ogy for studying laser ablation at atmo-
spheric pressure. AES is emphasized
over mass spectrometry (ICP-MS) in our
work to eliminate issues related to vacu-
umsampling from theatmospheric pres-
sure ICP. However, ICP-MS would pro-
vide increased sensitivity for studying
trace constituent behavior and funda-
mental properties such as the ablation
threshold.

Laser Ablation Sampling for
Analytical Spectroscopy

Laser ablation is the only technology
that offers direct solid sampling from
any material and without sample prepa-
ration. Sampling is initiated by optical
absorption processes, thereby eliminat-
ing all restrictions on sample type, size,
or geometry. Elimination of sample prep-
aration is important, especially for haz-
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ardous materials.

Another unique feature is that the di-
ameter of the sampling area is measured
in micrometers, allowing spatial analy-
sis. With these advantages, however,
laser ablation is not used widely, be-
cause the explosive laser material inter-
action is not fundamentally defined; it
cannot easily be predicted or controlled.
For unknown samples, itis impossible to
know, a priori, how much sample will be
ablated, or if the laser sampled material
willbea stoichiometricrepresentation of
the solid.

The quantity of ablated sample and its
composition depend on the laser and
material characteristics. Fluctuations in
the laser’s temporal and spatial profiles,
and non-linear power-density depen-
dence contribute to this uncertainty. The
sample’s physical and chemical matrix
will affect ablation behavior, and varia-
tions in the particle-size distribution of
the ablated material will influence trans-
port efficiency to the excitation source.
This research involves several tasks to
address these fundamental concerns.

A repetitively pulsed laser was deter-
mined to allow the sampled material
from successive ablations to mix, pro-
viding continuous and/or constant ICP-
AES signal response. Compared to sin-
gle-pulse interaction, repetitive ablation
provides better reproducibility for anal-
ysis, and a “controlled” environment for
studying laser ablation mechanisms.
Several capabilities beneficial to chemi-
cal analysis are immediately recognized
from theimproved precision. Optimiza-
tion of the ICP for direct introduction of
solids is possible during constant sam-
pling. The power level to the ICP, gas
flow rates and detection height can be
varied to obtain the best signal-to-noise
(5/N) and signal-to-background (S/B)
ratios. Atom-formation processes in the
ICP will be different during laser sam-
pling than in liquid nebulization, and
can be studied. Importantly, the excel-
lent precision allows studies of ablation
mechanisms as a function of laser prop-
erties, materials, and gas environments.

Roll-Off

Forincreased sensitivity, thelaser pow-
er density can be changed to increase the
quantity of sample delivered to the ICP.
However, the efficiency of laser-energy
coupling to the sample was found to
change with power density, for both pi-
cosecond and nanosecond repetitive la-
ser sampling. These roll-off studies lead
to several important observations: the
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picosecond laser is more efficient than
the nanosecond laser for removing sam-
ple, and the sample quantity (ICP-AES
intensity) exhibits a strange power den-
sity dependence. The lower-energy pi-
cosecond provides higher ICP-AES in-
tensity than the higher energy nanosec-
ond laser, pointing out the importance of
the energy deposition per unit time. For
both lasers, the quantity of material in-
creases with power density, but only up
toa certain power density, at which point
the quantity goes down. The plateau in
intensity and roll-off (decrease) results
from a change in the efficiency of laser
energy coupling to the targetby increased
absorption and/or reflection from the
laser-induced plasma, a process known
as plasma shielding.

Similar behavior was observed for nu-
merous samples, including metals, al-
loys, oxide insulators, and glasses. The
roll-off occurs for all materials, for both
picosecond and nanosecond sampling.
Understanding plasma initiation and
reducing plasma shielding is beneficial
to the use of laser ablation for chemical
analysis. Improved sampling efficiency
as a function of laser power density can
provide increased sensitivity in chemi-
cal analysis. Based on the above ICP-
AES data, ultraviolet wavelengths were
better than those in the infrared, and a
picosecond pulse duration is better than
is a nanosecond.
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. Material Applications

The goal of this research is to charac-
terize the propagation and scattering of
visible light in sea ice, to understand the
connection between the light-scattering
properties and ice morphology, and to
evaluate the efficacy of polarimetry in
optical remote-sensing studies of sea ice.

We are also developing a description
of polarization-dependent light propa-
gation and scattering in sea ice for mod-
eling and interpreting remotely sensed
data. Radiant transfer calculations in the
ocean using scalar (non-polarization de-
pendent) scattering have been shown to
lead to large errors (~20%) in the radi-
ance calculated using conventional sca-
lar models. Scattering calculations are
used to predict radiant transfer in sea ice
and to evaluate effects of incident sun-
light on climate change and on biological
processes under the ice pack.

Because complete description of the
angle- and polarization-dependent scat-
tering of sea ice did not exist in the liter-
ature, we are measuring the polarized
scattering properties of seaice to charac-
terize it and to identify relationships be-
tween the physical properties of the ice
and polarization and scattering proper-
ties.

The scattering properties of sea ice are
being characterized by in situ field mea-
surementsand extensive laboratory mea-
surements on ice samples from cores
gathered in Arctic seas and from artifi-
cialice ponds. To perform the field mea-
surements, we developed a bistatic, po-
larization-modulated nephelometer that
analyzes the angle- and polarization-de-
pendent light scattering in sea ice (Miller
et al., submitted to Review of Scientific
Instruments). Theinstrumentrests direct-
ly and noninvasively on the surface of
the sea ice. (It can also be used to study
scattering in snow and in sea water.) A
visible laser beam (532 nm) is directed
into the ice and the scattered light is
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detected by the analyzer optics. Both
laser and detector angles can be varied.

This instrument was used to measure
the angle- and polarization-dependent
scattering in sea ice at Pt. Barrow, Alas-
ka. Field measurements of the angle-
dependent values of the first row (four
elements) of the Mueller scattering ma-
trix were made at sites in the Beaufort
and Chukchi Seas during the EMPOSI
field measurement programin thespring
of 1994 using the bistatic polarization
nephelometer. The results of these mea-
surements corresponded to polarization
information available from scattering
fromanunpolarized illumination source
(sun).

To more completely characterize light
scattering and propagation in sea ice an
extensive series of laboratory measure-
ments were performed at LBNL on sam-
ples obtained from variousice cores. The
goal of these measurements was to mea-
sure the remaining twelve elements of
the Mueller matrix, and to provide data
over different and larger ranges of an-
gles than was possible for the in situ
measurements (instrument design con-
straints in the bistatic configuration limit
its angular range). Additional goals of
the measurements were to explore dif-
ferences in ice types and the effects of
orientation of theanisotropicseaice sam-
ples onlight scattering and propagation.

The existing laboratory polarization-
modulated nephelometer was equipped
with a cold stage and modified in other
ways for ice measurements. Measure-
ments were made of oriented first-year
and multiyear sea ice taken from the
Chukchi Sea near Point Barrow, Alaska.
Samples of artificially grown saline ice
from U.S. Army Cold Regions Research
and Engineering Laboratory (CRREL) in
Hanover, New Hampshire and liquefied
sea ice were also examined. Samples
were prepared various ways from ice
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Polarization-Dependent Measurements of Light Scattering in Sea Ice
A.J. Hunt, D. Miller and M.S. Quinby-Hunt

cores, keeping careful track of orienta-
tion information. Thin-slab, cylinder,
and square cross-section samples were
fabricated with respect to the scattering
geometry.

Although sea ice measurements vary
significantly fromsample tosample, sev-
eral general conclusions can be drawn.
The scattering intensity of thin slab sam-
ples of saline ice, oriented first-year ice,
and multi-year ice all show very large
forward and back scattering components
and can be qualitatively described by
scattering from pockets of brine with
diameter ~30 mm in a medium of pure
waterice. Results from thinslabsamples
from Point Barrow show a non-zero S,,
which indicates a degree of linear polar-
izationisinduced by scatteringin theice.
Phase functions for cylindrical samples
do not exhibit the large forward and
back scattering found in the thin slab
samples and are generally featureless,
implying the presence of multiple scat-
tering.

Other results indicate that linear po-
larization is preserved in propagation
through the ice and orientationally-de-
pendent scattering. Orientation-depen-
dent scattering effects are weakly mani-
fested in thin slab c-axis oriented sam-
ples, and are evident primarily in the
matrix elements S,, and S;,. This is con-
sistent with a simple model that com-
bines the effects of scattering from spher-
ical inhomogeneities and the intrinsic
birefringence of pure water ice. No ori-
entational effects were observed for the
cylindrical samples.

The major application of this work is
to radiative transfer processes that occur
within sea ice and to remote sensing.
Direct sunlight entering sea ice at angles
close to the horizon, which occurs in the
Arctic, will have a partial degree of lin-
ear polarization due to refraction at high
angles at the ice/air interface. The pres-

-
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ence of polarization-dependent scatter-
ing in the sea ice samples observed sug-
gests that vector radiance calculations
will be useful to provide accurate radi-
anttransfer predictions. Remotesensing
of newly formed ice may detect orienta-
tion or alignment by the polarization of
scattered light. Further work should
address new and growing ice sheets to
investigate this possibility.

Aerogels form a class of porous, low-
density, nanostructured solids with
many unusual properties including very
low thermal conductivity, high porosity,
transparency, high surface area, catalyt-
icactivity, and low sound velocity. They
have been fabricated with metal oxide,
polymer, and carbon compositions. Sil-
ica aerogels have been investigated for
use in superwindows, and as refrigera-
tor and appliance insulation. Aerogels
are prepared by sol-gel processing fol-
lowed by supercritical extraction of the
entrapped solvents. A Cooperative Re-
search and Development Agreement
(CRADA)wassigned by LBNLand Aero-
jetCorporation toassistin achieving com-
mercial production of silica aerogel.

Currentresearch at LBNL involves de-
veloping new nanocomposite materials
based on aerogel technology for a num-
ber of applications. Improving the ther-
mal performance of aerogel, an impor-
tant part of the research in recent years,
has demonstrated that substantially im-
proved thermal resistance can be
achieved inaerogel insulation by adding
asecond phase toblock the infrared com-
ponent of heat transfer. This improved
composite aerogel insulation operates at
higher temperatures, provides a more
compact insulation for space sensitive-
applications, and lowers the final cost.

Superinsulating aerogel can replace
existing CFC-containing polyurethane
insulation, reduce heat losses in hot and
cold piping, insulate batteries in electric
vehicles, and reduce energy losses in a
variety of industrial applications. We
have also been exploring a much broad-
er range of aerogel composite composi-
tions using chemical deposition tech-
niques. We have prepared many new
compositeaerogel materials with unusu-
al properties attributable to their very
fine dimensions (such as quantum-size
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effects). These materials may be useful
for supercapacitors, sensors, electrolu-
minescentdisplays, and other optical de-
vices.

Thermal Insulation Research

The heat-transfer process in aerogel is
more complex than in most other solids.
Heat is transmitted by conduction
through the solid phase, by the gas in the
pores, and by radiation within the aero-
gel. Infrared radiation is responsible for
half or more of the thermal conductivity
in silica aerogel, depending on its tem-
perature and the pressure of the gas it
contains. Reducing the infrared radiant
heat transfer substantially improves the
thermal performance of aerogel insula-
tion. At elevated temperatures (200 to
500°C), the radiative component of heat
transfer in aerogel becomes dominant
and must be suppressed. The infrared
radiation can be blocked by adding a
finely dispersed carbon with a high ab-
sorption coefficient.

We have developed and applied for a
patent on a method using chemical va-
por infiltration (CVI) to add carbon to
aerogel that has advantages over older
methods in which particle are added in
the sol or liquid stage. Nanostructured
aerogel composites materials can be cre-
ated by using the catalytic- decomposi-
tion of a gas inside the aerogel. This
preparation method increases the
strength of the aerogel and can provide
much higher doping levels.

To characterize the carbon-doped
nanocomposite materials prepared by
the CVImethod, infrared absorption and
surface area were measured and High
Resolution Electron Microscopy (HREM)
was used to study the nanostructure. A
Vacuum Insulation Conductivity Tester
(VICTOR) was developed and used to
measure the thermal conductivity of aero-

planar interface. (submitted to Review
of Scientific Instruments)

Hunt AJ, Miller D, Quinby-Hunt MS.
Polarization properties of sea ice. Sub-
mitted to the National Meeting, Opti-
cal Society of America, Special Session
on Scattering and Absorption in the
Ocean, Portland Oregon, Sept. 10-15,
1995.

gelasa function of pressure and temper-
ature. VICTOR was used to characterize
doped and undoped aerogels. The best
thermal performance of doped evacuat-
ed aerogels was about 4.5 mW/m/K
(about ten times the thermal resistance
of fiberglass insulation) and of nonevac-
uated doped aerogels was 13 mW/m/K.

To analyze and predict the thermal
performance of aerogel the heat transfer
due to theradiation, conduction, and gas
conductivity and their interaction inside
aerogel was modeled. The objectiveis to
predict the thermal conductivity as a
function of temperature and gas pres-
sure for various doped and undoped
aerogels. The predicted effects of carbon
doping on the thermal performance of
aerogel are significant at higher temper-
aturesand ifborne out, opacified aerogel
willbean outstanding insulating materi-
al for industrial applications for temper-
atures up to 500°C.

Nanocomposite Aerogel Materials

We have explored a new family of
unique nanoporous composite materials
other than carbon based on CVI of aero-
gel. Nanophaseaerogel composites were
prepared with elemental silicon, iron,
tungsten, and their oxides using the CVI
process. Composites of silica aerogels
and the oxides of iron, nickel,and copper
were also synthesized using other tech-
niques. Transmission electron micros-
copy was used to characterize the nano-
structure and crystallinity of the new
composites. Such nanophase materials
have potential applications in ultra ca-
Ppacitors, batteries, and electrolumines-
cent displays. Silicon-silica composites
exhibit photoluminescence that we have
confirmed arises from quantum well con-
finement effects. These materials may be
useful for electroluminescent display
devices.
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Relatedly, we have developed a new
method to treat aerogels with energetic
gases to partly reducesilica to produce a
material that exhibits photolumines-
cence. In this case, the photolumines-
cence is partly quenched by the presence
of oxygen. We have developed a pres-
sure/oxygen sensor based on this effect.
A patent application covering the treat-
ment process was filed in FY 1995.
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Thin-Film Structures

Most demonstrations of high-temper-
ature-superconductor thin film struc-
tures have utilized single-crystal sub-
strate materials. However, to extend the
range of potential applications using
these materials, we have developed tech-
nology to allow fabrication on amor-
phous and polycrystalline substrates.

One application for which this tech-
nology may prove appropriate is the
high-temperaturesuperconductor-based
multichip module (MCM). MCM de-
signsrequireseveralYBaZCu3OM(YBCO)
thin film layers in addition to low- and
high-dielectric layers. The firstlayerisa
superconducting ground plane, withsev-
eral additional YBCO layers patterned
asinterconnects linking individual chips.
Between the YBCO films, a relatively
thick (~5 pm) low-dielectric layer is re-
quired.

Present HTSC MCM designs require
all layers to maintain an epitaxial rela-
tionship throughout themultilayerstruc-
ture, and large area expensivesinglecrys-
tal substrates are required. This require-
ment limits the choice of the dielectric
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material and the substrate, as both must
be lattice matched to the YBCO crystal-
line structure. It is difficult to find mate-
rials with a low dielectric constant, prop-
er coefficient of thermal expansion, and
the appropriate lattice constant for mul-
tilayer YBCO structures. Thus, it would
be practical to eliminate the need for
epitaxy throughout the layers of a HTSC
MCM, allowing the use of amorphous or
polycrystalline dielectric materials and
substrates.

The key to this technology is the devel-
opment of an ion-assisted pulsed laser
deposition (IAPLD) process to deposit
biaxially-aligned yttria-stabilized zirco-
nia (YSZ) intermediate layers on poly-
crystalline and amorphous substrates.
We first demonstrated the deposition of
such layers on Haynes Alloy #230
(HA230), a polycrystalline Ni-based su-
peralloy. HA230 has a good coefficient-
of-thermal-expansion match to YBCO,
as well as strength, flexibility, and other
properties suitable for HTSC tape con-
ductors. Using the IAPLD YSZ interme-
diate layers, YBCO thin films of high
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Ion-Assisted Pulsed Laser Deposition of High-Temperature Superconductor

critical current density (J,) were deposit-
ed on HA230. The high]J. is attributable
to the in-plane alignment (or “biaxial
alignment”) induced by the jon-assisted
process, which minimizes detrimental
high-angle grain boundaries in the sub-
sequently deposited YBCO. In the cur-
rent work, we demonstrate the JAPLD
technology for eliminating the epitaxial
requirement throughout a HTSC multi-
layer structure. In particular, we dem-
onstrate the use of amorphous dielectric
layers and amorphous and polycrystal-
line substrates in an HTSC MCM-type
design.

For this study, $iO, was chosen as an
amorphous dielectric layer material due
to its low dielectric constant (¢~3.8) and
widespread usein microelectronics. SiO,
isan excellentlow-dielectricmaterial but
may be difficult to use with YBCO, as the
coefficients of thermal expansionaresig-
nificantly different for these materials,
leading to the potential for cracking in
the films. Inaddition, a Pyrex-type glass
was used as a substrate to demonstrate
deposition on a common amorphous
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substrate material.

TheSiO, layers were deposited on three
different substrates. First the SiO, was
deposited in compression on the 1-um-
thick, randomly oriented polycrystalline
HAZ230. Biaxially aligned YSZ interme-
diate layers were then deposited by IA-
PLD. Finally, YBCO was deposited in
situ using the same conditions as in our
previous work.

The second “substrates” utilized for
this study are YBCO/CeO,/YSZ sam-
ples obtained commercially from Con-
ductus, Inc. These samples consist of a
0.2-pm YBCO thin film deposited epitax-
ially on a 2-inch single-crystal YSZ sub-
strate with a thin CeO, buffer layer. We
fabricated anadditional multilayerstruc-
ture on top of these samples, consisting
of thin YSZ intermediate layers, a thick
low-dielectric layer, and an additional
YBCO layer. Before deposition of the
Si0, thick layer, the samples were diced
into 1-cm squares, and an ~ 0.1-um YSZ
layerwas deposited by pulsed-laser dep-
osition at 200°C and 1.0 mtorr oxygen
pressure to protect the YBCO film from
chemical interaction with the SiO,. After
the 5iO, deposition and prior to the dep-
osition of the IAPLD YSZ and second
YBCO layers, the structure is SiO,/YSZ/
YBCO/CeO,/YSZ. Finally, the third
substrate utilized was the Pyrex-type
glass, on which a YBCO/CeQ,/YSZ/
Pyrex structure was fabricated.

The film thicknesses for the YBCO/
YSZ/5i0,/HA230 multilayer structure
are approximately 0.4 pm YBCO, 0.2 pm
YSZ, and 5 pm $iO,. The YBCO film was
highly c-axis oriented, as demonstrated
by strong series of (00]) peaks in the
x-ray diffraction. The superconducting
transition temperature (T,) of this film
was ~87 K. A 50-um-wide bridge was
patterned for critical current density (J,)
measurements with and withouta 0.4 T
magnetic field. In the absence of mag-
netic field, the 77 K J, is 3 x 105 A/cm?2.
At73 Kin magnetic field, J,is 7x 10> and
2% 10° A/cm? with field parallel and 45°
to the film, respectively.

Preliminary results for the deposition
of the YBCO/CeO,/YSZ structure on
Pyrex-type glass are also promising. An
x-ray diffraction measurement of this
multilayer (Figure) demonstrates suc-
cessfuldeposition of a highly c-axis YBCO
film on the (001)-oriented intermediate
layers. The (T,) of this film was ~87 K,
and the J; is approximately 10* A/cm?.
The ], is believed to be limited by micro-
cracks in the film formed during the pro-
cess due to the heating of the substrate
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material to near its melting temperature.
This problem may be reduced or elimi-
nated by minor changes in the deposi-
tion parameters; further study is in
progress.

The requirements of epitaxy through-
out a HTSC multilayer structure can be
eliminated when the IAPLD technology
is employed to deposit a thin oriented
intermediate layer. We have demon-
strated the fabrication of structures that
are suitable for application in multichip
modules as well as high-current super-
conducting tapes. Further work is un-
derway to study deposition parameters
such as the achievable deposition rates
and optimal film thicknesses.
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Figure. X-ray diffraction pattern fora YBCO/CeO,/YSZ

Pyrex-type glass structure.
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