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Introduction 

The Lawrence Berkeley Laboratory (LBL) is the Lead Center for 

management of the Technology Base Research (TBR) Project, which is sup-

ported by the Office Of Energy Systems Research, Energy Storage Division 

of the U.S. Department of Energy (DOE). The purpose of this project is 

to provide the research base which supports DOE efforts to develop elec-

trochemical technology for electric vehicle and stationary energy 

storage applications. A status report on the TBR Project by F.R. McLar-

non and E.J. Cairns is presented elsewhere in this volume. 

Of the numerous research programs that are supported by the TBR pro-

ject, many programs are directly involved with research and development 

of improved separators for batteries and other electrochemical systems. 

In addition, several of the programs are directed at investigating the 

electrochemical and physicochemical properties of available separators 

and electrolytes. A brief description of these programs on separator 

research is presented. For purposes of discussion, four generic types 

of separators will be considered: 

Microporous separators 

Ion-exchange membranes 

Solid ion conductors 

Supported-liquid membranes 

A brief overview of the programs supported since 1980 by the TBR project 

that relate to separators is presented in Table 1. The institutions and 

principal investigators responsible for the programs, a brief descrip-

tion of the program objectives, and the current status of each program 

are listed in the table. Programs that are currently receiving support 



from DOE are designated "Active". and programs that are no longer 

recei ving support are designated "Inactive". It is evident from the 

list in Table 1 that the TBR project is supporting, and has supported, a 

variety of programs related to separators for electrochemical systems. ..., 
\ 

.. 
Microporous Separators 'and Supported Liquid Membranes 

Research programs on three distinct approaches to develop separators 

to improve the cycle life of Zn/NiOOH batteries are listed in Table 1. 

In each of these programs, microporous separators are used for the ini-

tial separator material that is modified to provide the improved proper-

ties. Improved separators that allow transport of hydroxyl ions and 

water, but restrict the transport of zincate ions are sought. 

Castle Technology: Castle Technology (P. Pemsler) has evaluated 

supported-liquid membranes containing highly-specific organic transport 

reagents in microporous supports. The supported-liquid membranes that 

were used consist of an ion-exchange/solvent system infused into the 

pores of a hydrophobic microporous separator, such as the Celgard family 

(Celanese Corporation). Typical liquid contents are on the order of 

50%. and resistances of 0.4-10 Ohm-cm2 were obtained. Cycle tests (2-hr 

discharge to 100% DOD and a 4-hr charge with a 20% overcharge on each 

cycle) of cells containing SLM separators achieved a cycle life that was 

comparable to that of cells 'with three layers of Celgard separator, and 

continued to remain free of dendrite shorting. ~I 

Brigham Young University: BYU (D. Bennion) is bonding crown ethers 

(e.g. dibenzo 18-crown-6) and similar compounds into vinyl chloride-. 

vinylidine chlor ide and polypropylene membranes. The crown ether is 
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.+ + + able to complex with Ll , Na or K ions (depends on the type of crown 

ether) to create an anion-exchange site. It is believed that these 

polymeric membranes containing crown ether" groups can be prepared with 

high OH conduction and good stability in high concentrations of KOH. 

Polypropylene membranes containing the ligand-salt complex were 

prepared by dissolving the complex in chloroform, adding the appropriate 

amount of polypropylene, and then evaporating the chloroform. Vinyl 

chloride-vinylidine chloride membranes containing the crown ether-salt 

complex were prepared by dissolving the copolymer and the complex 

together in tetrahydrofuran (THF) , placing the solution in ,a flat petri 

d,ish, and evaporating the THF. Conducti vi ty measurements were made on 

these membranes in 4 M KOH solutions. Membranes made with KOH had much 

higher conductivities than those made with KSCN. Maximum conductivities 

obtained are in the range 10-4-10-3 ohm-1cm- 1, which is lower than 

desired. Experiments with membranes consisting of polyvinyl alcohol and 

crown ethers indicate lower resistivity can be achieved. 

Pinnacle Research Institute: PRI (R. Yeo) has prepared separators con-

sisting of a microporous film that is radiation-grafted with a monomer 

(methacrylic acid) containing carboxylic acid ion-exchange groups. The 

grafting of these ionic groups imparts ion selectivity to the separator. 

The ion-exchange capacity of these separators increased with increasing 

percent graft. PRI has applied the term "hybrid" separator because it 

is believed that these separators incorporate favorable aspects of both 

ion-exchange membranes and microporous separat~rs. The hybrid separator 

should be highly specific for fast transport of electrolyte while inhi-

bi ting zincate- ion diffusion. Results obtained to date on the 
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permeability of electrolyte and zincate ions through hybrid separators 

in 40% KOH (0.7 M zincate ion) are encouraging. The following data were 

obtained. 

Zincate-Ion 
Separator Permeabil i ty Hydraulic Permeability 

(mole/cm2/s) (ml-cm/s-cm2-atm) 

Hybrid 4.4 x 10-9 (1 • 74 -6 • 66 ) x 10-7 

(196-3) 

Ion-exchange 5.4 x 10-9 1.16 x 10-9 

( P2291 40/20) 

Microporous 2.5 x 10-8 4.74 x 10-7 

(Celgard 3401) 

These results suggest that hybrid separators exhibit excellent selec-

tivity against zincate ion, while the hydroxide-ion and water transport 

behavior through these separators are not altered by the presence of 

ion-exchange groups. 

Solid Ion Conductor -----

The TBR project supports a variety of programs on research and 

development of solid ion conductors. The major thrust of these programs 

has been focused on a"-alumina for Na/Scells, and the development of 
~ 

alternative solid ion conductors to a"-alumina. Another research area 

that has received considerable support is the development of lithium-ion 

conductors. In this regard, glass electrolytes and polymer electrolytes 'Ii 

are under investigation. 

Lawrence Berkeley Laboratory: Research is underway at LBL (L. De 

Jonghe) to elucidate the causes of th~ electrochemical degradation of 
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the gil-alumina electrolyte, and at formulating recommendations based on 

a fundamental understanding which, when implemented, should lead to 

improved performance of the Na/S battery. A sensitive acoustic-emission 

technique is used to monitor the initiation and propagation of cracks in 

the solid electrolyte filled with sodium. This technique permits the 

collection of" failure statistics as a function of current density and 

provides information concerning the effect of temperature, electrolyte 

microstructure and composition, and impurity levels on the maximum per-

missi ble current densities. Along with acoustic-emission detection, a 

broad range of analytical techniques (e.g., galvanostatic measurements, 

AC complex admittance measurements, microanalytic transmission electron 

microscopy, and high-resolution scanning and transmission electron 

microscopy) are employed. This study revealed a variety of changes 

occurred to the solid electrolyte during use in Na/S cel'ls; these 

changes can be summarized into four categories: 

1. Darkening of the solid electrolyte in contact wi th mol ten sodium 
(chemical coloration). 

2. Sodium precipitation in the interior of the electrolyte (Mode II 
degradation) • 

3. Rapid or slow crack penetration through the electrolyte. causing 
partial or total short circuits (Mode II degradation). 

4. Crackin"g and electrode imprinting on the sulfur side of the electro
lyte (sulfur-side attack). 

Argonne National Laboratory: Argonne National Laboratory (J. "Battles) 

1-
is examining NASIGLAS (!!! ~uper .!.onic Glass, Na1 +xZr 2-x/3SixP 3-x012-

2x/3) as an alternative solid electrolyte to gil-alumina. One goal of 

this program is to develop a glass electrolyte that has low resistivity 

(_100 ohm-cm at 300°C) and good stability in Na/S cells. Experimental 

measurements on 14 quaternary glasses (concentrations are: soda from 
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25-46 mol%, alumina from 0-25 mol%, zirconia from 0-12.5 mol%, and sil

ica from 41.7-75 mol%) are underway. The resistivities of these glasses 

at 300°C varied from 130 to 3704 ohm-cm; the activation energies for 

conduction varied from 0.488 to 0.684 eV; and the glass transition tem

peratures varied from 397 to 685°C. Evaluation of the most promising 

glass materials is underway. 

Rockwell International: Rockwell International (F. Lange) is conducting 

experiments to improve the fracture toughness of a"-alumina. One way to 

delay fracture of a"-alumina is to toughen it by addition of tetragonal 

Zr0
2 

as a second phase. The use of the Zr02 phase transformation 

(tetragonal to monoclinic) to toughen ceramics has been established in 

the last decade. For this mechanism to be effective, the Zr02 particles 

must be retained in its tetragonal phase. This is accomplished by pro

ducing microstructures in which the. Zr02 is well-dispersed, has a grain 

size -1 J,Jm, and by the use of alloying addi ti ves to the Zr02 to lower 

the transformation temperature. 

Experiments are underway to determine the optimum amounts of zr02 

that can be added to maximize fracture toughness of a"-alumina, without 

significantly impairing its ionic· conductivity. The a"-alumina/ZrO 
2 

composities are cast from colloidal dispersions of the powders in 

alcohol, usually 1-butanol. These mixtures are subs.equently sintered at 

1535°C, yielding densities >97%. To achieve maximum strength, it was 

necessary to produce uniform mixing of the powders. The zr02 powder 

should be <1 J,Jm, otherwise crack-like defects are formed and the Zr02 

may not be retained in its tetragonal form. The a"-alumina powder 

should not be too fine otherwise an increase in ionic resistivity 
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occurs. On the other hand, particles of a"-alumina that are too large 

would decrease its ease of sintering, and large grains of a"-a+umina 

could act as failure sites~ The results obtained indicate that up to 15 

vol% Zr02 can be added without causing a large increase in resistivity 

of a"-alumina; and, additions over 10 vol% limit grain growth of the 

a"-alumina phase, thereby eliminating failure caused by the presence of 

large grains. The addition of tetragonal Zr02 (up to 25 vol%) increases 

the fracture toughness by up to 66%, whereas strength increases by a 

factor of two or three. Further experiments are underway to optimize 

the properties of the toughened a"-alumina. 

Dow Chemical Company: Dow Chemical Company (P. Pierini) is examining 

glass compositions from the system Na
2

o-B
2

0
3
-Si0

2 
for use as solid elec

trolytes in Na/S cells.' The objective of this project is to develop 

improved glasses to increase cell life of Na/S cells containing glass

fiber electrolytes. The formulation and manufacture of various glass 

compositions are in progress. Approaches to develop ion-conductive 

glasses are directed at finding glasses that are more stable to sodium, 

and that are of intermediate basi,ci ty such that they are less prone to 

attack by either basic Na2S
3 

or acidic ,sulfur species. 

Ford Motor Company: Ford Motor Compahy (T. Hunt) is developing a 

thermally-regenerative electrochemical system using sodium (sodium heat 

engine). Because of the high temperature of operation, the long term 

performance of this system is a technical problem that must be 

addressed. Accordingly, Ford is examining the long-term stability of 

a"-alumina in contact with sodium at temperatures above 900°C. Experi

ments are underway to determine decomposition products due to chemical 
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interactions of S"-alumina with liquid sodium and electrode materials. 

Stanford University: Stanford Uni versi ty (R. HUggins) is developing 

lithium-conducting solid electrolytes. Various solid solutions of 

Li
7

Ta06 and Li8Zr06 , .layered-alkali zirconium phosphates, M2Zr(P04)2' 

and silicates and phosphates (Li xMSi04 , M = AI,. P, V, S) have been syn-

thesized. Further work will be directed at investigations on the 

lithium-rich zirconate phase, Li8zr06 , which is stable to elemental 

lithium and has promising lit.hium-ion conductiviti. 

Massachusetts Institute of Technology: MIT (B. Wuensch) has completed a 

study on the NASICON solid solution system, Na, Zr2Si P
3 

0'2. A max-+x . x-x 

imum in the ~onic conductivity (0.2 ohm-'cm-'. at 300°C) was observed at 

x = 2.3. Unfortunately, NASICON can only be used in Na/S cells at tem-

peratures below 200°C because it degrades in the presence of sodium at 

higher temperatures. Thus, an alternative set of solid solutions with 

composition 
+ 3+ 4+ + 

A 2+xM xM ,_xSi60'5 (A 
+ + 3+ 3+ 3+ 3+ 

= Na , K ,M = Y , Nd , La , 

4+ 4+ 
M = Ti , zr 4+) are being examined. Measurements of conductivities of 

the phases in glassy form has commenced. 

Another program is underway at MIT (H. Tuller) to develop alkali-

ion-conducting glasses for alkali metal/sulfur cells. The corrosion 

behavior of lithium-borate glasses (e.g., Li2B40
7 

and LiB02 ). in the 

presence of molten lithium and their ionic €onductivities are being 

investigated. Present investigations are centered on a lithium-borate 

Johnson Controls/Ceramatec: Two projects related to the fabrication of 

solid electrolytes for Na/S cells were completed. Johnson Controls (G. 
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Goodman) examined techniques to fabricate thin-walled S"-alumina solid 

electrolyte tube using commercial tube-wrapping equipment. Ceramic 

slips were prepared and cast into tape 15-cm wide and O.l-mm thick, 

leading to a procedure for fabricating S"-alumina tubes with 0.25-mm 

thick walls. This program has developed an inexpensive tape-winding 

technique for S"-alumina that may provide a low-cost route to produce 

ceramic electrolytes for Na/S cells. Ceramatec, Inc. (R. Gordon) con

ducted experiments on the processing and characterization of NASICON 

electrolytes (x 2.0-4). Scaled-up fabrication procedures were 

developed that involved (i) mechanical mixing of the raw materials, (ii) 

calcination at 1160 oC, (iii) dry milling (ball, vibratory and attri

tion), (iv) isostatic pressing, and (v) sintering at 1100-1375°C. 

Results of this investigation have shown that NASICON ceramics with com-

posi tions around x = 2 are not monophase, possess poor mechanical 

strength, exhibit an anomalous thermal expansion, and are subject to 

chemical instability in the presence of liquid sodium at 300°C. No 

further development work on fabrication of NASICON was considered due to 

its poor stability in molten sodium. 

Case Western Reserve University/University of Pennsylvania: Two pro

jects were focused on the synthesis and electrochemical studies of 

lithium-ion conducting polymer electrolytes. Case Western Reserve 

Uni versi ty (M. Litt) investigated the synthesis of 11 thium-conducting 

polymers consisting of block copolymers that had alternating hard seg

ments (crystallizable, -10-6-cm long) and soft (Li+-chelating) segments. 

The hypothesis was that the hard segments would provide mechanical 

strength to the polymer electrolyte, and the soft segments would allow 

ion transport. The synthesis of ABA-type block copolymers from 
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polyethylene glycol ditosylate and 2-isobutyl oxazoline was conducted. 

Experimental difficulty was encountered in. obtaining a copolymer without 

unreacted starting reagents. Several polymer films were produced but 

none was adequate for electrochemical characterization. Due to the dif-

ficulties encountered in the synthesis of suitable material, this pro-

ject was discontinued. 

The University of Pennsylvania (G. Farrington) is investigating the 

feasibility of new polymer materials as solid ion-conducting electro-

lytes for ambient-temperature rechargeable lithium batteries. Ionic-

conducting membranes consisting of complexes of polyethylene oxide (PEO) 

wi th KSCN, LiCF 3COO (LiTFA) and NaSCN were studied using complex AC 

impedance, DC coulometry, potential sweep analysis, solid-state NMR, 

differential scanning calorimetry , and thermogravimetric analysis. The 

following conclusions were drawn from this study: 

-+ 
1. The PEO-LiTFA complexes are predominantly Li conductors. 

2. PEO-LiTFA films readily hydrate, and hydration increases their con
ductivity by as much as three orders of magnitude at 25°C. 

3. Above about 100°C, PEO-LiTFA films melt to form extremely viscous 
liquids. Although the films do not immediately flow, they slowly 

deform and begin to decompose over a period of several hours. 

4. The highest conductivities were observed with (PEO)5LiTFA films (3 x 
10-8 ohm- 1cm- 1 at 25°C and 1 x 10-3 ohm- 1cm- 1 at 150°C). 

Further work on this project is directed at examining the nature of 

anion transport in PE~, and the nature of the electrochemical and chemi-

cal reactions which occur at the interfaces between an electrode or 

another electrolyte and a PEO-complex electrolyte. 
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Ion-Exchange Membranes 

Programs on ion-exchange membranes involved two areas of research: 

1. Transport studies in Nafion (DuPont) membranes. 

2. Development of new ion-exchange membranes for redox flow batteries 
and fuel cells. 

Los Alamos National Laboratory: Los Alamos National Laboratory (J. 

Huff) has applied proton nuclear-magnetic resonance to characterize 

Nafion membranes (EW-1200). It was observed that, in a specimen con

-4 taining 2.1 x 10 moles of ions, these ions are solvated with different 

quantities of water at each exchange site. Relaxation data showed that 

+ + + 
the relaxation times for H , Na and K are 93, 318, and 296 ms, respec-

tively. These results indicate that water incorporated in Nafion is 

widely dispersed through the polymer and that water relaxation times are 

influenced by cations, with protons giving extremely small values. 

Investigation of water transport through Nafion membranes, particularly 

under conditions applicable to the SPE (Solid Polymer Electrolyte) fuel 

cell, is continuing. 

Hamilton Standard - Electrochemical: Hamilton Standard - Electrochemi-

cal, formerly General Electric Company (J. McElroy), is investigating 

low-cost membranes as alternatives to Nafion for the SPE fuel cell. 

Four different types of low-cost, commercially available membranes were 

evaluated in fuel cell tests. Although two showed good performance 

characteristics, only one exhibited any stability at 180°F. Evaluation 

of the stable membrane, with a proj ected cost of one-half that of the 

baseline membrane, is continuing. 
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Sandia National Laboratory: Research is underway at Sandia National 

2 Laboratory (C. Arnold) to develop inexpensive «$5/ft ) separators for 

the zinc/ferricyanide battery •. The goal of the program is to synthesize 

new membrane separators with enhanced stability against oxidative attack 

by ferricyanide. Experiments showed that membranes which contained ter-

tiary hydrogens underwent extensive degradation when exposed to alkaline 

ferricyanide solutions. The following strategies for the synthesis of 

membranes were adopted: 

1. Prepare membranes in which tertiary hydrogens are not present. 

2. Prepare membranes which contain only aromatic hydrogens. 

3. Prepare membranes in which all the hydrogens have been replaced by 
fluorines. 

Experiments are underway to synthesize membranes using the three stra-

tegies listed above. 

Brookhaven National Laboratory: Brookhaven National Laboratory (J. 

McBreen) is investigating the electrocatalyst/solid-polymer electrolyte 

(SPE) interface. Cyclic voltammograms obtained on platinum screens, in 

contact with Nafion, were very dependent on the water content of the 

membrane. When the membrane was previously boiled in water and the pla-

tinum was wetted, reproducible cyclic voltammograms were obtained. The 

cyclic vbltammograms on the same screens in 0.5 M trifluoromethane sul-

fonic acid (TFMSA) solution was identical to that found for the screen 

in contact with Nafion. This finding indicates that hydrogen adsorption 

can occur on platinum not in contact with Nation. The important impli-

cation of this conclusion for SPE fuel cells is that platinum, not in 

contact with Nafion, can be utilized in electrochemical reactions. 

-12-
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Electrochemical Technology Corporation/Brigham Young University: Elec-

trochemical Technology Corporation (T. Beck) and Brigham Young Uni ver-

sity (D. Bennion) conducted rese~rch on multi-component transport stu-

dies to improve the efficiency of Nafion membranes. ETC determined that 

the transference number for sodium through the membrane was 0.959 at 

current densities from 100 mA/cm2 to 7500 mA/cm2• Reverse-osmosis meas-

urements at BYU showed that the water transport through Nafion decreased 

wi th an increase in the external concentration of NaOH, and increased 

wi th an increase in temperature. This work was terminated due to a 

shift in program emphasis away from electrolytic technology applica-

tions. 

University of Texas: The University of Texas (R. Lagow) investigated 

the synthesis of novel fluorocarbon-phosphoric acid polymers for cost-

effective ion-selective membranes. The synthesis procedure involved the 

direct fluorination of hydrocarbon polymers containing phosphonate func-

tional groups. Degradation of the polymer samples occurred during 

fluorination, which could be minimized only if very mild fluorinating 
\ 

conditions (low partial pressure of fluorine and low temperature) were 

used. Unfortunately, these condi tionsare not practical for synthesis 

of ion-exchange membranes. Thus, further effort on this synthesis pro-

cedure was discontinued. 
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Table 1. Technology Base Research Project - Separator Research 

Institution/Principal 
Investigator 

Microporous 

Brigham Young 
Univ./D. Bennion 

Pinnacle Research 
Institute/R Yeo 

Solid-Ion Conductor 

Lawrence Berkeley 
Laboratory/L. De Jonghe 

Argonne National 
Laboratory/J. Battles 

Rockwell International 
Science Center/D. Green 

Dow Chemical Company 
P. Pierini 

Ford Motor Company 
T. Hunt 

Johnson Controls 
G. Goodman 

Ceramatec. Inc. 
R. Gordon 

Stanford Univ. 
R. Huggins 

Massachusetts Institute 
of Technology/H. Tuller 

Massachusetts Institute 
of Technology/B. Wuensch 

Univ. of Pennsylvania 
G. Farrington 

Case Western Reserve 
Univ./M. Litt 

Program Objective 

Develop improved separator 
for Zn/NiOOH battery 

Develop improved separator 
for Zn/NiOOH battery 

Electrochemical studies of 
S"-Al 0 2 3 
Develop stable sodium-
conducting glasses for Na/S cells 

Improve mechanical properties 
of S"-Al 0 2 3 
Develop improved glass-fiber 
solid electrolytes for Na/S cells 

Investigate the high-temperature 
stability of S"-A120~ for thermally
regenerative electro~hemical cell 

Fabricate thin-walled 
S"-Al 0 tubes 

2 3 
Fabricate polycrystalline 
NASICON solid electrolyte 

Develop lithium-conducting 
solid electrolytes 

Develop ion-conducting glasses 
for alkali metal/sulfur cells 

Develop alternative solid 
electrolyte for S"-A120

3 
Electrochemical studies of 
polymer electrolytes 

Synthesize polymeric-membrane 
separators for ambient
temperature lithium batteries 
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Status 

Active 

Active 

Active 

Active 

Active 

Active 

Active 

Inactive 

Inactive 

Active 

Active 

Active 

Active 

Inactive 
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Ion-Exchange Membrane 

Los Alamos National 
Laboratory/J. Huff 

Sandia National 
Laboratory/C. Arnold 

Brookhaven National 
Laboratory/J. McBreen 

General Electric 
Company/J. McElroy 

Brigham Young 
Univ./D. Bennion 

Electrochemical Tech
nology Corp./T. Beck 

Univ. of 
Texas/H. Lagow 

Supported-Liquid Membrane 

Castle" Technology 
Corp./P. Pemsler 

Water transport in 
Nafion membranes 

Develop oxidation-resistant 
separator for Zn/ferricyanide 
flow battery 
Analysis of Nafion
electrocatalyst Interface 

Develop low-cost alternative 
membrane for Nafion 

Tra~sport studies of 
Nafion membranes 

Transport studies of 
Nafion membranes 

Develop novel fluorocarbon 
phosphoric acid polymer 

Develop improved separator 
for Zn/NiOOH battery 
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Active 

Active 

Active 

Active 

Inactive 

Inactive 

Inactive 

Inactive 
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