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FOREWORD

A Contractor Review meeting is scheduled annually by the DOE
Division of Energy Storage Systems (STOR) to provide an opportun-
ity for all participants in the Chemcial and Hydrogen Energy Storage
Systems Program to become familiar with the scope of the program
and to appraise the progress of the technical effort. The FY 1977
Contractor Review meeting was called by Dr. James H. Swisher, Assist-
ant Director for Physical Storage Systems, and was held at Hunt
Valley, Maryland, on November 16-17, 1977.

All government and contractor personnel who were involved in
the STOR-sponsored effort were requested to submit presentations
which would (1) give all participants an insight into the back-~
ground and the objectives of the hydrogen-related task, (2) show
the status of the study or technical effort, (3) relate any prob-
lems which had impeded progress, and (4) state projected solutions
for eliminating or working around the identified problems. The
meeting was structured to allow ample time for all participants to
directly discuss their specific program interests with the other
people who were performing similar or related tasks. On November
18, 1977, a program review panel met with STOR staff to provide
observations on the hydrogen program content and objectives; and
on future program direction.

The Contractor Review meeting was planned and organized by
personnel from the Jet Propulsion Laboratory in accordance with
one task of a project management role for that portion of the DOE
Hydrogen Energy Storage Program which the National Aeronautics
and Space Administration has assumed responsibility under an
Interagency greement (EC-77-A-31-1035). As the chairman for
this meeting, I especially thank the persons who made the presen-
tations and contributed to the success of this review. I wish
to express my appreciation to Dr. Beverly J. Berger, Program
Manager, and to DUr. James H. Swisher, Mr. John Gahimer, Mr. Frank
J. Salzano, and Mr. Gerald Strickland for their guidance and
assistance in the formulation of plans for this meeting.

James H. Kelley, Manager
Hydrogen Systems and Technology
Project

Jet Propulsion Laboratory
Pasadena, CA
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ABSTRACT

The Chemical/ Hydrogen Energy Systems Contractor Review
was held at. the Hunt Valley Inn, Hunt Valley, Maryland,

on November 16-17, 1977. This Review meeting, scheduled
annually by the DOE Division of Energy Storage Systems
(STOR), was coordinated for DOE by the Jet Propulsion
Laboratory in accordance with a task defined in the inter-
agency agreement (EC-77-A-31-1035) between DOE and the
NASA Office of Energy Programs. The meeting served as

an effective means to (1) give all participants an insight
into the background and objectives of thirty-nine hydrogen-
related tasks, (2) show the status of the studies or tech-
nical =ffort, (3) relate any problems that had impeded

the progress, and (4) state projected solutions for re-
solving the .ldentified problems. Approximately 100
representatives from government and the private sector
participated in the Contractor Review.
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ELECTROLYSIS-BASED HYDROGEN STORAGE SYSTEMS
OVERVIEW AND RATIONALE OF THE
BROOKHAVEN NATIONAL LABORATORY MANAGED PROGRAM

F.J. Salzano
Brookhaven National Laboratory
Upton, New York

The rationale for determining program direc-
tion, emphasis, and allocation of resources is
presented in this brief summary. The rationale has
been developed through interaction with the "Hydro-
gen" R&D Community and in light of information
available on competing energy systems and on-going
systems studies. It is reviewed periodically based
on technical progress in the program and DOE policy
guidance, and is the basis of our recommendations
for changes in program direction.

A number of key problems must be solved before
hydrogen can serve as a common energy carrier dn-
rivable from coal or nonfossil resources such as
nuclear and solar energy. These problems generally
involve the technologies of production, storage,
transmission, distribution, and application in a
variety of end-use devices. A number of systems
studies pertnining to hydrogen technology have
identified promising applications and the key re-
search and development needs. These studies have
indicated the need for a program focused on the
electrolytic production of hydrogen, and safe,
efficient storage of hydrogen for stationary and
transportation applications. Since Brookhaven
National Laboratory has exhibited significant
experience in these areas, it has been chosen to
develop and manage the program for DOE's Division
of Energy Storage Systems. It is recognized that
a program focused on these needs must involve ties
with industry in order to acl:leve commercialization
of those applications judged to be economically
viable.

At the present time, hydrogen is generally not
competitive with current fuel sources such as
petroleum and natural gas. In time, it 18 expected
that coal will be the major source of hydrogen for
large-scale industrial applications and use of
hydrogen as a chemical commodity. In general, it
is believed that very large-scale uses of hydrogen
as an energy carrier will exist in the long term,
but enough potential applications exist in the near
term involving the use of hydrogen as a chemical
commodity to warrant a vigorous program at this
time. These smaller industrial applications of
kylirogen, e.g., as a natural gas substit: ‘e, etc.,
can be served by electrolytic hydrogen g...erited
in relatively small plants at dispersed sites sup-
plied by electric energy.

At the present time, electrolytic production
plants exist in sizes ranging from 100 megawatts
down to the kilowatt range. The larger plant sizes
in the megawatt range are available from European
manufacturers. A primary purpose of the existing
program is to stimulate the development of an
electrolytic equipment industry in the United
States. A key objective is to achieve costs below
$150 per kW(t) and efficiencies in the range of
90%. Current costs are three times this value and
efficiencies ere typically in the range of 60% to
70%.

Work in the areas of electrolytic hydrogen
production and storage is dedicated to the produc-
tion of advanced technology prototyp: hardware,
proof testing of components and related systems,
end associated engineering systems studies. In the
area of water ele:trolysis, both the alkaline tech-
nology currently available and the advanced solid
polymer electrolytic (SPE) systems are being pur-
sued with the emphasis on the latter SPE systems.

In conjunction with the work on hydrogen pro-
duction, compatible large~scale storage systems are
being developed involving metal hydrides to estab~-
lish reference designs, reliable comparative cost
data, and to address full-scale engineering prob-
lems.

Hydrogen has a variety of other potential
applications aside from the industrial uses as a
chemical commodity. These applications include the
generation of electric energy in fuel cells, stor-
age of electrical energy, and use as a transporta-~
tion fuel.

The internal combustion engine can be con-
verted to use hydrogen; however, the auvomotive
fuel cell is potentially a more efficient (hydrogen
fueled) device for vehicle propulsion. Irrespec-
tive of the propulsion source in vehicle applica-
tions, the key problem in utilization as a
transportation fuel is the storage of hydrogen.

The current program is focused on chemical storage
methods, This primarily involves the use of metal
hydride materials, but work is in progress to
identify other hydrogen occluder materials. At

the present stage of development the major program
emphasis is on demonstration of hydrogen storage

in FeTi alloys in small engineering scale prototype
systems., Work is being sponsored tc develop higher
capacity hydrogen storage .iaterials using lighter
weight alloys more suitable for automotive applica-
tions.

In considering a number of hydrogen sources
such as seasonally available electric generating
capacity, there is value in methods for storage of
large bulk quantities of hydrogen for seasonal
periods. At the present time, helium, natural gas,
and, in some places, producer zas (H, - CO) are
stored underground. The potential %or large~scale
engineered storage is yet unexplored, e.g., deep
undersea storage at high pressures. The present
program 3 also aimed at developmant of such large-
scale bulk storage methods for hydrogen produced
seasonally.

An important related effort is work on the
development of an electric energy system based on
the storage of hydrogen in a metal hydride. This
system involves the electrolysis of hydrochloric
acid (HCl1l) to produce hydrogen and chlorine which
are stored and subsequently recombined in the
electrolysis cell to produce electric energy. The
electrolysis technology for this scheme is closely
related to the SPE technology required for elec-
trolytic hydrogen production. SPE water electrol-
ysis and HC1l cell development are parallel efforts
invoiving similar hardware systems.

Because cf the need to involve the commercial
sector, a very large fraction of the DOE funding
is directed at industrial contracts and a smaller
fraction at related university research efforts.
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The management of these contracts within Brookhaven A Program/Budget Chart is presented in Figure

is done by full time representatives (rom the 1 showing the program aggregation by technical
Conservation Program Management Croup (CPMG) who area, funding level and -wphasis, and individual
are also concerned with overall program planning contracts or projects,

and continuous liaison with DOE Headquarters.
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NASA's SUPPORT OF DOE's HYDROGEN ENERGY STORAGE PROGRAM
J. H. Kelley

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

ABSTRACT

Early in 1977, ERDA and NASA established Interagency Agreement EC-77-A-31-1035 through which
NASA is providing assistance to ERDA in their Hydrogen Energy Storage Program. The total wort-
ing effort has been brought together as a NASA project. It is composed of a number of ele. .8
vhich will be conducted at several NASA centers. The project is being coordinated and managed
at the Jet Propulsion Laboratory with the Ames Research Center and the Lewis Research Center
participating in the conduct and management of several elements.

In FY77, the project is largely concerned with monitoring ongoing ERDA contracts and
planning for FY78 technical work. A number of specific technical tasks are planned for FY78.




INTRODUCTION

The Energy Research and Development Aduinis-
tration (ERDA), now Department of Energy (DOE),
Division of Energy Storage Systems (STOR), in
faplementing a Hydrogen Energy Storage Program in
1977, requested NASA to assume project management
responsibility for a portion of the program. The
project encompasses thermochemical and other
advanced hydroger. production techniques and contain-
ment and transport technologies. NASA brings to the
project resources of existing experience and demon-
strated capabilities in hydrogen technology.

BACKGROUND

The Hydrogen Energy Systems Technology (HEST)
study, conducted in 1975 by NASA,was undertaken to
augment an understanding of the hydrogen energy
field and ensure that all potentially fruitful
opportunities for energy systems via hydrogen
technology were examined. Considerable scattered
work in hydrogen technology and hydrogen systems
had previously been undertaken by various insti-
tutions, and some consideration had been given to
hydrogen in other broad studies. The HEST study
was specifically an effort to identify national
needs for research and technulogy in hydrogen
production, handling and use.

In 1976, with the concurrence of ERDA/STOR,
NASA undertook the development of a plan for
conducting hydrogen energy storage R, D & D. 1In
developing this plan, NASA reviewed recent studies
and assessmentr, to identify viable hydrogen energy
storage system applications and to define the
technology advancements needed to implement viable
hydrogen energy storage options. The findings of
that assessment continue to provide the basi: for
the development of the second-year plan presented
in this document.

Assignments within the project are made with
the intention of maximizing the potential benefits
from previous experience. Applicable NASA exper-
ience covers a broad spectrum which includes
systems analysis and studies, organic chemistry,
hydrogen fuel technology, and the storage and handl-
ing of a variety of liquids and gases. Recent NASA
experience, which required interfacing with several
private sectors of the economy, is also of value.
The personnel from the participating centers come
from professional staffs having familiarity with
applicable areas of hydrogen technology.

The Hydrogen Energy Storage Technology Project
is a set of work elements from the DOE Hydrcgen
Energy Storage Program which will be conducted by
NASA in FY78. Early in 1977, ERDA and NASA
established an Interagency Agreement through which
NASA would provide assistance to DOE by applying
appropriate technical and management talents during
FY77 to precursor tasks of these elements.

PROJECT ORGANIZATION

During FY78 the responsibility for implement-
ing the elements under NASA cognizance is
assigned to the Jet Propulsion Laboratory (JPL)
with support from the Ames Research Center (ARC).
These organizations have the required concentra-
tions of technical expertise for implementing the
NASA assignments which include hydrogen combustion

and handling, materials compatibility, and thermo-~
chemistry. JPL has provided a project manager

for the activities assigned to NASA. Figure 1
presents the organization of the project for FY78
and beyond. The following assignments under the
NASA project nave been made.

® Ames Research Center. The Containment
Materials Element 1s the responsibility of
the ARC Materials and Physical Sciences
Branch.

e Jet Propulsion Laboratory. JPL will manage
the System Studies and Assessments Element,
the Advanced Concepts Element, the Thermo-
chemical Cycles Element, and the Trans-
mission, Distribution, and Storage Container
Element. (During FY77 the NASA Lewis
Research Center managed the Thermochemical
Cycles activities.)

ELEMENTS
PROJECT MANAGEMENT AND SUPPORT ELEMENT

The Project Management and Support Element pro-
vides the direction and principal cohesive force for
the NASA project. This element brings together
interfacing NASA organizations and provides a cen-
tral focus for the DOE program manager. The
responsibility for overal' »>roject review, analysis
and planning resides within the project manager
under this element. Projert-ievel progress report-
ing is also accomplished within this element.

SYSTEM STUDIES AND ASSESSMENTS ELEMENT

System studies and assessments are analytical
activities specifically focused on key issues
regarding candidate hydrogen energy storage systems.
The results from these activities will contribute
to a coherent basis for programmatic decisions
by identifying promising applications, expected
time-frames for implementation and required tech-
nology thrusts. Comparisons among hydrogen system
options as well as comparisons with non-hydrogen
alternatives must be conducted in order to identify
developmental areas where solutions to technical
problems would make particular hydrogen systems
more practicable.

Assessment of Solar/Hydrogen Systems Task

This task will identify, chcracterize, and
analyze the potential rcle of hvdrogen energy
storage systems in facilitating the implementation
of solar energy systems. Hydrogen energy storage
systems add a new iimension to solar energy imple-
mentation by introducing the possibility of gaseous
pipeline transmission coupled with gaseous storage,
as well as the possibility of direct conversion of
solar thermal energy to hydrogen. This ongoing
study will focus on achieving an understanding of
the role that solar/hydrogen systems can play in
the context of scenarios for development and
implementation of solar energy systems. Particular
emphasis will be given to the analysis of unique
operational modes for energy transmission and
storage that are peculiar to hydrogen systems.
Based on these potentially attractive operational
modes, descriptions of the solar/hydrogen systems
will be formulated. These systems will then be
the subject of preliminary design and costing
activities so that systems analyses, which
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encompass practical aspects of implementation, can
be performed. An integral part of the scenarios/
systems analyses will be comparisons with non-
hydrogen alternatives. One of the studies is:

Chemical Markets/Supply Options for Hydrogen Task

This task will determine steps which can, and
should, be taken (particularly by the governmet)
to enable and encourage chemical industries to
shift hy?: gen feedstocks from natural gas and
naphtha to other sources. The steps m.y include
technology enhaacement In the areas of hydrogen
production, delivery or storage, additional analys..
or assessments, and recom.endations for modific-
tions to regulatory policies.

Current hydrogen usage in the United States 1
dominated by applications within the chemical
and petroleum industries. During the next 25 years,
the projected annual growth (between 6 and 12
percent) in hydrogen usage will cause the prices of
the traditional captive-iiydrogen feedstocks, natural
gas and naphtha, to increase. This increase will
tend to expedite the market penetration of merchant
hydrogen produced from other feedstocks and by
techniques less atfected by increasing scarcity and
rising cost. In the near future, new government
energy policies could accelerate this trend toward
non-traditional sources; however, the market for
merchant hydrogen may be adversely affected by
several basic issues, such as technology, economics,
water availability, environmental impact, and
regulatory policies. This task will interface
closely with a University of Houston workshop and
use the workshop as a data source. It will concen-
trate on usage by the chemical and petrochemical
industries but will consider other captive users of
hydrogen as appropriate. Alternative hydrogen
production from coal gasification, electrolysis,
and heavy oil will be considered. For each indus-
try, the needed mixtures of gases with hydrogen
and the value of hydrogen purity will be determined.
The prospects of byproduct utilization will be
ascertained.

ADVANCED PRODUCTION, CONVERSION, AND STORAGE
CONCEPTS ELEMENT

The Advanced Production, Conversion, and
Storage Concepts Element will support innovative and
unusual technological findings that may lead to
new approaches in hydrogen energy storage systems.
Advanced technical concepts such as photolytic and
biological hydrogen-production processes and the
storage of hydrogen in organic compounds will be
investigated and evaluated for promise of signifi-
cant technological advancement. The results from
this applied research will identify new methods of
hydrogen production, conversion, and storage that
may have advantages over present technologies in
the areas of high gain, new opportunities, or the
ability to take advantage of under-utilized energy
sources.

Specific tasks, which bring the requirements
and technology of the advanced concepts element
into sharper focus and identify new techmological
opportunities and/or problem areas, will be selected
and conducted.

Hvdrogen Production by Photoelectrolytic Solar
Energy Conversion Task

This task will investigate and determine the
practicability of a semiconductor-electrolytic
device that uses solar energy to decomposc water
into hydrogen and oxygen in a single-step process.
The conceptual basis for this semiconductor photo-
vlectrolyzer is that an interface between a semi-
<onductor and an electrolyte behaves like a Schottky
barrier; thus, {rradfation of the semiconductor
surface results in the production of pairs of
electrons and holes which are separated in the
field of the space-charge laver. Carriers of
appropriate sign, when supplied to the electrode
surface, can effect oxidation or reduction of
electrolyte species. For example, 07 is evolved
from an flluminated n-type Ti0y electrode at or
below the Hy evolution potential. When n-type
Ti0) is coupled with a metal electrode, 0y and Hy
will be spontaneously generated by frradfation.

Photocatalytic Decomposition of Water Task

This task will prepare organic rhodium com-
plexes and determine the feasibility of the use of
these complexes for the photodecomposition of
water. These complexes are often metal--cluster
complexes coordinated to iigands with low-lying
electronic orbitals. Some materials involving the
nitrilo group with rhodium complexes have been
reported in the literature. They produce hydrogen
gas on excitation at 500 nm wavelength. These
materials also will cause the decomposition of
hydrogen bromide and hydrogen iodide. A number of
rhodium complexes will be evaluated for capability
during water photodecomposition through the pro-
posed novel route.

Application of Solution Theory to Hydrogen Energy
Storage Task

This task will investigate physical and
chemical interactions of hydrogen with metals and
determine the applicability of the solution theory
of Hildebrand and Scott to the selection of
materials for hydrogen production, containment, and
storage devices. The results of this investigation
could provide a method for quantitatively determin-
ing the optimum composition for alloys used as:

a) Electrocatalysts for electrolysis of
water and other compounds

b) Shift catalysts for hydrogen reactions

c) Hydrogen containment materizls (low
solubility)

d) Hydrogen storage materials (hydrides)
Organic Storage of Hydrogen Task

This task will investigate reversible organic
chemical reactions to determine practicability as
a workable system for hydrogen storage. The bulk
of the research in hydrogen storage has been in
the inorganic or metallic systems. Practical metal
hydrides will absorb about 2 to 4 percent hydrogen
by weight. The benzenecyclohexane system can store




about 6.6 percent by weight of hydrogen. One of

the problem areas with this system {s that the vapor
preassure of the material is high (about 100 mm at
25°C). This task will investigate more suitable
organic reactions and/or compounds that can be used
for hydrogen storage. The following are the ground
rules.

a) The hydrogenation-dehydrogenation reacrtons
should have low energy requirements,
Temperatures need to be under 250°0C.

b) System pressures should be less Lhan
600 psig.

¢) Required catalytic agents must withstand
a large number of cycles.

d) The materials should not degrade under
aormal usage conditions.

e) Organic-metallic compounds can be con-
sidered in this task area.

THERMOCHEMICAL CYCLES ELEMENT

A4 pure thermochemical cycle for hydrogen
production is a system of linked, regenerative,
chemical reactions which accept only water and
heat and produce hydrogen. Hybrids of these cycles
may also include electrolytic or photochemical
reactions. These cycles can be thought of as
either a source of hydrogen (for industrial use)
or as a means of storing energy (by utilitfes, for
example). Both high~temperature nuclear reactors
and solar concentrators are potential sources for
the high-temperature process heat required by such
cycles. )

The overall element objective is to find and
develop cycles which use heat to thermochemically
decompose water for hydrogen production. Element
objectives and activities are grouped according to
the task categories of the thermochemical cycles
element. The element approach will be to investigate
the key reactions and any problem areas of specific
cycles. When all the reactions of a cycle have been
demonstrated individually in the laboratory (at
least on a batch-scale basis) and an engineering
flowsheet for the overall process has been prepared,
a preliminary assessment of cycle performance will
be obtained from an objective group. Using this
information, two cycles will be selected for
assembly into closed bench-scale demonstrations by
FY80. Bench-scale demonstration is defined as the
continuous operation of a complete thermochemical
cycle in a closed, integrated mode for several
hundred hours. The scsle for such a demonstration
is somewhat greater than laboratory scale but much
less than pilot-plant scale. 1In parallel with
this effort, a supporting research and technology
program emphasizing generic technologies will be
conducted.

Specific Cycle Development

The objective of this task is to provide some
of the laboratory data necessary for the subsequent
evaluation of existing cycles prior to the selection
of the three cycles for concentrated effort. Opera-
tion of a single step of a thermochemical cycle
in a bench-scale, continuous mode provides valuable
data (contaminant build-up, work of separation,
pumping work, heat transfer, etc.) which cannot

be obtained from batch-reaction studies. These data
wil!l make {t possible to develop more realistic
engineering flowsheets which are required for each
“ycle before the (ycle can be reviewed by the
Evaluation Panel which is coordinated by the
University of Kentucky.

a) Complete testing of the operation of the
first step of the sulfur-fodine (General
Atomic) cycle in a continuous bench-scale
mode.

b) Design a pressurized electrolysis cell
for H3S03 electrolysis.

¢) Design and start construction of a
laboratory model of the hybrid sulfur
cycle,

d) Complete unpdated engineering flowsheets
for the sulfur~-iodine cycle.

Thermochemical Water-Splitting Cycle (General
Atomic) Task

The objectives of this effort are to perform
precess engineering on the sulfur-iodine cycle and
bench-scale testing of the individual steps of the
cycle. Additional engineering is required to
refiire and improve the process design which already
shows promise. Bench-scale testing of the indiv-
idual process steps will provide the data necessary
for the preparation of a realistic engineering
flowsheet, which is prerequisite to conducting a
bench~scale demonstration of an entire cycle. The
FY78 task will include the following activities:

a) Complete the bench-scale testing of the
initial reaction of the sulfur-iodine
cycle.

b) Design, construct, and start testing of a
bench~scale model for iodine and water
recovery from the HI-H;0-I7 lower phase
produced in the initial reaction of the
cycle.

c) Complete the computer code designed to
aid process optimization and flowsheet
preparation and update the flowsheet for
the GA cycle. This computer code should
significantly reduce the time required
for incorporating new laboratory develop-
ments into an engineering flowcheet.

Hydrogen Production Process Equipment (Westinghouse)
Task

The objective of this effort is to assess the
technical and economic feasibility of a hybrid
(electrolytic/thermochemical) hydrogen-generation
process based on the electrolysis of sulfurous
acid. Because the theoretical cell voltage
(0.17 volt) for sulfurous acid electrolysis is
only 14 percent of the corresponding voltage
(1.23 volts) for pure water, this hybrid process
could produce hydrogen from water more economically
than direct electrolysis. For this potential to
be realized, cell over-voltage must be minimized,
and an efficient and economic method for concen-
trating and decomposing the sulfuric acid which is
produced by the electrolysis must be developed. A
meaningful assessment of the potential for this
cycle will require experimental determination of




the operating characteristics of the key process
steps. These data can then be used in the engineer-
ing and economic analyses of the total system., For
FY78, DOE (STOR) funds will be concentrated on the
electrolyzer portion of the system. Funds for
sulfur trioxide reduction are expected from DOE
(Solar) under a separate contract. During FY78,
this task will concentrate on the following
activities:

a) Conduct experiments aimed at choosing
the electrocatalyst and electrode
configurations for eventual scale-up of
the electrolyzer.

b) Design a pressurized, heated electrolyzer
capable of operating at pressures up to
20 atmospheres and temperatures up to
400°K. Operation at higher pressure
should improve performance by increasing
the solubility of SO; in the anolyte at
the elevated operating temperature
desired for the electrolysis step.

¢) Conduct a 200~hour endurance test of a
single-cell electrolyzer which embodies
the best technology (anode and cathode
materials and configurations) available
at this time.

d) Design and start construction of a working
laboratory model of the hybrid sulfur cycle.
This model will prove the scientific feas-
ibility of water-splitting via thermo-
chemical cycles and will serve as a test
bed for subsequent testing of electrolyzer
catalysts, electrodes, etc. This task will
be co-~funded by Westinghouse.

Supporting Research and Technology

The objective of this effort is to provide some
of the data necessary for developing technologies
that are common to several thermochemical cycles
or for identifying new technclogies that may offer
alternatives to existing approaches. Activities
include:

a) Identify suitable electrode material for
HBr electrolysis and determine the operat-
ing parameters for the resulting cell,.

b) Assess the feasibility of using a solar
heat source, either alone or in combina-
tion with a nuclear heat source, for
thermochemical cycles.

c) Assess the trade-off between decomposing
HBr and concentrating Hy804 solutions.

d) Determine the operating parameters of a
‘selected catalyst for SO3 reduction.

e) Develop containment materials for thermo-
chemical cycles.

Advanced HBr Electrolysis Studies and Solar Heat
Source Feasibility Study (Inst. of Gas Technology)
Task:

Advanced HBr Electrolysis Study

Hybrid electrochemical cycles may operate more
efficlently and produce hydrogen at less cost than

either a pure thermochemical or a pure electrolytic
process. The purpose of this ¢lectrolysis effort
is to study the decomposition of HBr which is
recognized as the key problem area for the sulfur-
bromine cycle. If an efficient process for decom-
posing HBr could be found, the sulfur-bromine cycle
would represent an alternative to the hybrid sulfur
cycle, which utilizes electrolysis of sulfurous
acid. Since the Hy80, produced in the electrolysis
of sulfurous acid is relatively dilute, it must be
concentrated prior to decomposition. In contrast,
the sulfur-bromine cycle avoids the costly concen-
tration process because the H280; produced in the
first step of this cycle is aiready concentrated.
The work planned for HBr electrolysis in FY78 will
he a follow-on to preliminary studies started in
FY77 and will {nvolve the following activities:

a) Experimentally determine the required
voltage at a selected current density
and acid concentration for a minimum of
five electrode materials and five
electrode catalysts. This testing will
identify low-cost, corrosion-resistant
materials for the electrode and the
electrode catalyst.

b) Experimentally evaluate the cell voltage
over a range of current densities (50-500
mA/cm?) and acid concentrations for the
best electrode material/catalyst combina-
tion determined by the initial testing.

¢} Construct an electrolysis cell capable of
producing hydrogen at pressures in the
range of at least 2 to 5 atmospheres over a
temperature range of at least 300-400°9K,

Solar Heat Source Feasibiliry Study

The primary objective of this effort is to
analytically evaluate the technical feasibility of
supplying heat to hydrogen-produring chemical cycles
from solar energy alone or from solar energy in
combination with nuclear enecgy. If the use of
solar energy as the high-temperature (11509K) heat
source for thermochemical cycles is feasible, then
solar energy would represent an alternative to the
high-temperature nuclear reactor usually considered
as the potential heat source. A secondary objec-
tive is to evaluate the feasibility of supplying
heat to thermochemical cycles via a combination of
high-temperature and low-temperature sources rather
than from a single high-temperature source. This
feasibility study will concentra.e on two activities
during FY78.

a) Catalog costs for the solar and nuclear
heat in the high-temperature range
(1000-1150°K for nuclear sources; 1000-
15009k for solar sources) that will be
required for thermochemical cycles. These
costs will be obtained from the DOE Solar
Electric Division and from nuclear
reactor manufacturers.

b) For two specific thermochemical cycles
and two specific hybrid (electrochemical)
cycles, the net heat and work will be
calculated via the IGT maximum attainable
efficiency methodology. The overall
cycle efficiency and the estimated cost
for the produced hydrogen will be calcu-
lated for each cycle assuming the




varfous solar and nuclear heat source
combinations.

Thermochemical Processes for Hydrogen Production
(DOE-Los Alamos) Task

The primary role of the Los Alamos Scientific
Laboratory (LASL) in the overall thermochemical-
hydrogen program (as conceived at this time) 1is to
provide supporting research and technology in
problem areas common to a number of thermochemical
cycles. New techniques for solution concentration
and thermochemical decomposition of HBr are
examples of such activities. Technology developed
in these studies will be transferred to industry.
With respect to the DOE National Laboratories such
as LASL, the NASA role is to provide DOE with guide-
lines for activities within the element plan.

Experimental Investigation of H3SO, Dissociation
Task

The objective of this study is to establish a
base of experimentally-determined, reaction-rate
and heat-transfer data for the catalytic dissocia-
tion of H»S04. This decomposition is one of the
key reactions occurring in several ot the current
contending, thermochemical water-splitting cycles.
In addition, dry SOj dissociation, which is of
interest for thermochemical cycles and as a possible
means of thermal energy storage, will be investi-
gated. The planned activities for FY78 are:

a) Design, construct, and test the experi-
mental apparatus.

b) Complete experiments on dry S04
dissociation using a short reactor (no
heat-transfer effects) and publish the
results.

Materials Development for Theru..chemical Cycles
(DOE-Lawrence Livermore)

The objective of this study as presently per-
ceived is to test and evaluate materials for the
sulfuric acid vaporizer which will be used in
the sulfur-iodine (General Atomic) and hybrid-
sulfur (Westinghouse) cycles. These studies will
be closely coordinated with materials studies at
Westinghouse and GA to avoid unneczssary dupli-
cation. In addition to determining the amounts of
corrosion occurring for a given set of conditions,
the nature of the attack will also be studied for
a bet!er understanding of the corrosion mechanisms.

Cycle Evaluation

The evaluation of promising cycles for
requisite data to designate the reference cycle will
be continued in FY78. The review and evaluation
of two thermochemical cycles designated by DOE/

NASA will be completed during FY78.

Evaluation of Thermochemical Hydrogen Production
Processes (University of Kentucky) Task

This task provides an independent, unbiased,
standardized review and evaluation of promising
thermochemical cycles, designated by NASA and
approved by DOE. To carry out these reviews, the
University of Kentucky established an Evaluation
Panel in FY77. Representatives of the academic
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commur'ity, the DOE National Laboratories, and
private industry have been included on this panel.
To enhance the credibility of the economic analysis
of these cycles, members of chemical engineering
design organizations (such as Combustion Engineering-
Lummus) will be tncluded on the panel. In order

for a cycle to be a candidate for evaluation by the
panel, all the individual chemical reactions in

the cycle must have been demonstrated in the labora-
tory {(at least on a batch-reaction basis) and an
engineering flowsheet for the process must be
available. Using a standardized format, the panel
will prepare a report for each reviewed cycle

which constitutes thelr best appraisal of the
current status of the cycle.

TRANSMISSION, DISTRIBUTION, AND STORAGE CONTAINER
ELEMENT

This element addresses thc transport of hydro-
gen, particularly as a compressed gas, and the
technically-related storage of gaseous hydrogen.
These subjects are combined into the same grouping
because of related technical disciplines, such as
containment and compression. Widespread distribu-
tion of gaseous hydrogen in residential and com-
mercial applications appears to be a far-~term
possibility; however, storage and relatively short-
distance transmission are integral parts of all
gaseous hydrogen systems. Planned activities will
promote a better understanding of the longer-range
needs of large-scale hydrogen transmission and
distribution and provide the data base for the
development of low-cost, facility-scale trans-
mission and distribution methods and inexpensive
bulk storage techniques for near-term applications.

The fundamental objective of this element is
to develop minimum-cost technology for transmis ‘.a,
distribution, and storage of gaseous hydrogen.

One 5-year goal 1s to determine the techno-
economic characteristics of bulk storage techniques
which have potential for low-cost bulk storage.
Another 5-year goal is to understand the technical
necessity for and the economic trade-offs associ-
ated with new pipeline and storage materials for
conformance with pressure vessel safety require-
ments. Designs of innovative pipeline/storage
systems using conventional and new materials will
be closely coordinated with containment materials
research studies. Initial efforts will be directed
toward the identification and exploitation of
systems which appear to be promising near-term
candidates for gaseous hydrogen containment.
Systems which have only longer range possibilities
will be evaluated for practicability and future
study efforts will be recommended.

Hydrogen Service Equipment Testing Task

This task 1s conducting performance and
degradation tests on commercially-available natural
gas service equipment while simulating operation
in a hydrogen grid. The nation has a large iavest-
ment in existing natursal gas transmission and
distribution equipment. Should it become desirable
in the future to make widespread distribution of
hydrogen, either pure or as a diluent, clearer
decisions will be possible if the performance of
existing equipment is understood. In FY77, a
small-scale test grid was set up to flow hydrogen
or mixtures of natural gas and hydrogen through
standard natural gas equipment in a controlled




manner for assessment of equipment performance
and identification of compatibility problems.
Phase II of this task plans to use that facility
to continue the testing of standard equipment as
follows:

a) Materfals testii ; and operational testing
of selected compunents from Phase I.

b) Evaluation of technical problems associ-
ated with distribution of various mixtures
of natural gas and hydrogen.

c) Additional loop testing of selected com-
ponents with hydrogen.

d) Permeability studies on plastic and
composite piping.

Storage Contziners for Gaseous Hydrogen Task

This task will identify factors in the current
design criteria for gaseous hydrogen storage con-
tainers which are conducive to exces~s weight or
cost and will evaluate novel designs or construction
techniques for improved storage container
capability. The commercially-utilized storage
containers ("K" bottles and "tube" tanks) for small
quantities of gaseous hydrogen represent the "brute-
force" approach to pressure vessel design.

Facility tanks for storage of larger quantities of
hydrogen do not significantly improve the ratio of
the stored volume of hydrogen to container weight.
Recent advances in the determination of the precise
physical properties for containment materials

and in the verification of container construction
techniques have resulted in safe, lightweight tanks
for containment of hostile media (pressurants and
propellants) in aerospace applications. Improve-
ments in the fabrication of parts from composite
materials are continually being demonstrated in
successful aircraft applications. This task will
consolidate the existing design requirements for
gaseous hydrogen storage containers .nd identify
the criteria which represent overdesign. !.ecom-
mendationg for appropriate reductions in design
safety factors will be made. Suggestions for
studies and investigations which would enlarge the
existing data base and extend the optimization pro-
cess for storage containers will be made. Novel
construction materials and techniques will be eval-
uated for capability and suitability for the fabri-
cation of storage containers for gaseous hydrogen.
A design approach for further evaluation and possi-
ble demonstration will be recommended.

CONTAINMENT MATERIALS ELEMENT

The Containment Materials Element is a support-
ing technology which 1s inherently associated with
potential successes in the production, storage,
transport, and energy conversion of hydrogen.
technological elements of the Hydrogen Energy
Storage Program require the containment of chemical
environments; therefore, a full knowledge of
potential interactions between the specific environ-
ments which must be contained and the containment
materials is required for prediction of the life-
times of components and systems and the determina-
tion of potential extensions of capability. For
the Transmission, Distribution, and Storage Vessels
Element, containment materials are integral to the
optimum design and economic trade-offs associated

All
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with systems studies. Hydrogen safety, where
safety 1s the result of good design and correct
materials selection, requires a complete knowledge
of hydrogen material interactions.

Present materials technology permits th-
selection of containment materials which will
remain reasonably free from environmental degrada-
tion in most aggressive environments of concerm
to the various technological elements; however,
the operating conditions of the systems are either
constrained or the materials are expensive. For
example, hydrogen containment materials are either
ferrous alloys containing high concentrations of
alloying additions, such as austenitic stainless
steels, or are based on some nonferrous alloy
system. Such materials are expensive and their
required use could seriously hinder the future
development of large-scale hydrogen energy storage,
transport, and conversion systems. If future
systems must be based upon our present materials
technology, a serious depletion of our supply of
rarer, metals will result. Therefore, in order to
permit the implementation of large-scale hydrogen
energy systems, methods must be found for the
effective use of existing low-cost materials or
new materials which will retain their compatibility
for long and predictable periods of environmental
exposure must be developed. The presently
envisioned objectives for this element are based
upon the extension of knowledge concerning Hjp/
ferrous alloy behavior as related to the presently
identifiable needs of the technological elements of
the Hydrogen Energy Storage Program.

Thermal Processing Task
This task will:

a) Develop an understanding of the influences
of microstructure on the susceptibility of
mild steels to hydrogen degradation.

b) 1Identify the least susceptible micro-
structure which can be easily obtainrd
in commercially-available, mild steels
through normal thermal processing
procedures.

Insufficient knowledge is presently available
regarding the potential degrading influence of
hydrogen on the mechanical properties of mild
steels. If, as indfcated, susceptibility to
embrittlement is strongly sensitive to micro-
structural variations, material microstructures,
obtainable by normal thermal processing techniques,
may yield inexpensive, commercially-available
alloys which are reasonably free from the degrading
effects of environmental hydrogen. This task will
be carried out in an in-house program at the Ames
Research Center-NASA using commercially available
alloys and normal thermal processing techniques.

State of Stress Task

The task will determine the importance of the
state of stress effect on the ease of crack initia-
tion and propagation in structural steels exposed
to and/or containing hydrogen. An extended
knowledge of the state of stress influence could
provide important information which would increase
the flexibility and the reliability of materials
selection for hydrogen service. This task will be
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accomplished by contract and will be a continuation
of current effort in this area. Data will be taken
on well-characterized materials using unique
specimen configurations which provide uniaxial,
biaxial, and triaxial states of stress.

Stable Crack Growth Task

This task will establish the role of hydrogen
in the stable crack growth behavior of mild steel
at stress levels approaching those required for
unstable fracture.

Stable crack growth will occur in ductile
materials at stress levels approaching those
required for unstable fracture. Because this could
be a primary mode of failure in a statically-
stressed, hydrogen pipeline, the influence of a
gaseous hydrogen environment on stable crack
behavior should be established. Hydrogen-enhanced
crack growth will be investigated at stress levels
near the unstable fracture domain using such
experimental techniques as J-~integral or COD
measurement .

Manufacturing and Fabrication Defects Task
As presently perceived this task will:

Determine if structural defects, resulting
from the manufacturing and fabricating
techniques utilized in pipeline construc-
tion, accentuate the susceptibility of
mild steel to environmental hydrogen
degradation.

a)

Establish the influence of mechanical
flaws (external and internal to the
pipeline wall) on the mechanical integrity
of pipeline material during simulated
pipeline operation.

b)

c¢) Determine the mechanical integrity of
welded pipe sections fabricated under
well-characterized procedures when tested
under simulated conditions of pipeline

operation.

A data base on the suitability of well-
characterized manufacturing and fabrication proc-
edures is required to reliably and accurately
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predict the integrity of an operational hydrogen
pipeline system. Well-characterized processes and
procedures will be studied under simulated opera-
tional conditions using the unique hydrogen
pipeline-loop located a: Sandia Laboratory,
Livermore.

This task will be carried out at the Sandia
Laboratory, Livermore, using their extensive exper=~
tise in manufacturing and process techniques and
their unique hydrogen pipeline-loop test facility.

Hydrogen/Methane Blends and Metal Hydrides Task

This task will determine if potential com-
patibility problems exist when mild steels under
stress are exposed to environments of molecular
hydrogen in hydrogen/methane blends or when protonic
hydrogen, created by the dissociation of metal
hydrides, is in intimate contact with the metal.
Hydrogen in the form of hydrogen/methane blends is
being considered as a possible supplement to our
natural gas supply. It is important to establish
whether or not such blends will degrade the
mechanical integrity of pipeline steels. Metal
hydrides are being developed as one method of
hydrogen storage. It is important to establish
whether or not the intimate contact of the protonic
hydrogen, which is created by the dissociation of
such hydrides, will have a degrading effect on
mild steel. This task is a continuation of an
in-house effort at the Ames Research Center-NASA.

Laser Welding Task

This task will determine if laser welding is a
feasible method for joining hydrogen transmission
systems. The feasibility of laser welding as a
technique for the construction of hydrogen pipe-
lines will be determined by comparing the mechanical
and metallurgical properties of parent materials
and weldments produced by arc and electron-beam
welding with similar properties of laser weldments.
This task is a continuation of a contract with the
Pratt and Whitney Aircraft Group.
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DEVELOPMENT STATUS OF SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS
FOR LARGE SCALE HYDROGEN GENERATION

J. H. Russell and L. J. Nuttall

General Electric Company
Wilmington, Mass.

Abstract

In a joint U.S. Department of Energy, Utility and Company sponsored program, General Electric is
developing the solid polymer electrolyte (SPE) water electrolysis technology for large scale hydrogen
generation applications. The goals for this program were established on the basis of a design study for a 58
MW plant that was conducted in 1975.' Subsequent parallel technology development and hardware scale-
up efforts have resulted in significant progress toward the accomplishment of these goals.

Developments to date under this program include a cell design capable of operation at much higher
temperatures (up to 150°C) and having a much lower manufacturing cost than the baseline design used in
previous aerospace electrolysis applications. An improved oxygen evolution electrocatalyst has also been
found which is both less expensive and more efficient than the baseline cell.

As a first step in scaling up to large size cells, the design of a 2-1/2 ft? active area cell has been completed
and fabrication is in progress. A 50 KW module, consisting of 12 cells of this design is expected to be on
test by mid-1978. Photographs of the cell hardware are shown and preliminary test results presented.

Background

In last year's meeting, General Electric reported on the program
which we are engaged in to develop an efficient, economic, large
scale water electrolysis system using the solid polymer electrolyte
cell technology. The goal of this program is to develop an improved
technology which can make water electrolysis a viable alternative
in the overal] energy field as a means of conserving and supple-
menting increasingly scarce supplies of natural gas. This effort is
presently being sponsored by the U.S. Energy Research and De-
velopment Administration, the Niagara Mohawk Power Company,
the Empire State Eiectric Energy Research Corporation and the
General Electric Company.

The solid polymer electrolyte technology was selected for this
program on the basis of outstanding performance and operating
characteristicc which have been demonstrated in systems devel-
oped for aerospace and military applications. These characteris-
tics include the following:

1. Significantly higher cell efficiency than conventional elec-
trolyzers, resiiting in lower power consumption per unit of
gas generated,

Higher current density capability resulting in lower capital
cost, size and weight for the electrolysis modules.

The electrolyte is chemically bound in the polymer chain,
resulting in a system with no free corrosive liquids to be
concerned with during design, assembly, opcration or
maintenance of the system.

A solid electrolyte makes possible greater simplicity in the
system design as well as improved reliability and safety.

At the outset of the program in 1975, a design study was con-
ducted for a 58 MW; system (625,000 SCFH OF Hj), an artists
concept of which is shown in Figure 1. On the basis of the study

1L.J. Nuttall, “Conceptual Design of a Large Scale Water
Electrolysis System Using Solid Polymer Electrolyte
Technolugy,” presented at 1st World Hydrogen Energy
Conference, March, 1976.
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results, the goals for the development program were established as
follows:

Overall System Efficiency 85 - 904

System Capital Cost <S100/KW

Life Cell - 40,000 hours
System - 220 years

Scale up SMW Demo. Syst.

The goals relating to the system cfficiency and capital costs are
shown more specifically in Table 1. Using the values for the high
pressure system, the cost for electrolytic hydrogen produczd by
such a system is shown on Figure 2 as a function of electric power
costs and duty cycle. Under the ground rules established for the
study it was assumed that off-peak electric power would be avail-
able at 10 mils/KWH for a 407% duty cycle. Under these conditions
the resulting hydrogen would cost approximately $5/MBTU with-
out taking any credit for the by-product oxygen.

In a separate study which relates to the possible large scale use
of electrolytic hydrogen to supplement natural gas supplies, the
Institute of Gas Technology estimated the possible econoinics of
using this type of advanced electrolysis in conjunction with a dedi-
cated nuclcar plant to generate the electrical power, The results
are shown on Table 2, indicating a possible cost for the hydrogen
of $5.36/MBTU with no credit for the by-product oxygen, and
$4.22/MBTU including a $10/ton oxygen credit.

Development Program

In order to achieve the above cost and efficiency goals, the
development program is directed primarily at the following areas:

For lower cost —

Low cost materials for separators and current collectors.
Elimination of gasket seals.

Use of lower cost catalyst.

Reduced catalyst loadings.

Lower cost electrolyte.




For higher efficiency -

1. Operation at higher temperature (up to 150°C).
2. Improved catalytic electrodes.
3. Optimization of the electrolyte and cell design.

In parallel with these technology development efforts, a cell
scale-up effort is underway to dosign, fabricate and test: first, a
200KW (2160 SCFH) module which will continue to be used for
‘n-house development testing as the various improved technology
items reach a point where they are ready for incorporation into
the scaled-up cell design; second, a 500 KW (5400 SCFH) proto-
type system which will be delivered to the Brookhaven National
Laboratory (or some other site to be designated) where it will be
tested under typical operational conditions, possibly in conjunc-
tion with a metal hydride hydrogen storage system; and, finally a
SMW full scale demonstration system which is planned to be in-
stalled in the Niagara Mohawk Power Company network where it
will generate hydrogen using off-peak electrical power. The hydro-
gen produced at this installation will be injected into the natural
gas pipeline where it would supplement the natural gas to meet
peak energy demands at other locations in their system.

Current Status

Development progress in all of the above areas has been very
encouraging and continues to support the feasibility of achiev-
ing, or very nearly achieving, the original program goals (recog-
nizing that the cost goals were based on 1975 dollars).

" Reduced Cost

In the area of reduced costs, the progress made to date is pre-
sented in Table 3 which compares the 1977 baseline (which
forms the basis for the initial scaled-up cell design) with the
1975 baseline, representing the technology at the beginning of
the program. Also shown is an estimate of the 1978 baseline which
represents additional improvements that have been identified and
are in the process of laboratory cell evaluation and which are ex-

pected to be ready to begin incorporating in the large scale cells in -

1978.

A graphic representation of this information is shown on Figure
3.

The greatest part of the cost reduction realized to date has re-
sulted from the development of a molded carbon and phenolic
separator/current collector to replace the transition metal screens
and separator sheet which was used in the 1975 configuration.
This development also includes a gasketless sealing configuraticn
which not only eliminates the need for expensive silicone rubt..:-
gaskets as used in the earlier design, but also provides a more re-
liable seal that will permit leak-tight operation up to 500-600 psi
gas pressures.

This cell configuration has demonstrated good performance
(comparable to that of the previous metal current collectors) out
to current densities in excess of 5000 amps/Ft2, as shown on Fig-
ure 4. Life testing of this configuration now exceeds 5000 hours at
1000 ASF, more than 700 hours at 2000 ASF and 400 hours at
3000 ASF, all at 300°F.

The other area contributing to the reduction is the use of a
lower cost catalyst on the anode (which also provides a significant
increase in performance as described below) and a slightly lower
catalyst loading on the cathode (2 gm/Ft2 vs. 4 gm/Ft2),

During the next year major emphasis will be placed on further
reductions in catalyst loadings and on the continued development
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of a lower cost SPE material. Catalyst loadings as low as 0.2 g/
Ft2 on the cathode and | gm/Ft2 on the anode have been tested,
and methods for practical application of even lighter loadings are
being investigated.

Radiation grafted poly trifluorostyrene (TFS) still appeas pro-
mising as a lower cost SPE material. Two probable causes for the
performance decay with time have now been identified and cor-
rective measures have been established. Operational evaluation of
the improved material is just getting underway.

Improved Efficiency

The performance goal of this development program is represen-
ted by the estimated 1980 polarization curve shown in Figure §.
Most of the improvement from the 1975 baseline performance,
also shown on this curve, results from increasing the operating
temperature from 180°F to 300°F. As mentioned above, more
than 5000 hours of life testing has been accumulated ©  date with-
out any serious problems. The results of this testing tends to con-
firm the potential for achieving more than 40,000 hours of life for
the cell operating under these conditions.

Most of the additional ~ 70 mv improvement needed at 1000
ASF to achieve the program goal is expected to result from im-
proved anode catalyst development, with some further improve-
ment possible in the electrolyte performance. More than 20 candi-
date catalysts have been screcned to date and the three most
promising have been subjected to longer term life testing. The
results shown on Figure 6 indicate that the catalyst WE-3 js very
stable, comparable with the baseline WE-4 catalyst, and is demon-
strating a sustained 40 - 50 mv superior performance. In addition,

“this catalyst is considerably less expensive, having a cost of ap-

proximately 55% of that for the WE4.

Cell Scale-up

An initial scale-up from the laboratory cell size of 7.2 in2 to |
Ft2 with a carbon separator/current collector configuration was
made under a privately funded HC! electrolysis program. A 2-cell
module of this size is shown in Figure 7. The performance and
operating characteristics have been virtually identical with the
smaller laboratory cells.

Under the water electrolysis program, a 2 1/2 Ft2 cell design
has been completed and fabrication of the components for a 12-
cell (~50 KW) module is in progress. Figure 8 shows one of the
early membrane/electrode assemblies (M&E’s) which has been
fabricated. Although the hardware is not yet availzvle to test the
complete cell, smaller cut outs from the first four M&E’s made
have been tested, and show performance comparable to, or better
than, the baseline laboratory cells as shown on Figure 9.

Figure 10 shows a mock-up of the 50 KW module which will be
on test by the middle of next year. A cut away of this module is
shown in Figure 11 which illustrates the cell design details.

Program Milestones

A reduction in the amount of funding available from ERDA in
1977 and 1978 has resulted in a slippage in the schedule for this
program as reported last year. A revised program plan was therefore
stbiniited earlier this year which indicated the possible timing and
milestones as slicwn on Table 4.




TABLE 1

PROGRAM GOALS
BULK HYDROGEN GENERATION — WATER ELECTROLYSIS

SYSTEM COST:

INSTALLED ELECTROLYSIS SYSTEM $82/KW,
® ELECTROLYSIS MODULE $13/KWy
e POWER CONDITIONER $39/KW,
@ ANCILLARY COMPONENTS $15/KWo
@ INSTALLATION $8/KWy

SYSTEM PERFORMANCE:

SYSTEM ENERGY EFFICIENCY 90% 85%
E_ECTROLYSIS MODULE EFFICIENCY 93% 88%

- CELL VOLTAGE AT 1000 ASF 1.58 1.63

- OPERATING TEMPERATURE -°F 300 300

- HYDROGEN PRESSURE 100 psia 600 psia

ACTIVE CELL AREA 10FT?

TABLE 2

NUCLEAR-ELECTROLYTIC HYDROGEN PRODUCTION FACILITY
ESTIMATED ANNUAL COSTS*®

$ /108 Bty
ANNUAL OF H,

1TEM COST, $10° PRODUCED

NUCLEAR-TO-ELECTRICITY SUBSYSTEM

FUEL 21.5 0.79
OPERATING AND MAINTENANCE 6.1 0.17
FIXED CAPITAL CHARGES ($ 737 X 10%AT 17.6%) 129.7 3.72
ELECTRICITY-TO-HYDROGEN SUBSYSTEM SUBTOTAL 1633 4.68
PRODUCTION MATERIALS 0.2 0.01
WATER 0.8 0.02
DIRECT LABOR 1.3 0.04
MAINTENANCE LABOR 1.4 0.04
MAINTENANCE SUPPLIES 1.4 0.04
SUPERVISION 0.4 0.0t
ADMINISTRATION AND OVERHEAD 5.8 0.17
FIXED CAPITAL CHARGES ($ 69 X 10°AT 17.8%) 12.1 0.35
SUBTOTAL 23.4 0.68
TOTAL COST 186.7 5.26

POSSIBLE OXYGEN BY-PRODUCT CREDIT ($10/SHORT TON) .04_
NET COSTY 4.72

% FROM “‘EFFICIENCY AND COST ADVANTAGES OF AN ADVANCED TECHNOLOGY
NUCLEAR=—ELECTROLYTIC HYDROGEN—ENERGY PRODUCTION FACILITY"

~T7.D. DONAKOWSKI & W.J.D. ESCHER. ACS CENTENNIAL MEETING, APR 4-9, 1976.
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TABLE 3

ESTIMATED MODULE PRODUCTION COSTS

KEY COMPONENT 1976 BASE 1977 BASE 1978 EST  GOAL

CURRENT COLLECTOR $160/FT2 $30/F T2 23 $7/FT

CATALYTIC ELECTRODES $08/FT2 $27/FT2 s s2/Fm

SOLID POLYMER $28/FT2 $25/FT2 12 SI/FT

ELECTROLYTE

STACK HARDWARE $6/FT2 $8/FT2 ] ad
$260,r 11 S88/FT? 50 $18/FT2

($188/KW) (S84/KW)  (S36/KW)  (813/KW)

TABLE 4
Ve
L PROGRAM GOALS
SCALED-UP HARDWARE PERFORMANCE
TECHNOLOGY
50 KW, 200 KWy 500 KW, 5 MW,

PROPOSED TIME PERIOD MID ‘77 mMID ‘79 END '81  EARLY ‘83
PROJ. MODULE COST $88/FT1 $70/FTs  SEO/FT: $18/FT2
(IN PRODUCTION HARDWARE)
ELECTROLYSIS MODULE 80% 85% 90% 93%
EFFICIENCY (100 psi)
+ CELL VOLTAGE AT 1.85 1.75 1.65 1.58

1000 ASF (100 psia)
- OPERATING TEMP. 180 180/300 300 300°F
- OPERATING PRESSURE 300 300/600 800 800
- CELL ACTIVE AREA 2WFT 2uFT 10FT2 10-30FT
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Figure 7. HCI Electrolysis 2-Cell Module — (1 Foot2 Cell Area)

Figure 8. 2% Foot SPE Membrane/Electrode Assembly
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DEVELOPMENT OF A REGENERATIVE SOLID POLYMER
ELECTROLYTE HYDROGEN/HALOGEN FUEL CELL
FOR HIGH EFFICIENCY ENERGY STORAGE

James F. McElroy
General Electric Co.
Wilmington, Mass.

Abstract

An economic and efficient means of energy
storage has long becn desired by electric utilities
and others. Pumped hydro requires large land
usc whereas storage batteries can be of higher
costs and lower reliability. The use of the solid
polymer electrolyte with its proven long life
(>45,000 demonstrated) provides the basis for
a high reliability hydrogen/halogen regenerative
fuel cell for energy storage. With current densities
in excess of 300 ASF the system economics
becomes attractive.

A preliminary system description is provided
for the hydrogen-chlorine cycle. The results of
feasibility tests, initial cell development and pre-
liminary cost analyses are also discussed.

System Description

A preliminary system design concept is shown in Figure 1. In
this concept the solid polymer electrolyte elcctrochemical unit
will produce gaseous hydrogen and chlorine during the electrolysis
charge mode and consume gaseous hydrogen and chlorine dis-
solved in aqueous HCI during the discharge mode with an overall
electric to electric efficiency in excess of 70%. The gaseous
chlorine produced during the HCI electrolysis is liquified utilizing
40°C cooling water and separately stored. This technique sets the
chlorine storage system pressure considerably below that which
would be obtained by producing liquid chlorine in the cell at 90°C
with a significant storage system cost reduction. During discharge,
the liquid chlorine is metered into the circulating aqueous HCI
solution at a rate determined by the clectrical 'oad demand.

The hydrogen gas produced during the electrolysis charge mode
is purified and stored in an iron titanium hydride storage bed. This
hydrogen is then released to the cell during discharge utilizing
waste heat from the electrochemical cell to liberate the hydrogen
from the hydride.

The Hydrogen/chlorine energy storage system concept utilizing
the solid polymer electrolyte electrochemical cell has many unique
advantages. Some of the more significant advantages are:

® The system can be separately sized for power and energy
stomg('e.

®  Enhanced safety with only a minute fraction of the stored
reactants within the electrochemical cell stack.

® High current density capabilities of the cell (i.e., » 300

ASF).
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®  Minimized materials problems due to the low operating
temperature (i.c.. < 100°C).
®  System pressunzation via the clectrochemical cell with

reactant differential pressure capabilities in excess of

500 psi.
Feasibility Test Results

Preliminary laboratory tests ot the solid polymer clectrolyte cell
have indicated that system clectric to electric (E.T.E.) storage
efficiencies of > 70% can be obtained at current densities > 300
ASF. Through the use of a specially configured chlorine electrode,
almost complete revemibility has been achieved when producing
chlorine gas during charge and consuming chlorine dissolved in
aqueous HCI during discharge. Figure 2 displays the demonstrated
cell characteristics at ambient conditions with almost all of the
performance slope being IR related, This figure shows the revers-
ibility of the cell and a demonstrated 619% E.T.E. voltage
efficiency at 300 ASF and ambient conditions. The performance
goals and the means of obtaining these goals are also displayed.
An 807 E.T.E. voltage efficiency goal has been established to
allow up to 10% losses in parasitic system characteristics such as
pumping power, current inefficiencies, and power conditioning
inefficiencies.

Cell Development

To demonstrate the performance goals the hydrogen/chlorine
cells must be operated at the operational conditions reflected
on Figure 2. A system to accomplish this task has been designed
and two systems are presently undergoing final assembly and
checkout. Figure 3 displays the system layout.

This high temperature/high pressure system has been well
over-designed such that larger units and higher pressures can
be evaluated. Major system characteristics include:

® 1000 PSI working pressure for both hydrogen and
chlorine subsystems

205°F working temperature
1500 cc’s electrolyte reactant

0 to 4 GPM electrolyte reactant flow

It is anticipated that these systems will provide valuable
operational parametric data in the wecks and months ahead.

During the design and fabrication of the two high temperature/
high pressure systems, work has continued in cell development
utilizing room temperature/room pressure hydrogen/bromine
facilities. The bromine halogen was sclected for the ambient
condition tests due to its similarity to the chiorine at operational
conditions (i.e., liquid flow).

Initial tests on the hydrogen bromine cell, shown on Figure 4,
showed that the bromine electrode configuration was quite revers-
ible. The hydrogen/bromine cell performance and the hydrogen/
chlorine cell performances were in fact quite similar with the
exceptior: that the open circuit voltage of the bromine cell was
approximately 0.3 volt lower than the chlorine cell at
approximately equivalent acid concentrations. This cell con-
figuration with its special halogen electrode was operating through
three 160 hour cycles at up to 300 ASF on hydrogen/bromine.
This rather stable performance of the cell is displayed on Figure
s.




Several materials were tested for corrosion compatibiility
at approxamately 2007F and several were selected as good can
didates tor cell component parts, A cell was fubricated whieh
utilized onty the materials that had displayed thousands of hours
of corroston compatibility at 20071 with insignificant weight,
appearance,  and  mechanical  characteristics  changes,  The
hydrogen bromine  performance  of  this cell, which utilized
a non noble metal hatogen clectiode is shown on Figure 6. An
ambient temperature life test of this cell actually displayed
performance improvement with operational time., Figure 7 shows
performance characteristies at various puints in the 600 hour test.

The ceffect of high acid coacentration on performance 18 an
important consideration due to its impact on the size and cost
of the halogen storage subsystem, Testing of a cell up to 48 W7
hydrobromic acid was performed with the test results shown on
Figure 8. This figure displays the cell performances at various
points in the charge discharge cycle. The chunge in open cirettit
with acid concentrations appeared as predicted but the encourag-
ing aspect was that littde change in the fuel cell slope resulted
from the high acid concentrations.

Preliminary Cost Analvses

The demonstration of conmpatible materials, non noble metal
halogen clectrodes, and performance over a large range of acid
concentrations have enabled the preliminary costing of the hydro-
gen/chlorine clectrochensical module. Table | reflects the produce-
tion costs of a 2 MW (clectric output) module with six hundred
10 112 cells. Also included in this table are the costs of the hydro-
gen  puritication and control subsystem. All costs have been
determined utilizing the EPRI costing approach.

Utilizing the Table I cost figures and suitable cost projections
for the hydrogen and chlorine storage systems, a production
capital cost projection for the desired uninstatled system can be
generated, Figure 9[1] shows the dollars per KW projection versus
the system discharge hours.

TABLE |

HCl RFGENERATIVE
FUL:L. CELL COST BREAKDOWN
(October 1977)

Average Performance (15% HCI)

(20 MW Output System - 10 Modules
@ 2 MW each with 10 Ft2 Cells)
Cost/Ft2 (Module) 15.072 $/Ft2

(@1.13 Volts 300 ASF) 2.95 F12 = | KW

FC/Elect. Module $15.072 (2.95) = 44.46 S/KW

FC/Elect. Module & H2 Subsystem Controls $54.06 $/KW

TOTAL Manufacturing Cost $59.46 $/KW

Cost Based on: 10% G and A, $7./Hour Labor and 150%
Labor Overhead

The low capital cost of the system is achieved primarily by
operation of the clectrochemical cell at high current density and
producing chlorine gas in the charge mode which results in 4 low
pressure chlorine subsysten. ’

Summary

Ihe solid polymer electroly te technology offers some unigue
advantages as a hydrogen/halogen energy storage device. Some of
the major characteristics are displayed on Table .

Work is continuing on the development of the hydrogen/
chiorine energy storage system under the auspices  of the US.
Energy Rescarch and Development Administration. Operation of a
faboratory scale system is planned for later this year and
continuous materials and configurations development and system
analysis is planned for GFY 1978, (Figure 10)
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TABLE 1l

SUMMARY OF
ADVANTAGES OF GE’S SPE HYDROGEN-HALOGEN
BATTERY FOR ENERGY STORAGE

¢ INDEPENDENT SIZING FOR POWER AND ENERGY

¢ HIGH CURRENT DENSITIES @ HIGH EFFICIENCY (>300
ASF @ >70%) (>6 TIMES Z,,Cl BATTERY CURRENT
DENSITY)

e ABLE TO WITHSTAND LARGE DIFFERENTIAL PRES-
SURLES (5000 PSI DEMONSTRATED)

® ELIMINATES NEED OF COMPRESSOR FOR HYDROGEN
STORAGE

® OPF {ATIONAL PARAMETERS COMPATIBLE WITH IN-
TERFACE CONDITIONS OF ENERGY STORAGE SYSTEMS

e HIGHLY REVERSIBLE ELECTRODES CAPABLE OF
OPERATION IN REGENERATIVE MODE (BOTH CHLOR-
INE AND BROMINE DEMONSTRATED)

® CELL ASSEMBLY MATERIAL COMPATIBLE WITH HALO-
GENS (THOUSANDS OF HOURS OF CORROSION TESTS
AT 200°F)

® LONG STABLE LIFE DEMONSTRATED ON POLYMER IN
ELECTROLYSISAND FUELCELLMODES(+45,000HOURS)

® COMMONALITY BETWEEN HYDROGEN-HALOGEN AND
WATER ELECTROLYSIS, CHLORINE ELECTROLYSIS
AND HYDROGEN OXYGEN FUEL CELL TECHNOLOGIES
(ALLOWS TECHNOLOGY SPIN OFF)
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INVESTIGATIONS ON MATERIALS FOR
ADVANCED WATER ELECTROLYZERSt

S. Srinivasan, P. W. T. Lu, G. Kissel, F. Kulesa,
C. R. Davidson”, H. Hulnqz, S. Gotteste1d3.
and J. Orehotsky4

Department of Energy and Environment
Brookhaven National Laboratory
Upton, N. Y. 11973

Abst.ract

The development of advanced water
electrolyzers is currently aimed at the
further increased energy efficiency, reduced
capital costs and prolonged life time.
Efforts have been made to find stable
materials for cell construction and to
search for better electrocatalysts for
the hydrogen and oxygen electrodes. Optical
techniques were used to determine the
correlations between optical properties of
oxide films formed on Ir and Ru and their
electrocatalytic activities for the OER.
Ellipsometric studies revealed that the
variation of oxygen overpotential with
time on Ni is essentially due to the
gradual conversion of Nid+ to Ni4* in the
oxide film on the electrode surface. The
electrocatalytic activities of aged
electrodes are rejuvenated using electro-
chemical methods. Oxide catalysts of
spinel or perovskite structure such as
NiCoy0, and BapMnReOg were investigated
as oxygen electrodes. Effects of magnetic
properties on the electrocatalysis for the
OER were studied on lithiated nickel oxide
and on Ni-Cu alloys. Nickel boride and
NiCo,04 show higher catalytic activities
than Ni for hydrogen and oxygen
evolution, respectively, particularly for
long term operations. Materials for
separators, gaskets, seals and cell frame
have been evaluated in sing)- cells,
operating at temperatures u} to 150°C.

The preliminary results ind: .ate that
there is a loss of 2% in coulombic
efficiency for the electrolytic hydrogen
production at 120°C as compared with 25°C,

1. Introduction

There are three promising approaches to improve
water electrolysis technology: (i) development of
solid polymer electrolyte (SPE) water electrolysis
cells, in which there is a maximization of surface
of the electrodes and minimization of inter-
electrode spacing; (ii) increasing the operating
temperature of alkaline electrolyzers from 80°C to
a temnerature in the range of 120-150°C; and

+This work was performed under the auspices of
the U.S. Department of Energy

1Present address: Dept. of Materials Science,
Univ, of Virginia, Charlottesville, Va.

2Present address: Dept. of Chemistry & Physics,
Middle Tennessee State Univ., Mnrfreesboro, Tenn.

3Permanent address: Dept. of Chemistry, Tel Aviv
Univ., Tel Aviv, Isreal

4Permanent address: Engineering Dept., Wilkes
College, Wilkes-Barre, Pa.
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(111) development of advanced concepts, e.g., find-
ing more reversible electrodes, use of anode
depolarizers, water vapor electrolysis in molten

or solid electrolytes, thermochemical-electrochemi-
cal hybrid cycles, hydroxyl ion transporting
rembranes and photoelectrolysis of water. The
needed areas of investigation for the development
of the first two technologies are (i) finding
stable materials for cell construction (electrodes,
current collectors, gaskets, seals, etc.):;

(ii) searching for better - :ctrocatalysts for the
hydrogen and oxygen elect Jes; (iii) determining
reasons for time variatiun of performance of water
electrolysis cells and methods to inhibit it; and
(iv) determining the coulombic efficiancies of
cells operating at relatively high temperatures

and pressures. The activities at BNL carried out
in these areas using electrochemical, ellipsometric
and other techniques in short and/or long term
experiments are described briefly in the following
sections.

2.+ Optical and Electrochemical Properties of Oxide
Films Formed on Metals in the Oxygen Evolution
Reaction

2.1 Rationale for Approach

The oxygen evolution reaction (OER) always
occurs on oxide covered metallic surfaces or on
oxides. The properties of the surface oxides
determine the kinetics of t is reaction. The
problem of performance deterioration in commerical
as well as in advanced (e.g., the General Electric
Solid Polymer Electrolyte Cell) water electrolyzers
ie partly due to the increase of oxygen overpoten-
tial with time. The latter phenomenon is probably
due to changes in physical (e.g., thickness,
electronic conductivity) and chemical (e.g., oxi-
dation state, nonstoichiometric oxides) properties
of the oxide film. During the previous year, the
influence of the electronic conductivity of the
film on the electrocatalytic activity was illus-
trated, by using a combined ellipsometric-electro-
chemical technique, with platinum or nickel as
test electrodes. This work(l) was presented at
the last Hydrogen Contractors' Meeting. The same
techniques were used in the current year to
determine the correlations between the optical
properties of oxide films formed on iridium and
ruthenium and their electrocatalytic activities
for the OER. In addition, this approach was also
used to elucidate the mechanism of time variation
of oxygen overpotential on nickel electrodes.

2.2 Studies on Iridium

The optical and electrochemical analysis(2)
of oxide layers, formed on iridium, performed by
combined ellipsometric and reflectometric measure~-
ments shows that a hydroxide layer with a
refractive index ng = 1.44 - 0.01 i and a thick-
ness which may exceed 2000 A® remains even at
cathodic potentials on the Ir electrode, as a
result of multicycling. Applications of anodic
potentials, close to that for oxygen evolution,
results in an increase of the extinction
coefficient to a level typical for semiconductors
(nf = 1.43 - 0.10 i at 1.50 V). This thick
semiconducting phase oxide on iridium in the OER
region seems to have a high level of bulk defects
and a high concentration of active sites, the
generation of both being related to the gradual
variation of the oxidation state of Ir in thea
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oxide, prior to and simultaneously with the oxygen
evolution of oxygen. The oxygen evolution rates on
Ir between 1.5 and 1.6 V are shown to increase
significantly in the presence of such oxides; a
lower Tafel slop« of 0.BRT is also observad on
these thick oxides.

2.3 Studies on Ruthenium

For the OER from acidic media, Ru exhibits even
higher electrocatalytic activity than Ir. As a
first approach to understanding the kinetics of
anodic reaction in SPE water electrolyzers, the
electrochemical behavior of Ru for this reaction
was investigated in IN H So4 at 20°c, coupled with
ellipsometric and reflecgometric measurements. As
illustrated in Figure 1, the overpotential for
oxygen evolution at 1 nA/cm2 on Ru is only ~210 mV,
while at the same current density, Pt and Ir show
oxygen overpotentials of 640 and 360 mV, respec-
tively. Ellipsometric investigations revealed that
the oxide film, formed on Ru during oxygen evolu-
tion, is highly light-abscrbing and thus is a.
excellent electronic conductor. At constant
potentials below 1.43 V vs RHE, the current
densities for oxygen ev. lution, either on freshly
prepared or preanodized u electroras, are prac-
tically stable, exhibiting a Tafei slope of “RT/2F.
However, ruthenium oxide (RuO,) dissolves at higher
potentials. The onset potential of the anodic
disolution of RuOx in 1N H,SO, is in the range of
1.44-1.46 V (see Figure 1). After polarization
of a ruthenium electrode of geometric area 0.25 cm
at :.5 V for 20 hours, the subsequent chemical
analysis of the electrolyte using an atomic absorp-
tion spectroscopic technique, showed that it con-
tains 30 ug of Ru ions/ml. This significant
di :solution of RuO, also resulted in an enhancement
of current density at the_constant potential of
1.5 V from 44 to 70 mA/cm® (geometric area), which
is essentially due to the gradual increase of real
surface area of the electrode. The stabilization
of RuO, by alloying Ru with several transition
elements is underway.

2

2.4 Mechanism of Time Variation of Oxygen
Overpotential on Nickel Anodes

One of the significant factors, contributing
to the performance degradation with time in
commercial water electrolyzers, is due to the
gradual increase of overpotential for oxygen evolu-
tion, at a constant current density, which occurs
over a period of two years or aven more. More
recently, the performance decay on oxygen evolving
electrodes has been chserved or. platinum in the
potential range of 1.6-2.0 V vs RHE(3), on
iridium{4) and on nickel(5). The mechanism of the
performance degradation on nickel anodes was
investigated in 1N KOH solution by using ellipso-
metry to analyze the nature of anodic films(6).
Effects of electrochemical pretreatment of the
films on the kinetics of the oxygen evolution
reaction were also investigated.

Figure 2 shows that nickel oxide filﬁs,
formed potentiostatically at 1.5 V, are more active
than the untreated (i.e., freshly prepared) nickel
for oxygen evolution at a constant potential of
1.8 V. The in situ ellipsometric analysis revealed
that the oxide film formed on Ni at 1.5 V is mainly
composed of B-NiOOH, which is presumably "the right
type of nickel oxide" for the OER. Further
anodigzation of B~NiOOH films results in the
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chemical transformation of NM¥* o T ad ions, which
are inactive for the OER. The ratio of Nid* to
Ni4* {ons in the nonstoichiometric oxide film is
strongly dependent on the anodization potential(7)
and the polarization time/Z). Therefore, the time
variation of current density, for oxygen evolution
at constant potentials (above 1.56 V), as demon-
strated in Figure 2, is interpreted as heing due

to the gradual conversion of Ni3* to Ni%* ions in
the oxide f£ilm on the surface of nickel electrodes.

In general, higher oxides such as Nioz are less
stable at elevated temperature. The rate of the
conversion of Ni3*+ to Ni4* jons in oxide films also
increases with increasing temperature. Thus, as
seen from Figure 3, the higher the electrolyte
temperature, the shorter the period of time for
approaching a stable current density. The electro-
catalytic activities of aged electrodes are
regained by "rejuvenating” the electrodes at 1.5 V.
Ellipsometric investigations revealed that the
"rejuvenation" of aged oxide films is essentially
attributed to the recovery of active sites (i.e.,
Ni3* ions) on the very top layers of the films,
rather than the diminution of the film thicknass.
Figure 3 also shows that, with increasing tempera-
ture, there is a more significant improvement of
the electrocatalytic activity by "rejuvenation"
on aged electrodes.

Effects of electrochemical pretreatment of
oxide films on nickel electrodes on the kinetics
of the OER are shown in Figure 4, Tafel plots, for
this reaction on nickel preanodized or "rejuven-
ated" at 1.5 V, exhibit only one linear region with
b ~ 40 mV, while dual Tafel regions are observed
on nickel prepolarized at 1.8 or 2.0 V: b ¥ 40 mV
at low n and b & 170 mv at high n. As demonstrated
in Table 1, the thickness of oxide film on nickel
electrodes plays a less important role than its
chemical identity in determining the kinetics of
the OER. From the practical point of view, the
performance degradation of nickel anodes can be
retarded by (i) increasing the operating tempera-
ture of water electrolyzers; (ii) using electrode
materials of higher surface area, and thus polariz-
ing at less anodic potential to achieve a desired
current density; and (iii) introducing a secondary
cation into nickel oxide films (e.qg., N1C0204).

3. Electrocatalysis of the Oxygen and Hydrogen
Electrode Reactions

Oxide catalysts with a high surface area were
prepared using a freeze drying technique. These
powders were then used in the preparation of
Teflon bonded electrodes. Teflon bonded BajMnReOg
electrodes were tested as oxygen electrodes over
the temperature range 23-140°C in KOH for oxygen
evolution and exhibited a Tafel slope of
0.7-0.8 RT/F. In general, catalytic effects of
this perovskite were poor. With nickel ccbalt
oxide (NiCoy04) which has a spinel structure, there
was no change in the mechanism of oxygen evolution
over the temperature range from 0° to 240°C. This
oxide was tested as an oxygen electrode in single
cells for water electrolysis over 500 hours. The
rate of increase of ovexpotentiil with time was
less with NiCoz04 than with Ni (Figure 5). How-
ever, Teflon bonded nickel cobalt oxide electrodes
showed poor structural stability at higher tempera-
tures (>1009C) and current densities (>200 mA/cm?).




A promising material for use as a hydrogen
electrod: in alkaline electrolyte is nickel
boride!9). Nickel boride electrodes, obtained
from Deutsch Automobile Gesselschaft in Stuttgart,
Germany, were evaluated as hydrogen electrodes in
water electrolysis cells over the temperature range
from 25-120°C and for over 500 hours. The over-
potential on this electrode is less than on a
comparable nickel screen electrode by up to 400 mv
at a current density of 333 mA/c:m‘2 (Figure 6).

The effect of magnetic properties on the
electrocatalysis of lithiated nickel oxide for the
OER was investigated. Preliminary studies indicate
a change of mechanism at about 180°C, which is
close to the Neel temperature. In a related
study(10), the temperature dependence of the Tafel
behavior for oxygen evolution in alkaline solutiorn
was determined on Ni-Cu alloys, NisgCusg and
Ni70Cuao. TheoCurie temperatures for these alloys
are 709 and 50°C, respectively. There is a dis-
tinct change in the transfer coefficient for the
oxyyen evolution at a temperature close to the
Curie temperature (Figire 7). Higher transfer
coefficients are observed below the Curie tempera-
ture, under which ccnditions the alloys are
ferromagnetically ordered.

4. Evaluation of Materials for Separators and
Other Cell Components

Single cells have been designed and fabricated
for long term evaluation of materials used in the
construction of cells. Provision is also made in
the cell design for measurements of half cell
potentials of the hydrogen and oxygen electrodes
as a function of time. All measurements were made
in alkaline solution and materials for separators,
gaskets, seals and cell frames have been evaluated
in single cells, operating at desired current
densities and at temperatures up to 150°C. The
stress of this work has been on finding suitable
separator materials. At least fitiy materials
have been screenea and the more promising ones
evaluated in long term studies. Summarizing con-
clusions on tne usefulness or otherwise of these
materials are presented in Table 2, Polysulfone
will be suitable for fabrication of cell frames
but has tc be annealed properly to avoid stress
cracking, Ethylene-pronylene seals are satis-
factory at temperatures below 120°C.

5. Measurement of Coulombic Efficiency for
Electrolytic Hydrogen Production as a Function
of Temperature and Pressure

In both acid and alkaline water electrolysis
technologies, there is a need to increase the
operating temperature to about 120-150°C to reach
the goal of a cell potential of 1.47 volts
(thermoneutral potential) at the highest possible
current densities. To minimize ohmic losses, it
is desirable to minimize the interelectrode spac-
ing. Further, the hydvogen gas is generated at
pressures of 40 atmos or higher for use in the
chemical industry, hydrogen storage as hydride and
in some applications as a fuel (e.g., natural gas
supplementation). Pressure electrolysis is more
economical than electrolysis at low pressures
and subsequent external compression. All these
factors increase the rates of diffusion of small
amounts of the evolved gases from one electrode
to the other, where it is consumed, and consequent-
ly reduces the coulombic efficiency in the cell.
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An experimental cell was designed and con-
structed for measurement of the coulombic
efficlencies for hydrogen production as a function
of temperature and pressure. The preliminary
results indicate that there is a loss of 2%
coulombic efficiency at% 12590 as compared with
259C, Experiments tH make these measurements as a
function of operating temrerature, pressure and
interelectrode spacing are in progress.

6. Proposed Studies for FY 1978

The three major tasks in FY 1978 will include
research and development of ‘i) solid volymer
electrolyte water electrolyzers; (ii) advanced
alkaline water electrolyzers; and (iii) advanced
concepts., In the first area, efforts will be
concentrated on the stabilization of ruthenium
based electrocatalysts for the oxygen electrode,
investigation of the usefulness of electro-
chemically conducting oxide materials (e.g., doped
titanates) as anode current ccllectors and
determination of coulombic efficiencir.s for hydro-
gen production as a function of operating
temperature and pressure (this last subtask will
alsc apply to the second task). Tne second task
<11l involve the long term evaluition of cell
construction materials (electro..es, separators,
gaskets, seals, cell frames, e.c.), particularly
in the -est rig being fabricaced at Teledyne
Energy Systemc. A strong aveca of interest in the
third task will be a continuation of the investiga-
tion of mixed oxides (spinels, perovskites) as
oxygen electrodes. Correlations will be drawn
between clectrocatalytic activities and electronic,
magnetic or morpholooic properties. There is
increasing interest in the use of anode depolari-
zers (e.g., carboniceous materials) to considerably
reduce the electric energy consumption in water
electrolysis celils. Experiments will be initiated
in this direction. The substitution of a hydroxyl
ion transporting membrane for Nafion in SPE cells
will help in the solution of finding non-noble
metal electrodes and low cost current collectors.
The general opinion to date is that hydroxyl ion
transporting membranes are unstable. An examina-
tion of methods to stabilize hydroxyl ion
transporting membranes may lead to promising
approaches.
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Kinetic Parameters for Oxygen Evolution on Pretreated Nickel Electrodes

at 1,5V, ¢ hrs

at 1,8 V, 24 hrs

at 2,0V, 6 hrs

Materials-Class or Type

Asbestos Material

Woven

Potassium Titanate Paper
t (Teflon Binder)

Nafion

Non-woven (felts)

Battery Separator

Cationic Membrane

Anionic Membrane

Porous Membrane

d., & Tafel Slope, b(mV)  Exchange c.d., i (Alem?y
high n low n high n low n

v 230 --- 39 - 3.8x10"12

~ 620 170 43 4,2x10°% 1,1x10°M1

~ 1400 167 40 6.2x10"7 2,2x10°'2

" 620 --- 38 - lax07!?
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An Analysis of the Usefulness of Various Types of Materials as
Separators for Alkaline Water Electrolysis at Temperatures in
the Range of 80-150°C

Comments
Ideal separator under 100°¢ in alkali

Asbestos works well used commercially.
Bornn nitride - not stable in alkali
especially above 100°C-

Very good in alkali above 100°c.

Very good in acid it all temperatures;
works well in 20% N1iOH at 100°C and
above.

Low resistance material but limited
life at elevated temperature. Also
possible higher diffusion of gases.

Works well as separator material.
Most are of polyethylene base - not
suitable for higher temperature.

With the exception of Nafion, found
to be suitable in regard to resistance
kut as a rule, short life above 100°C.

Very high resistance and short life.
Teflon base, excellent durability above

100°C. All have high resistance
(2 to 10 times asbestos).
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ADVANCED ALKALINE ELECTROLYSIS
CELL DEVELOPMENT

J.N. Murray and M.R. Yaffe
Teledyne Energy Systems
110 West Timonium Road

Timonlum, Maryland 21093

Abstract

The general approach and test results are presented from
the Task One screening of thermoplastic polymers as
potential electrode separators for use ! alkaline solution
electrolysis systems. The program has now proceeded
into the (Task Two) design and fabrication of a high
temperature, applied research test system. The general
description of the test system {s given and an outline

for the upcoming program is discussed.
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The prnduction of hydrogen via direct current electrol- asbestos test cells. [In general, superior test cell
ysis of water from an alkaline solution has applicability results were demonstrated with the porous polysulfone

in today's economy and an outstanding future coupled separator at 125 °C compared to the input values for the
with many proposed energy schemes. This latter asbestos separator ce!l at the recommended upper
statement is of course tempered by the need for temperature limit for the asbestos/alkaline system.

improving the operating efficiencies while maintaining
:: g:f:: ulngnt:w la;v g::,lnt:l l:v::::::xst% The program The second pair of thermoplastics {8 currently being
Brookhmy/:: Natlﬁl JIr.aboral'ic; > under Coitract evaluated. Polyphenylene sulfide, supplied by

R4 Phillips Fibers Corporation using hot melt spinning to

BNL-380750-8, is directed to improving both the

energetics and'the economics of this classic process ?r °d"“°e ':°"; fmilﬁnd 3‘1‘2&;&;’;'4:;&3“3; ted

for hydrogen production. As discussed previously, (1) or chemica; 8 Y, m

two approaches are being evaluated. First, higher surface wettability characteristics. The fiber itself
nl:ptng te ratures lower the eiectroch’emical is too large (approximately 25 pM) for small pore size

:'l’:ctrode ov:lpeotenuals as well as the {onic resistivi- matrix tests. Polyethersulfone, purchased from ICI
leadin torlp t cell volta Second United States, Inc. will be melt spun into approximately

;y. : € ¢ d"!""rmp‘; cle ct:':d gs‘::"l ctu::s ’ 3 uM staple only for evaluation as a porous separator.

eve oprren mprovec e'e e The mechanical characteristics under different stress

incorporating improved electrocatalysts is being given levels have been reasonabl
y well documented by the
limited attention. Rather than review the overall manufacturer. A fifth potential polymer, polybenzi-

:g"::: ’ t!l;:: cm‘;?:tn: g :e'::l!l'eh%: p;:gr:olguzgl;\;s midazole (PBI), manufactured by Celanese Research
PoFt. ogen p Co. is reported(6) to be available in sub=micron
economics and detall of the technical experimental diameter size in the ncar future. Development of the
grt;gnm "‘2 a\;n:l:‘l')l: for the interested reader in PBI polymer fiver for fuel cell applications {s being
eferences & * funded by NASA Lewis and chemical stability is
reported to have been demonstrated up to 100°C.
Curmn:e?:lm?f:‘?t:: l:;aumr:ar:t::dmzﬁs to Testing of this material In the electrolysis cell
proces re ope pe environment should be possible by early 1978.

approximately 80°C (180 °F) because of the life
limitations of the asbestos mineral, chrysotile,

electrode separator. At these conditions, cell Part of the program with BNL has Involved interfacing
operating voltages are reported to be between 1.8 and with the BNL sponsored matrix development program
2.2 volts per cell depending on operating applied at the University of Virginia under Dr. Glenn E. Stoner
current as well as the sophistication of the catalyst and P.J. Moran. Three asbestos matrix with various
systems involved. These values represent upper degress of treatment(!) prepared at the University
process efficiencies of 67 to 82% relative to the were recently submitted to TES for evaluation.
thermoneutral input requirement ot 1. 48 volt Although the initial test data appear encouraging, the
(68.3 Kcal/mole). In general, improvements of experiments were not completed at the time of this
roughly 3 mv per degree C are observed with a writing.

variety of electrode structures. With stable materials,

| one can then foresee process efficiencies of up to
ﬂ 3% the metal Electrode and electrocatalyst development has recently
93% without need of noble catalysts by been restarted. The primary interest is in the anode

L/
operating cells at 150°C. electrocatalyst NiCo204 discussed in a series of

The search for stable materials has been focused on paperg by Tseung et al and currently under study at
the electrode separator. Four thermoplastics which BNL%' In particular, the freeze-dry approach to

catalyst preparation appears to offer a specific
had previously(9) shown applicability in structural approach to an ordered (spinel type) oxide which may

polymer applications were selected for the high ha
ve a stable, lower surface conductivity than the
temperature evaluation, Phase One A of this in situ formed nicke! oxides found in commercial

program, 2ssentiully completed in March 1977,
N - alkaline electrolyte electrolyzers. The requirement
involved the evaluation of polysulfone and polyaryl for a hydrophobic binder such as PTFE emulsions is

m rn?;p:ze:mlin it; ialdmd/‘;ﬁatgrf?:g rbzess;lev:tlllf/ely of particular interest with respect to a gas evolution
by FRL.* The overall approach to evaluation is electrode reaction and will be pursued as time

presented as Figure One. The detail/results are permits.

available In a technical summary report(4) and will

not be discussed in this text. The general findings The primary effort in the Task Two portion of the
were essentially three. The polyarylsulfone (Astrel contract now underway is the design and construction
360 from Carborundum Plastics) fiber was completely of the high temperature applied research electrolysis
attacked by the 150°C (300°F) caustic environment system. The unit will be in effect a small version of
within the 500 hour test pertod. Polysulfone fiber the anticipated commercial production equipment with
(essentially Udel P-1700 from Union Carbide) sufficient instrumentation and controls to allow para-
survived the 500 hour, 150°C caustic electrolyte metric studies as well as life testing of the various
testing although tensile strength was somewhat reduced. components which may feature potential improvements.
The oxygen/KOH was a more harsh environment than The system will consist of three cabinets, the power
the hydrogen/KOH media. The second major finding conversion cabinet, the mechanical/electrochemical
was that the critical polymer surface tension of the components cabinet and the instrumentation cabinet.
polysulfone fiber separator was low. This in turn In general, the system which will incorporate a 5 cell
requires a significantly smaller pore size to be test module, will have sufficient input current (and
fabricated than predicted from capillary law theory. voltage) to allow production of approximately 25 SLM
The same approximate effect and value was observed (Standard Liters per Minute) of hydrogen. With the
with the polyarylsulfone samples. The general test particular cell selected for the test program, electrode
electrolysis cell results were found to behave in a characteristics and stability can be studied up to
predictable fashion as has been observed with current densities of 2500 ma/cm2 without resorting to

*formerly Fiber Research Laboratory, Dedham, Mass.  electrode masking techniques.
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The power supply cabinet is a self contaiaed, air
cooled, solid state AC to DC converter. The SCR/
dliode package rectifies the 460 VAC, 3 phase input to
DC tc provide up to 750 ampere and 18 volt DC con-
tinuously. Although most life testing is anticipated to
be in the 500 to 1000 ma/cm?2 region, the hardware
capabllity was preselected to allow observations of,
for example, changes in limiting current densities.

The mechanical cabinet contains the electrolysis
module {tself, the flulds support subsystems and the
gas pressure control system. The design of the
equipment Is centerlined to accommodate testing up to
150°C (300°F). As the water vapor pressure at this
temperature could be 3 atmospheres, operation at a
moderate pressure of 7.8 atm (100 psig) is featured
to minimize water losses via the product gases. The
general mechanical schematic {s shown as Figure Two.
The anode and cathode compartments of the electroly-
sis module are supplied with filtered, temperature
controlled, potassium hydroxide electrolyte from the
respective anolyte (O2) and catholyte (H2) reservoirs
by means of individually controlled electrolyte pumps.
The fluids pass adjacent to the gas generating
electrodes within the electrolysis module, entrain the
evolving gas and pass back to the individual electrolyte
‘reservoirs where gas/liquid separation occurs. The
liquid flow rate is determined by the heat transfer
requirements and with this value as the parameter,
only a small portion (~1%) of the fluid stream is the
required water to be electrolyzed. The gas content
within the module effluent is also kept at a relatively
low level at the normal operating range, however, the
gas content could become appreciable at the highest
current (82v/o at 750 amp) with the lowest preselecte
pumping rate. The water consumed by the electroly-
sis process is replenished into the catholyte (H2)
reservoir by means of a pump on a signal provided by
the lowering of the catholyte liquid level as measured
by a differential pressure transducer (DPX-1).

Because the gases are generated at up to 100 psig, a
fail-safe type gas pressure control scheme was
designed, and successfully demonstrated. The
approach, shown in Figure Two, allows close control
of both the overall system pressure as well as the
differential gas pressure imposed onto the electrolyte
reservoirs and electrolysis module. In general terms,
the overall system pressure is established (when the
system-i§ generating gas) by setting the oxygan back
pressure via regulator BPR-1. The hydrogen pressure
18 then controlled by regulation of the hydrogen flow
rate to maintain a preset gas differential pressure as
monitored by DPX-2. During either normal or
emergency system shutdown, the oxygen is removed
from the system in a controlled fashion via shutdown
regulator (SR) as the hydrogen bleeds out through

the shutdown valving SV-3 and MV-5. Again, the
differential gas pressure is maintained at quite close
to zero.

The module itself will be a '"conventional' modern
bipolar plate, series aligned, 5 cell unit. The frame/
seal design, established under a previous program
incorporates polysulfone as the primary structural
component with PTFE (teflon) seals. The electrodes
as well as eleotrode separator are conventional
commercial components, namely Nickel 200 wire cloth
electrodes and "tron free, type 1945, fuel cell grade
asbestos board'". A variety of experiences with these
materials in the Teledyne Energy Systems commercial
HG and HS Series of Hydrogen generators have shown
these materials are stable beyond 13,000 continuous
ophrating hours. The temperatures of the modules in
these commercial units are normally maintained at
less than 82°C and only limited electrolysis module
test experience has been accumulated in the operating
temperature range above 100°C. The next proposed
task for the contract is the establishment of data at

(at least) 125°C for a period of up to 2000 hours or
three moaths.

The instrumentation cabinet or console features the
meters for the display of electrical data as well as
temperature data and contains the safety shutdown
relays, resets, etc. A keylighted flow chart is
provided which allows the operator quick reference to
the various measurements in progress. The only data
not available at the instrumentation console will be the
gas pressures and the fluid flow rates, these in line
proceas Instruments being located in the mechanical
cabinet.

The construction and verification testing of the high
temperature test fixture constitutes the key segment
of the Task Two effort. On completion of the fixture,
a moderate systems and materials compatability test
of up to 2000 hours (and/or three months) s
anticipated as the Task Three effort. This data as
well as the data from a proposed Task Four test of
similar length with advanced technology module
components will then be utilized in an economic
evaluation of total hydrogen costs. For this economic
study a plant size of 5 MW will be utilized to allow
direct comparison of the various cost factors with
previous studies by BNL. With economics of the
advanced technology established as favorable, design
and construction of u demonstration pilot plant of

1 MWe would proceed to verify this sensible means of
production of hydrogen for the many present needs as
well as future requirements.
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Fig. 1. Work Flow for Preliminary Evaluation of Porous Polymers
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SELECTION AND CHARACTERIZATION OF MATERIALS FOR ADVANCED WATER ELECTROLYZERS)
ASBESTOS DIAPHRAGM FAILURE AND CATHODE KINETICS

P. J. Moran, G. L. Cahen, Jr., and G. E. Stoner

Department of Materials Science
University of Virginia
Charlottesville, VA 22901

ABSTRACT

Two problems which adversely affect performance of alkaline eleotro-
lyzers are matrix failure and time dependent increases in cell voltage.
Observations of both of these phenomena have been documented and measured
ar functions of operating conditions. Several possible explanations are
proposed for these two effects, and possible solutions are under

investigation.
I. ASBESTOS DIAPHRAGM FAILURE mechanisms. This was done by the addition
of an appropriate wetting agent which
The failure of asbestos diaphragms in alkaline ) reduced significantly the number of nuclea-
water electrolysis cells is a debated subject. One tion sites within the diaphragm.
common hypothesis attributes the failure to chemical
dissolution of the silica by the KOH electrolyte. One cuccessful candidate was found. Tin hydro-

However, other references state that the dissolution sol, an inorganic polymeric and relatively uncommon
is alowi. that the electrolyte can be saturated with wetting agent, stabilized the diaphragm in accele--

K silicates without harmful effects to the electro- ated nucleation tests and increased the wet strength

lytel, and that a protective layer of Mg0 (MgOH?)2 of the diaphragm significantly. Initial commercial

forms around the asbestos fibers, thus protecting evaluation indicated that the presence of the

the silicas from dissolution. No reference exists treated diaphragm had increased the cell voltage by

in the open literature that explains the dissolution about 5%. Since that time two modifications have

mechanisms and the resultant failure in detail. been performed. First, studies were undertaken to

determine the minimum effective loadings of the

Investigative research conducted at the Univer- wetting agent so that the increase in diaphragm

sity of Vitginia3. funded by ERDA through BNL (con- resistance could be minimized (if that is where the
tract BNL 412533-S) indicated other possible failure 1increase 1s). Secondly, by treating the asbestos
mechanisms of the diaphragms. These mechanisms are in a slurry and recasting the diaphragm, a more

of aphysical nature and operate independent of the continuous coating is achieved. Previous treatment
chemical dissolution. The relative severity of the had been administered to as-cast diaphragms.
physical vs. chemical mechanisms has not been :
resolved as of yet. A paper was presented concern- In August 1977, modified diaphragms were submit-

ing the research on the physical failure mechanisms ted for further commercial evaluation. Recently an
at Airlie. The following section summarizes the observation which supports the physical failure
important conclusions: mechanism theory has arisen. Stereo microscopic
observation of electrode screen-asbestos interface,
(1) Gas pockets have been observed within the which has been operating for several days, indi-
asbestos diaphragms, the origin being: cates about 20% of the individual screen openings
entrapped gas upon insertion into electro- contain large spherical pockets. This observation
lyte, nucleated gas on hydrophobic impuri- must be conducted before disturbing the interface.

ties in the asbestos diaphragm, or diffusion Figure 2 is an illustration of what is visible.
of electrolysis product gasses into the

diaphragm. The potential benefit of Sn hydrosol is ;5till
unansvered, but a conclusive decision is antici-
(2) Other gas pockets are observed near the pated following interpretation of the commercial
electrode screens which are caused by dif- evaluation results.
fusion or entrapment of electrolysis prod-
uct gasses. ) The theory of physical failure mechanisms, how-
ever, is independent of the Sn hydrosol and is
(3) The internal gas pockets increase in size apparently gaining new support.

with temperature, while those nearer the
electrode screens incr: .3e with both temper-

ature and time during . .ctrolysis. II. CATHODE KINETICS

(4) The hypothesis suggests that a pinhole even- An interesting problem was uncovered during the
tually develops by the linking of various tin hydrosol program. Measurement of diaphragm
gas pockets across the diaphragm (Fig. 1) resistance in an operating electrolysis cell was
allowing passage of product gasses, result- hindered by the lack of a stable cell voltage.

ing in product gas contamination, which can Further investigation revealed the following:
cause additional complications or matrix

failure. A second phase of the project at

the University of Virginia was aimed at (1) The cell voltage increases approximately
avoiding or reducing the physical failure linearly with log t as illustrated in
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Fig. 3. This is a continual decrease in Research efforts at Virginia are continuing in

voltage efficiency. this area. A technique such as current interruption
may be useful on a large scale to achieve a voltage
(2) Upon shorting the cell for several minutes efficiency increase.

and then continuing electrolysis, the cell

voltage repeats the initial cycle (Fig. 4). If the source of the problem could be isolated,

then the problem could be directly addressed. Per-
haps a solution other than current cycling could be
employed. Our present goal. are to identify and/or
alleviate the problem.

After several logs of time the +AmV is small
enough to consider the cell voltage stable. How-
ever, starting from a shorred cell at t = 0, a
stable cell voltage has not been seen over a log of
t. These phenomena indicate that some type of cur-
rent cycling or interruption will increase the cell
voltage efficiency. The following relaticnships .
were also found: P REFERENCES

(1) +amv/At is + for 4T 1. Godin, P., Graziotti, R., Damien, A., and
Masniere, P., "Study of the Corrosinn of Asbestos
(2) +AmV/At 1s 4 for 44 in a Mixed Solution of Concentrated Potash as a
Function of Temperature," paper presented at
(3) Both anode and cathode have initial over- Fizst World Hydrogen Energy Conference,
* potential changes. However, we have found Coral Gables, Florida, March 1976.
the cathode's to be dominant in the cell
voltage increase with t. 2. Akzo Zout Chemie Nederland, Hengelo, (0)
Netherlands "Transport of OH~ Ions Through
(4) The cathode turns to a blackish color. SEM Asbestos Diaphragms" 1976 "Fundamentals of
micrographs of before and after cathodes Diaphragm Performance"

indicated no major change in surface area.
The blackish color is stable in air and dis- 3. Moran, P. J., Study of the Physical Failure

appears when the cell is shorted. Initial Mechanisms of Asbestos Separator Material,
analysis showed nothing unusual; however, Master's Thesis, University of Virginia,
more extensive analysis is underway. December 1976.

NICKEL ELECTRODE  CROSS SECTION OF
SCREENS ASBESTOS SEPARATOR

MIGRATICN
NUCLEATION

|-MIGRATION BEGINS ADJACENT TO THE
ELECTRODES

[1-WITH TIME THE MIGRATION PROCEEDS,
NUCLEATION AND MIGRATION POCKETS
BEGIN TO ACCUMULATE

[11-WITH TIME FAILURE OCCURS, COMPLETE
HOLE THROUGH SEPARATOR

Fig. 1. Physical failure mecnanism of asbestos separatcrs in
electrolysis cells
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OPTICAL INVESTIGATION OF THE OXTUES OF RUTHENIUM
AND IRIDIUM IN RELATION TO THEIK ELECTROCATALYTIC

ACTIVITY*

Fred H. Pollak

Physics Department

Belfer Graduate School of Science
2495 Amsterdam Avenue

New York, N.Y. 10033

Abstract

It has been suggested that the problem of current decay with time
im the oxygen evolution reaction in water electrolysis is connected
with the continuous growth of a poorly conducting oxide film on
catalyst surface. Optical techniques can yield valuable information
concerning the dynamics of oxide formation as well as the nature of
the oxide. The highly sensitive technique of the rotating light pipe
reflectometer can be used to investigate the time and spectral depend-
ence of reflectivity change on Ru and Ir catalyst surfaces in conjunc~
tion with electrochemical determinations. These materials have been
shown to be superior to Pt. In addition this optical technique can
be employed to evaluate the intrinsic reflectivity of RuO, and IrO
in the range 0.5-10 eV to gain information concerning the“d-electrons
of these materials.

* Supported by Brookhaven National Laboratory, Upton, N.Y.
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I. Introduction

At the present time there is considerable in-
terest in developing high efficiency and low cost
water electrolyzers to meet the demands of hydro-
gen required by the chemical {ndustry and as a
fuel in fuel cells and gas turbines. The develop-
ment of advanced technology for water electrolyses
is essential to minimize the cost of hydrogen.

The efficiency of water electrolysis systems de-
pends critically on the behavior of the oxygen
electrode. For oxygen evolution reaction (OER) on
metals or alloys at constant potentials, the con-
tinuous decrease of current densities with time is
one of the more difficult problems in water electro-
lysis. The time variation of current demsity has
been pointed out by Schultze [1] in the anodic
evolution of oxygen on platinum. More recently,
similar behavior has been observed on iridium ¥2]
and on nickel [3] anodes. It has been suggested
that the current decay with time is connected with
the continuous growth of a poorly conducting oxide
film, which retards the electron transfer or in-
?ibtas the radical reaction on the film surfaces
2,35,

The OER always takes place on electrodes which
are covered with an oxide layer. The "catalytic
activity" of a metal-oxide-electrolyte system in
the OER may be described quantitatively in terms of
the exchange current density (i_) and the Tafel
slope (b = »v/3log 1). A good Slectrocatalyst is
associated with a high value of { and a low value
of b. Little is understood about’the properties of
the oxide phase and, especially, about the proper-
ties of the oxiae-electrolyte interface which are
required to achieve improved performance in the OER.
Evaluation of a number of metals and alloys as
electrocatalysts for the oxygen evolution reaction,
leads to nickel as a preferred anode material for
the OER in alkaline solutions and to noble metals
and their alloys as electrocatalysts for the OER in
acid solutions. Among the noble metals, the per-
formance of Ru, Ir and their alloys was found to be
much superior to that of a pure Pt anode. Thus,
the potential at which a steady Etate oxygen evolu=
tion current density of 1 mA cm “ (real) is obtain-
ed on Pt at room temperature is about 1.8 V vs.
RHE, while at an Ir anode this potential is only
about 1.5 v [4]. It is obvious, therefore, that
analysis of the surface layer formed on Ir prior to
and during the evolution of oxygen, revealing the
relationship between properties of this layer and
the performance of the Ir/aqueous solution inter-
face in the OER, may be an important kev to the
role of uxide layers in electrocatalys

A novel design for water electrolysis has
recently been proposed by the General Electric
Company using solid polymer electrolyte fuel cells
[57. 1In this type of water electrolysis cell a
solid sheet of perfluorinated polymer (Nafion)
serves as the electrolyte. The electrocatalysts
are platinum on the cathode side and iridium,
ruthenium or binary and ternary alloys of these
metals with transition metals on the anode side.
Hence there is considerable interest from a practi-
cal point of view in gaining a better understanding
of nature of electrocatalyst/electrolyte interface
for these particular materials.
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II. Experimental Approach

The interest {n the exact properties of the
surface layer present on Ir, Ru or the alloys
mentioned above has recently prompted an examin-
ation of the film formed by multicycling using
various methods including ellipsometric and re-
flectometric techniques. These Lnvestigations
have already yielded valuable information concerm-
ing the nature of the oxide and the dynamics of {ts
formation [6,7]. However, they have heen perform-
ed at only one wavelength, i.e. 5461 A.

The wavelength limitation in the investiga-
tion of the dynamics of oxide formation and the
properties of the oxide itself can be overcome by
use of the highly sensitive technique of the rotat-
ing light pipe reflectometer (RLPR) [8]. A
schematic diagram of the RLPR system is shown in
Fig. 1. 1In this device, the quartz light pipe
rotating at ~ 100 Hz, captures alternately the re-
flected (RI_) and incident (Io) light beams and
transmits them to the detector by internal reflec-
tion. The RI_ and I_beam amplitudes are extracted
from the ttmeodependgnt signal I(t) by an electron-
ic gating circuit which employs field effect
transistors as switches for sample and hold measure-
ments. A high voltage operational amplifier ad-
justs the photomultiplier gain to keep I constant.
The reflectance R = (RI_)/(I ) is then r&corded
continuously as the phogon e%ergy fw or other para-
meters such as oxidation times are varied. The
rapid comparison between incident and reflected
beams produces a high stability in R, so that re-
flective changes at least as small as |AR/R| w 10-4
can be detected. Because the optical alignment is
unchanged as the oxide layer is formed or removed,
the full sensitivity of the technique can be ex-
ploited in such an investigation. Finally, the
mechanical design of the light pipe produces a
rather large duty cycle which makes possible a
response time of the system sufficiently short
(~ 1 sec.) that reflectance changes due to oxide
forms -ion or dissolution can be observed as they
occur.

The sensitivity of the RLPR technique has been
clearly demonstrated by the work of Rubloff et al.
97 on optical studies of chemisorption. Their re-
sults show that the technique can measure dynamical
changes in reflectance due to the formation of one
monolayer of absorbate and that it is possible to
make identification of the nature (i.e., species)
of the adsorbate by measuring the spectral depend-
ence of AR/R.

The RLPR method is not limited to one wave-
length as is the case in the previous ellipsometric
and reflectometric investigations 6,7 . Using
the RLPR it is possible to study the dependence of
oxide formation as a continuous function of inci-
dent photon energy in the range 0.7 - 6 eV, the
limitations being imposed by the absorption of the
electrolyte and the window of the electrolytic
cell.

Tn addition to evaluating the varfations in
reflcctivity in relation to catalytic activity it
would also be of considerable interest to determine
the intrinsic reflectivity of Rqu and Ir02.




Measurements of the spectral dependence of semi-
conductors and metals have been extremely valuable
in elucidating their electronic band properties.
For example, recent work in the spectral range
0.5 - 10 eV on the transition metal oxides Tt O3
and Nb Ti_ 0, has allowed an energy level

scheme ¥ d-8leétrons to be assigned [101. These
measurements were performed with the RLPR presently
operative at Yeshiva University. A similar study
on Ru0, and Ir0, will be compared with the recent
band sgructure &alculations of Mattheiss {11] and
hence give valuable information concerning the
d-electrons in these materials.

III. Planned Research

As discussed previously the RLPR method can be
utilized to detect the small changes in reflectiv-
ity that occur during the process of oxide formation
on a catalyst, both as a function of time and
photon energy. We plan an investigation of both of
these parameters in relation to the changes in
reflectivity that occur on varfous catalysts.
Specifically we intend to study RuO,, IrQ, and Pt
in various acidic solutions including 1IN ﬁzso and
CF., SO.H acids. In addition binary and ternary
alioys of transition metals in Ru will be investi-
gated.

We also plan to observe the changes in reflect-
ivity that occur at a fixed wavelength with time
during the cyling process and to correlate these
changes with the catalytic activity. Hence it will
be necessary to perform electrochemical measure-
ments in tandem with the reflectivity observations.
The second phase of this program will congist of
observing the changes in reflectivity that occur at
different wavelengths in the range 0.7 - 6 eV.

These determinations should yield valuable informa-
tion concerning the nature of the species of the
formed oxide. For example it is believed that the
problem of the continuous decrease of current
densities with time is related to the transformation
of Ru0 to Rul An investigation of the wave-
length dependénce o! the oxide formation may be
valuable 1in confirwitg this postulate. This second
phase will also be done in tandem with electro-
chemical measurements.
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The spectral dependence of the intrinsic re-
flectivity of RuQ, and Ir0, in the range 0.5 - 10
eV will be studied in order to gain information
about the distribution of the d-electrons by comp-
arison with the band structure calculation of
Mattheiss [11].

References

1. Schultze, J.W., Z. Phys. Chem., Vol. NF73,
p.29, 1970.

2. Buckley, D.N., and Burke, L.D., Faraday Trans-
actions I, Vol. 72, part 11, p. 2431, 1976.

3. de Zoubov, N., and Pourbaix, M., Atias of
Electrochemical Equilibrium in Aqueous Solu-
tiong, ed. by Pourbaix, M., p. 2431, Pergamon
Press, London,1963.

4. Hoare, J.P., The Electrochemistry of Oxygen,

p. 107, Interscience, New York 1968.

5. Nuttal, L.J., "Review of Solid Polymer Electro-
lyte Water Electrolysis Technology" in Proceed-
ings of the First Internpational Energy ﬂg cy
Water Electrolysis Workshop,ed. by Salzamo, F.J.

and Srinivasan, S., Brookhaven National Labora-
tory, Sept. 1975; Nuttal, L.J. and Titerington,
W.A., "Hydrogen Generation by Solid Polymer
Electrolyte Water Electrolysis" in The Hydrogen
Economy, Miami THEME Conference, Feb. 1974.

6. Lu, P.W.T., and Srinivasan, S., to be published
in the Proceedings of the Spring 1977 Meeting
of the Electrochemical Society.

7. Gottesfeld, S., and Srinivasan, S., Brookhaven

National Laboratory document #22027, to be

published in Electrochemia Acta.

Gerhardt, U., and Rubloff, G.W., Appl. Optics,

vol. 8, p. 305, 1969. -

9. Rubloff, G.W., Anderson, J., and Stiles, P.J.,
Surface Science vol. 37, p. 75, 1973.

10. Lu, S.S.M., Shin, S.H., Pollak, F.H. and Raccah,

P.M., in Proceedings of the Thirteenth Inter-

national Conference on the Physics of Semi=

conductors, Rome, 1976, ed. by Fumi, F.G.,

p. 330, Tipogravia Marves, Rome 1976.

Mattheiss, L.F., Phys. Rev., Vol. 13B, p. 2433,

1976.

=]

11

.




FROM
SAMPLE ﬁ'== MONOCHROMATOR

100H2z

2y 9

T| T2
PHOTO-

MULTIPLIER
Y TUBE

L,

Ay ]
GATING

Ti~# CIRCUIT [¢ T2 RECORDER

————e e

OFFSET
L RI°/VOLTAGE
1
SERVO 4
svSTEM*] ! N
BIAS)] 5/FF. . AMPLIFIER
PREAMP

INCIDENT BEAM I, )

SAMPLE

\

N Y

N

N

N o

N = - ———
\

SAMPLE

Fig. 1 Schematic Aiagram of the rotating light pipe reflectometer and
associated electronics. Bottom portion shows the geometry of
the sampie in relation to the bent light pipe.

53




&

THE HYDROGEN-CHLORINE ENERGY STORAGE SYSTEM?

J. McBreen, R. S. Yeo, A. Beaufrere,
D-T. Chin* and S. Srinivasan

Department of Energy and Environment
Brookhaven National Laboratory
Upton, N. Y. 11973

Abstract

The electrochemically regenerative
hydrogen-chlorine system is being consider-
ed for large scale energy storage. It
offers many of the advantages of batteries
with fluid reactants such as elimination
of the problem of electrode morphology
changes with cycling and the possibility
of independently designing the system for
energy and power. Hence, it can be used
for both the daily and weekend utility
cycles. Recent work includes an extensive
heat and mass balance analysis for the
system, measurements of Nafion membrane
resistivity as a function of HCl concentra-
tion and temperatures, and diffusivities
and permeation rates cf chlorine through
Nafion membranes. Rasults of these studies
indicate that an overall electric-to-
electric efficiency of 75% or greater can
be projected for the system.

1. Introduction

The electrochemically regenerative hydrogen=-
chlorine system is being considered for large
scale energy storage. Work at Brookhaven started
in the Summer of 1975(1). Several workers had
considered the system previously(2-4). However,
only low current density cells were developed.
Their characteristics are compared in Table I. 1In
this program high current density operation has
been achieved (270 mA/cm? @ 1.0V) (5). High
current density operation is important since it
reduces the separator and current collector areas
and thus has a major effect on the overall system
cost,

Table I. Current Density at 1.0V for Various
Hz/cl2 Cells

Author and Current Density at

Year 1,0V (mA/cmZ) Reference
Foerster  (1923) 3.3 2
Yoshizawa,
et al (1962) 10 3
Bianchi (1964) 50 4
McElroy (1976) 270 5

The present cell has a Nafion membrane separa-
tor. The electrodes are bonded to each side of
the membrane. During discharge, hydrogen gas is
fed into the cathode compartment. On charge,
provisions have to be made for hydrogen and
chlorine storage.

+This work was performed under the auspices of the
U.S. Department of Energy

*Vigiting Scientist at BNL from Clarkson College
of Technology, Potsdam, N.Y., in the Summer of 1977

The hydrogen-chlorine cell has fluid reactants
and prcducts. Thus, the electrode morphology
changes that often plague batteries with solid
reactants are avoided, Cross migration of
reactant species through the merbrane does not
constitute a permanent loss to the system, such
as would occur in a battery with dissolved
reactants and products.

Batteries with fluid reactants are attractive
for energy storage applications because they can
be independently designed for energy and rower,
Cell stacks can be optimized for power, efficiency
and cost. The latter is strongly dependent on the
current density and the number of cell parts.
Energy storage subsystems can be sized for the
particular application. This permits designs for
either the daily or weekend utility cycle. One
benefit that accrues from this ability to design
independently for energy and power is a reduction
in separator requirements. A battery with 10
hours of storage discharging at 270 mA/cm2 has an
energy density of 2.7 Wh/cm2. This energy density
is an order of magnitude higher than that found in
batteries with solid reactants: so separator
requirements are reduced accordingly. Circulating
electrolytes also simplify thermal management.

At this early stage, there are many develop-
ing allied technologies which could help in the
development of the hydrogen-chlorine energy
storage systems. These are the solid polymer
electrolyte electrolyzers and electrolysis of
water, hydrochloric acid and brines, and the large
scale manufacture of Nafion membranes for the
chlor-alkali industry.

2. Overall System Considerations

The electrochemically regenerative hydrogen-
chlorine energy storage system consists of a cell
stack and subsystems for reactant and electrolyte
storage. In the present conceptual design,
chlorine is evolved as a gas during charge and is
then separated from'the acid and condensed as a
liquid at 40°C using external cooling water.
Hydrogen is stored either as iron-titanium hydride
or as a compressed gas. This scheme of reactant
and electrolyte storage is outlined schematically
in Figure 1. The relative areas are proportional
to the relative volumes of the subsystems.

Table II gives the characteristics of a 10MW/85 Mwh
energy storage system with this design.

Table II. Characteristics of a 10MW/85MWh
82/c12 Enexrgy Storage System

Characteristic Value
Current Density (A/ftz) 200-300
Energy Density Reactants+Water (Wh/kg) 239
Total Electrode Area (ftz) 4.9x104

Reactant Volume
Chlorine/Hydrochloric Acid (f£t>) 1.15x10%

3
Metal Hydride (£t) 1.22x10
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The above calculations are for a current
density of 209 ASF, an average discharge voltage of
0.97V and operation with hydrochloric acid con-
centrations in the range of 5-35 w/o.

The hydrogen-chlorine cell differs from most
batteries in that the open circuit voltage varies
appreciably with temperature and depth of dis-
charge. An emperical relationship has been
developed between the open circuit voltage and the
cell variables:

Eo = 1280 - 9.6 (w=10) - 1,7 (T=-25) + AP, (1)
where E, is the open circuit potential in mv, w
the hydrochloric acid concentration in w/o (for
concentrations above 10 w/0), T is the temperature
in °C, P the chlorine pressure in atmospheres and
A is a constant that is close to 1.

The temperature variation of the open circuit
potential reflects the large negative entropy of
formation of hydrochloric acid. This yields a
TAS value of 8.77 k cal/molé at room temperature.
This corresponds to a voltage of 0.38V. Since the
charging overvoltage is only about 0.15V, there is
a cooling effect on charge and a heating effect on
discharge.

This year we carried out a detailed heat and
nass balance analysis for the system. A computer
program was written for this purpose. This
analysis took into account the variation in the
physical and thermodynamic properties of all chemi-
cals during cycling. The analysis also took into
account variations in electrolyte temperature and
concentration and the variation in operating cell
voltages. Thus, the overall electric-to-electric
efficiencies could be calculated. A standard
method for non-isothermal heat balance analysis was
used(6). Calculations were done for constant
current operation at various overvoltages. Typical
results are shown in Figure 2. Calculated
electric-to-electric efficiencies are given in
Figure 3. Electric-to-electric efficiencies of
greater than 70% can be achieved if overvoltages
can be maintained below 0.17V.

One salient feature of the present conceptual
design is that no energy is required to maintain
storage such as for heating or refrigeration. The
system pressure is 150 psi which is within the
pressure rating of most of the shelf equipment.
Pressurized operation increases the solubility of
chlorine in the.electrolyte. Chlorine solubility
in hydrochloric acid increases with increasing
acid concentration, in the concentration ranges
used in the system. This behavior is the opposite
to what one finds in other inorganic chloride
electrolytes where there is a salting out effect.
High chlorine solubilities enhance mass transport
on discharge and minimize electrolyte circulating
requirements.

3. Nafion Membrane Resistivity and Electric-to-
Electric Efficiency

Since the kinetics of the electrochemical
reactions are fast, voltage efficiencies will be
largely determined by the Nafion resistivity.
Nafion resistivities have been measured as a func-
tion of HCl concentration and temperature. The
method used was a simple DC method(7). The results
are given in Figure 4. These results were used in
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conjunction with the results of the heat and nass
balance analysis to calculate the overall
electric-to-electric efficiency for the systenm.
The polarization losses due to the Nafion membrane
depend upon the degree of cooling during charge.
The latter is a function of the method of reactant
storage, external cooling and the degree of heat
exchange between the electrolyte and reactant
storage subsystems. The greater the degree of
cooling the higher the polarization losses due to
the Nafion membrane, Figure 5 gives plots of
several calculated cell voltage parameters, It
was assumed that all polarization losses were due
to iR losses in the Nafion membrane. A membrane
thickness of 0.10" and the maximum possible degree
of cooling were assumed. The calculated voltage
is 74.58. It is fortuitous that system tempera-
ture, acid concentration and Nafion resistivity
vary in such a way that iR losses remain relatively
constant with cycling. Thinner membranes and less
cooling during charge would yield even higher
efficiencies.

4. Chlorine Diffusivity in Nafion and Coulombic

Efficiency

System coulombic efficiency will depend cn the
rate of reactant diffusion through the Nafion mem-
brane. Figure 6 is a schematic of a cell for
measurement of chlorine diffusivities and permea-
tion rates. The cell consists of two compartments
that sandwich a Nafion membrane with a chlorine
electrode bonded to one side of the membrane. This
electrode is potentiostated at 0.4V positive to the
reversible hydrogen electrode in a hydrochloric
acid electrolyte. A hydrochloric acid electrolyte
containing chlorine is introduced into the other
compartment. The chlorine diffuses into the mem-
brane and is reduced on contact with the chlorine
electrode. The chlorine electrode current transi-
ent reflects the buildup of the concentration
gradient in the membrane and the steady state
current is an indicator of the self discharge rate
for that particular concentration of chlorine,
temperature and Nafion membrane thickness. The
ratio of the transient current to the steady state
current (Ji,'Jo) is related to the diffusivity (D)
membrane thickness (L) and time (t) as follows:

fﬁ - 2 L g(_l)ne-{n(zml)}z/mm (2)
J. "1/2 (DT)l/z n=o

The first term of the above equation gives results
that are valid up to 96.5% attainment of the
steady state, i.e.,

2
It o 2 L e L/4DT
J “1/2 (DT’I/Z

(3)

The diffusivity can be calculated from the current
transient and the steady state permeation can be
read from the steady state current. Preliminary
data yield a chlorine diffusivity in Nafion of
2.1x10"7 em? sec-l at 25°C, The steady state
permeation using 14 w/o HC1l and atmospheric
pressure is about 1 mA for a 0.010" membrane.

Data will be obtained as a function of temperature
and HC1l concentration. At present, indications
are that the coulombic efficiency will be high.
Self discharge on stand is not a concern since
only a small fraction of the reactant is stored in
the cell.




S. Subcontractor Activitias

In FY 1977, thure were subcontracts at GE, EDA
and Bechtel. GE will soon delivar a 0.05 ft2 cell
with a chlorine/avdrschloric acid storage system
capable of operating at elevated pressures and
temperatures. EDA has been carrying out chlorine
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electrode studies, chlorine/hydrochloric acid sub- 2.
system studies and investigations of fluoro-
plastics for tank liners. Bechtel has carried out 3.
a preliminary techno~economic assessment.
4.
So
6. Future Work
The 0.05 £t2 cell and storage system will be
used to determine cell performance as a function
of HCl concentration, temperature, pressure and 6.
flow rates. These data will be used in defining
systems processes and for optimizing the system
and for designing larger systems. Materials 7.
studies will focus on materials for current
collectors, hydrogen electrode electrocatalysts,
cost effective reactant storage and materials for
reactant circulating systems and seals.
HyprocLor1c Actp (<950()
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Figure 1. An Electrochemically Regenerative H2/CI2 System
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Figure 4. Nafion Membrane Resistivity Data as a Function of
HCl Concentration and Temperature. HCl Electrolyte
Conductivity at 25°C and 50°C Also Given.
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THE SULFUR CYCLE WATER DECOMPOSITION SYSTEM

Gerald H. Farbman
Westinghouse Electric Corporation
Advanced Energy Systems Division

P. 0. Box 10864
Pittsburgh, Pennsylvania 15236

Abstract

The obje®®ive of this program is to assess the technical and economic feasi-
bility of a hydrogen generation process, called the Sulfur Cycle Water Decom-
position System, based upon the electrolysis of sulfurous acid. To do this,

a multi-task program is being carried out to experimentally determine the
operating characteristics of the key process steps in the hydrogen generating
cycle and to develop the technclogy to the point where a bench scale integrated
process development unit, operating at conditions similar to those expected in
commercfal plants, can be designed, built, and operated by Fiscal Year 1983.

The experimental programs being conducted and discussed are concerned with the
sulfurous acid electrolysis, materials for handling high temperature sulfuric
acid and S03/502/0,/steam mixtures, and sulfur trioxide reduction. In addition,
performance charac%eristics of the process are presented.

63




.

The objective of this program is to assess the tech-
nical and economic feasibility of a hydrogen jener-
ation process, called the Sulfur Cycle Water Decom-
position System, based upon the electrolysis of sul-
furous acid. To do this, a multi-task program is
being carried out to experimentally determine the
operating characteristics of the key process steps
in the hydrogen generating cycle and to develop the
technology to the point where a bench scale inte-
grated proress development unit, operating at condi-
tions similar to those expected in commercial plants,
can be designed, built, and operated by Fiscal Year
1983.

The Sulfur Cycle Water Decomposition System is a
two-step hybrid electrochemical/thermochemical cycle
for decomposing water into hydrogen and oxygen. The
process, in its most general form, consists of two
chemical reactions - one for producing oxygen and
the other for producing hydrogen. The production
of oxygen occurs via the thermal reduction of sui-
fur trioxide obtained from sulfuric acid.

H2504 > H20 + SO3 -+ HZO + SO2 +1/2 02 ]
The equilibrium for Reaction 1 lies to the right at
temperatures above 1000K. Catalysts are available
for accelerating the rate of sulfur trioxide reduc-
tion to sulfur dioxide and oxygen. The process is
completed by using the sulfur dioxide from the ther-
mal reduction step to depoiarize the anode of a
water electrolyzer. The overall reaction occurring
electrochemically is:

2H,0 + SO, > Hy + H,S0, (2]
This is comprised of the individual reactions:

Cathode: zH' + 2¢” H,

3 + =
Anode: H2503 + HZO +2H + HZSO4 + 2e

The net result of Reactions 1 and 2 is the decompo-
sition of water into hydrogen and oxygen. Sulfur
oxides are involved as recycling intermediates.
Although electrical power is required in the elec-
trolyzer, much smaller quantities than those neces-
sary in conventional electrolysis are needed. The
theoretical voltage to decompose water is 1.23 V,
with many commercial electrolyzers requiring over
2.0 V. The power requirements for Reaction 2

(0.17 volts at unit activity for reactants and pro-
ducts) are thus seen to be theoretically less than
15 percent of those required in conventional elec-
trolysis. This can dramatically change the heat
and work required to decompose water and lead to
improved thermal efficiencies.

The process is shown schematically in Figure 1.
Hydrogen is generated electrolytically in an elec-
trolysis cell which anodically oxidizes sulfurous
acid to sulfuric acid while simultaneously gener-
ating hydrogen at the cathode. Sulfuric acid formed
in the electrolyzer is then vaporized, using thermal
energy from a high temperature heat source. The
vaporized sulfuric acid (sulfur trioxide-steam mix-~
ture) flows to an indirectly heated reduction reac-
tor where sulfur dioxide and oxygen are formed. Wet
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sulfur dioxide and oxygen flow to the separation

system, where oxygen is produced as a process co-
product and the sulfur dioxide is recycled to the
electrolyzer.

The cycle has the potential for achieving high ther-
mal efficiencies while using common and inexpensive
chemicals. The product hydrogen and oxygen streams
are available under pressure and at high purity. As
a result, these may be pipelined and used without
detrimental environmental effects and without jeop-
ardizing processes which eaploy the gas.

Experimental studies are being conducted in those
areas important to the success of the process. These
studies are concerned with the sulfurous acid elec-
trolyzer, materials for handling high temperature
sulfuric acid and 503/50,/07/steam mixtures, and
sulfur trioxide reduction. In addition, engineer-
ing evaluations of the process, its performance as
a function of operating parameters, and its econom-
ics have been performed.

Electrolyzer

The effort in the electrolyzer area has, in atmos-
pheric ambient temperature test cells, considered
anode materials, cathode types, and catholyte
anolyte separatory membranes over a range of sul-
furic acid concentrations and current densities.

An electrolytic test cell is shown schematically in
Figure 2. The use of a membrane to separate catho-
lyte and anolyte, as well as catholyte overpressure
to preclude the diffusion of sulfurous acid to the
catholyte with resulting preferential production of
sulfur rather than hydrogen - have been incorporated
in this design. The electrode on which gassing is
shown is the cathode. The liquid level in this com-
partment is higher than in the anode compartment to
maintain the desired overpressure ievel. Sulfuric
acid solution, saturated externally with sulfur di-
oxide, is circulated through the anode compartment.
The use of Hg/Hg,S0, probe electrodes to monitor
polarizations at“the cathode and anode (and current-
interruption techniques) permits detailed explora-
tion of the causes of cell voltage variations with
cell temperature, current density and experimental
procedures. Sulfur deposition, if it occurs, is
readily observable at the cathode due to the use of
transparent PVC face plates in the cell, the rest of
which is constructed of Teflon.

Initial testing of anodes used platinized platinum
and platinized carbon flooded electrodes. Anode
voltages ranged between 450 mV to 650 mV against the
Standard Hydrogen Electrode (SHE) at current densi-
ties to 200 mA/cmZ, with the platinized carbon show-
ing much more reproducible results. To improve on
the performante, tests were then performed on flow-
through anodes, which would insure delivery of the
dissclved SO, to the entire body of the anode at a

" concentration for optimum anode potential. Flow-

through anodes constructed of monolithic porous
graphite yere evaluated at current densities up to
400 mA/cm*. These showed substantial improvements
in voltage compared to the best of the flooded
electrodes.

The overall cell performance capability reflects the
summation of the individual components of anode,




cathode, and resistivity losses. Table 1 depicts the
performance levels currently demonstrated in the test
facility of Figure 3, and foreseen for the cell. Sub-
stantial progress has been made towards demonstrat-
ing the cell voltages of interest to a commercial
process, and the areas where improvements are yet to
be made have been identified and programs to accom-
plish them defined and underway. Work is proceeding
at present, in evaluating electrocatalysts, other
than platinum, for their effectiveness and in exam-
ining the effects of different anode porosities and
sulfuric acid concentration on the achievable cell
vo.tage.

Materials

As in most advanced technologies, materials of con-
struction are challenged by the water decomposition
process. The most critical structural and heat
transfer materials problem is in the containment of
boiling sulfuric acid, at pressures to 2069 kPa

(300 psi) and temperatures to 724K (845°F), du:ing
the vaporization prior to SO3 reduction. These con-
ditions are beyond thcse normally used in the manu-
facture or use of sulfuric acid and therefore mater-
ials data is generally unavailable. Work is under-
way to screen various candidate materials to deter-
mine their suitability or need for new alloy develop-
ment. This work is proceeding in the test facility
shown in Figure 4, where material compatibility with
concentrated sulfuric acid will be determined in
precious metal lined autoclaves containing a given
quantity of acid and a numter of material test
specimens. The specimens will be exposed for time
periods up to 5000 hours at various pressure and
temperature levels. At periodic intervals the
samples will be removed from the test environment,
inspected, weighed, and returned to test.

The concern with the suitability of structural mater-
ials for the high temperature SO3 reduction reactor
has resulted in the construction of the additional
test facility to expose candidate material to the
environment they will see in the reactor. The pur-
pose is to test materials under isolated conditions
with only the reactants, i.e., superheated steam,
S03, S0p, and/or 0y present, and at temperatures

to 1144% (1600°F).

Sulfur Trioxide Reduction

The thermal decomposition of sulfur trioxide into
sul fur dioxide and oxygen proceeds very slowly un-
less catalyzed. The economics of the process can,
therefore, be substantialiy affected by the choice
of catalyst. Ideally, a catalyst will possess high
activity and long life. Catalyst activity is impor-
tant, since the ability to achieve equilibrium con-
versions at high space velocities leads to compact
reactors. Similarly, the ability of a catalyst to
maintain high activities for extended periods of
time lowers maintenance and catalyst replacement
costs. Most often trade-offs between activity and
life are required, and these are reflected in an
optimization of the capital and operating costs
associated with the chemical reactor.

Several catalysts have been tested to determine their
suitability to the SO3 reduction step. Vanadium
pentoxide, for instance, has been examined over the
temperature range of interest to space velocities of
60,000 hr-1. Equilibrium conversions were aihieved
over a space velocity range up to 10,000 hr='.
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These activities were excellent, but 1000 hour life
test; showed a reduction in conversion of about

7 percent at 1123K (850°C). A platinum catalyst was
also tested which had poorer initial activity, but
showed no reduction in activity over the same 1000
hours at 1123K (850°C). Further work, using the
facility shown in Figure 5, will explore additional
catalysts and extend the testing parameters for all
catalysts to allow an economic jucyment to be made
on the most attractive catalyst. The process fluid
to be reduced, in this facility, will contain S03
and water vapor in varying proportions to simulate
the inlet conditions for a range of sulfuric acid
concentrations. This provides a more realistic
testing environment than the earlier experimental
work which employed an SO3/inert gas flow stream,

Process Flow Sheet Deveiopment

Process flow sheets have been developed under an
earlier NASA contract (Ref 1) and a prior ERDA
contract (Ref. 2). The latter provided an itera-
tion which allowed improvements to be made i the
areas of:

® 502/0 Separation - The cryogenic separation
syste% previously used was replaced by a less
energy intensive scrubbiny system for remov-
ing SO, from the oxygen co-product stream.

® Acid Vaporization - The pressure, and temper-
ature, of the acid vaporizatic. system was
increased.

¢ Stream Matching - A great deal more attention

has been paid, in the revised flow sheet, to
the matching of process heating and ccoling
streams to maximize the use of hot fluids and
mir.imize both the need for external heat in-
puts and the amount of heat ultimately re-
jected from the process plant.

The evaluation of the process flow shee'.s were all
done on the same sizing basis, i.e., a nydrogen pro-
duction rate of 380 x 106 SCFD, so that comparisons
can readily be made.

To provide a process evaluation without regard to
the source of thermal energy tn drive the process,
two cases were considered with a "generalized heat
source." These cases do not identify the source
of heat, but only indicate the energy requirements
and temperature levels of the process heat source.
For comparison with the NASA sponsored conceptual
design study (Ref. 1), two cases were considered
with a Very High Temperature Nuclear Reactor (VHTR)
integrated with the process plant. The VHTR pro-
vides all the energy requirements, i.~.. thermal and
electrical, for the entire plant.

The four cases, with the NASA flow sheet as a base,
are compared in Table 2. In that table, Cases 1 and
3 reflect a self-sufficient process plant balanced
to generate only that amount of power required for
en-site consumption. As such, a quantity of elevat-
ed temperature heat in the process cannot be used
and must therefore be rejected. Cases 2 and 4 are
balanced to avoid this process heat loss by using
the otherwise wasted heat in the electric generating
plant to help produce electrical power in excess of
plant requirements. With the use of this "waste"
heat to supplement external heat inputs to the steam
turbine generators, the "excess" electricity is




produced at an incremental thermal efficiency of REFERENCES

46 to 49 percent.

The experimental and analytical work being performed 1. NASA-CR-134976, "The Conceptual Design of an

on the Sulfur Cycle Water Decomposition System con- Integrated Nuclear-Hydrogen Production Plant
tinues to support the technical and economic poten- Using the Sulfur Cycle Water Decomposition
tial of the system as an efficient cost effective System," Westinghouse Electric Corporation,
way to produce hydrogen in the post-1985 time per- April 1976.

fod, using as energy inputs any reasonable high tem-

perature heat source, such as nuclear or solar en- 2. FE-2262-15, "Hydrogen Generation Process -
ergy or a high temperature "waste" heat from an Final Report," Westinghouse Electric Corpora-

{ndustrial process.

tion, June 1977.

TABLE 1

ELECTROLYTIC CELL PERFORMANCE(!)

CURRENTLY
DEMONSTRABLE ~ PROJECTED

ANODE POTENTIAL 460 mv 300 mv(2)

CATHODE POTENTIAL 10 mv 10 v

CELL RESISTIVITY 1o 100 mv(¥
600 mV 410 mv

NOTES:

1)

At 50 percent H,S0, concentration, 200 mA/cmz, atmospheric
pressure, and tgmpgrature 323K (50°C).

(2) Improved electrocatalyst, optimized anode porosity and
internal surface area.
(3) Total of membrane (25 mil microporous rubber) and other ceil
IR losses.
(4) Total of membrane (15 mil microporous rubber) and other cell
IR losses. Increase of cell temperature would reduce this by
virtue of reduced sulfuric acid resistivity with increased
temperature.
TABLE 2
PROCESS VARIATIONS
Hp “EXCESS" OVERALL
CASE FLOW SHEET HEAT SOURCE PRODUCTION POWER EFFICIENCY
BASE NASA VHTR 380 x 106 SCFD 0 45.2%
1 REVISED GENERALIZED 380 x 105 SCFD 0 54.5%
2 REVISED GENERALIZED 380 x 'IO6 SCFD<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>