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Material science and engineering: The enabling
technology for the commercialisation
of fuel cell systems

B. C. H. STEELE
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E-mail: b.steele@ic.ac.uk

The critical role of materials science and engineering in the development of fuel cell
technology is surveyed. The inability to fabricate reliable triple-phase-boundary (tbp)
structures involving electrolytes, electronic conductors, and gaseous reactants, severely
restricted the progress of fuel cells until about four decades ago (~1960). However at the
start of the new millennium, commercialisation of four fuel cell types: polymeric electrolyte
membrane (PEMFC), phosphoric acid (PAFC), molten carbonate (MCFC), and solid oxide
(SOFC), is now being very energetically pursued. Materials selection for each type of fuel
cell is briefly examined, and the predominant engineering issues related to the
development of commercial products are summarised. The fabrication, reliability, and cost
of the relevant materials is of paramount importance to ensure rapid market penetration.
The choice of fuel and relevant infrastructure is also considered, and the crucial role of
materials for energy storage (particularly hydrogen) and fuel processing, is emphasised.
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1. Introduction stored within the battery container. It will be noted that
1.1. Preface a three-phase interfacial region has to be established
Although the concept of producing electrical powerwithin each electrode to ensure that the electrolyte, re-
from a simple electrochemical cell was first demon-actants, and electronic species are in intimate contact.
strated in 1839 [1], another 120 years were to elapsé&he fabrication and stability of this three-phase bound-
before Bacon [2] was able to assemble a fuel cell staclkry (tpb) is of crucial importance to the electrochemi-
which exhibited useful power densities. Bacon’s cell,cal performance of a fuel cell, and this feature will be
as modified by Pratt & Whitney, became the on-boardhe subject of more detailed scrutiny later. A variety of
power system for the NASA Apollo space vehiclesfuel cell systems are under commercial development,
which enabled astronauts to land on the moon in 196%nd they are usually identified, see Fig. 1, by the type
Examination of the initial 120 years of fuel cell R&D of electrolyte incorporated within the cell: viz: alkaline
clearly indicates how progress was limited by the non{fuel cell (AFC), polymer electrolyte membrane fuel cell
availability of suitable materials to contain corrosive (PEMFC), phosphoric acid fuel cell (PAFC), molten
electrolytes over extended periods, and the lack of apearbonate fuel cell (MCFC), and solid oxide fuel cell
propriate materials processing technology to produc€SOFC). Examination of Fig. 1 reveals that the lower
stable porous electrodes. The present survey seeks temperature systems, AFC, PEMFC, and PAFC, essen-
highlight how materials development over the past fouttially operate on H fuel, whereas the higher temper-
decades has enabled fuel cell development to attain i@ture systems can also electrochemically oxidise CO,
present status with real commercial exploitation nowwhich is advantageous when a hydrocarbon fuel is sup-
expected in the first decade of the new millennium. plied to the fuel cell. It should also be noted that the
reaction products O (and CQ) are produced at the
anode by AFC, MCFC, and SOFC cells but at the cath-
1.2. Fuel cell operation ode by PEMFC and PAFC cells. This difference has a
The operation of a single fuel cell is depicted schematsignificant impact on the design strategies adopted for
ically in Fig. 1. As long as the fuel and oxidant are the various fuel cell systems.
supplied to the anode and cathode respectively then the The electrochemical oxidation of a fuel can, in the-
fuel cell will continue to supply electrical power and ory, be accomplished at very high efficiencies (e.g.,
produce reaction products such as water and carbodi3% for the H/O; reaction at 25C) compared to heat
dioxide. In contrast the production of electricity from engines utilising the combustion of a fuel. Moreover
another type of electrochemical power system, a bathigh combustion temperatures result in the formation
tery, is constrained by the total quantity of reactantsof environmental pollutants such as N@hich are
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concentration overpotential or bi-polar plates, which often also distribute the reac-
tant gases to the respective porous electrodes. Further
! information on fuel cell types and technology is pro-
i (Aem?) 1.0 vided by a variety of books published in the last decade
[e.g. 3—7]. Useful historical surveys have been provided
Figure 2 Current-voltage characteristics of fuel cells. by Appleby [9] and Kordesch [8], and summaries of

the current technological and commercial status of fuel
cells are provided in the Fuel Cell Handbook issued by

essentially absent in the exhaust gases emitted frod€ US Department of Energy [10], and Proceedings
a fuel cell. However in practice fuel cells also experi- Of the Grove Fuel Cell Symposium [11]. Much useful
ence irreversible losses due to resistive and polarisatiofiformation can also be downloaded from a variety of
losses, see Fig. 2, and efficiencies of fuel cell stackyveb sites [12].

rarely exceed 50-60%. The irreversible losses appear

as heat, and for exangpla 1 kWfuel cell operating

at 50% efficiency also has to dissipate 1 kW of heat2. Materials selection

Thermal management of fuel cell stacks is thus an im2.1. General comments

portant design consideration requiring careful selectioMaterials selection for a commercial product involves
of cooling fluid and associated materials. In use a fuehn iterative design process which eventually becomes
cell is typically operated around 0.7 V, and so many in-very specific to the particular product and applica-
dividual cells are usually connected in series, see Fig. 3jon. However it is suggested that the following general
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technicaliissues usually define the preliminary selectior2.7. Development of stable porous three

of materials. Itis, of course, recognised thatcostconsid-  phase boundary electrode structures

erations will provide further constraints on the selectionin his innovative 1842 paper Grove [13] recognised

of materials, and the processing routes adopted by thgnat the power output of his fuel cell was limited by

manufacturers. the small effective electrode area represented by a sin-
gle meniscus on his platinum sheet. This important
‘notable surface of action’ was the region in which

2.2. Electrolyte properties the electrolyte, gaseous reactants, and electro-catalytic

Corrosion properties dominate the selection of mategonductor were in close contact. It is now termed the
rials for the immobilisation and containment of liquid triple phase boundary (tpb) interfacial region. The early
electrolytes. For solid electrolytes it is the proposedfTustrations and disappointmentsin fuel cell technology
temperature of operation and thermodynamic stabilityVere principally associated with problems in produc-
that determines the choice of electrolyte material, andng Stable porous structures with ‘controlled wetting’

relevant processing route to fabricate this component i§ that the liquid electrolyte could penetrate into a thin
a thick film (10-30.m) form. It is interesting to note eleptro—catalytlc Iayer but not flood the thlcke_r gas dif-
that to minimise resistive losses all electrolytes in fuelfusion layer. The introduction of hydrophobic PTFE

cells require specific ionic conductivities greater than(Teflon) in the 1950's greatly simplified fabrication of
102 S entl, a porous liquid resistant gas diffusion electrode struc-

tures. Metal or carbon powders provided the electronic
pathways, and to reduce the area specific resistance
(ASR) of the electrode a metallic wire mesh/screen
was usually incorporated into the structure. Further im-
provements in performance were obtained during the
1960’s by depositing small crystallites (2—5 nm) of the
‘electro-catalyst (usually Pt or Pt alloys) onto the dis-
Bersed carbon powder. By 1970 the basic features of
%hodern porous gas diffusion electrodes, see Fig. 4, had
been developed. In retrospect this accomplishment was
probably the first manifestation of an engineered nano-
structure, and it not surprising that its implementation
2.4. Stack configuration and assembly more than thirty years ago was so difficult.
The materials chosen for the stack components ie. bi- It was necessary to develop different concepts for
polar plates, manifolds, seals, etc tend to be specifithe porous gas electrodes used in the high temperature
to the particular fuel cell type. Their selection is alsofell cells systems, MCFC and SOFC. These will be
influenced by the stack configuration: tubular, planardiscussed in the later sections devoted to these types.
internal or external manifolding. Moreover the design
of the stack component has to incorporate provision
for the supply and removal of reactants and products
cooling, and maintaining an invariant electrolyte com-
position where appropriate.

2.3. Electrode materials
As well as being thermodynamically stable in con-
tact with the appropriate electrolyte and electro-
catalytically active, the materials selected for the elec
trode have to be capable of being fabricated into stabl
three-phase boundary structures, and these very imp
tant criteria are discussed further in Section 2.7

Electrolyte

“l;

Electrolyte
flooded pores

2.5. Balance-of-plant (BOP)

The pumps, heat exchangers, fuel processing units
ducting, etc, incorporated into a fuel cell system all
involve material selection choices. Until recently this
important area had tended to be neglected even thouc
the cost of the BOP is often at least as great as the fu¢
cell stack. A consequence of this neglect has been th:
the reliability of the fuel cell plant (e.g. PAFC systems)
has often been constrained by the failure of BOP units
rather than the relatively novel fuel cell stack.

BRI

Platinum on
carbon catalyst
particles

Polytetra-
fluoroethylene
(PTFE)

Gas in pores
2.6. Power conditioning and control

To ensure stable electrical output to an external loa(
requires appropriate DC/AC invertors and system con
trol for the stack. This is another area that would benefi
from more attention as fuel cell system producers usu 3 Phase Contact Region
ally have to specify off-the-shelf equipment that has
not been specifically designed to operate with this NeWgure 4 Three-phase-boundary interfacial structure for liquid elec-
technology. trolytes.
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2.8. Fuel choice and fuel storage generate system efficiencies around 30% which is be-
It is important to recognise that the type of fuel and itslow that projected for modern diesel engines.

storage has important ramifications for both fuel cell There is much discussion regarding the most ap-
technology and associated materials development. Alpropriate fuel infrastructure for transport applications
though the lower temperature fuel cell systems exhibiin the future. However most observers [e.g. 18] be-
excellent performance with pure,Hthis fuel is rela- lieve that methanol and hydrogen will have a signif-
tively expensive to produce, and its storage incurs largécant role as they can both be produced via a variety
gravimetric and volumetric energy density penalties,of pathways, many of which are compatible with sus-
see Fig. 5. Lightweight cylinders for compressed hy-tainable/renewable energy strategies. It is appropriate
drogen (300 bar) are being developed [14], and workherefore to also consider materials aspects of direct
continues on the development of metal hydrides [15]methanol fuel cells (DMFC). Accordingly brief com-
Controversy remains about how much hydrogen caments about DMFC systems are provided in the sections
be reversibly stored in activated carbon, particularlydevoted to PEMFC and SOFC stacks.

[16]in carbon nanotubes (fullerenes). Clearly if anovel Finally it should be noted that materials play a major
hydrogen storage material can be developed with a recole in the production of hydrogen via steam reforming
versible capacity approaching 10% by weight of hydro-plants, novel microchannel fuel processors [19], ion
gen, then there would be a paradigm shift in attitudes t@¢onducting ceramic membrane technologies [20], and
hydrogen fuel and the ‘hydrogen economy’. HoweverH> purification using thin Pd alloy membranes.

until this occurs, fuel cells for transport will probably be

provided with liquid fuels such as gasoline or methanol,

whilst stationary fuel cells for CHP will be supplied )

with natural gas. This scenario introduces problems fop: Alkaline fuel cell (AFC) _ o

the low temperature fuel cells as an external fuel pro-1 "€ AFC system had an important role in the historical
cessor must be incorporated into the system to producavelopment of fuel cells. Bacon [21] used this sys-
the hydrogen, see Fig. 6. This not only increases thdem to gonstruct the first practical fuel cell in which
cost and complexity of the unit, but reduces the over€ obtained 230 mA/cfrat 0.8 V towards the end of

all efficiency. For example, the recent CEC Mercatox1993: This hadincreased to 400 mAfy 1959 which
project [17], concluded that using methanol with the Was the year Whenthetechnplogy was Ilcen_sed to Pratt
Johnson Matthey ‘Hot Spot’ reformer and POX CO re-& Whitney (P&W). P&W (United Technologies) sub-

moval unit, together with a PEMFC stack would only S€guéntly modified and developed the system for the
Apollo space modules which allowed the NASA as-

tronauts to land on the moon in 1969. Today the AFC

; — system powers the Space Shuttle, and its reliability has

EEwnkg | COWPOSTE i emes been successfully demonstrated on many missions over
e vesseis the past twenty years.

’ As the solubility of molecular oxygen is higher in
alkaline electrolytes compared to acid electrolytes the
overall rate of oxygen reduction is higher, and the use of
; non-noble metal electro-catalysts such as Niis feasible.
] i However the strong KOH solutions at high temperatures

» ' (~200C) and high pressures (e.g. 40 atm) as originally
used by Bacon had to be treated with respect. In later
years P&W engineers were to claim [22], with only a
modicum of exaggeration, that if a screwdriver were to

B be dropped into a vessel containing the hot electrolyte,

1 =1 it would dissolve before hitting the bottom!
LIQUID AND LIQUIFIED FUELS GASES ELECTRIGITY A major disadvantage of AFC systems is that the
KOH electrolyte reacts with COmpurities present in
air or impure hydrogen derived from hydrocarbon and
alcohol fuels. Although there are claims [23] that per-
Fuel Cell Types - Fuel Processing formance degradation associated with this reaction can

be negligible with suitable electrodes over significant
Fuel Cell Types operational times, it is apparent that most developers
Natural Gas Thematy megrated o have terminated development of AFC systems in favour

Sulghr LLCEE e of PEMFC systems. However the availability of pure
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Figure 5 Gravimetric and volumetric energy densities of selected fuels.

Liquid Fuels Evaporation

o LM .. cryogenic oxygen and hydrogen for space meant that
paded Conversion o Reformer the AFC system became the workhorse of the NASA
Increasing % BV Shift Reaction PAFC 200°C programmes.
somplexity. G, sorec BRI o There are two principle design configurations for the
fuel processing €0 saneive MIEULTIN  "CUFC P AFC system. The one eventually employed by P&W
Decrasing for the space shuttle uses an immobilised (matrix) con-
iguration in whi ution i [ [
figuration in which the KOH solution is contained in
Figure 6 Fuel cell types and influence of fuel processing. a butyl-bonded potassium titanate fibre matrix which
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A Comparison of The General Electric Company initiated develop-
A 'a'l:f,'::‘c‘e‘d 3;‘5,' ment of solid polymer electrolyte fuel cells in the 1950's
b7 Space Shuttle for the Gemini space capsules. Although high Pt load-

iy,
\» A ity . . .
NG & Fuel Cell ings were used with the polystyrene sulphonate ion ex-

Y
—N

NN
A

Assembly.

b P a) Oxygen flow field change membrane incorporated in these systems the
“ TR 4 amm el screen power densities were relatively low-60 mw/cnf),
h ; electrode/asbestos These, and other stability problems, meant that the
A Zasit! matrix/screen .
(1] Jl electrode) AFC system was the preferred option for the Apollo
'I%L ©) Electrolyte space programme. However the introduction of the su-
L\\\\ reservoir plate i . . . ¥
S5 (plastic) perior perfluorinated sulphonic acid polymer, Nafion,

o rasen fow in the 1960’s ensured that development of polymeric

:)s gﬂ;{yrz?aoﬁ _eIectronte fl_JeI cell; colntlnued. Unfqrtuna_tely. Pt Io_ad-

asbestos, teflon) ings were still too high in 1970, and investigations into
a ?ggdvgg:eféowﬁe'd PEMFC systems languished for more than a decade
b magnesium) until Ballard (Canada) began work in 1984 under a
c ?e)s'fe'r‘ffc}ifr":)yl;‘je contract from the Canadian Defence Department. By
d (nickel) the mid 1990’s Ballard had overcome many of the en-
e e gineering problems associated with this system, and
maanesiim were able to demonstrate impressive power densities

(1.5 W/cnt) with low Pt (0.5 mg/cr) loadings in 1 kW
Figure 7 Evolution of AFC cell arrangement for Space Shuittle. stacks [25]. The high power densities and operation

at relatively low temperatures-80C) means that the
. PEMFC system is particularly appropriate for electric
replaced the original asbestos separator. A SChematlfehicles, and very large development and demonstra-
diagram of the AFC cell which operates at92and  jon projects have been initiated by automobile manu-

0.40-0.44 Pa is shown in Fig. 7. It will be noted that ;o rers around the world. It is hoped that these pro-
relatively expensive materials are specified for the Ce”grammes can lead to significant reductions in the cost

which reflects the fact that power/weight®00 W/kg),  of the PEMFC components, and innovative strategies

a_nd en(_argy/volume iss_ues are paramount, with COStcoRy accommodate the requirement that thesdpplied
siderations a second issue. The water produced in thg the cell should contain less than 10 ppm CO. There
anodic half-cell reaction (bH-20H™ = 2H,0+2€7) 5 5150 increasing interest in PEMFC systems as a re-
is removed by vapour transfer into the hydrogen gasp|acement for batteries for portable applications such
After separation in a centrifuge the water droplets are,s mopile telephones, laptop computers, and the elec-
collected and used as potable water for the astronautgynic equipment carried by military personnel. For
Thermal management is via the electroformed ”iCkelexampIe [26] a small PEMFC in combination with a
bi-polar plates which are contact with the cooling lig- jithjym aluminium hydride storage capsule can provide

uid every 4th cell. Ni is used for tubing and Ni plated 400 Wh/kg, which is far in excess of that provide by
steel for pumps etc. battery systems.

The other AFC design configuration uses a circulat- - gefore’ discussing the materials requirements in de-

ing electrolyte which also provides the mechanism forjy it is useful to summarise a typical PEMFC stack
water control and thermal management. This arrangeyesign such as that is depicted in Fig. 8.

ment was used by Siemens for modules destined to be Graphite bi-polar plates are pressed against the

used in submarines, and by ELENCO for AFC systemsnemprane-electrode assembly (MEA). These plates
to be used in transport (buses). For the electric vehiclg g e 3 manifold of grooves to distribute the reactant
applications costs had to be minimised and ELENCQOy5565 19 the electrodes, and must incorporate any spe-

adopted amonopolar plate design with edge current coljg) gesign features specified for the water and thermal
lection. The anodes and cathodes were multi-layer gas

diffusion electrodes. After more than 20 years develop-

mentthe ELENCO project was terminated in 1995. The

technology has been licensed by ZEVCO for selected ~ Afode Cathade
niche markets including a London taxi. A recent survey | } T[

> 1L \ / Anode: H2 +2H" + 2 electrons
on AFC applications has been provided by Kordesch

Cathode: O, + 4 electrons

et al [24]. + 4H" > 2H,0
)

4. Polymer electrolyte membrane Ht

fuel cell (PEMFC) 3

The recognition, that for most applications in the fore-

seeable future fuel cells would be supplied with hy- —

drocarbon fuels, stimulated investigations into the acid Cathode —0.6V

electrolyte systems, PEMFC and PAFC, that are toler- ' feed, H21 tfeed, 0,

ant to the CQ usually present in the impure hydrogen

derived from fossil fuels. Figure 8 Schematic diagram of PEMFC.
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management. It should be noted that th@®Heaction trolyte materials. These include sulphonated polyether-
product is rejected at the cathode where it is usualljketones (PEEK), radiation grafted co-polymers [28].
removed by using an excess flow of oxidant gas. HowA recent survey [29] summarises the theoretical basis
ever water management is still a critical issue in thefor the development of novel membrane materials, and
operation of PEMFC stacks. The ionic conductivity is Fig. 9 indicates the major differences between Nafion
highest when the membranes are fully saturated. Howand sulphonated PEEK which are responsible for the
ever during operation water is also transported througtower performance characteristics of the PEEK based
the cell as the proton may be considered as being hynembrane. Another approach to increase the operat-
drated H(HO)! with values ofn typically between 1 ing temperature is to try to develop composite poly-
and 2. However this effect is mitigated by back diffu- meric/ceramic materials [30].

sion of H,O from the cathode, and possible diffusion

of any H,O in the fuel stream through the anode. With-

out adequate water management, an imbalance will O 1. Direct methanol fuel cell (DMFC)

cur between water production and evaporation WithinA useful historical survey of the development of

the cell. ; .

. I DMFC systems has recently been provided by McNicol

Adverse effects mcIuo!e dilution of reactant 9aS€Sat al. [31]. Most of the original work was conducted
by water vapour, flooding of the electrodes, and

dehvdrat fth id pol b Th with sulphuric acid electrolytes, but more recently at-
enydration of the solid polymer membrane. [heniionnas focussed on stacks incorporating the Nafion
adherence of the membrane to the electrode will als

) ) olymer electrolyte membrane. A report [32] from the
be adversely aﬁecteq i dehydraﬂon occurs. C'e?” Losy Alamos Nati)gnal Laboratory (LAFI)\IL) [sur]nmarises
water management is very important in the desig

) ) Necent progress with this system, and indicates the
anf{j opetrz?jtlon (:f PEFMtC.:’ ar:ﬁ_BaIIarqI claim tthat thelradoption of different strategies for DMFC development
automated systems satisfy this requirement in a COSdepending on whether the application is for portable

effective manner [27]. ; . ' . :
- o ., _electronic equipment, or for electric vehicles. A major
Although machined graphite bi-polar plates proV'deproblem with the Nafion membrane is its permeabil-

a technical solution for this component the asSOC'"lty to methanol which lowers the effective fuel utili-

ated high fabrication costs indicate that an aIternativeSation and degrades the performance of the cathode
cheaper material must be developed 'f PEMFC sySt4 reduce the severity of this problem the cells de-
tems are to have a h'gh market penetration parmu'?”%igned for portable power were operated around 60C
for transport apphcaﬂqns. Moulded/ pre;ged graphlteat 0.45 V with relatively high catalyst (PtRu) loadings
plated metal_s (e.g. St?"”'ess steel, alu_m|n|um), _condu 1 mg/cnt). Projected power densities of 300 W/l were
tive polymerlc materials, etc, are being examl_ned a%laimed for this arrangement. For electric vehicles the
possible replacements for graphite, together with IorO'operational temperature was increased to 100C. A di-

prietary compositions developgd by Ballard. lute fuel was used to reduce methanol crossover which
The gasdiffusion el_ectrodes Incorporate a porous Cafy, g, ced major challenges in water management as
bqn cloth Support V‘."th a hydrophobic coating. Ont_02_5_3 HO/HT were transported to the cathode and had
this are deposited fine powdered carbon loaded Witly, 1 1e1rmed to the anode. Process design appeared to
nanosized Pt crystallites (2-5nm), and th'§ SUUCHUre Iy e rcome most of the difficulties and the authors claim
bonded to the electrolyte membrane by using a solublg, . 1 .\l should be achievable with their configura-

form of the _Na_fion polymer. Processing improvementstion. This is comparable to values reported for PEMFC
have steadily increased the performance of these eleg-tacks using b with the added benefit of using a lig-

trodes such that Pt loadings as low as 0.4 mg Pt/cm id fuel. The work on DMFC systems clearly demon-

can now be specified. This corresponds to aroun ; ; ;
; L . strates again the need for an alternative polymeric elec-
1.5 g Pt/kW which satisfies the relevant economic g Poly

trolyte to Nafion with minimal methanol permeability,

targets. nd higher temperature operation.

Although Nafion based membranes are the preferreg
electrolytes for PEMFC systems today, this material
exhibits certain undesirable features in addition to its
high cost. When hydrogen rich gases derived from hy5. Phosphoric acid fuel cell (PAFC)
drocarbon or alcohol fuels are used, the sensitivity ofThe other CQtolerantlow temperature cellisthe PAFC
the anodic electro-catalysts to traces of G&Q ppm)  system operating at 200C. Although a number of US
remains a major problem which could be amelioratedcompanies carried out R&D activities into this system
by raising the temperature of operation. Increasing atalmost all the development work is now focused on the
tention is also being given to the direct electrochemicalnternational Fuel Cells (United Technologies/Pratt &
oxidation of methanol which would also benefit from Witney) 200 kW PC25C unit which normally operates
operation at higher temperatures to reduce the coraround 1 atm pressure. PAFC Systems are also being
centration of deleterious adsorbed species. Moreovetteveloped by Fuji Electric Corporation, Toshiba Cor-
the methanol permeability of Nafion is too high for poration and Mitsubishi Electric Corporation in Japan.
many technological applications. Limits to the maxi- The largest plant operated delivered 11 MW of grid
mum operational temperature and methanol cross-ovequality AC power. In 1990 a joint venture, ONSI, was
at present introduce severe constraints for systems irestablished between International Fuel Cells (IFC) and
corporating Nafion, and so it is not surprising that in- Toshiba, with a minority participation (recently termi-
vestigators are examining alternative polymeric elechated) by Ansaldo (Italy) to manufacture and market
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Figure 9 Schematic representation of the microstructures of NAFION and a sulphonated polyetherketone depicting the less pronounced hydropho-
bic/hydrophilic separation of the latter compared to the first.

PAFC units worldwide. At present (Spring, 2000) al- market has been disappointing. Partly this is due to cost
most 200 of the ONSI PC25 units have been installedssues. In spite of $1000/kW subsidies by the US and
world-wide and a report by Whitaker [33]in 1997 sum- Japanese governments the capital co$2500/kW) is
marised the main features of this extensive demonstrastill too high. Moreover with external fuel processing
tion programme. Some of the early models have nowthe overall electrical efficiency is at best 40% (LHV),
been in service for over 25,000 hrs with over 95% avail-and so savings on fuel running costs are insufficient
ability, and one unit established a world record for anywith the current low price of natural gas and oil. As
power plant by running for 9500 hrs continuously at full will be discussed later materials costs are still a signif-
rated load. A later report [34] has provided details of theicant factor in the economics of PAFC systems.
performance of 30 PC25 units installed at a variety of The materials incorporated into the PC25 stacks
US defence sites with climatic variations ranging fromhave remained unchanged over the past 25 years. The
desert to arctic conditions. Despite the rugged condielectrolyte is 100% kPO, immobilised in a PTFE-
tions the generators continue to perform well after smalbonded SiC matrix. The gas diffusion electrodes con-
agreed modifications to the balance of plant. sist of PTFE-bonded nanosized Pt crystallites dispersed
Although the 200 kW PC25 PAFC units have demon-on carbon (VMulcan XC-72) supported on a carbon
strated impressive reliability and satisfied relevant techpaper substrate. A significant reduction in the anode
nical specifications, penetration of the distributed CHPPt loading has occurred from 0.25 mgPtfcfh975) to
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4.8-MW Demonstrator Ribbed Substrate
Cell Configuration Cell Configuration

Anode
substrate

Cathode

Dense

graphitised Porous plates

plates. substrate s(,)tore .abcid.
Cross flow 5 neri
P ez ~%— Separator
ribs [T A plate pattern

UTC’s “Conventional” and “Ribbed Substrate” Stack Design

Figure 10 Evolution of PAFC stack configuration.

0.1 mgPt/crﬁ (2000), but the cathode Ioading remains TABLE | Lifetime estimation (37) for components in DIR MCFC
relatively high at 0.5 mgPt/cfn The gas distribution development stack

plates consist of two ribbed porous graphite substrate§omponent State-of-Art Endurance (hr)
which also serve as electrolyte reservoirs, together with
another dense impermeable graphite sheet which fun@?r?fde '\'i:i‘g'(u) 1%%%%
tions ‘?S the bi-polar Separator.plate’ see Fl.g' 10. Thesf%ztrix y-LIAIO2 + Al203 40,600 (no thermal cycling)
graphite components are relatively expensive to manugjecyolyte Li/Na/K: 60/20/20  25,000-40,000
facture and also restrict the operational window of thecatalyst BG Technology 6,000-40,000
cells. Although it was demonstrated that selected carSeparator 310 S stainless steel 40,000 (fuel side?)
bon and graphite materials, which are thermodynami#node coating  Niclad layer 10,000-15,000
Wet-seal aluminised metal 40,000

cally unstable in phosphoric acid at 200C, were suffi-
ciently kinetically stable to be used in PAFC stacks with
projected lifetimes of 40,000 hrs, it has been necessary
to recognise the limitations of these carbon based matse

can be enhanced by operating under pressure (3—8 atn—1% >
but this is offset by increased degradation rates of thi """ il
graphite and carbon components. Carbon corrosion ar
Pt dissolution also become issues at cell voltages abo\.
0.8V, and so it is essential to avoid operating the stacE
at low current densities near open-circuit potential. Al-gg
though provision can be made for protecting the cathod S ey
structure when the stack is idling, by replacing air by *& '3'.;:
inactive nitrogen, this incurs a cost penalty for small i
and medium sized PAFC systems. !

It will certainly be interesting to monitor how the
PAFC and PEMFC systems compete in the future fol
the distributed CHP market.

Figure 11 ARGE MCFC ‘Hot Module’ under test at the Ruhrgas plant
in Dorsten.

6. Molten carbonate fuel cell (MCFC) sible, and this led to the construction of the 1.8 MW
The pioneering work of Broers [35] in the Netherlands Santa Clara (USA) system by Energy Research Corp
stimulated interest in this system, and a historical perwhich went on stream in April 1996. However testing
spective of MCFC development upto the mid 1980’s haof this plant had to be curtailed due to problems as-
been provided by Selman [36]. The materials used fosociated with the insulating properties of the material
MCFC stack components have essentially remained urselected for the external manifold. It is now believed
changed over the past 25 years and are listed in Table that a more appropriate strategy is to develop initially
A major development in the early 1980's was the intro-smaller MCFC systems«(250 kW) for distributed CHP
duction of more cost effective tape-casting techniquespplications using natural gas. An example of this ap-
to fabricate the immobilised electrolyte matrix, and cell proach is provided by the Hot Module MCFC project
areas over 1 fnhave now been successfully manufac-organised by the European Direct Fuel Cell Consortium
tured and tested. (ARGE) which is co-ordinated by MTU (Germany).
MCFC systems were originally conceived as largeThe compact pressurised stack fabricated by this group
(GW scale) centralised coal fired power stations. Tas illustrated in Fig. 11. In addition to the activities
develop user confidence it was considered that large the USA and Europe, Hitachi, IHH, and Mitsubishi
MCFC plants should be demonstrated as soon as po&lectric Corp, are also very active in scaling up MCFC
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Molten Carbonate Fuel Cell enced by the strategic priorities of large multi-national

e companies manufacturing electrical generation plant.
These companies were initially interested in multi-MW
600-700°C ! . .
540°C H;0, CO, SOFC systems that could be integrated with coal gasi-
Hz, CO, CO, H.CO fication plants (e.g. Westinghouse), or used to generate
Anode Porous Ni (+ Cr)

hydrogen by electrolysis of steam (e.g. General Elec-

small uniform pores tric, Brown Boveri, Dornier, etc). For both these ap-
Li,CO5-K,CO; plications, technical and economic considerations re-
In LiA/O, matrix quired that the SOFC stacks be operated around 1000C.

The expertise associated with these earlier projects is

Bubble Barrier

Electrolyte Matrix CO,;
600-700°C

?thgge P°'°“Z"t2‘gted NiO now being exploited by Siemens-Westinghouse, MHI
600.700°C 540°C (Japan), and Z-TEK (USA), to develop large SOFC
T stacks integrated with gas turbines to produce electri-
e cal efficiencies around 70%. These combined systems
‘ o still require the SOFC stack to be operated in excess of
Figure 12 Schematic diagram of MCFC. 850C to ensure low kWh energy costs.

Historical perspectives of SOFC development have
been provided by Mobius [38] and Minh [39], and it

t_ec.h.nolqu in Japan. An analysis .Of MCFC I!fet|me is evident that by the early 1970's the compositions
limiting issues has recently been given by Huijsmans

et al. [37]. All the critical endurance problems relate of the materials to be used in the very high temper-

to materials and projections suggest (Table 1) that mos"flture (HT) versions of SOFC stacks had been iden-

of the components could survive the taraet period Oftlfied. Of particular importance was the selection of
P get p SrO doped LaMn@for the cathode material. Although

40,000 hrs. Exceptions include the catalyst and anodgther materials such as La(Sr)Fe(Ce)Q exhibited
coating, and uncertainties remain about corrosion on

the fuel side of the bi-polar (separator) plate. It is dis-2uperior electro-catalytic behaviour, they were incom-

appointing that after 25 vears development these unceP_atible with the chosen yttria stabilised zirconia (YSZ)
PPO g the year P electrolyte. It should be noted that the procedures to fab-
tainties remain, and they will probably not be resolved

) . ricate the HT-SOFC units often required temperatures
until a 100 kW demonstration system has been operateggto 1300C, and it was essential that the components
for at least 25,000 hrs. .

exposed to these high temperatures were thermodynam-
For the low temperature fuel cell systems PTFE. ; L
. . —jcally and mechanically (e.g.: similar thermal expan-
serves as a binder and hydrophobic phase to main- L ;
i . X sion coefficients) compatible. A useful survey of the
tain the integrity of the electrode structure, and to es;

. s : thermodynamic properties of zirconia based ceramics
Laglfg s:;%%et;gao'rnﬁ g[e_%eégcig?;epga?gprﬁfgg_by Yokokawa [40] provides an interesting theoretical
aop o o, basis for the original empirical development of SOFC
volume capillary equilibrium concept’ is used to con-

trol electrolyte distribution. By correct adjustment of components.

. ) . A variety of configurations and processing routes
the pore diameters in the electrolyte matrix and elec; , . .
. e have been investigated to fabricate HT-SOFC stacks.
trodes, an appropriate distribution of the electrolyte

: e P ‘At present the largest (200 kW) SOFC prototype stacks
can _be achl_ev_ed as |nd|_cated in Fig. 12. At thermody ave been assembled by Siemens-Westinghouse (S-W).
namic equilibrium, the diameters of the largest flooded_, . . ) )
; his sealless tubular design was introduced in 1980.

pores in the porous components are related by th(é. ,
exoression: riginally the HT-SOFC components were supported

P ' on a porous CaO stabilised zirconia tube, but this was
replaced by a porous tubular La(Sr)MsaQ@athode)
substrate. More recently [41] an alternative cathode
wherey is the interfacial tensiom, is the contact angle substrate cross-section has been investigated to provide

of the electrolyted the pore diameter, and the sub- higher power densities and improved strength. The evo-

scripts indicate the porous components (cathode, eledution of the S-W tubular design, and arrangement of

trolyte matrix, and anode). Electrolyte management:[he stack_modules is shown in Fig. 13._Initial_|y the cell
that is, control over the optimal distribution of molten construction was completed by depositing thick films of

carbonate i critical for achieving high performance andhe interconnect LaCr(Mg)é)electrolyte YSZ, and an-

endurance for MCFC systems. However various prO_ode Ni-YSZ, using electrochemical vapour deposition

cesses, including corrosion reactions, voltage drivedEvD). This allowed good quality dense YSZ (@8n
migration, creepage and vapourisation of the molterjhick) and LaCr(Mg)@ components to be produced.
salt, all tend to contribute to the redistribution of the Moreover formation of the porous composite Ni-YSZ

electrolyte, and subsequent degradation of stack pef0de by EVD produced an excellent stable microstruc-
formance and longevity. ture with two interpenetrating contiguous networks of

ionic and electronic pathways. The technical benefits

of this processing technology have been demonstrated
7. Solid oxide fuel cell (SOFC) by operating single tubular cells for almost 80,000 hrs.
7.1. High temperature SOFC However the capital and labour costs associated with
Over the past four decades the development of solidEVD are too expensive, and S-W have already replaced
oxide fuel cell (SOFC) technology has been very influ-the EVD processing of the interconnect [La(Ca)grO
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Figure 13 Evolution of Siemens-Westinghouse tubular configuration.

and anode by cheaper plasma and liquid spraying tech- The status of the S-W demonstration programme has
nologies. Whether these alternative technologies caheen summarised by George [42]. A 100 kW CHP unit
produce components with such excellent stable lifecontinues to operate in the Netherlands, and a 200 kW
time characteristics will not become apparent for sevpressurised (3 bar) SOFC/50 kW micro-turbine system
eral years. However S-W still continue with their in- is scheduled to be installed at the University of Irvine
vestigations to develop cheaper alternative methods t(California) test site in the Spring of 2000. A contract
deposit the YSZ electrolyte. has also been agreed with Norsk-Hydro/Norsk Shell
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for another 250 kW P-SOFC/GT system to be installedence to Fig. 14. If it is assumed that the elec-
in Norway. After these and other demonstration trials,trolyte component should not contribute more than
S-W hope to enter the market with 1 MW P-SOFC/GT0.15 Qcn? to the total cell area specific resistivity
CHP systems. Whilst the combined SOFC/GT units(ASR), then for a thick film thickness (L) of 15 mi-
should eventually be able to generate electricity withcrons (15x 10~4 cm) the associated specific ionic con-
efficiencies upto 70%, recent studies [43—-45] have sugductivity (o) value of the electrolyte should exceed
gested that similar electrical efficiencies could be re-102 S cnt! (0 =L/ASR=0.0015/0.15). Examina-
alised by having a cascade of SOFC fuel cells, or bytion of Fig. 14 indicates that the ionic conductivity of
combining SOFC and PEMFC systems. As it should beyttria stabilized zirconia (Y SZ) attains this target value
easier to operate a combination of fuel cells rather thamround 700C, and for GgGdy 101 95(CGO) the rele-
integrating a fuel cell with rotating power equipment it vant temperature is 500C. The use of thinner electrolyte
is probable that these innovative concepts will be testefilms would allow the operating temperature to be low-
in the future. ered. However at present it appears that the minimum
thickness for dense impermeable films that can be re-
liably mass produced using relatively cheap ceramic
7.2. Intermediate temperature (IT) SOFC fabrication routes is around 10-15 microns.
It has been gradually recognised over the past decade Steele [46] has recently surveyed the status of IT-
that for smaller SOFC stacks not destined to be in-SOFC technology. Most developers are using an anode
tegrated with gas turbines, the operating temperaturesupported planar SOFC configuration designed to op-
should be lowered as far as possible without comproerate around 750C. The cell components are fabricated
mising the electrode kinetics and internal resistance ofrom similar materials used in the HT-SOFC systems,
the cell. The development of these smaller intermediatéut the bi-polar plate is usually fabricated from a ferritic
temperature (IT-SOFC) stacks for distributed (embedstainless steel. The LaCr(Mgj@nd La(Ca)Cr@ in-
ded) CHP units is being stimulated by electrical supplyterconnect materials used in all ceramic HT-SOFC sys-
liberalisation (deregulation) policies. In addition many tems are difficult to fabricate by conventional routes,
automotive manufacturers are examining whether smaklind can also exhibit ‘chemical expansion’ [47, 48] and
SOFC stacks (3-5 kW) can be developed to supply thetructural failure, when exposed to the large chemi-
electrical power for auxiliary functions such as air con-cal potential gradients imposed by the cathodic and
ditioning in vehicles. anodic gaseous environments. Siemens investigated a
Selection of the most appropriate solid electrolyteplanar array configuration operating around 900C, and
composition for intermediate temperature operationincorporating a high temperature Cr-Fe (95/5) alloy sta-
(500-750C) can usefully be discussed with refer-bilised with 1%Y,O3 dispersion. However this system

Temperature (°C)

900 800 700 600 500 400 300
1 1 1 ] i 1} 1
i .
L stainless steel _ . o
r Cr-Fe(Y,0,), Inconel-Al,0;  PLATE
—i La (Ca)Cr0; MATERIAL
or -11500pm a
= R = Lig = 0.15 ohm.cm? SELF- SUPPORTED
g ELECTROLYTES
5 -1 ~150pm ]
L)
L]
o 2 ————>-15um
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ELECTROLYTES
-3 —41.5pum
b 015um Y
l
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1000/T (K™

Figure 14 Specific ionic conductivity values as a function of reciprocal temperature for selected solid electrolytes.
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exhibited rapid performance degradation due to the debetween the cell components for extended periods.
position of CpO3 at the cathode/electrolyte interface. It There remains some uncertainty about the long term ef-
was shown [49] that the Cr was transported by hexavafects of chromium evaporation from the stainless steel
lent Cr gaseous species, G(OH), and CrQ, which ~ (17-18wi% Cr) in the temperature range 700-800C,
were subsequently reduced at the electrolyte interfacand degradation processes associated with the high
effectively blocking the electro-catalytic sites. Reduc-Py,0 and Rz values of the anode exhaust gases at high
ing the temperature and introducing coatings on thduel utilisation. This latter problem has also been the fo-
metallic bi-polar plate provided an effective remedy. cus of significant activity in MCFC systems which in-
IT-SOFC stack developers usually specify a ferriticcorporate austenitic stainless steel bi-polar plates. Pro-
stainless steel because of the low .62 107 K-1)  viding appropriate precautions are followed then many
thermal expansion coefficients of these alloys. More-R&D laboratories have reported [51, 52] good perfor-
over by using Ni-Ti stabilised compositions excellent mance values, see Fig. 15, for IT-SOFC stacks incorpo-
electronic interfacial contacts can be maintained (50Y¥ating the following PEN components: anode (NI-YSZ)
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Figure 15 (a) Performance of single anode-supported cells at 800C using either hydrogen or syngas fuel. Projections of these data indicate powel
densities greater than 1 kW/kg and 1 kW/I (Honeywell/Allied Signal in SOFC VI, ref. 51); (b) Performance of 26-cell stack: crossflow configuration
with 10 x 10 cm PENS (Honeywell/Allied Signal in SOFC VI, ref. 51).
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supported thick film YSZ electrolytes, LSM-YSZ cath- the stack collects the reacted gases as a sealless man-
odes, and stainless steel bi-polar plates. ifold. Clearly the gas flows have to be carefully con-

Stack configurations for IT-SOFC systems reflect totrolled to ensure that significant quantities of fuel are not
some extent the market strategy of the relevant comburnt which would produce excessive temperature ex-
pany. For example, the largest IT-SOFC R&D activ-cursions. These design features minimise sealing prob-
ity (~125 staff) is currently being undertaken by Ce-lems, and many thermal cycles have been successfully
ramic Fuel Cells Pty in Australia. This company in- demonstrated [51, 52].
tends to produce IT-SOFC systems in 100-200 Kw Sulzer have pioneered the use of 1 kW SOFC stacks
sizes for distributed CHP applications, and has adoptetbr residential CHP applications using natural gas, and
an internal manifold planar layer incorporating a multi- studies by the Gas Research Institute (SOFC VI) indi-
PEN/stainless steel array (cf original Siemens design)cate that SOFC units, with their ability to oxidise both
The individual layers are assembled into a stack usingd, and CO, are more attractive than PEMFC stacks
sheet steel interconnects and glass/ceramic seals. THiw this application when hydrocarbon fuels are used.
company hope to demonstrate a 25 kW stack arounVith support from DARPA, Honeywell/Allied Signal
Easter, 2000. The proliferation of glass/ceramic sealfiave demonstrated a 26 cell 0.86 kW stack (peak power
suggests that the assembled stack will have to be card-2 kW) operating at 800C. This unit will provide the
fully heated to the operating temperature/60C), and  basis of a 500W portable battery charger system oper-
always maintained at elevated temperature650C)  ating on logistic fuels such as JP-8 and diesel fuel This
irrespective of the external load demand. Another comunit will have a volume of 4% 28 x 23 cm and weight
pany, SOFCO, also appears to be targeting the mediuwf 7 kg. Similar developments have also been reported
size CHP market with planar self supported (180 mi-by TMI. Selected car companies (e.g., BMW, Toshiba,
crons thick) YSZ PEN structures, which require an op-Renault-Nissan) are also developing IT-SOFC stacks
erating temperature in excess of 800C. for auxiliary functions (e.g.: air conditioning) and in-

In contrast, many other developers (e.g. Honeywelltend to integrate a gasoline reformer within the SOFC
Allied Signal, Sulzer, TMI, Thermoelectric, etc) envis- stack. Clearly there is much activity related to the devel-
age early market entry with small stack sizes (typicallyopment of small IT-SOFC systems with some prototype
1-5 kW) for such applications as power sources forunits already being tested in the market. Commercial
remote locations, portable power for defence requireunits can be expected in the next five years once reli-
ments, micro-CHP (e.g. residential), and electricalability and cost requirements:§1000/kW) have been
power for auxiliary functions in vehicles. For these effectively demonstrated.
applications stacks will have to be compact, rugged,
and able to withstand relatively rapid temperature cy-7.3. Ceria based electrolytes
cles. Most developers, therefore, have adopted a cifFhe use of ceria based electrolytes such as
cular design, see Fig. 16, in which the fuel and airCey9Gdy 10195 (CGO) should in principle allow the
are introduced via an appropriate manifold at the ceneell operating temperature to be lowered to around
tre of the PEN structure. Arrangements are made t®00C, see Fig. 14. However perceived problems as-
distribute the air and fuel gases uniformly over thesociated with PEN structures incorporating ceria based
cathode and anode, and the flow rates are adjusteglectrolytes have restricted investment in this technol-
to ensure almost complete conversion of the fuel byogy. It is well known that at elevated temperatures
the time it reaches the stack periphery. Unreacted fueCe&™* ions can be reduced to €e under the fuel
and air are then combusted without large temperaturech conditions prevailing in the anode compartment.
increases. Finally a simple canister enclosure aroundhe associated electronic conductivity (and deleterious
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! fuel processing unit of a PEMFC system, and so start-
e - up times should not be excessive. Studies have also
P BTy - 1500 indicated [56] t_hat cool-down times can be exten_ded to
A over 24 hours if necessary by the use of appropriate in-
&oc sulating technology. Another interesting development
concerns the observations [57, 58] that direct electro-
chemical oxidation of humidified methane is possible
at intermediate temperatures with anodes incorporat-
ing CeQ. Lower temperature operation reduces the
decomposition rate of CHnto hydrogen and carbon,
| | | | | | T and allows the direct electrochemical oxidation reac-
08 08 10 11 12 13 14 15 tion to proceed at rates which are technologically in-

r 150

log(s. Scm™)

400G |

Electrolyte thickness (um) for 0.15Qcm?

1000/T (K) teresting. Obviously IT-SOFC stacks operating at 500C
Conductivity (o) of CogG, O, s, in air and H, saturated with 10%H,0 offer some exciting possibilities, and it is important that

The required electrolyte thickness to achieve an ASR of 0.15Q¢cm? is also plotted

1 kW stacks be demonstrated as soon as possible.

Figure 17 Specific conductivity of CggGdy 101,95 in air and 10% hu-
midified hydrogen as a function of temperature.

7.4. Alternative solid electrolytes

lattice expansion) produces an internal short circuit inAnother electrolyte, doped LaGaQ.SGM), is also at-
the PEN structure which can significantly degrade thdracting much attention for IT-SOFC applications. Al-
efficiency and performance of cells incorporating ce-though its conductivity is slightly smaller, see Fig. 14,
ria based electrolytes. However as emphasised by thtlaan CGO at 500C its ionic domain is wider and it
author [53] if the operating temperature is lowered tocould be more appropriate to use this electrolyte at tem-
around 500C then the electronic conductivity contribu-peratures around 600C, where the reduction dffCe
tion is small and can be neglected under typical celin CGO is becoming significant. However conflicting
operating conditions. The increased ionic domain ateports about the behaviour of this material in PEN
lower temperatures is evident in the adjoining diagramassemblies need to be resolved before significant in-
see Fig. 17. A more serious difficulty that has restrictedvestment for scale-up activities can be justified. Reac-
exploitation of the attractive properties of CGO at 500Ction of doped LaGa@with established electrode ma-
has been the need to develop alternative cathode corterials such as LSM and Ni-YSZ has been reported,
positions that function effectively at this temperature.vapourisation of GaO(g) at high temperatures under
Fortunately recent developments [53, 54] indicate thathe reducing conditions established by anode gases has
appropriate composite cathode materials can be fabrbeen observed [59], and rapid diffusion of transition
cated which exhibit small overpotentials at 500C (e.g..metal cations along grain boundaries has been mea-
0.15 V at 1 Acn?). Composite anodes such as Ni- sured [60]. It has been difficult to fabricate pure sin-
CGO also provide adequate performance at 500C fogle phase LggSry.1GasMgo.20O3 ceramic electrolytes,
simulated syngas fuels so that IT-SOFC stacks at 500@nd second phases such as SrLflzaand LaGa0q
now appears to be a viable option. Imperial College, forare often detected in the grain boundaries. Whether
example, are beginning to scale-up their technology irthese phases are responsible for the enhanced reactivity
this area to enable the performance of small stacks tof doped LaGa@, or whether it is an intrinsic prop-
be evaluated. erty of doped LaGag) are questions that remain to be

Operation at 500C allows the use of compliantanswered.
high temperature gaskets in place of rigid britle New oxygen ion conductors continue to be reported,
glass/ceramic seals thus permitting greater design flexe.g. doped LaSi(GelO,7 [61], and LaMo,0Og [62],
ibility for the stack configuration. At Imperial College but it is unlikely that these compositions will displace
we also take advantage of the fact that the thermal exthe well established fluorite ceramic electrolytes, YSZ,
pansion coefficient of CGO and ferritic stainless steelCGO. However further examination of RSigO»7
are virtually identical (15 x 10°® K1), so that the compositions may indicate that this phase is respon-
thick film PEN structure can be supported on a porousible for the high grain boundary conductivity often
stainless steel foil. Fabrication routes have also beereported [53] in impure rare-earth (Re) doped ceria
developed which ensure that the processing proceduredectrolytes.
do not exceed the annealing temperature (1000C) of Finally it should be noted that selected ceramic pro-
the stainless steel. These metal supported PEN struten conductors, e.g. BaghY 0.102.95 [63] can also ex-
tures are very robust, and should withstand the rapidhibit ionic conductivity values approaching those of
temperature cycles expected during operation of smalLGO at 500C (i.e.: 1 Scnt!). However ceramic
IT-SOFC stacks. fuel cells incorporating these materials will not be able

It is envisaged that the IT-SOFC (500C) stacks willto electrochemically oxidise CO, and do not appear to
initially be supplied with humidified methanol fuel, and offer any advantages over the oxygen ion conducting
S0 can be considered as a direct methanol fuel ceklectrolytes in this temperature region.
(DMFC) for use in electric vehicles as suggested six In this context the recent publication by Hibino
years ago (55). It is probable that the thermal capacitet al. [64] is noteworthy. Using a single compartment
of such stacks will be less then that associated with théuel cell configuration these investigators reported high
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power densities (0.4 Wcnd) at 500C for a cell incorpo-
rating a 150 micron thick GgSny 2019 (CSO) elec-
trolyte. Examination of the relevant current-voltage;
curves indicate specific ionic conductivity values for

CSO at least 5 times higher than those anticipatedo.

[53] for oxygen ion conductivity in this material. As
the whole cell was immersed in a gaseous environ-

sures then it is possible that the predominant conduct-
ing species are protons. High hydrogen solubility in

Ce gRe&y 201 9 electrolytes has already been reported23.
by Sakaiet al. [65], and so the development of stable 24

fluorite based protonic conducting electrolytes capable
of operating in the temperature range 300-500C re-

quires further investigation. If confirmed, then a major2s.
stimulus will be given to direct methanol fuel cell tech- 26.
nology which will have a significant impact on electric 27-
power generation for distributed CHP and transport ap-—

29.
30.

plications.

8. Conclusions
Materials science and engineering has provided the eny,
abling technology that has allowed fuel cells to progress

to the present state of prototype manufacture. To ensufs.

that fuel cell products attain commercial penetration of3‘5‘- e

the relevant electrical power market selected material
related issues of reliability and cost still require ad-3g

fuel cells: PEMFC, SOFC, and direct methanol systems
(DMFC), appears very promising. Fuel cell technology,
therefore, should make very important contributions to
the reduction of environmental pollutants, to the con-

servation of valuable hydrocarbon fuels, and the develso.

opment of sustainable energy sources.

41.

42.
43.
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