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1. Introduction.

The hydrogen/oxygen cell is particularly attractive, when compared with
other types of fuel cell, for & number of reasons; it. has always appeared
likely that a practicel unit could be developed working at low or medium
temperatures, and it raises the inte.esting possibility that it could be used
as a kind of electrical storage battery, the two gases having been previously
generated by the electrolysis of water, using power produced on a large scales

YMoreover, when the author first became interested in fuel cells in 1932,
a search through the availcble literature soon showed that the most pramising
results had in fact been obtained w:.th(tSth type of cell, The cell was first
described by Sir williem Grove in 1839', and in 1889, particularly good
results were recorded by the great chemist Ludwig Mond and his associate
Charles Langer (11), they achieved a current dersity of 64/Ft.“(6.5m 4/cm®)
at 0.73 V,, using either oxygen or air, and they also showed that the best
results were obtained when the platinized platinum electrodes were kept
substenticlly dry on the gas side. Further progress was prevented largely
because of the high cost of the platinum electrodes.

Since the end of the second World War, & great deal of interesting
work has been done in mony countries on the hydrogen/oxygen cell, and this need
not be referred to in detail here., Particular reference, however, should be
nade to the work of Devtyen(iii) ond Kordesch(iv) and his associates.

24 Types of Cell Investigated.

In 1938 o small cell simileor to Grove'!'s origincl gos battery was
constructed, tnd frir results obtoined; but when activated nickel goauze
electrodes were used, in conjunction with an clkaline electrolyte of potassium
hydroxide, the results were poor, even when the temperaturce was raised to the
boiling point of the liguid. o

It was next decided that the problem would have to be attacked
essenticlly from an engineering point of view, ond that with this type of cell
operction under pressure could not be avoided if high current densities were
tc be obtained, in conjunction with comparatively cheep moterials of
construction such as nickels, So in 1939 & cell wecs designed which would stand
a pressure of 3000 p.s.i., and cny recsonchble tempercture %}{‘-“ig.ﬂ .



Tac zlsctrolyte was o 275 sclution of votsssium hydroxide and the
cylindrical electrodes were of nickel gauze, zctivated by clternate oxidation
in 2ir ond reduction in hydrogen; they wzre separated by a diephragm of
csbestos cloth, Other metels, such os pletinum, pelloedium, silver and copper
woere tried, but were discoxded in favour of nickel, partly becouse of cost and
corrosion diffi ies, but meinly because of the sugperior performance showm Tty
nickel under these circumstences. The cell wos tested by oltermately chorging
it from an external source of direct current ond discharging it through on
aommeter and voriable resistance =t a,aconstant cugrent, It wes found Tinally
that & current density of 12.2 A/ft.“(13.1m 4/cm®) of thc external surface of
the inner electrode %ould e maintained for L8 minutes ot cbout 0.89 V., with
a tomperature of 1Q0°C; mony thiclnesses of gouze ond fodrly high pressures
were used to get these results, Curiously enough, no advantage wes obtained
by using higher temperatures than 10000., end this was tentatively ascribed to
the irreversible encdic oxidetlon of the oxygen electrode during the charging
period. '

The next stage was to construct two cells, one acting as an electrolyser
for genecrating the two gases and the other being the cuwrrent-producing cell
(Fige2). The goses produced in the electrolysecr were carried separately up into
the cell in solution in the electrolyte, the liquid returning %o the slectrolyser
through scparate pipes. Ackiveted niclel gauze clectrodes and csbestos
diaphrogms were egain used, but this time in.the form of flat discs,

It wes found that the performances-of-his cgll improved centinuously
with increasing temperatures qd pressures up to 2L07C. and 8075 DeSele, thE
highest tgied. The highest current density cblained at 240°C. wes 754/%t.
(81m &/cm®) at 0,65 V. with six gauze electrodes on each side of the cell.

The current density eppeered to be limited by the rate at which fresh ges
could be brought up to each electrode in solution in the electrolyte. The
materials end methods of construction used proved to be recsonebly satisizetory.

3 The Present Cell with Diffusion olectrodes.

At this stoge it was still considered that the performence was not good
enough for any practicel application, becring in mind that high pressures
inevitably leed to higher containcr weights than would te necessery with a2
fuel cell working at atmospheric pressure. - So it was decided thot a new
cpparatus should be built with the goses confined to the backs of porous nickel
electrodes;  this design has been used with very little change ever since.

The details of the construction of the cell hove often been described
before (v), but it is probably best to recapitulate them briefly here.

A single cell is illustrated diagrammotically in Fig.3. The clectrodes
are made of porous sintered nickel, and the main cell parts zxe of nickel-plated
steel or pure nickel; the electrolyte is strong potessium iydroxide solubign,
betwcen 37 and 50% concentration. The normal operating conditions are 2C0°C,
and 300-600 pes.i.. 4t the present time o pressure of 400 pes.i. is normelly
being useds The porous nickel elecirodes, which ere about one sixteenth of cn inch
thick, have o pore size of cbout 30 microns or more, on the gas side, with a thin
layer of much smeller pores on the liquid side; o small pressure ddifference is
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this arrongement, the goses are of course supplied from gylinder:
in thne normrl woy; othor adventoges over previous designs ore that the ges
siclos of ths

cicctrodes sxe coated with only o very thin layer of electrolyte,
giving o very short diffusion poth for “he zzses in solution before recching
thc cctive surface of the clectrodes, the useful surfoce ares of the electrodes
is grectly increased, ond the esbestos dicphrogn is eliminated,

s
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Lie Zlectrode Desima.

i good clectrode design is of course of the utmost mportonce, and
several different designs heve been trieds. The lorgest electrodes made so far
cre 10 in, effective dicmet\.r, though this does not by any meons represent the
linit in size; they are sintered dircctly onto o flat circuler perforuted sheet
ckel or nickel-plated steel, cbout one Sixteenth of an inch thick; this
provides adequete strength, ond serves slso to conduct awsy the current generated.
Electrodes up to 5 in. dismeter were proviously mede without o backing plote of
solid metal, bub it wos considered unlikely that larger ones would be satisfactory,
without adequate support. Separators, in the form of nerrow vertical strips
of mebefece, hove to be used with 10 in. diemcter eclectrodes, to provent intermal
short~circuits when the pressure difference is applicd.

fn elternc

from of wlectrode which has been employcd comprises a

oipsler structure with recesses mochined on cither side of o solid metal plate,
cch recess then being filled ‘.:Lth porous smtbred nickel for o hjdroger\ and
lectrode respectively. & thin dimpled perforeted plate is first

each recess, cnd this leaves o narrow space for lecding the ges
< rim to o1l ports of the porous metcle. When bipoler

© this type arc csscembled in scrics, with goskets of insulating
wecn each, they form o series of cells which do not require eny
zevTonol currens conncction except of cach end of tho batterys  This
electrode construction is ettractive in mony ways, ond lo‘.d.a to a very
ccmeact tovtery, but it hos temporarily been L,ucndoncd in favour of the
sinple unipoloir design, modnly owing to difficulties in menmfeacture.

The coarse porc loyers of hydrogen clcctrodes cre made from Grade B
carbonyl nickel povder (everage o"rtmﬂb sizc 2~3 microns) mixzed with about
2G5 by weight of 100-2LD mesh comoniun bicorboncte which octs as a specing
“Ge*xt 'i.xI'll'lC‘ Slntvr“"‘ff it is g‘vgwu llg’qt 1y in a rubber press, and then

red Tor ~bout & how o5 8507C. in o redu 'c:.ng aetmosphere., The fine pore
is then crplied = ton of Grode 4 cerbonyl nickel powder
: in c-_lcohol' this is sintered for % hour
clis boing revaried by further thin oppliceations of A nickel
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The coarse pore loyers of oxygen cloctrodes are now usually mede fram
Groede D corbonyl nickel powder (average particle size 7-9 microns) mixed with
15=20% of 400=240 mesh grmoniym bicarbonete; it is pressed lightly ond sintered
for % to 1 hour at 1000 -11507C. in = reducing atmosphere. Theofinc pore loyer
is ogain of Grode 4 nmickel, sintercd for % to 1 hour ot 950-1000°C.  iltern-
atively, the cosrse pore layers of the oxygen clectrodes may be mede from a
cocrse nickel powder, cbout 200~25C uesh, without o spacing agent;  but inothis
cose o higher compressing pressure ~nd ¢ higher sintering tempercture (11507C,
as o minirem) are required to get a rcally strong compact.

Finglly the oxygen electrodes cre pre-oxidised ~fter imprcgnation witn
a dilute solution of lithium hydroxide and drying; oir is used for o:ocldation,
ond a satisfactory thickness of oxide is formed in % to 1 hour ot 700 =300 C.

Hydrogen electrodes ere activated by impregnation with a Strong solution
of mickel nitrcte, followed by o roasting trectment in cir at 400 Ce ond finally
reduction in hydrogen at cbout the seme temperature, Work is procceding on the
activation of oxygen electrodes, but & stendord treatment has not yet been
arrived at.

Typical microscctions of hydrogen and oxygen electrodes cre shown in
Figs, 4 and 5, '

Se Prevention of Corrosion of Oxygen Electrodcs.

When porous nickél electrodes were first put into usc, scrious trouble
arose with the gradusl corrosion of oxygen clectrodes, leading first to a drop
in output cnd finclly to camplete breckdovm. This trouble has now becn lergely
‘overcome by the pre-oxidation trcatnent clrcady described. It was first found
that samples of nickel pro~oxidised in edr ot about 800 Cs were extremely

resistent to corrosion when subsequently exposed to strong KOH solution and oxygen

under similor conditions to those in the cell. But the green oxide loycr

produced during pre~oxidetion is an clectricel insulator, so an electrode protected

in this woy would be uscless in the cell. However, it was ascertained that if
lithiun atoms are incorporated into the crystel lattice of the nickel oxide,
2 black double oxide of nickcl end lithium is produced, which is o good scemi~
conductor(6); and the corrosion resistance is unimpaired, or even enhonced.
Using this teclmique, oxygen elgctrOdOS have been in operation in the cell for
periods up to 1500 hours at 200°C, without foilure, end with only a very smell
drop in performonec. Upecimens of preo-oxidised nickel hove boen exposed to
oxygen under pressure and potassiun hydroxide solution at 200°C. for more thon
10,000 hours without visible deteriorction; and occelerated corrosion tests
at a higher temperature have shown thot considereble improvement on this figure
should be possibles It should be mentioned here thot before the pre~oxidation
treatment hed veen introducced, experiments were mrde with vorious corrosion
inhibitors which were dissolved in the clectrolyte; potassium silicate end
potassiwn aluminate wure particulerly successful in arresting corrosion of
oxygen clcectrodes, but thcy also reduced the performance of the cell to a
ziiigtiss ;}ftimi}.l It is bel:i.evecl that this provides the explanction for the
the previ'c;is ce]ﬁf n::iggrrt?sllc-on of oxygen electrodes was obser\fed when using
had Giophos ofs oo tmc il gelze e_:leqtrodes; these earlier cells all
would ‘ther;f%gfé beasmes 0s ¢ ?th, and it is to be expected that the electrolyte
alumsinate e s CC t_)somivyh.t contomineted with potassium silicate or
thequOlH 11:1 tho o ] mfurcs ing. a_‘.Lso thot a small unognt of copper, added to
inhibitop ard ; orm ol copper oxide, was 2lso effective as a corrosion

r in 2ll ceses led to the formation of a black oxide on the nickel,
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The results of some accelerated corrosion tests on samples of nickel
pre-oxidised g_n the. presence of lithium hydroxide, and exposed to 65% KOH and
oxygen at 300 Ce end 800 pesei. totall pressure, ere shovm grophically in Fig.6.
The samples were pleced in oxidized nixkel crucibles, which were set up in
sutocloves;  the samples were half in end helf out of the KOH solution.

The gas space was filled with oxygen under pressure, and readings of temperature
and pressure were rccorded periodically. The esutoclaves were opened at
intcrvals and the s les washed in distilled woter, dricd and weighed; the
extent of corrosion was indicated by the weight change. Fresh KOH solution |
was uscd in each rust. _ These curves emphosize the importance of a sufficiently
thick oxide layer, in ordér to obtein really good durebility. It is estimated
that a2n oxide leoyer about 3 microns thick can be obtained by coating the

nickel with 2,8+ of lithiun hydroxide per squerc metre of surfoce ond oxidising .
in air at 800°C. for 16 minutes. - :

In Fig, 7 some results of tests at 200°C, 260°C. and 300°C. have been
plotted togethcr. . These samples are not exactly comperzble due to differences
in:the. initiszl thickness of the oxide cooting and in the conditions under which
the. corrosion tests were carried ocut., It is possible to scy,ohowever, that
similor samples corrode at 200°C. much more slowly than at 260 C.. 4lso a
ﬁmthcr'-conéidcrgble_ increase in ¢. rosion rate is produced if the temperature
issreised to 300°Ca. ~ By pre-oxidising the somples to produce on i.ncrease in
weightts of Sg/metre instecd aof 2—3g/metre ? the rate of corrosion at 300°C wcs
rediuced’ considerebly as shown in Fig.6, = It scems reasarizble to suppose thot
if "the-sgmples ‘oxidized, with lithium present, to give an increase in weight of
S5g/metre” were tested at 200°C., they would give o life many times longer then
thosc olrcady tested at this'temperoture (Fig.7).  Even if it were to prove
impossible to produce suc? 2 thick oxidc layer on the oxygen electrode, a
thj.rmeg.lc\vcr of 2g/metre” will protcct an e¢lectrode for more than 10,000 hours
at 2007C. .

6. Jointing Material.

There must be ot least onc clectrically insulating gosket per cell,
cnd at the present time, using unipolar electrodes, four gaskets rust be used per
cell., : - ’ )

Many different moturiels have been tried, but at the present time
nothing hes becen found which is superior in all respeets to ordinary compressed -
csbestos fibre jointing, which is mainly composed of asbestos fibre and rubber
(gencrally neoprenc). This has a number of discdventages, the principal one
boing thet the rubber content is graduelly oxidised where exposcd to the high
pressure’ oxygen; this finally leads to loss of strength and leakage to
etmosphere.  Howover, runs as long as 800 hours have been achieved without
feilure, and runs greoatly excceding this should be possible with a superior
designe Onc other foult is that substences given off when the rubber
dccomposes on hoating, poison the hydrogen clectrode ond tend to reduce the
output of the cell.

The most attractive cltcrnative to CiF jointing would appeaxr: too be:
petefees loadced with asbestos fibre, or possibly loaded with powdered: ghossy,
but thesc materials arc only now in process of devclopment in Englondl; end
the metal surfaccs would certainly have to be specially roughened: to: prevent:
slip. End pressure on the gaskets could no doubt be recduced:.by-thec.usc of a
pressure cylinder or tank, in which the wholc cell pock is comteined:under
pressure, but this line of development is not boing pursued a.t‘:;ges.cntzin'
Englend, owing to the extra complication involved.
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7e Cell Performinnces

The performance of the cell ijrpreves with both teq;erctare'c.nd Dressure,
but in order te cttoin o p life it will pro'o:bly prcv\, desircble - to limit the
working tenpﬂrature to 200 € or slaghtly higher.. na best ner’om..nc(_ obtainecd .
so far with a 10" Giz: cell at 200°C cnd LOO pes.i. is shown in tac 1
plotted as o yoltugs-cment density choractoristic in Fig.8; who t
the sinter is sqmewhat less. than 10", and is opproxinmctcly 9g",. but 4% is -felt
that it is more precisc to base the flmr\,s for current density or the intarnel
dlzum.ter of the gody of the cell.

b Ot 107‘. f 215 -'_3.f2_§1;.’,u5 o
Voltege, ¥ D teon] 14008 "_o 93 0885 i 0.82 | 0,755 o

These figures were token from one cell in a 10-cell battery, cnd using
37% KOH as clectrolyte; both thuse factors contribute to the rather low open-
circuit Qlta.ge obtiined. Under the ~bove conditions of Q.68 V. and
Lo 5/t (o 240i) , the power output per unit of internsl volumm corresponds
to 8.2 K/ ftg

The currcnt efficiency has been meoasured over a period of some mmndreds
of hours in 2 5 in dicmeter unit with two cells in scries, and works out at
987, This meens thot the energy efficiency, boased on the free energy of the
recction, will approximate at ony useful current dcnsity to the voltage efficiency;
c.ge at O. 9V and 200°C ond 600 p.s.i. the energy officiency will be
0.9 x 100 ~ 75%; ot 0.8V. it will be 66%, and ot 0.6V. it will be 50%.
1420

When the cell is on load, the losscs which cppear in the form of hect, .
cre mainly due to the irreversibility of the electrode reactions, or what moy
be called activetion polorization; & snaller proportion of the losces cre dus
to resistence ond concentrotion polarizotion. On open circuit, cnd abt.low
current densitics, thoere will in addition be 2 'lost current! due to diffusian -
of the two goses in solution through *he elcctrolyte, followed by combination.
on the opposite electrode,

& groph showing the™relative proportions of polerization due to esch
electrode and to the clecetrolyte is shown in ig.9. Ordinery CiF jointing was
used, so the hydrogen clectrode wos somewhot “"poisoned".  .ssuming thet
activation of the hydrogen electrode con ensily reduce polarizetion from this
source to a negligible amount, while elcctrelyte resistance cnd oxygen
clectrode polarization arc less cesily iuproved, then a curve showi the best
easily obteined p crlomﬁce to be e? ccted from o cell con oezdrﬁx.'n see "ﬁ‘j.g.9).
This shows that 2234/ft. (240 : u’/cn? at 0,8 V. and 650 4/Tt. (700 mi/oem) ot
0.6V can recsonaobly be expected at 200°C. and 620 PeSeles .
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Thwe cxperimentel method has been improved by the measurement of purely
resistive polorizetion in the cell circuit using o commutetor technique in
conjunction with o cathode roy oscilloscope, so that individusl electrode
verformence cen be studiced precisely. This is perticulorly important in the
casc of the hydrogen eluctrode, vhore both resistonce ond activation :
polarizetion huave the some linear dependence on the current passing. The use
of = rof sloctrode, in the form of o small resting (i.c. unlocded)

trode of porous nickel, situated in the elcctrolyte space, cbout

n the medin hydrogen and oxygen electrodes, has made it possible
olerizotion in cach ¢lectrode separately; o reference clectrode
is uscd Toirly regulcorly in cell operation, cven when the

cchnigue is not being crployed.  This has shown thet the

Z the hydrogen clectrode ot 2007C., when plotted cgoinst current
by, gives spproxdnctely o straight linc; ' ot lower tempcraturcs, the
Tonsviour becomes logrrithmic (sce Pige10)s  In the casc of the oxygen electrode,
howrever, the behaviour is logerithmic even ug to the highcest temperaturc yet tried
the shapo of the curve which it gives ot 2007C, con be secen in Fige9e The
difference in the shope of the polarization curves shown by hydrogen and oxygen
clectrodes ot 200°C. con be expleoined by the fact thot the exchange current is
rmuch less in the lotter cose, or in other words the oxygen electrode is much
less reversible thon the hydrogen one; in addition to this, the surfoce area
of the oxygen clectrode is much less thon thot of the hydrogen one. But even
an oxygen clectrode of large surface, made from Grode B nickel, will polarize
morc then a hydrogen one mede from the sepe powder ond having the same surface
crec.  To improve the performence of oxygen clectrodes, o very large increese

@

' in surfoce cres will be required;  this con probably best be obtained by soms

form of activetion.

Sincc cliectrodes heve been mode with o backing plate, it has been
possible to test hydrogen and oxygen elcctrodes as thin as 1/32 in. The
performence of these thin clectrodes is within 20% of that of the previous.
clectrodes which were ';3'"' -~ 5/32" thick, If the elcctrodes are mode 1/16 inch
thick, there docs not appear to be cny scerifice in performonce. i number of
other hydrogen ond oxygen electrodes of verying structurcs have been tested,
but so fur none hes shown 2 striking improvement in performonce when compared
with the standard types.

8. Tho Effect of Cell Conditions on Porformcncc.

(841}« Pressurc.

cet of temporcature and pressure on the reversible voltage of the
cell can be seen in Pig.i1s Meosurements of clectrode and cell
verying pressures of gos (the electrolyte vepour preasure heving

ured, see Fig, 12) show that small vorietions in pressure hove only =
effoet, o tenrold chonge in gos pressure from 30 atmospheres to 3
ctmosshures (441 to Ly r.s.i.) epproximately helves the cell performance ot
normel operating voltages (sce Pig. 13). 4 theoretical enclysis done foirly
cnoly shows that for a given power output, and assuning that the geses are
both stored in high tensile steel cylinders ot 3,000 pes.i., the overall weight
of the battery ond storage cylinders would not be increascd if the operating
rressurce wore reduced from 500 to 300 p.s.ie; the cfficiency would be slightly
reduced, however;  this coleulation nllows for the "dead" fuel left in the '
cylinders when the bottery is discherged, and olso for the reduction in weight
of the bottery itsclf.




(8. é) Tompe roture .

The meacium gell twrpeL%urc ig limited by the materials ‘used in it!
construction. Thus, p.t.f.e. is found to corrode relatively quickiy ot 250 Ca
undercell conditions, where in contact with porous nickel; ond the nigkel-
Iithiumn oxig.e of theoozqygen clectrode breaks down fodirly quickly at 3007Cae.
Between 1007 and 250°C. the cell output. ot normel operating voltage increases
ropidly with rise in temperature, os the.hlydrogen clectrode chonges from
logerithmic behavious at 100°C. to l.Lm.“rbehoviourb Af‘tero2OQ C. the output
d.oeo not increase as rapidly as 1t does Between 100 c.ncl 2007C.s Taking 100°C.

it performrnce, that zt 150" %. is roughly Ly at 200°C." it:is 10, ond-at -
250 C. it is 15. The actusl moxirum power avoileble (at o low eff:.c:.cncy)
rises :ncrc%mg,ly steeply with increasing tempu.r'zture s and is rcughly doubled
with each 50 C. rise in tenpereture.

(8. 3. . ,Jlectrolv‘te Conca.ntn tlon.

Thu effect of the vapour pressure of' ‘the electrolyte the reversible

. voltege of the hydrogen/oxygen cell ot a temperature of 200 €. is showm in
FPigethe This assumes thot the totol pressure is kept constont at 600 pesei..
"It hos been necessury to-plot the vepour pressure of the electrolyte, rather
-than -the concentn;tmn, as the- relationship between concentration andvapour
pressure of very strong KOH solutions has not been measured, as far as is
known., T .

It has been ossumed thot the disposable cnergy in the formation of woter
vapour at a constent pgessure of one atmosphere is 219.4 kilo-joules per grome

formula weight, at 200 C. it other wolues of pressure the disposable energy
is increased by an cnount

0.5 R T log, (PH;2 - R)

2
PH20

the pressures bej.ng measured in atmosphercs.

_ The theorctical voltage is obtained by dividing the dlSPOSr_ble energy by
2F, where F is the Farcdsy, 96,500 coulombs.

Increasing the concentration of the potassium hydroxide electroly‘te ‘to
35% by weight, incresses the cell output progressively, but further increcase
frem 35% to 457 hos o smnller effect., Opcrotion at higher concentrations than
145% lecds to pr_ctlcul difficultics with the KOH electrolyte going eolid on
cooling down. Long continuous operstion of cells on load for periods of
50~100 hours has shown that the very high concentrations of KOH lead to build-up
of concentration polarization (cbscnce of water in the oxygen elcctrode is the
most probable cousc), so that o concentration of cbout 35% KOH seems likely to
be the optimm at present. If later it proves fecsible to condense out twice
the water formed from the hydrogen clectrodes, =nd then return one half of this,
in the form of steam mixed with the oxygen, to the oxygen electrodes, this
difficulty should diseppear and stronger concentrations could be comtemploted.

The values obtained for specific conductivities of a renge of
electrolytes at various tempuratures sre shown in Fig.15; thesehave been
obtained by meeasuring cell resistance with two different inter—-electrode
distances using the cosmutctor technique mentioned previously; they are only -
approximetes Results for 36% KOH are rerticularly erratic, end the mgasurement

of conductivity using on c.c. bridge and high temperature conductivity cell
. should provide accurate results.
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The velues predicted by T.M. Fry(7) arc clso plotted; these were obteoined
by using the reletionship between conductivity end viscosity, and usmgq._.n

estimnted value of viscositys "J.so volues quoted for KOH by C.E. Bovren™ (ded.u.ced

from work by Koklw-ousch in 1898); o generel ogrecment is observeds

The contribution of loctrolyte resistances to cell cpcr(..tlon will be
approximately 0.25 ohm/em” of oppeorent electrode surfoge, for & in. cloctrode
speciny uﬁlm clectrodes of thoe types describeds For a currmt density of
250 1. , this would give o polarization of 0.0625 Ve, i.es o voltage drop
correavonda.ng to sbout 5/0 of the total free cnergy availcble. '

(6el) s  Shunt currcnts_in bulti-cell Pocks.

i six cell pack of 5 in. dismeter clectrodes was coﬂétmctcd in 1954 and
fair results were obtaoined,

Measurements of the shunt currents along the coimmon eletrolyte ports, and
o thecoreticel trectment, suggest that the magnitude of the shunt currents will -
deperd lorgely on the dlmenslons of the axicl electroly jte ports through the
preks .

If V = the open circuit voltage of one cell
n = the number of cells in the pack
R = the resistance of one pair of axdsl ports in one cell, ond
r = the resistonce of anc pedr of radisl ports in onc cell,

then the shunt current = _ n=-1) V B
~2r+ ({n-1) R '
For lorge packs, where distribution of liquid moy be impartont, it might
be better to hove o nunber of axial ports serving groups of cells, rother thon
onc large port a(,I‘Vln‘J 21l the ct.llse

9; Use of Other Gases.

It has often been suggested that a cell of this type could be
uscd as & genuine fuel cell for generating power on a large scalc,
using hydrogen produced from coal by ordJ.m.ry chemical methods, and
oxygen from the 2ire This is, of course, a very ambitious progcct
and cannot honestly be envisaged ot present, owing to the high cost -
of npure hydrogen produced in this way;  pure oxygen is also expensive,

Nevertheless, it is obvious that the scopc of the whole projcct
could be greatly widened if it were found to be possible to make use
o 2 liquid fuel which could bec comverted into same gas which is elec-
trochemically active in the celly in this way it would became possible
to compete on rather more level torms with the internal combustion engine.

o number of experiments have been carried out using other gases,
and with mixtures of gascs, cnd the conclusions can be summarized as
follows :=~ .
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1e No other fucl ges, apart from hydrogen, has been found to be
clectrochemically active on o nickel celectrode at temperatwres which it
would be proctica’le to usc in a cell of this type. -~ Carbon monoxide,
methane and mothenol were tried and were oll unsuccessiul.

2, Both carbon monoxide cnd corbon dioxide are solublc in coustic
potash and would lead to the eventual cerbonstion of the electrolyte.

3. Complete carbanation of the clectrolyte would leed to o serious
loss in pcrformance, cmounting to o reduction to one quarter of the normel
performence;  this is partly due to loss in oxygen electrode performance
and partly to increcsed cell resistonce.

Le Hydrogen containing incrt diluents, such as nitrogen or methane,
can be used with a high volume percentage of inert ges, as long as pro-
vision is mede for exhausting the residuc;  some hydrogen would no <ioubt
be wasted in the exhoust, but the cmount lost is not likely to be serious.

5«  Possibly becease of its solubility in hot caustic potash solu-
tion, corbon manoxide does not poison the fuel eleetrode, but it moy attack
the nickecl pipe-work leading gos into the cell, No poisoning wos observed
with other goses used.

6. Expcriments using nitrogen-oxygen mixtures showed thot air could

be used in ploce of oxygen, as long as the nitrogen lef't over was continu-
ously removed, and the carbon dioxide extracted before entry into the cell.

The above conclusions show that the proscnce of any gases, apart
from hydrogen and oxygen, may leced to rather awkward problems which it
would probably be wise to avoid at mrescnt. On the othor hond, smell
percentages of inert goses would do no harm to the cell, provided ode-
quate means were worked out for exhausting them to atmosphere from time
to time, before they hed built up to large proportions inside the elec-
trodes, i smell purificotion plent ccduld no doubt be designed for con-
tinuously purifying o slightly carbonated clectrolyte.

The additionvl polerization at the oxygen electrode, coused by using
2ir instead of pure oxygen, can be scon in Fig,16; this olso shows the
effect of oxyzen pressure on polorization.  +'ig.t7 shows the cffect of
vorious fuel geses on the polorization at the fuel clectrode; the curve
for techniccl hydrogen, ond olso for the mixture of 90% hydrogen plus
10% carbon monoxide is identical with that for pure hydrogen, over short
periods of time. The "technical hydrogen" is the gas which is produced
as a by-product in oil refineries, from the "platforming process".

10e Present Design,

R In 195?, the Notional Rescorch Development Corporation of Great Britein
ag:;:eed to finonce thg development ond construction of & unit developing
5-10 wv. ,<00131plctc with 211 zutomatic controls, and o contract for this work
wes placed with Marshall of Combridge, Englond.

FrEIE -
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It wos decided that o 10 in. dicseter cell should be constructed, ond
this hes been in operction since Herch 1958, The present electrode design
hes olrcody boon described; cxicl ports for the odmission of the two goses
end the electrolyte cre drilled in the rim, as shown in Fig.18;. when these
electrodes erc holted up together in the correct order, with rings to provide
spoce for the clectrolyte and with flot discs of metzl to scparate the
hydrogen fraa the oxygen in the adjocent cell, they form o bottery, the
voltage of which depends unpon the mumber of coils connected in' scricse
Radizl ports for ~dmitting ges or clectrolyte from the cxdel ports to each
cell cre provided simply by slotting the gnskets. AL distributor plete for
locding the grses ond electrolyte into cnd out of the battery is provided
cither ot onc c¢nd, or clse in the centre of the ccll-pocks The whole cssembly
is bolted up between two ribbed end platus, with powerful bolts, with clectricel.
insulction between the ends of the peck end the end plotes. Electricel
connections cre silver-soldered onto ecch clectrode, ond the inter cell
connections cre mode externclly; the mein connections sre of course mede to
the clectrodes ot ecch end of the poocks R . o :

Up %o 30 cells in suries heve been. opercied so for (sec Fige19), cnd no
special difficulties have been encountered with, for example, scoling of the
joints, excessive shunt.currents betwoen :cellsy cxeessive clectrolysis-in the
electrolyte ports, otc. But morc cxpericnce will-hove to be obtained with
large multi-cell pocks before relicblc rosults ern be quoteds

11. Development of Control Geor,

Control of gns odmission has clweys been a problem, as o very delicote
pressurc balence has to be maintained between the two geses in the battery.

i systoem hos now been workcd out vhercby os a basis the pressure of the oxygen

rencins constent under ~11 conditions of lord; this is cchieved with o stondard
twow~stoge reducing velve. The hydrogen then has to be admitted ot preciscly

the correct rate, so thot the two gos pressures sre balonced to within o few
inches woter gouge; this is donc by fitting an nccurate differenticl pressure
meter, which cctuates o power-operated velve admitting the hydrogen, the velve—
opcning being controlled by o scrvo mechenism opersiing with compressed odre

L fair cmount of cxpericnce hos been obteoined with this gecr which works
extrencly well, Figurc 20 shows verious items which mede up this control gecr,
mounted on the front of the protective fremework cnclosing the cell pocke

Much thought hos clso been given to the problem of the removel of woter,
ot the same rote ot which it is formed. Previously this hos been achieved by
circulating the hydrogen stecm mixture by thermosyphonic cction, the steam
being condensed out in o smell vessel outside the logging. In order to do this
in a lerge brttery, very lorge hydrogen circulating pipes and ports would be
necded, so it was decided thet o smell hydrogen blower would be used; it wes
considered thot o glondless form of drive wwould be necessery, in view of the
difficulty of mreventing hydrogen leckoge with o stendord type of glende £
nagnetically driven purp using o secaling shroud of thin non-mognetic metal has
been successfully employed for some time; it con be seen mounted undernecth
the boattery in fige19. The rote ot which the condenscte is removed from the
systom is controlled by switching the blowur on and off ot intervels, the

~, switch being controlled by 2 sccond diifcrenticl pressure meter which operates

on the pressure difference between the hydrogen in the system end the electrolyte.
In this woy, the removel of water is controlled by the total volume of clectrolyte
which should of course bc kept epproximetcly constonts The condensate collects
in o smell vessel, from which it is rclooscd periodicelly by o level-scnsing
device such os o cepacitor probc, The moin parts of this geor, which can be

&lso seen in Fig,20, hove becn in operction cnd cppear to work perfectly well.
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Until morc cxperience with this geor is obteoined, the mein level gouges will be
retained in usc, tut eventuclly it should be possible to remove then,

The initicl hecting of the bebttery is cccomplished by electrical hocters
mounted on the end plates ond round the main body of the bettery inside the
logging. Verious plons heve been suggested for meinteining the bottery ot
& constoent temperature when on lood, but the simplest is undoubtudly to ollow
cold cir to circulate round the battery, inside the lagging, the cmowit of
cold cir introduced depending on the tomperavure of the cell packa

Lostly, there is the problem of removing gos from the elcctrolyte
systemy 1t is difficult to mrevent entirely same generation of hydrogen and
oxygen by electrolysis in the cormon clectrolyte ports, olthough insulation
" with pe.tefecs helps considercbly. in this respect. . Morcover, there is clweys
the pocsibility that an clectrode ncy stert leaking, thus :1lowing gos to get
into the electrolyte systems This is trken core of by o level-scnsing device,
which will relecse any gos which moy collect ot the top of the elcctrolftc
_systcenm, by means of = solenoid operated wolves.

411 these controls msy seom somewhoat complicoted ond expensive, but -thore
is no doubt that they can be mede to work, ond with o lorger bettery they should
not be any more complcx cnd would then represent only o smell proportion of the
cost of the whole plant.

12, Ldv”ntagc" ond Spplications.

From whot hos been scid, it will be scen thot it is unlikely that this lkdnd
of battery could be competitive with cxisting types of accumilotor in smell sizg
owing to the high cost of the control geor in comporison with the overall cost
of the plant. Jnd in very small sizes it would be difficult to kcep the cells
up. to the working tempercture unless they were on load continuously ond unless
very efficient heat insulotion werc cmployed. It is difficult to quote exact
figures for minimum sizes until more exporicnce is obtained, but a power output
s small as 100 watts :LS belicved to bo fecsable with reolly good lagginge

One other foctor that must be cpprecicted is that it could not compcte
with say lead cccumlators on & weight brsis unless the length of time of
dischargc is grecter then cbout 1 houry; however, for longer times thon this,
the saving in weight should become increasingly irportint, cs showm in Fig.21.
The figurcs for conventionol accumilators ore o few ycars out-of-date, but the
general picture to-day is undoubtedly roughly the same, It is on o weight basis
that the hydrogen~oxygen battery should be sble to show it's principal advantoge
over conventiomal ecccumilctors. i curve for o Dicsel engine with fuel is elso
included, and this scrves to show that it will always be difficult to camoete on
o weight basis with o power generator which cen draw it's oxygen from the
atmosphere., Howcver, it is os wcll to beor in mind thot both accumulators and
internal combustion cngines have o great many years of corcful development

behind them, whereas the fuel cell is still in itz infency.

The fuel cell weight of 50 lb,/M shown in Fig,21 was worked out for =
lorge battery developing cbout 44 K¥.; this welght to power rotio will not
be achicved in the smadl cexperimentel unit now being built, anc it would be
unwise to hozard o guess cbout this until it is completeds The first
requircment has boen that it should work, reothor thon thet it sheuld have
minimum weight or volume,
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As regerds power per unit volume, the figure of 842 kl‘il/f‘!:.3 of.intemal
cell vo%ume hns already been quoted for a cell voltage of 0.68; o figure of
3H/ft,” for the whale battery without control gear, wes quoted by on independent
body some ycars ago, for a cell voltage of 0.8.

It has always been hoped that some speciclised applicotion will arise first,
an application for which a fuel cell is particulerly suiteds In this connection,
the possible use of fuel cells in sotellites snd space vehicles is of great .
intcrests Then, when furthor expericnce has been obtained, it should be possible
to cnter the commercial field in competition with stornge batteries which have
alrcady been develowed to a high pitch.

It would scem that fucl cells of this type are most suitable for traction
purposcs, both road and rail; the combination of battery and direct current
scries wound motor provides an ideal propulsion unit for mony types of vehicle,
the limiting factor so far being the weight of the battery. The gases would
probably be generated by electrolysis of water, and in this conncction the
development of on efficient high pressure clectrolyser in Germany is of great
intercst. It is well known that the cost of clectrical power from the
National grid is considerably less than thet of power produced in o pctrol
engine, and this is of special importence wherc the vehicle is subject to
repeated starts and stops.

Further, if finally most of the pawer is generated on a large scale
from nuclecr cnergy, the cost of the clectricity will be mainly duc to the
capital cost of the plant rather than to thc cost of the nuclear fucl; and
the nced far some kind of large scele storoge will become increasingly
importent, as little will be saved by shutting down the plants during times
of light load.

Other advantoges of this kind of fuel ccll arc that it is eble to take
large overloods at reduced efficiency without demage, it is silent and free
from vibration in operation, it has very few moving parts and the “exhaust" is
only water; moreover, the "charging" process would mercly consist of refilling
with the two gases, o very repid process.

With the advent of new methods of storing hydrogen and oxygen, elther in
liquid form, or elsc in the former casc as 2 compressed gas at a very low
temperature, it would seem conceivable that vehicles could be propelled over
reolly long distonces with fuel cells; ond in view of the rapid depletion of
the world's oil supplics, the development of a proctical fuel cell should,
in the author's opinion, be given a high priority.

The author would like to thank his collecagues who have given invaluable
help in the preparation of this paper; ond in porticular Dre R.G.H. Watson,
now at the Ldmiralty Materials Loboratory, Holton Heath, England,

He would also like to thank the Electricel Research Lssociation and the
Ministry of Power for valuable financial assistance over many years of rescarch;
also Messrs. Marshall of Cembridge, who arc nov providing foeilities for the
development work and who hove given all possible advice ond help; and
specially the Notional Rescarch Development Corporetion who are now financing
the development work, and who have kindly given permission for the publication
of this paper.




(1
(2)

(2

()

(5)

&
(8)

-50-

REFERENCES.

Rl —— )

Grove. W.R., PhilMag. (3), 1839, 14, 139,

Mond, L. ond Langer. C., Proce.RoyeSoc.Lond.,
1889, 4b. 296-308.

Davityones 0.K., Dircct Conversion of Chemical Encrgy
of Fuel into E lectr:.c"l gnergy (in Russian) , ~cedemy
of Scicnces, Moscow, 1947; BeReao Translation Ref.

Trans,/IB«884(1949) .

Kordcsche Ko and Marl®w, <., Osterrcichische Chemiker -
Zeitung, July 1951, 52, 125-131, ctc.

Bacon. P T., B. E.“.M. i Journal, 195k, 61, 6.
" Forrcst, J.8., Trans, Fifth Vorld
Power Conferoncc (V:u,nno.)’ Div,. 5, Section K, peper

119K/ e
Watson, R.GeH., Rescorch, 1954, 7, 3be

Verwey, E.J.W,, Senmi-Conducting Motcrials, Butterworths
Scientific Publications Ltd., 1951, 151-161,

Fry. T.M., private communication.

Bowen, C.t., JoI,E.EEng., 1943, 90, 473,




N A o=

LaCTas Y

~——— g

——

Nicke! end
plug

\\\_‘
Nickel 1ining :
Positive

electrode
nickel N

gauze SONNN

Nickel end
plug

51

Insulated
terminal

:Steel end cap

Steel body

|_—Negative electrode
nickel gauze

Earthed
conrniection

/\\
TR Asbestos
N diaphragm
Steel end cap
7

Pressure gauge
connection

Pocket for
thermocouple

Fic.|. APPARATUS FOR_USING COITLS QF GAUZE
AS '

LECTRODES . GAS SUPPLY BY INITint ELECTROLYSIS



'H3IZAI0¥A0313 ERCEREER
WOH3 XigdNS Svh 'S300¥13373 SV 3IZNVO 30 ©5%10 1v4 BNILh SNivVAavddy FACIE]

snjeaedde Jo uOEAdd [EJ1343A V-V ySnouyy UUIDIS [EDTIIA

wdeayderp soasaqsy (IZAS sepoJ3daje azned (eI
3 01302UUO0D ™~ P
y euJaul
ned aaNssaJd V a3zAJ0u u ﬁvuw_m _ux..w_ﬁ
Apoq’ 193§
I \
sadud
PYIN
A N\ w:_uwﬁoﬂ
qospod Jlaesully
& JeQRWOW.IY 17 oy

' mm———

u
s30q
~ pAensyf
toﬂm:m\ ™ Z /, Wusvd;
uijeas
1R A8 1addoa
: paey
=8L N - 2 PN

9 =
BN Kreuaayut pxeyd Weayderp s01s3qsy
PO o v ' Q ot Apoq waas”
sewouley ] Y ‘ \ 11D
s3109 p33e|nsul——]
v

Ruigurol yaadury Sap0J}IR aznes (e}




At o S

L T e

T e

Ve g oo coond

Electrolyte
vessel ¢ , Hydrogen

Pressure

o gauge

Drain valve

Condenser

level gauge

Fic. 3 APPARATUS EMBODYING CELL WITH
PORQUS DIFFUSION ELE‘CTRODE§..




FIG. k.

MICROSECTION SHOWING COARSE FORE SIDE
OF HYDROGEN ELECTRODE (x 150)

FIG. 5. MICROSECTION SHOWING COARSE AND FINE
PORE LAYERS OF OXYGEN ELECTRODE

(x 38)
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HYDROGEN/OXYCEN CELL (Fic 21)
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