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I. INTRODUCTICH

The source: of all energy capable of
doing work isathe“suh.. This energy may be used
either as soon as it is received, Or stored and
used laters At this time there are no commercial
methods for the immediate use of solar energy. It
vas become necessay, therefore, to releagse 1t from
various natural stores, namely oill, weod, and coalas
The methodes for making the energy available are by
combustion under a steam hoiler and use of & Steam’
engine, or combusticﬁ“in=én internal combustlion
engines. whichever of these methods is used, the
eompleteﬁess of the conversion of the potential
energy in the fuel into veeful work is severely
limited Dy the Carnot efficlency of such & trang-
formations.. Fbr instance, a steam englne cperating
st 1000°R and using condenser water &b 500°R will be
capable,,in the absence of all other losses such &s
frichtion, of converting only 50 per cent of the

wmit

i

fuel energy into work. In addition to this 1
1n efficiency, the boiler used will have a heat
efficiency not excseding 85 per cente Thus these
two‘factors alone make it impossible Lo convert
mere thaa about 42 per cent of the potential énergy
in the fuel to useful work. Ohther losses such as

friction come into the picture also and reduce this
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1y
in 1839 w%en‘érov, 1) bullt a cell cpsrated with two
platinum electirodes, air bubbled on oneg,; and water gas
from coke bubbled on the other. The cell was not &

success. 1In 1855, Becquerel‘

3 " . et T R .l ~ ot mrmo e -
especislly by Emlil Baur and collaboretors Las Deen

$ 3 1. . 1. L e - 2t A e P "
conducted with cells of the type cerboni’vigld conductor

. - R . (8)
1t . These celle cperate st sbout 1000°G. Baur reportg\™
o

het he hag constructed a cell of this Lyps which 1s cheap
to construct, efficlent, but as yet of undertermined length
of life under operating conditions.

Some regearch ls still being done on cells with
fueged electrolytes, bubt the malin purpose of ithisg WOrK

hag been the search for and lanvestigation of vossible

. — \s (9,25,26)
depolarizing agents for the cellgt =957,

It secns that st this time the bhesat of coumbustion
“of coal can be turned directly into electric power, butb
~that the Rpoc ese involves exvensive, unrelisble equlip~
menﬁ.' The impetus of future researcin must"be directed,

theréfore, toward better equipment or & new itype of cell.,
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II. SUMMARY

A very considerable amount of work has been -
done in an attempt to devise a practical fuel cell., All
of the cells uge fuel oil or coal. It has been suggested
that sulfite pulp waste liguor be used as a fuel, or that
sulpghur would prove to be good onéd zalgo.

Fuel cells are divided into two gemeral classesg..
Those which use the fhel directly s one of the electrodes
or are used to generate a gas (e.g. water gag) from the
fuel and involve gas electrodes; and secondly those which
uge the fuel to reduce material in the cell and alir to

' X {26)
reoxidize this same material

» Both Lypesg suifer from
evxcessive polarization, while the first type must be oper-
ated at a very high temusrature in order to get a reaction
rate fast enough to produce snergy at a satisfactory rate..
The second type also suffersg from low reactionvrate, but
initislly at least:%air sized current can be drawn from
the»cell, however, the reoxidizing reaction is unable to
go fast enough to supply the cell the oxidizing agent
necesgary for ite continued operation..

+ seems that Future research must be directed
zlong three major lines. In the first place, suitable
depolarizers must be found which will permit cells to
continue in operztion for extendgd periods of time. I
the second placé, the reaction rates'must be increased =0
that the cells may be operated at lower temperatures. In
the third place, the investigation for fuel more sultable

than coal or oil must be continued.
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Tuel cells are at this time definitely
only laboratory curiosities, and cannot yet be considered

any where near commercially feaslible,



III. DISCUSSTON OF TEE LITERATURE SURVEY.,

Before discussing fuel cells themselves, it

is interesting to note that there sre several other methods
which have been suggested for solving this. problem of
inefficlency in fuel energy conversion into useiul work,.
Diecel's original plan was to use solid fuel in hile engine,
and by thie means to reduce the losses in energy from the
fuel which are normally unavoidable in the boller and sieam
supply to an engine or turbine., Thus a well rung diesel
enginé@ill'operate and deliver about 25 per cent of the
energy in the fuel, whereas the best stean installaticns
.annot deliver more than about 20 per cent of the potential
fuel energy. In 1912, Wililam Ramsay(18) proposed the
installation of zas engines which would be operated by

water gas on the surface at coal mine shafts. He suggested

the coal electrically, and blowing steam down one of the
tubes, and water gas oub of the other. According to Ramsay,
a conversion of the 30 per cent of %the fuel energy to

pbwer would be possible. The process does not seem to-

dvantages in its favor, and it 1s

0

have any particular

zoubtful if it could be guccesfully operated
e

uc

Several people have written r
gtate of the art of converting fuel energy directly inte
electrical energy(z’geizl’& 27) : ide snd & (21)
have classified the various fuel cells under'tdree heading&

which will be used as the basis of this discussioms These

categories are as follows:
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l:. Direct fuel cells wherelin the fuel 1s used

@)

b

directly as one of the electirodes;

uel is

M

fu

2s Semi=direct fuel cells wherein th
nged to produce gome gas {(e.g. water zas) which

ig used with an inert materlal zs a gas elscltrode;

1)

nd

3s. Indirect fuel cells wherelin the oxidized

!

educed substances in the cell are rezemeraited
by the use of fuel and air respectively.
A discusgsion of the characteristics and the development

of the various cell nlasgification folicws,.

As. Direct fuel cells:

o

It ig intended that the overall cell reoact:

g

[#351

¥

shall be the burning of carbon to carpbon dioxide, and thse

other materials with the carbon {l.2. hydrogen, sulfur, etc)

air elsetrode. Early cells of thils type were designed by
el
EeCQQerel(lo), Jablechkoff(eo), and Swangc )a The first

one ugsed carbon and prlatinum elsctrodeg, while the second

one uged carvon and iron electrodes. Bobth used fused

nitre as the electrolyte, The-third cell wag made of

carbon and lead electrodes, with a lead chloride electrolytes

None bf these cells were successful. In 1897, Jacquea(gl)
t

-

designed a cell using fused caustic zoda as the electrolyte,

& carbon rod for the negative pole, and passive iron over

which air was bubbled for the positive pole.. This cell was

of doubtful usefulness, even though it was the parent of

meny later desipnsg, because the caustlc soda was converted
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to carboaite and formate., If the cell was to be used for
any lengﬁh of time, thesge materials would have to be
converted back again to the hydroxide, and thus a very large
part of tﬁe energy produced would be consumed to no useful

external purpose.

It was pointed out‘by Haber(15) and by Patterson(lé)

who repeated and expanded Haber's work that the operation
of the Jacques cell wgs not really the direct combustiom
of carboen, but that in the presence of the molten caﬁstic
soda, the carbon reacted with the soda and evolved hydrogen
which was responsible in part for the cell operation@
Furthermore, it was discovered thatvthe pregence of g
little manganate was an "essential" impurity fér the
proper operation of the cell.

In 1910, Taitelbaum(gj) reported on a large
number of sxperiments carried out onm cells of the Jacques
type. He found‘that materials such as saw dust, sugar,
and coal could be used as the negative pole of the celle.
Howevér, the:cells polarized badly, and hence could deliver
no usefui curréﬁt. He later substituted concentrated
sﬁlfuric acld for the fused sodium hydroxide of the
Jécques cell and carried out further tests, He found that
the 1nclusion'of a little vanadium salts in the electrolyte
improved the operation of the cell. It was observed
that the cell 5perated most effectively at 250°C, and
géve an open cifcuit voltage of 0.6 volts. When the cell
was delivering O.l1 amperes,. the polarization was considerable.

In additilon to these experiments, Taltelbaum also conducted
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someaexperimenﬁs in whieh he added varlious amounts of
‘manganese dioxide to the electrolyte. He found that

the manganate present tended to attack the carbon electrodse,
so he further modified the cell by the inclusion of a
porous diaphrsgm intended to prevent the manganate from
getting to the carbon electrodes The results were nc more
encouraging, however, for the cell still polarized
significantly.

Following these'experiments, Bechterev(g) worked

on the original type of Jacques cell. He found that
“no current could be obtained in the cell if it was
o@e%ated at a temperature lower than SOOOG. de Tound

that several materials such as sodium carbonate, sodlium
perchlorate, potassium permanganate, gelenium, and tellur~
ium could be used as depolarizing azents. In particular,
selenium was found to be very actlve for the carbon
electrode in caustic soda. When the electrolyte was
‘boiling, he report% an electromotive force of 0.9 volts.
However, he found that if boric anhydride was used as the
electrolyte, and platinum ag the positive pole, electro=
rotive forces of better than one volt could be obtalined

at high temperatures if various oxides of the iron or
copper groups for instance were added to the electroliyte.
He does not report'what currents could be obtained. Hows
ever, by comparison with the later cells it ssems likely
that no large current could be obtained, and the voltage
would drop to well below one volt on the passage of a

current ..
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Baur and Ehren“erg(l) modified this bvoric

anhydride cell of Bechterev by the use of a fused silver
Cxygen”

positive electrode instead of the platinum.
At 1000°C the cells furn=

was supplied to this electrode.
ished gbout 0.1 amperes at a nalf volt. These workers
tried various other elesctrolytes including silicates,

carbonates, and Tluoridesg.
| (19) . , N
Reed developed another cell of this general

He used fused borax as the electrolyle, and added

Lype.

manganese dioxide to it. The negative pole was broken
coal, which floated on the surfece of the berax. Imbedded
grapﬁi*e grid which served as the terminal

in the coal was &
for the pole. Strips of gold foll wers uvead as the positive
0ld elegtrode

03

of the

He describss the advantage
e elschrolyte and

Lole s
g on Ll
and

. M
i gl o~
1nnersl i3

as beling the fact
ition and

thus 1s gelf sdjusting to pos
furthermore, he says it favors oxidation of the manganese
by the alr at the surface of the electrolyte. He prevented

the graphite rod from getting into contact with the
gas coming off the cell by piling

he fuel

electrolyte and
coal onto the fused borax to

a sufficient quantity of
protect it,., He separated the cell into an oxidation
reduction region by a refractory wall which

0 e

reglon and a
dipped into the molten electroliyte, but did not guit
‘ cell

4]

D
H

ot

parts of

reach the bottom of the cells Bolh &
‘ - s

were cloged, provision being made S=o the evolution
' nto the

cases and recharging the ccal

}J-

of tnhe combustion
reduction reglon, and Tor the supply of alr to the oxid-
place by the reduction

stion reglion. The dxidationAtakes Bl

g
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of the manganese dioxide, which is reoxidized at the gold

electfode. The voltage was about 0.9 velte and delivered
nitially a current of azbout 0,18 amperes which fell off

after an four Lo 0.18 amperes, The cell had to be operated

at about 950°C. It has the distinction of belng the -

firgt cell of this type which worked reasonably well,

However, a large cuantity of heat would have to be

expended in order to keep the cell hot. Furthermore, it

ig not certain thet the rate of reoxidation of the manganese

[
pote
n

dioxide could be made to keep pace with its reduction in

O

the cell, Nothing has been done in later years on cells
of the Reed type. )
In 1922, Baur, Treadwell and Trﬁmpler(3} described

s cell made of & magnesium oxide crucible set in a lavrger
iron crucible. The space between the cruclbles was filled
with a mixture of coke and fused sodium carbonate. Tihke
inside éf the magnesium oxide crucible was filled with iron

ire and rust, through which air was blown. The cell was
somewhat modified by GregorqlE) who obtained a British
patent in 1933 on 5 cell fitted with a magnesium oxide

diaphragm, and using iron and carbon electrodes with fused

[

carbonates of the alkalil and alkaline earth met als ag the
electrolyte. The cell wasg certainly not good enough for
commercial operation.

, Temaru with Ochial and later with

&
N
-~

S 'd
wn

‘J

In

. [a1-4 . . . . . .
Kamada(d’> published some results of investigations ithey

-

hed carried out on the depolarization of various of the

fuel cells already described. They tested a cell in which
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carbon wag the ﬁathode, and copper and copper oxlde the
anodes, Alkall carbonates and halides were used Tor the
electrolyte. They found that the polarization could be
eliminated by the addition of salts of manganese and
boron which gerved as oxygen carriers. The overall
reaction was the combustlon of carbon. In the later
paper(gs) they state that the cells will not operat
vbelbw red heat because the reaction rate is too slow,
and depolarization too difficult to obtain.. They found
that the voltage developed was independent of both the
air rate and the oxygen content of the air flowing
pés£ the copper electrodes

von Rhorer(EB) checks these results closely
with & cell of this carbon copper copper oxlide type.
He found, however, that if the electrolyte was thickeﬁed
with magnesgla and lime, the air to the copper electrdée
could be controlled satisfactorally and side reactions
prevented. He states that th voltages obtained remalned
constant for days. Polerizstion was said to be only a few
hundredths of a volt, At an operating temperature of
86390, the voltage was 1.072 volts. However, an energy
balence showed that only 13 to 18 per cent of the energy

-

of the reaction of carbon to carbon monoxide wae produ

d

o
D

usefully. Internal resistance counted Tor 10 per cent and
side reactlone for 35 per cent of the energy.
Thig type of cell, namely & carbon electrode,

Gar .
fused electrolyte, and an er electrode hag been modified

im two cases. Fischer and Kbnig(12> tested the voltage of

[
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cells with aqueous sodium carbonate as the eleétrolyte
when operated under Dressurec. They found that their best
regults wererbtained when solid fuels were used for one
of the electrodes rather than liguid fuels. They also
‘discovered that lignite& were unsultable fuels because
théir reactions 1lnvolved the production of humic acids
which apparently "poisoned"” the cell. They found that
current could be drawn but had considerable difficulty
in the design of the zpparatus.

The other major modifications of this type
of_éell are due to Baur and his many collaborators. :Thus

(4)

nhe and Prels tested the resistance of various diaphragus
in 1927, an? fOund‘that the inclusion of various of the
rare earth oxides intoc clay gave the best results.
They called these mixes "rigid conductors" and Baur and
Brunner(E) concluded later in the same year that the
successful way to build a fuel cell was to keep it complebely
dry (i;e. use no fused electrolyte). They found that cells
of this type, carbon="rigzid conductor"-ferric oxide air
electrode were very simple to construct but had ﬁigh
'internél resistance. In 1939, however, Raur and Preis(é)
repofted'that using a diaphragm of composition one part
cerié oxide, one part lithium zirconate, four parts clay,
and three parts tungston trioxicde, a cell of one to two
ohms internsl resistance could be made to deliver ang’
électfbmotiﬁe force of 0.7 volts. ZEaur reportséT) that
"these cells must be operated at about 1000°¢ and that

under these conditions develop about 70 per cent of the

N

Lota
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theoretical voltage. In 1941, Eaur‘a) reported a suceegs=-
ful cell constructed on this rigid conductor brinciple
but uéing hydrogen gas &s the fuel. It therefore falls
in the second type of fuel cells and will be described
thare.,

| It may be said that the operation of cells
of the Tirst class are severely hampered Dy polerizatiom
bnvthe cne hand, and the necessity for operating at excess
sively high temperatures on the other. Research in this
field.must be confined at present to the search for
depolarizers, and perhaps catalysts or Taster reacting
oiygen carriers which will increase the cell reaction
rate sufTiciently to permit ogeration of the cells at
témperatures pelow 1000°C. It would seem that these Present

cells consume so much energy in the form of heat to keep

resistance that they are not very efficient in operation,
and in fact probably no better than the present internal

combustion engine or boiler installations.

B. Semi-direct fuel cells:

Cells of thie type are operated by‘convefting
"the fuel into a gaseous material such as carbon monoxide
in a producer gas set. These gases are bubbled over metal
cathodes. Many cells of this type have been developed,

however, they are from the start less efficient than the

dirécﬁ cells fér dome of the fuel energy 1s consumed in the

gasification operation. Thig energy is liberated as heat

at the high temperature necessary ané have such high internal



and could no doubt be used to some extent;, but some loss

g inevitable.

}..h

Grove constructed the Tiret cells of this type

when he used twe platinum electr odes satuwatad hydrogen

and oxygen respectively. The development of a suitablse
voltage in these cells is difficult because of the
genstitiveness of the hydrogen electrode. Mond(go’gl)
experimented with water mas ac a gas for the cathodes
However, he sccidentally dieccovered nickel carbonyl

in Lhe course of his experiments, and became more interested
in the purificastion of niokel than the perfection of a

fuel cell. He separated two platinum electrodes ceoated
with platinum black by a porous diaph

-

wragme. The electralyte
‘wae dilute gulfurlec mcid. He obtained a current of about

2 amperes at'0.7 volts.  Hoviever there was s¢ much platinum
in the ce‘l that 1ts cost was prchibitive, and in addition,
1t wag found §ifficu it to keep the platinunm black saturated
with the oxygen and the hydrogen. Selgl attempted to make

the cell less costly by suspending the carbon black on

gmall pellete of carbon, bubt experienced considersbls trouble

‘he electrodes saturated with the gases,
Baur an&»Ehrenberg(l) describe the use of

h&drogen with their molten silver cathode cell. Theilr

impoftani contribution was the fact that metals of ths

iren and ccpper groups could be used in pla of platinum

for the electrodes. Later (1921) ZBasur in collaboration
with T”eadW811(2) congtruected a cell using producer gas

with a diaphragn of_pris matic structure of fritied magneslias




This dliasphragm was said to serve as a wick for the molten
ium and potassium carbonates used as the slectrolyvite.
The apparatus was maintained at 800°C. It is revorted
that this cell was not badly polarized, and had & capacity
of about one X. W. per cublc meter. They state that for
sconomy the units must be at ;eaﬂt cne thousand K. W,
capacity, and may use regeneraltive heatlng because the

- By this

)

gases are only 70 pver cent burnt in the cel

St

means, the authors claim an S0 per cent hest economy.
The overall cell would return about 60 per cent of the
fuel energy as electricity. German patents (325,783 and
325;784 of 1920) and a Eritish patent (126,766 of 1919)
were taken out on the cesll.

-

In 1934, & mas cell of thig general type was

-, ~ ‘L )
patented in this country by uregor( Very few details

,..F

on iteg operation are available except to the effect that
. ' e} .
it operates at about 700°C. The most recent published

-account of a gas cell, however, comes from.Baur(a). He

hag bullt a number of cells with diaphragms as golid cond=-

uetorg as described ear119ri . He mounted these cells

\‘/

in troughs and fed the electrodss with hydrogen and oxXygEen.

The cells are gmall enough s© that 25,000 of them may be

las
o

J
mounted in a cubic meter. He ceys that the cost of the plant

installation is small, but does not know how well the cells

111l stand up when in use.
The overall pilcturs of the indirect cells is not
very clear. It seems that they are subject to polarization

-

just as much as the direct cells. They must alsc be operated
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at ﬁigh temperatures. The celis can be operated by the
use of platinum electirodes, but beqome prohibitively
expensive to install.. If some other metal could be féund
which would replace platinum, then the cells might prove
sﬁccessfulg However scome metals have been itried as
‘substitutes but no successful results havé been obtained(21>'
The Baur cell ig apparently very complicated and of

boudtful durability.

Cs Indirect fuel cells:

In cells of this type, a typical one being the
Jungner cell,in-whieh two carbon electrodes are used .
They are sevarated by a2 porcus dlaphragm and immersed in
sulfuric acid. Air is bubbled over the anode, and fuel

over the cathodss., An oxygen carrier lg used in the cathode

ey
¥

chamber such as nitric oxide as originally proposed by

8 suggested by Taitelbaum(¢ibw

3

Jungner, or vanadium salts a
Cells of this type are sald to produce voltages of about
0,6 volte, but can deliver only very small currents..

The operation of these cellg is limited by the
rate at which theAfuel can be oxidlzed, and the rate at
vhich the oxygen carrier (nitric oxide, vanadium salte,
etc.) can be reoxidized by the air at the cathods.
Polarization is also a major stumbling block in these cells.

& general survey of the entire field would
show that the major problem is probably polariiation
and the raﬁe of reaction. IT some wmethod can be deveicped

which will cause the reaction rates to go up, then the cells
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may be operated at a very much lower temperature. This will

result in a saving of fuel used for heating the equipment,
znd zlse easier consgtruction. Cells of the indirect type
have.an advantage in that they may be operated with an
aqueocus electrolyte a and at room temperature or slightly
above. However the cells polarize with time due to the
slownﬂss of regemeration of the oxyzen carrier. It would

he fa

fdo

r to state that at t11< time the conversicon of fuel

energy directly into elecd;ic 1
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a laboratory curicsity
but iz far from practical as a commercial propositiona.
Of course, it may prove advisable to turn to some other
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form of fuel than coasl or oil. Thus Schwabe suggeshs

the use of the waste sulfite pulp liguor. In atitempis
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resction rate was very slow. Howsver Schwabe estimates
that in Germany alone there are 2310’ X.W. loet annuaslly
in thig potential power source. Sulfur may prove 1o be a

better fuel, howsver, so far as can be determined fron
3 kK

the literature, no one has done any work on it.
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rom a practical sclution for commercial use,
2, In order to get rapid enough reaction rates in the cells,
direst and semi-direct fuel cells must be operated at high

temperatures.

3. Low temperature indirect fuel cells have been designed,

nowever, the guffer fron tl’ie low rate a2t which the oxg Zerr
J%
carriers are recxidized.

4, Polarization is a major problem to be met and solved

~in 2l types of fuel cells,.

Be Inm@g&igations into other types of fuels may prove the
gt road to the successful construction of a fuel cell.
6. Development of depolarizers are essentizl if the presge-

ent cell types are to prove successiul.
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