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PREFACE

The progress and developments made in the field of fuel
cells were studied. The basic principles, histery, and current
status are presented. An expanded reference bibliography on
fuel cells is also presented.
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Dullien and the entire staff of the School of Chemical Engineering
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CHAPTER I
INTRODUCTICN

The search for greater efficiency in the conversion of fuel
‘into power has been active for many years. I'uel cells have been
recognized as being theoretically capable of performing this
fuel-to-power conversion with a high efficiency sincé the latter
19% century. Until the last few years, however, fuel cells have
existed mainly as "laboratory curiosities" with little promise
for practical and economic applicatiohs.

The progress made on fuel cells up to about the last 20
years had not been great, but since this time a large and
rapidly inereasing amount of‘investigation has been applied to
fuel cells., This increased research aetivity has produced many
new developments that have greatly encouraged the prospects for
a dependable, economical, and practical fuel cell. The perfection
of such a cell, operating on conventional fuels, would have an
extremely important influénce on future methods of power genera-
tion (72).

The primary reason for the increased interest shown in
fuel cells is the promise of increased efficiencies for the
conversion of maturally occurring hydrocarbons or other coﬁn
ventional fuels into electrical energy. The fuel cell is

theoretically capable of converting the energy released by a
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fuel undergoing oxidation into direct current electrical energy
with efficiencies ranging from 60-100 per cent,

Fuel cell efficiencies are well above those of conventional
means such as the gas turbine (40%), internal combustion (25-30%),
or the steam turbine (40%). Other reasons include the inherent
simplicity because of no moving parts, quietness, cleanliness,
and high power per unit weight or volume. Not éll fuel cells
offer these advantages to the same degree, but the fact that
fuel cells as a whole promise them promotes the increased
interest in fuel cells .

The fuel cell is able to attain a high efficiency because
it is not a heat engine, and thus escapes the restrictions of
the Carnot Cycle which limits the efficiency of many conventional
methods of electrical power and generation,

At the present time fuel cells arébstill in an experi-
mental state of development. Several experimental models have
exhibited promising operating characteristics and results, but
the cost of electrical energy produced by fuel cells is still too
high for commerical use,

The new developments and the rapidly inqreased research
"activity applied to fuel cells have created a demand for techni-
cal personnel who are familiar with the concepts of fuel cells.
This demand has, in turn, created a need for information on fuel
cells.,

The literature on fuel cells has been quite large in the
last few years, Unfortunatelyﬁ;few articles cover the complete

scope of fuel cells. Most of the articles are either too general



to offer much information or too full of technical detail feor
easy understanding unless the reader is already familiar with
the subject.-

In view of the large interest and future potential of fuel
cells, the present work was undertaken with the majqr purpose of
gaining information and knowledge in the field. The specific
objectives of'the study may be stated as:

| 1. ASsemble a literature review of past and present_
fuel cell systems to serve as # future reference
source.

2. Present the basic principles, current status, and

future outlocok of fuel cells,



CHAPTER II
BASIC PRINCIPLES OF FUEL CELLS

General Description

The classic definition of a fuel cell is "an electro-
chemical device in which part of the energy derived from a
chemical reaction maintained by the continuous supply of
chemical reactants is converted to electrical energy" (57).

A more practical definition is that a fuel cell is a D-C

generator in which electrical energy is obtained directly
from the chemical reaction between an oxidant and a fuel

that are continuously fed into a cell (57).

There are two classes of fuel cells, the direct and the
indirect. In the direct cell, the fuel and oxidant are fed
directly into the cell. In the indirect cell, an intermediate
‘reductaut and oxidant that are regenerated by external means
ére utilized in the cell to produce electrical energy.

A fuel cell differs from a battery primarily in that
the fuel and oxidant are fed contiﬂuously to the fuel cell
while the batterj contains its fuel and must be regenerated
periodicallye

Fuel cells may be represented in their most general form
by two electrodes separated by an electrolyte, with fuel and
oxidant.cpntinueusly supplied to the anode andcathode,respectively.
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‘ 2
Overall Reaction H2(g) + 1/20,(g) £° H,0
Figure 1

Hydrogen-Oxygen Fuel Cell

Figure 1 illustrates a general simplified sketch of a
gaseous hydrogen-oxygen fuel cell, with an agueous KOH electrof
lyte and gas diffusion porous electrodes. The fuel is oxidized
at the anode, releasing electrons which flow through the external
circuit to the cathode. The oxidant is reduced at the cathode,
accepting electrons from the external circuit and producing ions
which are transported through the electrolyte to the anode.
Electrical work is produced by the electron flow through the

external circuit.



Thermodynamic Considerations

The general form of the First Law of Thermodynamics for
a closed system is
dU = 6q - 6W o (1)

where: d4U change in internal energy of the system, energy.

i

6q = infinitesimal quantity of heat absorbed by the system,
energy.
W = infinitesimal quantity of work done by the system,

energy.
The use of & instead of d for the heat and work change
indicates the fact that in general bq and OW are not properties
of the s&stem but are defined only for a @ivén path of change.
For reversible process
6W = PAV + dW! ‘ (2)
and by the BSecond Law of Thermodynamics
ds = 8q/T (3)

where: dW' = reversible work dome by the system other than

PV work, energy.

ds = change in entropy of the system, energy/degree.
P = absolute pressure of the system, force/arca.

V = volume of thé system, volume

T = absolute temperature bf the system, degrees

For a system at constant temperature and pressure

d(PV) (4)

il

Pav
" and

Tas = a{Ts) ' _ (5)

Combining eguations 1 through 5, the First Law of Thermo-



dynamics may be restated for a reversible closed system under
conditions of constant temperature and pressure as

aws

- dU = a(PV) + da(TS)
= - a(U + PV - TS) (6)
This combination of thermodynamic properties (U + PV - TS)
is defined as the Gibbs Free Energy Function, and is designated
by G. In fuel cells, which operate at constant temperature and
pressure, the free energy change represents the maximum electrical
work that can be produced. This is stated in the form
aw' = - 4G (7)
Enthalpy is defined as H = U + PV. For a reversible
system at constant temperature and pressure
al = dU + Pav | (8)
Bubstituting equation 8 into equation 7
dG = dH - Tas - (9)
or in finite difference terms
AG = AH - TAS (10)

In fuel cells, energy is produced as the result of a chemical

reaction
alh + bB = ¢cC + ab
or
sr2p==2c. Ly

where: A,B,C,D, represents the species of chemical components
taking part in the reaction, and a,b,c,d, represents
the relative mole relationships of the amounts of
reactants and products.

When applied to a chemical reaction, eguation 10 may

conveniently represent the change in free energy per gquantity-



of a particular component reacting.

The electrical work produced by a reaction yielding a
reversible potential (Erev) and supplying a quantity of
electricity Q to an external circuit is Q Erev' IFor each electro-
chemical equivalent reacting, Q is equal to the Faraday (¥ =
96500 coulombs/gram eguivalent) and for Z electrochemical
equivalents reacting

Q= Z2F
The electrical work obtained from a reaction supplying ZF

coulombs of electricity at a potential Erev is then
we oo "5
aw' = ZFE ‘ (11)

The electrical work is also given by

aw' = § It (12)
“rev
where: I = current produced, coulombs/time, (Q/t)
t = time required for Z electrochemical equivalents to

react, time

Erev = reversible potential of the reaction, volts.

Since the electrical work also equals the free energy change
for a reversible process, combining equations 7, 11, and 12

= =& L
AG ?Epev | (13)
= B It (14)
The previous equations apply only to reversible processes,
which do not exist as there are no truly reversible processes.

To account for other than reversible conditons, eguations 10, 13

and 14 may be réwritten as



W' = ZFE_ | (15)
=E It ' (16)
= -AH + Ag . (17)
where: Ag = irreversible heat abosrbed by the system due to

the heat of reaction, energy.

B

a actual cell potential, volts

!

The heat generated in an actual working fuel cell due to the

reaction is found by cowmbining equations 10, 13, 15, and 17

Aq = lﬂf}’(ﬂ«da - & ) + TAS (18)

Power is defined as work produced per unit time. The electrical
power supplied by a fuel cell is then
Power = &W'/t

=B It (19)
a

Actual Fuel Cells

No actual working fuel cell possesses current-voltage
characteristics that would be predicted from reversible condi-
tions. This decrease in cell potential or voltage is a result
of irreversible processes, undesired processes that may occur;
changes in the steady state fuel and electrolyte concentration,
and imperfections in the cell comstruction.

To understand the reasons for these cell losses, it is
necessary to examine the various processes that are active in

a working cell.
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The Gas Diffusion Electrode

Various types of electrodes have been proposed and
investigated for use in fuel cells (5, 15, 25, 27, 35, 46), but
at the present time the gas diffusion electrode seems to-offer
the most promise. Because of this, the gas diffusion electrode
was considered in this work, although the general principles
applicable to this type of electrode will apply to other types.

The gas diffusion electrode has been develeped to provide a
maximum surface area for the reaction zone (76). These electrodes
are usually constructed of sintered metal powders or of porous
carbon. Various catalysts are incorporated in them to promote
desired reactions, and to inhibit undesired side reactions (76).

Gas diffusion electrodes actually consist of a very
complex system of pores which would be very cumbersome to consider
in a rigorous manner (46). 4n idealized model, consisting of
cylindrical capillary pores was assumed for this treatment.

A major requirement of gas diffusion electrodes is to
permit stabilization of the gas-electrolyte interface within
the electrode. A stable reaction zone is necessary to prevent
bubbling of the gas into the electrolyte, or of fhe electrolyte
flowing through the electrode. Either of these will reduce the
reaction zone areca and decrease the cell output (76).

There are three pressure forces acting in a pore, the gas

pressure P_, the electrolyte pressure P and the pressure due

4
g L
to surface teunsion Pco

Gas diffusion electrodes used for slightly socluble gases

may be classified as lyophobic (electrolyte does not wet the pore
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wall) and lyophillic (electrolyte does wet the pore wall). All
of the sintered porous metal electrodes currently in use appear
to be of the lyophillic type while the porous carbon electrodes
are of the lyophobic type (78).
The interface for each type of electrolyte-gas interface
is illustrated in Figure 2, which indicates the capillary pressure

forces that are acting in the pore.

L, Lyophillic Wall ‘ﬂ
P .
Gas > P o p Electrolyte
Phase g L Phase
k ” 7 A 7 7]
L g
: c
a
L/ Lyophobic Wall A
) P ]
o7
Gas > p : p Electrolyte
Phase g L Phase
-~ ~ -~
-_— P /l
- c
b
. Figure 2

Three Phase Zone Diagram



The pressure due to surface temnsion is given (65) by

Y
P = 27 cos @ (20)
c r
where: Y = surface tension, force/length
r = pore radius, length
9 = angle of wetting associated with the gas-electrolyte
interface; degrees.
Pc = pressure due to surface tension, force/area.

To maintain a stable solid-gas-electrolyte interface, the

capillary forces Pc, P

L,‘and pg’ must be in equilibrium.

This may be stated as

P + P =P (21)
g c L

For lyophillic interfaces, (Figure 2a), © is between $0°
and 180° and cos © is negative in value. This indicates
that Pg must be larger than PL for a stable interface.

For lyophobic cases, (Figure 2b), © is between 0° anda
90° and cos © is positive in value which indicates that P
is less than PL for a stable interface.

In an ideal capillary, which has been assumed here, a stable
gas-electrolyte would be very difficult to maintain since a small
déviation of either the gas or the electrolyte pressure would
displace the interface. In the actual electrode, the pore radius
(r) is not uniform and a small shift of pressure will displace
the interface omnly a small distance until the radius changes
enpu@h to again balance the pressure forces (45).

To consider the reaction ﬁechanisms occurring at an

electrode, a lyophillic type electrode wall was chosen for

12



illustration purposes. The interface is divided into three

zones as shown in Figure 3.

' Interface
Y// Z 7 /I e /I /46:_ yd /£ Z j
| | |
Gas | I | Electrolyte
Phase I | l Phase
|
P/ 7 7 ,/i 7/ %/ j,/ /S /S S /"4
Zone 1 b ?i\__ ~— Zone 3
Zone 2

Zone 1 = Gas-solid interface

Zone 2 Gas-solid-liguid interface

ft

Zone 3 = Gas-liquid and liquid-solid interfaces
Figure 3

Reaction Zone Diagram

Considering the anodes of the hydrogen-oxygen fuel cell, the

following reactions will occur (3, &, 46, 49):

H,(g) + 28 = 2[Hg (

[ IF L ] S
2 [HS| + 20875 2H,0 + 25 + 2e (;
where : Ha(g) = the gas phase fuel, hydrogen

5 = an active site in the electrode surface

=

chemisorbed fuel

1]

3)

13
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OH™ the reacting hydroxyl ion of the electrolyte

H

o
i

electrochemical equivalents . transferred per
stoichiometric molar reaction.

A prereguisite for reactions 22 and 23 to take place is that
fhe chemisorbed fuel and the hydrexyl ion must come into contact.
There are several methods by which this may happen (76).

First the gaseocus fuel must migrate to the vicinity of the
gas phase of zone 1, and the ioﬁic species to the vicinity of
the liguid phase of zone 3. After this occurrence,tﬁe reactions
may take place by ome or all of the following three mechanisms:

I Fuel can be chemisorbed in zone 1 and then be trans-
ported by surface migration to zones 2 or 3.

1T Fuel can diffuse through the thin electrolyte
£ilm in zone 3 and be chemisorbed followed by

reaction.

III Fuel can be chemisorbed at zone 2 (gas-solid-
liguid interface) followed by reaction.

This system of mechanisms may be applied to the cathode,

and to other types of fuel in a gaseous diffusion electrode.

Types of Voltage Loss

The loss of cell potential or voltage of actual fuel cells
from that predicted for theoretical cells by the overall cell
reaction under reversible conditions comnsists of two types:

1. With zero current or open circuit.
2., With éurremt drain.

The loss of potential at open circuit voltage (0.C.V.)

is due to the loss of energy due to the chemisorption process

that occurs at the electrodes, and to any undesired side reactions
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that may take place (27, 77).

When a fuel cell produces current, a net reaction must
take place at the electrodes, and the cell potential changes
to sustain the current (65). The electrode is said to be
polarized. Polarization is defined as the difference between

the cell potentié@ with current drain and the cell potential

\
\

under reversible Eonditions with the same fuel and electrolyte
concentrations (14)\\° Fuel cell polarization is divided imnto
three types (50):

1, Activation.

2. Concentration Polarization.

3. Ohmic Polarization.

Activation polarization indicates slow chemical reaction
rates at the electrodes. This type of polarization is affected
by type of catalyst, undesired side reactions, surface area of
reaction zone, temperature, reaction rates, etc. (46, 50, 64).

Concentration polarization is a mass transport effect. It

is caused by slow rates of mass transport as current is drawn
from the cell. Gas diffusion rates,; electrode construction,
and electrolyte properties are some of the contributing factors
to concentration polarization (46, 50, 64).

Ohmic polarization is caused by the intermal resistance

of the cell. This type of polarization is affected by the
electrode material, electrolyte preoperties, cell conditions,
corrosion, etc. (46, 50, 65).

The general effects of the three types of polarization

on cell potential are illustrated in Figure 4 (64). This
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illustration indicates the general shape of the current-voltage

curve

Cell voltage

only, not magnitudes.

0.C.V. 0.C.V.
Activation Concentration
Polarization ey Polarization

3
—
°
e
—
—
@
O
Current Current
(a) (b)
__Reversible Potential
0.C.
&j Chmic
8 Polarization
s
ES
~
~ |
QO
Q]
Current

Figure 4

Types of Polarization

Each of the three types of polarization and 0.C.V. potential

losses are discussed separately in further detail.



Loss of Potential at Open Circuit Voltage

At open circuit voltage no net current flows and the cell
potential should be that predicted for reversible conditions
'(equation 14). That the reversible potential is not obtained at
open circuit voltage, even when the fuel is allowed to remain in
contact with the electrode and in the absence of side reactions,
has been confirmed by many investigators (3, 46, 50, 76).

The electrode reactions of the hydrogen-oxygen anode,
equations 22 and 23, indicate that the current producing
(electrochemical) reaction is the reaction between the chemisorbed
fuel and the electrolyte ion. The chemisorption of the fuel is
not a reversible process (77), and is always accompanied by a
decrease in the chemical potential of the fuel. BSince the
chemisorption occurs before the electrochemical reaction and
does not produce any electrical work, the free energy change
available for electrical work is less. This méans that the open
circuit veltage is goveruned by the energy state of the chemisorbed
fuel, and the heat of chemisorption (being always negative or
exothermic) provides a convenient approximate measure of the
loss of cell potential (77). The energy states of the mechanisms
for the hydrogen oxygen anode are illust;ated in Figure 5.

Chemisorption consists of a combination of the gas molecules
to form a surface compound, which resﬁlts in heats of chemisorption
ranging from 20,000 to 100,000 calories per gram-mocle (65).

Table 1 lists the heats of chemisorption for several fuels and

surfaces.



Free Energy

AGchemisorption

Goverall

A
LGelectrochemical

Reaction

Chemisorption
Reaction

Overall Reaction

9 =f Electrochemical AJ

f—

Figure 5

Hydrogen Electrode Free Energy Diagram
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Fuel

H

Co

[\]

NH

A

&

* Trapnell (73)

TABLE I

HEATS OF CHEMISCRPTION*

Material

Ni

¥e

Pt

19

Heat of Chemisorption
cal/g-mole

71000-50000

31000

28000
30000
72000

130000

17000
37000

43000
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Loss of Potential Due to Activation Polarization

For the loss of potential at 0.C.V., the concepts of
reversible thermodynamics could be used. When a fuel cell
produces current the reactioms occur at a finite rate which
implies irreversibility, in the thermodynamical sense of the
term. The greater the current, the greater is the potgntial
decrease or irreversibility of the process (63).

It is emphasized that the correct theory of activation
polarization is uncertain. There are several theories of
activation polarization and considerable differences exist
between these theories (14). No theory has been proposed to
account for all observed phenomena (64). However, most theories
agreé that activation polarization is connected with the
activation free energy of the controlling step in the eletrode
reactions. Bockris (14) has given a thorough review of the
existing theories.

It is beyond the scope of this work to present all theories,
and only the approach used by Austin (3) is presented. In this
approach, the activation polarization is treated as the free
energy change across the electrode-electrolyte interface as a
result of current drain.

To discuss activation polarization, the anode of the hydrogen-
oxygen fuel cell with the electrochemical reaction (reaction 23)
as the controlling step was considered.

At open circuit voltage, the electrode reactions are in a
dynamic equilibrium and the rates of the forward and reverse

reactions are equal. No net reaction takes place. 4t open
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circuit, the reactions approach reversible conditions (64).
Conforming to Eyring's (65) reaction rate theory, the

forward reaction rate of reaction 23

2 [HY + 20H ™ 2H,0 + 25 + 2e (23)
is given by ’

(vp) = k [lagg)® (agy lexp [':f} (24)
and the reverse reaction rate by.

(v.) = k'[}anzo)z (as)ﬁexp {j::; ’ (25)
At open circuit voltage, (vr) = (vr).
where: a = activities of the various species in the electrode

surface, denoted by their subscript.

(vf) = reaction rate of reaction 23 in the forward direction
(left to right as written) electrochemical equiva-
lents/time-area.

(vr) = reaction rate of reaction 23 in the reverse
direction, electrochemical equivalents/time-area.

AG* = activation free energy of the forward and reverse
reactions as denoted by the subscript.

k = reaction rate constant for the forward direction.

k' = reaction rate constant for the reverse direction.

The free energy of a substance may be defined in terms of
the free energy in the standard state and the activity (64).
G=G° + RT 1ln a
where: superscript (°) refers to the standard state, (unit
activity).
The isothermgl change in free energy of a reaction
a A >PB

is then given by
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a. 8.
AG = AG® + RT 1n {;—Ef;:
(aA)

Applying this concept, the free energy change of reaction
23 in the forward direction at constant temperature is given by
2 2
(®r,0)° (%s)

AG. = 4G° + RT In 2 (26)

£ f 2 )
(agg)™ (agy -

and in the reverse direction by

(®us)?  (om)? 1
3 (27)
a_) _l
s .

4G = AG; +. RT 1n o
2

Egquations 26 and 27 are correct whether the reactions take
place reversibly or irreversibly (65). The free energy change
of a reaction at constant temperature and pressure depends only
on the initial and final activities. However, when a reaction
takes place irreversibly, the free energy change may no longer
represent the actual work (or electrochemical potential) available.
The available work is a maximum only when the reaction takes place
reversibly and is less than the maximum when the reaction is
irreversible.

At open circuit Voitage no net reaction takes place and a
steady state value of the initial and final activities is
established. When current is drawn from the cell, a net reaction
‘takes place and a different steady state value of the activities
is established at each current level (3). The reactions are no
longer reversible when current is drawn from the cell.

Activation polarization is denoted aS)ZRCt and defined
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[}

as the change in potential due only to the electroile reaction

processes. This is given by

= T - F 2
, ZZact Erev Ec (28)
where: subscript (c) refers to the cell voltage with current
drain.

Assuming that the activation polarization can be represented
by a free energy change, the activation polarization may be stated
as

z?r’yact = -d(AG) (29)

where: d(AG) is the change in free energy of the reactants of the
forward and reverse reactions because of current drain.

Equation 29 is not rigorous as it is based on an assumption
that the activation polarﬁzatiom is due only to the change in
activities of the reactants and products in the reaction zone
because of current drain. The error due to this assumption is
compensated for by the use of an experimentally determined factor
and Equation 29 permits the establishment of an expression for
the activation polarization of the correct form (3, 13,65)o

4

For a substance changing from one activity a., to another

1
activity ag at constant temperature and pressure AG® = 0, and
- a2=]
4G = RT In | = (30)
L1
ag = a; exp %% (31)
B L

Applying the concept of eguation 31 to reaction 23 the
activities of the reactants and products at current drain may

be written as



and

where:

Substituting equations 32 and 33 into
reaction rates of the forward

drain &

The free energy change d(AG) is

I 2 2
faﬂzﬂ) (as) } o

AGl and AG

(2,02 (a.)2)

LaHS aOH | ocv exp
2 2]

(quo) (a_) ooy XD [

L Ld -

24

AG

2 o
RTJ (33)

represent the free energy change of the

reactants and products at open circuit Vultage and with

current drain.
are given by

Rearranging eguations

g oy

[Ny

[(a OH)2
AG. = RT 1n 2 ©
1 2
[(a H)
JOCV
[(a (a )2-
4G, = RT 1n Jc
“ [(aH O) (a )
2 _OCV

e given by

egquations 24 and 25,

and 33, these

(34)

(35)

the

and reverse reactions with current

2 2
=k {}aﬂs) (a0s’ }ocv

9 2
= k! 2 ol
v, o= Iy ‘ H, 0 (18) ] o

wﬁG% ﬂGl

exp |5 +*  wp (36)
-AG* AG

r 2 - i )

exp o + oF (37

now interpreted as



-d(4a6) = 4G, - 4G, (38)

ot

or accepting the previocus assumption

mﬁfigact = -A0G, + AG (39)

2

The free energy changes AGl and AGQ are now defined in terms

cf an experimentally determined fraction o as

— o A
AGl = o ..u"{)gact (40)
G = -{1-0)ZF
MG, = -1 a) {?act (41)

and -AG, + AG, = [j(a) - (lwa)} E?%? , which satisfies equation
2 act

[

39,

Eguations 34 and 35 wmay now be written in terms of the

activation polarizaticn by using egquations 40 and 41 as

- AGH

P et

Te © o 2 )
Ve = = [(aHS) (doﬂ),Jucv eXP | TRT ¢ RT (42)

-86%, _ (lma)mg%th

RT RT

by

v =k' [(a, .) ; 2 exXp
r H 5 0 I ocw

o~
o>
3



As seen from equations 42 and 43 the effect of %?act is two-
fold. Part of 7Z . renders the forward reaction rate (v_) more
act f
rapid, and the remainder diminishes the rate of the reverse
reaction vr'(64),
These effects are accomplished by decreasing the free energy
of activation for the forward reaction from

* * 7 - A
AGE to AGYE - ?’fact (44)

and increasing the free energy of activation for the reverse
reaction from

* * - 7 =
AGY to 0Gx + (L-a)EF Y, . (45)

where: o = the fraction of the polarization (lyact)

applied to the forward reaction. o is
equal to 0.3 for most electrode materials (13).
Figure 6 illustrates the effects of activation polarization on

the electrode reactions (64).

These free energy effects (aZﬁF;?gct and (lua)ZEFZ?act)

may be interpreted as the free emergy change involved in the
change of the activities of the reactants and prdducts ﬁcross
the electrode-electrolyte interface at open circuit and with
current drain. The activities in the electrode surface change
as a net reaction takes place. This change produces a con-
centration of electrons in the electrode surface and a con-
centration of positive icons from the electrolyte in the plane
of closest approach to the electrode-electrolyte interface (3).
It is this interface that produces the 0.C.V. (3, 13, 84).

The free energy change across this interface is unavailable

for useful potential, and it is this free energy change that
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Activation Polarization Diagram

reduces the cell potential.

At reversible equilibrium, no net reaction occurs and

(vf)e = (vr)eo The net reaction rate in the forward direction
under irreversible conditions is given by
Vet = Ve < Vp (26)

If the rates of reaction, denoted by the v terms, have units

of electrochemical equivalents/unit time-unit area of active
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electrode surface, the units wmay be changed to current/unit
area of active electrode surface if multiplied by the Faraday.

This may be imcerporated in the rate constants,

letting I' = (v_.B) :cgkv ) 47
® ?, £ ocv r° ocv (47)
and i' = Jv = }(v - v_) 48
: ?F'net f r (48)
where: I' = current in either direction, current/unit area of
active electrode surface at open circuit.
i’ = net current in the forward direction, current/unit

area of active electrode surface.
Combining eguations 42, 43, 47, and 48 an eqguation for the

net current i' is given by

s vz ? act - | ‘(l‘a)z?(/?acﬂ] (49)
RT

I' | exp AT exp

The net current i', in terms of geometrical area, may be

stated as (3):

i= KN A i (50)
8 o
where: i = net current, current/unit of geometrical area.
NS = active site area per unit area of effective area.
AO = effective area per unit of geometrical area.
I = censtant.

Combining equations 49 and 30

az?"@c -(1—@)@?@0

i =1 |exp T - exp BT (51)

where I is called the exchange current density, as it is the open
circuit forward and reverse current per unit area of geometrical
area at eguilibrium.

Activation polarization is of major importance in fuel cells
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when it hbecomes large. From equation 51, when ;?zct is large
- <l

the term exp [»(I-Q)Z;ZZN/R?Jbecomes negligible in comparison

to the term exp [aZjE%;ct/Rﬁ and eqguation 32 may be approximated

aZ
i=1 exp [___EEQZEE% _ (52)

Taking the logarithm of both sides of equation 52 and rearranging

by

,%’ = a + b ln 1 (53)
act

where: a ~RT/oZ In I

#

b

I

+RT/aZ

Eguation 53 is known as the Tafel Equation and applies when the
polarization is greater than 50-100 millivolts (3, 13, 63). This
equation gives the activation polarization as a function of the
exchange current density, the fraction a and the actual current.
The assumption made in deriving this eguation is compensated for
by the experimental determination of the fraction a. However, it
is emphasized that this treatment is based on an assumption and
that o and Z?act are nct correctly defined by equations 28 and
40. Also it should be remembered that there are other theories
and methods of approach to activation polarization (14).

Equation 52 was derived specifically for the electrochemical
reaction (reaction 23) controlling. It is possible that the
preceeding chemisorption reaction is the controlling mechanism
(3). If the chemisorption reaction controls, the polarization
is due to this reaction and an expression identical to equation

44 can be derived by a similar treatment with the rate constant,
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activation free energy, and the exchange having values for
corresponding to the chemisorption reaction (3).

Concentration Polarization

For a reaction to proceed continuously at an electrode, there
must be replacement of the reactants and dispersement of the
reaction products. If this were not to happen the reaction would
socon stop for lack of reactants. The polarization of fuel cells
due to the rates of mass tramsport of reactants and reaction
products is defimed as concentration polarization. In a gas
diffusion fuel electrode the concentration polasrization can be
of two types:

1. Gas transport polarization

2. JTon transport polarization
Bach type of concentration polarization will be treated separately.

In the treatment of concentration polarization, as for
activation polarization, it was assumed that the free energy
change caused by a net current in the cell represents the con-
centration polarization. This assumption neglects any effects due
to irreversible processes.

Gas Trapsport Pelarirzation
Gas transport through a porous electrode is illustrated in

Figure 7. ©p, and Py are the partial pressures of the fuel in the

1
gas phase at the fuel side of the electrode and at the interface
respectively. L is the distance from the gas side of the electrode
to the gas-solid-electrolyte interface.

The rate at which the reaction at the interface occurs

depends upon the partial pressure of the fuel at the interface,
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Flectrode Fuel Concentration Diagram

and can proceed only as fast as fuel is transported to the inter-
face. The transport of fuel to the reaction sites at the inter-
face can cccur through the following mechanisms (73):
I. Viscous flow under a pressure gradient.
IT. Molecular diffusion.
ITI. HKnudsen diffusioun.
IV. Surface migration.

Viscous flow is probably‘nonnexistent because of the product
or impurities built up in the pore, and surface migration will be
negligible compared to diffusion mechanisms (75). Diffusion
mechanisms are then the primary means for the transport of gas
through porous electrodes.

The rate of gas transport due to molecular or Knudsen

diffusion is given by (74)



Rate = D_ (pl - pz)/L

where: Rate

number of electrochemical equiva

transported to the reaction zone

per unit time.

b = effective diffusion coefficient,
the type of diffusion, fuel conc
and conditions.

L = distance the fuel must be transp

For a given cell and operating conditions, e

be represented as
i-= B(p1 - pg)
where: i =i¥iﬂate), and B =€}}Deff/L)
Since the maximum value of (pl- p2) occurs at p,
1L=Bp1
where: iL = limiting current of the cell due to
The change in free energy of the fuel going

pressure p, to a partial pressure of Py is given

= a; exp [AG/R@

o
o

5
=~
-
2]
o

@

1

1 activity of the fuel at a partial pr
a, = activity of the fuel at a partial pr
The activity is defined in terms of fugacity
a = f/f°
where: a = activity of the substance in question
f = fugacity of the substance in question

£°= fugacity of the substance in question
state.
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(54)

lents
per unit area

depending upon
entration, fuel,

orted, length.

quation 54 may

(55)

(56)

gas transport.
from a partial

by equation 31.

(31)
essure p1

essure p,

as (63)

at the standard
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The standard state for a gas at any given temperature is the
state in which the fugacity is equal to unity (65). The activity
of a gas is then egual to the fugacity. For an ideal gas, the
fugacity is equal to the partial pressure. Since any gas can be
brought into an ideal state by reducing the partial pressure to
zero, the definition of fugacity for any gas may be further defined

as (63)

Limit f/p = 1 (57)
p—90

For low pressures, the fugacity may be approximated by the partial
pressure (65). The free energy change for the transport of the
fuel from the gas side of the electrode to the interface is then

given by (assuming f = p).
AG = RT 1n(py/py) (58)

The effect of this free energy change on the cell potential
is to reduce the free energy available for the electrochemical
reaction, which reduces the cell potential. Denoting the con-
centration polarization due to gas transport a547g at a current
i, the polarization in terms of free energy is given by (assuming

no effects due to irreversibility).

- AG

RT ln(pl/pz)

“Z?'fg

Rearranging equations 55 and 56,

(59)

i

py/py = i /i - i)A , : | (66)



34

Combining equations 38, 59, and 60

RT L

= = ln — (61)
)Zg Zy ip -1
Gas transport polarization is a function of the fuel,
fuel partial pressure, the distance the fuel must be transported,
the current, and the temperature.

Ton Transport Polarization

ans to replace those taking part in the electrochemical
reaction may be transported to the electrode by (64):
1. Ionic migration.

2. JYonic diffusion.

3. Agitatioun, natural or forced.

During reaction, the first of these mechanisms inevitably
occurs while the last may or may not depending on the system. If
the total supply of ions to the electrodes by the first and last
mechanisms is adeguate, then the electrolyte concentration remains
uniform up to the electrode surface and no net diffusion occurs,
but if the supply is not adeguate then the concentration of ions
falls at the electrode surface to which the ions are being
transported below that of the bulk concentration. An eguilibrium
is then reached in which a concentration gradient exists in a thin
layer adjacent to the electrode surface. This eguilibrium is
contrelled by the rate of diffusion, and since the electrode is
essentially immersed in a sclutiom of different concentration than
that of bulk electrolyte,the potential changes accordingly (62).

Polarization due to ion transport is similar to gas transport

polarization, and is given by (13, 64, 65):
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N

i
RT e
z5 1n [i = J (62)
e
limiting current density, given by

. mTF
e T T-)o i

it

where: i
e

p . -ARL
5 _ D? (aj)
i
e
D = diffusion coefficient
}\ = equivalent conductance of the ion
o} = thickness of the diffusion layer
ti = transport number of the ion
a; = bulk activity of the ion in the electrolyte.

Ohmic Polarization

Ohmic polarization/?r is due to the internal resistance of the
cell. It is the combined resistances of the electrodes, électrolyte,
and any films formed due to corrosion (3).

The ohmic polarization is given by Ohms Law as

2Vr =1 Terr (63)
where: i = current
reff = effective resistance of the cell, ohms.

Side Reactions

Side reactions can cause loss of potential in fuel cells by
occurring as the current producing mechanism in the overall

electrode reaction. When this happens, the cell performance is



a function of the side reactiocn rather than the fuel or oxidant.

An important example of a side reacticn is the formation
of perhydroxyl ions at the oxygen electrode.when operated in an
alkaline electrolyte (50).

The oxygen electrode deserves special attention because
oxygen is the major oxidizing agent of fuel cells (28). The’
ocxygen electrode also presents the most serious problems to be
solved in low temperature fuel cells (46, 76).

The mechanism of perhydroxyl ion formation when an oxygen
electrode is operated in an alkaline solu£ion was first recog-
ized by Berl (11) in 1943 and has since been confirmed by many
others (50, 76). The mechanisms in the perhydroxyl formation

and decomposition are (76)

o, = 2 [0] (84)
2 [0+ H,0 + 2¢ = HO, + OH" (65)
- e R ,
HO, = OH™ =+ 1/2 0, . (66)

When perhydroxyl ions are formed, part of fhe‘potential
of the cell is due to this mechanism which thereby reduces the
cell potential (49). Alsc, the accumulation of these ions at
the electrode surface can cause further potential loss due to
concentration polarization.

Perhydroxyl decomposing catalysts have been developed
to reduce the potential loss due to this mechanism,; but it

appears that at room temperature the rate is not sufficiently

36
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rapid for equilibrium to be reached and a potential loss of about
0.1%to00.3volts occurs (50)., The catalysts to decompose this
mechanism are discussed further in the description of the current
fuel cells.

Another important consideration of the oxygen electrode is
the polarization suffered in acid scolutions and when air is used
as the source of oxygen. Theoretically the oxygen electrode will
operate in an acid electrolyte. Practically, they can be operated
only at very low current densities in aqueous acid solutions at
low temperature with a potential considerably lower than that
expected (76). No electrodes have been designed that eliminate
concentration polarization of the oxygen electrode when air is
used as the oxidant at high current densities.

Total PFuel Cell Polarization

The total loss of potential of a fuel cell is the sum of
the polarizatioﬁs of the anode and the cathode. The loss of
potential at 0.C.V., activation polarization, aﬁﬁ concentration
polarization treated previously were for only one electrode.
Both the anode and the cathode will have individual losses of
potential due te 0.C.V. 1oéses, activation polarization, and
concentration polarization. Since the ohmic polarization was
treated for the complete cell, 1/2 of the chmic polarization
may be attributed to the anode and 1/2 to the cathode.

The total cell polarization/7

o (assuming no side reactions)

may be stated as

yT =yA +Zc (67)



)7A :(}7act " }Zg + /), o+ 1/2 }?r)m (68)
e

where : %?k = sum of the activation, gas transport, ion trans-
port, and 1/2 of the ohmic polarization at the
anode, total anode polarization, volts.

i

/A /R N/ ~ (69)

C

3]

e

total polarization at the cathode, sum of the
activation, concentration, and 1/2 of the ohmic
polarization at the cathode, volts.

The resulting fuel cell potential is then given by
E =R 5
la rev +7(‘T (61)
The cell potential and the respective potential losses of

the anode and cathode are illustrated in Figure 8 (31).

E )
( ocv’ A
=
a
o
>
g
]
5
)
o
(B
ocv'cC N
. Current
Figure 8

Total Polarization Diagram

38
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Fuel Cell Efficiency

The attractiveness of fuel cells as a source of electrical
power lies primarily in the efficient manner in which they can
convert chemical energy into electrical energy, which is not
limited by the familiar Carnot Cycle.

The maximﬁm amount of useful energy (or available work)
that may be recovered from a thermal engine at 100% fuel

conversion is given by

AW = AH  (1-T /T) (71)
I C (o]

where: AW maximum available work

m

i

AHc = heat of reaction of the fuel at T

To = absoluté temperature of heat sink, degrees

T = absolute temperature of engine, degrees
(l—To/T) = Carnot Cycle Efficiency

Thus, even with 100% fuel conversion of fuel and no heat loss to
the surroundings the thermal engine is limited to a maximum
efficiency of that of the Carnot Cycle. To correct equation 71
for less than 100% fuel conversion, it must be multiplied by

the fraction of fuel converted.

Efficiency is defined as the ratio of the work output to
the work input. The theoretical work output éf reversible fuel
cells was given by equations 11, 14, and 15, and the actual work
of working cells by equations 16, 17, and 18,

The efficiency of reversible fuel cells depends upon the
fuel, oxidant, and the operating conditions. It represents

the difference in the energy released by the chemical reaction,
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and the inhefent loss due to entropy changes.

The efficiency of actual cells depends upon the polarization
losses, and is reflected by deviations from the theoretical
reversible potential and current.

The efficiency of fuel cells has been defined in wany ways

in the literature (20, 50). A summary of these are:

I. Ideal Efficiency AG/AH x 100

=
=
i

II. Free Energy Efficiency @ E_ It/(-0G) x 100

H

III. Thermal Efficiency #p = E, It/(-8H) x 100
IV, Current Efficiency ﬁc = Ia/I x 100
V. Practical Efficiency ¢P = Ea It/Fuel energy input

x 100

The idgal efficiency MID represents the maximum efficiency
a fuel cell may produce and is characteristic of the fuel and
cell conditions. This efficiency is realistic only for reversible
operation and complete fuel mbnversiom, but it does represent a
limiting value that ma& be compared to the Carnot Cycle of thermal
engineS;

The free energy efficiency MG represents the ratio of the
. actual electrical work produced'to that theoretically produced
under reversible conditions and complete fuel conversion.

The thermal efficiency @, represents the ratio of actual

T
work produced to the heat of reaction of the fuel, assuming
complete fuel conversion.

The current efficiency Mc represents the ratio of the

actual current of the cell to the theoretical current at 100%
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fuel conversion.

The practical efficiency MP represents an overall efficiency
that is the product of either the free energy efficiency and the
current efficiency, or the thermal efficiency and the current
efficiency.

It is emphasized that these efficiencies apply to the
fuel cell only, and not to a system including other types of
energy converters.

Discussion

The treatment presented in this section has emphasized
the major areas to be considered in fuel cells.

The general deScripfion of fuel cells indicates the similarity
between fuel cells and batteries for thefmodynamic and theoretical
consideration,

The voltage performance of reversible fuel cells depends
upon the Gibbs free energy change of the current producing
reaction, and the cell operating conditions.

Actual working fuel cells are not reversible, and can
cnly approach as a limit the performance of reversible cells.

The gas diffusibn/electrode provides a foundation for outlining
the mechanisms and the reasoﬂs for working cells deviating from
reversible céllso' The gas diffusion electrode has shown the

~

most promise of the various types of electrodes, and the

~

principles outlined for this type of electrode will, in general,

apply to the others. ,

’

Neglecting irreversible effects, the polarization and 0.C.V.
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losses suffered by working fuel cells are caused by free energy
decreases of the fuel and oxidant before they take part in the
electrochemical or current producing reactions. These losses
depend largely upon the electrode materials and construction,
fuel, oxidant, electrolyte, and the cell operating conditions.,

The effect of temperature on fuel cell performance is of
major importance mainlj in the effect it has upon the reaction
rates of the electrode reactions. Temperature does have other
effects on fuel cell performance, but in general these are small
in comparisbn to the reaction rates (64). Increased temperatures
increase the reaction rates by decreasing the activatioﬁ free
energy of the electrode reactions(64).

The treatment presented in this chapter has been restricted
in the sense that an important factor in fuel cell performance
has been omitted. This factor is guality or technique of cell
construction. BSuch things as electrical contacts and insulation,
impurities in the fuel, oxidant, or electrolyte, and cell geometry
can havé a large influence on the cell performance (49)..

The general principles reviewed for fuel cells provide a
basis for ocutlining the desirable characteristics of fuel cells.

The primasry fuels should have a high energy density (free
energy change per unit weight or volume), a high reactivity at
the operating coeonditions, be stable and noncorrosive, and be
low in cost (33).

The electrol&te gshould remain invariant. It should have
a minimum of electrical resistance and have high trﬁmsport

properties. It should not react with any portion of the cell.
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The fuel cell as a whole should be sturdy and small. It
should be comstructed of materials that are corrosion resistant
and unreactive with the electrolyte or fuel at the cell operating
conditions. The materials should not be active catalysts that
promote any undesirable side reactions.

The electrode should provide a maximum area for the reaction
zone (gas-solid-liquid). It should be of low electrical resistance,
uniform porosity, corrosion resistant, and structually strong
at the operating conditions. The electrode should contain suitable
catalysts fto minimize the heat of chemisorptien and activation
free energy of the desired reactions. It should provide suitable
catalysts to inhibit or rapidly decompose any side reaction
products that may occur. The catalysts should be selective in
that they chemisorb only the desired reactants.

The électrodes should be designed so that concentration
polarization is at a minimum.

Table II describes the standard state thermodynamic prop-
erties of several fuels. Included in the Table are free energy,
and enthalpy changes, reversible potentials and ideal efficiencies
of the overall cell reaction at temperatures of 298, 500, 700 and

1000 °K.

A more thorough treatment of fuel cell principles is beyond
the scope of this work. Exhaustive and thorough itreatments
have been presented in the literature (3%, 14, 16, 46, 76, 77).

The concepts outlined in this chapter are carried inte
Chapter IV and discussed in further detail with respect to

specific cells. -



TABLE IX

STANDARD STATE THERMODYNAMIC PROPERTIES

OF VARIOUS FUEL CELL REACTIONS

Molecular

Fuel Reaction (2) Amp-hrs

» ' wt. of fuel Equivalents Lb-fuel

) . - gm-mol

1 ~Hydrogen Hz(g) + 1/2 Oz(g) = H2O(g) 2.016 2 12003
2 Hydrogen ﬁz(g) +1/2 0,(g) = H2O(Q) 2.016 2 12003
3 ‘Carbon‘ C(s) + 02(g):: COz(g) 12.01 4 4029
4 Carbon C(s) + 1/2 02(g):: co(g) 12.01 :2v 2908
5 Carbon- colg) + 1/2 0,(g) = co,(g) 28.01 2 864
6 ‘Methane cn4(g) + 202(g):é.C02(g).+ 2H2O(g) 16.04 8 6037
-7 Ethane .céﬂﬁ(g)_+ 7/2 Oz(g)‘: 2002(g) + 3H2O(g) 30.07 14 5638
8  Propane csnskg) ; 50,(g) = 3C0,(g) +,4Héo(g) 44.09 20 5493
9  n-butane C4H10(g)»+'13/2ro2:: 4COé(g) + SHzo(g) 58.12 26 5408
10 n-pentane C.H (g) + 8 02<g> = 500, (g) + 6H,0(g) 72.15 32 5360
11 Methanol CHSOH(g) + 3/2 02(g):: CO2(g) + 2H2O(g) 32.04 6 2262
12 Ammonia NHs(g) + 3/4 02(g) = 3/2 H2O(g) + 1/2 N2(g) 17.03 3. 2129
13  Lithium Li(L) + 1/2 H2(g) = Li HLA) 6.94 1 1742
14  Sodium Na({) + 1/2 HZO(K) % 1/4 Oz(g) = NaOH(aq) 23 1 .520



TABLE II (Continued)

298°K 500°K
' o Ideal ’ o Ideal
-3 o E e . < © E N
-OH -AG rev Efficiency ~AH - =0G ‘rev Efficiency
Calories Calories Volts (%) Calories Calories Volts (%)
gram-mol gram-mol gram-mol gram-mol
57798 54636 1.23 94,5 58277 52361 1.18 90.
68248 56060 1.28 83.4 66277 490101 1.11 74
94054 94265 1.06 100 940901 94399 1.06 100.
26417 32783 0,739 124 26296 37144 0.837 138
67637 61482 1.385 90.9 67795 57295 1.2¢ 84
201761 191397 1.08 94.8 181343 191182 1.08 100
341266 359298 1.16 105 340575 347050 1.09 102
+625050 646140 1.12 103 634239 653944 1.13 103
786908 797141 1.12 101 786607 807681 1.13 103
179330 166770 1.25 93 176137 167008 1.25 94.8
65907 66633 1.0 101 65907 65862 0.99 100
20610 16720 .73 77.4 19070 11750 0.53 59.6
44682 71839 3.12 161 - - - -
(Continued)
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TABLE II (Continued)

700°K 1000°K
L G ° E° It.ieél o o 2 © It:le?l
rev Efficiency AH ~AG rev Efficiency
Calories Calories Volts (%) Calories Calories Volts (%)
gram-mol gram-mol gram-mol gram-mol
58710 49915 1.12 85.1 59246 46040 103.7 77.7
94169 94510 106.4 101.4 94321 94628 106.6 99.9
26409 41468 0.934 137 26711 47839 107.8 179.2
67760 53042 1.194 78.2 67610 46769 1.053 69.2
191188 191290 1.077 100 191383 1901318 1.077 99,97
340488 349665 1,125 102.7 341100 353496 1,137 103.6
487867 506120 1.14 103.7 489047 513724 1.157 105
634526 661805 1.146 104.2 635254 673212 1.166 106
787405 818240 1.148 104 789821 833480 1.17 105.5
+175772 166908 1.253 94,95 +175614 166834 1,252 94,99
65537 65398 0,982 99.8 65486 63355 0.981 99.8
20230 8220 0.37 40,63 24570 2200 0.1 8.95

9%



CHAPTER III
HISTORY OFF FUEL CELLS

The history of fuel cells began in 1800 when Volta con-
structed the first electrochemical battery kﬁ;Wﬂ as the
Voltaic Pile (75). In 1801 Bavy (2, 23, 24) constructed a
cell using zinc and oxygen, and in 1802 a cell with carbon
and nitric acid. Grove (40) reported in 1839 that a galva-
nometer was permanently deflected when connected with platinum
strips, both partially immersed in the same dilute sulfuric
acid, with oneyeXposed to oxygen and the other to hydrogen.

Although these first cells were crude and inefficient,
they represent the beginning of the fuel cell. These men
could hardly be credited with inventing the fuel céllg howaver,
the intent of Grove (40), i.e., "to effect the decomposition
of Watef by means of its composition," as stated iu his paper
of 1842, was deemed sufficient to generally concede Grove as
the father of the fuel cell (2). Grove (28, 29) was also the
first to recognize the significance and importance of the
three-phase zone (gas-solid-electrolyte) for gaseous fuel
cell electrode reactions.

ﬁ;rin@ the next 100 years, many fuel cells were reported
in the literature (Appendix B). It was not until 1889 that
Mond and Langer (59) actually called an electrochemical cell

47
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a fuel cell. The cell of Mond and Langer operated on hydrogen
and oxygen, with platinum foil electrodes and a sulfuric acid
electrolyte. The cell suffered large polarization losses, and
delivered only 6 amperes per square foot of electrode surface
at 0.73 volts (5).

Ostwald (61) indicated in 1894 that the fuel cell was
theoretically understood and thoroughly appreciated when he
proposed the use of "chemodynamic" instead of "thermodynamic"

methods for the generation of electrical energy (8, 46).

conversion of coal and other solid fuels in fuel cells. These
cells all suffered large polarization effects which prompted
the increasing use of gaseous fuels such as carbon monoxide,
water gas, coal gas, hydrogen, and others. The early gas cells
also suffered from polarization effects, although to a somewhat
lesser extent. Two major reasons for the interest in gas fuel,
were ease of handling and rapid electrode reactions (30).

In the early 1900's, much interest was focused on solid
or molten electrolytes in high temperature fuel cells. High
temperature cells were used in an attempt to escape the high
polarization losses suffered in the low temperature cells.
Baur and Pries (8, 9, 10) did extensive work with solid electro-
lytes from 1912 to 1946, but their electrolytes did not possess
sufficient electrical conductivities at reasonable temperatures
(15). Davtyan (25) reported in 1946 the construction of a
solid electrolyte fuel cell which was also unsuccessful due to

unsatisfactory electrical conductivities of the electrolyte.
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Schmid (46, 68) made a significant contribution in 1923
for gaseous fuel cells with a greatly improved gas diffusionr
electrode. Schmid constructed a hydrogen-oxygen fuel cell
that delivered up to 37 milliamperes per square centimeter of
electrode surface, which was a significant improvement in
current densities over previous cells (46).

Although many of the early fuel cells used essentially
the same fuel, oxidant, and catalysts that have subsequently
proven very promising, practical fuel cells were not developed.
The long delay in fuel cell development has been due primarily
to technical and economic limitations coupled with the develop-
ment and improvement of other competitive devices (2).

Platinum catalysts, used almost exclusively in early fuel cells
were much too expensive for the early day scientist (2). The
major techmnical difficulties encountered were that the early
scientists were adopting a purely thermodynamic pecint of view
and were unable to understand the high polarization losses of
their cells. This failing was especially emphasized in the fuel
cells attempting the direct conversicn of solid fuels such as
coal (46)., The ability to understand the failure of many eably
fuel cells became possible only by the consideration of the
reaction rates of the electrode mechanisms (46).

Fuel cell research began to increase after World War I.
Bacon (5, 6, 7) began work in 1932 on a high pressure hydrogen-
oxygen fuel cell. In 1939, Bacon built a cell using nickel
gas diffusion electrodes and a potassium hydroxide electrolyte.

The cell delivered 75 amperes per square foot at a potential
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of 0.65 volts. The cell operated at 240 °C and 1000 psia. The
life of this cell was measured in hours. Further development
of this cell had resulted by 1957 in outputs of 440 amperes per
square foot at 0.68 volts when operated at 200 °C and 600 psia
(5).

In 19843 Berl (11) made a‘major contribution that aided
understanding of polarization losses in low temperature alkaline
fuel cells. Berl was the first to recognize the perhydroxyl .
mechanism of oxygen electrodes operated in alkaline electrolytes.

Justi (46) has done extensive work on fuel cells, and has
developed a specially activated (Double Skeletom Catalyzed,

DSK) metal gas diffusion electrode. A hydrogen-oxygen fuel
cell equipped with DSK electrodes has produced current densities
of 600 wmilliamperes per square centimeter at 0.67 volts when
operated at 80 °C and low pressure using a potassium hydroxide
electrolyte.

Kordesch and Marko (49, 50, 51) began work in 1946 on
carbon electrodes for fuel cells. They developed a hydrogen-
oxygen (air) fuel cell that used porous carbon electrodes
catalyzed by metals incorporated in the electrode. The develop-
ment of this cell has led to current densities of 30-50 milli-
amperes per square centimeter at 0.8 volts at low temperature
and pressure. The life of this cell ranged up to two years in
1960 (50).

Many investigators have followed the initiative of Baur
and Davtyan in attempting to develop a high temperature fuel

cell., The high temperature fuel cells that have resulted are
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very similar, using a molten alkali carbonate electrolyte,
porous gas diffusion electrodes, and operating at 500-1000 °C
and 1-10 atm.

The high temperature fuel cells offer a means of utilizing
the naturally occurring hydrocarbons as fuel, or possibly the
products of coal {gasification° Broers and Ketelaar (15, 16, 17,
18) have performed the most extensive and probably the most
successful work on high temperature fuel cells (37). Other major
investigators of high temperature fuel cells are Gorin and
Recht (36, 37, 38, 39), Chambers and Tantrum (20), Douglas and
Liebhafsky (27, 28, 29, 30), Dezubay (26), Schultz (83), and
other (Appendix B). By 1960, the high temperature cell had been
operated on fuels such as carbon monoxide, hydrogen, methane,
natural gas, propane, and kerosene, delivering up to 50 milli-
amperes per square centimeter at 0.8 velts with a cell life of
several months.

One type of fuel cell that is different from those mentioned
previously is the Regenerative fuel cell. This type of cell
does not use a gas diffusion electrode. It is an indirect cell,
and uses an intermediate reductant and oxidant that supply the
electrochemical reactions. The intermediates are then regener-
ated externally. There are two types of regenerative cells,
the chemical regenerative (Redox) and the thermal regenerative.

The most significant work on the Redox type cell was ddne
by Rideal (65) in 1921, and later by Posmer (63) in 1955. The
Redox. cell has been hampered by the selection of the correct

intermediates, and the high internal cell resistance. The
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thermal regencerative cell uses an external heat source to
regenerate the fuel (21). The efficiency of the thermal cell

is restricted by the inclusion of a héat cycle in the regenerative
process.

A new type of fuel cell developed in the 1950's by Grubb,
Niedrach, Liebhafsky, Cairns, and Douglas (19, 42, 43, 54 60)
is the Ion Exchange Fuel Cell. This cell uses an ion exchange
resin as the electrolyte, with gas diffusion electrodes. This
cell operates at low temperature‘and pressure with hydrogen and
oxygen as the fuel and oxidant. The cell delivers 30-40 milli-
amperes per sguare centimeter at 0.20-0.6 volts. Cell life is
measured in months.

The most significant example of the commercial application
of fuel cells has been the development of a fuel-cell-powered
farm tractor. This tractor was exhibited in 1938 by the Allis-
Chalmers Corporation (48). The tractor was powered by a battery
of 1008 fuel cells, connected in nine groups containing 112
cells each. The cells operated on a fuel mixture of hydrogen
and propane, with oxygen as the oxidant at low temperaturé and
pressure. The cells contained metal catalyzed electrodes and
either an ion exchange resin or am agueous potassium hydroxide
electrolyte. The tractor delivered 65 watt hours/lb, as compared
to 10 wh/1b for the alkali battery, 15 wh/lb for the lead
battery, and 56 wh/1lb for the Ag/Zn battery (46). There are
numerous other applications of fuel cells in the last few years,
such as the hollow porous carbon electrode hydrogen-oxygen fuel

cells of the Natioral Carbon Company used to power the Army's
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3ilent Sentry Portable radar set (2, 81).

Although there have been several specific applications
of fuel celis, all must still be considered in the development
stage. Many industrial and government organizations are
currently engaged in fuel cell research (2, 57, 77, 84). Fuel
cell research slowed temporarily when the advent of nuclear
power made the need for energy efficiency seem unnecessary (29).
The interest and research applied to fuel cells has been rapidly
and steadily increasing until at the present time it is at an
all time high.

A major cohcern of fuel cell research is the development
of a low temperature cell that will operate on naturally occurring
liquid hydrocafhons. In 1960 Esso Research (72) reported
promising results with ethane in a low temperature cell. The DSK
electrodes of Justi (95) have also exhibited encouraging results
for the low temperature conversion of hydrocarbon fuels.

Much of the recent research has been in the area of catalyst
development, such as that by Young and Rozelle (77).

The past and current literature on fuel cells is quite
large. For this reason, many fuel cell developments were not
discussed in this section, however, an excellent bibliography on
fuel cells compiled by Adams (1) has been included in Appendix B.
The original biblicgraphy was complete through 1850, and has been
updated to include 196C. Another excellent reference collection
on fuel cells was compiled by Baur and Tobler (8). The 12th,
13th, and 14th Annual Bdttery Research and Development conferences

(79), and the 136th through 140th National Meetings of the
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American Chemical Society (80) review the more recent cells.
It is important to note that the performance data on many
of the early fuel cells reported in the literature are often
superficial, Often, only a certain potential difference was
measured and the chemical reaction supplying the current was
not thoroughly investigated. In the majority of cases, the
current densities reported are short circuit currents. These
high current densities result in a proncunced decrease of cell
voltage and do not accurately represent the cell performance (52).
Many of the cells mentioned in this chapter are discussed

in detail in Chapter IV.



CHAPTER IV
SELECTED FUEL CELL SYSTEMS

The increased research directed toward fuel cells’and the
progress made in fuel cell techmnology sincé just before World
War: IT has led to the inveétigation and development of several
types of fuel cells. These cells use various fuels, eiectrolytes
and cell components, and operate at Various temperatures and
pressures.

This chapter describes the current status and operating
characteristics of several selected fuel cell systems. These
cells were selected to describe the varioqs developﬁent stages
of fuel cells, to outline the various iypes»of cells, and also
because of the information available,

The céils are classified according to the distinguishing
characteristic that they are most often referred to in the litera-

ture.

Low Temperature and Pressure Hydrogen-

Oxygen Fuel Cells

This type of. fuel cell uses hydrogen as fuel and oxygen or
air as the oxidante The electrolyte is a concentrated alkaline
solution. The electrodes are porous gas diffusien electrodes of
carbon or sintered metals. A general illustration of this type

55
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of cell was shown in Figure 1.

K. Kordesch (49, 50, 51) of Union Carbide Consumer Products
Company and E. Justi (46, 47) of Rhur Chemie in Germany have
reported the major and most successful investigation of this
type of cell, although many other organizations are currently
conducting research on this cell (2, 84),

The cells developed by Kordesch and Justi differ mainly

in the electrode comstruction and are discussed separately.

Union Carbide Fuel Cell

Kordesch and Marko (48, 50, 51) began investigation on
methods of activating carbon electrodes for fuel cell processes
in 1946. Further development has resulted in one of the more
advanced fuel cell systems existing today (2).

The Union Carbide fuel celi operates on hydrogen and oxygen
(or air) at low temperatures (20-80°C) and low pressures
(l—lD'atmo)a The cell uses porous carbon electrodes activated by
metal catalysts. The porous carbon electrodes are the distinguishing
characteristic of the Union Carbide fuel cell, Porous carbon
electrodes have many favorable properties. They are inert at
temperatures up to and exceeding 200°C (50)., Many microscopic
"fractures produce pore sizes ranging from 10“3 to 10=7 centimeters
in diameter. The internal surface area of cne centimeter cube for
some types of porous carbon reaches 1000 square meters (2),

The major disadvantage of present carbon electrodes is that
they must be activated by metal catalysts and tend to become

flooded and teo wet (2, 49). Flooding occurs when the capillary
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pores become totally or partially filled to such a degree that
the electrode reactions are hindered.

One cause of flooding occurs whe# capillary action due to
interfacial tgnaion draws the electrolyte into the electrode pores
reducing the reaction zone area and deactivating the reaction =zone,
For potassium hydroxide electrolytes, Union Carbide has been able
to establish a semi-permanent three-phase zone by the use of surface
active agents to control the interfacial tension between the electro-
lyte and the pore wall (49, 50). |

Another cause of flooding that is common to low temperature
hydrogen-oxygen fuel cells occurs at the hydrogen electrode due
to the water forming reaction (equation 23). The water formed
during the electrode reaction must be removed either by diluting
the electrolyte or by surface evaporation through thé porous
electrode by a circulating gas stream (50). If the water dilutes
the electrolyte, the electrolyte must be regenerated'or reconcentrated
periodically. The water removed in the circulating gas stream must
be removed in a condenser. If water is formed more rapidly than
it can be removed by either of these methods, the pores may be filled
with newly formed water and effectively flood or drown the eléctrode.
One ampere-hour of electricity is equivalent to the formationm of
0.33 cubic centimeters of water,

Flooding because of water formation becomes a major problem
at high current densities, and currently limits the Union Carbide
cell to around 100 amperes per square foot of electrode surface
for continuous operation (2). By operating four hours and then

resting the cell for one-half hour, a current density of 250
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amperes per square foot can be maintained for extended periods (2);
The ancde or hydrogen electrode of the Union Carbide cell is

activated by metals from the platinum group (50)., No hydrogen

activity is observed on uncatalyzed carbon, The mechanisms

occurring at the anode are

Hy(g) = 2[H (22)

2[H] + 2007Gq) = H,0 + 2e | (23)

The cathode is constructed similarly to the anode. No
specific metal catalysts are reported for the cathode, However,
Young and Rozelle (77) report silver to be an actiye catalyst for
the oxygen electrode in an alkaline electrolyte,

As indicated in Chapter II, the mechanisms occurring at

the cathode include the undesired formation of the perhydroxyl ion

0,(g) = 2[0] ' (64)

2[(0]+ H.O + 2¢ = H()“v(aq) + OH (aq) (65)

2
Union Carbide has accomplished the decomposition of the
perhydroxyl ion by the use of catalysts such as A103—=COO,‘C0A19 or
Fe-Mn-Ag (48, 50, 51). These catalysts effectively reduce the

7

perhydroxyl ion concentration to the range of 10”6 to 10~

normal by the mechanism

HOZ (aq) = OH (ag) + 1/2 Oz(g) (66)

The neormal potential of the hydrogen peroxide reaction

(for 1 N. H202) is 0.75 volts at 25°C, Union Carbide cells
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reach open circuit voltages of 1.1 to 1.18 velis, which indicuates
that the perhydroxyl ion formation mechanism contributes wvery 1little
to the cell reaction (50).
A summary of the electrode reactions for this cell follows
Anogde Reaction
Hy(g) = 2[H] | (22)

2 [H] + 20~(aq):$12H20 + 2e (23)

Cathode recaction

02(5?;) + Hy0 + 2e = HO;(aq) + OH™ (aq) (72)

Ho;(aq) = O (a@ + 1/2 0,(g) (86)

Overall Cell Reaction

I-Iz(g) + 1/2 02(@‘) = H,0" (73)

Both the anode and the cathode are treated with surface
active agents to prevent electrode flooding (49).
The electrolyte of the Union Carbide cell is a 30 to 60 per
cent agueous potassium hydroxide solution. The specific.conductivity

=1
ranges from one to three ohm

cm-l (49),

The electrodes may be manufactured in the shape of tubes,
plates, or blocks, but in general plates provide the most economi-
cal power package (49). Porous carbon electrodes are brittle, and
are limited to 1/16 to 1/8 inches in thickness (2). Perforated
metal plates are used to add structural strength.

Operation of the Union Carbide cell on air limits the

current densities to around 50 amperes per square foot (2).

This is due primarily to the accumulation of inert gases in the
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cathode pores which limits the transport of oxygen to the reaction
zone. One method to improve the hydrogen-air cell has been a
concentric tube design shown in Figure 9., The design provides a
maximum electrode surface for the air electrode,

One example of a Union Carbide fuel cell system is a 28 volt
battery consisting of 35 fuel cells. The unit is 6 x 6 x 17 inches
and weighs approximately 50 pounds. The unit is rated at between
150 to 200 watts at atmospheric pressure operating on air, and
between 600 to 1000 watts at 45 psig operating on oxygen (2, 49);

The only life limiting factor of this cell appears to be
the wettability of the carbon electrodes which increases with
extended operation (50). Cell lives of from one to two years at
30 to 50 amperes per sguare foot of electrode surface at 0.8
volts have been attained,

Table III lists the general operating characteristics of the

Union Carbide fuel Cell (2, 57).

Justi Metal Electrode Cell

Justi (46) has developed a "Double Skeleton Catalyzed" (DSK)
hydrogen electrode for use in hydrogen-oxygen fuel cells qperating
at 80 tb 80 C and a few atmospheres pressure in a potassium hydrox-
ide electrolyte.

The DSK electrode combines the high activity and insensitivity
to impurities of Raney Nickel catalyst powder with the mechanical
strength and electrical conductivity of a normal sintered metal
electrode. The oxygen electrode has a similar design and is

made from silver or nickel into which a highly active silver
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catalyst is imbedded.

The hydregen electrodes are made by first alloying nickel
and aluminum (or zinc) in equal parts and pulverizing the
brittle alloy. The powder is then mixed with 5 4 nickel carbonyl
powder (2 carbonyl: 1 nickel-aluminum alloy). The mixture is
then pressed and sintered at 650 to 700°C. for one-half hour. The
inactive aluminum or zinc is then removed eléctrochemically with
potassium hydroxide at low temperature (46, 47). The high
activity of the Raney Nickel is due to the 3d shell electron
vacancies previously occupied by the aluminum or zinc (46), This
procedure preoduces a macro-skeleton of pressed and sintered
carbonyl grains. The micro-pores of the supporting skeleton
contain catalytically active Raney Nickel,

A unique feature is claimed for these electrodes. All pores
of the electrodes are of approximately the same size because of the
special manufacturing process. The electrodes so constructed con-
tain about 105 pores per sguare centimeter of electrode area. The
pores are of very uniform diameter., These equilibrium pores pre-
vent bubbling of the gas into the electrolyte because of randem
sized pores (486).

One intermediate step due to the active electircdes is the
formation of a metastable nickel hydride (Ni-H). This mechanism
results in the cell having a fuel storage capacity in the form of
fhevNin and the cell will produce current for some time after the
fuel supply is discontinued. The storage capacity of the DSK

hydrogen electrode is 125 ampere-hours per pound of electrode (45),
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Because of this storage capacity, it is possible to discharge
the DSK hydrogen electrode at current densities wup to 700
amperes per sqguare foot of electrode area for some time
during peal current demand periods,

Justi has studied other applications of his DSK electrodes
using metals other than nickel. Most of this work is in the
early development stage and few results are known. Some of
the systems studied include alcohols and heavier paraffin
hydrocarbon ligquids mixed with the electrolyte. The active
DSK electrodes dehydrogenate the fuel to allow hydrogen to
react electrochemically with the electrolyte. Only very low
current densities and cell lives of a few hours have been achieved
(46).

“ Very little operating data are available on this cell,
In construction it is similar to the Union Carbide cell with the
éxception of the electrodes, Figure 1C shows a currgntavoltage
curve for a DSK cell. Table IV lists the available operating

characteristics,



TABLE III

OPERATING CHARACTERISTICS

UNION CARBIDE LOW TEMPERATURE AND PRESSURE

HYDROGEN-OXYGEN FUEL CELL

Anode Material

Cathode Material

Fuel

Oxidant

Electrolyte

Operating Temperature (°C)
Operating Pressure (atm.)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (amperes/ftg)

Power to Weight Ratio
(Watts/Lb)

Power to Volume Ratio
(Watts/ft3)

Cperational Life

Energy Efficiency
(Per Cent)

Starting Time

Porous Carbon and Metal Catalysts

vPorous Carbon and Metal Catalysts

Hydrogen

Oxygen and Air

50 Per Cent Potassium Hydroxide
50 - 60

1 =35

0.95 - 1,02

0,95 ~-.0.6

90 - 450

2 -3

200 - 300

Thousands of Hours
65 ~ 70

Short
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Pressure Hydrogen-Oxygen Fuel Cell
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65



JUS

Anode Material

Cathode Material
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TABLE IV

OPERATING CHARACTERISTICS
TI LOW TEMPERATURE AND PRESSURE

HYDROGEN-OXYGEN FUEL CELL

DBK - Nickel Catalyst

DSK - Silver Catalysts

Fuel Hydrogen

Oxidant Oxygen

Electrolyte Potassium Hydroxide
Cperating Temperature (°C) 80 -~ 90

Operating Pressure (atm.) 1 -5

Open Circuit Voltage (Volts) 1 -1.1

Operating Voltage (Volts) 0.8 ~.0.9

Current Density (amperes/ftg) 200

Power to Weight Ratio . ——

(Watts/Lb)

Power to Volume Ratio ——

(Watts/ft5)
Operational Life

Energy Efficiency
(Per Cent)

Starting Time

Short
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Intermediate Temperature, High

Pressure Hydrogen-Oxygzen Fuel Cell (Bacon Cell)

The intgrmediate temperature, high pressure fuel cell was
initially developed by Bacon (5, 6, 7). Bacon began investi-
gation‘of this type of cell in 1932, and by 1957 had success-
fully developed a high current density cell which operated at
about 2C0°C and 400 psia on hydrogen and oxygen, Many other
organizations including Leesona, Patterson Moos, and United Air-
craft are currently working on this type of cell (2, 46, 57).
| The electrodes are the major success of the Bacon cell,

The intermediate temperatures increase the reaction rates, but
require high pressure to keep from vaporizing the electrolyte.
-The high operating pressure makes it difficult to maintain a
stable reaction zone. Bacon has minimized this difficulty by

the use of dual porosity electrodes. The electrodes are constructed
of porous sintered nickel with approximately 30 x 10-'4 centimeter
diameter pores on the gas side and 5 to 10 x 10“4 centimeter
diameter pores on the electrolyte side., Figure 11 illustrates

the Bacon dﬁal porosity electrodes (2). Large differentiql
pressures between the electrolyte an& the gas are reqguired for

the interface to move from the small pores to the large pores
(eguation 20). These dual porosity elec@rodes malke it possible to
maintain a stable gas-~liquid-solid interface at the high operating
pressures. The electrodes are sintered on a 1/16" steel per-

forated plate for structural strength.



68

e

S5tructural
Steel

20 - 40 Micron

L

16"

4 ~ 8 Micron

1/16" T L03" 02"

Figure 11
Bacon Type Electrode

The electrode mechanisms are identical with those of the
Union Carbide Cell, (;6).

The first Cell, developed in 1938, used activated nickel
gauze electrodes in a potassium hydroxide electroiyte°  The
'results were only fair. At that time, Bacon also investigated
platinum, palladium, silver; and copper for electrode materials
but discarded these inkfavor of nickel (5). Nickel electrodes.
were chosen because of superior performance during current
drain, low cost; and good corrosion resistance,

The coarse pore layers of‘the hydrogen electrode are of
Grade B carbonyl nickel powder (2 to 3 micron) ﬁixed with about
20 per cent by weight 100-240 mesh ammonium bicarbonate which
acts as a spacing agent. The mixturé is pressed lightly and
sintered for one=half hour at 850°C in a reducing atmosphere,
The fine pore layer is then applied as a suspension of grade A
carbonyl nickel powder (% té 5 micron) in alcohol, then sin-
tered for one-half hour at 800°C (5).

The hydrogen electrodes are activated by impregnation

with a strong nickel nitrate solution, followed by roasting
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in air at 400°C, and then reduction in a hydrogen atmosphere at
about 400;C. Thevcoarse pore layers of the oxygen electrodes

are of grade D carbonyl powder (7 to 9 micron) mixed with 15

to 20 per cent by weight 106—240 mesh ammonium bicarbonate., The
mixture is pressed and éintered for ene-half hour at 1000 to 1150°C
in a reducing atmosphere. The fine pore layer is applied as a
suspension of grade A carbonyl nickel powder (4 to 5 micron) and
then sintered for one hour at 930 to 1000°C.

The oxygen electrodes are impregnated with a dilute lithium
hydroxide solution and then pre-oxidized in air at 700 to 800"0;

A standard procedure for activating the oxygen electrode has not
been established.

Berious difficulty'originallylarose'due to gradual corrosion
of the oxygen electrodes. This corrosion caused a decrease in cell
performance and finally a compiete cell breakdown,

Samples of nickel pre-oxidized in air at 800°C were found
to be extremely resistant to corrosion in a strong potassium
hydroxide solution, but the green oxide layer formed during
preoxidation acts as an electrical insulator. When lithium atoms
are included, premoxidatién produces a black double oxide of
nickel and lithium which acts as a semiconducfbr.

Using this corrosion prevention technique, oxygen electrodes
have been in operation for as long as 1500 hours at 200°C without
failure and with very little reduction in cell performance,
Corrosion inhibitors such as potassium silicate or potassium
aluminate dissolved in the electrolyte were successful in pre-

venting corrosion but greatly reduced the cell performance,



The body of the Bacon cell is of steel, internally coated
with niekel, Figure 13 shows an illustration of a Bacon cell.
Figure 12 presents a current-voltage curve of a Bacon type cell.

Table V lists the operating characteristics of this cell,

1.2 1 i |

200°C

400 psia
37% KOH

Cell Voltage
o
o
i
[

] | i ! } ]
0 100 200 300 400 500

Current, Milliamperes per Sgquare Centimeter

Figure 12
Moderate Temperature High Pressure

Hydrogen~Oxygen Fuel Cell (Bacon Cell)
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TABLE V

OPERATING CHARACTERISTICS
BACON INTERMEDIATE TEMPERATURE

HIGH PRESSURE H2-02 FUEL CELL

Anode Material Dual Porosity, Porous Sintered
Nickel
Cathode Material Bual Porosity, Porous Sintered
Nickel and Lithiated Nickel Oxide
Fuel Hydrogen
Oxjidant Oxygen or Air
Llectrolyte 26=37 Per Cent Potassium Hydroxide
Operating Temperature (°C) 200-240
Operating Pressure (atm.) 40-53
OUpen Circuit Voltage (Volts) 1.1
Operating Voltage (Volts) 1 - 0.6
Current Deﬁsity (amperes/ftz) 30-1000
Power to Weight Ratio 15-20
(Watts/Lb)
Power to Volume Ratio 2000
(Watts/ft3)
Operational Life 1500 hours
Energy Efficiency to 80

(Per Cent)

Starting Time Long
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Intermediate Temperature - Low Pressure -

Fuel Cell

An intermediate temperature low pressure fuel cgll that
operates on hydrogen and oxygen (or air) between 125 and 200°C
and at, atmospheric pressure has recently been reported by
Elmore and Ténner (32).

Elmore and Tanner have iﬁvéstigated two cells, one using
an alkaline electrolyte and one using an acidic electrolyte.

Both are in an early experimental state.

The Alkaline Cell

The alkaline cell contains a paste electrolyte, consisting
of 40 per cent sodium hydroxide, 40 per cent potassium hydroxide
and 20 per cent calcium hydroxide. At the intermediate operating
temperafures, this electrolyte retains only enough water to possess
good electrical conductivity and rejects the remainder as vapor;
There is no appreciable volume change due to this small water
absorptionQ D

The hydrogen electrode is palladium foil, 0.0005 inches
thick. The oxygen elect?ode is a porous metal of silver powder
with a du Pont 30 Teflon dispersion° The treated nickel powder
is packed between two silver screens separated by a teflon
gasket. The electrodes are separated by a teflon gasket., Figure
14:is a diagram of the alkaline cell, and Figure 16 shows a

current-voltage curve,



The Acid Cell

The acid electrolyte cell uses a paste electrolyte of
35 per cent phosphoric acid and 65 per cent silicon dioxide.
Unlike sulphuric acid, phosphoric acid is not reduced elect~
rochemically under the cell operating conditions,

The electrodes are either platinum or palladium powders
with a teflon dispersibn° The catalyst dispersion is bonded on
porous carbon electrodes. This type of cell has been operated
continuously for six months at 90 milliamperes per sguare centi-
meter and 0.25 volts with no apparent cell deteriorafion;

Figure 15 shows a diagram of the acid cell. Figure 16
presents voltage current curves for these two cells. Several
other organic fuels were used in the acid cell which resulted in
about one-half the performance of hydrogen. These fuels were all
reported to be oxidized to hydrogen which reacted electrochemically;

No other data are presently available on these cells,
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Ion Exchange Membrane Fuel Cells

Hydrogen oxygen fuel cells based on an ion exchange
electrolyte were first described by Grubb (42) in 1957. In
1939 the General Electric‘Company began deveiopment of this type
of cell and have made considerable progress under the direction
of Niedrach, Cairns, and Douglas (19, 43, 60).

The ion-~exchange fuei cell is similar to the standard
hydrogen-oxygen fuel cell with the exception that tﬁe liguid
electrolyﬁe is replécedvhy an ion-exchange resin membrane. The
essence of the ion-exchange membrane is the bonding of thin layers
of electrode material and catalyst on the surfaces of the membrane
electrolyté° The electrolyte is a thin sheet (0.03 inches) of a
phenclsulfonic acid-formaldehyde membrane on a polyethylene
matrix (2, 19). The cell is enclosed between lucite plates.,

A favorable characteristic of this type of electrolyte resin
is that ityhas a definite water saturation and absorbs only a
limited quantity of the water produced by the electrode reactions.
After reaching the éaturation limit, excess water is rejected
through the porous electrodes. This limited water saturation
gi&es the resin electrolyte an advantage over aqueous electroclytes
which tend to become diluted when cperated over an extended period
of time,

The electrodes for this cell consist of thin layers of
porous sintered nickel treated with platinum or palladium, The
platinum and palladium catalyze the electrode r‘éactions° Catalyst

loadings are in the range of 0.003 to 0,022 grams of catalyst per
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square centimeter of electrode surface (19). The cells exhibit

a definite catalyst saturation point at which further addition of
catalyst produces no increase in cell performance other than that
caused by decreased electrical resistance in the electrode
material (19).

The ion exchange resin in this cell is acidie in nature.and
ionized hydrogen is transported across the electrolyte, This
causes the water formation reaction to occur at the oxygen
electrode which is the reverse of the aqueous alkaline electro-

lyte cells. The electrode reactions for this cell are:

Cathode H,(g) = 2 [H] (22)
2[H = 2 B + 2e (74)
Anode 1/2 Og(g) = (o ‘ (84)
[0] + 2H' + 2e = Hy0 (75)
Overall Hg(g) + 1/2 oz(g).*_;flzo (73)

An advantage of the water formation occurring at the oxygen electirode
is that when air is used as the oxidant high circulation rates may
be obtained to evaporate the water at a minimum of cost.

Yon exchange membrane fuel cells operate at low temperature
(25°C) and atmospheric pressure. Air operation does not reduce
the performance significantly from thét obtaiﬁed with pure oxygen,
but only low current densities are obtained (19).

A major pf;blem area of this cell is the electrode-electrolyte
bonding. The properties of the resin which can be readily measured
do not necessarily give an accurate index of the performance of the

resin in the fuel cell. In addition to the properties such as water
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saturation, physical strength, and electrolyte resistivity, the
bonding properties of the electrolyte to the electrode and the
catalyst are major factors in determining the cell performance;

While little is known about the membrane-catalyst electrode
reaction mechanisms in this type of cell; it is believed that the
resistance to ion transfer between the reaction zone and the
membrane may be the controlling factor preventing operation at
higher current densities (2).

The main life limiting factor for this cell is the degradation
of the resin. This is thought to be due to oxidation of low molecu-
lar weight components in the resin (19). After extended operation
the de@radation eventually causes the electrolyte to develop a
pinhole which causes cell failure. General Electric has operated
this type of cell continuously for more than 100 days with no
sign of deterioration.,

Figure 17 shows a general diagram for an ion exchange cell;
Operatihg characteristics of an experimental cell are given in
Table VI. Figure 18 is a current voltage curve for an experimental
cell.

The General Electric Company has developed a portable power
pack for the United States Army which uses this type of cell (57);
The power pack is fueled by a metal hydride hydrogen generator.
Including the hydride source, the total weight of the pack is less
than 25 poundso It is rated at 30 watts. No other information is

available on this power pack,



Cathode Lead

Oxygen in e

Cathode Gas Chamber

79

EZ—— Anode Lead

a4

s

LSS l+

Hydrog i
___«— Hydrogen in

< Anode Gas Chamber

(0.16 cm Thick, 3.8 cm
Dia.)

Catalyst Layer and

(0.18 em Thick, 3.8 cm
Dia,)

Ton Exchange
Resin Electrolyte
(.06 em Thick)

Pt Guaze (11.38 cm?)

Vent 4———

le Catalyst Layer and
Pt Gauze (11,38 cm?)

g\\\\;>\j\\\\\

Vent

N

Cell Casing

ell Casing

7
7

NNNNNf
T

~>

Gaskets

&

Figure 17

General Electric Ion Exchange Fuel Cell



Cell Voltage

80

0 | | I |
0 20 ‘ 40 60 80 100

Current, Milliamperes per Square Centimeter

27°C, 1 Atmosphere Platinum Catalyst
Figure 18

Hydrogen-Oxygen

Ion-Exchange Fuel Cell



81

TABLE VI

OPERATING CHARACTERISTICS

GENERAL ELECTRIC ION EXCHANGE ELECTROLYTE

FUEL CELL

Anode Material Nickel Grid and Platinum Catalyst
Cathode Material ) Nickel Grid and Platinum Catalyst
Fuel Hydrogen
Cxidant Oxygen or Air
Electrolyte Cation Exchange Resin Membrane
Operating Temperature (°C) 20 - 100
Operating Pressure (atm.) 1
Open Circuit Voltage (Volts) 1.08
Operating Voltage (Volts) ~ 1 = Q.6
Current Density (amperes/ftz) 3 - 45
Power to Weight Ratio 16 - 20

(Watts/Lb)
Power to Volume Ratio 150 - 1000

(Watts/ft3)
Operational Life -
Energy Efficiency to 75

(Per Cent)

Btarting Time Short



Dissolved-Fuel Fuel Cell

Justi (25, 46) several years ago undertock research on
fuel cells where liguid fuels would be dissolved in the cell
electrolyte. Justi suggested the use of such fuels as methanol,
diesel o0il, and other light hydrocarbons (2, 46). Justi has
attempted to use his DSK electrodes for this type of cell, the
scheme being that the highly active DSK electrodes dehydrogenate the
liquid fuel to allow hydrdgen to react electrochemically with the
electroltye., Only low current densities and a life of a few
hours have been achieved (46).

More recently, Monsanto Chemical Company and Esso Research
and Engineering have undertaken similar but independent research
programs (2).

Although practical cells have not been obtainé¢ fuel electrode
experimehts with dissolved methanol and ethane have been encourag-
ing. This success has been due largely to the development of
effe@tivé fuel and oxidant catalysts (2).

Essc Research and Engineering has recently shown that a
saturated hydrocarbon, in particular ethane, can be oxidized
electrochemically to carbon dioxide at relatively mild temperatures
and pressures (72). Table VII shows results of the oxidation of
ethane to carbon dioxide in an aqueous electrolyte (72).

The results shown in TableVII indicate that a large per cent
of the fuel and oxygen consumed are used for the electrical energy
producing reaction and that the amount of electrical current is
very close to the theoretical; Btudies at Monsanto Chemical, Company

have shown similar results with methanol (2).
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No operating data on these experimental fuel cells are
available at the present time (2, 72).

In a dissolved-fuel fuel cell, the.fuel is mixed in the
electrolyte. The fuel electrode could be a flat plate or
porous plate impregnated with the catalyst while the oxygen
electrode is a standard gas diffusion electrode. These cells
are in the early éxperimental state, but show good promise because

of cheap fuel and moderate operating conditions.

TABLE VII

LSS0 DISSOLVED-FUEL

FUEL CELL (72)

Per Cent 02 Regcted in

Electrochemical Reaction 93
Chemical Oxidation 7
Corrosion ‘ 0

Per Cent Carbon Reacted to Form

co, , 97

Formic Acid 3

Electron Yield/Molecule

Observed 13.8

Theoretical 14,
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Regenerative Fuel Cells

Hegenerative type fuel cell systems are those in which the
reactants are continuvously regenerated from the products formed
during the cell reaction (57). There are two types of regenerative

fuel cells, the chemical regenerative and the thermal regenerative,

The Chemical Regenerative {(Redox)

The chemical regenerative or Redox fuel cell employs an
intermediate reductant and oxidant which are chemically regenerated
in an external cycle by the primary fuel and oxidant. The inter-
mediate reductant in a liquid electrolyte reacts at the anode in
the conventional manner, After the electrochemical reaction the
reaction products are passed through an external circuit in which
the reaction products are reacted with the primary fuels to.reform
the intermediate reductant. A similar procedure is followed by
the intermediate and primary oxidant,

Figure 19 illustrates a chemical regenerative fuel cell
system (57, 84). The theoretical mechanisms occurring in this
system are (84):

Anode: (HCL electrolyte)

snt? = s 4+ 2e (76)

Anode Regeneration Process

+4 +2

Sn + Hy(g) = Sn + 2H (77)
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Overall Apnode Reactiom

i, (g) = 28" 4+ 2e (78)

Cathode: (HBr electrolyte)

Br? + 2e = 2Br (79)

Cathode Regeneration Process

SHE 3 2) =
2HBr + 1/2 Oz(b) Br, + H,0 (80)

Overall Cathode Reaction .

+

2" + 1/2 0,(g) = H,0 ~(81)

2
Overall Cell Reaction

Ha(@) + 1/2 OB(g) = H,0 (73)

To obtain proper operation of this cell, continucus recyecling
of the intermediate reductant and oxidant is necessary. Alsec, a
method of removing the products of the overall cell reaction is
reguired,

The two electrolytes used for this type of fuel cell are
commonly referred to as the Catholyte and the anolyte (49, 57).
The catholyte is the electrolyte containing the intermediate oxidant
and the anolyte contains the intermediate reductant. The anolyte
and catholyte are physically separated by an ion-exchange membrane
which allows the mi@r@tion of a particular iomn but dces mot allow
mixing the two electrolytes.

Early investigators of this type of cell were Rideal (66)
in 1921 and later Posner (63)7in 1955, The major difficulties
of this cell have been the selection of suitaeble intermediates,

‘electrolytes and membranes (49, 82)., The multiple mechanisms
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that occur in this type of cell system increase the difficulty
of finding suitable componenfs.

The electrodes of this cell are ineft‘(50). They are con-
structed of porous metal (platinum, nickel) or carbon;

Current work on this cell is being done at Kings College,
London and the ngeral Electric Company (50, 57);

The General Electric Company has developed a chemical
regenerative fuel cell using titanous-titanyl and bromine-
bromide couples (50). The anolyte is hydrogen chloride and the
catholyte is hydrogen bromide., The primary fuel is hydrogen,
The primary oxidant is oxygen and N02. The electrodes are graphite,
catalyzed by palladium black. The cell operates at low temperatures
and pressures,

The primary advantage of this type of cell is the ability
to operate on impure hydrogen. Also the elimination of an
alkaline electrolyte which avoids contamination by carbon dioxide,
and the use of air as the primary oxidant.

The operating characteristics of the General Electric

chemical regenerative fuel cell are shown in Table VIII,

The Thermal Regenerative Fuel Cell

The thermal regenerative fuel.cell differs from the chemical
regenerative fuel cell in that the reactants are continuously
regenerated by thermal rather than chemical action,

The Mine Safety Appliance Research Cerporation is the only

organization to report results on this type of cell (21, 57).
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TABLE VIII

OPERATING CHARACTERISTICS

GENERAL ELECTRIC CHEMICAL

REGENERATIVE-FUEL CELL

Anode Material
Cathode Material
Fuel |
Oxidant
FElectrolyte

Operating Temperature (°C)
Operating Pressure (atm.)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (amperes/fta)

Power to Weight Ratio
(Watts/Lb)

Power to Volume Ratio
(Watts/£t3)

Operational Life

Energy Efficiency
(Per Cent)

Starting Time

Porous Graphite, Platinized
Porous Graphite, Platinized
Hydrogen

0xygen'or Air
+3 _ pyo*2
+2

Anolyte Ti
Catholyté Br-l - Bi
80-85

1

0.96

0.8

40

8

300-400

One Week

to 80

88



89

The thermal regenerative cell of the Mine Bafety Appliénce
Research Corporation uses metal hydrides as the fuel and oxidant.
The electrelyte is a metal fluoride and metal chloride eutectic
mixture, The metal hydride is formed in the fuel cell by»the
electrode reactionsg and is then cycled to an external thermal
generator in which the hydride is decomposed to the metal and
hydrogen., The metal and gaseous hydrogen are then recycled to

the cell. The mechanisms occurring are

Anode

SM % 2M + 2 | (82)
Cathode

Hy(g) + 2e = 2H™ (83)

Overall Cell Reaction

2M + Hy(g) = 2MH (84)

Regeneration Process

2 MH + heat = 2M 4+ Hz(g) (85)

Mine S5afety Appliance has operated thermal regenerative cells
using lithium, sodium, potassium and calcium hydrides. The
electrolytes have heen molten eutectic mixtures of lithium
chloride=1lithium fluoride, lithium chloride-potassium chloride,
and various other alkali metal halide electrolytes (21).

Figure 20 is an illustration of a Mine Safety Applicance
thermal regenerative cell operating on lithium hydride,

The hydrogen electrode (cathode) consists of a porous

ras diffusion metal electrode. Stainless steel and nickel have

=]

both proven successful as hydrogen electrodes. The anocde or the
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alkali metal electrode consists of the metal itself supported by
a stainless mesh.

This cell operates in the temperature range of 400°C and
the regenerator in the range of 850°C depending upon the particular
hydride used. Decomposition temperatures of several hydrides are
given in Table IX.

The major disadvantage of this type of fuel cell is the
inclusion'of a heat engine in the regeneration cycle. This heat
cycle is necessarily governed by the Carnot Cycle Efficiency which
must be included in the overall fuel cell system effiéiency. The
fuel cell efficiency is distinct from the regenerator or the
overall efficiency.

The inclusion of the heat cycle decreases the attractiveness
of the thermal regenerative fuel cell and reduces the overall
efficiency to ranges that are obtained by conventional means
(57). Table X lists the operating characteristics of the Mine
Safety Appliance fuel cell.

TABLE IX

v

"HYDRIDE DECCMPOSITICN TEMPERATURES AT ONE ATMOSPHERE

Hydride Formula Decomposition Temperature
°C

Lithium Hydride LiH B30

Sodium Hydride NaH 425

Potassium Hydride KH 430

Calcium Hydride CaH? 985
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TABLE X

OPERATING CHARACTERISTICS

MINE SAFETY APPLIANCE THERMAL REGENERATIVE CELL

Anode Material

Cathode Material

Fuel

Oxidant

Electrolyte

Operating Temperature (°C)
Operating Pressure {(atm,)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (Amperes/ftz)

Fower to Weight Ratio
(Fatts/Lh)

Power to Volume Ratio
(Watts/ft3)

Operational Life

Energy Efficiency
(Per Cent)

Starting Time

Molten Lithium

Porous Metazl

Molten Lithium
Hydrogen (gaseous)
Molten Lithium Halides
450 Cell (8350 Regenerator)
1

0.3 «.0.66

0:36 -,0.4

to 130

2

90

Overall 10-12



93

Consumable Electrode Fuel Cells

The consumable electrode fuel cell is based upon the con-
tinuous consumption of materials which function in the dual
capacity of both fuel and anode. Most units combine one con-
sumable electrode, a liquid electrolyte and a gas diffusion
electrode, although other arrangements are possible,

M., W, Kellogg, Union Carbide, Aerojet General, RCA, and
Armour Research are conducting research on this type of cell
(2, 537). There is no guestion regarding the feasibility of

these cells (57).

The Sodium Amalgam Fuel Cell

The sodium amalgam fuel cell was originally developed at
Western Reserve University iﬁ 1953 (2). Union Carbide and the
M. W. Kellogg Company have reported the most advanced cells
(2, 57, 58),

The sodium amalgam fuel cell uses scdium as fuel and oxygen
or air as the oxidant, The godium is introduced to the cell as
a dilute sodium-mercury amalgam to reduce the high reactivity of
sodium., The sodium amalgam electrode consists of a flat stain=~
less steel plate down which a thin layer of the scdium amalgam
flows, The oxygen electrode is a standard porous gas diffusion
electrode of carbon or sintered metal powder. The electrodes are
separated by an agveous sodium hydroxide electroltye. Figure 21
is a sketch of an M. W. Kellogg fuel cell (58),.

The electrode mechanisms occurring in this cell are (57, 58),



Anode

4 Na = 4 Na' + 4e | (86)
Cathode

0,(g) + 2H,0 + 4e = 40H" A (87)

Cverall Cell Keaction

P

4 Na + O?(g) + 2H,0 = 4NaCH (88)

Water is consumed in the cell reaction and must be continuously
supplied to the cell. B8ea water has proven satisfactory for
this purpose (57).

A major disadvantage of this cell is the elaborate methods
reguired to add the raw sodium to the mercury.

Aerojet General has developed a similar cell using zinc as
the anodic fuel, chlorine gas as the oxidant, and sea water as
the electrolyte (2, 57).

Operating characteristics of the Union Carbide sodium

amalgam fuel cell are given in Table XI,

94



Sodium

Amalgamator
Heat

Exchanggi//

]
e
4 Amalgam
/I Covered
L' Steel
P Anode
vd
L
e
v
L]
v
v
v
//ﬂ
e
]

N AN N NN N N

\

\

Electrolyte
Removal

Porous
|- Carbon

\

+—— Oxygen

/

- Electrolyte

(ST AL

'_

+— Water

Used Amalgam

Figure 21

Sodium Amalgam Fuel Cell



TABLE XI

OPERATING CHARACTERISTICS

UNICN CARBIDE SODIUM-AMALGAM-

- FUEL CELL

Anode Material

Cathode Material

Fuel

OUxidant

Electrolyte

Operating Temperature (°C)
Operating Pressure (atm.)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (amperes/ftz)

Power to Weight Ratio
(Watts/Lb)

Power to Volume Ratio
(Watts/£t3)

Operational Life

Energy Efficiency
(Per Cent)

Starting Time

Steel Platé

Porous Carbon

Sodium, ( 5% Sodium Amalgam)
Oxygen

5 N NaGH

45°

1

1.95

1.76 -1.21

25 - 150

2.8

8 Months at 100 amp/ft2

56
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Allis Chalmers Low Temperature and

Pressure Hydrocarbon Fuel Cell

A411is Chalmers, Union Carbide, and other organizations have
developed low temperature fuel cells capable of using hydrocarbon
fuel mixtures (2). Allis Chalmers has reported the most successful
results for this type of fuel cell.

In October of 1959, Allis Chalmers exhibited an experimental
fuel cell powered farm tractor (48). This event represented the
first successful attempt to construct a practical vehicle powered
by fuel cells,

The tractor was powered by 1008 fuel cells. The cells were
arranged in 112 units. BEach unit contained nine fuel cells,
weighed approximately 17 pounds, and was approximately 12 x 12 x 2
inches. Each unit was encased in an epoxy resin material. The
cells of each unit were connected in parallel. Each cell was
capable of delivering 20 amperes at 0.7 volts and each unit 180
amperes at 0.7 volts (44, 48).

The units of the power plant were arranged in four banks of
28 units each, The 28 units in each bank were connected in parallel
for gas flow and in series for electrical flow° Separate intale
and exhaust manifolds were supplied for.each bank of units,

The electrical connections from each bank were connected to
a controller and relayed to a 20 hp D. €. electric motor. The
controller provides different speeds by making various parallels
and series coﬁnections of the four banlks of units, which resulted

in a performance range of 360 amperes at 40 volts to 180 amperes
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at 80 wvolts (47).

The fuel for the tractor was a mixturé of gases.believed to
be hydrogen and propane (2, 46). The oxidant was bottled commercial
oxygen although the cells have operated on air. Gas was introduced
to the cells at a pressure of about 1/2 psig and an equilibrium
temperature of about 140°F was reached (48). Excess fuel gas
was used to expel water formed by the cell reactions.

Energy efficienci;s of 530 to 60 per cent were obtained based
on fuel BTU input versus electrical BTU output. The tractor
delivered about 65 watt hours per pound, as compared to 10 watt
hours per pound for the alkali battery, 15 watt hours per pound for
the lead battery, and 56 watt hours per pound for the silver/zinc
battery (46). The power plant alone weighed 2000 pounds, however
no attempts wefe made to limit the total weight.

There is very little information available on the details
of the individual fuel cells., It is believed that the eléctrodes
were porcus nickel, and the electrolyte either an aguecus potassium
hydroxide absorbed in an asbestos matrix or an ion exchange resin
(2, 48).

Table XII lists the available operating characteristics
of the Allis Chalmers fuel cells.

Allis Chalmers is continuing research on fuel cells and the

next vehicle planned is a 4000 pound fork lift truck (48).



TABLE XIT

OPERATING CHARACTERISTICS

ALLIB CHALMERS HYDRG

Anode Material

Cathode Material

Fuel

Oxidant

Electrolyte

Operating Temperature (°C)
Operating Pressure (atm.)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (amperes/fta)

Power to Weight Ratio
(Watts/Lb)

Powér to Vo%ume Ratio
(Watts ft°)

Operational Life

Energy Lfficiency
(Per Cent)

Starting Time

N-PRCPANE FUEL CELL

Hydrocarbon Gas Mixture

99
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High Temperature Fuel Cells

High temperature fuel cells operating in the temperature
range of 300 to 900°C on gaseous fuels have been developed
largely since World War I. The most devoted of the early
investigators of this type of fuel cell were Baur and Pries
(8, 9, 10) and later Davtyan (25).

Baur and Pries. constructed a fuel cell using solid electro-
lytes. Their electrolytes were based on the Nernst Mass (85%

ZrO., 15% Y203) and similar mixtures (18)., Davtyan also used

29
a solid electrolyte consisting of monazite sand, sodium carbonate,
soda glass, tungsten oxide, and clay.

The fuel cells of Baur, Pries, and Davtyan failed to pro-
duce promising results. This failure was primarily due to the
electrolytes, which failed to possess sufficient electrolytic
conductivity at reasonable temperatures and did not prove to be
invariant against the reducing action of the coke or fuel gases
such as hydrogen and carbon monoxide (18). These solid elec-
trolytes Wefe later found not to be true solid iomic conductors,
but owed their conductivity to the presence of low melting
eutectics in a solid porous matrix (21). The Davtyan cell also
used reducible iron electrodes which catalyzed the formation of
carbon and caused the further complications (18, 21).

Since the work of the early investigators, many others have
undertalen the taslk of developing an efficient high temperature
fuel cell. The main reason for the interest shown in this type

of cell has been to eliminate large activation polarization
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losses associated with low temperature cells. Also, the high
operating temperatures make it possible to use low cost fuels
such as the naturally occurring hydrocarbons, coal or their
by-products which are unreactive at low temperatures;

There are several organizations and investigators currently
working on high temperature fuel cells (2, 84), The more recent
investigators inciude Broers and Ketelaar (15, 16, 17, 18), Gorin
and Recht (36, 37, 38, 39), Chambers and Tantrum (20), Douglas
(27, 28, 29), Skelcher (7G), and DeZubay (26). In general, all
of the current high temperature fuel cells are similar.

The ideal electrolyté for a high temperature fuel cell
would be a solid ionic oxide with anion conductance.(BO)o
However, all of the oxides with well marked ionic structures have
very high melting points. It is only at temperatures near their
melting point that they show any reasonable ionic conductance (20C).
The next best thing to a pure oxide electrolyte is an electrolyte
which tramsports oxygen containing ions.

A necessary demand for long-term operation of high temperature
fuel cells is that both the electrolyte and the electrodes remain
invariant (17). This demand was not met by the cells of Davtyan and
Baur (17).

Molten alkali carbonate electrolytes have been found to be
the best adapted electrolytes for high temperature fuel cells
(17, 20, 26, 27, 37). Decomposition of the fused carbonate by
the action of carbon dioxide is impossible and concentration
polarization at the oxygen electrode can be reduced by supplying

carbon dioxide te the cathode (17). With carbonate electrolytes,
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the transfer of oxygen ions talkes place in the form of carbonate
ions.

Two methods of retaining the electrolyte between the elec-
trodes have proven satisfactory (17, 20). One method is to impreg-
nate a porous magnesium oxide disk with the electrolyte; The
porous disk has pore sizes of about 25 microns in diameter and
the electrodes have pore sizes of about 160 to 270 microns.
Another method is to construct dual porosity electrodes similar
to the Bacon electrodes (Figure 11). For this type of electrode
the coarse pore sizes on the gas side are 160 to 270 microns
in diameter and the fine pore sizes on the electrolyte side are
75 to 140 microns in diameter. Both methods produce very similar
cell performances (20).

The electrodes in high temperature fuel cells are either
metal powders supported by gauzes of the same material or porous
sintered metals (2, 17, 20, 57). The materials used provide
catalysis of the desired reacticns. Table XIII lists séveral
materials that have proven satisfactory as electrode materials,
Figures é% and 23 are diagrams of experimental fuel cells of
Broers and Ketelaar (17), and Chambers (20).

A primary goal of high temperature fuel cells is the use
of carbonaceous fuels., With all carbonaceous fuels there is the
danger of solid carbon depesits (17, 20, 37).

The formation of carbon from carbon monoxide is catalyzed
specifically by iron oxides and reducible iron compounds. When
these materials are not used in the cell, no trouble is exper-

ienced (20),
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With hydrocarben vapors, carbon may be deposited by thermal
cracking. This occurs with propane but not methane or kerosene,
and has been effectively eliminated by adding steam or carbon

‘dioxide to the fuel gas (17, 20).

TABLE XIII

ELECTRCDE MATERIALS FOR HIGH TEMPERATURE

FUEL CELLS

Hydrogen Platinum
Palladium
Niclkel
Kerosene - Water Nickel
Methane -~ Water Nickel
Propane - Water Niclkel
Ethane - Water Nickel
Carbon Monoxide Platinum
Nickel
Cobalt
Oxygen-Carbon Dioxide Silver

Silverized COxides

High temperature fuel cells have been operated on a variety
of gaseous fuels such as carbon monoxide, hydrogen, methane,
ethane, propane, kerosene, natural gas, and coal gas (17, 20, 37).
The use of hydrocarbon fuels in high temperature fuel cells is
enhanced by the combination of high temperatures, water vapor, and
a nickel catalyst (17, 20). This combination promotes a multitude
of reforming reactions in which hydrogem is formed (70). The pro=-

duction of hydrogen in the cell is an advantage since hydrogen is
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the most galvanically reactive gas. Also, the diffusion coefficient
of hydrogen is 5 to 8 times greater than that of carbon monoxide
or methane (17, 74). Because of this reforming characteristic
and the faster transport properties of hydrogen, the principal
electrochemical reaction for mixtures of hydrocarbons, carbon
monoxide, hydrogen, and water vapor will be the oxidation of
hydrogen (17, 20). The general reactions that will occur in a
high temperature cell of this type are

Reforming Reactions

Co(g) + Hzo(g) = C0,(g) + Hy(g) (89)

CH n+2(ag) + 2n H20(g) = nEOa(g) + (3n+l)..

2l
Gt

,.Hz(g) (90)

Cathode Reaction

2 : . 2 < -
1/2 Oz(g) + COB(g) + 2e % CO_ (91)

Anode Reactions

Hy(g) + coz = Hy0(g) + CO,(g) + 2e (92)
Co(g) + 00; = 2€0,(g) + 2e (93)

Overall Electrochemical Reactions

co(g) + 1/2-oa(g) = COz(g) (94)
H,(g) + 1/2 0,(g) = H,0(g) (73)

T oy re - -~
CnH2n+2(g) + 1/2 (3n+1) Oz(g) = (n+l)..

.=H20(g) + nCOz(g) (95)

The development of high temperature fuel cells has been
delayed by a number of prohlems associated with this type of

cell (57). These problems affect both the performance and



operational life of the cells,

The high operating temperatures essentially eliminate

activation polarization. However, high internal cell resistance

and concentration polarization currently limit the current
densities of high temperature cell to about 60 amperes per
square foot of electrode surface (2).

Several investigators have reported that internal cell
resistance of an operating cell is much larger than that pre-
dicted by resistance measurements of the cell components (17,
20, 37). The internal cell resistance during operation is fre-
gquently 7 to 10 times greater than that predicted (37). This
high cell resistance during operation has been attributed pri-
marily to poor electrode-~electrolyte contact (37). Figure 23
illustrates the large reduction in cell performance due to
internal cell resistance (17).

Concentration polarization becomes a problem at high
current densities. This is of particular importance in high
vtemperature fuel cells operating on hydrocarbon or carbon
monoxide fuels because of the formation of carbon dioxide
at the fuel electrode. To reduce this, high fuel circulation
rates must be used resulting in decreased fuel conversion
efficiency (18), The effects of concentration polarization
have been greatly reduced by adding water vapor to the fuel to
promote hydrogen formation but is still a factor at high
current densities. Figure 24 illustrates the effect of

adding water vapor to carbon monoxide feed of a fuel cell (17,
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A more serious problem of high temperature fuel cells is the
short operational life (57). The cell life of high temperature
fuel cells is currently limited to about six months primarily
because of corrosion and electfolyte degradation (17, 57);

Corrosion is a problem because of the extreme corrosive
conditions encountered at high temperatures with molten electro-
lytes. The molten electrolytes are very veactive substances and at
high temperatures deteriorate all known gasket materials (2);

Electrolyte deterioration occurs gradually because of
direct vaporization of carbon dioxide, lithium oxide, sodium oxide;
and potassium oxide (17). Also, the reactions of the electrolyte
with the gasket material and cell components change the electro-
lyte composition,

All of these effecfs combine to reduce the cell performance
during continuous operation. As a result of corrosion and electro-
lyte loss, gas leaks occur, and electrode-electrolyte contact is
reduced until the cell fails (2, 17, 20, 57). Figure 23 shows
the increase in internal cell resistance of an experimental fuel
cell as a function of time (18),

Figures 24, 235, and 26 show performance data of several
fuels. Table XIV lists the general operating characteristics
of the high temperature cell of the Consolidation Coal Company

which is representative of most high temperature fuel cells (57).
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TABLE XIV

OPERATING CHARACTERISTICS

CONSOLIDATION COAL COMPANY HIGH TEMPERATURE

FUEL CELL

Anode Material
Cathode Material
Fuel

Oxidant
Electrolyte

vOperating Temperature (°C)
Operating Pressure (atmi.)
Open Circuit Voltage (Volts)
Operating Voltage (Volts)
Current Density (amperes/ftz)

Power to Weight Ratio
(Watts/Lb)

Power to Volume Ratio
(Watts/ft3)

Operational Life

Energy Efficiency
(Per Cent)

S5tarting Time

Porous Nickel
Porous Nickel Oxide
Carbon, Hydrocarbons
Oxygen or Air

Lithium-Sodium Carbonates in
Magnesium Oxide Matrix

7G0-800°C
1

1,24

0.96 - 0.54
30-100

100 - 200

Several Hours

to 65

Long
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Power Costs

The cost of electrical power that can be produced by fuel
cells is uncertain. Fuel cells have not been develcped to the point
where this cost can be reliably estimated (55). However, Adams (2)
has compiled a thorough cost analysis for fuel cell systems, This
cost analysis though thorough, is at best an estimate, based on
several assumptiocns regarding future fuel cell developments. The
cost figures presented by Adams represent fuel cell performances
that are not attainable at the present time. Although this cost
analysis is an estimate, it does provide an indication of what
power costs can be expecied Irom fuel cells in the future assuming
the cells are developed.

The only cost factor that can be estimated reliably are the

theoretical minimum enerpgy costs, and even these are uncertain
because purity has such a large effect on fuel prices. Also,

whether high purity oxygen or air is used as the oxidant can

Table XV lists several fuel costs for potential fuels, Table
XVI shows a comparison of the theoretical minimum energy costs of
these fuels., Tables XVII and AVIII list some expected cell costs,

based on large scale manufacturing (2).
Discussion

The fuel cells described in this section represent the
various development stages of the major current fuel cells. As

is evident from the review of these cells, many problems remain



112

to be solved before fuel cells are to become competitive with
conventional power sources, None of the current cells satisfy

all of the desirable characteristics outlined in Chapter II. The
major problem facing fuel cells teoday is obtaining a satisfactory
cell life at practical or desired power outputs, operating with an
econo@ic fuel and air.

Low temperature cells have reached the most advanced develop-
ment stage with respect to cell lives and power rating. However,
they operate only on high purity, high cost hydrogen and oxygen.
The chemical regenerafive and ion-exchange cells fail if the
membrane fails (57). The aqueous alkaline electrolyte cells are
unsuited for carbon-containing fuels, and catalysts are not
available to permit the use of an acidic electrolyte with the
oxygen electrode. The consumable electrode cells have short lives
and use maderately priced fuels, The dissolved fuel fuel cells
show promise of usin@.low priced fuels, but are undeveloped at

he present time,

The moderate temperature high pressufe alkaline cell has
attained high power performances for short periods but must use
high purity hydrogeﬁ and oxygen, and requires complex pressure
control eguipment.

The moderate temperature low pressure cells offer good
possibilities, but too little data is available for comparison,

The high temperature cells are capable of using the low
cost fuels, but corrosion problems presently limit cell lives

to about six months,
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The present cost of electrical power in the United States
is approximately 0.01 $/KWhr (2). For fuel cells to compete in
the commercial market with the more conventional power sources,
natural gas, coal.,gas, or petroleum fuels, with air will have to
be used (85)., Present day hydrogen oxygen cells even with an
assumed cell life of 10 years are less economical than conventional
power generation methods (2).

There are two basic approaches for developing cells to
utilize carbonaceous fuels (2). These are: 1) to raise the
temperature so that special catalysts will not be required, and
2) to develop catalysts and electrolytes which will allow the
reactions to talke place at low temperature and pressure,

There are many organizations currently engaged in research
on low temperature cells (2, 85). The probability that a low
temperature cell operated on a hydrocarbon fuel with an
efficiency greater than that of conventional means will be developed
at an early date is high (57).

The success of high temperature cells depends upon the
development of corrosion resistant materials and stable electrolytes.

In all fuel cells, there is the need for better electrodes and
catalysts. Electrode development, though subject to the secientific
approach is still regarded as a "black art" (71). This operation
has been and will probably continue to be, an experimental trial
and error procedure in which an electrode is fabricated, tested,
and the effects of catalysts and method of comstruction are

evaluated {2, 57, 71).
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A large area of fuel cell applications that should not be
overlooked is that area where cost is a minor factor. There are
many special uses existing for fuel cells operating on expensive
fuels and oxidizers (71, 72). Specialized military equipment
that have power requirements far removed from normal requirements,
indicate that a need exists for specialized power generating devices
at all levels of power output (57). The possibility also exists
that a short life, high power output device may be more economical
using.fuel cells rather than conventional rotating power eguipment
(57) .

A large potential use of fuel cells exisfs in areas now
served by batteries where power per unit weight is a very
important factor., Table XIX presents a power density comparison
between several fuel cells and storage katteries (72).

To study fuel cell performances, three parameters that
should be available are cell potential, current density, and time
of operation., Very few literature sources include relations showing
time of operation. For this reason, much of the data available
relating current density and cell voltage were cmitted.

Ne attempt was made to include all current cells in this worlk,
A major problem in reviewing this subject is the limited amcunt of

current data available,



Fuel

Hydrogen
Carbon
Methane
Ethane
Propane
Butane
Pentane
Methanol
Ammonia
Sodium

Oxygen

TABLE XV

FUEL COST

Cost Range

2,68 - 0.05
0,003 -~ 0,001
0.025 -~ 0,005
0.02 -« 0,01
0.05 - 0,02
0.05 - 0,02
0.05 - 0,02
0.08 - 0,04
C.1 - 0,042
0.3 - 0.17
0.184 - 0.04

$/Lb
$/Lb
$/Lb
$/Lb
$/Lb
$/Lb
$/Lb
%/Lb
$/Lb
$/Lo
$/Lb
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Cost used in

Table XVI
0.45 $/Lb
0.002 $/Lb
0.01 $/Lb
0.02 $/Lb
0.03 $/Lb
0.03 $/Lb
0.03 $/Lb
0.06 $/Lb
0.042 $/Lb
0.23 $/Lb
0.04 $/Lb



Fuel

Hydrogen
Carben
Methane
Ethane
Propane
Butane
Pentane
Methanol
Ammionia

Sodium

Based on

TABLE XVI

MINIMUM FUEL COST OF FUEL CELLS

Temgerature Energy Density Fuel Cost Fuel and Oxygen Cost
K Btu/Lb ¢ /Kwhr ¢ /Kwhr
298 48780 3.15 5.48
1600 14121 0,05 2,75
1000 21466 0.159 2.619
1000 21160 0.322 2.84
1000 20960 0.489 2,98
1000 19546 0,525 3.13
1000 20753 0.443 ' 2.88
500 9386 2.184 4.48
298 7110 2.01 3.04
298 5622 12.0 16.0

100% Fuel Conversion



TABLE XVII

INITIAL FUEL CELL COSTS (2)*

Cell Type Electrode Material
Low temperature and Forous carbon
pressure H2 - 09 cell
Ion - exchange Coated resin membrane
Low temperature and Porous nickel
pressure hydrocarbon
cell
Intermediate tempera- Dual porous nickel
ture and high pressure
H2-02 cell
Sodivm amalgam Bteel plate

porous carbon
Pissolved methanol Platinum coated

A blates

* Based on large scale production

TABLE XVIII

ESTIMATED BLECTRODE COST (2)*

Flectrode

Porous carbon

Porous nickel

Bacon type nickel
Porcocus stainless Steel

Nen-porous platinum coated plates

* Based on large scale production
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Cost
($/2 £t2 electrode
surface)

2-5

30-40

Cost ($/£t2)
0.5-2
0.7=3
1.0~-5
0.5-1
0.4-2
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TABLE XIX

POWER DENSITY CCMPARISON:

FUEL CELLS AND STORAGE BATTERIES (150 HR, OPERATION)

Power Bource Watt Hours/Lb.
Fuel Cell, Tank H2 & 02 123
Fuel Cell, Tank Hg & Adr 200
Fuel Cell, Chemical Regeneration 500

of Fuel
Lead Acid Battery 10
Leblanche Cell 30

Silver Zinc Cell 50



CHAPTER V
CONCLUSICNS AND RECOMMENDATIONS

Fuel cell development has only begun. FEven the most advanced
fuel cells are still in an experimental stage of development.
Fuel cells are not in commercial use at the present time and
their use will be limited until the development of better cells
with longer operaticmnal lives allows the use of inexpensive fuels
and air.

The possible applications for fuel cell power seems unlimited.
f'uel cells show promise for applications ranging from small
vehicles to large stationary power plants.

Fuel c¢cells have two major factors in their favor; the high
energy efficiency possible, and the fact that fuel cell systems
may be arranged to produce any amount of desired pdwero

Fuel cell research is currently being applied in two main
areas; in developing fuel cells for commercial and for specialized
purposes.

The commercial success of fuel cells depends upon future
progress made to allow the use of inexpénsive fuels and air.

The success for special purpose fuel cells depends upon the
development of dependable cells With‘high power outputs and celi
lives corresponding to the particular need.

What is most needed for fuel cells is basic research in the

119
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areas of catalysts, electrolytes, high temperature materials,
electrode design, and techniques of cell fabrication. A better
fundamental understanding of the relations between the polarization

losses of operating fuel cells is needed.
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APPENDIX A

NOMENCLATURE

N

effective electrode area per unit geometrical area.
activity

(Deff/ ), effective diffusion coefficient, current/
pressure.

ionic diffusion coefficient, area/time.
effective gas diffusion coefficient, area/time.
potential, volts,

actual cell potential, volts.

- potential with current drain, volts.

potential at zero current, volts.
reversible potential.

electron.

Faraday constant, coulombs/gram-equivalent.
fugacity, force/area.

U + PV - TS, free energy, energy

U + PV, enthalpy, energy

current, coulombs/time.

current in either forward or reverse direction at zero
net current, current/area of active electrode surface.

actual electrode net current, current/area of active
electrode surface.

net current/unit of geometrical electrode area.
limiting current for ionic concentration polarization.

limiting current for gas concentration polarization.
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k

k!

eff

[13]

net
W

W

W

1]

constant in equation 30.

reaction rate constant for forward direction.
reaction rate constant for reverse direction.
distance

distance

active electrode site area/area of effective electrode
area.

pressure, force/area.

partial pressure, force/area.

guantity of electrical charge, coulombs.

heat absorbed by system, energy.

pore diameter, length.

electrical resistance, chms.

effective ohmic resistance of cell, ohms.

entropy, energy.

absolute temperature, degrees.

absolute temperature of heat sink, degrees.

ionic transport number.

internal energy, energy.

volume.

reaction rate, equivalents/time.

reverse reaction rate, equivalents/time.

forward reaction rate, eguivalents/time.

Ve = Vr, net forward reactionate, equivalents/time.
work done by system, energy.

reversible work done by system other than PV work.

maximum work available from a heat engine, energy.

127



Z

electrochemical equivalents.

Superscripts

[}

i

i

standard state.

activation.

Abbreviations

act = activation.

exp = exponential, i.e., exp (x) =
In = logarithm to the base e.

ocv = open circuit voltage.

wh/1b

watt hours per pound
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A COMPREHENSIVE BIBLICGRAPHY

ON FUEL CELLS

This bibliography on Fuel Cells was compiled by Mr. A. M.

Adams of Central Electricity Research Laboratories Leatherhead,

England, and is reproduced through his courtesy.
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Classification of cells referred,to in Bibliography

[

Direct cells operating on solid carbonaceocus fuels..

1.1, Aqueous electrolytes,at:temperatuﬁes below 100°C.

1.2. Aqueous electrolytes above 100°C
1.3. Moltén elecfr&ljﬁes (high fgmperdtuxe)-
1:3,1¢ Nitrate
1.3.2. Carbonate orﬁhydfoxidg'
11;3;3f Borax, .etc.,
1.4. Solid éigctroiytes (high temperature)
1.5. Ionized gas electrolytes (high temperature)
Indirect Cells. |
2.1, Célls operating on gaséous reaction products of cafbon
2,1.1, Low-temperature carbon‘monéxide cells
2.1.2. Low-temperature hydrogen cells
2.1.3. Low-temperature cells using other gases; €.g. 502

2.1.,4:. Cells using halogens

2.1.5. High-temperature hydrogen and carbon monoxide
cells with molten electrolytes

2.1.6, High-temperature hydrogen and carbon monoxide
- cells with solid electrolytes

2.2, Cells operating on solid or liguid reaction products
of carbon,

2:2.1. Celle using metals as fuel
2.2:,2. Oxidation-reduction cells
2.%3., Cells operating on hydrocarbon fuels
2.3.1, Low-temperature and pressure hydrocarbon cells.
2.3.2. High-tewmperature hydrocarbon cells

2.3,3., Moderate -temperature low pressure cells
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3. Electrodes.
3.1. Activation of electrodes
3.2, Liguiad proofing
3.3, Diffusion electrodes
3.4. Methods of preparation of electrodes
4., Cell Construction,
4,1. High-pressure cells
4.2, Mechanical arrangements
5, Reviews and General Principles.
5,1. Literature reviews
5.2, General articles, economics, and applications
35.3. Theoretical

6. Miscellaneous.

N.B.: When the electrolyte is shown enclosed by a broken line,
it ie retained in a porous material. The symbol u is
used to indicate the presence of a diaphragm.

1. Direct Solid Fuel Cells

1.1, Using aqueous electrolytes below 100°C
2]
Davy 1802 C/H20 " ]HINOs/(C)O2

"
Tommasi and Radiguet 1884 C/NaCl M Pb/Og/(C)O2

- -

Grezel 1886 (v, Tommasi 1889) C/Acid 1t (NH,),C0,/(C)0,

Case 1887 (v. Berthier 1929) C/H,S0, ﬁ KC1 0./(Pt)O,

Case 1889 C(Pt) FeCl, " FeCl | (Pt)O,
H,0 i HC)

Coehn ‘ v1@96,-1897 C/Mzso4/(Pb02)02'

Nobel and Anderson 1903 C/MNOs/(Al)Oz

Ruzicka 1905 (v.a. 4.1) C/KDH/(NiO)Oz

and (non aqueous)
C/liquid Cl,Al



1.3.

1030

1039

Jungner 1906;1908a,b;1909a,b C,S0, |[H,80, I Nitrosyl

27274
(vea. 2.1.3) 3(H2504

148

(C)o2

Hofmann and Ritter 1914 C/NaOHaq 1 NaCl 0,/(Pt)0,

(v.a. Thiel 1915)
Thiel 1915 theory of Case's cell
Using aqueous electrolytes above 100°C

H_SO, + V,T1, sulphates|(Au) O

Taitelbaum 1910) 550, 2
Baur 1910) c (c)
250°C (Pt)

Ag. alkali (Fe) 02
200°C 30 Atm.

Fischer and Kronig C(Fe)
1822, 1924

Direct cells operating at high temperature with molten
electrolyte.

1. Nitrate Electrolytes e.g. C/molten sodium nitrate/
‘ (metal)O
2

Becquerel 1855 Platinum cathode
Jablochkoff 1877 Iron cathode
Brard 1882
Davies 1882 (v. Fodor 1897)
Clark 1882 (" " ")
Brooks 18%4a;b KHSO, added to elec-

trolyte, CuS cathode

Shrewsbury 1894

et.al, : :
Dobell 1895 Iron cathode
Schmite 1893
Bconzo 1930 C/Ag NO3 /

(Ag, Pt, Pd, etc.) 0,

2. Carbonaté or hydroxide electrolytes.

Gore 1864 ClNaZCOG, Ca0 glass’(Fe)Uz
Archereau 1883 C’Alkali carbonate '(metal)()2

or hydroxide

Langhaus 1886 "

Fabinghi and Farkas 1888 ' "

Bradley ' 1888 N "
(v.Anon.1897)

Bull 1891 » "
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Korda 1895 C|K,CO, |(Cu0) O,
Anon, 1896;1897)
Jacques 1896;1897) C/NaOH/(Fe) 0,

1898 (v.a. Haber)
and Bruner 1904)
Liebenow & Strasser 1897 Modifications of Jacques cell
Reed 1898 " " i "
Sacher and Lorenz
(v.Bechterew 1911) " " " "

Byrnes 1902 " " " "
Haber and Bruner 1504 Addition of sodium manganate
(veoa. 2.1.2.) to NaOH
Baur 1918) C + carbonaceous|NaCH + (Fe)o
Taitelbaum 1910) material |MnG, 2
Bechterew 1911 NaOH + selenates, |
< tellurates, etc. (Fe0) 02
i 8 i ] 0
Fischer and Lepsius 1912 C NaOHl(Fe204)u2
(vea. 2.1.5.)
Baur and Treadwell 1916b;C saltl (Fe,0,)0
374772
1918
X . | carbonates in
Baur et.al. 1921b € porous Mgo (Fe304)02
Habicht 1915 ¢€,CO,Na (Pb, Sn NaOH\ (Ag)
' molte o
2
Rhorer, von 1923 Alkali + Barium carbonates

and aluminia, etc.
Pt or Ag cathodes.

Tamaru and Kamada 1935a Carbonates; F¢, Au, Ag cathodes
b
Baur and Brunner 1935 C/carbonate/(Ag Pt)02
" " " 1937a C/carbonates  (Fe,0,)0,

1.3.3. Borax and other electrolytes.

Schicop 1895 C/lead oxidle_s/(Fé)O2
Short 1896 C/lead oxides/(Pt)O
Dobell 189%7a C(molten Pb) lead oxides/
(Fe)02 '
1887b C or CO(molten || chromates 8! (Fe)
. Pb) |, hydroxides 0,

Seton and Dobell 1897 C or CO(molten I‘arsenatesl(Fe)

| chromatesi O

Pb,Bi,etc.) 5

| vanadates)
etc,



1l.4.

2o

Baur and Ehrenberg
Baur et.al.

1912 C/borax/(molten Ag) O
1916a C/borax/(Cul) 0,

130

2

Reed 1918 C/borax + MnOz/(Au) 02
McKee and AHams 1949 C‘{Eeﬁé'? Wbé—iﬁi (Pt)
(Fe,0,)0
zEPf?ff_ﬁ;§?3_§ 374772
Direct cells operating at high temperatures with solid
electrolyte.
Baur and Treadwell 1916b) ‘“Nernst mass" or
Baur and Preis 1937b3;1938) CeO2 + WO3 + clay
McKee and Adams 15849 CeO2 + wos + clay

Direct cells operating at high temperatures and using

ionized gas or electrolyte.

Crossley 1923 (v.a. 4.2.)

C(Fe)/heated ionized gas/

(metal)@z

Indirect cells. .

2.1.

co(Cu?) Cu,Cl, § CuC121 0,
CO/electrolyte/air

it

Gas cells.,
2.1.1. Low temperature carbon monoxide cells,
Winand and Coullery 1887
(v. 1895)
Scharf 1888
(vea, 2.1.2,)
2.1.4,

. 3030

Borchers 1894

(v.a. Fodor 1897)
Hering & Dobrowolsky 1885

Bernstein 1895;1897

Tatlow 1895

Bucherer 1898b

Union Elektr.Gesell 1902

Baur and Glaessner 1903
13

Keyser 1904

CO,ete

€O (Cu) }Cu2C12 H CuCIZHCL‘(Cu)Oz

CO(C~Pt)’H2504’(Pt)02

Co + H, sto% aql(c)o2
(water gas

tt
(coal gas)|(C)Cu,Cl "CuCl l(C)Un
(water gas) ,2 21 2 =

Discussion of Borchers' cell

Use of acetylene instead of CO
0,8 _ete V1) ce* inaom ac‘Ce4+L
1T (pt) : i °*

(Pt)

cer (e O
KOH,K,CO, ,FeCl,

Beiling

(Fe)02




Braun and Schneider 19190 CO(meta %2 (meuwl)@

(v.a. 6)
, " 3+
Baur ) f14+ T154

Yw.a. 2.2.2.) CO, etc (C)

H2504 '
Taitelbaum 1910)

(Pt)
oo (AM)O
(C) m
Hernst 191151912 Use of Ti and Ce instead of Ti, V

(vea, 2.2.2.)

Hofmann 1918a3b:1920a)
Hofmann Wurthmann 1818) Co(Cu)|NaOH ag.,  |{(Cu) o
Auerbach 1619) lye soln,etc.| (Cus) 2
2,1.2 Low temperature hydrogen cells,
Grove 1839 H,(Pt}/H,80,/(Pt)C,
‘estphal 1880 H?(Pt)/ACLd/(Pt)UO
Blanchard 1882 H,(Pb)/H,50,/(PbC)0,
Scharf 1888 H,/electrolyte/air
(veas 2.1.1.32.1.4.) °
Treeby 1889) H,(Pt.blk) | T M2504 n°4
Mond and Langer 1889:;1897) |
porous |

Wright and Thompson 1889) moterial |
I e

voo (Pt.bL m)o2

Cailletet Collardeau 1894) m (Pt)/H 00 /(Pi)O

(voa. 4.1.)
high pressure

Andreas 1895

Bernstein 18951897 v, 2.,1.1,

Zettel 1896 -] Ag)@z
\. .

o
Muller and Wallmann 1898)
Hydrogen/oxygen cell

Egpke 1902)
Reid 120331604  H,,CO (poxouu C)/NaOHag/
(Fe)@
T
Forster and Dithelm 1908 H_(Pt)Ti smlphmte&/(Pt)Op
1
Forster 19208 HQ/H 60 /O
i
Grube 1910;1932  H,/H,80, 55 or NO/O,
Siegel 1913 Platinised C anodes in

w9 . 1
Hg L2 cell



2.1.3,

Gaiser 1918
Rideal and Evans 1821
1"
Fischer & Kronig 1922;1924
Hofmann 1923
(vea, 3.1.)

11}
Forster 1923
Regensburger 1829
Sims 1228
Citovich 1829
Waldburger 1930
Baur and Tobler 1833
Tobler 1933
Doyle and Doyle 1934
Spiridinov 1941
Davtyan 194651947
Brit. BE.R,4, 1850
. 1959)
Grubb 1960)

s 1958)
Justi 1959)
Kordesch 1860

Low temperature gas cells other than H

halogen cells.

Andreas

Tourneur

1885  S0_(C)
(v, Fodor 1897)

2

H, (Pt)
Pt or Ag

2 pt.blk

550, ,NO

Hz(Pt)llye soln

Hz(Pt)lH

Vo 20104'0

152

H, (Ni, JNaOHaq§Na0H+Mn02

l(Pt)o2

(Pt)o2

H2504+c01101da1 (Pt)o

(0)02

11
Hz(Pd)/HZSO4uNa0H/(Pt,C)02

Hz(C)/ 2 /(c)o2

H2w02

Hz(C~Pt),HC1,(C)Br2

(Ag)
Hz(Cth)INaOH\((i) o,
(Cu)
Vo 3olo

cell with Cu anode
(vea. 4.1.)

H2|ac1d or alkq‘(Pb0)02

Hzl(C,Ni)

electrolyte l
(hetive C)O2

Hz(c,Ag)/KOHaq/(c,Ni)o2

Hz(Ni)lKOHaql(Ni)Oz

(high pressure)

2

ion
H2(Pt’Pd) Exchange (Pd’Pt)OZ
Hg(Nl) KOH' (Ag) 0,

H2 (porﬂ%us C) I(KOHag) ‘ o.,;

Ag
porous C

Co

L)

2’

2 2"

1903 SOZ(C)'HN03|(C)02

O

, and

Tt
Cu_.Cl "Cu01,2|(c)c:12



2.1.4.

201050

Basset 1906;1907a;b

Jungner 1906;1908;1509

Taitelbaum 1610)
Baur 1910)
(veas 1.2.)
5iemens
Schuckertwerke 1013
Halogen Cells,
Scharf 1888
Voa, 2.1.132.1.253.3)
Swarn 1894
1
Muller 1902
Nobis 1909
Nernst 1811

Polyani & v.Hevesy 1916 ?

1}

Forster 1923
Sehmid 1923;1924)

" (via. 3.3.))
‘Buhrer 1929)
Waldburger 1230
Davtyan 1847
Jedlicka 194831949
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S0,,H,8,HI, |H,80 aq+|Graphite)

Br,,NO 0

2’
etc(porous C)

2

n
2SO4HNitrosyl

502 (Coke)| H
2]
H2so4

(c)o2

2504

sulphates

(Pt)
(Au) ©
(c)

50, (C)| H,80,+T1,V,

2

HI(C)‘H

"
"
2504"WN031(C)@2

szCO/electrolyte/Cl2,F2

?‘KClﬁ NaCl or PbClle12

H2 - Cl2 cell

B [}
H2|HCI ag 60 1012

H, - Cl1

5 5 cell with regenera-

tion of Cl2

NO,
) Cl :
|(metal oxide)

alkaline electrelyte

Hz(Pt)/H01/(C) 012

Hz(Pt,C)/HCI/(C) 012

Hg(Pt,c) HC1/(C) Br,
Hz(FevSi)/HCI/(C)Clz

Na(Hg) /NaCl aq/(C)CL,

High Temperature gas cells with molten electrolyte,

Arsonval, d! 1882

Rodgers 1888
Atkinson &Treharn 1886

Bucherer 18%8ash

Hzetc(Sbvpb, etc)

"

n
§b,0115b,0

(sb) 0,

Hz/multeﬂ Pb)/PbO/(A@)OZ

Hg/metal oxide/Oz

CO,H2(Fe)/carbonate/(Pt)02



Jacques 1896
Dobell 1897a:b)
Seton & Dobell  1897)
Rawson 1898
Britzke 1200
Magdon 1902
Reid 1203
Haber & Bruner 1204

(v.a. 1.3.2.)

Haber 1906

1911
(v.a. 3.3.)

Beutner

Baur & Ehrenburg 1812
(v.a. 1.3.3.)

Fischer & Lepsius 1912
(vea. 1.3.2,)

Hoffman, A. G, 1320b

Hofmann, F 1320c
Bauver, et.al, 18210
Baur 1921c
1921d
Rideal & Lvans 1921
Kendall & Gore  1926)
Hughes 1830)
Greger 193131933
1934 1939
1942
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v. 1.3.2, (Haber & Bruner 1904)

ve 1,3.3,

CO(molten Pb)/Metal Salt/(?)O2

CO(Cu)“ Ppo | |(cu)o,
H_(Pb)|Na_CO_"NaOH!Feritte | (Fe)
2 2%z ' 5
o 2

CO{C) |NaOH | (Meta1) o,

H2(C)lNaOH9Na2MMO4I(Fe)02

C0,H,/Carbonates/(Metal) 0,

CO,H2(Ni,Pt)/halides/(Metal) 0,

Co,H,(Pt, Fe, Ni, Cu) /Borax/...

.o. (molten Ag) 0,

H, (C)/NaGH/ (Pt)C,

CO(C) /molten Cu/(CuO)O2

Co(Cu)/ ~ /(CuO)O2

H2,(Fe) |

in g0 |

Nowen |
(NaKCO, rFe304)02

Hz,co,(Fe)/(NaOH)/(Fe)o2
Co, H?(Pt)/UD2 Posphate Glass ...
o.,Na2Mn)4/kFe)02

Sn may replace Pt & a carbonate

the UOQBGlass
(ag)| m——— — =i
H_,co (Ni)|!earbomatesi .. .ic)o
2" (cu)| | — bozates | 2

i - T
carbonates +|
~ . &5 | :
Co, Hz(MeLml)“ halides
(Ni,Fe)

(Ferrite)(
(etc.)

o0 0

o o s
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Kohnig & Zohner 1931 HQ(Pd)/KNOP+NaNO2/(Pd)02

Na,Ba,etc,carbonates
+ halides

o0 @

Blanke 1942 H?,CO,(C)

cos (c)o2

2.1.6. High temperature gas cells with solid electrolytes.

Rasch 1200 CO,H_ ,etc./&ircon-Yttria/

b
2 Salt flame Glass/02

Haber and Moser 19053)

2 1 1 ass ° N
Haber 1006:1011) CO(Pt.blk)/Glass/ (Pt blk)@z

1
Fleischmapn & Forster 1906 HZ,CO/@:glass.,]porcelain/(?)o2
Baur and Preis 1937b,1938)
(voao L.4.)) H29C0(Fe) "Wernst mass' |c..
Haur 183¢) Ce0, W0, etc.
Gt

oa,(Fe3®4)03

Baur 1841 Additions to electrolyte to
reduce resistance, etc.

2:2, Indirect solid or liguid fuel cells.

2.2.1. Metal fuel.

Davy 1801 En/FeClZ/(C)@z

Faure 1891 Fe/NaCl aq/(C)02

Reed 1898 Discussion of metal fuels
Jone 1904 Pb,5n,Cd,5h,etc/NalCl aq/Oz

o 97
Cr2C16,lb012

MnCl? (fused)

Hahicht 1919 Na(molten Pb,5n)

Spiliotopol 1908 B8n,Al (0)02

(4g)O

=

moilten
Na OH
Ty
Rideal and Evans 1921 !pb NaOH aqn 09‘ (©)o,
v tt - =
Phgoggaq

Sn HC1)FeCl,
HC1 °

()0,

(Fe)O

1
reduced{loxidized 5

melt. " melt.

Baur 1921a Na/NaUHK(Ag9F6283?Fe304)02

Brandt 1925 NA/NaOH/(Passive metal)@z

5n




. 2301,

Lamb and Elder 1931

Hamer and Schrodt 1949

Jedlicka 1948;1949

(v.a, 2.1.4.)
Miller 1951

Ciarlarello 1960
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" ]
Zn/H2804”FeC13/(Act1ve c,Pt)o2
Mg/molten or solid/(C)MnOzNaOH

Na(Hg)/NaCl aq/(C) Cl2

Na(Hg)/NaOHaq/(Ag)0,

metal

halogen (Fe)H2

Oxidation-reduction cells using compounds of metals
of variable valency, etc.

1894)
1894

Tatlow
Borchers

Windand and Coulleryl895)

Welsbach 1903)

Baur & Glaessner 1903)

Tourneur 1804
i

Keyser 1904

Junger 1906,1208

Forster & Dithelm 1908

Taitelbaum 1910)
Baur 1910)
Grube 1910
Nernst 191131912

) 1916

Sugsmamn and

Sussmann
Rideal and Evans 1921
Lamb and Elder 1631

Baur & Preis 1937b;1938)

Baur 1541)
Blanke 1942
Kirkland 1860
Sweeney 1961

Cu +&— Cu ++
(v.a. 2.1.1.)

Ce3+___.> Ce4+

(v.a, 2.1.1.)

(a) C + Alkali sulphate

- sulphide
(b) Alkali |(KgS ﬁHNO (€)
Sulphide solnnKClas (Pt) 0

(Fe-5i) "2
Fe salts (v. 2.1.1.)

" Mn,Cr,Fe,Cu,Hg salts
(v. 1.1.352.1.3.)

Ti salts (v. 2.1.2,)
v, T1 (V. 1.2,)

Fe salts (v, 2.1.2.)
T1,Ti,Ce salts (v. 2.1.2,)

Oxidation-reduction cells
under pressure

Mn,U,V,Cr,Ce in glass
(vo 2,1.5.)

Burvey of various systems

Addition of Mn,Cr,V.Ti,U,etc.
to solid electrolyte (v.2.1.6.)

Ve 291050

Hz,CsHs/electrolyte/ 02

C2H6 Digsolved

in electrolyte

0,

)
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2.3.2. High Temperature Hydrocarbon Cells with Molten

Electrolyte

Gorin 195231959
Broers 1958;1959
DeZubay 1960
Douglas 1960

2.3.3, Moderate Temperature Low Pressure Cells

Elmore & Tanner

H,,C0,CH, I;choa,lecosNazco3
Collgs C3Hg /i) |l Mlg
Kerosene Ag MY _
ete
.. [ag | AT
> 10O 5
1960 HZ(Pt)/HSPO4_8102/(Pt)02
KOH ,NaOH
Hz(Pd)‘ Ca(OH)2 (Ag)Oz

Gas electrodes for fuel cells.

3.1. Activation.

Girove
Westphal

Mond and Langer
Wright & Thompson

1839)
1880)

1889)
1889)

Caillet & Collardeau 1894

3]
Fgrster‘& Dithelm 1908)
Forster 1909;1915)
Siegel 1913
Fery 1918;1930
Rideal & Evans 1921
Hofmann 1923
Nasarischwily 1923
Szabo 1927
Baur 1930
Waldburger 1830
Lamb & Elder 1931
Heise & Schumacher 1832
Tobler 1933

Piatinum for hydrogen

Platinum black for H2
Pt, Pd, and Au

Pt. electrodes for H2 and O

Platinized carbon for H,
Porous C electrodes for O2

Platinized Ni for H2

Platinized clay for H2
Carbon electrodes for 02

Platinized carbon electrode

"Hopcalite" for O2

Poisoning of Pt electrodes

Active carbon for O2

Porous € electrodes

Ni,Fe,C,Pt electrodes (plain

or platinized) for H2 and O

2

S

2

|
|
o4
{
;



Ivanov & Kobozev 1937)
Baur and Brunner 1937a)
Davtyan 1847
Bacon 1855
Justi 1958:1959

Kordesch 1952;19534:;1960
Young 1860

Non-wetting electrodes.

Scharf 1888
Carbone, S.A.)
Starke )
Davtyan 1947
Kordesch 1960

Diffusion electrodes.

Westphal 1880
Kendall 1884
Scharf 1888
Anon - 1895
Ribbe 1902
Kgyser 1904
Reid 1903
Bﬁutner 1911
Forster 1915
Schmid 192351624
Forster 1923
Hofmann 1923
Baillod 1927
Buhrer 1929
Rﬁgensburger 1929
Kgnig 1931;1932)
Konig & Zohner 1931)
Blanke 1242
Davtyan 1947
Bacon 1955;1960
Broers 18588
Justi 1859
Kordesch 1960
Bacon 1960
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Fe304 electrodes

Catalytic activation for

H2 and 02

[
.

for H2,02

Ni for H2
Ag for 02
Ni for H2

Catalysts for fuel cells.

Wax coating
Gelatine coating

Wax coating

Surface active agents

CO diffusion through C

H2 diffusion through Pd

H2 diffusion through Pd
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3.4, Methods of preparing active electrodes.

Langhaus 1901 Metallization of C
Davtyan 1947 Reduction of Ag,Ni,etc, on C

4, Special Construction of Cells

4.1. High Pressure Cells.
Cailleter & Collardeau 1894

szicka " 1805
Sussmann & Sussmann 1816
Fischer and Kronig 1922;1924
Citovich 19829
Brit. E.R.A. 1950
Bacon 1955

4,2, Mechanical Details.

Westphal 1880
Lavison 1897 Rotating electrodes
Eltenberg & Lach 1907 " "
Greger 1933:;1934

183951942
Davtyan 1647
Adams 1960

5. Reviews and General Principles

5.1, Literature reviews,

Fodor 1897

Bechterew 1211
Rideal & Evans 1921
Berthier 1529
Greger 1931
Baur & Tobler 1933
Howard 1945
Davtyan 1947
Brit. Elec, R.4. 1949a;b
McKee & Adams : 1949
Ellingham 195G
Adams 1260
MceCormick 1980
Stien 1959
Annual Battery R. and
b.Conference 1958;1959;1960;1961

ACS Meeting, Division
Gas & Fuel Chemistry 1860351961
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5.2. General articles, economics.

Ostwald
Baur
Greger
Baur
Gordon

5.3. Theoretical.,

Boudouard

Nernst & Wartenburg
‘Allemand & Ellingham

Grube

Chipman & Murphy

Ellingham
Justi

1894
1921e
1931
1939
1546

1904
-19C6
1924
1532
1953
1944

1959

Annual Battery R. and

D, Conference

Free energies
" "

1958;1959;1960;1961

ACS Meeting, Division
Gas & Fuel Chemistry 1960;1961

6. Miscellaneous

Britzke
Rasch

Braun & Schneider

Crossley

Shurmovsky & Burns

Nel=son & McKee

1900)
1900)

1910)
1923)

1941

1946

Thermal ionization of CO
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