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ABSTRACT

This study was undertaken to gain insight into the
mechanism of operation, and the rate-determining step at
partially submerged, air-depolarized metal electrodes.

It was found that at smooth, flat electrodes of copper,
nickel, and silver in caustic cells, the rate of air depolariz-
ation was limited by the mass-transport rate of oxygen through
the electrolyte to the electrode. When compared to the porous-
type oxygen electrodes normally used in fuel cells, the results
indicate that the operation of these oxygen electrodes might
also be limited by the mass-transport rate of oxygen.

A wiped, rotating, partially submerged oxygen electrode,
designed to eliminate the resistance to oxygen transport posed
by the electrolyte, was used to measure the oxidation rate of
the electrode surfaces. The data are compared with fuel cell
rate requirements and are discussed in terms of oxidation theory.

At 32°C and an oxygen partial pressure of 0.844 atm, an
oxidation rate equivalent to a current density of 26 ma/cm2 was
obtained with a smooth copper surface. In a porous electrode,
where the true surface area is many times the apparent area,
this oxidation rate is adequate to meet the rate requirements
of a fuel cell. With nickel and silver the results were not so
conclusive; however, they indicate that the oxidation rates of
these metals might also satisfy fuel cell rate requirements.

These findings show the importance of'reducing the mass-
transfer resistance of the electrolyte in fuel cell electrodes.

The oxidation of copper was found to follow the logarithmic
law

w = k,log (k,t + 1)

where w is the oxide weight and t is exposure time. It was also
found that kl in this equation was independent of oxygen partial
Pressure, while k, was proportional to the square root of the
oxygen partial pressure.



These findings are consistent with a derivation of the
logarithmic equation by Evans which assumes that the rate of
oxidation is limited by the rate at which oxygen, in some form,
travels through the oxide layer to the metal surface. The
dependency of k,; on the square root of the oxygen partial pres-
sure indicates, in the light of the Evans theory, that oxygen
in the monatomic form 0,0~, or 0 is the species transported
- through the oxide layer.

The oxidation of silver appeared to fit the parabolic
equation 2
w = k.t
1
however, more accurate data are needed to definitely establish
this conclusion.

Reliable oxidation-rate data were not obtained for nickel.
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CHAPTER 1

SUMMARY

Fuel cells were discussed by Davy in 1801, and the first
fﬁei cell was built by Grove in 1839; but, in spite of this
long history and much effort, an economical fuel cell has yet
to be built. Though both hydrogen and carbon-containing fuels
have been used in fuel cells, the net rate of reaction has been
much less than that required to produce current densities of
100 ma/cm2 of electrode area, which has been proposed as a rough
criterion for an economical low-pressure fuel cell. The lack of
success appears,at least partly,due to the fact that some
physical and chemical processes occurring in fuel cells are
still not completely understood.

The purpose of this thesis was to try to gain insight into
the mechanism of operation and into the rate-determining step
at partially submerged, air-depolarized metal electrodes. The
metals studied -- copper, nickel, and silver--have all been used
in the past, directly as oxygen electrodes or as activation
agents for oxygen electrodes made of porous carbon.

The oxygen electrode, rather than a fuel electrode, was
chosen for study here because, though the fuel used may vary
widely, an oxygen electrode is necessary for the operation of
any direct fuel cell. Also, it appears that the output of some
of the more successful hydrogen-oxygen fuel cells is limited by
the operation of the oxygen electrode. Finally, since some of
the processes occurring at both the fuel and the oxygen elec-
trode are in ways very similar, it is felt that a better under-
standihg of the processes at the oxygen electrode is an impor-
tant step toward understanding fuel cells as a whole.

‘Most fuel cell electrodes, in order to achieve higher
apparent current densities, are constructed of porous materials;
however, an extensive analysis of results is not possible with

porous electrodes. This is due to the fact that the area and
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the geometry of the active portion of porous electrodes are not
known. For this reason the electrodes used in this work were
smooth metal surfaces.

Much work on fuel cells, in an effort to obtain higher
rates, has beén conducted at high temperatures. This has been
espediéily trhé when carbon, or carbon-containing fuels, were
used. However, it is a fact that animals metabolize foods at
low temperatures and low pressure, at rafes which are signifi-
cant. This suggests that it might be possible to construct a
fuel cell which operates at reasonable rates with alcohols,
carbohydrates, or possibly even hydrocarbons, without resorting
to high temperatures and pressures. For this reason the oxygen
electrodes were studied at room temperature and atmospheric
pPressure.

In order for a fuel cell oxygen electrode to function at
any given rate, it is necessary to have a sufficient oxygen
transport rate to the electrode. Since the solubility and dif-
fusivity of oxygen in electrolytes are guite small, one might
expect that the oxygen transport rate could limit the rate of
operation of an oxygen electrode. However, most work on fuel
cells has assumed that chemical reaction rates limited the
operation of the cell; and the possibility that mass transport
rates are controlling has been almost entirely neglected.
Therefore, in this thesis, especial attention has been devoted
to the relative importance of the transport rate and the
chemical reaction rate in the reaction of oxygen at an oxygen
electrode.

For the investigation of the mechanism and rate of opera-
tion of an oxygen electrode, it is necessary that the operation
of the cell be limited by the electrode. This can be accom-
plished by having small internal and external resistances, and
a small oxygen electrode area relative to the anode area. Under
these conditions, the maximum current obtainable from the cell
will be dependent on the rate of reactions at the oxygen elec-
trode. This techniquﬁ of "isolating" the oxygen electrode was

employed in all the cells used in this thesis.
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The first stage of the experimental work centered about
the use of partially submerged copper, nickel, and silver
cathodes, in conjunction with a steel-wool anode in a 20% KOH
electrolyte. The area of the air-depolarized metal electrodes
was far less than the steel-wool anode, as required to isolate
the oxygen electrode. The overall electrode reactions may be

represented as

Metal + % 02 —» Metal oxide

2e + Metal oxide + H,0 —Metal + 2 OH ™

1 — Cathode
2e + > 0? + H20 —» 2 0OH
and

Fe + 2 OH —»FeO + H,0 + 2e Anode
so that the net cell reaction is

1
4+ - et
Fe 2 02 FeO

The partially submerged electrode 1is wetted by the elec-
trolyte; and the latter creeps, as a thin film, a small dis-
tance up the face of the electrode. Thus, the electrode is
made up of three distinct areas: that submerged in the bulk
electrolyte; that covered by a thin film of electrolyte, i.e.
the "wetted exposed" area; and the exposed portion which is not
covered by electrolyte. |

In order for electrochemical action to take place, elec-
trolyte must be present; therefore, the electrochemical action
can take place only at the submerged or wetted-exposed areas.

The current obtainable from a completely submerged elec-
trode is quite small; however, when electrolyte is removed so
that the electrode is only partially submerged, the current
rises sharply . Thus, the oxygen depolarization at a partially
submerged electrode occurs primarily at the wetted-exposed
portion of the electrode. This reflects the fact that the oxy-
gen transport to the electrode is much greater at the wetted-
exposed portion than at the submerged portion of the electrode.

Therefore, the mechanism of oxygen transport to the wetted-
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L
exposed area is, in effect, the mechanism by which oxygen T—
travels to the electrode.

Oxygen can arrive at the wetted-exposed area of the elec-
trode by transport through the thin electrolyte film, or by
direct contact at the air-electrode-electrolyte perimeter. It
was found that the current was not dependent on the three-phase
perimeter, but rather on the total area of the wetted-exposed
portion. These results indicate that the mechanism of oxygen
transport to partially submerged, air-depolarized electrodes is
solution and transport through the thin electrolyte film that
creeps up the face of the electrode.

It was found that the current obtainable from partially
submerged copper, nickel, or silver electrodes was essentially
the same when the electrolyte-electrode geometry of the wetted-
exposed portion was the same. The fact that the current does
not depend on the chemical nature of the electrode indicates
that the rate-determining step is not a chemical reaction, but
rather a mass transfer process, presumably the transport of
oxygen through the thin electrolyte film. This was confirmed
by the finding that the current decreased when the temperature
was increased.

When porous fuel cell electrodes become completely permeat-
ed by electrolyte, the current which can be drawn from them
drops off sharply. This is called "drowning" of the electrode.
Consideration of the above findings indicates that the drowning
of these electrodes is due to a large increase in the resistance
to oxygen transport, and not to poisoning of the electrode.

They also indicate that, in oxygen electrodes which are not
drowned, the current may still be limited by the mass transport
of oxygen through the electrolyte; and pose the questions:

what kind of current densities can be obtained from an oxygen
electrode when this oxygen transport resistance is eliminated,
and how does this current density compare with fuel-cell require-
ments? The wiped, rotating, partially submerged electrode was

designed to try to answer these questions.
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The cells used in this part of the experimental work con-
sisted of the rotating cathode, a 20% KOH electrolyte, and a
wound zinc-wire anode whose area was approximately 100 times
the cathode area. The cell as a whole was designed to make the
oxidation step at the rotating electrode limiting. Zinc was
chosen as the anode partly because it results in a higher cell
voltage and, correspondingly, a higher electrochemical reduc-
tion rate at the rotating electrode. The cell operated inside
an airtight lucite box whose atmosphere was kept saturated,with
respect to the electrolyte, by means of a small pump which con-
tinuously bubbled the enclosed air through an electrolyte bath.
The total pressure inside the lucite box was one atmosphere.
The variables studied were electrode metal, time of exposure
of the surface, and oxygen partial pressure of the enclosed
atmosphere. The metals used, as in the previous experiments,
were copper, nickel, and silver. The exposure time was deter-
mined by measuring the exposed perimeter of the electrode and
the R.P.M. An Orsat apparatus with an ammoniacal cuprous-
chloride absorbent was used to determine the oxygen partial
Pressure.

The rotating electrode consists of a metal ring embedded
in the rim of a lucite disc. The surface of the rotating elec-
trode, as it emerges from the electrolyte bath, is wiped free
of electrolyte by a gum-rubber wiper. This eliminates the
resistance of the electrolyte to oxygen transport that limited
the output of the stationary, partially submerged electrodes
and allows oxygen free access to the electrode surface. The
operation of the rotating electrode is divided into two sepa-
rate steps: oxidation in the exposed portion and electro-
chemical reduction in the submerged portion; and this, in
pPrinciple, permits them to be studied separately. The work
done here with the rotating electrode concerned itself only
with the rate of oxidation of the exposed portion.

During the operation of the cell, the rotating electrode

is not consumed. The metal surface is oxidized when exposed

WADD TR 60-166



to oxygen and is electrochemically reduced when it re-enters

the electrolyte. This alternate oxidation and electrochemical
reduction continues indefinitely so that the rotating electrode,
in effect, is a means of removing oxygen from the atmosphere
and of transferring this oxygen as hydroxyl ions into the elec-
trolyte. The overall reaction occurring at the rotating elec-
trode during the operation of the cell is the same as the
stationary oxygen electrodes, used in the first part of the
work.

At the anode, the zinc undergoes electrochemical oxidation
to zinc oxide, which then dissolves in the electrolyte. This
exposes fresh zinc surface which can react further. The reac-
tions at the zinc anode are

Zn + 2 OH- —»7Zn0 + H20 + 2e

Zn0 + 2 OH~ ——-—Znoz= + H,O

so that the overéll cell reaction is

1 - =
= + —_— +
> 02 Zn + 2 OH ZnO2 H20

The effect of the rubber wiper in decreasing the resistance
to oxygen transport is shown in Fig. 14. The currents measured
represent the sum of two currents: that due to depolarization by
oxygen and that due to other electrochemical reactions. The
latter current, due to the presence of two dissimilar metals in
an eleétrolyte, has been arbitrarily termed the "galvanic"
current. The presence of an electrolyte film on the unwiped,
rotating electrode cuts the oxygen transport to the electrode
surface to an almost negligible gquantity, so that the current
obtained from the unwiped electrode is essentially entirely
galvanic. The current at the wiped electrode is much higher
and is primarily due to depolarization by oxygen.

Figure 15 is a plot of the current produced by a cell
using a wiped, copper electrode rotating at a constant R.P.M.
as a function of the external resistance. It is seen that the
current increases with decreasing resistance until the external
resistance is about 3 ohms. Further lowering of the resistance

results in no change in the current and is an indication that
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the rates of the electrochemical reactions are not limiting the
cell current. It was also found that doubling the zinc-anode
area did not result in a current change. These results lead to
the conclusion that the maximum current 1is limited by the oxida-
tion step in the exposed portion of the rotating electrode.

This conclusion was tested by adding an electrolyte "mask}
as shown in Fig. 6, to the wiped, rotating, partially submerged
electrode. The addition of the mask serves to decrease the
exposed area of the electrode to oxygen, and increase its sub-
merged area in the electrolyte. When the mask was added and
the exposed area decreased, the current was also found to
decrease. This confirms the previous conclusion that the
maximum cell current was limited by the oxidation step, occur-
ring in the exposed portion of the electrode.

Using a rotating copper electrode and an external resist-
ance of 0.352 ohms, a current density of 26 ma/cm2 exposed area
was obtained at 32°C under an oxygen partial pressure of 0.844
atm. This current density needs only to be raised by a factor
of four to satisfy the proposed criterion, 100 ma/cmz, of an
economical fuel cell., When differences in surface roughness
and in oxide thickness between the rotating electrode and a
porous electrode are considered, it is seen that such a factor
is easily a?fainable. Therefore, the conclusion is that, as
far as oxidation rate is concerned, a porous electrode contain-
ing, or made of, copper can be expected to provide current densi-
ties of 100 ma/omz. Using nickel and silver surfaces, the
results are not so clear-cut; however, though they are not
conclusive, they indicate that this may be true for these
metals too.

The results of the above work show the importance of
reducing the mass-transfer resistance of the electrolyte in
fuel cell electrodes.

The primary purpose of the rotating electrode was to
provide information about the magnitudes of metal-oxidation
rates; however, it can also be used to investigate the actual

mechanism of oxidation. The electrode surfaces, inherently,
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must be contaminated by electrolyte; and this presents a problem
of applicability of results. In spite of this, the oxidation-
rate data obtained with the rotating electrode, especially in
the case of copper, lead to very interesting conclusions when
viewed in the light of metal-oxidation theory.

The data, see Fig. 17, obtained for the rotating copper
electrode were compared with the common metal-oxidation rate
"laws". It was found that the data could not be expressed by
either the linear-rate law

k.t + k

w

or the parabolic-rate law

2
w

+
klt k2

where w 1is the oxide weight and t 1is exposure time.

If electrolyte resistance to oxygen transport were still
limiting, the oxidation would be directly proportional to the
exposure time and the oxygen partial pressure. Noncorrespond-
ence to the linear equation suggests that the electrolyte
resistance to oxygen transport has indeed been made negligible
by the wiper, and this is supported by the fact that the cur-
rent was not proportional to the oxygen partial pressure.

The copper-oxidation data were found to follow the loga-
rithmic law

w = kliog(kzt + 1)

which is often found to hold for low-temperature oxidation of
metals. In addition, it was found that kl in this equation was
independent of oxygen partial pressure, while k2 was propor-
tional to the square root of the partial pressure. The loga-
rithmic law has been derived from theoretical considerations

by a number of workers, and the results were compared with thé
predictions afforded by different derivations. The partial-
pressure effects were found to be compatible with a theory

%
proposed by Evans,u9

*Superscript numerals refer to numbered items in Appendix E.
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Evans proposed that the rate of oxidation is limited by
the mass-transport rate of oxygen in some form through "leaky"'
points in the oxide film. These leaky points (pores, disloca-
tions, or discontinuities) are assumed to decrease as oxidation
progresses due to the fact that the oxide is less dense than
the metal and expands, thereby closing up leaks. In the deriva-
tion, k1 comes from a quantity that represents the number of
leaky points at a given oxide weight, and is not a function of
oxygen partial pressure. The second constant, k2, represents
the rate at which oxygen moves through a leak, and is clearly
dependent on the oxygen partial pressure.

In his derivation Evans does not specify the form of
oxygen which is transported along the leaks; but, if oxygen in
the diatomic form is the species transported, k2 would be
directly proportional to the oxygen partial pressure. The find-
ing that k2 is proportional to the square root of the oxygen
partial pressure, if the Evans model is correct, indicates that
a monatomic oxygen species, O, 0 , or OE, is the form trans-
ported along the leaks.

With silver'the results were not so conclusive. The
effect of oxygen partial pressure on the oxidation rate was
less than for copper; and it suggests, therefore, that the
oxidation mechanism is different. The oxidation data appeared
to fit the parabolic equation

w2 = klt

however, more accurate data are needed to definitely establish
this conclusion.

The presence of large and varying currents, due to side
reactions, made it impossible to obtain accurate oxidation data
for nickel; therefore, no analysis could be made. It did
appear, however, that the oxidation rate, as with copper, was
a strong function of the oxygen partial pressure.

The wiped, partially submerged, rotating electrode presents
an interesting method of conducting low-temperature oxidation

studies. It is suggested that it be used for further work with
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silver and nickel, as well as for other metals, and activated

carbon surfaces.
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CHAPTER II

INTRODUCTION

A. OBJECT OF INVESTIGATION

The object of this thesis was to investigate the relative
importance of mass-transfer and chemical-reaction rates at
oxygen electrodes in low-temperature, low-pressure, liquid—i
electrolyte fuel cells. Some of the processes occurring at
both the fuel and oxygen electrodes are quite similar physic-
ally, and it is felt that a better understanding of these
processes at either electrode will help the understanding of
fuel cells as a whole.

The decision to study the oxygen electrode was based on
a number of factors. First, though there are many fuels which
can be used in the cell, they must all be used in conjunction
with an oxygen electrode. The oxygen electrode and its prob-
lems are, thereby, encountered in all direct fuel cells. In
addition, in some of the more successful hydrogen-oxygen fuel
cells, the output appears to be limited by the oxygen
electrode.

The most successful oxygen electrodes are made of porous
metals, or metal-activated porous carbons; and, for this reason,
it was decided to use metals as oxygen electrodes. The use of
a porous electrode in a fuel cell is very advantageous since it
provides a large surface area; however, in a study of mechanism
such a construction makes the interpretation of results diffi-
cult. Therefore, only flat surfaces were used.

The metals used were copper, silver, and nickel--all of
which have been used as electrodes in fuel cells or as activa-

tion agents in porous carbon electrodes.

B. DEFINITION AND DISCUSSION OF FUEL CELLS
A fuel cell is a device which oxidizes fuels electro-
chemically such that chemical energy is converted directly to

electrical energy without the intermediate conversion to heat.
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As a result, it is not subject to the Carnot efficiency and
theoretically can operate at 100% efficiency. The only differ-
ence between a fuel cell and an ordinary battery is that the
former consumes fuel and oxygen, while the latter does not.

The simplest way to visualize the operation of a fuel cell
is to consider it as the reverse of electrolysis. If platinum
electrodes are inserted in slightly acidified water and a cur-
rent passed through them, hydrogen will be evolved at the
cathode and oxygen at the anode. The electrical energy used to
decompose the water is converted to chemical energy. If the
reverse experiment is carried out (e;g;}two platinum electrodes
are inserted in acidified water, one surrounded by oxygen and
the other by hydrogen), we find a potential difference between
the electrodes; and a small current can be continuously drawn
from the cell. The hydrogen and oxygen surrounding the platinum
electrodes are consumed in the ratio 2 to 1, and water is formed.
The chemical energy of the H2,O2 system is converted directly to
electrical energy without the intermediate generation of heat;
aﬁd we have a fuel cell.

Such a cell was actually built by Grove in 1839l and was
"the first demonstration that a fuel cell was possible. The
trouble with the Grove cell is that the rate of energy forma--
tion is very slow, and an enormous cell is required to givé
even moderate current drains. In the hundred odd years since
the construction of this cell, the slow rate of energy produc-
tion has remained the stumbling block in the development of
economical fuel cells.

It is not the heat of reaction of the fuel which is
converted to electrical energy in the fuel cell, but rather
the change in free energy. However, in many cases the change
in free energy is about equal to the heat of reaction; and this
has led to some confusion. .

AF = AH - TAS or -AF = -8H + TAS (1)

where

AF maximum isothermal reversible work done on

the system (-AF = work done by the system)
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AH = change in enthalpy (-AH = heat of reaction)

TAS

minimum heat transfer necessary to maintain
constant temperature

From this equation it is clear that, when heat is trans-
ferred into the system, AS is positive and -AF is greater than
-AH. That is, the maximum reversible isothermal work is
greater than the heat of reaction. When heat 1is transferred
out of the system, AS is negative and -AF is less than -AH.
When T or AS are small, such that TAS is negligible compared
to AH, the maximum reversible isothermal work is equal to the
heat of reaction,

For the isothermal oxidation of carbon or hydrogen at room
temperature, the latter is true. The maximum reversible iso-
thermal work is about equal to the heat of reaction. If the
oxidation is carried out by the normal combustion process, only
a fraction (the Carnot efficiency) of the chemical energy can
be converted into work. Present power plants can be construct-
ed to operate at about UO% efficiency; but, if the oxidation is
carried out electrochemically in an ideal fuel cell, the conver-
sion to work is complete.

The work obtained from an electrical cell is the product
of the number of electrons transferred and the voltage of the
cell. If the electrical cell is considered to be a reversible

isothermal system as above,

-A
Exn x f = -AF or E = —=oF (2)
e n x f
e
where
AF = free energy change in joules/gm mole
f = number of coulombs in a gm equivalent = 96,500
n, = number of electrons transferred per molecule
E = theoretical maximum cell voltage obtainable

from the given chemical reaction
The voltage of a cell when no current is flowing (i.e.,
the open-cell voltage) is the highest experimentally obtain-
able. For a reversible cell, the open-cell voltage is equal

to the theoretical maximum voltage. Knowledge of the . .
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theoretical maximum voltage is important since the operating
voltage divided by the theoretical maximum voltage is the effi-
ciency of the cell.

For the reaction

+
C 02 —>002

AF = -94,260 cal/gm mole at 25°C

_ ~ (-94,260 cal/gm mole)(4.185 joules/cal)
E L(96,500) 1.02 volts
For the reaction
1
Hy + 3 0, —H,0(g)
AF = -54,600 cal/gm mole
and

E = 1.19 volts
Thesé theoretical maximum voltages are functions of tem-
perature since AF is a function of temperature, but the effect
of temperature may not be strong. The theoretical voltage of
the C,O2
while the H2,O

cell remains nearly constant, being 1,01 v at 150000;
, cell drops to 0.77 v at 1500°C.

In order for a fuel to be oxidized electrochemically in a
fuel cell, it is necessary to have electrons generated at one
of the electrodes and consumed at the other electrode. In
order for a reaction to generate or consume electrons, ions
must be involved in the reaction. This is, in general, the
difference between combustion and electrochemical combustion.
In the former, the reaction is between atoms or molecules;
while, in the latter, at least one ionic species is present.

Another requirement of a fuel cell, since the electrodes
are separated, is the provision of some means of mass transfer
of oxygen to the fuel electrode, or of fuel to the oxygen elec-
trode. The ionic species involved in the electrode reactions
may also be the means of mass transfer, but this is not neces-
sary. For example, we can envision the oxidation of carbon in

a fuel cell as occurring, according to the following equations:
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+
c + 2H20 —>002 + LH + Le Fuel Electrode

+
Lg + 02 ——’-2H20r= Le
c + 02 — CQ

Oxygen Electrode
2

In this case hydrogen ions are the ionic species and "carry the
current" in the electrolyte, while the mass transfer is accom-
Plished by water going from the oxygen electrode to the fuel
electrode.

It is seen from the above equations that, though ions are
involved at the electrodes, the fuel and the oxygen are not
ionized, nor are they parts of the ions. It is a common miscon-
ception to believe that either orboth the fuel or the oxygen must
be ionized or be parts of the ionic species, entering into the
electrode reactions. _

For fuel cell systems in which the ion transference also
provides mass transference, it is necessary for either the
oxygen or the fuel to be part of the ion. This can be seen in

the following sets of equations:

H, —= 9B - 2e

2H + X0 —»HO
2 2 2V - 2e
1
+ =
Hy, + 3 0, —=H,0
or
Lo + H.0 —»20H - 2e
2 Y2 2

20H + H, —2H,0 + 2e

Hy * % 0p =™ H,0
The first set of reactions are those which occur during the
reverse of electrolysis in a slightly acidified electrolyte.
The ion involved in the reactions is a fuel-containing one,
the hydrogen ion. The ion involved in the second set of reac-
tions is an oxygen-containing ion, the hydroxyl ion.
For a continuously operating fuel cell, the electrodes,

if they are not the actual reactants, and the electrolyte must
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not change in composition with time. . Storage batteries of the

metal oxide-caustic-metal type operate with no change in elec-

trolyte composition, and hence may be used as a starting point.
An example of a caustic storage battery is the familiar

Edison storage battery, consisting of a nickel oxide cathode,

a 20 per cent KOH electrolyte, and an iron anode. During dis-

charge the nickel oxide is reduced to nickel, the iron 1is

oxidized to iron oxide, and the electrolyte remains unchanged.

NiO + H20 —=Ni + 20H - 2e

20H + Fe —»FeO + H,0 + 2e

Ni0 + Fe —#FeO + Ni

Thus, if the nickel electrode can be kept oxidized by air and
the iron electrode reduced by fuel, the cell will always be
charged; and we have, in effect, a fuel cell.

It is important to note that in this fuel cell the open-
circuit voltage does not depend on the fuel used. The maximum
efficiency of this fuel cell is the open-circuit voltage of the
nickel oxide—iron cell divided by the maximum theoretical volt-
age of the fuel-oxygen system.

The reason for this loss of efficiency is the presence of
free-energy changes in the activation steps at the electrodes.

Ni + % 02 —NiO

Fe0 + Fuel —Fe + Products of Combustion
These reactions do not involve ions and, therefore, cannot
contribute to the work output of the cell.

In order to obtain higher efficiencies, electrodes which
have lower free-energy changes in the activation steps must be
used. By using carbon activated with metals, open-circuit volt-
ages equal to the fuel-oxygen system have been achieved; i.e.,
the free-energy changes in the activation steps are negligible.

Keeping in mind the fact that any number of electrode
systems may be used, we return to the consideration of the

Edison storage battery as a generalized fuel cell.
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In order to understand how this general fuel cell operates,
it 1s necessary to examine the physical and chemical steps
involved. Broadly, we have the following eight separate steps:

(1) Mass transfer of oxygen to the nickel cathode.

(2) Rate of reaction of oxygen with the nickel
cathode.

(3) Rate of reaction of nickel oxide with the
electrolyte to form oxygen-containing ions.

(4) Mass transfer of oxygen-containing ions from
the nickel cathode to the iron anode.

(5) Rate of reaction of the oxygen-containing
ions with the iron anode.

(6) Mass transfer of fuel to the iron anode.
(7) Rate of reaction of the fuel with iron oxide.

(8) Mass transfer of products of combustion from
the iron anode.

Any one of these steps, if it is slow compared with the others,
will 1limit the operation of the cell.

Current densities obtainable from caustic cells are high;
therefore, one would think that steps 3, 4, and 5 are rapid and
not rate controlling. Most of the emphasis in past work on fuel
cells has centered on finding the right activators to catalyze
the rates of reaction of oxygen with the oxygen electrode and
fuel with the fuel electrode (steps 2 and 7). The possibility
that the mass-transfer processes (steps 1, 6, and 8) may control

the rates of fuel cell reactions has been all but neglected.

C. MASS-TRANSFER PROCESSES IN FUEL CELLS

The actual mass-transfer processes by which oxygen or fuel
enter into reaction at the electrodes of a fuel cell have not
been determined; however, some important conclusions may be
arrived at from an overall consideration of the operation of a
fuel cell electrode. The discussion will deal only with the
oxygen electrode; but it is, in general, equally valid for the
fuel electrode (if the fuel is a gas).

Adams2 has suggested a current density of 100 ma/cm2 as
the criterion for an economical fuel cell. This can, in turn,
be converted to the oxygen consumption required of an economic-

al fuel cell,
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0.1 amp/cm2 = 0,1 Coulombs/sec cm® x 6.02

b d 1023 molecules 02/gm mole

L

X gm equiv/coulomb x5 gm mole/gm equiv

N S
96,500
= 1,56 x 1017 moiecules Oz/sec cm2

Next, one can calculate the rate at which oxygen molecules

strike a surface from the formula

N collisions/cm2 sec = 0.23 C 1%1 (3)
where

C = the number of molecules of O2 in a cm3

R = 8.314 x 107 ergs/deg K gm mole

M = 32

T = 293° K

Assuming that air at atmospheric pressure is the source of
oxygen, so that the oxygen partial pressure is about 0.21 atm,
we find that C = 5.25 x 1018; and the rate at which oxygen
molecules strike the surface is N = 5.78 x 1022 molecules/sec
cm2° This is a factor of about 370,000 times greater than what
is required to maintain a current density of 100 ma/cmz. This
picture, however, assumes that none of the oxygen molecules
react with the wall.

If the oxygen atoms hitting the surface are adsorbed, the
oxygen partial pressure will decrease near the surface: and a
stagnant gas layer with an oxygen partial pressure gradient
will form. The rate at which oxygen molecules reach the sur-
face will be dependent on the thickness of the stagnant layer
and the diffusivity of gaseous oxygen through it.

An estimate of the thickness of the stagnant layer neces-

7

sary to limit oxygen diffusion to 1.56 x 107 molecules 02/cm2

sec can be obtained from the equation for diffusion of a gas

through a stagnant 1ayer:3

DV P pBl . )

N, = in
P2

A RTAZ
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where D.. = Diffusivity of the diffusing gas
P = Total pressure

= Partial pressure of the inert gas
in the stagnant film

AZ = Stagnant-film thickness
= Moles of gas A diffusing per unit time,

per unit area

2
Reid and Sherwoodu give a value of DVP = 0.175 atm cm /sec for
the diffusion of oxygen through air at 2730 K. Assuming pB= 1
atm at the copper surface, and neglecting the change of diffu-

sivity with temperature, we get

0.175 atm cmz/sec(tn 627§)(6,02x 1023 molecules Oz/gm mole)

AZ = 17

82 atm cm>/°K gm mole(293°K)(1.56 x 10~/ molecules 02/cm2 sec)

AZ = 6.6 cm
Thus, a stagnant gas layer as thick as 6.6 cm would still allow
enough oxygen diffusion to maintain a current density of 100 ma/
cmz; and, hence, this part of the mass-transfer process presents
no problem.

In order for an electrochemical reaction to occur at an
oxygen electrode, it is necessary for both electrolyte and
oxygen to be in contact with the electrode; and the presence
of the electrolyte may present a serious resistance to mass
transfer.

For example, suppose that the electrode is covered by
electrolyte. The oxygen must first dissolve in the electrolyte,
and then be carried by convection and diffusion to the electrode
surface. Noting that the solubility and diffusivity of oxygen
in strong electrolytes are very small, one might expect a very
low mass-transfer rate.

Solubility and diffusivity data could not be found in the
literature for oxygen in 20% KOH; however, they are reported
for 20% NaOH, and they should be of about the same order of
magnitude. The solubility of oxygen in 20% NaOH is 2.77x 10_5
gm moles per liter under 0.21 atm 02 pressure, and the diffu-

sivity is about 1x 10—6 cmz/sec°
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Assuming the oxygen has to diffuse a distance of only 0.001
cm, that the air electrolyte interface is saturated, and that
there is no dissolved oxygen at the electrode interface, the
mass-transfer rate in 20 per cent NaOH can be estimated:

DL(Cl-Co)A

N = 5 (5)
Let
A =1 cm2
c, = 2,77 x 107 gm moles 02/1iter x l_llE2£§ x 6.02
1000 cm
b4 1023molecu1es Oz/gm mole 02 =1.67x 1016molecules Oz/cm3

Co =0

D, =1 x 10—6 cmz/sec

Z = 0.001 cm

-6 16
N = (1110 )(lagleo -(llz]_DG'?x:L(‘.):L3

molecules 02/sec

which corresponds to a current density of about 0.01 ma/cng or
about 10,000 times less than required. Thus, it is evident
that, if the process by which oxygen is transported from the
gas phase to the electrode surface is by diffusion through the
electrolyte, then the resistance to mass transfer is very large

and might very well be controlling.
D. REVIEW OF FUEL CELLS

1. Hydrogen, Oxygen Fuel Cells

Fuel cells have a long history, dating back to 1801 when
Sir Humphry Davy suggested that it should be possible to con-
struct electrical cells which consumed fuel and oxygen.

The Grove cell, the first fuel cell, was improved by Mond
5

and Langer in 1889,” who obtained current densities of 6.5

milliamperes per crn2 of electrode surface at an operating volt-
age of 0,73 v. This was achieved with electrodes of perforated
platinum foil coated with platinum black. The theoretical maxi-

mum voltage of an H2°02 cell is 1.19 v; thus, an operating
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voltage of 0.73 v represents an efficiency of over 61 per cent.
However, it i1s seen that the current density of this cell 1is
much smaller than the 100 ma/cm2 suggested by Adams.

The diffusion gas electrodes of Schmid (1923)6 permitted
currents of up to 25 ma/cm2 at hydrogen electrodes and led to
the development of the most successful H2°02 fuel cells to date.

Schmid used an activated, hollow, porous carbon electrode
into which the hydrogen was led. The electrode was submerged
in a caustic electrolyte, and the hydrogen diffused to the
electrode-electrolyte interface. The carbon was activated by
electrodepositing piatinum in its pores, and the electrolyte
was kept from entering the pores of the electrode by m§eping
the hydrogen gas at a slightly higher pressure than thé elec-
trolyte. If the electrolyte entered and filled all the pores
of the electrode, the electrode became "drowned" and did not
function properly. Though present-day fuel cell electrodes are
constructed to prevent drowning, the actual mechanism of drown-
ing is still not clear.

The oxygen electrode, the other member of the H2,02 fuel
cell, had not yet reached such a state of development; so, the
H2902 cell had to wait for an improved oxygen electrode. In
1947 the oxygen electrode of a commercial "heavy duty" air-
depolarized caustic battery had a rated current density of only
7.2 ma/cm2o 7

0. K. Davtyan8 caused a renewed interest in fuellcells
when in 1947 he reported current densities of 20 to 35 ma/cm2
for a H2,O2 fuel cell. Davtyan had two fuel cells: a low-
temperature (room temperature) liquid electrolyte cell and a
high-temperature solid electrolyte cell.

The Davtyan low-temperature cell uses porous carbon elec-
trodes containing 10 per cent finely divided nickel or silver
and a 35 per cent KOH electrolyte. The electrodes are coated
with a thin layer of wax to prevent wetting by the electrolyte
and subsequent drowning. The operating voltage is 0.75 to 0.80
v at current densities of 25 to 35 ma/cmz, representing an

efficiency of about 65 per cent.
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The high-temperature solid electrolyte cell operates at

about 70000 with air and either H2 or CO. The anode 1is Fe/FeZO

with 20 per cent clay, and the cathode is FeZOB/Fe30u with 20

per cent clay. A mixture of Nazcoqq soda glass, Ce02g WO30 and

3

clay is used as the electrolyte. A voitage of 0.75 to 0.785 v
was obtained at a current density of 20 to 30 ma/cmz° One of
the principal problems in the cperation of this cell is crack-
ing of the electrolyte. due to thermal stresses, which allows
the hot combustible to come in contact with the hot air and
results in an explosion.

In 1951 Kordesch and M.’s\rkog"lo”11 prepared oxygen elec-
trodes, simiiar to the Schmid gas diffusion electrode. in which
current densities of 30 ma/cm2 were attained. The porous car-
bon electrodes were activated with metais and metal oxides by
adding solutions of the metal nitrates tu the electrodes and
then decomposing the nitrates by heating. Electrodes activated
in the above manner are alsouv effective as hydrogen electrodes
and form the basis of the National Carbon HZQO2 fuel cell.

The National Carbon fuel cell also uses a concentrated KOH
electrolyte and operates best at about 550C“12 At atmospheric
pressure the operatiné voltage is 0.8 v. and the current densi-
ty is 10 to 20 ma/cm2: but with increased pressure it 1s capa-
ble of current densities of 200 ma_f’:cmzc

Ancther important HZQO cell is the high-pressure Bacon

2
elllBglu

which uses porous nickel electrodes. In these elec~
trodes drowning is prevented by using a surface layer of finer
porosity and by keeping the hydrogen and oxygen at slightly
higher pressures than the electrolyte. At 200 to 240°C and 800
psingacon obtained current densities of over 1000 ma/cm2 at a
voltage of 0.6 v. The principal difficulty of this cell was
deteriocration of the oxygen electrode, but Bacon has recently
reported considerable improvement in the durability of the

15 This was accomplished by adding lithium

oxygen electrode.
to the nickel oxide lattice of the surface of the electrode.

. . . 2
With a 600 -psi-pressure H2n02 fuel cell, operating at 679 ma/cm

and 0.585 v, Bacon has achieved power outputs of 8.5 kw/ft3o
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The weight-to-energy ratio of such a cell is dependent mainly
on the weight of the steel cylinders used to store the gases,

and is about 21 1bs/kw hour.

2. Carbonaceous Fuels

Most of our naturally occurring fuels can be traced back
to plant life and, as a result, are mainly carbon-containing
compounds. These fuels are essentially storers of energy
originally obtained from the sun and trapped by the process of
photosynthesis. The use of these fuels is more economical than
those like hydrogen, which in general is not found in the
natural state.

A great deal of work has been directed towards the use of
carbon or coal in fuel cells, but the success obtained with
carbon fuel cells has not been great and is very small indeed
when compared with the hydrogen fuel cells.

The principal problem seemé to be that carbon is not as
reactive as other fuels; and, as a result, high temperatures
have been used. At high temperatures aqueous electrolytes
require the use of exceedingly high pressures, making the equip-
ment bulky and prohibitively expensive. Fused electrolytes or
solid electrolytes are, unfortunately, not as good as aqueous
electrolytes. In addition, at high temperatures the electrolyte
itself may react with the electrodes.

Two general types of carbon fuel cells have been proposed:
direct and indirect cells. An example of a direct carbon fuel
cell is the Bauer, Preis16 cell in which the anode is carbon;
wo

the electrolyte is solid and made of CeO and clay; and

the cathode is F930h° In order for the ionduztivity of the
electrolyte to be sufficiently high, the operating temperature
was raised to above 1000°C. At a temperature of llOOOC the
voltage was 0.55 v with current densities of only 3.8 ma/cmz.
In an indirect fuel cell, ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>