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 D. H. Archer, L. Elikan, and R. L. Zahradnik
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 INTRODUCTION

Fuel cells employing a ZrOs-based electrolyte are
customarily operated at temperatures around 1000°C in order to
promote high oxygen ion conductivity in this solid, ceramic
material. At such high temperatures commercial fuels — coal and

- hydrocarbons — are thermodynamically. unstable; they tend to
- crack forming solid .carbon and hydrogen gas. The deposition of

carbon in solid-electrolyte batteries can be prevented by mixing
with the incoming fuel a portion of the CO> and H>O products
emerging from the battery. These gases reform the fuel producing
CO and H> which are then oxidized in the solid-electrolyte cells
to produce power. Essentially, therefore, in utilizing

commercial fuels solid-electrolyte cells operate on CO-Hz mixtures.

"Experiments- have been performed to characterize the
performance of solid-electrolyte cells on fuel gas mixtures
containing CO, Hz, COz, and HzO in various proportions. Open
circuilt voltages have been determined in single cells at various
'emperatures; the measured values. of voltage agree with those
computed from thermodynamic data within 3%. The dependence of
the operating voltage of solid-electrolyte cells on the current
drain (or current density) has also been studied at various
temperatures for different fuel mixtures. In general, cells
operating on CO-CO- mixtures develop less output voltage than those
operating on Hz-H-0 because.of increased polarization voltage losses.
The addition of H»-H-0 to CO-CO> mixtures, however, greatly reduces
these losses. And the insertion of a catalyst into the cell which
procmotes the shift reaction

CO + Hs0 - CO2 + Ha

causes further reduction in the observed polarizations to the extent
that cell performance on CO-H- fuel duplicates that on pure He.

Tubular, solid-electrolyte batteries containing 20
bell-and-spigot cells of 7/16 in. diameter and 7/16 in. length
have- been produced. They are leak-tight.  Their resistance has been

*The work recorded in this paper has been carried out under the
sponsorship of. the Office of Coal Research, U.S5. Department of
the Interior, and Westinghouse Research Laboratories. Mr. George
fumich, Jr., is.head of 0:C.R.; .Neal P. Cochran, Director of

“Utilization, and Paul Towson have monitored the 'work for 0.C.R.
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of oxyeen to gm-atoms of carbon in the fuel gas mixture — and nH,
s eimilor retlo for hydrogen and carbon. Experimental

values of open-circuit voltage are plotted together with
theoretical curves in Figures 2 and % Except at nd = 1.0~
(ususlly corresponding to pure CO) and nd = 2.0, nﬁ = 0.0 _

(pure COs) vhere Etvchanges very rapidly with ng, Et values are
vithin = 37 OI the predicted values. This agreecment 1s considered
L0 e
terperature, and voltage involved.

‘VOLTAGE-CURRENT RELAmIONS

: The single solid-electrolyte cell shown in Figure 1 was also
us2d 1o deterriine voltage-current curves for various mixtures of

CO, Hz, CO0z, and H20 at different temperatures. Some of the
experimential results are shown in Figures 4-7.

When a current is drawn from the terminals, the voltage
of 'he cell drops below the open-circuit voltage because of resistance
losses in the electrolyte and electrodes and because of polarization
vcltage losses associated with irreversible electrode process.
V= Et — IR - Vp _ (2)

where V = the terminal voltage of the cell, volts

Et = the open circuit voltage of the cell (which can be
determined from Figures 2 or 3), volts

I = the load current passing through the cell, amperes

R = the electrical resistance of electrodes and electrolyte,
ohms

Vb = the polarization voltage loss, volts

An approximate value for the resistance of the cell shown in Flgure 1
can he computed from

R = ppdy /A, + (pg/8.)(L,/P,) S (3)
where Pp = electrolyte resistivity, about 70 ohm-cm at 1000°C

6, = electrolyte thickness, 0.09 cm
Ab = active cell area, 27.6 cm®

pe/ﬁe = re81stlv1ty -thickness quotient for the cell electrodes,
estimated to be 0.8 ohms .

L. = mean distance traveled by the electronic current in the -
electrodes passing from the plus to the minum terminal
of the cell, estimated to be 4 cm

P_ = mean width of the electrode perpendicular to’ the direction
of electronic current flow, calculated as 3.4 cm

within Lhe limits of accuracy of the measurements of comp031tlon,

)
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[(70)(0.09)/27.61 + [(0.8)(4/3.4)]
0.23 ohms + 0.94% ohms

fl

1.2 ohms:

The cell resistance has also been determined by measuring the voltage loss
over the cell while passing a current with air at both inner and outer
electrodes. The constant slope of this curve at higher current densities
is termed the air-air resistance. Generally, this resistance value

checks the resistance as computed above. Immediately after its

‘construction the air-air resistance of the cell of Figure 1 checked

the calculated resistance. Before the data for Figures 4-7 were
obtained — three months later, the electrolyte component of cell -
resistance had gradually doubled. Presumably, the active cell
area’ had decreased to about one-half the superficial electrode

area.

Values of the polarization voltage Vp»have-been'computed

by Equation 2 from data of the type presented in Figures 4-7. For
these computations the air-air resistance values were used, and

Et values were corrected by the use of Figures 2 and 3 where

the cell current produced any appreciable change in né, the oxygen

content

of the fuel stream passing through the cell. Table 1

presents the V. values and also gives derived values of an and io
in the simpliffed Tafel equation3

where o

_RT ) -
Vy = ap (1n(i/10)] _ (%)
is an empirically determined fraction of the electrical
work output by which the free energy of activation is
increased. An « value of about 0.5 is usually assumed
in cases where specific knowledge is lacking.

is the number of electrons transferred for each occurrence
of the irreversible.event causing the polarization voltage
loss; n is assumed to be 2 in the electrochemical oxidation

~of Co.

is the current density I/Ab, amperes/cm®.

is the exchange current density, the equal but opposite rates
at which the polarization-causing process and its reverse occur
at open circuit (assuming a reversible electrode at this
condition). ‘ , ‘

The following general observations can be made based on the

daﬁa for pure, dry CO-CO> fuel mixtures presented in Figures 4-6 and

Table 1:

¥

3

-1) Polarization losses in solid-electrolyte cells with
conventional electrodes are much greater than those
observed with Hz-H-0 fuel. ‘ :

2) Polarizations with CO-CO» tend.to decrease with
increasing temperature. ' .
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determined. by passing a current through the battery with air at
both electrodes, and their fuel cell performance has been

measured with pure Hr and with H--CO mixtures as fuel, and with

air as the oxidant. Over twenty-four of these batteries have

been tested. Their average internal resistance is 8.2 £ 1.8 ohms;
“and their power output, 6.7 % 0.8 watts. Twenty of these batteries
have been assembled into a system which produces over 100 watts
with Hz or Hz-CO fuel and air.

OPEN CIRCUIT VOLTAGES

A single solid-electrolyte cell has been employed to
measure the open circuit voltages developed by mixtures containing
CO, Hz, COz, and H-0 in various amounts. This cell was fabricated
by applying conventional, sintered-platinum electrodes outside and
inside of the.central portion of a tube of (Zr0z)e.es(Cal)o..1s

electrolyte material as shown in Figure 1. A platinum screen was placed

in ‘the tube to serve -as a current collector. A cell lead wire was
attached directly to.this screen. Platinum wires were wound around
the electrode on the outside of the tube and could be used elther as
current leads or as voltage probes. ’

Fuel mixtures obtained by mixing varying amounts of pure

hydrogen with premixed CO-CO- mixtures flowed inside the tubular cell, .

which was maintained at the desired temperature in an electrically-
-heated furnace. An air atmosphere surrounded the tube.

The thermodynamically predicted open-circuit voltage
of the cell can be calculated by

B (4F) = RT 1n (P, ./Po, ¢) | (l)

where 4F

1]

4(the Faraday number) = quantity of charge transferred
per mole of Oz passing through the electrolyte 386,000
coulombs/mole ‘

R = unlversal gas constant, 8.13% watt-sec./°K mole

T = absolute temperature of cell,®K '

Pd a = the partial pressure of oxygen in the air surrocunding the
2> cell, 0.21 atm.

= the partial pressure ‘of oxygen in the fuel gas atmosphere
within the ceéll.

Po.,
The value of POé £ can be calculated from the composition of the fuel
. K] .
by standard thermodynamic methods.?’® If the water gas equilibrium,
. CO + Hp0 = 0O +.Ha
is achieved in the cell, then the fuel composition, P02 £ and hence
E .

- Ey can be determined from two parameters ng — the ratio of gm-atoms

e —— o
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 }) The CO-COz polarizations decrease with decreasing
velocity of fuel flow.

%) Polarizations tend to increase more rapidly with
current at fuel compositions where the_Et - n

curve is sharply dropping; conversely the polarization
voltage loss tends to remain more nearly constant with
varying i1 at CO-COz fuel compositions where the Ey — néd
. curve is horizontal.

5) The an values in the Tafel equation average about 1.0
as might be expected from simple theory which assign
o the value 0.5 and n the value 2. For the
particular cell employed in this investigation the
exchange current densities, ig, averaged about 0.7
milliampere/cm®. Insufficient data are available to
draw-any firm conclusions about trends of an and io

- with operating conditions in the cell..

The data presented in Figures 6 and 7 déemonstrate that

~.small quantities of hydrogen added to CO-COz greatly reduce

polarization voltage losses. With a hydrogen-carbon ratio nﬁ
the performance of the cell is essentially the same as with
pure Hz. A hydrogen content of 5 mol % in a CO-Hz mixture
flowing at 1.0 cc%sec will alone support a current of 400
milliamperes; at this current the observed value of V., from Figure 7
is ‘about 0.15 volts if the effect of current on ngd arf hence on Et

is considered. At a total current of over 1000 milliamperes
(equivalent to about 40 milliamperes/cm®) the cell polarization
voltage loss has risen only slightly to 0.20 volts. If the

current in excess of %00 millismperes were supported by the

oxidation of CO, the data of Table 1 indicate that polarizations :
losses in excess of 0,30 volts could be expected at 1000 milliamperes.
Apparently, the water gas shift process, ’

= 0.5

CO + HoO = CO2 + Ho ,

has provided sufficient hydrogen to maintain cell polarization losses
low. . : :

.To investigate further the effect of hydrogen additions
on the polarization losses associlated with CO-COz fuel mixtures — a
three-cell battery, illustrated in Figures 8 and 9, was utilized. In
operating on hydrogen and air this battery had higher resistance than
is usually encountered in solid-electrolyte batteries of this type*’S
but polarization losses were negligible as shown in Figure 11. "In
operating on CO-COz and air, however, polarizations were .observed as
shown in Figure 11 and in Table 2. - The Tafel constants derived
from the data are in good agreement with those obtained with the
single cell. ' The difference between E, for the C0-COz fuel

mixture and the observed open circuit voltage per cell in the battery
is about 0.23 volts; the Tafel equation indicates that such a .2
polarization corresponds to a current density of 6.2 milliamperes/cm



-48-

(or 12 milliamperes/total current) passing through the cells at
open circuit.. This current is attributable to shunt paths in the ’
seal regions.® , . :

In. a successful effort to reduce polarization losses, the
CO-C02 fuel stream was humidified by passing it through a wateér
bath at room temperature. At most 3 mol % Hx0 was added to fuel
stream. A catalyst material, Cr>0sz, was sintered on the outside of
the fuel feed tube and Iplaced in the battery as shown in Figures
10 and 8. The performance of the battery is 'shown in Figure 11.
{Catalyst Tubes 1 and 2 differ slightly in the quantity of Craz0s
applied to the tube and the conditions of sintering.) Essentially
the performance curves for the C0-COz fuel mixture differ from the
Hs fuel curve only by an amount equal to three — for three cells —
times the difference in E, for the different fuels; CO-CO2 mixtures

can be utilized in solid-electrolyte .cells with low polarization
losses if some Hr or H-O 1s present and if a suitable shift catalyst
is employed. .

: Additional experience on the performance of CO-Hz fuel

mixtures at hisher current densities has been gained by a series of

tests on a 20-cell solid-electrolyte battery whose construction

and Hp-air performance have been previously described.® - The two

Hez performance curves of Figure 12 check with predictions based on o
the calculated cell resistance and on the variation of the open

circuit voltage Et with the composition of the fuel as it .is gradually

oxidized along the length of the battery. Polarization voltage losses
are apparently neglible. The CO-H: performance curve was obtained
vithout any shift -catalyst present in the battery. The voltage with
the CO-He mixture at a current density of 450 milliamperes/cm®, 0.9
ampere, is 0.1 of a volt per cell less than with pure hydrogen at the
- same net flow of Hs, 3 cc/sec. It can be expected that the addition

of catalyst will bring about appreciable improvement of this 20-cell
battery. : i .

N

TWENTY-CELL BATTERIES

Twenty-five batteries identical in construction to the one whose !
performance is presented in Figure 12 hdve been fabricated and tested.
All except one proved leak-tight. At the operating temperature of
1000°C battery air-air resistance — the voltage loss divided by the :
current value of 1.0 ampere — ranges from 6.4 to 9.4 ohms; the (
average and root mean-square deviation values are 7.8 + 1.0 ohm.
This average battery resistance is about 30% greater than the
value calculated from the electrolyte resistivity and electrode
resistance/thickness values. The open circuit voltage developed
by these batteries on Hx or Hz-CO fuel and air ranges between 19 and-
20 volts; losses in the generated voltage of the solid-electrolyte
bell-and-spigot cells due to shunt currents in the seal region®
are thus less than 7% of the reversible voltage. The maximum power ’
output of the batteries is 6.7 + 0.8 watts with complete combustion
of Hz fuel at about 0.87 amperes or 435 milliamperes/cmZ.
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v . The resistance, open c1rcu1t voltage, and power output of
these batterles are in reasonable agreement with theoretical
I calculations.® And the methods used in fabricating the batteries
| yield a reasonably uniform product. R

’ '100- WATT SOLID -ELECTROLYTE FUEL- CELL POWER SUPPLY

,\ ’ Twenty of the 20-cell batteries described above have been

4 used to -construct -a 100-watt solid-electrolyte fuel-cell power

i supply shown in Figure 13. The batteries are mounted on a 4.5 in.
diameter metal base plate (see Figure 14) which provides support

L and manifolding for up to twenty-four batteries. - The flow to_each

'y battery from the fuel plenum is regulated by a fine needle valve —

¢ one of which is shown on Figure 14. - The valve position push rods

. are adjusted to equalize the flows to the batteries. The fuel

} flows up the feed tube to the top of the battery; it then flows

i downward inside the tube of cells reacting with the oxygen which

/. passes through the electrolyte as current is drawn from the battery.

| The combustion products are carried down into the upper plenum

of the base plate and then lnto the exhaust pipe.

r Air surrounds the batterles inside the 3-zone furnace
' (see Figure 13) which is used to maintain the cells at the desired
| operatlng temperature. Plugs of insulation 5 in. in diameter and
r 4-1/2 in. thick are used to reduce heat losses from the top and bottom
| of the cylindrical heated region of the furnace. The temperature
j distribution throughout the batteries is indicated in Figure 15; the -
| small circlesfrepresent’individual batteries in a plan view of their -
. arrangement in the furnace. At the top are the temperatures of the
L uppermost cell in three batteries indicated by Pt-Pt-10% Rh
I thermocouples. The middle temperatures are those on the tenth cell
from the top; at the bottom are shown temperatures of the lowest cells
in the batteries. With the exceptlon of one low temperature
\\readlng on a battery opposite the "crack'" of the split-tube
\furnace the .temperatures are within +30°C of the average value.
Even better uniformity can be achieved by a more careful adjustment
\ of the heat input to the various sectlons of the furnace.
; : The twenty batteries are divided into two groups of ten; in
each group the batteries are electrically connected in series. The
two groups, each containing 200 series-connected cells, are used
in parallel to supply power to the load. The electrical performance of .
’this power supply is shown in Figure 16. The open-circuit voltage is
§ /1200 volts; the maximum power is 102 watts at 1.2 amperes with Ho flow
4 at a rate corresponding to 2.1 amperes. This power output is
‘about 20% lower than that which might be expected from the
measurements of the power output of single batteries. A reductlon
" in temperature of batteries caused by heat losses through the "split"
in the furnace and a non-uniform distribution of air flow through the
. batteries have been shown to cause in part this reduction in power.
\ With excess Hz flow, the performance of the battery is improved as shown
+ in Figure 17 and a maximum power of 110 watts is achieved. :
! : “The 100-watt power supply demonstrates the feasibility
of generating fuel-cell power by means of banks of solid-electrolyte

, batteries. This, plus the demonstrated ability of the batteries to produce

'

Ju
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-pover efficiently from carbon monoxide — carbon dioxide — water —
nydrogzen mixtures with the employment of a chrome bxidé catalyst,
dePODSuPateS the technical feasibility of generatlng this power ’
from coal. . '
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Table 2

Polarization Voltage Losses with C0~CO, in a Three~Cell
Solid-Electrolyte Battery

Fuel: 90 mol % CO, 10 mol % CO
' 2
no = 1.1
5¢7 cc/sec
Oxidant: air °
Temperature: 31000°C

Cell area (active): 2.0 cn®

Current density, I/A_ = 1, milliamperes/cm>: 25 50 100
Polarization Yoltage loss, Vo, volta: 0.37 0.k 0.51

0.92

Derived Tafel constants: an . 2'
' : 0.6 milliamperes/cm

i
[

/;“/ "oy

150
055
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"Fig. 1—Schematic cross section of fuel cell TC#8 )
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Fig. 2 —Generated voltage of a fuel cell using a C-0 fuel
mixture as a function of fuel mixture composition
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Fig. 3 —Generated voltage.of a fuel cell using a C-H-0 fuel mixture at
1060°C as a function of fuel mixture composition
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Fig. 61030 curves for fuel cell TC 08 using C-H-0 fuel mixtyres at 1060°C
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Fig. 5—Load curves for fuel cell TC 48 using CO-C()2 fuel mixtures at 940°C
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fig. T -Lpad curve demonstrating effectiveness of water-gas reaction in improving
{uel cell performance in TC 48
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Fuel Feed Tube
[ Base Tube of Fuel-cell Battery

oA g

— -

’ : Flow
! Control Valve

u:g,' L———ruel Inlet

By-product 1
Ex(itvLine Valve Position Push Rod

Top
TT: 995°C

Middle

i
§ 1020°C

Bottom
T
B 950°C

fig. 14-Section view of base plate

T = 995°C
Furnace Power

Top 360 watts '
Middle 270 watts
Bottom 600 watts

~ Total 1230 watts

.Baﬂery Current =10 amps

X Indicates locations
on base plate at
which no battery
is installed

Fig 15-Battery temperature distribution as a function

of axial position --at operating temperature
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