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INTRCDUCTION

Research on high temperature fuel cells of the molten carbonate electro~
lyte type, By the Dutch organisation T.N.0., was taken up in 1950. The
development of this work has beendescribed in a series of publications [1
[6]. Commentson the work can also be found in [7] and [8].

A significant step towards the realisation of the strictly necessary
gastightness was made by the application of the so-called paste electrolyte
re], [5]. It is obtained by blending an inert powdered solid such as Mg0 with
a gévin amount of blnary or ternary alkali carbonate mixture (Li CO3, haz O37

K2

Above the eutectic melting point of the carbonates (5OO C for Li-Naj

396 °¢c for Li-Na-K) a stiff and dense paste can be obtained when the inert

"s0lid to carbonates weight ratio remains above a certain critical value. This

value depends on the particle size (and shape) of the solid constituent and

the composition of the carbonate mixture. As a rough-and-ready rule, a 50 soli&/
50 liquid weight ratio will yield a rather stiff paste when the particle size
of the solid (Mg0) is below 1 micron; but closer readjustments have to be made
in accordance with the basic materials used. A too high liquid content will
cause plastic flow, a too low one causes an unnecessarily high electrolyts
resistance. Under optimal conditions, the specific resistance of a typical
MgO/ternary carbonate paste is about two times as large as_the corresponding

pure 11qu1d resistance (paste resistance ~1.5 Rcm at 700 C).

The experlnents to be discussed here were all conducted on a laboratory
scale. It was felt that technologlcal development work was justified only if,
in addition to leaktightness, the following demands could be satisfied:

1) a specific power output of at least 50 mW/cm? at 0.5 volt or better,

2) fuel and oxidant utilisation of at least 80%, at current densiiies of the
order of 100 mA/cm2,

3) a cell life of at least several months at the just mentioned power output,
with the aim of reaching a life of the order of three years [6], [9] in
future developments.

CFLL CONSTRUCTION, ELECTRODES AND FUELS

For purposes of fundamental research, a high temperature cell should
meet the following demands: 1. perfect gastightness; 2. absence of any para-—
sitic current paths, such as caused by metallic gaskets in contact with the
electrolyte; 3. reliable contacts between the electrodes and the electrolyte;
4. presence of a suitable reference electrode, connected to the system by some
form of electrolytic bridga; 5. no galvanlc contacts with the surrounding
heating furnace; 6. appriopriate means to know the degree of galvanic turnover,
that is the ratio of the Faradaic current to the fuel and oxidant feed rate.

*: Corresrondence on this subject to the laboratory address:
198, Hoogte Kadijk, Amsterdam-C, Netherlands.




2.1,

2.2

-194-

Cells .

The mentioned demands are satisfactorily met by the constructions
shown in Fig. 1 and Fig. 2. In Fig. 1 the paste disc is pressed firmly
against the inner wall of a high-purity Alp03 tube at about SOOOC. There
is virtually no reaction between the alumina material and.the carbonate
melt when the former has been pretreated with a small quantity of molten
carbonate for a few days. The working electrodes are pressed against the
electrolyte by means of two additional 41,0y tubes with a number of
openings at the side of the electrodes, prov1d1ng gas passages from in-
side to outside or conversely.

The pressing force on these tubes can be carefully controlled by
means of springs with screw adjustments at their cold ends.

The reference electrode is a Pt or Au wire, dipping into a Al03
capillary filled with electrolyte paste. This 'paste bridge'" serves as
a Haber-Luggin type connection to the disc surface. The phase boundary
of the reference wire thereby is effectively screened from the electro-

"lyte disc proper, and no ill-defined stray currents can pass through the

reference wire, such as is most likely the case with so-called "idle
electrodes". (The latter have their phase boundary situated direct in
the current path between the working electrodes.) The reference is
flushed with the same gas as the working electrode.

.Two lead wires may be cornnected to each of the working electrodes,
one serv1ng as current lead and the other as potential lead. Resistance
changes of each individual electrode can thus be measured too.

Fig. 2 depicts a simplified version of the cell of Fig. 1, being
easier to .assemble (as is evident from the figure). In this version, the
reference electrode is a Pt wire wrapped around the outside of one of
the gas sealing Al03 tubes. Use is made of the (in itself tedious)
"creeping! effect of the carbonate melt along the wall of the tube. The
"creeping film" stabilises within one or two days of cell operation (it
comes to a stop at the colder parts of the tube) and forms a very eZfec-
tive electrolytic bridge between the wire and the ring-shaped periphery
of the paste disc. )

Vhereas in Fige. 1 the reference potential is equal within + 5 mV
to the corresponding working electrode potential at open circuit, the
reference potential in Fig. 2 depends on the gas atmosphere in the
heating furnace. Addition of a small COp, flush to the air inside the
furnace yields very stable potentials.

Great care must be taken to avoid direct contact between any hot
parts of the cell and the (a.c. heated) furnace. The just mentioned
"creeping" may otherwise lead to.severe hum pick-up and electric leakage
to either the a.c. mains or the ground.

Electrodes

The porous fuel electrodes discussed in this paper were all nickel
specimens of various origin. Screens, sieve plates, sintered carhonyl
nickel, nickel plates for secondary batteries and "fiber nickel
plates were used, as well as presintered nickel powder obtained by

* N

E.g. "Clevite" porous Ni; Clevite Corporation, Cleveland, Ohio, U.Sehe
* ' '

Huyck Corporation; Milford, Connecticut, U.S.A.
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reduction of ¥iC with H,. The commercially available types have no
special advantages overeNi powder electrodes and are, at least at the
present-day prices, by far too expensive to be used for anything else
but research purposes. .
_The porous air electrodes were either of silver or copper oxide.

Silver electrodes were used in the form of wire screens and/or
very thin layers of Ag powder (0.1 mm or less), adhered direct to the
electrolyte surface.

The use of Cu0 as air electrode was reported by Justi and co—
workers [7], [10], in connection with work on solid carbonate electro-
lyte fuel cells. In our case, commercially available Cu0 powder was
mixed with some 10% of Cu powder. Small discs _of about 1 mm thickness
‘wele pressed and subsequently sintered at 800 C in an air atmosphere.
In the first few experiments, the discs were connected to all-copper
current leads, in order to make sure that the electrochemical activity
could be attributed solely to the Cu0 - Cup0 system. In later tests,
current leads of stainless steel or Pt wires were connected to the Cul
material, thus avoiding gradual oxidation of the leads in long run
experiments.

Whereas in low temperature cells the initially chosen porosity,
pore size distribution and electro-catalytic activity of the electrodes
‘is of crucial importance, a gquite different situation exists in high
temperature cells. Sintering effects, anodic dissolution and cathodic
precipitation, and both surface~ and bulk oxide formation under varying
polarization strongly tend to alter the initial electrode structure.
Pigs. 3a and 3b show nickel anode specimens before and after*use
respectively. Initially, the commercially available material had a
porosity of 70% and a thickness of 1.0 mm. Fig. 3a is a microphoto of
this material. Fig. 3b similarly shows the same material after 625 hours
of continuous operation at 700°C and (nominally) 100 mi/cm®, on an equi-
librium mixture of Hp, €O, Ho0 and CCp. (iR~free polarization about
+110 mV relative to open circuit.) - , .

The thickness had shrunk to 0.6 mm (40% decrease) and a latéral
shrinkage of about 15% was observed.

Evidently it is of no use to preselect electrode structures for
high temperature cells on any basis different from long term operation
experience. One might state that the high temperature cell tends to
seck its own operating level, and not the one preferred by the investi-
gator on the basis of initial electrode structures.

Mlso, conclusions about cell performances over periods of a few
days have little meaning. Roth overoptimistic and overpessimistic im-
pressions may then result. An example of the latter will be shown in
SecCe 3, Flg- 5.

Fuels

In most of the experiments a "standard fuel" of 1 mole of H, +
1 mole of COp was used. The 'standard oxidant" was 2.5 (vol.) aif +
1 (vol.) C05. The feed rate was usually chosen in such a way that at
10C mA/cre, 10 per cent of the fuel and the oxidants were consumed.
The cells were operated at atriospheric pressure.

*j Sintered nickel, type J.E.G.V.; Mond Nickel Company, London,
' England.
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The overall cathodic and anodic reactions can be written as

2
-2, +3 (1-2) 0

cathode: 2 N, + 20, + €O, + 2 Ao -

" (1-1) €O, +ACO,~" : (1c)

2 2 3

’ 3 o . oS o
anode s H2 + 002 + A.CVB

= (1-2) H, + (1+2) o, + A'Hz

""Ais the conversion degree of the reactants; the composition of
atmospheric -air is taken for convenience as 2 N2 + n O2

"Although the 1 Hp + 1 COp fuel is not in thermodynamic equilibrium

at the inlet of the cell, it turns out that at the Ni anode the equili-

brium is indeed established. In the first place, the less convenient
to handle fuel 1 CO + 1 HoO yields the same open circuit potential as
the forme one. Secondly, this open circuit potential E is virtually
equal to the value calculated on the basis of the equilibrium fuel
composition and the Nernst law (decadic logarithm):

. . o e p2 (0,) » (C0,)n
B (volts) =B (,) + 0.99210 4 q log'[ 3 ; (:{)Zo) pe(co") 2 1@

vhere p_ and P, refer to anodic and cathodic partial pressures respec-
tively.

For A = 0 _in egs. (1c) and (1a) the calculated E values are
968 mV at 1000°K and 980 mV at 700 °c (6]« The observed values at.700 °¢
are between 970 and 985 mV, apart from initial deviations due to '"non-
aged" Ni electrodes. It will be shown in Sec. 4 that the standard fuel
can be considered as being oxidised already for 32% with regard to an
"optimal fuel', just not depositing carbon at 1000-K.

In some of the experiments, CH, + CO, mixtures were used. Usually,
equilibrium in that case is not established at the Ni electrodes, but
insertion of a small amount of commercial Ni on MNgO reform catalyst,
in the anode space, is sufficient to yield equilibrium.

3. OPERATING CHARACTERISTICS AND POLARIZATION EFFZCTS

The cells under discussion were all kept under a continuous current drain
-of 100 mA/cm2 (whenever possible), unless current vs. voltage curves were
measured. The latter measurements were carried out over time intervals of at
least a full hour, so that a steady state was always achieved. :

Individual electrode polarizations could be measured w1th the aid of the
reference electrode, using a mercury-wetted relay for fast (= 2,usec) gurrent
interruption and a Tektronix type 535A oscilloscope to measure {R drops and
potentlal/tlme transients. The method is essentially similar to the one des-
cribed by Trachtenberg [11] and makes use of the "sweep delay" provision of .
the C.R.0. time base, to observe the magnitude of the iR dbreak convenlently
‘and quite sharply.

The principle of the measurement may be clear from Fig. 4a, where a
typical course of the electrode potentials has been plotted on a linear time
scale, for two different current densities before interruption. '

Fig. 4b shows the corresponding cathodic and anodic transienst plotted

on a fz scale. The meaning of the partial linearity of these plots w111 be
discussed hereafter.

O+ 2 Ae - equilibrium fuel (1a)

N
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Fig. 5 shows the steady state (iR free) potentials and the iR drop,
as functions of the current denslty, of a cell at 740°C with a "fiber

" nickel" anode and a silver powder cdthode. The x x points:refer to the third

day of operatlon. It i8 seen that the Ni anode poteritial posltlvates "dange~
rously" at about 80 mA/cm2 ‘whereas the Ag cathode potential varles llnearly
with thé current. Also, the operi circuit voltage of* the cell, 1035 mV, 'is too
high, 960 mV being the true equilibrium value 6].

The open circle points, taken after 18 days of operation; reveal ‘a’
rather striking 1mprovement of the anode, now polarising llnearly with the
current up to 160 mA/cm y" where the polarization is +105 V. The Ag cathode
also shows some improvement, the polarization being -76 mV at 160 mA/cm2. The
open circuit voltage now shows the proper value, 960 nV, indicating that the
fuel gas attains true equilibrium at the "aged" electrodes The iR drop ob--
viously has not changed during the operation period of 18 days.

) The figure clearly shows the relative importance of electrode polariza-
tions and iR drop; at 160 mA/cm?s

iR drop =340 mV> anode polarization =105 mV> cathode polarizatien==76 mV.

Fig. 6a shows similar results for a cell with a CuO cathode on the 27th
dey of operation at 720°C. At 200 mA/cm@: ,

= 325 mV > an.pol. = 102-mV > cath.pol. = 70 mV.

Both anodic and cathodic polarizationsare linear with the current density.
"TFig. 6b shows a number of terminal voltage vs. current density charac-

teristics for the same cell, taken at different times and for different. fuel-

feeds. The line 27 in Fig. 6b corresponds with Fig. 6a. Line 13, on CH4 + G0y,

"in the absence of a reform catalyst, reveals that in this case no equilibrium

is established at the Ni electrode, otherwise a much higher open circuit
potential would have bgen observed (about 1100 mV). Nevertheless, upon current
drain a reasonable performance can be obtained.. (Addition of a few tenths of
a gram of reform catalyst in the anode space ylelds the calculated open cir-
cuit value and correspondingly improved resul is. ). )
The line 28, on pure hydrogen, was taken on the 1ast day before delibe-
rate termination of the test period, with the main purpose to test the leak-—
tightness. The very high open circuit potential (1470 mV) shows the absence
of any significant leakage after 4 weeks of operation. Also the capability
of the CuO cathode to deliver current densities of 250 mA/cm at about 90 mV
polarization (on air + COp) could be demonstrated by this test.

The use of thinner electrolyte discs (9 mm in the case of Fig. 5 and
€.5 mm at Fig. 6) yields improved performances. The results shown in Fig. 4a,
for 1nstance, were obtained with a paste dlgc of 5 mm thickness. The terminal
voltage in this case is 695 mV at 129 mA/cn and still 540 mV at 212 mA/cm Y
with an iR drop of 282 mV in the latter casee. )

The given exanples show that the purely resistive iR drop is always the
predominant term in the total voltage drop of a current delivering cell.
Nevertheless, the electrode polarization is by no means negligible, and there-
fore it is interesting to know whether it is mainly due to mass transport
phenomena or to activation controlled processes (slow electron transfer, slow
sdsorption or’ desorption). A rather extensive.study on this question has been

N

" Polarization with respect to open circuit anode potential.
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made by the present authors, but its details fall beyond the scope of this
article and will be presented elsewhere 12 ] .

Here it may be sufficient to note that d.c., ae.c. and pulse methods,
applied to both "flat" model electrodes {in the form of smooth wires or
strips) and porous Ni and Ag electrodes, %11 point to mass transport con-
trolled polarization (at least, above 600 C). Closer study reveals that the
limiting factor is the presence of fluid electrolyte films on the surface
of the electrodes, through which the reactant and product gases have to
diffuse. At the Ni anode, the "off-diffusion" of the products COop and/or HoC
through the film is rate determining, unless the H, partial pressure beccmes
very low (Sec. 4). At the Ag cathode the diffusion of either 0, or COp ]
{depending on the relative partial pressures), is determining.

Evidence for the diffusion controlled character of the rcactions at the
porous electrodes is shown in Fig. 4b and Fig. 7. Though the porosity of thet
electrodes is ill defined, their properties may be approximated mathematic- !
ally by the model of an "infinitely long" homogeneous transmission line [16].

Provided that the polarization tension at any spot on the phase boundary
of the porous electrode is small enough as to yield an essentially linear
relation between the instantaneous local tension and the corresponding current
density, a mathematical analysis of the transmission line model yields the
following results [12]: ' .

. *
1) Steady state. If the specific phase boundary resistance of a planar elec-
_trode is Ry @20m2), the corresponding effective resistance RP of a porous;

electrode iz proportional to V?fg_ﬁﬁ, vhere P is the specific resistance '
of the electrolyte film and b its thickness.

'2) Alternating current. impedance. Similar to 1), if the phase boundary
impedance of a planar electrode is Zb = A - jB, where A is the real and

B .the imaginary component of Zb and j =\~ 1, then the corresponding

impedance Zp of a porous electrode is proportional to Vb & Zb'

3) Galvanostatic transient response. It is well known that for a diffusion
controlled process at a planar electrode, the overtension v, resulting
from a short constant current pulse Ai, changes proportional to the square
root of time: . :

v = conste AL V+t. -

For the transmission line model of the porous electrode the corresponding
relation can now be written as: )

e 4
v = constant Ai Vpd 1%

Now Fig. 4b depicts the course of anodic (porous i) ang*cathodic
(por?us Ag) polarization tensions after current interruption , as functions
of t4«. It is seen that the curves for both 129 mA/cm2 (geometrical current
density) and 212 mA/cm2 show linear portions, as predicted by the latter '
formula. Moreover, the slopes of these linear portions are proportional with

the current density, both for the anodic and cathodic curves. The anodic an%
. . i

* . ) [y o -
The phase boundary resistance is defined as the ratio of polarization
tension 1o current density. The concept is valid for small polarizations
only (< RT/F). . , :

2

* % .
In order to observe the polarization change accurately, oscilloscoplc

traces were photographed over tine intervals of 10-4, 10-3, 107¢, 10~1 an%
1 second, :
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cathodic slopes for the same current density, however, are different. It is
seen that the anodic response is considerably more sluggish than the cathodic
one.. : i

The deviating initial part of the anodic curves (the first 5 milli-
seconds) is probably due to the interference of double layer capacity effects.

Fige 7 is a so~called Argand diagram of the impedance Z, = A.p - J B, of
a nickel brush electrode. In the diagram, the real part A of the observeg
electrode impedance has been plotted against the imaginary part B, for
different a.c. frequencies between 10 c.p.s. and 50 kc.

For a purely diffusion controlled process at a planar electrode, the
phase boungary impedance Z;, is the so-called Warburg impedance:

Zb = Wo © ® exp - j n/4; where Wo is a constant, w the angular a.c. frequency

and /4 = 45° the phase angle (arc tan B/A). According to 2), the correspond-
ing imped?.nce1Zp of the porous electrode should now be proportional to
VZb = WOEFJ-K exp - J ﬂ/8. In the Argandvdiagram of the impedance vector end

points, the latter expression is represented by a straight line with a slope
. o i .
/8 = 2227, and I_Zp!&o4 = constant. It is seen that the observed impedances

satisfy these demands only approximately, with the greatest deviation at high
frequencies. When, however, a correction is made for the influence of the
double layer capacity (by standard vectorial subtraction methods) the cross-
points are obtained, which satisfy the theoretical prediction very well.
Similar results have been obtained for porous anodes with less ideal geometry
than the brush form of the presented example.

. for the polarization implies that the measured polarization always includes

a purely resistive contribution from the electrolyte film. Moreover, since
the true phase boundary resistance Rp only appears as YRp in the expression
for the steady state polarization of a porous electrode, the latter will be
relatively insensitive to small variations of Ry, such as can be expected
ror slightly non-linear voltage-current relations. And finally, because RT/F
at 1000°K has the large value of 87 mV, it is not very surprising after all
that the observed steady state polarizations (Figs. 5 and 6) are essentially
linear with the current density.

FUEL AND OXIDANT UTILISATION
4.1. Oridation of the fuel

In the experiments of Sec. 3, the fuel and oxidant utilisation was
6f the order of 10%, at about 100 mA/cmz, relative to the feed. With
regard to the fuel, the general course of its oxidation by COy~ ions
can be visualised conveniently in the triangular C-H~O diagram of
Fig. 8.

& The "standard fuel"™ 1 H, + 1 COp is represented by P. Its oxidation
(cf. reaction (1a), Sec. 2.3) proceeds along the straight line P - €Oy,
and would be completed at point Pg. Considering P as the initial fuel,
its conversion degree A at P is zero, and A = 1 at Pg on the line H,0 -
COpe The "optimal fuel', however, which can be oxidised along the same
path, is reprcsented by P, on the carbon deposition boundary (¢.D.B.)
curve [61, [ 13] . At 10000K and 1 atm total pressure the composition of
T is 0.17 C + 0.63 H + 0.20 0. Is is easy to show that, with respect to
oxidation by CO3= ions, the standard fuel P is already oxidised for 32%
when Py is taken as the initial fuel. If A, represents the conversion
degree of Py, then Ag = 0.32 + 0.68 A (A = conversion degree of P).
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It is possible to calculate the theoretical (Nernst) EMP for any : ;
value of A or Ay, by means of equation (2), Sec. 2.3 when the equili- {
brium compositions of the C-H-O gas phase on the line Py - Py are known.

The author {Broers) has found a simple method [14] to calculate curves .

of constant CH4 partial pressure (Fig. 8) and curves of constant EMF

(Fig. 9) in the triangular diagram, so that the theoretical EMF values - '

for different points on the line Py, — Pg can be read directly from it.
. The CH; "isobars" of Fig. 8 show that at 1000°K, in the range of

interest, p?CH4) is rather low, so that in good approximation only the.

equilibrium: ) . .

H2 +.00253 H2O + CO

needsto be considered. This makes calculations of the equilibrium com-

positions along the path P, — Pg fairly simple. )

A still more convenient method involves the use of the diagram of
Fig. 9. The curves in this figure permit a direct reading of the "excess
‘EMF", AE (in millivolts), which has to be added to Eo(H,), cf. equation
(2), to obtain the I value with regard to anodic gases. The cathodic {
contribution in (2) can of course be calculated straight forwardly. j
: The course of the theoretical EMF along the path P — Py, i.e.

A=0 to A =1, is shown in Fig. 11, upper curve. The cathodic partial
pressures py(05) and po(COp) are kept constant (0.14 atm and 0.28 atm
respectively), in agreement with the experimental set-up to be described.

- Now the course of the practical cell terminal voltage as a function
of A was determined as follows. Suppose we have a battery of n cells, of
equal surface area, connected in series. The fuel is passed through this /
battery in series flow. Then each cell converts a fraction AA of the '7
fuel, at equal current density. When the current is i, and the feed rate
~of the combustible part of the fuel mixture is equivalent ton i,
Ap = 1/n. The overall conversion degree at the entrance of cell k will
be A = (k - 1)/n, and at its exit A = k/n. Thus, in principle the con- .
version would be complete at the exit of cell n. In practice this cannot
be realised, since progressive fuel depletion .and product accumulation
tendto increase the (mass transfer controlled) polarization, so that in
some given cell of the -battery the actual current density becomes ‘he
limiting one. : . _ ) /,
Since no practical battery was available, relevant experiments were ;
carried out with a single cell at 720°C, by means of a simulator tech- :
nique represented in Fig. 10. Vhen the standard fuel has been oxidised
to a degree A , reaction (1a), Sec. 2.3 has occurred. ' B
In order to realise this reaction, the necessary amount of "CQy }
‘ions" was supplied to the fuel in the form of gaseous 0o and COp (in the ]
proper ratio), so that the latter gases reacted directly in the hot part,
of the anode tube with the incoming fuel, before reaching the electrode.
. The supposed number of cells n was chosen as 10. At a cell current
i the Hp feed was evolved electrolytically at a current 10 i, and the
additional equal COp feed (02 free) by accurate flow meter adjustment.
Oo simultaneously was evolved and supplied electrolytically at a current
10 Ai, and mixed with an equivalent flow of 10 Ai COp (the double amount
of COp against O, when expressed in moles/second). Thus the conversion

»*

Compare Fig. 2, O

o * CO2 entering through auxiliary inlet.
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Lk ’ *
..of . the fuel could e adgusted qu1te accurately, by ammeter readlngs.

b
} The oxidant flow rate was ‘held constant,fat a 1arge excess, in order
; .-to keep. the cathode potentlal constant.

)

The results, at current densities of 62 mA/cm and 125 mA/cm are
shown in Fig. 11. Since AX= 0.1 and e.g.,-at the entrance of -cell no.
4y, X = 0.3; the voltage reading of cell 4 has been plotted at A = 0.35.
v ~_ The actual voltages observed (full curves) have also been corrected
r o for iR’ drop, yleldlng the dashed curves. It is seen that°-' -

1. At 125 mA/cm about 70% of the standard.fuel (P in Flg- 8) can be
utilised, or about 80% of the correspondlng optimal fuel (P, in
- TFig. 83 Ay axis in Flg. 11). The partial pressure of the remalnlng
. fuel at A=.0.7T1s 0«11 atm.
© 2. At 62 mA/cm2 90% of the standard fuel, or 93% of the.optimal fuel
- can be.utilised. The partial pressure of the lemalnlng fuel at
A= 0.5-is 0.034 atm.
- 3..The dlfference between the. theoretlcal E curve and the dashed curves,

\ AR :that is the polarlzatlon, appears to decrease with increasing fuel
oo conversion, till close to the p01nt where the current density be-
b PR - -comes the limiting one.

This rather surprising phenomenon may be explalned by the alreadj
- known fact that not the fuel, but the products COp and Ho0 are rate
controlling (Sec.-'3), and thatthe overall rate of gas flow increases
"‘with increasing .conversion {equation 1a). Probably the effect of the
increasing COs and HZO partial pressures is counteracted so much by the.

\ . increasing flow rate, that the overall effect is in favour of a polariza-
} ‘tion decrecases But finally the mass-transport of the Ho +.CO .fuel, now
% at rather low partial pressure, takes over: the role of the reaction

products, and total depletion at the electrode surface starts very soon
thereafter.

o These observations clearly show that the attainable fuel utilisa-

b : - tion is a pronounced function of the current density. In order to use

- the greatest possible fraction of the fuel feed, the current density in

. _the Mast cells" of the battery has to be decreased by increasing their

_ surface area. Practically, this becomes a matter of optimising the in-
creasing investment costs against the decreasing fuel costs. In this

\ . sense, the possibility of 90% fuel utilisation at (at least) about

' 60 mA/cn seems a rather encouraging résult.

'

4.2._Utlllsat10n of 05 and CO

- The conversion at the cathode is glven by equation {1c), Secs 2. 3.
) S - The experimental measurement . of the terminal voltage as a function
b of X in an imaginary 10 cell series battery was carried out as follows:
A\ : 1. uxce?s fuel (1 Ho +.1 002) was_ used at the anode (about 10% conver—
sion
2..4t cell currunt i, an electrolytlcally generated O, feed, 10 (1-A) i,
was led into the cathode space of the cell, together with:
3. A COp feed (0p free) of 10 (1=A) i, that is twice the Op flow rate
in volume/sec.
\ 4. A Np feed (0, free) held constant at 4 times the oxygen volume flow
N rate for A = C.

f\ ¥ Also to A values not corresponding with integral cell numbers.
3 e The experiments described here and in Sec. 4.1 were carried out with
\ ) one cell, with a Ag powder cathode and a "fiber nickel" anode. The

measurements lasted 17 days in all.
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The theoretical voltage as a function of A was computed easily
from the Wernst Law (equation (2), Sec. 2.3), using (1c) to calculate
pc(02) and p,(COp). The results, at 720°C, are shown in Fig. 12, for
current densities of 125 mA/cm® and 62 mA/cm®. The dashed curves re-
present the iR free voltages. It is seen that: : : .

1. At 125-mA/cm2, about 85% of the "oxidant" % 0, + CO; can be utilised.
At this conversion, the remaining partial pressures aret
p(05) = 0.034 atm; p(COp) = 0.067 atm. ,

2. Similarly at 62 mA/cmz, about 95% utilisation is possible;

p(02) = 0.012 atm; p(CO2) = 0.024 atm. - 5

3. By maintaining a slight excess of 0, at 125 mA/cm‘,‘corresponding
with A(0,) = 0.80, and studying the effect of A(CO,)20.80 solely,
the dotted curve was found. Thus with regard to COp conversion,

© about 90% can be utilised at 125 mA/cm2.

4. Conversely, by keeping A(CO,) at 0.80 and increasing A{0p) beyond
this value, about 93% O, utilisation could be reached. It seems
therefore that in fact CO, is limiting when the stoichiometrical
'02/002 ratio is used, but the match is rather close and may fall
within the accuracy of the COp flow meter calibration.

5. In contrast with Fig. 11, increasing conversion now brings about
slightly increasing polarization, up till A= 0.75. Since the overall
flow rate in this cathodic case decreases with increasing A ,: this
is the result to be expected. Nevertheless, the polarization increase
is enjoyably small.

" From a purely theprefical standpoint, the maximum possible O, de-
pletion from the air feed is not very importart, though a great excess
of air is definitely unwanted in connection with the heat balance of a
battery system. ’

A quite different situation pertains to 002 depletion. Consider
the (assumedly) complete combustion of a hydrocarbon C_H .
- . n 2n+2
The overall anode reaction is:

C H +(h+1)c%=~Un+ﬂ w2+(n+1)HO4-Mn+2); (3)

n 2n+2
Now the oxidation products are to be recycled to the cathode, and mixed
with air in such an amount that at least (3n+1).C0y= can be formed and
also utilised., Since (4n+1) CO, is available, its conversion degree
should be at least: . ‘ .

2

r(co,) > (3n .+ 1)/(4n + 1)

cath.

Thus the cathodic conversion degree of CO, should be better than 80%
for methane fuel, and still better than 75% for higher hydrocarbons
(n> 1), The experiments depicted in Fig. 12 show that conversion
degrees of this _magnitude can indeed be attained at current densities
up to 125 mA/cmE. )

To the knowledge of the authors, experiments of the kind discuassed
here have not been reported earlier. Only Chambers and Tantram [15]
reported data on Hé conversion percentages, but did neither specify the
current density nor the actual terminal voltages observed.

-

Y
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5e LONG RUN DXP RIMENTS AT CONSTANT CURRZLT DENSITY (100 mA/cm )

In earller work [?] [6], it was not poss1b1e to. draw current densities

-of the order. 100 mA/cm“ for more. than about .1-Week. Improvement of the electro-

lyte .paste propertles eliminated the 1nstab111ty effects at current densltles

->:25 mA/em? virtually completely, so .that.a.long run test at 100 mA/cm? could

be carried-out on a pair of small "twin cells" of 1 cm2 surface area each.
..Standard fuel and oxidant were used at 700°C, w1th 10% conversion relative
to thelr feed rates. Both cells had '"reinforced" Clevite porous nickel anodes

(1n1t1a11y 0% porosity), which were used without any pretreatment. The

cathodes’ were sllver screens (O 5 mm w1res w1th equally large sp301ngs), cells

constructed ‘as shown in Fig. 1+

Flg. 13, upper section, shows the Tesults over a 4600 hours period (af ter
which the measurements were terminated deliberately), in terms of 1. terminal
vol tages, 2. iR free. voltages, ‘3. open circuit voltages- The' latter were ob—
served only oc¢casionally; see polnts .ndlcated.

It is seen that: .

1. The performances run rather 51m11ar1y, the terminal voltages decreaslng
slowly from about 750 mV initially down to 470 mV at 4600 hours.

2. The iR free voltages become practically constant after 2-2% months, so that
the electrode polarizations also become constant after that period. The .
.cathodic polarizations (not shown separately from the anodic,ones)_stabilise
to-about 50 mV, the anodic ones to about 150 mV.

. 3.-Initially tkere is an increase in-polarization, which has to be ascrlbed to

alterations of -the-porous Ni anodes. (Sintering effects, compare Pigs. la-
3b, Sec. 2.2). With respect to these alterations, "ageing" of the electrodes
by a heat pretreatment at 800 °C, in reducing atmosphere, is rather favour—
able.

4. The open circuit voltages (initially too high) attain the calculated value
980 mV within about 2 weeks, up till the end of the test. This indicates
that the cells were still gastight after 6 months.

Analysis of the electrolyte pellets revealed that about 50 mole % of the
initial carbonate content was lost after the 6 months period. In Figs 13,
lower section, the conductivity of cell 3 .(cell 2 gives similar results) has
been plotted as a function of the operating time. It is seen that, roughly
speaking, the decrease of the conductivity is proportional with time, and that
from 500 to 4500 hours a 50% decrease has occurred. This suggests that the only
cause of the performance decrease, after the "stabilising period" of the anode,
is due to slow vaporisation of the carbonate melt.

In principle, carbonate losses may occur by ‘'creeping" as well as by
vaporisation. In the conditions of the experiment, however, creeping of the
Li-¥a-K carbonate melt comes to a stop at the cold parts of the alumina tubes,
within one or two days. Moreover, it is very unlikely that losses through
creepage would alter the ratio of Li to Na to K.

The chemical analysis of the used electrolyte pellets, however, proved
that the mentioned ratio had changed considerably. Initially the alkali atom
fractions were s 0.37 Li, 0.39 Na, 0.24 K,
whereas after 6 months they were : 0.47 Li, 0.36 Na, 0.17 K.

’ Thus the rate of X evaporation is the largest, that of Li the smallest
one. Though the relative order of alkali carbonate stability is just the reverse
with regard to COp vapour pressure [1], it should be kept in mind that in the
present experiments a relatively large COp partial pressure was maintained ail
the time on both sides of the electrolyte pellet.

(A blank experiment with a liquid Li-Na-K carbonate mixture under 002 of 1 atm

at 700°C, using a '"cold finger" to condense the vapours, yielded qualitatively

similar results. It took several weeks to collect a small quantity of condensed

vapour. )
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On the basis of the total amount of fuel and oxidant gases passed over
the electrolyte pellets in the test period, it can be calculated that 1 mole

of 003 was lost per (about) 105 moles of fuel, air and COp. Thus the vaporisa-

tion rate is quite small.

This in turn would mean that a (more or less) continuous supply of fresh
welt in very small quantities would result in a practically constant perfor-
mance over a period of several times the one observed here, that is -in the
order of at least a few years.

In conclusion, it may be stated that with regard to power output,
attainable gas utilisation and life of the essential cell components, the
prospects of the high temperature fused carbonate cell are far more favour—
able than thought hitherto.

Only work on a larger scale can’ show whether the construction of
batteries is technically, and if so, also ecanomically feasible. The authors:

" fully appreciate that this still a long way to go.
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Fig.&. C-H-0 triangular diagram,representing at 1000°K and
1 atm : 1) Carbon deposition boundary (CDB) ;
2) Equilibrium partial pressure "isobars" of CH, (dashed);
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"E(cell)= EO(H2)+-AEKanodic)+ OE(cath,) . ;- cf. Eq.(2).

\ AE(ancdic) can be read directly from the diagram,in mV,
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