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Al O, was added to porous Ni + Ag and Ni electrodes which were subsequently tested as anodes in
a molten carbonate fuel cell. It has been shown that this component increases the specific inner surface
of the anodes and improves their polarization characteristics. The correlation between these par-
ameters has been discussed in terms of a model proposed previously [8, 9]. The good performance of
the cells with electrolytes manufactured using Al,O;-derived material as a matrix may be correlated
with the influence of this compound on the inner surface area of the nickel porous electrode.

Nomenclature

A, B linear relationship parameters

d density of electrode material

/ current density

L electrode thickness

S internal surface of electrode per unit

volume

1. Introduction

In an electrochemical power generator operating on
the principle of the molten carbonate fuel cell IMCFC)
so called ‘matrix’ or ‘paste’ electrolytes are used in
which some refractory oxides constitute the solid
‘matrix’ for the molten carbonate phase. In state-of
the-art MCFC devices LiAlO, is applied for this
purpose [1, 2]. This compound may be produced in the
reaction of solid Al,O, with liquid lithium carbonate.
As early as 1969, in the fundamental research on the
MCFC by Broers and Ballegoy [3] it was shown that
LiAlQ, as a solid component of the electrolyte tiles,
provides much better cell performance than that
obtained with MgO, which was used in the preliminary
studies [4]. Cells with electrolytes prepared using
aluminium oxide give higher and more stable power
densities than those with MgO as the solid component
of the electrolytic tiles [4].

The superiority of LiAlO,-based ‘matrix’ or ‘paste’
electrolytes with respect to the MgO-based ones has
been commonly recognised but, according to our
knowledge, no precise explanation of this effect has
been given. Some preliminary results reported by
Broers and Ballegoy [3], who mentioned solubility of
MgO in molten carbonates, do not elucidate all the
aspects of this complex problem.

In order to investigate the influence of the ALO;-
derived compounds on the performance of MCFC
clectrodes, independently of the electrolyte used, we
have tested small cells of this type using ‘matrix’ elec-
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S, internal surface of electrode per unit
weight

V4 total electrode impedance per unit area
of electrode

Zy n(1) function slope at zero current
overpotential

kil s effective specific electrolyte and electrode

conductivities, respectively

trolytes with MgO as a solid component and porous
anodes prepared on nickel and doped with controlled
amounts of aluminium oxide. In this way the role of
this component in the total electrocatalytic activity of
the MCFC anodes has been studied.

2. Experimental details
2.1. Description of the cell

A schematic cross-section of the cell is presented in
Fig. 1. The overpotential of the anode 1, was con-
trolled with respect to the nickel foil reference elec-
trode 2, inserted in the anodic compartment of the
cell. The cell body 3, was made from a refractory
chromium containing steel. It was insulated from the
clectrolytic tile 4, by a ring of mica 5. The porous silver
cathode 6, was inserted on the lower side of the elec-
trolytic tile. The latter consisted of a disc of MgO
(50 mm in diameter and 4 mm thick) with 40% porosity,
saturated with the 48 Li,CO; + 52 Na,CO, eutectic
mixture.

A gas mixture of the elementary composition C-11,
H-72 and O-17 atom percent was supplied to the
anodic compartment of the cell, whereas the cathodic
gas composition was: air-71, CO,-29 mole percent,
The open circuit voltage (OCV) of this cell at the
temperature of the experiments (850K) was 1.040-
1.050V, in accordance with the EMF of the respective
reversible cell [5].
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Fig. 1. Schematic cross-section of the cell. 1, Porous anode under
investigation; 2, Ni-foil-reference electrode; 3, cell body; 4, electro-
Iytie tile MgO, ;s + (Li, Na),CO, eut.; 5, mica insulation; 6, porous
Ag counter electrode; 7, CHO-fuel inlet/outlet; 8, air + CO,-
oxidant inlet/outlet.

2.2. Preparation of the electrodes

Both anodes and cathodes were prepared by pressing
and sintering metallic powders or their mixtures, con-
taining NH,HCO, as the fiuffing component. The
cathodes were prepared from Ag powder of 3 um
medium particle size and were 30 mym in diameter and
0.5mm thick. Two kinds of anodes were prepared: (1)
from a 1:1 mole mixtures of Ni + Ag powders of
30-40 ym particle size: and (2) from the same fraction
of the pure Ni powder.

The pressing parameters were: (1) 9.81 x 10° and
(2) 12.75 x 10° Nem 2, respectively. The sintering
process was carried out in a pure hydrogen atmos-
phere. The anodes prepared in this way were 16 mm in
diameter, to enable high current densities to be
reached without excessive polarisation of the larger
silver cathodes, and as much as 6 mm thick, so as to
facilitate uniform doping with Al,O;.

The doping of these anodes with AL,O, was carried
out in two ways: (1) by saturation of the electrode with
determined volumes of AI(NO, ), solution of different
concentrations, followed by a baking process; and (2)
by an addition of a determined amount of ALO, to
the Ni + Ag powder before the preparation of the
electrode.

2.3. Determination of the parameters of the anode
porous structure

The specific inner surface of the anodes, prepared
according to the above procedures, was determined by
the BET method using a Quantosorb device. The
distributions of the sizes of the metallic particles con-
taining elementary Ni, Ag and Al, in the anodes,
before and after they had been used in the cells, were
determined using a CAMECA MS 46 X-ray micro-
analyzer. The grain sizes were calculated from the
distances among the reflected radiation peaks
obtained in the X-ray scan over the studied surface
area.

2.4 The measurements of anode polarization

The cells were assembled as shown in Fig. 1 and
heated in an electric furnace to 850 K and the appro-
priate gas mixtures were supplied to both anodic and
cathodic compartments with a flow rate of 50dm>*h~!.
When correct OCV values had been established and
the electrical potential differences between the elec-
trodes under study and the reference Ni electrodes did
not exceed SmV, the polarization measurements were
carried out by means of a stepwise 0.05V increase
and/or decrease of the anode overpotential within the
limits 0 to 4 0.2 V and recording the respective steady-
state current values.

3. Results

In the preparation of the porous anodes and in the
electrochemical experiments special attention was
paid to the reproducibility of the results obtained. In
order to satisfy this condition at least four electrodes
of the same composition were prepared, two of which
were used in two independent polarization experi-
ments in the cell the other two being subject to two
specific inner surface determinations and X-ray inves-
tigations. In some cases, however, 5 to 8 electrodes of
the same composition were prepared and studied.

In all experiments a linear dependence of the
current density on the anodic overpotential was found
within the limits of 0.2 V with good approximation, in
accordance with the respective polarization curves
reported in the literature [6]. This fact enabled us to
characterize the electrochemical properties of the
given electrode by one parameter only: the total
specific impedance which may be calculated from the
relation

1 = (5) % 0

as dependent on the given anodic overpotential. The
overpotentials were not corrected for ohmic drop.
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Fig. 2. BET specific inner surface areas of electrodes as dependent
on Al,O, concentrations. (a) electrodes doped by saturation with
Al-ions solutions: x — Nj electrodes, © — Ni + Ag electrodes; (b)
Ni + Ag electrodes doped by mixing metallic powders with solid
ALO;— least squares line.
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Table 1. Compositions, specific inner surface areas and total impedances of the investigated electrodes: Electrodes 2, 3,5 . . . 10-saturated with
AUNO,); solutions; electrodes 11 . . . 17-AL,0, mixed to metal powder before sintering
Electrode Specific inner surface area (S,) Total impedance (Z) (Qt cm?)
(et g™ x 107%)
No. Composition
(mole percents)

i Ni 1.33 1.30 1.32 1.32 4.169 3.641 3.678

2 Ni + 0.22% ALO, 23 2.5 3.000 2.846

3 Ni + 0.43% ALO, 4.07 4.2 2.598 2413

4 Ni + Ag 0.40 0.39 0.38 0.39 2.708 2.858 2,777 2.788
5 Ni + Ag + 0.22% ALO, 1.57 1.52 2.412 2.588 2.450

6 Ni + Ag + 0.43% ALO, 2.40 2.37 2.108 2.193

7 Ni + Ag + 0.86% ALO, 2.85 2.17 2.60 2.196 2.097 2.033

8 Ni + Ag + 1.29% ALO, 4.10 4.27 1.818 1.682

9 Ni + Ag + 1.72% ALO, 7.50 7.23 7.30 1.807 1.902 1.707

10 Ni + Ag + 1.98% ALO, 5.12 5.21 1.375 1.513 1.610

11 Ni + Ag + 1.66% ALO, 2.07 2.05 1.983 1.797

12 Ni + Ag + 3.32% ALO, 4.05 1.814 1.868

13 Ni + Ag + 4.98% ALO, 5.52 1.531 1.384

14 Ni + Ag + 6.64% ALO, 7.71 7.69 1.386 1.437

15 Ni + Ag + 8.3% ALO, 9.88 9.85 1.206 1.234

16 Ni + Ag + 16.6% ALO; 18.29 1.260 1.394

17 Ni + Ag + 24.9% ALO, 24.83 25.10 1.370 1.489

In Table 1 the values for total impedance, as deter-
mined from at least two independent measurements
using the anodes of the given compositions, are given.
It can be seen from this Table that the addition of
AlLO, to the Ni + Ag electrodes distinctly decreases
their total impedance per unit area.

As can be seen in Figs 2a and b, the specific inner
surface areas of the electrodes, as determined by the
BET method, are directly proportional to the con-
centrations of Al,O, added. The slopes of the respec-
tive least square dependencies, however, differ in the
case if Ni + Ag electrodes prepared by the mixing of
metallic powders with solid aluminium oxide, from
the slopes of the Ni + Ag electrodes saturated with
the appropriate solutions and from those of pure Ni
electrodes doped in the latter manner.

X-ray investigations over 1mm’ of the electrode
area enabled a quantitative determination of the
distribution of distances among the metal particles
and, hence, the distribution of their sizes. From the
electrodes doped with ALQ, one may observe an
evident disintegration of the largest Ni particles, as
well as an increase in the smallest Ni particle fraction
(Fig. 3). The diagrams in Fig. 4 present the distribution

Fig. 3. X-ray detected distribution of Ni grains on the mm? surface
area of Ni 4 Agelectrode: (2) without AL,O;, (b) with 1.98 mole %
of ALO;.

of distances among the Ni particles as dependent on
Al O, concentration in the electrode. With increasing
concentration of this compound the smallest particle
fraction (0-10 um) increases, whereas that of the
largest particles (100 ym) disappears.

Some results with the addition of ALO, to the pure
Ni anodes supported the conclusions concerning the
role of these compounds in the performance of the
anodes but, as can be seen, our pure Ni anodes had
generally higher impedances and lower surface areas
than the Ni + Ag ones.

4. Discussion and conclusions

Jewulski and Suski proposed a theoretical model of a
MCEFC porous electrode with isotropic properties [71.
This model permits the calculation of the total polariz-
ation impedance per unit geometric surface area of
such electrode (Qcm?) as a function of its specific
internal surface area (cm ~') [8]. In the above papers
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Fig. 4. Distributions of distances of nickel grains in electrodes
investigated determined from X-ray microanalysis: (a) Ni + Ag
electrodes doped with ALO;; (b) Ni electrode doped with ALO;.
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the respective equations were used in a form con-
venient for calculations when an approximation
xST — oo was assumed. By this approximation the
resistance of the electrode was neglected. Let us con-

sider, however, a more general case
1+ [k = 1, 2

where 1 < x5 implicitly. Applying this approxi-
mation to the explicit formula for the total impedance
of the electrode (Equation 6 in [8]), one gets

cosh (QL) + 2[x&/xl] L
ocsinn (L) T O

7 =

with
Q = [SIZexi)], 4)

For high values of the QL product
cosh (QL) ~ sinh (QL) ~ exp (QL);

exp (— QL) ~ 0, 5
and Equation 3 becomes
Z = (O + L[, (6)

For low QL values we have

sinh (QL) =~ QL; cosh (QL) = 1, @)

and therefore,
Z = (L™ + L (®)

The resulting relationship between the total impe-
dance of the electrode and its specific internal surface
takes the general form

Z = AS;" + B; B = Z,, )]

where n = 0.5 and 4 = (Zz x d/k)* or n = 1
and A = Zp x d/L in the case of ‘ohmic’ or ‘micro-
kinetic’ control of the total electrode impedance,
respectively. The latter case corresponds to circum-
stances in which the total electrode impedance is

10
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Fig. 5. Correlation of the electrode total impedances (Z) and specific
inner surface areas (S,,) according to Equation 9 for n = 0.5: x —
Ni electrodes doped with AL,O,; ® — Ni + Ag electrodes doped
with ALO;; least squares line.

determined by the activation and/or concentration
polarization of the porous electrode, the former to
control by the ohmic drop in the electrolyte layer
wetting the internal surface of the electrode [8]. Z, may
be equal to L /x4 in the case when the resistance of the
sintered metallic electrode is not negligible. However,
this constant may also contain the ohmic drop com-
ponent of the electrode polarization as determined
with respect to the reference electrode.

In order to establish whether the internal surface
values per unit weight of the electrode (S,,) as deter-
mined by the BET method are related to their electro-
chemically active inner surfaces and whether they
influence their total impedances, the results reported
in Table | were checked in terms of Equation 9
(rearranged). Figures 5 and 6 present the experimental
relationships between the parameters Z and S,, for all
electrodes tested with different AlL,O; concentrations,
for n = 0.5 and n = 1, respectively.

The least squares relationships presented in Figs 5
and 6 give the following parameters for Ni + Ag and
Ni electrodes (Table 2). In these correlations the data
corresponding to electrodes No. 4 (see Table 1) have
not been considered. The results obtained with pure
Ni + Ag electrodes do not correspond to the linear
relationships in Figs 5 and 6. This irregularity is
certainly not due to an experimental error. It shows
that the electrodes with the internal surfaces smaller
than 10*cm? g~' do not obey a hyperbolic relation-
ship with the total impedance. ’

As can be seen in Figs 5 and 6, a linear relationship
with a higher correlation coefficient has been found in
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Fig. 6. Correlation of the electrode total impedances (Z) and specific
inner surface areas (S, ) according to Equation 9 forn = 1.0: x —
Ni electrodes doped with ALO;, ® — Ni + Ag electrodes doped
with ALO,, — least squares line.
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Table 2. Least square parameters of Equation 9 (rearranged) for the Ni (I . .. 3) and Ni + Ag (5 ... 17) elecirodes.

Electrodes tested n A x 107* B Correlation
(see Table I) Qemrth g=a Qcm? coefficient
1...3 0.5 3.40 + 0.15 0.80 4+ 0.24 0.9589
5...17 0.5 1.46 + 0.46 1.02 4+ 0.12 0.9322
f1...3,5...17 0.5 225 + 0.75 0.81 + 0.18 0.7685]
1...3 1.0 2.52 + 0.06 1.89 + 0.03 0.9999
5...17 1.0 1.50 + 0.12 1.31 4+ 0.05 0.9918
m...35 17 1.0 2.25 + 1.52 1.27 4+ 0.06 0.9845}

the case when n = 1 (kinetic control of the porous
anode impedance). The values of the constant par-
ameters, B, in Equation 9, calculated using the results
for all electrodes studied. as well as for Ni and
Ni + Ag electrodes separately, are much too high
to be attributed to the resistance of the sintered metal
only and should be interpreted as resulting from the
electrolyte ohmic drop between the reference electrode
and the anodes under investigation. One may con-
clude from Figs 2a, 2b and 6 that the impedance of
the anodes under investigation is inversely propor-
tional to their inner surface areas as determined by the
BET method, i.e. to the sum of the surface areas of the
porous metal and of the oxide added to the electrode.

As mentioned earlier, most of the state-of-the art
models of MCFC use LiAlQ, as the solid component
of the electrolyte tiles, but the choice of this material
is a result of purely practical tests of fuel cell perform-
ances. The above results obtained using MgO matrix
electrolyte tiles have shown that small amounts of
ALO; (virtually LiAlO, due to the reaction with
molten lithium carbonate), develop the specific sur-
face area of the sintered nickel anodes. The increase in
this parameter takes place in two ways: (1) by the
addition of the aluminium compound with a large
surface area; and (2) by the dispersion of the metallic
material of the electrode. The correlation presented
above shows that both factors influence the perform-
ance of the electrode. We have thus shown experi-
mentally that neither the BET AlO, surface values
nor the inner surface areas of the metallic components
of the electrodes show correlation according Equation 9.

Tacovangelo explained the good stability of the
porous nickel MCFC anodes doped with ALO, by
‘breaking’ of the sintering processes taking place
among the metal particles [9]. The influence of Al,O,
on the sintering of nickel powder has been described
theoretically by Johnson [10]. The results of these
authors and those obtained in the present investi-
gation indicate that the good performance of MCFC

using ‘paste’ electrolytes with solid LiAlO, is mainly
due to the influence of aluminium compound on the
internal surface areas of the porous Ni electrodes.
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