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An approximate description of the SOFC cermet structure was performed on the basis of a combined
optical and porosimetric structure analysis of the SOFC cermet anode and the results are described
using the example of the SOFC substrate anode (anode with increased layer thickness). The electrode
assembly consists of two layers. The electrochemically active layer of 70±90 lm corresponding the
penetration depth of the electric ®eld is located near the ZrO2 electrolyte. This layer thickness is also
a function of porosity and pore radius distribution. The remaining electrode up to a layer thickness of
about 2 mm basically acts only as a current and mass distributor. The corresponding di�usion
overvoltage as a function of the structural properties was calculated.

Keywords: active layer, cermet anode, di�usion layer, substrate anode

1. Introduction

The SOFC anode consists of Ni/ZrO2 cermet
(ceramic metal), that is, of a sintered mixture of me-
tallic (Ni) and ceramic (ZrO2) particles. The cermet
composition and preparation as well as the experi-
ments were described in detail in the ®rst part [1]. In
the electrode assembly, the nickel phase provides

electronic conduction and the ceramic electrolyte
phase ionic conduction. This means that the electrode
is electrochemically active within a spatially extended
zone and its electrochemical properties correspond to
those of a porous electrode [2, 3] and can be treated
analogously.

A complete numeric model description of the
SOFC cermet system, which requires a coupled
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ie current density in electrolyte phase (A cmÿ2)
j0 apparent exchange current density (A cmÿ2)
j00 true internal exchange current density (A cmÿ2)
K proportionality constant, Equation 10 (cmÿ2)
L cermet electrode thickness
pH2

hydrogen partial pressure (bar)
p0H2

reference hydrogen partial pressure (bar)
rp mean e�ective pore radius (cm)
Ri electrochemical volume resistivity (X cm3)
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penetration depth of electrical ®eld (cmÿ1)
d di�ussion layer thickness outside the

penetration depth (cm)
dk di�ussion layer thickness inside the

penetration depth (cm)
e porosity
g overvoltage (V)
k penetration depth of electrical ®eld (cm)
qm e�ective resistivity of the metal phase (X cm)
qe e�ective resistivity of the electrolyte phase

(X cm)
rm e�ective conductivity of the metal phase

(Xÿ1 cmÿ1)
re e�ective conductivity of the electrolyte phase

(Xÿ1 cmÿ1)
/m potential in the metal phase (V)
/e potential in the electrolyte phase (V)
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mathematical treatment of mass and charge ¯uxes [4],
can be simpli®ed in many cases, if it is possible to
decouple the ¯uxes.

Finite integration technique (FIT) computer pro-
grams were developed for a reliable SOFC anode
design [4, 5]. These numeric simulation programs can
provide reliable results in a rigorous way, but are
mathematically very sophisticated and less ¯exible for
handling. They are appropriate, in particular, when
reliable and precise input data are available, which
has not been the case to date. Otherwise, approximate
solutions are more useful and much simpler. In the
case of an approximate solution, the mass and charge
¯uxes may be calculated separately by decoupling the
individual ¯uxes, even if this is not a rigorous pro-
cedure. In this case, however, it must be ensured that
the prerequisites for simpli®ed calculations are ful-
®lled. This should be veri®ed as follows using the
example of an SOFC substrate anode with a thick-
ness of up to 2 mm [6]. It can be demonstrated by the
FIT computer simulation of an SOFC cermet anode
[4] that the change in concentration distribution is
only about 1% for the usual SOFC cell load even
under unfavourable concentration conditions of the
H2 fuel gas, that is the concentration along the width
coordinate is practically constant. The irregularities
in H2 concentration distribution are produced by the
change from gas channel to current supply connector.

2. Assumptions of the approximate solution

The procedure for an approximate calculation may
then be as follows:

(i) The internal structure of the electrodes is de-
scribed assuming a porous electrode geometry.

(ii) The FIT programs show [4] a largely homoge-
neous distribution of the gas concentrations in
the electrode structures above an electrode
thickness of 500 lm. The gas distribution for
these thicknesses can therefore be described as a
one-dimensional problem in the x-coordinate
direction. The calculations show, moreover, that
the electric ®eld has a much smaller penetration
depth than the di�usion layer, which practically
extends over the entire electrode thickness, so
that the gas concentrations inside the electro-
chemically active layer may be assumed as con-
stant.

(iii) On account of the unidimensionality, the for-
mulations known from the theory of porous
electrodes [2, 3, 7], which are of a one-dimen-
sional nature, were used as a ®rst approximation
to calculate the electrochemical properties of the
anode.

This procedure decouples the di�erential equa-
tions of the electric ®eld and the concentration ®eld,
which is not necessary in numeric computer simula-
tions. On the other hand, the solutions are much
simpler and easier to handle. The issue will be treated
by the example of calculating the structure data and

electrochemical properties of the SOFC cermet anode
with increased layer thickness (substrate anode). The
®rst information required for calculation is the cor-
relation between the inner structure of the SOFC
cermet electrode and its electrochemical properties
and the possibility of inferring the electrochemical
activity from an analysis of the inner structure of this
electrode. This problem was dealt with in Part I [1].
The present part of the studies serves to derive the
resulting electrochemical and mass transport-induced
consequences.

3. Approximate description of the SOFC anode

It can be assumed [4] that the concentration of the
gases remains constant in the entire layer region. The
electrochemically measured integral current density,
i, is a function of the overvoltage, g, as

i�g� � 1

Rmes
f �g� �1�

where Rmes is a resistivity value. In the case of planar
electrodes, Equation 1 is normally written as

i�g� � 2j00 sinh
F g
2RT

� �
�2�

where j00 is the exchange current density relative to
the unit area. In the case of porous electrodes g is a
function of the electrode thickness and Equation 2 is
no longer applicable in this form. In this case, j00 is a
part of the electrochemically active source current
between the two phases (electrolyte and nickel) and
the correct calculation of g as a function of the
electrode depth x has the form of a di�erential
equation requiring a very complicated solution [8].
The shape of the function j00 sinh �g� depends on the
value of the prefactor j00 in the range of small over-
voltages g. In the SOFC fuel cells, the reaction ki-
netics is very fast due to the high working
temperature of almost 1000 �C, so that the exchange
current density j00 has a high value. Consequently,
the function according to Equation 2 is of a largely
linear nature in the range of small overvoltages g, as
shown in Fig. 1 according to [9]. This corresponds in
Equation 1 to the function value f �g� � g. The one-
dimensional continuum model of porous electrodes,
which is schematically shown in Fig. 2, is character-
ized by two overlapping phases: the ion-conducting
electrolyte phase (subscript `e') and the electronically
conducting metal phase (subscript `m'). The basic
equations of the model can be listed as follows [7]:

Current balance in the metal phase

dim�x�
dx

� �Sti�g�x�� �3�

Current balance in the electrolyte phase

die�x�
dx
� ÿ dim�x�

dx
�4�

The internal speci®c surface St has already been
de®ned in [1]. The two currents, im�x� and ie�x�, are
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de®ned for the cross-sectional area in the direction of
the current ¯ow. Additional equations are

Ohm's law for the metal phase

d/m�x�
dx

� �qmim�x� �5�

Ohm's law for the electrolyte phase

d/e�x�
dx

� �qeie�x� �6�

de®nition of the overpotential

g�x� � /m�x� ÿ /e�x� �7�
general electrochemical kinetics

i�g�x�� � 2F
RT

j00g�x�

i�g�x�� � 1

Rw
g�x�

�8�

From Equations 3±7 the di�erential equation

d2g
dx2
� �qm � qe�St

2F
RT

j00g �9�

is obtained. With �qm � qe�St
2F
RT j00 � K, Equation 9

can be written as

d2g
dx2
� Kg �10�

with the boundary conditions

x � 0 : g � g�0�

1

qm

dg
dx

����
x�L
� ÿ

ZL

0

dim
dx

dx
�10a�

where L is the electrode thickness. The solution of
Equations 10 and 10a is given by

g � C1e
ax � C2e

ÿax �11�
with a � ����

K
p

. The following is true for the constants
C1 and C2

C1 � g�0� qm ÿ �2qm � qe�eÿaL

2qm ÿ �2qm � qe��eaL � eÿaL�
C2 � g�0� qm ÿ �2qm � qe�eaL

2qm ÿ �2qm � qe��eaL � eÿaL�
�11a�

The quantity aÿ1 � Kÿ1=2 is de®ned as the penetra-
tion depth k of the electric ®eld into the porous
electrode structure. The macrokinetic current density
id is given by the equation

id � ÿ 1

qe

dg
dx

���
x�0
� ÿ 1

qe

aC1 ÿ aC2� �

id � ÿ ag�0�
qe

�eaL ÿ eÿaL�
2qm

2qm�qe
ÿ eaL ÿ eÿaL

� � �12�

This current density id can be de®ned by the relation

id � 2F
RT

j0 g�0� �13�

where j0 is the measurable macrokinetic exchange
current density.

In the following, the correlation between the ap-
parent exchange current density, j0, and the internal
active surface, St, will be considered for two limiting
cases: on the one hand, for the case where the elec-
trode thickness is smaller than the penetration depth
of the electric ®eld, as was studied in [1], and, on the
other hand, for the so-called substrate cell [6] in
which the electrode thickness can be regarded as in-
®nitely large (also see Fig. 3).

Further computation uses the resistivities Rmes, Ri,
Rw, which are readily available and equivalently
describe the electrochemical properties, instead of the
exchange current density j0 for characterizing the
electrochemical properties.

4. Evaluation of the electrochemically active layer

4.1. Substrate electrode

It is currently only possible to measure total cell
voltages on the SOFC substrate cells [6] due to the
extremely thin electrolyte layer thicknesses
(�10±20 lm), also cf. Fig. 3. For experimental rea-
sons, it is not yet possible to determine electrochem-
ical overvoltages on the SOFC substrate anodes.
Therefore, SOFC cermet anodes 100 lm in thickness
produced by the WPS method (wet powder spraying)
[11] were measured and evaluated, as shown in Fig. 1

Fig. 1. Current±voltage curve of hydrogen oxidation at the SOFC
cermet anode t � 1000 �C, 97% H2, 3% H2O, curve IR-corrected.

Fig. 2. Continuum model of porous electrodes. Fig. 3. Schematic diagram of an SOFC substrate cell.
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of [1]. It was assumed that their basic electrochemical
properties (mechanism of electrode reaction and ex-
change current density) are independent of the design
geometry and therefore transferable to an identically
produced substrate anode. In an SOFC cermet elec-
trode, the resistivity of the electronically conducting
Ni phase, qm, is smaller by at least three powers of ten
than that of the electrolyte phase, qe. Therefore,
qm � qe ! qe can be substituted in Equation 9. With
the resistivity of the electrolyte layer corrected for
porosity, qe �X cm�, and the active inner surface St,
de®ned in the sense of [1], the one-dimensional dif-
ferential equation of the electric ®eld in the porous
electrode (Equation 10) can then be written as

d2g
dx2
� 1

re

1

Ri
g �14�

with the quantities Ri (volume resistivity, X cm3, and
re (conductivity of the electrolyte phase, Xÿ1 cmÿ1�.
With L!1 the expression

g�x� � g�0� exp ÿ x
k

� �
�15�

is obtained for the potential pro®le in the SOFC
cermet anode, where g�0� is the measured overvoltage
and k the penetration depth of the electric ®eld into
the porous cermet structure. The penetration depth is
calculated according to Equation 16

k �
���������
reRi

p
�16�

By the approximation qm=qe ! 0, eaL � eÿaL, ac-
cording to Equation 12 the macrokinetic current
density id will be obtained as

id � g�0�
�����
re

Ri

r
�17�

Reduced Equation 12 in the form of Equation 17
shows that the relative error is approximately 2eÿaL

that is, less than 30% for L=k � 1. To evaluate the
volume resistivity Ri, its dependence on the respective
H2 partial pressure, pH2

, with the corresponding
temperature dependencies is required. The concen-
tration dependence of current density on hydrogen
partial pressure pH2

is given by the exponent 0.25 [9].
A very small dependence (exponent �0.1) was found
for the water partial pressure. At a reference partial
pressure of pH2

= 0.5 bar, Equation 17 has the fol-
lowing appearance for g(0) as the degree of polar-
ization measurable in front of the anode and caused
by the current density id:

g�0� � id

�����
Ri

re

r
� idRmes

0:5

pH2

� �0:25

�18�

where Rmes is the measurable resistivity at pH2
= 0.5

bar in X cm2. The quantity re is determined according
to the formula derived from the geometry assumption
[4]:

re � 2
3 �1ÿ e�3:34� 102 exp�ÿ10300=T � �19�

It may be assumed for the volume resistivity Ri that it
is composed of an electrochemical resistivity fraction

Rw, which, analogously to the source current j00, is
only a function of temperature and of the ZrO2/Ni
interphase properties in the cermet, and of the inter-
nal surface St in the form of

1

Ri
� St

Rw
�20�

To describe the electrode properties, as desired, it
is necessary to know the size of the active internal
surface St and its dependence on the e�ective pore
radius rp. On the basis of geometry assumptions
concerning the structure of porous electrodes, it is
possible to derive the approximated expression for
the internal surface St, which adequately describes the
ascent of the curves in Fig. 12 in [1], in the form of

St � 1ÿ e
rp

�������
4e2

p

r
�21�

considering the published data (Table 4 in [1]) and the
approximation of St � Si (Equation 5 in [1]). The
quantity e represents the porosity of the electro-
chemically active layer and rp is the mean e�ective
pore radius.

For evaluation purposes, an electrode must be
used whose electrochemical and structural data are
known. The corresponding structure analyses were
described in detail and shown in tabular form in [1].
The relevant data are compiled in Table 1. The cor-
responding typical integral potential/current density
curve is shown in Fig. 2 of [1].

The quantity Rw is the kinetically `true' electro-
chemical resistivity. Its value can be calculated from
Equation 20 with the aid of Equations 21 and 18 after
substituting the experimentally determined values rp
and e in Equation 21. The penetration depth k can be
calculated from Equation 16.

The layer thickness k is a function of the porosity
e and the pore radius rp (or the pore diameter d).
The corresponding dependencies are shown in Figs 4
and 5.

The layer thickness should be kept small, that is,
the electrochemical layer must have a small pore di-
ameter and high porosity. Since, from a practical
aspect, the value of 0:5 lm represents the smallest
producible pore diameter and 0.5 is the highest pos-
sible porosity, the dependencies are shown for these
parameters. Allowing for the fact that

�qm � qe�St
2F
RT

j00 � K � 1

reRi
�22�

Table 1. Microstructure and electrochemical data of three cermet

electrodes

Rw data calculated for t = 950 °C and pH2
= 20 kPa

e rp
/lm

Si

/cm)1
Rmes

/W cm2
Rw

/W cm2

A 0.47 0.29 0.98 ´ 104 0.34 29.4

B 0.45 0.23 1.24 ´ 104 0.34 37.2

C 0.35 0.25 1.01 ´ 104 0.30 27.3
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a comparison of Equations 13 and 18 shows that the
dependence between the measurable current density
j0 and the internal electrochemically active surface St
should follow the theoretical relation

j0 �
���������������������
reRT
2F

Stj00

r
�23�

that is j0 �
����
St

p
. This seems to contradict [1] where a

linear dependence was found. However, Equation 18
was derived with the assumption of an in®nitely large
layer thickness. Linear dependencies can be obtained
for ®nite layer thicknesses [7, 8]. This will be veri®ed
in the following.

4.2. Thin-®lm electrode

If the maximum layer thickness of the cermet elec-
trode, L, equals the penetration depth k or is mark-
edly smaller, Equation 12 with the formulation
ex � 1� x will be written as

id � 1

qe

KLg�0� � St
2F
RT

Lj00g�0� �24a�

that is, because of Equation 13 the following is true

j0 � StLj00 �24b�

and a linear dependence between the measurable
macrokinetic exchange current density j0 and the
active internal surface St is obtained. The same rela-
tion was also derived in [7] as the limiting case for
active overvoltage regions with small overvoltages g
and high macrokinetic current densities id.

The thin electrode solution is obtained through the
introduction of the series exp�x� � 1� x� x2=2� � � �
into Equation 12. Neglecting the third and higher
order terms the fraction containing the exponentials
becomes x=�1� x2=2� ' xÿ x2=2, thus the relative
error for x � 1 or L=k � 1 is 50%.

5. Evaluation of the di�usion layer

The above approximate calculation for the thickness
of the electrochemically active layer within the sub-
strate anode is only justi®ed if the concentration of
hydrogen is kept constant at a reasonably speci®ed
current density within the penetration depth k. For
this reason, the electrochemically active layer thick-
ness k will be assigned a di�usion layer thickness dk

with the constant hydrogen concentration c, for
which the condition of di�usion-controlled current is
given according to the general equation

id � 2FDeff
�cd ÿ cs�

dk
�25�

Deff;k is the e�ective di�usion coe�cient in the elec-
trochemical layer, which depends on the porosity e
and the pore radius rp and can be calculated ac-
cording to the equation

1

Deff;k
� 1

e2
1

Dg
� 1

DKn

� �
�26�

Dg is the hydrogen di�usion coe�cient of the free gas
phase, which only depends on temperature. For the
Knudsen di�usion coe�cient DKn of hydrogen, the
relation

DKn � 100
2

3
rp

���������������
8RT

0:002 p

r
�27�

was derived [4]. It is then possible to estimate the
homogeneity of distribution of the hydrogen con-
centration using the same input data as for the cal-
culation of the electrochemical layer thickness.
`Constant' means that the hydrogen concentration
changes by less than 5% at a typical current density
of i � 500mAcmÿ2 within the penetration depth k.
This di�usion layer thickness, dk, is then calculated
according to the formula

dk � 2FDeff;kpH2
DIFF1

RTid
�28�

where DIFF1 is the di�erence in concentration along
the di�usion layer dk relative to the entrance con-
centration pH2

. DIFF1 has the value 0.05 in our case.
The results of comparative calculations show that the
di�usion layer dk is always greater than the penetra-
tion depth of the electric ®eld, that is, the assump-
tions for calculating the penetration depth are largely

Fig. 4. Calculated dependence of the electrochemically active layer
thickness k on the pore diameter for a constant porosity of 0.5,
working temperature 1223K.

Fig. 5. Calculated dependence of the electrochemically active layer
thickness k on porosity for a constant pore diameter of 0:5lm,
working temperature 1223K.
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ful®lled. Consequently, the electrochemical properties
of hydrogen oxidation are decisive for and limit the
design of the electrochemically active layer. Mass
transport plays no major role.

The remaining electrode layer of the SOFC sub-
strate anode, d, outside the electrochemically active
fraction only serves for mass transport. Its operating
function is to supply hydrogen to the electrochemi-
cally active k layer, to rapidly remove the water va-
pour and to ensure a homogeneous low-loss
distribution of the electric ®eld. Since it has no par-
ticular electrochemical function and only acts as a
current distributor, its conductivity is only deter-
mined by the electronic fraction rm which results
from the following relation [4]:

rm � 9:5� 105

T
exp

ÿ1150
T

� �
�29�

This value means that practically no irregularities in
the distribution of the potential ®eld are visible any
more with a layer thickness of about 1mm [4] and
that only the di�usion is of interest. As was shown
using the FIT computation [4], a largely homoge-

neous distribution of the gas concentration prevails in
the layer. The di�usion overvoltage gD is produced
by the drop in concentration along the di�usion layer
d. Its value is given by the following equations:

gD �
RT
2F

ln
p0H2O

p0H2

psurface
H2

psurface
H2O

" #
� RT

2F
ln

1ÿ x0H2

� �
DIFF

1ÿ x0H2
DIFF

24 35
�30�

DIFF � �1ÿDIFF1� � �1ÿDIFF2�. The quantity
DIFF2 has the same meaning for d as DIFF1 for dk.
This relates to the hydrogen concentration p0H2

which
is equivalent to molar fraction x0H2

in the inlet chan-
nels and is bound to the value of the e�ective di�u-
sion coe�cient Deff;d by the relation

Deff;d � RT did
2Fp0

H2
DIFF2

�31�

The following is true: d = (electrode thickness)
ÿmin�k; dk�. The calculated dependence of the di�u-
sion overvoltage gD on the layer thickness d as well as
the corresponding values of DIFF2 are shown in
Table 2. The values are in good agreement with those
calculated using the FIT method [11].
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