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1 Introduction

Solid oxide fuel cells (SOFC) constitute an energy conver-
sion technology with great potential because of its high effi-
ciency (electrical and cogeneration), modularity and fuel flex-
ibility. Now that acceptable stack performances are reached
[1], long-term stability is the main line of focus. When stacks
in a power plant are installed, the output has to be calculated
on the whole utilisation time. If degradation is too high,
power limitation will rapidly occur and stacks will need to be
oversized.

Degradation can be defined as drop in potential at con-
stant current density during operating lifetime (expressed in
lV per h). The degradation is caused by all stack components
and their interactions, especially from the following.
1. Interconnects:
● formation of a less-conductive oxide layer [2, 3]
2. Cathode:
● densification of the structure [4]

● reaction with the zirconia electrolyte and formation of in-
sulating pyrochlore (as lanthanum zirconate) or perovs-
kite (as strontium zirconate) phases [5, 6]

● reaction with volatile chromium species from the inter-
connect [7, 8]

3. Electrolyte:
● loss of ionic conductivity due to phase changes, impuri-

ties and dopant diffusion [9–11]
4. Anode:
● coarsening of nickel particles [12–16]
● crack formation in the electrolyte during reoxidation of

the anode support [3, 17–20]
● carburisation on nickel particles during internal reforming

[21, 22]
● formation of nickel sulphide when using unfiltered hy-

drocarbon fuel [23–25]

–
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Abstract
Microstructural evolution of anode supported solid oxide
fuel cells (SOFC) during medium-term stack testing has been
characterised by scanning electron microscopy (SEM). Low
acceleration voltage SEM imaging is used to separate the
three anode phases (nickel, yttria-stabilised zirconia and
porosity). Microstructural quantification is obtained using a
software code that yields phase proportion, particle size,
particle size distribution and a direct measure of triple phase
boundary (TPB) density (lm–2). In addition, an anode degra-
dation model is proposed. The model describes the gradual
degradation of the anode due to nickel particle sintering and
the concomitant loss of TPB. Fundamental operational and

structural parameters of the anode can be used to estimate
the TPB length change with time from the degradation rate.
The combination of experimental results and modelling
allows separating the degradation due to sintering of nickel
particles from total stack degradation. Anode degradation
occurs principally during the first 500 operating hours. For
stack tests carried out over more than 1,000 h, anode degra-
dation was responsible for 18 to 41% of the total degradation
depending on initial microstructure.
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Total stack degradation is the sum of these different contri-
butions. The main challenge to understand and propose solu-
tions to counter all these processes is to localise, separate and
quantify them.

The coarsening of nickel particles is a reorganisation of the
nickel phase in the yttria-stabilised zirconia (YSZ) backbone
because of (i) high temperature exposure and (ii) surface ten-
sion between Ni and YSZ (the contact angle between YSZ and
Ni is 117 °) [26]. This increase in particle size will diminish
the contact within the Ni phase (decrease in electronic con-
ductivity) and also diminish the triple phase boundary (TPB)
density (decrease in electrochemical activity). The TPB rep-
resents the line around which the electrochemical reaction
occurs, with electrons in the Ni phase, oxygen anions from
the YSZ phase and fuel and product molecules moving into
the pores. If the TPB density or length (expressed in lm lm–3

or lm–2) decreases, then some reaction volume disappears
and the efficiency of the cell decreases.

Different groups used image treatment and analysis to
study nickel coarsening in the SOFC anode. Simwonis et al.
[13] worked on optical images, limiting the resolution to
0.35 lm. Several works used scanning electrical microscopy
(SEM) [26–28]. Lee et al. [29] employed a combination of both
SEM and optical microscopy images. Differences between
those works and our approach will be commented in the
experimental part.

Some theoretical approaches of anode degradation are pro-
posed in the literature. Ioselevich et al. [12] used a percolation
model with Monte Carlo simulation and effective medium
theory [30]. Vassen et al. [15] extracted nickel diffusion from
nickel coarsening.

In this paper, a method to measure TPB density, particle
size, phase proportions and particle size distributions from
SEM imaging is presented. An anode degradation model, fea-
turing a simple approach regarding the time evolution of the
Ni particle size is also included. Using this in combination
with the Butler–Volmer equation, it links the time evolution
of the TPB length with the degradation rate of the cell or stack
as well as with fundamental (e.g. the anodic transfer coeffi-
cient a) and operational parameters of the cell or stack (e.g.
temperature T).

2 Experimental

2.1 Sample Preparation and Experimental
Setup

The 250 lm thick anode supports
were produced by tape-casting (HTcera-
mix SA, Switzerland) using 55 wt.-%
NiO and 45 wt.-% YSZ. Half cells
were fabricated by co-sintering with a
5–10 lm thick 8YSZ electrolyte. For
stacks A–C, lanthanum strontium ferrite
(LSF) cathodes were deposited by screen-
printing and sintering onto the 8YSZ

electrolyte. The cells were tested in stack conditions (so-called
R-design from HTceramix, [31]) using Fe26%Cr interconnect
from Plansee (so-called IT-10). Given the variability in
production of sintered ceramics from small powder lots, in
this study only those stacks (typically consisting of five cells
each) were selected that included identical cells from a single
tape casting + sintering batch (here ca. 30 cells, batch
CY35A04). Stack D was based on more recent development:
the LSF cathode was replaced by a composite of lanthanum
strontium maganite (LSM) and YSZ, Crofer22APU replaced
the Plansee interconnect and the anode support microstruc-
ture was modified to increase reoxidation resistance. To
assess Ni grain growth with time in the anode, it was an aim
to investigate stacks that had been operated for different
durations. These criteria therefore limit the study to a few
selected stacks. The emphasis here is on the employed meth-
odology for anode microstructure quantification, and not on
absolute stack performance and longevity.

The test durations and operating conditions of the selected
stacks for this study are presented in Figure 1 and Table 1.
The test reduction temperature was constant at 720 °C. Dur-
ability with the early generation cells (stacks A–C) has been
poor, to a large extent because of interfacial reaction between
LSF and YSZ [32] and Cr contamination of the cathode, as the
FeCr metal interconnects, bore no air-side protective coating
to suppress Cr evaporation [7, 8]. Nonetheless, temporal
change of the anode microstructure (mostly nickel coarsen-
ing) is expected to contribute in stack performance loss, espe-
cially during relatively short operating periods soon after the
high temperature reduction process, and it has been regarded
here as an interesting challenge to quantify and separate this
anode degradation process among other simultaneously
occurring stack degradation processes.

A central piece of selected anode supports was extracted
from tested cells (cell 4 for stack A, cell 5 for stack B, cell 3 for
stack C, cell 1 for stack D). To preserve the microstructure
during grinding, especially the small pores (down to tens of
nanometres), the porous samples were impregnated using
different mixtures of epoxy embedding kit (Fluka no. 45359)
with acetone. The first impregnation was done in three vol-
umes of acetone with one volume of epoxy, under mild vacu-
um (200 mbar) for 30 min. The following steps were succes-
sive changes in the mixture composition as 1:1 (acetone/

Table 1 List of selected stack tests at LENI for anode microstructural analysis (HTceramix® early
generation cells for stacks A–C). Air-k is the ratio between the air flow and the fuel flow.

Stack A B C D

Test time (h) 158 240 1,130 1,900
Average current density (A cm–2) 0.35 0.46 0.28 0.46

Fuel flow (97% H2 3% H2O)
(mL min–1 cm–2)

6 5 (0–100 h) 5 (0–300 h) 7 (0–1,000 h)
8 (100–240 h) 6 (300–1,130 h) 8 (1,000–1,900 h)

Fuel utilisation (FU) (%) 40 40 40 (0–470 h)
40 (0–300 h and
1,000–1,900 h)

25 (470–1,130 h) 50 (300–1,000 h)
Air-k 1.6 1.6 1.6 2
Aveage cell degradation (lV h–1) –592 –755 –262 –54
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resin), 1:3 and finally only epoxy [33]. The resin cure occurred
for 24 h at 60 °C. Samples were polished with diamond lap-
ping films down to 0.1 lm, with water as cooling and lubrica-
tion medium.

A scanning electron microscope FEI XL-30 SFEG Sirion
was used to take cross-section images at low acceleration
voltage. As the back-scattered electron (BSE)-yield coeffi-
cients for nickel and YSZ are similar, high voltage and current
density can be used to distinguish the phases [28]. Drawbacks
of high voltage are first a lower resolution due to bigger inter-
action volume between electron and matter and then an over-
estimation of the denser phase (nickel). Other authors used
an indirect technique to separate Ni, YSZ and pore phases. In
that case information from the three phases came from differ-
ent images [29, 34]. To limit the drawbacks of an indirect tech-
nique or high voltage SEM imaging, secondary electron (SE)
imaging at a low accelerating voltage of 1 kV was performed.
These conditions were recently presented by Thydén et al.
[35] and gave good contrast between nickel, yttria-stabilised
zirconia and porosity (Figure 2). Identical working distance
(5 mm), magnification (2,000×) and high beam current den-
sity (spot size 4 and 50 lm diaphragm) were fixed for the full
batch of observations.

Light scattering particle size analyses were conducted on
raw powder suspensions (in 0.1% polyacrylic acid solution of
pH = 10 and dispersed with ultrasound horn for 15 min)
using a Mastersizer from Malvern Institute (UK).

Specific surface area measurements were performed with
a Micrometrics Gemini 2376. Samples were dried for 1 h at
200 °C under nitrogen before measurement.

2.2 Quantitative Image Analysis

A Mathematica® code was developed in-house using the
add-on Digital Image Processing (Wolfram) to treat and analyse
the original images.

Image treatment consists in reducing the 256 grey levels
from the original image to only 3 grey levels corresponding
to the three phases (black for pores, grey for YSZ and white
for Ni). This is achieved by applying two thresholds to the
grey level histogram of the original image to first obtain two
binary images corresponding to the nickel and pore phases
[36]. The threshold values are defined by the difference from
the peak centre to the darker minima. For the black–grey
threshold, a value of 40% from the grey peak is used and for
the grey–white threshold a value of 65% from the white peak
is used. Cleaning of the binary images (to remove isolated

Fig. 1 Stack operating time and conditions (stacks A and D were tested at 800 °C).
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pixels) is then performed using morphological operations,
such as ‘opening’ and ‘closing’ [37]. An ‘opening’ is com-
posed of an erosion followed by a dilation, while a ‘closing’ is
a dilation followed by an erosion. Erosion removes any pixel
that has a background neighbour (black pixels). Conversely,
dilation adds a white pixel layer around any white pixel sur-
rounded by the background. The erosion order is defined as
the number of consecutive erosions. Erosion and dilation are
applied using a structuring element, in our case an octagon
(after high order opening the structuring element shape can
be observed, see Figure 3). These operations smooth irregular
borders, and fill in or remove isolated pixels and lines. After
cleaning these binary images, the recombination of pores
(black) and nickel (white) images will render the grey YSZ
phase (Figure 2). All treated images are finally compared to
the original one.

Image analysis extracts quantitative microstructural infor-
mation from the treated pictures (Figure 4).

● Volume fraction (Vi): measured from the surface fraction of
the different phases i as Ni, YSZ and pores on the image.
Volume fraction of the sample (VV) corresponds to surface
fraction of the image (AA), VV = AA. This is the basic rela-
tion for quantitative stereology [38].

● Particle size, 1st method (lIM): using the intercept method
(IM) [28, 39]. The number of particles from the phase i in-
tercepted by the line (N) is measured along horizontal
and vertical lines (spaced of 10 pixels). Knowing the total
length of the line (L) and the volume fraction, the particle
size can be obtained from:

lIM�i � LVi

Ni
�1�

To obtain the real mean particle size from the image analy-
sis data, the value from the IM for nickel (lIM,Ni) was multi-
plied by 1.5 as the Ni particles are considered spherical (as

lIM � 4
V
S
� 4

pd3
�

6
pd2 � 2

3
d then d = 1.5lIM) [38]. According to

Fig. 2 Image treatment; double thresholding to obtain Ni (white, bottom figure in central column) and pore (black, top figure in central column) binary
images; the arrows represent image cleaning (see text) and recombination to obtain the three phase images (YSZ = grey in the right most figure).

Fig. 3 Particle size distribution obtained by consecutive opening (with octagon as structuring element).
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the ASTM standards [40] equiaxed but irregularly shaped
grains should be multiplied by 1.13. That is the case for the
YSZ and pore phases measured by the IM (lIM,YSZ and lIM,p).
● Particle size, 2nd method (lMO,i) and particle size distribution:

based on morphological operation (MO) [41, 42]. The size
distribution of a complex microstructure is possible to de-
rive by increasing the opening order step by step (Fig-
ure 3). After each step, a certain surface is lost, which can
be related to the number of particles, knowing the single
surface of a particle (defined by the structuring element
and the step number). lMO,i is the mean size in number
calculated from the number of particles per class interval
(Nj). At a magnification of ×2,000 and with an octagon as
structuring element, the class interval step is equal to
0.175 lm. lMO,i is the average of the distribution and it in-
dicates the mean value; the dispersion or width of
the distribution is described by its standard deviation (r)
[43].

lMO �
�n

j�1 Njlj
Ntot

�2�

r lMO� � �

������������������������������������������n
j�1 Nj lj � lMO

� �2

Ntot � 1

���� �3�

lj is the particle size of the class j and the total number of

particles analysed is Ntot �
	n

j�1
Nj

● Surface per volume (SV,i) for the phase i: the IM gives infor-
mation about interfaces per volume (in lm2 lm–3 or lm–1)
present in the sample.

SV�i � Ni

L
�4�

This calculation for the porosity phase (SV,p) can be related
to specific surface area measurements.
● TPB density or TPB length (ltpb): this is obtained by scan-

ning the image with a 2 × 2 pixel matrix and comparing
the pixel values (as shown in Figure 4) in this matrix. The
number of TPB points (0D) in the image (2D) yields the
TPB density in lm lm–3 or lm–2. A factor 2 is introduced:
the stereology calculus [38] gives that the length in a vol-
ume (LV) is equal to twice the number of points in a sur-
face (PA), LV = 2PA.

3 Results and Discussion

Stacks were tested in different conditions (see Figure 1).
As temperature and current density were unfortunately not
always constant, mean values were taken for the full tested
time. Stack A was tested at 0.35 A cm–2 and underwent four
thermal cycles, stack B was tested under higher current den-
sity (0.46 A cm–2) and stack C under lower current density
(0.22–0.34 A cm–2). The operating durations were 158, 240
and 1,130 h for stacks A, B and C, respectively. A mean deg-
radation rate was derived from the initial potential to the final
potential over the full time of utilisation and the results are
presented in Table 1.

Two images were analysed on each sample. The outcome
was always reproducible. Measurements were done close to
and far away from the electrolyte to see if the morphological
variation was different in the electrochemically active region
and the bulk support. No difference was obtained between
the anode support and the active region. It is recalled that
after fabrication, the anode structure is homogeneous
throughout, i.e. no anode functional layer is used. Figure 5
presents a micrograph of the samples and Table 2 presents
the results of the full set of image analyses.

Phase proportions for the sample lay close to the theoreti-
cal values obtained from volume contraction of nickel oxide

Fig. 4 Image analysis giving (1) phase proportion, (2) surface per volume, (3) particle size, (4) particle size distribution and (5) TPB density.
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reduction to metallic nickel. The volume contraction is
calculated from the molar volume (Table 3) and the equation
DVreduction = (Vm,Ni–Vm,NiO)/Vm,NiO. This gives a contraction
of –41.7 vol.-% of the nickel oxide volume, corresponding
to 21.8 vol.-% of final porosity if the original ceramics
were fully dense. This result found confirmation from
mercury porosimetry which gave 21 ± 5 vol.-% porosity
after reduction of an anode support sample (batch

CY37A04, identical powders and prep-
aration route as batch CY35A04 for
stacks A–C).

Particle sizes presented in Table 2 are
the result of the two particle size measur-
ing methods. For qualitative observation
see Figure 5.

Compared with the light diffraction
diameter of the original YSZ and NiO
powder (dv50 = 0.39 and 0.52 lm,
respectively), the analysis results show
values of the same range. We have to
take into account here that the NiO size
increases in diameter during fabrication
(sintering) of the cells, and then
decreases in diameter during high tem-
perature reduction of NiO to Ni, which
for a sphere can be approximated to
RNi

RNiO
�

�����������������������������
1 � DVreduction

3



� 0�835. The spe-

cific powder surface area measurement
using BET theory [44] with YSZ and NiO
as starting powders yielded diameters
(dBET) of 0.14 and 0.21 lm, respectively.
As the sintering of the cells occurs at high
temperature, the particle sizes measured
between raw powders and sintered
anode will increase.

Particle size evolution with time is
presented in Figure 6. The latter also
compares the particle sizes resulting
from the IM and MO method. Both tech-
niques give similar values for the YSZ
phase and are within error for the nickel
phase. The pore size measurement from
both methods presents a larger discre-
pancy because this phase shows the
smallest size. The MO method is less sen-
sitive to small particles (see Figure 4) as
the images are cleaned with the same
method and each step removes two
layers of pixels (octagon as structuring
element). In other words, smallest parti-
cles are confused with picture noise. To
obtain a similar result for the pore phase
with both techniques, the magnification
should be increased beyond 2,000 times
(the interval step is equal to 0.175 lm at

Fig. 5 SEM image at same magnification (1,000×) of sample (a) zero time (standard anode), (b)
stack C 1,130 h (standard anode), (c) zero time (modified anode) and (d) stack D 1,900 h (modi-
fied anode).

Table 2 Post test anode image analysis results for the stacks listed in Table 1.

Sample Zero time
(reduced cell

from same
batch)

Stack A Stack B Stack C Zero time Stack D

Testing time (h) 0 158 240 1,130 0 1,900
Phase proportion (%)

Porosity 19.5 ± 2.0 20.2 ± 2.1 19.0 ± 1.9 19.7 ± 2.0 19.8 ± 2.0 20.4 ± 2.1
YSZ 50.3 ± 5.1 50 ± 5.0 50.5 ± 5.1 50.3 ± 5.1 49.6 ± 5.0 49.7 ± 5.0
Ni 30.2 ± 3.1 29.8 ± 3.0 30.5 ± 3.1 30 ± 3.0 30.6 ± 3.1 29.9 ± 3.0

Particle size, interception line method (lIM,i) (lm)
Uncorrected porosity 0.29 0.31 0.31 0.31 0.32 0.34
YSZ 0.47 0.48 0.51 0.52 0.57 0.56
Ni 0.42 0.51 0.54 0.57 0.52 0.60
Corrected porosity 0.33 ± 0.04 0.35 ± 0.04 0.35 ± 0.04 0.35 ± 0.04 0.36 ± 0.04 0.38 ± 0.04
YSZ 0.53 ± 0.06 0.54 ± 0.06 0.58 ± 0.06 0.59 ± 0.06 0.64 ± 0.07 0.63 ± 0.07
Ni 0.63 ± 0.07 0.77 ± 0.08 0.81 ± 0.09 0.85 ± 0.09 0.78 ± 0.08 0.90 ± 0.09

Particle size, MO method (lMO,i) (lm)
Porosity 0.47 ± 0.16 0.49 ± 0.19 0.54 ± 0.18 0.49 ± 0.18 0.51 ± 0.19 0.51 ± 0.22
YSZ 0.53 ± 0.27 0.55 ± 0.27 0.57 ± 0.29 0.57 ± 0.29 0.61 ± 0.36 0.61 ± 0.33
Ni 0.58 ± 0.25 0.67 ± 0.31 0.70 ± 0.33 0.73 ± 0.35 0.64 ± 0.34 0.75 ± 0.38
TPB density (lm–2) 1.84 1.50 1.44 1.38 1.68 1.34

Table 3 Nickel and nickel oxide molar mass, specific mass and molar vol-
ume [53].

NiO Ni

M (g mol–1) 74.71 58.71
q (g cm–3) 6.67 8.9
Vm (cm3 mol–1) 11.32 6.60
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a magnification of ×2,000 and will be equal to 0.0875 μm
at ×4,000).

Figure 6 shows that nickel particle size increases signifi-
cantly during the first 200 h. The other phases show an evolu-
tion of the microstructure too. This can be understood for the
porosity but the zirconia microstructure should remain stable
at these temperatures (750–800 °C). The increase in YSZ parti-
cle size is within measurement error from the phase propor-
tion. The coefficient of deviation for phase proportion, σ(V)/
V, using the systematic point method is 10% as presented by
Hilliard et al. [38]. The phase proportion (Vi) calculated from
image pixels corresponds to using a systematic point method.
This error is propagated on lIM,i through Eq. (1). For the parti-
cle size derived from the MO method (lMO,i), the error in
Table 2 is given by the standard deviation [Eq. (3)]. The stan-
dard deviation on the porosity and YSZ phases is constant
with time but increases for the nickel phase. After analysis of
the Ni particles histogram distribution, certain nickel parti-
cles increase significantly in size, which causes lMO,i and
σ(lMO,i) to increase.

The specific surface area obtained from a BET measure-
ment for a reduced half-cell (batch CY37A04) gave
SBET = 0.67 ± 0.02 m2 g–1. The interface of porosity per vol-
ume (SV,p) can be calculated knowing the density (measured
by Hg porosimetry, ρ = 7.01 ± 0.03 g cm–3) and the porosity
of the sample (also measured by Hg porosimetry,
Vp = 21 ± 5 vol.-%).

SV p SBETρ
Vp

1 Vp
5

This calculation gives 1.25 ± 0.28 μm2 μm–1. Image analy-
sis and Eq. (4) were used to calculate SV,p from the
freshly reduced anode support (CY35A04), leading to
1.35 ± 0.14 μm–1. These two results lie very close considering
the error on the measurements. Furthermore, SV,p from image
analysis is expected to be slightly bigger as mercury porosi-
metry does not measure closed porosity.

Usually, particle coarsening follows the Oswald ripening
law [45]:

2R 3 2R0
3 ks Osw 6

or an exponential growth law [46], which can be derived
from simple Ni mass balance considerations by assuming that
the sintering process occurs at the contact area of adjacent Ni
particles (see appendix A):

R R0exp ks Exp 7

where R0 is the initial particle radius and ks the rate constant
for the process. In Figure 7 only the measured values at
t = 158 h (stack A) and t = 240 h (stack B) follow both laws.
The value at t = 1,130 h (stack C) then strongly deviates from
both model predictions. The reason is believed to be that the
zirconia backbone stops excessive nickel particle coarsening.
Therefore, we introduced this limitation in an alternative
model, as a maximal size that the nickel particles can reach
(represented by Rmax). This suggested process is similar to the
law obeyed by a charging capacitor:

R R max R0 1 exp ks Capt R0 8

Fig. 6 Evolution of the particle sizes with time (stacks A–C). Dashed lines:
particle size measured from consecutive opening method,lMO,i . Solid
lines: particle size measured from the intersection method,lIM,i. Black lines
are for pore size measurement, light grey for nickel particles and medium
grey for YSZ particles.

Fig. 7 Top: linearisation of the data ( lIM) using the Ostwald ripening law
and the Exponential growth law for nickel particles. Bottom: �t of the
experimental (lIM) data with a charging capacitor model.
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Here 1/ks,Cap = τ, where τ is a time constant for nickel
coarsening. The rate constants ks for the different models
(Oswald ripening, ks,Osw; exponential growth, ks,Exp; charging
capacitor, ks,Cap) are presented in Table 4. In Figure 7 we see
that the charging capacitor model fits well with the experi-
mental data. The maximal radius is close to the value
obtained at 1,130 h. The time constant is around 160 h
(151 ± 8 h for lIM and 163 ± 11 h for lMO), which corresponds
to a period during which the microstructure changes rapidly
and where the two classical models (Ostwald ripening and
exponential growth) also approximate the nickel particle
growth. After this period the nickel coarsening is slowly
stopped by the YSZ skeleton.

After 600 h, the nickel particle size seems to be constant
(Figure 7) and the diameter at ‘infinite’ time is only 0.1% big-
ger than after 1,130 h. This makes it possible to compare
data from the literature when the utilisation time is over
600 h. Table 5 compares nickel coarsening data in Ni/YSZ
anode supports. The interesting point is that all the data lie
in the same range, between 15 to 34% increase in the Ni parti-
cle size for all anode supports. The literature for Ni coarsen-
ing in anodes on electrolyte supported cells reports huge
coarsening of the nickel phase up to 130% [47]. No clear
tendency is observed between nickel coarsening and time of
utilisation or temperature of the test. The extreme values
are for stack C and D in this study. The difference in anode
from stack C to D is a change in the original microstructure,
both Ni and YSZ particles were increased in starting
size by 21 and 24%, respectively. The pore size is approxi-
mately constant between the two anode microstructures. To
obtain a more stable anode, its microstructure needs to be
coarser.

As the nickel particle size increases, the TPB density
diminishes from 1.84 μm originally to 1.38 μm after 1,130 h
(see Table 2). This decrease can be well fitted with an equiva-
lent unloading capacitor model ltpb(t) = ltpb,∞ + (ltpb,0–ltpb, )
exp(–ks,Cap ) (Figure 8), the time constant is 118 h in this case.

The original TPB density obtained here is of the same
order as the value obtained by Wilson et al. [48] (ltpb,Wilson

= 4.28 μm–2) after three-dimensional reconstruction of a
Ni/YSZ anode functional layer (AFL). The difference can be
explained by the fact that the anode support tested here did
not contain any AFL. Here the anode support fulfills two
functions: the mechanical strength is given by the coarse YSZ
skeleton and the electrochemical activity is mainly given by
the TPB density. This compromise decreases the TPB density.

3.1 Anode Degradation Model for Particle Coarsening and
Sintering

Using fundamental electrochemical equations, one can link
the time evolution of the TPB length (ltpb) with structural and
operational parameters of the anode.

We consider the high field approximation of the Butler–
Volmer equation [49, 50], which relates current with the over-
potential (η),

i i0exp aFη
RT ⇒ ln i

i0
aFη
RT 9

where F, the Faraday constant, a, the transfer coeffi-
cient (assumed as 0.5 [49, 50]), T, the temperature,
i0, the exchange current density and R, the gas con-
stant. It should be noted that although the linear
rather than the exponential (Tafel) approximation
of the Butler–Volmer equation is frequently used in
high temperature SOFC modelling, the linear

approximation requires that Fη
RT 0 1, thus

η<10 mV, which is not a realistic assumption even
for very efficient anodes. For fixed current density i,
one obtains via time differentiation:

d ln i0
aF
RT dη aF

RT
dη
dt dt≈ aF

RT
Dη
Dt dt

aF
RT

DU
Dt dt 10

Table 4 Time constants for the di�erent models (using stack A and B for Oswald and
exponential model, stack A–C for the capacitor model).

Method ks,Osw (μm3 s–1) ks,Exp (s–1) ks,Cap (s–1) 2Rmax (μm) τ (h)
l 3.31 × 10–7 2.99 × 10–7 1.84 ± 0.27 × 10–6 0.851 ± 0.004 151 ± 8
l 1.73 × 10–7 2.22 × 10–7 1.70 ± 0.41 × 10–6 0.731 ± 0.004 163 ± 11

Table 5 Comparison of nickel coarsening in Ni/YSZ anode support.

Operating conditions Image analysis
Ni particle size

increase (%) Source

1,500 h, 750 °C IM 30 Hagen et al. [27]
1,500 h, 850 °C IM 22 Hagen et al. [27]
4,000 h, 1,000 °C IM 26 Simvonis et al. [13]
600 h, 800 °C IM 29 Monachon et al. [28]
1,130 h, 800 °C IM 34 ± 7

This study62OM)CkcatS( ± 5
1,900 h, 800 °C IM 15 ± 3 This study

71OM)DkcatS( ± 3

Fig. 8 Fit of the experimental (ltpb) data with a unloading capacitor
model.OR
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where U is the cell potential and DU/Dt is the measurable
degradation rate. Denoting by U0 the open circuit voltage,
U = U0–η , then Dη = –DU, as used in Eq. (10). One thus
obtains by integrating Eq. (10):

ln i0 i00
aF
RT

DU
Dt t 11

Eq. (11) shows the dependence of the experimentally mea-
surable degradation rate DU/Dt on the exchange current den-
sity. The exchange current density, i0, is proportional to the
length of the three phase boundaries [49, 50], i.e.

ln i0 i00 ln tpb tpb 0 12

where i00, the initial exchange current density and ltpb,0, the
initial TPB length.

Substituting Eq. (12) for Eq. (11), we obtain:

tpb tpb 0 exp aF
RT

DU
Dt t 13

Thus rewriting Eq. (13) as

DU
Dt

RT
aFt ln tpb tpb 14

one can predict the degradation rate on the basis of the time
evolution of the TPB length. In doing this one assumes that
the loss of TPB length is the only cause of anode degradation
and that the anode degrades in a uniform manner. The latter
is supported by the SEM images (Figure 5).

Table 6 compares the anode degradation rate calculated
from Eq. (14) with the total stack degradation rate. One
observes that the anode degradation due to nickel coarsening
is quite significant and can exceed half of the initial stack deg-
radation rate. These values obviously strongly depend on the
a value used in the Butler–Volmer equation and on the accu-
racy of the TPB length estimates. More data will be needed
for a more quantitative comparison.

The TPB length is also stabilising with time as presented in
Figure 8. From this figure and Eq. (14), it is possible to extra-
polate the anode degradation for any time.

The proportion of the degradation coming from the anode
is more important at the beginning of the test as presented in
Table 6. After 158 h the anode degradation represents 40% of
total degradation, after 1,130 h it is only 18% of total degrada-
tion. As nickel particle coarsening occurs during the begin-

ning of the test (time constant ≈160 h) initial degradation is
mainly due to the change in anode microstructure. Long-term
degradation is principally coming from the cathode side, as
lanthanum zirconate formation causes cathode detachment
from the electrolyte [27] and as chromium poisoning from
volatile Cr species emanating from the interconnect affects
the reaction at the cathode TPB [8].

The degradation proportion in stack D due to the anode is
more important than in stack C even if the stack C lifetime
was shorter. However, in absolute values, the anode degrada-
tion from stack D is more than twice as small as the one from
stack C. Stack D, as mentioned, comes from a more recent
development using (i) a different cathode composition (LSM/
YSZ replaces the LSF); (ii) another interconnect and (iii) espe-
cially, a coarser anode microstructure, with total stack degra-
dation reduced by a factor of 5 compared to the early stacks.
As the other cell components were greatly improved, the pro-
portion of anode degradation increases even if the absolute
value decreased. Long-term stable anodes can be designed by
coarsening the original Ni/YSZ microstructure or maybe by
using a ceramic anode [51].

In this paper the emphasis was on the employed method-
ology for anode microstructure quantification, and not on
absolute stack performance. As stacks were tested for differ-
ent research purposes, temperature and current density were
not always constant. Therefore, a mean value for temperature
and current density had to be approximated for the full test
time in this study. A more recent study using dedicated elec-
trochemical tests of small active area is presented by Tanasini
et al. [52] to exclude or limit stack degradation source such as
chromium poisoning, fuel starvation and anode edge reoxi-
dation. A parallel microstructural degradation study of both
electrodes was undertaken there to understand and isolate
their principal mechanisms.

4 Conclusion

HTceramix anode supported cells were tested in real stack
conditions. Direct microstructural quantification of the tested
SOFC anodes was performed using SEM imaging under low
accelerating voltage. Image treatment and analysis was car-
ried out with a software code to give information on the
phase proportions, particle sizes from the IM, particle sizes
and particle size distribution from a MO method, as well as a
direct measurement of TPB density. An alternative model to
Oswald ripening or exponential growth was presented to
describe the nickel coarsening in the YSZ structure. This indi-
cates that the sintering of Ni is acting mostly during the first
500 h (≈3τ) of stack operation.

A second model linked the TPB length variation, which is
another way to measure nickel coarsening, to the degradation
rate. Based on TPB quantification, this model gave the portion
of stack degradation corresponding to anode performance
decrease due to particle sintering. This proportion can be up
to 40% of initial stack degradation.

Table 6 Comparison of degradation calculated for the anode and ob-
served on the full stack.

Stack A Stack B Stack C Stack D
Degradation from ltpb [Eq. (14)] (μV h–1) –239 –189 –47.1 –22.0

Cell degradation (experimental) (μV h–1) –592 –755 –262 –54.0
Proportion of anode degradation on
total degradation (%) 40 25 18 41
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Appendix

Here we derive Eq. (7). Assuming an average initial radius
R0 for the Ni particles and an average radius R after time t,
one has the following equations for the TPB length (ltpb), sur-
face area (S) and volume (V) in terms of the number of parti-
cles (N) in the anode. The latter is also expected to decrease
during the sintering process due to the disappearance of
smaller particles.

�tpb�0 � 2pN0R0� �tpb � 2pNR �15�

S0 � 2pN0R2
0� S � 2pNR2 �16�

V0 � 2
3

pN0R3
0� V � 2

3
pNR3 �17�

Mass balance of the Ni atoms at constant density requires
V = V0, thus:

N
N0

� R3
0

R
�18�

Therefore, from Eq. (15)–(18) one obtains:

S
S0

� R0
R

�19�

�tpb

�tpb�0
� R2

0
R2 �20�

Assuming that the rate of sintering is proportional to the
contact area, Sc, of adjacent Ni particles, i.e.

� dS
dt

� kSc �21�

and that Sc is proportional to S, i.e. Sc = bS (with b, a con-
stant), as long as the spherical Ni particle assumption remains
valid, and as long as R does not reach the maximum value
defined by the voids of the YSZ structure, then:

dS
dt

� ��kb�S �22�

S�S0� � exp��kbt� �23�

Using Eq. (19),

R � R0exp�kbt� �24�

which corresponds to the exponential growth model where ks

= kb [Eq. (7)].

List of Symbols

Vi volume fraction of the phase i
AA surface fraction of the image
lIM particle size from intercept method (IM) (lm)
lMO particle size from morphological operation (MO)

(lm)
N number of particles
r standard deviation
SV surface per volume (lm–1)
ltpb TPB density or TPB length (lm–2)
SBET specific surface area from BET (m2 g–1)
ks rate constant for the process (/h–1)
R0 initial particle radius (lm)
Rmax maximal particle radius (lm)
t time (h)
s time constant for nickel coarsening (h)
a transfer coefficient
F Faraday constant (C mol–1)
T temperature (K)
i0 exchange current density/A (cm–2)
R gas constant (J K–1 mol–1)
U cell potential (V)
DU/Dt measurable degradation rate (lV h–1)
U0 open circuit voltage (V)
Sc contact area (lm2)
M molar mass (g mol–1)
q specific mass (g cm–3)
Vm molar volume (cm3 mol–1)

Subscripts

p porosity
Ni Nickel
YSZ Yttria-stabilised zirconia
Osw Oswald ripening model
Exp exponential growth model
Cap charging capacitor model
IM intercept method
MO morphological operation
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