JOURNAL OF MATERIALS SCIENCE36(2001) 147-151

Modelling of the agglomeration of Ni-particles
in anodes of solid oxide fuel cells

R. VARBEN,D. SIMWONIS, D. STOVER

Institut fur Werkstoffe und Verfahren der Energietechnik 1, Forschungszentrum Jlilich,
52425 Jiilich, Germany

E-mail: r.vassen@fz-juelich.de

The degradation of anodes of solid oxide fuel cells (SOFC), which consist of a porous

metal - solid electrolyte material is described by a two particle model. The model is based
on two main assumptions. Firstly, the difference in metal particle diameter is the driving
force for the observed coarsening of the larger metal particle during long term annealing.
Secondly, surface diffusion of metal atoms on the particle surface is the dominant diffusion
mechanism. Additionally, a function was introduced which considers the limited space for
the growth of the nickel particles in the cermet material. The found analytical function for
the growth kinetics was compared to experimental results for the growth of nickel particles
in a nickel - yttria stabilised zirconia (YSZ) anode annealed at 1000°C up to 4000 h. The
model describes the time dependence of the observed particle radii in an adequate way.
The resultant surface diffusion coefficients for Ni are lower than results found in literature.
Possible explanations are discussed. However, the result shows that the proposed
mechanism - surface diffusion of nickel atoms - is fast enough to explain the found amount
of Ni agglomeration in SOFC anodes and is therefore considered to be the dominant
mechanism. © 2001 Kluwer Academic Publishers

1. Introduction with no more electrochemical contribution to the net-
In most SOFC concepts a porous cermet made of YS#ork. The model gives an insight in the development
and Ni particles is used as anode material [1, 2]. Theof active bonds in the anode, the density of three phase
electrochemical performance of these anodes is ddsoundaries and the transport resistance in anodic ma-
pending on the number of so-called three phase bounderials. However, a correlation of the introduced input
aries, i.e. the lines, where pores (burning gas supply)parameters (e.g. sintering probability) with actual ma-
solid electrolyte (& supply) and metal (removal of terials parameters like particle size, particle size dis-
electrons) are in contact. Often, a functional layer,tributions, or diffusion coefficients or experimentally
which has the same composition as the anode substrafieund microstructural changes, e.g. Ni particle growth,
but a finer particle size distribution, is applied to theis difficult. In the present paper a different approach
anode substrate to increase the electrochemical perfowas used. The problem was reduced to a two particle
mance. During high temperature operation for long peproblem, i.e. two Ni particles of different sizes in con-
riods of time a degradation of the electrochemical pertact with each other. Even this two particle problem is
formance has been observed [3, 4]. This degradatioa rather complex one if analysed in detail. Raal. [7]
is mainly attributed to the Ni agglomeration and thestudied the neck growth of two particles in contact by
corresponding reduction of the three phase boundariefinite element calculations. The time of disappearance
While in principle it is obvious that the Ni particle will of the boundaryy was derived from the simulation and
grow during high temperature operation a detailed deeould be described by an empirical formula. The major
scription of the kinetics of this process is difficult due parameters which determirig are the surface diffu-
to the complexity of the structure. Two types of mate-sion coefficient (much more than the grain boundary
rials (YSZ and Ni) and additionally pores exist in the diffusion coefficient) and the size of the particles. In
structure with all of them having multi-modal size dis- the present study, only surface diffusion was taken into
tributions. account to derive a kinetic equation for the Ni particle
An approach to describe the degradation was pergrowth. This equation was compared to results of the
formed using a so called correlated percolation modelffinite element calculations.
in which monosized particles are located on a face- Additionally, a term was introduced in the model,
centered cubic lattice [5, 6]. In the computer simulationwhich takes into account the limited space for Ni par-
sintering between two metal particles occurred instanticle growth within the cermet. The additional fitting
taneously with a certain probability. The result is anfactor of this term is closely related to the pore volume,
unchanged particle and one pore or one dead particihich can be easily determined experimentally.
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Fig. 2iis:

AX = V(1 4152+ (1 —19)? 3
Before we calculate the growth rate of the large particle
it is useful to introduce a mean particle radiysand a
particle radius differencer:
rm=(r+rs)/2 (4a)

and

Figure 1 Geometry of the used two particle model. Ar =r1) —Tg (4b)

An important assumption in our model is that is
2. Theory proportional tor, for all times. This implies that the
jparticle size distribution keeps a similar shape during
growth. The proportionality constant betweAn and
rmis calledg:

The geometry of the used two particle system is show
in Fig. 1. This geometry implies that neck growth does
not play adominantrole during particle growth. This as-
sumption can be justified by that fact that the anode ma- AF = 2Br (5)
terial was sintered during the manufacture of the SOFC m

at relatively high temperatures (typically 14@). AS 15 assumption is a basic one for the model because it
a result, neck growth should be finished or should nogetermines the kinetics of the particle growth. An intu-
play an important role during operation at low temper-jtive justification for the assumption is that it holds also
atures (typically below 100€). , _for other important grow laws, like Ostwald ripening
Using the geometry in Fig. 1 it is possible to derive [g] As discussed in the next section a more straight
a simple equation for the vacancy flow from the largegonyard justification is the fact that the measured par-
to the small particle. The derivation is quite similar 10 yicje size distributions indeed showed this behaviour.
the one used in sintering theory [8]. The difference iNgyrthermore, it is found that the model derived in the
curvature between large and small particle leads to diffollowing is not very sensitive to changes of the pa-
ferent pressurep in the matrix and hence different rameterg. A change ofg of about 10% leads to a 1%
vacancy concentrations in the two particles. The diﬁer‘change in particle radius.
ence in vacancy concentratia&xC is for values which We can now calculate the volume change per time

are small compared to the vacancy concentration of fdv/dt) due to diffusion through a surface area with
flat surfaceCy proportional to the change of free energy thicknessss and circumferences2r ,,, which is in fact

of vacaney formafiome: a kind of mean value:
1 1 av _
AC—c AC - QAP _ st(ﬁ_ﬁ) Q) & = ~ivds2nrm® ©)
CkT T RT T kT

This rate of volume change is equal to the rate of volume

with © being the volume of a vacancse(atomic vol- ~ change (the growth) of the large particle:

ume),ys surface energy Boltzmann constant, antd dv
temperature. The expression for the pressure implies, —
that the surface is curved only in one direction. This is dt
true for the intermediate part of the geometry given inysing (2, 4-7) ands= D, sCo$2 for the atomic sur-

Fig. 1 (conical shape). The higher pressure at both endgce diffusion coefficient [10], we finally have:
arising from the higher curvature will not be considered

because in aanode such free ends, e.g. particles without drm  73s€2Dsys B

=4n{— (7)

) . X — = 8a)
contact to the neighbouring particles, are rare. dt 2kTr3  (1— B2)(1+ B)3/1+ B2 (
The difference in vacancy concentration will lead m (1=t F) g

to a vacancy flowj, (or an atom flux in the opposite or after integration with respect to tinte
direction) from the large to the small particle according
to Fick’s law. In the case of surface diffusion this can_ (0 —r(0)} = 2552 Dsyst B
be written as: m M KT (1— B9+ P31+ p2

. dc AC CoQ2ys(1 1 (8b)

= Dv,sd_ ~ Dys— = VS AXKT\r  re ) ) .

X AX AXKT I Ts A comparison with the results from finite element cal-

(2)  culation [7] of the two particle sintering will be made
in the following. In this simulation, the time of disap-
with Dy s being the vacancy surface diffusion coeffi- pearance of the grain boundary, e.g. the disappearance
cient. The diffusion distancax from point Ato Bin  of the smaller particle, was empirically determined by
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fitting the simulation results. The following formula Using the new variablg we find the following equation
was found: for the growth rate of the mean particle diameter:

gz KT r4< Dsbs )“5(@) (E)m @ DO_590% 1 L+H  1-y)
QysDsds ° Dgbdgb Vs M at 2kTr4 . 1—y(0)3 1—B3d/1+p? y(t)3
A direct comparison with our model is not possible, (12)

because due to assumption (5) the particles will noThe solution is:
disappear. However, we can calculate the time needed

for a particle of the mean radius to growth up to the A 1 B+ )
double volume: rmax1— Y02 (1 - p2)/1+ B2
o kT 243 1 —vy)?
td = I'r?]( ) — _y_} In (&)
QysDsds 2 6 \1+y+y?
(1- B+ B)*V1+ B2 2 arctan?¥ 1
X ( 5 (10) + 7 arctanW +C (13)

The first terms in Equations 9 and 10 are equal and thwith C being an integration constant determined by
terms in brackets differ not to much from unity. Hence, S€ttingt =0 in (13) andA = (3522 Dsys)/(2kT).
the results of our model are close to the ones of the

more precise calculation. . . .
P . Comparison with experimental results

The approach does not consider the limited space f he Niagglomeration was investigated in SOFC anodes

growth within the cermet microstructure. To incorpo- ., .
rate this into the model we introduce an additional termWhICh have been prepared by the Coat Mix process [11].

in (8) which will go to zero when the volume of the Atypical microstructure is shownin Fig. 2. Particle size

large particle reaches some maximal valyam 3 _ distributions havg been determined ffom optical mi-
max crographs using image analysis techniques. The found

r3  —r3t) 1—y(t) _ Fm(t) results were multiplied by a factor of 1.5 to convert
r?ax_ r|3(0) =1-y(0F with  y(t)=1+ 5)rm— the 2 dimensional intercept lengthdra 3 dimensional
max max particle size diameter [12]. Anodes have been annealed
(11)  at 1000C for up to 4000 hours in an A#% H,/4%

20 pm

Figure 2 Microstructure of a SOFC anode prepared by the Coat Mix process [10]. Nickel appears white, YSZ grey and the pores are black.
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Figure 3 A fit of the theoretical growth law (13) for the mean particle 2 1E-13 . )
radius compared to the experimental results for Ni particles in a SOFC 0,6 0,7 0,8 0,9 1,0
anode annealed at 100D for the given times. 1000/T [K]

H»O atmosphere to investigate the growth of the nickeFigure 4 Comparison of the surface diffusion coefficientin Nickel found

particles More details about the experimental procei_n literature [15] with the values obtained by a fit of (13) to the results

dure are found in [13]. of particle growth in SOFC anodes at 8@and 1000C.

A comparison of the experimental results with theory
is given in Fig. 3. The growth law given in Equation 13 ture of an SOFC anode (s. Fig. 2). So the hindrance
contains three free parametefs: A andrmax. S wWas of particle growth by the reduced “free” pore volume
determined from the particle size distributions givingiS incorporated into the model by a first order approx-
approximately 075+ 0.07 independent from anneal- imation (Equation 11). A more pronounced reduction
ing time. A andrmax Were used as fitting parameters. A Of the particle growth rate by this effect would increase

good fit (Fig. 3) was obtained b =85x 1031 m*  the surface diffusion coefficient.
s 1 andrmax=2.25 um. A second possible reason for a reduction of the sur-

From the porosity level of the anodes, which isface diffusion coefficient in our investigation can be
about 40%, we can derive two estimations fg{ax the effect of surface contamination. A comparison of
Assuming that for each particle the maximum avail-the results of Blakely for pure and impure (about 1 wt.
able space for growth, i.e. the pore volume, is equal% impurities) nickel given in Fig. 4 shows a reduction
we can calculate the pore volumé for the mean Of the surface diffusion coefficient for impure nickel.
particle radius. Adding this value to the volume of a Itshould be noted that the slope of the two data points
sphere with radiug, we finally have the maximum gives an activation energy of 1.4 eV, which is in the
particle volume which corresponds to a sphere radiuange of activation energies found in literature.

Of I max= 1.82rn(0) = 1.82 um. If we assume that at a With the determined parameters also predictions for
porosity level of 40% the large particles have the pordonger operation times are possible. For example, a23%
volume of both large and small particles (each withgrowth of the Ni particles in the functional layer is
identical volume fraction) for growth we find a maxi- Predicted by the model after 10000 h of operation at
mum particle radius Ofax=2.32rm =2.32 um. The  800°C.

actual found value is close to the larger value.

From the parametef we can calculate the surface 4. Conclusions
diffusion coefficient. The following values for the other A model for the nickel particle growth in SOFC anodes
parameters appearing iA were usedyy =1.9 J/n?  was developed. This model contains three parameters
[14], @ =1.09x 1072° m®, and§s was approximated which can be all estimated from features of the used
by the interatomic spacing @x 10-°m). The resul- materials.
tant surface diffusion coefficient is3x 10712 m?/s. One parameter is related to the width of the particle

Additionally, the particle size distribution of a func- size distribution and was determined directly from the
tional anode layer with a thickness ofisn was mea- experimentally found distributions. The second param-
sured after operation at 80C under H/3%H,O//air  eteris the maximum radius up to which the particles can
gas and at a current density of 300 mAfcithe Nipar-  grow. The value found by fitting the theoretical growth
ticle radius after 100 h of operation was 0,72, after  law to the experimental data is well in the range of rea-
2100 h of operation 0.78m. From these two values a sonable values estimated from the porosity level of the
diffusion coefficient of 13 x 10-**m?/swas calculated anode.
using 8 =0.75 and a value forpyay of 1.62 um. This From the third parameter the surface diffusion co-
value corresponds to a linear reduction of the previougfficient was determined to be3lx 1012 m?/s. This
I'max Value according to the lower initial particle radius. value is somewhat low compared to literature results.

In Fig. 4 these values are plotted together with lit- This might be due to some simplifications in the model
erature results of the surface diffusion coefficient. Theand a possible surface contamination of the nickel par-
determined values are below the relatively large scatticles.
tering band of literature data. There might be at least Finally, we would like to emphasise that the applied
two reasons for this deviation. model is able to describe the growth of nickel particles

First of all the two particle model is, of course, a in SOFC anodes in a convincing way and that, to a
rather rough description of the complex microstruc-certain extent, a prediction of growth rates for different
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microstructures or different temperatures seems to bey

possible.
8.
9.
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