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a  b  s  t  r  a  c  t

The  present  study  is  focusing  on  the  elaboration  of  the quantitative  relationships  between  the  primary
microstructural  parameters  (i.e.  the  phase  volume  fractions  ˚,  the  particle  and  pore  sizes  and  the  cor-
responding  size  distributions  PSD)  with  the more  complex  topological  features  (triple  phase  boundary
length  TPBL,  and specific  surface  area  SSA)  in  porous  Ni-cermet  anodes.  These  relationships  are  crucial  for
the microstructure  optimization  and  for the  improvement  of the corresponding  electrode  performance.

In  the  first  part  of  the  study  a  pristine  anode  material  with  a graded  microstructure  is  analyzed.  The
results  from  the different  zonations  indicate  that  the  TPBL correlates  well  with  the  volume  fraction  of the
coarsest  phase  which  is nickel.  However  the  volume  fractions  also  correlate  with  the  particle  size  after
sintering  due  to  stronger  particle  coalescence  at  higher  nickel  volume  fractions.  Since  the  larger  particle
size  leads  to a  decrease  of  the  TPBL this  coarsening  effect  partly  neutralizes  the  advantage  of  a higher
nickel  volume  fraction.  Furthermore,  the  TPBL is also  linked  with  the  nickel  surface  area  and  with  the
corresponding  pore–nickel  interface  area. The  pore–nickel  interface  is  the  least  abundant  internal  surface
and therefore  it  represents  the  microstructural  feature  which  predominantly  limits  the  TPB  formation  in
our nickel-cermet  anode.
In  the  second  part  the  effects  of microstructural  degradation  during  exposure  in  a humid  gas  environ-
ment  at  950 ◦C  are  investigated.  During  the  early  period  (<200  h)  the  rapid  decrease  of  the  TPBL is  directly
linked  with  the kinetics  of nickel  grain  growth.  At longer  periods  (>1000  h)  the  nickel  coarsening  ceases
whereas  the  decrease  of the  TPBL continues  at a lower  rate.  During  longer  exposure  time  the  reduction
of TPBL is  most  probably  caused  by a  slight  volatilization  of  the  nickel  phase  and  by  the  formation  of
continuous  CGO  layers  which  are  shielding  the  surface  of  the  nickel  grains.
. Introduction

In numerous investigations evidence was presented that the
erformance of composite cermet anodes (Ni/YSZ or Ni/CGO) is
trongly influenced by microstructural features such as electrode
omposition, particle size distribution and triple phase bound-
ry length [1–3]. However, due to methodological limitations
t is still a challenging task to establish the complex relation-
hips between these microstructural features with the electrode

erformance on a quantitative level. It is important to note
hat critical topological features such as the connectivity and
he tortuosity of transport pathways in the pores can only be
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established based on 3D microstructural information. In this con-
text, recent improvements in high resolution tomography using
focused ion beam (FIB) [4–6] have opened new analytical pos-
sibilities and this has initiated a new field for investigations of
the microstructure–performance relationships of composite SOFC
electrodes [2,7–14].  In these studies the quantification of the
triple phase boundary length (TPBL) was  given special attention
because this is the microstructural feature where fuel oxida-
tion (anode) and oxide reduction (cathode) take place. The triple
phase boundary also represents the geometrical location, where
the ion conducting ceramic phase (e.g. YSZ) converges with the
electronically conductive metal phase (e.g. nickel) and with the

gas transporting pores. Investigations of nickel patterned anodes
give evidence that the length of the triple phase boundary (TPBL,
in �m �m−3) can be directly linked with the electrode perfor-
mance [15,16,35].  The same concept is also applied to porous
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ermet anodes, where the TPB-line is extended into the electrode
icrostructure.
At a closer look, one has to take into account that the reaction

echanism of fuel oxidation includes many different reaction steps
17,36] whereby three different groups can be distinguished: (a)
ickel surface reactions, e.g. adsorption and dissociation of the fuel
n the nickel surface; (b) ceramic surface reactions, e.g. the forma-
ion of hydroxides on the surface of YSZ; and (c) charge transfer
eactions. Many of the reaction steps can take place at a certain
istance away from the TPB and thus these reaction steps are not
trictly bound to the TPB. As a first approximation, however, the
PB can be interpreted as the geometrical feature of the composite
lectrode where the bulk electrochemical reaction of the electrode
akes place.

Furthermore it is also important to note, that the TPB is only
ctive in the case where all three phases are connected with their
espective base. For example the pores must form a percolating
etwork which is linked with the gas channel. In a similar way the
ickel phase must be connected with the metallic inter-connector
nd the ceramic phase with the electrolyte. When optimizing anode
icrostructures for improved electrode performance, it is thus not

ufficient to maximize the total TPBL. The connectivity-aspects
ust be taken into account in order to ensure electrochemical

ctivity at the TPB.
In the mentioned studies based on FIB-nanotomography it

as possible for the first time to distinguish between active
nd inactive components of the TPBL by taking into account the
ercolation of all three phases. For example active TPB-lengths of
.7 and 4.9 �m �m−3 were found to represent 88 and 67% of the
otal TPBL [8] in Ni–YSZ anodes. In another FIB-study of a coarser
rained Ni–YSZ anode [10] smaller values were found for the
ctive TPBL (1.0–1.7 �m �m−3) which represented only 40–65% of
he total TPBL.

Nevertheless, the TPB is not the only microstructural param-
ter which is important for the electrode performance. For the
icrostructural optimization two groups of parameters can be dis-

inguished. The so-called ‘second order topological parameters’
hich include TPBL, connectivity, catalytic surface area and tor-

uosity have a direct impact on the electrochemical activity and/or
n the associated transport properties. Unfortunately these param-
ters are difficult to control during the electrode production. In
ontrast, the first order parameters which include electrode com-
osition (i.e. volume fractions ˚pore, ˚el, ˚ion) and particle sizes
r50,pore, r50,el and r50,ion) are usually much easier to control. A sys-
emic understanding of the relationships between the ‘tunable’ first
rder parameters with the ‘performance relevant’ second order
arameters could thus enable a more purposeful microstructure
ptimization.

Hence, 3D-analysis with FIB-tomography seems to be the
avored method for a systematic investigation of these relation-
hips. However, since this method is very time consuming its
uitability for parametric studies with a large number of sam-
les with different compositions is limited. As an alternative
pproach simulation of virtual microstructures can be used to
uantify the different geometrical parameters and their interde-
endencies. Microstructural modeling is particularly suitable for
xtensive parametric studies. For example, virtual microstructures
f composite Ni/YSZ anodes have been modeled with spherical
articles of ionic and electronic conductors [18–21].  The results

ndicate that the TPBL can be strongly increased when the parti-
le sizes are reduced. In addition, the results from microstructure
imulation also indicate that the ideal composition for the maxi-

um  TPBL is depending on the size ratio of the solid components.

or equal particle sizes of the electronic and ionic conduct-
ng phases (r50,el/r50,ion = 1) the maximum TPBL is obtained for

 composition with equal amounts of both solid components
urces 196 (2011) 7076– 7089 7077

(i.e. ˚el = ˚ion = 0.5, whereby ˚el = Vel/(Vel + Vion)). Furthermore the
results from microstructural modeling also predict a significant
decrease of the active TPBL for compositions below the percola-
tion threshold [19,21] which is in the following range of volume
fractions: ˚ion or ˚el = 0.2–0.35.

At the present stage, the virtual microstructures from modeling
are usually assuming idealized, isotropic and uniform geometries
with simple particle shapes and with a random spatial distribution
of the particles [22]. However, the microstructures of real compos-
ite anodes are strongly disordered and the particles tend to have
complex (non-spherical) shapes. In addition effects of agglomera-
tion in the initial pastes and microstructural reorganization during
sintering and degradation may  lead to non-random spatial distribu-
tions. For example in real microstructures continuous CGO layers
may  form during degradation on the surface of the coarse nickel
particles due to the ‘wetting’ behavior of the ceramic phase. The vir-
tual reconstruction of such disordered microstructures is difficult
to achieve by means of numerical and geometrical models. Conse-
quently an experimental validation of the modeled microstructures
is required which can be done with FIB-tomography.

The aim of this study is thus to establish quantitative relation-
ships between primary microstructural parameters that can be
adjusted during materials processing with the higher order topo-
logical parameters that control the electrochemical performance of
the anode. For this purpose we are applying FIB-nanotomography
together with advanced image analysis tools for a thorough quan-
titative description of the microstructures in porous nickel/CGO
anodes. The screen printed anode material consists of a graded
microstructure which includes four distinct zones with different
compositions and with different particle size distributions (see
Fig. 2). Based on the gradual changes in the four zones the basic
microstructural relationships between primary parameters and
higher order topology shall be elaborated. The parameters under
investigation are the phase contents (˚pore, ˚el and ˚ion), the par-
ticle and pore sizes (r50,pore, r50,el and r50,ion) and the corresponding
particle size distributions (discrete PSDD and continuous PSDC),
the particle number densities (NV), the degree of percolation, the
TPBL, the specific surface area (SSA) of each phase and the specific
interfacial area (SIA) between the different phases.

In addition we are applying the same techniques for the quanti-
tative investigation of microstructural changes that occur during
anode degradation. In a separate study [23] the same bi-layer
anode material was exposed to different gas compositions at 950 ◦C.
Thereby the kinetics of nickel grain growth was  quantitatively
described for periods up to 2300 h [24]. In the present study we
are now extending this investigation on anode degradation by
analyzing the corresponding changes of the TPBL and of the spe-
cific surface areas (SSA) and interfaces (SIA). Thereby a correlation
between the grain growth of nickel with the contemporaneous
decrease of the TPBL shall be established. This correlation gives
new insight to the basic mechanisms of anode degradation on a
microstructural level.

Finally, the measured pairs of TPBL with the corresponding
anode compositions from pristine and degraded anodes are com-
pared with similar data sets from literature that were obtained
by means of microstructural modeling (see Fig. 18). This compari-
son enables the identification of compatible trends in real samples
and in simulations. These findings are considered as a basis for the
future microstructure optimization of high performance anodes.

2. Materials, experiments and methodologies
2.1. Fabrication of anode with graded microstructure

Ni/CGO anode powders from Praxair Specialty Ceramics were
mixed with a terpineol based solution in a ball mill. The pastes
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Table 1
Microstructural information related to the data points in Fig. 18 where TPB-Lengths are plotted as a function of composition.

Data points in Fig. 18 Literature/reference Particle radii (discrete PSD) of
electronic (Ni) and ionic (CGO/YSZ)
conducting phases

Ratio of particle radii from el.
and ionic cond. phases

Porosity

Nr 1–3: TPB-data from numerical modeling/virtual anode microstructures from literature
Nr 1: Kenney et al. [20]: rel = rion = 250 nm rel/rion = 1.0 ˚pore = 0.3
Nr  2: Abbaspour et al. [19]: rel = rion = 500 nm rel/rion = 1.0 ˚pore = 0.3
Nr  3: Abbaspour et al. [19]: rel = 1000 nm/rion = 500 nm rel/rion = 2.0 ˚pore = 0.3

Nr 4–6: TPB-data from real anode materials/analyzed in this study
Nr 4: This study, graded anode with 4 zones (see Fig. 2) ZII: *rel = 1240 nm/*rion = 400 nm rel/rion = 3.0* ˚pore = 0.35

ZIII:  *rel = 1110 nm/*rion = 440 nm rel/rion = 2.5* ˚pore = 0.35
ZIV: *rel = 910 nm/*rion = 540 nm rel/rion = 1.7* ˚pore = 0.34
ZV:  *rel = 1010 nm/*rion = 710 nm rel/rion = 1.4* ˚pore = 0.20

Nr  5: Holzer et al. [24], anode layer 1 (Fig. 15): degradation in a humid forming gas at 950 ◦C
Nr  6: Holzer et al. [24], anode layer 2 (Fig. 15): degradation in a humid forming gas at 950 ◦C
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ote: *rel and *rion are obtained from continuous PSDs (R50) by multiplication with
ig.  11).

re composed of 50 wt% NiO and 50 wt% CGO (anode layer 1)
nd of 70 wt% NiO and 30 wt% CGO (anode layer 2). The slurries
ere screen printed in two layers on a 3YSZ electrolyte (Nippon

hokubai). Anode layer 1 is facing the electrolyte, whereas anode
ayer 2 is a current collecting layer on top of it. The anodes were
intered at 1350 ◦C for 4 h. During sintering distinct interface layers
ormed between anode layers 1 and 2 and between electrolyte and
node layer 1. These interface layers have compositions that are
ifferent from the neighbouring anode layers 1 and 2. In this way

 graded microstructure was obtained and four different zones are
istinguished in the 3D-analysis with FIB-tomography (see Fig. 2).

.2. Degradation experiment

In a previous study on anode degradation, nickel grain growth
as quantified from Ni/CGO samples that were exposed to dry and

o humid conditions at 950 ◦C [23,24]. The samples were produced
n a similar way as described above in chapter 2.1. In the previous
nvestigation first order microstructural parameters (volume frac-
ions, size distributions) were quantified for 8 time steps between 0
nd 2286 h exposure time. In the present study we  use the 2D image
ata that was acquired by SEM from samples that were exposed in
umid gas at 950 ◦C and we extended the microstructural analysis
ith second order parameters (TPB and surface area).

The degradation experiment was performed in a tube fur-
ace inside an aluminium-oxide tube. Small pieces of the
node/electrolyte half cells (∼0.25 cm2) were placed on an
luminium-oxide sample holder. The temperature was  measured
irectly on the sample holder using a type S thermocouple. A
t/YSZ/Pt sensor was used to measure the Nernst-potential. Hydro-
en and nitrogen were mixed with mass flow controllers and

 precision evaporator from Bronkhorst (Controlled Evaporator
ixer) was used to humidify the gas. The furnace was  heated up and

ooled down with a rate of 3 ◦C min−1. For the first reduction the
amples were heated to the reduction temperature (950 ◦C) in oxi-
izing atmosphere. Afterwards the tube was flushed with N2 for 2 h
ollowed by the introduction of hydrogen for reduction. The reduc-
ion at 950 ◦C was considered to be completed after 1 h of hydrogen
ow which is considered to be the initial data point at 0 h. During
he degradation experiment the gas mixture consisted of forming
as and additional water vapour (Nernst-potential: 0.87 V). Single

ieces of the anode/electrolyte half cells were removed at differ-
nt exposure times from the furnace. For this purpose the furnace
as cooled down and reheated under reducing atmosphere. The
aximum exposure time was 2300 h.
portionality factor of 2.8 which relates continuous with discrete particle sizes (see

2.3. Microstructure analysis

The quantitative microstructure analysis includes sample
preparation, image acquisition by SEM or FIB, segmentation and
3D-reconstruction (only for the FIB-data), and quantification of
first and second order parameters. All these procedures have been
described in previous publications and here we  only present a short
description.

2.3.1. Sample preparation and image acquisition
All samples for microstructure investigation are produced by

infiltrating the pores with a resin (4 parts Araldite BY158 mixed
with 1 part Aradur hardener) followed by grinding, polishing
and finally coating with a thin carbon layer. 2D-imaging is per-
formed with a FEI Nova NanoSEM230. BSE images are captured
with a conventional solid state detector at 5 kV and spot 4. FIB-
nanotomography is performed with a Zeiss NVision at EPFL. During
serial sectioning, a sequence of electron images is obtained at
2 kV by using the ESB-detector. The FIB-milling is performed
with an ion-beam current of 3 nA at 30 kV. More details about
FIB-nanotomography and 3D-reconstruction are presented in ded-
icated articles [4–6,25].

2.3.2. Segmentation and 3D-reconstruction
A special segmentation procedure was  developed for precise

and reproducible phase recognition in composite electrodes [24].
This segmentation procedure is applicable to 2D data from SEM
and to 3D data from FIB. In the same study also a parametric
study was performed in order to determine the image window
size which is necessary for representative quantitative analysis
and the pixel resolution which is necessary for reproducible parti-
cle size measurements from the Ni/CGO anodes. It was found that
images with an area of 400 �m2 will give representative quantita-
tive analyses and pixel resolutions better than 35 nm are sufficient
for reproducible particles size measurements. In the present study
the FIB-tomography data is acquired at 12 nm voxel resolution and
the SEM images at 15–25 nm pixel size. All analyses in the present
study are based on image windows larger than 400 �m2 and hence,
representative and reproducible results may be expected.

2.3.3. First order microstructural parameters: discrete and
continuous PSD analysis
The first order parameters include volume fractions, particle
and pore size distributions (PSDs) and average particle radius (R50).
Volume fractions can be determined with standard procedures. In
contrast PSD analysis deserves special consideration. A major prob-
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Fig. 1. Illustration of geometrical principles which are inherent to two different types of particle size distributions (PSDs) modified after [24]. Both PSD methods are based
on  a different definition for ‘object size’. Left: discrete PSDD: The particle size is defined as area (2D) or volume (3D) equivalent diameter. Note: Networked microstructures
have  to be split into discrete objects by splitting [26]. Right: the continuous PSDC [29] is based on an algorithm which measures the area (2D) or volume (3D) that can be
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ccupied with a circle or sphere of a given radius. By incrementally reducing the rad
easurement also represents the simulation of a pressure induced intrusion with a

em for PSD analysis based on imaging techniques is the fact, that
he primary particles (i.e. the initial grains of NiO and of ceramic
owder) undergo coalescence during reduction and sintering at
igh temperatures. The sintering process thus results in percolat-

ng networks with complex shapes. After sintering it is therefore
ery difficult to identify the boundaries of the individual grains. The
uestion then arises, what is a ‘discrete particle object’ and how do
e define ‘particle size’? In this context it is important to note that
ifferent geometrical concepts have been developed for the mea-
urement of particle size distributions, which will be discussed in
he following sections.

The discrete particle size distribution (PSDD) (Fig. 1, left) is based
n the recognition of individual objects such as the primary par-
icles. For the recognition of distinct objects from a continuous
etwork, the percolating chains have to be split into smaller seg-
ents representing discrete particles. For this purpose a specific

plitting algorithm was developed which is capable to identify
oncavities that are interpreted as ‘necks’ between the discrete
articles [26]. The continuous network is split along these necks

nto discrete particles. However the curvature of the concave
ecks may  be strongly variable. Therefore, the degree of splitting
an be adjusted with the so-called k-parameter. In a parametric
tudy the correct degree of splitting was evaluated by applying
1 k-parameters between 0.0 and 1.0 for the analysis of a 3D
icrostructure representing a densely packed cement powder. The

SD-analyses of the resulting particle structures revealed that the
plitting with a k-value of 0.6 produces a realistic granular texture
rom the percolating network [27]. It is important to note that the
iscrete method is not suitable for 2D analysis, but it is only reliable
hen using it in combination with high resolution 3D-microscopy

28]. Furthermore, the determination of discrete PSDD also requires
he correction of the boundary truncation effects which is described
lsewhere [26]. Although the discrete PSD measurement is chal-
enging and time consuming, this method is important, since most
xperimental techniques (light scattering, laser granulometry) and
lso the geometrical modeling are based on the same concept which
ncludes the perception of discrete objects (e.g. primary particles).

In contrast, the continuous particle size distribution (PSDC) is
ased on a geometrical simulation whereby a percolating network

s filled with spheres (circles in 2D) of a given radius. By reducing
he radius of the spheres incrementally, more constricted locations
uch as the bottle necks can be filled. The cumulative PSD is then
btained by relating the incrementally filled volume (area in 2D)
ith the corresponding radii. A thorough description of the con-
inuous PSD method is given elsewhere [29]. It is an important
dvantage of this method that it can be applied to percolating net-
orks without any preceding splitting and without the challenging

ecognition of discrete particles. Furthermore, the application of the
creasingly larger areas (volumes) can be occupied. In this sense the continuous PSD
ly wetting fluid (similar to the mercury intrusion porosimetry).

continuous method to 2D images results in nearly identical PSD
curves as obtained from 3D-images of the same material [30].

In the present study we  will apply both methodologies, discrete
and continuous PSD. Since both methods are based on very differ-
ent geometrical concepts also very different results are expected.
Thereby, the discrete PSDD can be correlated with the results from
microstructural modeling, which is based on similar geometrical
concepts. However, since the discrete method is very time consum-
ing, only a limited number of 3D-cubes from FIB-nanotomography
are analyzed in this way. In contrast the continuous PSDC can be
used for a larger amount of samples which are mainly investigated
in 2D. This continuous method thus opens new possibilities to study
efficiently the time resolved changes which occur during anode
degradation and associated grain growth.

2.3.4. Second order microstructural parameters: TPBL and surface
areas

The second order parameters investigated in this study include
triple phase boundary length (TPBL), specific surface areas (SSA)
of pore, nickel and CGO and the specific interface areas (SIA) of
pore–nickel, pore–CGO and nickel–CGO.

In this study the TPBL is determined with the so-called centroid
method, in analogy to the procedure described by Iwai et al. [10].
The total triple phase boundary can be measured either from 2D
images or from 3D tomographs. However, the measurement of the
active TPBL requires information on the connectivity of each phase,
which can only be obtained from 3D-analysis.

The total TPBL is determined by identifying all pixels (in 2D) and
all voxels (in 3D) that have common edges of faces with the other
two  phases. In 2D the total TPBL represents geometrical points and
it is calculated by normalizing the number of single TPB objects to
the image area [–/�m2]. In our 2D analyses each TPB object includes
4.8–5.0 pixels. Alternatively, when calculating the TPBL from 3D
data, then each TPB object represents a line and the TPBL is the
sum of these lines normalized to the image volume [–/�m2]. The-
oretically the values of the total TPBL are identical in 2D and in 3D
analyses, under the condition that the investigated microstructures
are isotropic and that the correct stereological correction is applied.
According to [34,31] a factor of 2 has to be introduced for the 2D
analyses of TPB because the length in a volume (LV)  is equal to twice
the number of points in a surface (PA), LV = 2PA.

In samples with isolated particles the active TPB is always
smaller than the total TPB. As discussed by Wilson et al. [7,8] 3D
information is necessary for the distinction between active and

inactive TPB components. In the present study the 3D-connectivity
analysis which is based on FIB-tomography data and on discrete
object recognition before splitting is performed only on the pris-
tine Ni/CGO sample whereas the TPB analysis in the degradation
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Fig. 2. 3D-reconstruction of porous Ni/CGO anode from FIB-nanotomography. The
graded microstructure consists of four different zones (ZII to ZV) which are ana-
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Fig. 3. Phase compositions of four zones in the graded Ni/CGO anode, measured from
the FIB-data cube shown in Fig. 2. The solid volume fraction of Ni (˚el = Ni/(Ni + CGO))
yzed separately. The data volume has dimensions of 20.4 �m × 17.7 �m × 16.1 �m
=5.84 × 103 �m3). The volume consists of 1701 × 1477 × 1345 voxels (=3.38 × 109).
he  voxel size (‘resolution’) is 12 nm × 12 nm × 12 nm.

xperiment is based only on 2D SEM imaging. The 3D-connectivity
nalysis indicates that all three phases in the pristine Ni/CGO sam-
le form nearly perfectly percolating networks (more than 99%
onnectivity) which means that nearly the total TPBL is active in
his sample. However, for the TPB analyses from the degradation
xperiment which are performed only in 2D, the effect of poten-
ially isolated, non-connected particles on the TPB activity cannot
e determined. The possible limitations of 2D analyses for TPB mea-
urements will be further discussed in Section 3.2.

For the measurement of surface and interface areas the voxel
3D) or pixel (2D) based images are transformed into triangu-
ated (3D) or vectorized (2D) images after segmentation. For each
hase and for each type of interface the measured surface areas are
hen normalized to the image window size (3D: [�m2 �m−3], 2D:
�m �m−2]).

. Results and discussion

.1. 3D-analysis of a composite Ni-CGO anode with graded
icrostructure

.1.1. Anode compositions of zones ZII to ZV
A 3D-reconstruction based on FIB-tomography of the graded

node microstructure is shown in Fig. 2. The FIB-data with a
olume of 20.4 �m × 17.7 �m × 16.1 �m (=5.84 × 103 �m3) repre-
ents a cross-section of the entire anode which was  screen printed
n two layers. After thermal treatment distinct transition zones
ave formed at the interfaces of the two anode layers. Five zones can
herefore be distinguished (from left to right): ZI: interface between

etallic inter-connector and anode layer 2 (not shown). ZII: anode
ayer 2, which is a functional layer for current collection and for
as distribution. ZIII: interface between anode layers 1 and 2. ZIV:
node layer 1, which is the electrochemically active layer. ZV: inter-
ace between anode layer 1 and solid electrolyte (also active). In
he following sections the microstructures of zones ZII to ZV are
nalyzed separately.
The compositional variations of these four zones are illustrated
n Fig. 3. The porosity (˚pore) is constant at 35 vol.% from ZII to ZIV
ut it is reduced to 20 vol.% in ZV. The pore volume fraction of 35%

s considered to be sufficient for gas diffusion under current load.
is  decreasing from ZII (contact with metallic inter-connector) to ZV (interface
anode–electrolyte). At the same time the solid volume fraction of CGO  is increasing
towards the electrolyte (˚ion = CGO/(Ni + CGO)).

In contrast to the porosity the solid volume fractions are changing
gradually. Thereby the amount of the nickel phase (˚el = solid vol-
ume  fraction of electronically conducting phase = VNi/(VNi + VCGO))
is increasing from 0.31 in ZV to 0.57 in ZII in order to ensure elec-
tronic conduction in the vicinity of the metallic inter-connector. In
a complementary way  the volume fraction of CGO (˚ion = solid vol-
ume  fraction of ionic conducting phase) is increasing towards ZV, so
that it guarantees for a percolating network of the ionic conducting
phase at the interface with the electrolyte.

3.1.2. Discrete particle size distributions (PSDD)
Particle size analysis is strongly depending on reliable object

recognition. For the determination of discrete PSDs the continu-
ously networked, percolating phases have to be split into discrete
objects. For this purpose a special algorithm was developed [26].
The effect of splitting with increasing k-values is investigated in the
following section for the anode microstructure in zone ZII.

Fig. 4 illustrates the particle structures of Ni in ZII. After seg-
mentation of the nickel phase (gray pixels in the left cube) and
after splitting with increasing k-values (0.0, 0.6 and 1.0), each dis-
crete particle object is labeled with a specific color. This results in
three cubes with different particle structures of the nickel phase.
For k = 0 (2nd cube from left, i.e. no splitting) the majority of the
nickel phase still has the same color which indicates that nickel
in zone ZII forms a perfectly percolating network. Only a few col-
ored grains at the surface are apparently disconnected from the
main nickel network. As discussed by Wilson et al. [8] such small
particle islands at the cube surface most probably represent arti-
facts related to boundary truncation effects, but probably not really
disconnected particles.

Due to the splitting with k = 0.6 (2nd cube from right) and with
k = 1.0 (right cube) the microstructure becomes more and more
fragmented. A parametric study for splitting of densely packed
cement powder was performed previously which indicated that
splitting with k = 0.6 results in a realistic recognition of the particle
objects [27]. In the present study we therefore consider k = 0.6 as
the most reasonable degree of splitting.

The discrete particle size distributions (PSDD) of nickel in the
three split cubes are measured both, in relation to the volume frac-
tions (VV) and in relation to the particle number densities (NV).
In the volumetric PSD curve for the non-split nickel structure (VV

k = 0.0) a significant step is observed at an apparent particle diam-
eter of about 70 �m which has no physical meaning. This step
represents 99 vol.% of the total nickel volume which indicates that
nickel in ZII forms a nearly perfectly percolating network. With
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Fig. 4. Object recognition of discrete nickel particles in zone ZII based on a splitting algorithm which is capable to identify concave geometries (necks) [26]. After splitting
each  discrete object is labeled with a different color. Left cube: 3D-reconstruction of microstructure in zone ZII from FIB-nanotomography with nickel (gray), CGO (white)
and  pores (black). 2nd cube from left (k = 0.0), 2nd cube from right (k = 0.6) and right cube (k = 1.0) represent the color labeled particle structures of nickel after splitting with
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ncreasing k-values. Note: A parametric study has shown that splitting with k = 0.6 

dentify the percolating components and the disconnected particles of the initial pa
egree  of splitting. The discrete PSDD-curves corresponding to the microstructures

ncreasing splitting the nickel network is then virtually fragmented
nto discrete particles. In the microstructure which is split with

 = 0.6 the particle diameter D50 is reduced to 2.4 �m (VV k = 0.6). It
as to be mentioned that k-values of 0.5 or of 0.7 produce nearly

dentical PSD curves. Even at the maximum degree of splitting
k = 1.0) the difference to k = 0.6 is only moderate and the D50 is
.2 �m.

When looking at the PSD curve related to the particle number
ensity of the non-split nickel structure (NV k = 0.0) it becomes obvi-
us that the majority of the discrete objects have diameters below
00 nm.  It is important to note that the corresponding volume
f these small particles is less than 1% (see VV k = 0.0, for diam-
ter < 0.1 �m).  These apparently disconnected particles may thus
ot strongly affect the overall electrochemical performance due to
he small volume they are representing. In addition, many of these
mall particle islands are located at the cube boundary and their

isconnection may  represent artifacts from boundary truncation
as discussed above).

In a similar way as it was shown in the previous sections for the
ickel phase, also the CGO and the pore phases are split into discrete

ig. 5. Cumulative curves of discrete particle size distributions (PSDD) for nickel in zon
plitting (k = 1.0). VV denotes cumulative PSD curves related to the volume fraction. Note: 

 single percolating network. With increasing k-values this network becomes fragmented
o  the particle number density. Note: More than 90% of all particles are smaller than 100

 vol% (VV).
s in realistic particle structures [27]. The cube resulting from k = 0.0 can be used to
 structure before splitting. k = 1.0 represents the particle structure at the maximum

 three labeled cubes are shown in Fig. 5.

objects then color labeled (see Figs. 6 and 8) and then analyzed for
the discrete particle size distributions (Figs. 7 and 9). For both the
CGO and the pores the PSDs before splitting (VV k = 0.0) reveal step
functions, similar as for the nickel. Hence also the CGO and the
pore phase in zone ZII form a percolating network which includes
more than 99% of the phase volume. When comparing the PSDs of
Ni and CGO it becomes obvious that CGO not only has the smaller
particle sizes but the splitting also leads to a much higher amount of
discrete particles (see e.g. PSD curves ‘Nv k = 0.6′ related to particle
nr densities in Fig. 5 and in Fig. 7). Qualitatively it is also important
to note, that the CGO particles are not randomly distributed in space
but they tend to cover the surface of the larger nickel grains.

3.1.3. Continuous particle size distributions (PSDC) and
comparison with discrete PSDD

The measurement for discrete particle size distributions is a time

consuming procedure which includes many processing steps such
as splitting, labeling and correction of boundary truncation. Since
discrete PSDD gives reliable results only for the case where it is
applied to relatively large 3D data cubes this method also requires

e ZII, before splitting (k = 0), after ‘realistic’ splitting (k = 0.6) and with maximum
For k = 0 a step function is obtained, which indicates that 99 vol% of the nickel forms

 which leads to smaller mean particle sizes. NV denotes the cumulative PSDs related
 nm (NV), however the corresponding volume of these small particles is less than
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Fig. 6. Object recognition of discrete CGO particles in zone II based on splitting and color labeling. Left cube: 3D-reconstruction of microstructure in zone ZII from FIB-
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article structures of CGO after splitting with increasing k-values. The correspondin

ignificant computing capacities. As an alternative technique a so-
alled ‘continuous PSDC’ method was developed, which is capable
o determine size distributions from networked microstructures
ithout identification of discrete objects [29]. This method also
orks well when it is applied to 2D images. The continuous PSDC

urves for all three phases (nickel, CGO and pores) and for all four
ones (ZII to ZV) in our 3D data from FIB-tomography are plotted
n Fig. 10.  From each PSD curve the total volume fraction (maxi-

um  of cumulative PSD curve) and the ‘average radius’ (r50 = radius
orresponding to 50% of maximum PSD-volume) can be obtained.
ig. 10 illustrates that the compositional change in the graded
node microstructure is associated with a systematic change of the
verage particle and pore sizes. For example the gradually increas-
ng nickel contents from zone ZV (25 vol.%) to zone ZII (37 vol.%) are
ssociated with an increase of the ‘average radius’ (r50) from 324 to
44 nm.  In a similar way also the gradual increase of the CGO con-

ents from zone ZII (28%) to ZV (55%) is associated with an increase
f the average particle size of CGO (from 144 to 252 nm). In contrast
he average pore size (ca. 190 nm)  and the porosity (ca. 35%) remain
onstant in zones ZII to ZIV. In zone V the pore volume is reduced

ig. 7. Cumulative curves of discrete particle size distributions (PSDD) for CGO in zone ZII, 

k  = 1.0). Vv denotes cumulative PSD curves related to the volume fraction. Nv denotes th
uch  higher particle density of CGO compared to nickel (see Fig. 5).
0), 2nd cube from right (k = 0.6) and right cube (k = 1.0) represent the color labeled
 curves are shown in Fig. 7.

(20%) but the pore size is slightly larger (204 nm)  compared to the
other three zones.

It has to be mentioned that the continuous PSDC method is based
on a very different geometrical concepts than the discrete PSDD and
therefore the measured object sizes can be very different (especially
for complex particle shapes). This is illustrated in Fig. 11 which
summarizes the average radii (r50) from discrete and continuous
PSD measurement of nickel, CGO and pores in zone ZII. Thereby
the ratio of discrete over continuous radii (r50) is 2.8 (±0.1) for all
three phases. In the present paper we are thus using this ratio of
2.8 as a proportionality factor that relates the results from discrete
and continuous PSD methods. In this way, it can be used for the
comparison of discrete PSDs from microstructural models (in liter-
ature) with the continuous PSDs which are easier and faster to be
measured from the real microstructures (networked, percolating)
after thermal treatment (sintering and reduction). For example it

was  shown that continuous PSD measurements give nearly identi-
cal results for both 2D and 3D image data which were acquired from
same material [30]. This opens new possibilities for efficient quan-
tification of particle structures in a series of samples, which was

before splitting (k = 0), after ‘realistic’ splitting (k = 0.6) and with maximum splitting
e cumulative PSDs related to the particle number density. The splitting leads to a



L. Holzer et al. / Journal of Power Sources 196 (2011) 7076– 7089 7083

Fig. 8. Object recognition of discrete pore objects in zone ZII based on splitting and color labeling. Left cube: 3D-reconstruction of microstructure in zone ZII from FIB-
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tructures after splitting with increasing k-values. The corresponding PSD curves ar

ecently used for the time resolved characterization of nickel grain
rowth in SOFC anodes exposed to dry and humid gas at 950 ◦C [24].

.1.4. Triple phase boundary length (TPBL), specific surface area
SSA) and specific interface area (SIA): microstructural areas with
lectrochemical and with catalytic activity

In composite electrodes the triple phase boundary (TPB) rep-
esents the microstructural area where electrochemical reactions
ake place [15,20,31,35].  However the oxidation of fuel involves
umerous reaction steps and many of those are not strictly bound
o the TPB location [32,36]. For example adsorption and dissocia-
ion of hydrogen takes place on the nickel surface which is known
or good catalytic properties. Thereby, not the entire nickel surface
ut only its interface with the pores is exposed to the gas phase
nd can therefore react with the fuel. In order to elaborate the
icrostructural effects on the electrochemical reaction steps it is

hus important to be able to quantify the triple phase boundary
ength (TPBL) and the specific surface areas (SSA) of each phase. In

ddition for each surface it should be distinguished between the
ifferent interfaces with the neighbouring phases. These parame-
ers can be extracted both from 3D data (e.g. FIB-tomography) and
rom 2D images (e.g. SEM/BSE). However, as mentioned earlier, the

ig. 9. Cumulative size distribution curves (PSDD) of discrete pore objects in zone ZII, be
k  = 1.0). Vv denotes cumulative PSD curves related to the volume fraction. Nv denotes th
 2nd cube from right (k = 0.6) and right cube (k = 1.0) represent the color labeled pore
wn in Fig. 9.

distinction between active and total TPBL can only be determined
in 3D.

Fig. 12a shows a sub-volume of the 3D microstructure in zone ZII
of the composite Ni/CGO anode. Already from this qualitative visu-
alization it becomes obvious that the nickel phase is much coarser
than the CGO and pore phases. Consequently, it can be expected
that the coarse nickel phase has a lower specific surface area than
the finer CGO and pore phases. From the segmented FIB-data the
surfaces can be reconstructed by triangulation of the 3D phase
boundaries. The corresponding specific surface areas are then mea-
sured and shown as a pie-diagram in Fig. 12b.  As expected, the pore
and CGO phases have much higher surface areas than nickel (0.3
and 0.26 vs. 0.13 �m2 �m−3). From a point of view of the electro-
chemical activity it would be thus beneficial to reduce the particle
size of nickel.

In the pie-diagram (Fig. 12b) the specific interface areas (ISA)
are indicated between the areas representing the surfaces of
each phase. For example the surface area of the nickel phase

(0.13 �m−1) is divided into the interfaces nickel–pore (0.45 �m−1)
and nickel–CGO (0.85 �m−1). Thus, only 35% of the total nickel sur-
face in zone ZII is exposed to the pore phase and can be used for
surface catalytic reactions with the gaseous fuel. The total TPBL

fore splitting (k = 0), after ‘realistic’ splitting (k = 0.6) and with maximum splitting
e cumulative PSDs related to the particle number density.
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Fig. 10. Continuous PSDC of nickel (top), CGO (middle) and pores (bottom) for all
four zones (ZII to ZV) in the graded anode microstructure. The decreasing volume
fractions of nickel from zone ZII to zone ZV are associated with a gradual decrease
of  the particle sizes (r50 = radius at 50% of the maximum cumulative volume). In a
similar way, also the volume fractions and the particle sizes of CGO are increasing
g
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Fig. 11. Comparison of ‘average radii’ R50 from discrete and continuous PSDs mea-
sured for nickel, CGO and pores in zone ZII. Note that discrete and continuous PSDs
are  based on different geometrical concepts which lead to different results in the size
measurements. These different geometrical concepts are illustrated above in Fig. 1.
Note: The ratio of R50 radii from discrete and from continuous methods (RD/RC) is
nearly identical for all three phases (i.e. 2.8 ± 0.1). This value of 2.8 can thus be con-
radually from ZII to ZV. In contrast, the pore volume and pore size distributions are
early identical in the zones ZII, ZIII and ZIV. In zone ZV the pore volume is reduced,
ut  the average pore size is slightly larger compared to the other three zones.

n zone ZII is 2.6 �m−2 which is in agreement with the range of
ost reported TPBL values between 1 and 10 �m−2 [2,8,31]. As

hown previously the percolation of nickel, CGO and pore phases
n ZII is nearly 100% and hence the total TPBL is electrochemically
ctive, which is different from other FIB-tomography studies where

 reduction of the TPB activity by 11% [8],  32% [7] and 40 to 60% [10]
ere determined due to isolated non-percolating particles in the

nvestigated anode microstructure.
The TPBL is certainly depending on the overall anode composi-

ion and on the grain sizes of each component. However, a change

n volume fraction of a certain phase (e.g. nickel) is always cou-
led with a relative change of the other phases (e.g. pore and CGO).

n addition the average grain sizes are also coupled with the corre-
ponding volume fractions as shown in Fig. 10.  Therefore the impact
sidered as a proportionality factor between discrete and continuous measurements
of  R50 radii.

of compositional changes on the TPBL is difficult to predict and so far
hardly any systematic experimental investigation was presented
on this issue.

Fig. 13 illustrates the TPBL as a function of the graded anode
compositions in zones ZII to ZV. The TPBL gradually decreases from
ZII to ZV. In Fig. 13(left) a negative correlation is documented for the
TPBL with the CGO contents and a positive correlation with nickel
and pore contents. Apparently, the TPBL is not linearly correlated
to the surface area of any specific phase (Fig. 13 right). Especially
the surface area of the CGO phase changes in a very different way
than the TPBL. In summary, the observed gradual change of the
TPBL appears to be a result of the overall compositional changes.
However, it seems that changes in volume fraction and surface area
of the coarsest phase (nickel) have a stronger impact on the TPBL
than the changes of the finer grained phase (CGO).

In this context also qualitative microstructural observations are
important for the interpretation. It was observed in a previous
study on anode degradation [24] that CGO ‘surface wetting’ leads
to the formation of thin CGO layers which tend to cover the nickel
grains. It was also reported that this effect increases with higher
CGO contents. The increasing formation of CGO surface layers with
increasing surface content may  lead to a decrease of the TPBL. This
could explain the negative correlation between increasing CGO
contents and decreasing TPBL in zones ZII to ZV (Fig. 13 left).

In Fig. 14 the gradual change of the TPBL in zones ZII to ZV is
also compared with the corresponding specific interface areas (SIA).
Thereby a significant correlation is observed between the TPBL with
the interface area between nickel and pore. Since this is the smallest
interface area it seems to be the limiting microstructural factor for
the TPBL formation.

For the electrochemical activity of the investigated anode the
interface between nickel and pore seems to be a crucial microstruc-
tural feature, since it is not only representing the catalytically active
surface, but it also represents the limiting factor for the forma-
tion of the TPBL. The pore–nickel interface is negatively correlated
with the volume fraction of CGO because at higher CGO contents
a continuous ceramic layer is formed on the surface of the nickel
grains.
In summary the investigated Ni/CGO anode has a graduated
microstructure in order to optimize transport properties and elec-
trochemical activity according to the functionality of the different
zones (i.e. gas distribution and current collection in ZII, electro-
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hemical activity in ZV). Perfect percolation of all three phases is
bserved which provides good transport properties for gases in the
ores and for charge carriers in the solid phases. However, in the
unctional anode layer (ZV) the microstructure is not really ideal.
n this zone the highest electrochemical activity is expected. How-
ver, the decrease of the TPBL and of the interface area between
ore and nickel phases from zone ZII to ZV may  negatively affect
he electrochemical activity of the functional anode layer close to
he electrode interface (ZV).

In this context it also has to be mentioned that CGO is a mixed
lectronic–ionic conductor under reducing conditions. Therefore

he electrochemical activity is not strictly limited to the TPB (in
ontrast to Ni/YSZ anodes). However, for the discussion of purely
eometrical aspects in the present paper these electrochemical
ssues are neglected.

ig. 12. (a) 3D-reconstruction of the surfaces in a small cube from zone ZII of Ni/CGO an
n  b. (b) Pie-diagram representing the specific surface areas (SSA) of Ni, CGO and pores an
II.  The sum of all interfaces is equal to the sum of all surfaces. The triple phase boundar
he  gas phase (pore–nickel interface), which represents the surface fraction with catalyti
urces 196 (2011) 7076– 7089 7085

3.2. Anode degradation in humidified forming gas at 950 ◦C:
correlation between nickel coarsening and decrease of TPBL and
surface area (SSA, ISA)

In the previous section it was shown that the amount of
electrochemically active sites (i.e. the TPBL) is strongly corre-
lated with the amount of the catalytically active surface area (i.e.
the pore–nickel interface). During service life the cermet anodes
undergo microstructural degradation whereby grain growth of
nickel is a prominent feature. The question thus arises in which
way  the TPBL and the pore–nickel interfaces are affected by the

microstructural degradation in general and by the nickel grain
growth in particular.

The microstructural degradation of nickel/CGO anodes was
investigated for dry and for humid gas compositions at 950 ◦C in

ode. The corresponding specific surface areas (SSA) and interfaces (SIA) are shown
d the specific interface areas (SIA) between the three neighbouring phases of zone
y length (TPBL) is 2.6 �m �m−3. Note: Only 35% of the nickel surface is exposed to
c activity.



7086 L. Holzer et al. / Journal of Power Sources 196 (2011) 7076– 7089

F  fract
Z action
T

p
m
p
m
f

i
g
m
i
m
f
Z

l
i

F
c
r

ig. 13. Comparison of triple phase boundary length (TPBL) with the phase volume
II  to ZV of a composite anode. Left: The TPBL strongly correlates with the volume fr
PBL does not correlate well with the surface area of any specific phase.

revious studies [23,24]. Thereby, grain growth of nickel was  the
ain microstructural feature under investigation. In the present

aper we have extended this investigation on anode degradation by
easuring the corresponding TPBL and surface/interface analyses

rom the same samples and the same image data.
The findings from the previous study are briefly summarized

n Figs. 15 and 16.  As illustrated qualitatively in Fig. 15 the grain
rowth of nickel is relatively fast during the initial period (approxi-
ately 200 h). At long exposure times (>1000 h) the growth kinetics

s reduced and the size of the nickel grains does not increase
arkedly. However the formation of CGO layers on the nickel sur-

aces becomes a prominent feature, especially for anode layer 2 (see

II in Fig. 15c).

The quantitative evolution of the nickel grain sizes (R50) in anode
ayers 1 and 2 are shown in Fig. 16 modified after [23,24]. The data
llustrates that growth rates are very high during the initial period

ig. 14. Comparison of triple phase boundary length (TPBL) with the specific interface are
orrelates nicely with the changes of the specific interface area (SIA) between nickel and
ight  side).
ions (left) and with specific surface areas (right) of nickel, CGO and pores in zones
 of nickel (and pore), but it is largely independent from the CGO content. Right: The

(<200 h) and become nearly zero for exposure times longer than
1000 h. The compositional analyses (not shown here, see [24]) indi-
cate that nickel contents decrease slightly at long exposure times,
which was  interpreted as evidence for nickel evaporation due to
the formation of volatile nickel hydroxide species. Correspondingly
the CGO content is passively enriched (relative to the nickel). This
increase of CGO leads to the formation of surface layers on the nickel
grains. This effect is particularly strong in anode layer 2 after 2286 h
(ZII in Fig. 15c).

In the previous section it was discussed that the formation of a
CGO surface layer may  lead to a reduction of the TPBL and of the
pore–nickel interface. The decreasing TPBL due to the formation of

CGO surface layers may  thus negatively affect the electrochemical
electrode performance. However, in the context with the ongo-
ing microstructural degradation the CGO surface layers may  also
have a positive effect on electrode durability since these layers

as in zones ZII to ZV of a composite Ni/CGO anode. The gradual change of the TPBL

 pore. This correlation becomes more obvious when adjusting the scales (Fig. 14,
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Fig. 15. SEM images of porous nickel/CGO anodes which were exposed to a humidified forming gas at 950 ◦C, modified after [24]. Significant nickel coarsening occurs during
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TPBL with the nickel content (note the following relationship for
xposure between 0 h (left) and 1023 h (middle). Between 1023 h (middle) and 2286
f  continuous PSDC (see Fig. 16), of surface and interface areas (SSA, SIA) and of t
orrespond to zones ZIV and ZII in the previous sections (e.g. in Fig. 2).

rotect the nickel grains from further mobilization (see discussion
n [24]).

The evolution of the total TPBL and the corresponding nickel
urfaces in the same samples that were exposed to a humidified
orming gas at 950 ◦C are shown in Fig. 17.  The synchronous evolu-
ion of these parameters (total TPBL, SSA, and ISA) is remarkable and
onfirms the previous conclusions that TPBL and the pore–nickel
nterface are strongly correlated (see Fig. 14). Furthermore the com-
arison of Fig. 16 and Fig. 17 also indicates that the fast decrease
f TPBL during the initial period is associated with the growth
inetics of nickel at the same time. At longer exposure time, when
ickel grain size is stable (see Fig. 16),  the TPBL and the nickel
urfaces and interfaces are still decreasing. The degradation dur-
ng long time exposure is thus not related to further grain growth
f nickel. As mentioned above, there is evidence for volatilization
f nickel which also leads to the formation of CGO layers on the
ickel surface and to a reduction of the total TPBL and of nickel sur-

ace/interface areas. Apparently these are the dominating anode
egradation features at long time exposure in a humidified gas

nvironment.

It is important to note, that the data from the degradation exper-
ments (Fig. 17)  are based on 2D analyses and therefore only the
otal TPBL is measured. The effect of isolated particles (nickel or

ig. 16. Evolution of nickel grain growth (‘average radius’: R50) during exposure to
 humidified forming gas at 950 ◦C. During the initial phase (first 200 h) rapid grain
rowth occurs. At longer exposure time the nickel grain size remains stable. The R50

alues for each time step are representing the average from 5 different continuous
SDC measurements in order to guarantee representative analyses (data modified
fter [23,24]).
t) the nickel particle sizes remain stable. The images are analyzed for quantification
hase boundary length (TPBL) (see Fig. 17). Note: Anode layer 1 and anode layer 2

CGO) which are not connected with the main network of the corre-
sponding phase cannot be quantified in 2D. The measured total TPBL
values thus represent a maximum estimation of the active TPBL. It
must be assumed that nickel coarsening and formation of CGO lay-
ers may  lead to a loss of percolation (mainly of the nickel phase)
during the ongoing degradation. It is thus likely that the decrease
of the active TPBL due to microstructural degradation is even larger
than the measured loss of the total TPBL which is documented in
Figs. 17 and 18.

3.3. Comparison of microstructures in real samples (this study)
and in virtual models (from literature)

As noted in the introduction various studies dealing with
microstructural modeling indicate that there is a strong interde-
pendency of the TPBL with the particle sizes as well as with the
compositions of composite anodes [18–20,33].  Some results from
literature are shown in Fig. 18,  which illustrates the changes of the
the solid volume fractions of electronic (Ni) and ionic (CGO or YSZ)
conducting phases: ˚el + ˚ion = 1). The lines nr 1 [20] and nr 2 [19]
in Fig. 18 both give symmetric curves because the average sizes of

Fig. 17. Evolution of TPBL and specific interface areas (SIA) of nickel during exposure
to  a humidified forming gas at 950 ◦C for up to 2286 h. There is a strong corre-
lation between the TPBL and the pore–nickel interfaces as well as with the entire
nickel surface area. During the initial phase (first 200 h) the TPBL and the pore–nickel
interfaces rapidly decrease which is contemporaneous with the fast grain growth of
nickel (see Fig. 16). At longer exposure time the TPBL and nickel interfaces decrease
slowly but constantly whereas during this period no further nickel grain growth is
observed (compare with Figs. 15 and 16).
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Fig. 18. Comparison of triple phase boundary length (TPBL) from microstructural
modeling (virtual geometries) and from quantitative analyses of real composite
anodes (this study). The TPBL are plotted vs. the nickel contents which is the solid
volume fraction of the electronic conducting phase (˚el = Vel/(Vel + Vion)). The results
from microstructural modeling (data points 1–3) indicate that TPBL is strongly
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epending on the particle size. Data point 3 shows that for the case where the
lectronic conductor is coarser than the ionic (YSZ), maximum TPBL is reached at
omposition of ˚el = 0.6. More detailed information is given in Table 1.

ickel and YSZ are equal (rel/rion = 1.0). For this symmetric case the
aximum TPBL is obtained when ˚el = ˚ion = 0.5. However since

he particle size in nr 1 is much finer (rel = rion = 250 nm)  than in nr
 (rel = rion = 1000 nm)  this results in much higher TPBL (and higher
urface areas). For line nr 3 the particle sizes of nickel and YSZ are
ot equal (rel = 1000 nm/rion = 500 nm)  and therefore an asymmet-
ic curve is obtained. For this case the maximum TPBL is shifted
o compositions of ˚el = 0.6. The maximum TPBL is thus obtained
hen the amount of the coarser phase is larger than the finer.

The results from modeling are compatible with our findings
rom real microstructures. In the graded anode microstructure
curve nr 4) the nickel contents are gradually increasing from
one ZV (˚el = 0.31) to ZII (˚el = 0.57) where a maximum TPBL
f 2.6 �m−2 is reached. In contrast to the microstructural mod-
ling the particle sizes are not independent from the volume
ractions and hence the graded composition also induces grad-
al changes of the particle sizes. Thereby the grain size of nickel

s increasing towards ZII whereas CGO is coarsening towards ZV.
his example illustrates that in real materials the microstructural
arameters cannot be changed independently from each other. This
act restricts the practical possibilities of a microstructural opti-

ization in real samples.
The curves number 5 (anode layer 1) and 6 (anode layer 2) rep-
esent the changes of TPBL during microstructural degradation in
 humidified forming gas at 950 ◦C (compare Figs. 15–18). During
he first 200 h grain growth of nickel leads to a rapid decrease of the
PBL. The reduction of TPBL is more severe for anode layer 2 which
urces 196 (2011) 7076– 7089

has a higher amount of nickel. Between 158 and 1023 h the TPBL is
changing only slightly. At longer exposure times up to 2286 h the
reduction of TPBL is associated with the volatilization of nickel [24].
Overall this processes and the kinetics of TPB-reduction seem to be
similar in both anode layers.

Overall the results from microstructural modeling and from
quantitative analysis of real microstructures give compatible
results. However, it has to be noted that the active TPBL resulting
from the microstructural modeling is strongly affected by deper-
colation phenomena which become very prominent close to the
theoretical percolation thresholds (˚el ≤ 0.3 and ˚el ≥ 0.6). From
the present study the importance of depercolation in real anode
microstructures cannot be observed in a similar way. First of all,
the compositions analyzed here are all well within the theoret-
ical percolation thresholds (˚el = 0.31–0.57). In addition the real
microstructures are less ‘rigid’ in the sense that the phase with
the smaller particle size (i.e. CGO) forms a fine structured con-
tinuous network between the coarse nickel grains. The more fine
grained structures are thus not randomly distributed as it is usu-
ally the case for rigid particles in computational modeling. The real
structures after sintering thus seem to have much better connec-
tivity than what is predicted from the modeling with spherical
particles. The main difference between the real microstructures
compared to the ideal, virtually created geometries are the more
complex particle shapes, the wider particle size distributions and
the non-random spatial distributions of the finer particles (e.g. due
to the wetting of nickel surfaces by thin CGO layers). This leads to
a better percolation and higher activity of the triple phase bound-
aries in real samples (at least for the anode material of the present
study).

4. Conclusions

The triple phase boundary length (TPBL) and the pore–nickel
interfaces represent the microstructural sites which strongly affect
the electrochemical kinetics and the catalytic activity in the com-
posite anodes. The effects of composition and of particle size
distributions on the TPBL and on the various types of surfaces and
interfaces have been investigated quantitatively by means of FIB-
nanotomography and with dedicated image analysis tools. For this
purpose an anode with a graded microstructure (four distinct zones
with gradually changing compositions) was  investigated and the
results compared with microstructural modeling from literature.

After sintering the cermet phases are forming continuously per-
colating networks and therefore the initial grain boundaries are
difficult to identify. Reliable object recognition is thus a major
challenge for the analysis of discrete particle size distributions
(PSDD). For this purpose a splitting procedure was introduced
[26]. This method however can only be performed based on
3D-reconstructions of the anode microstructure, e.g. from FIB-
nanotomography which limits the number of investigated samples.
The splitting with a k-value of 0.6 leads to realistic particle struc-
tures [27]. These discrete particle structures are the basis for a
quantitative validation of the virtual particle structures that are
produced by microstructural modeling (e.g. [19,20]).

An alternative method for particle size determination is the con-
tinuous PSDC which can be applied to networked microstructures
without preceding recognition of the discrete particles. In addition
the continuous PSDC method is also proven to give reliable result
based on 2D images [30]. Compared to the discrete PSD the con-
tinuous method is more reliable when the particle shapes are very

complex, because this causes problems for reliable object recogni-
tion. The present study reveals a constant ratio between continuous
and discrete PSDs that can be described with a proportionality fac-
tor of 2.8.
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The total TPBL as well as the surface and interface areas
an be determined from 2D and from 3D images. For realistic
icrostructures there is no simple correlation between the TPBL
ith composition and particle size. However, the study of the 4
ifferent zones indicates that the TPBL correlates with the volume
ractions of the coarsest phase (i.e. nickel). Even more pronounced
s the correlation between the TPBL with the pore–nickel interface.
ecause this is the least abundant surface in the microstructure it
epresents the limiting parameter for the TPB formation.

Upon exposure to a humid gas at 950 ◦C, rapid nickel grain
rowth is observed for the initial period (<200 h). This coarsen-
ng leads to a strong reduction of the nickel surfaces (including
ore–nickel interface) and of the associated TPBL. At longer expo-
ure times grain growth ceases but nickel volatilization leads to
he formation of thin CGO layers on the surface of the nickel grains.
hereby the pore–nickel interface and also the TPBL are strongly
educed.

Overall, the comparison of real anode structures with com-
utational models reveals similar trends how the TPBL changes
ith composition and pore size. However, wide particle size dis-

ributions, non-random spatial distributions and non-spherical
article shapes represent major problems for the computational
imulation. In particular this study indicates different perceptions
f the percolation threshold. A perfect percolation of all three
hases (>99%) is observed in the real composite anode whereas
epercolation in modeling studies is always a limiting factor for
PBL-activity. These different findings question the practical value
f the percolation theory based on idealized microstructures. The
entioned disordering due to wider particle size distributions and

he more complex particle shapes may  be a reason for the higher
egree of percolation that is observed in the present study for real
icrostructures. The investigation of percolation and connectiv-

ty is important for the understanding of the relationship between
icrostructure, electrode activity and transport properties. This

ssue is thus currently the focus of more rigorous investigations
t empa by means of FIB-tomography and by network analysis of
keleton graphs.
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