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ABSTRACT

An anode support tubular SOFC is fabricated and the dependence of its polarization resistance on
anode microstructural parameters is investigated by means of stereology and concept of contiguity
(c-c) theory. Nickel yttria-stabilized zirconia (Ni-YSZ) anode supported cell with YSZ electrolyte,
lanthanum-strontium-manganite (LSM)-YSZ composite cathode, and LSM cathode layers is
fabricated by dip coating. Submicrometer resolution images of anode microstructure are
successfully obtained by low voltage SEM-EDX and quantified by stereological analysis. Cell
voltage measurements and impedance spectroscopy are performed at temperatures of 650 and
750°C with hydrogen and nitrogen mixture gas as a fuel. A quantitative relationship between
polarization resistance and microstructural parameters such as circularity, three-phase boundary
length and contiguity etc. is investigated using the concept of contiguity (c-c) theory. The
effectiveness of correlating polarization resistance of anode supported tubular SOFC using
stereology and c-c theory is evaluated.
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1. Introduction

Solid Oxide Fuel Cell (SOFC) is one of the most promising energy conversion technologies due
to its high efficiency and fuel flexibility [1]. In order to reduce manufacturing cost and to achieve
high reliability, recent activities are shifting to operate SOFCs at intermediate temperatures.
Anode supported SOFCs have attracted much research interests since they can reduce the
electrolyte thickness as well as the electrolyte resistance at low temperature operation [2-4]. Great
efforts have been paid for developing materials with high conductivities and electrodes with
optimal microstructures to improve the electrode polarization characteristics at low temperature
operation.

Porous cermets (such as Ni-YSZ composite) are widely used as anode materials in order to
match the thermal expansion coefficient with that of the electrolyte and to extend effective reaction
sites (three-phase boundary, TPB) [5]. It is well known that anode microstructure has significant
impact on cell performance and durability [6-10]. To date, great efforts have been made to
improve anode performance by modifying the anode microstructures. For example, effects of
morphology improvement [9,10], dependence on starting materials and fabrication methods [11-13]
have been reported. Recently, direct measurements of SOFC electrode microstructures have been
reported using focused ion beam scanning electron microscopy (FIB-SEM) [14] and X-ray
computed tomography (XCT) [15]. Through these direct measurements, important
microstructural parameters such as three phase boundary length and tortuosity factor can be
obtained. However, huge efforts are required for obtaining large amount of data volume with very
high resolution for statistical processing. A methodology that can quantify microstructural
parameters from two dimensional microscopy images is preferred especially from the designing

point of view. The microstructural parameters such as phase contiguity and effective



conductivities can be evaluated from two dimensional images using stereological theory [16] and
concept of contiguity theory [17,18]. Simwonis et al. [19] and Lee et al. [20-23] have applied
stereological theory to Ni-YSZ cermets and investigated the contiguity of the phases. Effects of
Ni agglomeration, Ni contents or compaction pressure on the effective conductivity of the Ni-YSZ
cermet are reported. However, such approach for the electrodes of the real cell configuration is
still limited. And more importantly, the quantitative relationship between the microstructural
parameters and the polarization resistances is not fully investigated. Thus, quantitative
investigation between anode microstructural parameters and polarization characteristics for the real
anode supported cell configurations is strongly demanded.

In the present work, microstructure of the tubular anode supported SOFC is quantified and the
effects of anode microstructure on its polarization resistances are evaluated. To obtain cells with
different anode microstructures, two different NiO-YSZ starting materials are used and the amounts
of poreformer were varied. Then, electrolyte and cathode layers were dip coated onto the anode
supports. 1-V curves and Nyquist plots were obtained at temperatures of 650 and 750°C using
hydrogen and nitrogen mixture gas as a fuel. Reduced anode microstructures were imaged using
low voltage scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDX). Microstructural parameters such as three phase boundary (TPB) length and contiguity are
quantified by means of stereology [16]. The effects of starting material and poreformers on
microstructure are evaluated.  Finally, the relationship between the anode microstructural

parameters and the polarizations is investigated using concept of contiguity theory [17-19].

2. Cell fabrication

Anode supported cells used in the present study consist of Ni-YSZ anode support (thickness 500



um), YSZ electrolyte (20 um), LSM-YSZ composite (10 um) and LSM cathode current collector
(10 um) layers. NiO-YSZ (60/40 vol%) powders (AGC Seimi Chemical Co., Ltd.) with binder
(methylcellulose) were mixed and extruded into a tubular shape (Kankyo Ceramics Research Co.
Ltd., Japan). Since sintering shrinkage rate is sensitive to the amount of poreformers, anode
pre-sintering temperature was chosen differently (1100 or 1200°C) for the cells depending on the
anode microstructures so that every cell has nearly the same electrolyte thickness. Then, YSZ
slurry was dip coated on the anode support, and co-sintered at 1400°C for 3 hours. The LSM-
YSZ (50/50 wt%) composite cathode layer and LSM cathode current collector layer were dip
coated and sintered at 1200 and 1100°C for 3 hours, respectively. Finally, Ag wire was connected
to the cell by Ag paste. Anode side current collection wire was connected to one edge of the
anode support.  After connecting the cell with the fuel supply tube, the sealant (Dura Seal 1529
UHT, Cotronics Corp.) was painted over the anode with the current collection wire for perfect
sealing. Figure 1 shows the schematic of the fabricated anode supported cell.

To change the anode porosity, the amount of acrylic poreformer (1.5 um, Soken Chemical &
Engineering Co., Ltd.) was varied as 0 wt%, 9 wt% and 17 wt%. For the starting materials,
co-precipited or mechanically mixed NiO-YSZ powders were employed. The mean grain size of
the mechanically mixed powders was around 1 um. Primary particle size of the co-precipitated
powders is 30~50 nm and they were uniformly distributed inside the secondary grains around 1 pum.
Table 1 shows the specifications of the cells tested in this study. Figure 2 illustrates the cross
section of the fabricated co-precipitated cell with 17 wt% poreforimer (C-17wt% cell).

The cells were connected to the fuel supply tube with adhesion bond (904 Zirconia, Cotronics
Corp.) and sealant (Dura Seal 1529 UHT, Cotronics Corp.). Ag wires were connected to the

electronic load controller (Kikusui Electronics Corp., PLZ664) and impedance meter (Kikusui



Electronics Corp., KFM2150).

The anode was reduced in H, 20 sccm and N, 10 sccm at 750 °C for 10 hours. The ramp rate
was 10 °C/min in all heating and cooling processes. Hydrogen/nitrogen flow rates were set as
20/10 sccm or 2/28 sccm fixing the total flow rate at 30 sccm.  Air flow rate was fixed as 20 slm.

Then, I-V curves and Nyquist plots were acquired at temperatures of 650 and 750°C.

3. Microstructure quantification
3.1 Image Processing

Samples were infiltrated with epoxy resin (Marumoto struers K. K.) under vacuum. Cured
samples were polished by Ar-ion beam cross-section polisher (JEOL Ltd., SM-09010). This
technique provided less damage and smoother cross section than the diamond slurry polishing.
Then, microstructure of the cross-section was successfully imaged by the energy selected
backscattered electron detector (ESB) and energy dispersive X-ray spectroscopy (EDX; Thermo
Electron, NSS300) in low voltage scanning electron microscopy (SEM; Carl Zeiss, ULTRAS5).
The size of the images is 30.3 um X40.5um with 768 X 1024 pixels. As shown in Fig. 3, ESB
and EDX of low voltage SEM provided images with submicron resolution. Co-precipitated cells
show finer and more complicated structures than the mechanically mixed cells. For image
processing, a weighted differential filter was applied to sharpen grain boundaries. Pore was first
distinguished from the ESB images, and then solid Ni and YSZ phases were distinguished using the
EDX images. Figure 4 shows the processed images of the six samples listed in Table 1. As can
be seen from the figure, Ni (white), YSZ (gray) and pore (black) phases are clearly distinguished.

From these processed images, volumetric fraction V;, area A;, perimeter P;, mean intercept length

li of each phase, number of contact points of i and j phases per unit length N;j, number of



intersection points of three phases per unit area Ntpg are obtained. Diameter djand circularity R;

of each phase are calculated as:

a=2[A )
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Note that circularity R; takes larger values as the shape becomes more complicated.

3.2 Stereology

According to the theory of stereology [16], the microstructure information of two dimensional
images can be transformed to three dimensional information. Interfacial area S;;, which is the
neck area between i and j phases per unit volume, and TPB length Ltpg per unit volume in an
isotropic structure can be written as:

w i ®)

Lipg = 2Nppp - (4)
Contiguity C; [17-20] is defined as the fraction of the interfacial area shared with the same phase to
the total surface area of the corresponding phase. Simiwonis et al. [19] extended the theoretical
approach for the equiaxed two phase solid to the Ni-YSZ-pore three phase problem and obtained

following expression for contiguity:

- S, (5)
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where s =2s;+s;_;+S;, is the total interfacial area of phase i. Volume to surface ratio is

related to the intercept length I; by:
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Then, Eq. (5) can be rewritten in terms of volume fraction V; and mean intercept length |; as:
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Thus, contiguity can be easily obtained from the two dimensional images through Eg. (7). The

effective conductivity will be related to contiguity C; in the later section.

4. Results and discussion
4.1 Cell testing

A typical example of the obtained voltage and power density curves at 750°C are shown in Figs.
5 and 6. As shown in Fig. 5, co-precipitated cells shows slightly better performance than the
mechanically mixed cells at H, = 20 sccm, and the maximum power density (MPD) was over 0.4
W/cm? for the C-Owt% cell. C-17 wt% and M-17wt% cells showed low open circuit voltage
(OCV). From the SEM images, it is observed that the electrolyte layers of C-17 wt% and
M-17wt% cells were not dense enough, which lead to imperfect sealing. Figure 6 shows the
results for the H,= 2 sccm case. Co-precipitated cells again showed better performance than the
mechanically mixed cells. Especially, C-9wt% cell exhibits MPD of 0.15 W/cm® and the
maximum fuel utilization exceeded 85%. Effect of poreformers was different depending on the
starting materials and the hydrogen flow rates. For the co-precipitated cells, C-Owt% cell
performed better for the H, = 20 sccm case, while C-9wt% cell was better at H, = 2 sccm.  On the
other hand, for the mechanically mixed cells, M-9wt% cell performed favorably in H,= 20 sccm
case, while M-0wt% cell was slightly better at H, = 2 sccm.

To separate ohmic, activation, and concentration polarizations, impedance spectroscopy data
were obtained at i = 0.16 A/cm®  Figure 7 shows a typical example of the obtained Nyquist plot.

Two semi-circles were least-square fitted to obtain ohmic (Ronm), high frequency (Ry) and low



frequency (R)) resistances. The equivalent electrical circuit is shown in Fig. 8.

The sum of the ohmic resistances of the electrolyte, cathode and anode is measured as Ropm.
The high frequency resistance Ry, is considered to be due to the activation overpotentials of the
anode and the cathode, while the major contribution of the low frequency resistance R, is due to the
concentration polarization [24]. Figure 9 shows the obtained Ry, and R, of the cells. C-17 wt%
cell and M-17wt% cell data are not plotted in the figure because of the leakage problem described
above. As shown in Fig. 9, co-precipitated cells show smaller R;, and R, than the mechanically
mixed cells. Addition of poreformers drastically reduces R, but increases R,. \oltage drop due
to fuel shortage was apparent at H,= 2 sccm, T = 650 °C case around i = 0.1 A/cm?.  This may be

the reason for the large R, obtained for the M-9wt% cell at H,=2 sccm, T =650 “C in Fig. 9(a).

4.2 Microstructure quantification results

The original 30.3 um X40.5 um images are divided into four 15.2 um X20.2 um sub-regions
in order to investigate the dependence of the micro structural parameters on the analyzed area.
The parameters directly obtained from the image processing are listed in Table 2. The mean
values as well as the standard deviations of the data from four sub-regions are also shown. As can
be seen from Table 2, the standard deviations of the four images are quite large. The standard
deviations of the parameters related to the pore phase, e.g. Apore and Ppore, are very large, while
those for the solid phases remain relatively small. Table 3 shows the parameters calculated from
Egs. (1) to (4) and (7) using the data listed in Table 2. In Fig. 10, equivalent diameters d; are
plotted against porosity & (= Vpoe).  As the data show quite large scattering, data from four
sub-regions are listed in the figure as four independent points with a same symbol. It can be seen

from the figure that each of the data sets for the co-precipitated cells and mechanically mixed cells



correlates quite well with porosity even porosity shows large scattering. This implies that the
variation of parameters between the sub-regions is mainly due to the variation of porosity. Thus,
even with data dispersion, it is expected that the present data can be used for discussing the
differences of microstructural parameters between the cells.  Figure 11 shows the relationship
between circularity R; and equivalent diameter d;. The mechanically mixed cells have larger Ni
diameter dy; and circularity Ry; than the co-precipitated cells.  On the other hand, co-precipitated
cells have larger YSZ circularity Rysz than the mechanically mixed cells. From its definition,
larger circularity corresponds to non-circular shape of the phase. These indicate that YSZ phase
of the co-precipitated cells is more complicated, while Ni phase of mechanically mixed cells is
larger and somewhat agglomerated. No apparent difference between co-precipitated and
mechanically mixed cells is observed for the pore circularity Rpgre in Fig. 11(c). Figure 12 shows
the interfacial area between different phases Si;. Again, each of the co-precipitated cell and
mechanically mixed cell data is well correlated with porosity. Mechanically mixed cells show
slightly larger Ni-pore interfacial area, while co-precipitated cells show larger YSZ-Ni and
YSZ-pore interfacial areas. From above results, it can be concluded that good connections of
YSZ-YSZ and YSZ-Ni phases are achieved in the co-precipitated cells, while Ni phase is somewhat
isolated and agglomerated within the pore for the mechanically mixed cells. Figure 13 shows the
TPB length Ltpg and porosity & (= Vpore). Porosity increases but TPB length decreases with
increasing the amount of poreforimer. Co-precipitated cells have longer TPB length and higher
porosity than the mechanically mixed cells. The TPB length Ltpg is also plotted against geometric
average of the equivalent diameters (dyidysz dpore)l’3 in Fig. 14. It can be seen that all Ltpg data
are well correlated with the average equivalent diameter regardless of starting material. Thus, the

large Ltpg Of co-precipitated cells can be attributed mainly to the fine microstructure, especially to



the finer Ni phase as shown in Fig.10(a). Even the cells are co-fired with the YSZ electrolyte
layer at 1400°C, it is considered that the complicated YSZ network and large interfacial area

between YSZ and Ni phases of the co-precipitated cell possibly prevented Ni sintering.

4.3 Polarization resistance and Microstructure
Finally, relationship between polarization resistances and microstructural parameters is

discussed. According to Costamagna et al. [25,26], Thiele modulus 7"is defined as:

= io'-TPBF(l/O'ieoff +Yoy )a, (8)
RoT

where i is the lineal exchange current density per unit TPB length, a is the electrode thickness,

o and o are the effective ionic and electronic conductivities, respectively. Thiele

o
modulus represents the ratio between the characteristic reactive length and the actual thickness of
the electrode [26]. When anode thickness is large (77> 3), effective region of the electrode
becomes thin and will be restricted to the vicinity of electrode/electrolyte interface. Then, the

effective electrode conductance becomes inversely proportional to 7°[25]. In that case, anode

conductance can be expressed using the linearized Butler-Volmer equation as:

1 . F o1 i FL
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From the concept of contiguity (c-c) theory [17-19], the effective conductivity of a multi-phase
material (¢®") can be expressed as follows:

o =Y o CV, | (10)
where g;, Cijand V; are conductivity, contiguity and volume fraction of phase i, respectively. Since

ionic conductivity of Ni can be neglected, effective ionic conductivity of the Ni-YSZ cermet can be

10



expressed as:
O ieoff =0vszCyszVvsz - (11)
Substituting Eqg. (11) in Eqg. (9) and neglecting electronic resistivity, the anode resistance can be

related to the microstructural parameters as [27]:

R~ Yo ReT o 1 o 1 ) (12)
IoFLrps \/ oM Lrpg \/ CyszVysz Lres

Figure 15 shows the high frequency resistance Ry, plotted against the R.H.S. of Eq. (12). The bars
indicate the standard deviations of the four sub-regional data. For each temperature and hydrogen
flow rate condition, Ry, is correlated fairly well by Eq. (12). The variation of R,, with temperature
and hydrogen flow rate can be attributed to the dependence of exchange current density iy on
temperature and partial pressures of H, and H,O. It is reported from the Ni pattern anode
experiments that the polarization resistance is sensitive to the partial pressure of steam, Ppzo
[28,29]. Since local P20 adjacent to the reactive three phase boundary should be different for the
cells with different tortuosity, exchange current density iy of the cells must be different even for the
same temperature and bulk H, flow rate. Thus, quantitative discussion for the proportionality
coefficient of Eq. (12) is not discussed here. However, fairly good correlation of R, with
cc-theory shown in Fig. 15 implies that the differences of anode resistances between the cells can
be attributed mainly to the difference of the microstructural parameters such as contiguity, volume
fraction and TPB length. Thus, it is expected that stereology and c-c theory is effective for
evaluating the quantitative differences of microstructures and discussing the relationship between

microstructural parameters and polarization characteristics of anode supported SOFCs.
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5 Conclusions

In the present study, tubular anode-supported cells with Ni-YSZ anode, YSZ electrolyte,
LSM-YSZ composite cathode, and LSM cathode current collector layers were fabricated.
Amount of acrylic poreformer and starting NiO-YSZ powders were varied to obtain different anode
microstructures. Anode cross section was polished by Ar ion beam cross section polisher and
successfully imaged by low voltage SEM-EDX. Clear images of low voltage SEM-EDX made it
possible to distinguish the three phases. The microstructural parameters such as TPB length and
contiguity etc. are quantified using the stereological analysis. Co-precipitated cells have good
connections of Ni-YSZ and YSZ-YSZ phases, which lead to long TPB length with high porosity.
On the other hand, Ni is relatively isolated and agglomerated within the pores and TPB length and
porosity are small in the mechanically mixed cells. Impedance spectroscopy was performed at
650 and 750°C with hydrogen/nitrogen mixed gas as a fuel. High frequency resistance scaled well
with contiguity, volume fraction of YSZ and TPB length, i.e. 1/,/CysVys;Lrp - It is expected that
stereology and c-c theory are effective for evaluating the microstructures and their polarization

resistances of SOFC anodes.
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Nomenclature

A
Ci
CPE

di

Greek symbols

Electrode total thickness (um)

Average area of phase i (um?)

Contiguity of phase i

Constant phase element

Equivalent diameter of phase i (um)

Faraday constant: 9.649x%104 (C/mol)

Current density (A cm™?)

Mean intercept length of phase i (um)

Three phase boundary length per unit volume (um pm™)
Number of contact points of phases i and j per unit length (um™)
Number of intersection points of three phases per unit area (um)
Average perimeter of phase i (um)

Resistance (mQ)

Gas constant : 8.314 (J mol™ K™

Circularity of phase i

Total interfacial area of phase i per unit volume (um? um®)
Interfacial area of phases i and j per unit volume (um? pm)
Temperature (K)

\Volume fraction of phase i

Porosity (= Vpore)

Thiele modulus
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Conductivity (S m™)

Subscripts and superscripts

eff

el

ohm

Ni

Pore

YSZ

TPB
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Table 1 Fabricated anode samples.

Starting NiO/YSzZ Amount of Pre-sintering Co-sintering
Abbreviation NiO/YSz ratio poreformer temperature temperature
powder wt % Wt% C C
C-Owt% Co-precipitation 60/40 0 1200 1400
C-9wt% Co-precipitation 60/40 9 1100 1400
C-17wt%  Co-precipitation 60/40 17 1100 1400
M-Owt%  Mechanical mixing 60/40 0 1200 1400
M-9wt%  Mechanical mixing 60/40 9 1100 1400
M-17wt%  Mechanical mixing 60/40 17 1100 1400
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Table2 Microstructural parameters directly obtained from image processing.
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Table 3 Microstructural parameters calculated from Egs. (1) to (4) and (7).
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Fig. 5 Performance curves for H,= 20 sccm at 750°C.
(a) Co-precipitated and (b) mechanically mixed anodes
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Fig. 6 Performance curves for H,= 2sccm at 650°C.
(a) Co-precipitated and (b) mechanical mixed anodes
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Fig. 7 Impedance spectra at i = 0.16 A/cm?,
(a) C-0wt% and (b) C- 9wt% cells
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Fig. 8 Equivalent circuit of SOFC anode
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