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Anode-supported solid oxide fuel cells (SOFC) comprising nickel + iron anode support and gadolinia-doped
ceria (GDC) of composition Gdg;Cep90,_s thin film electrolyte were fabricated, and their performance
was evaluated. The ratio of Fe;03 to NiO in the anode support was 3 to 7 on a molar basis. Fe;03 and
NiO powders were mixed in the desired proportions and discs were die-pressed. All other layers were
sequentially applied on the anode support. The cell structure consisted of five distinct layers: anode
support — Ni+Fe; anode functional layer — Ni+GDC; electrolyte - GDC; cathode functional layer - LSC
(LagSr0.4Co03_s)+ GDC; and cathode current collector - LSC. Cells with three different variations of the
electrolyte were made: (1) thin GDC electrolyte (~15 wm); (2) thick GDC electrolyte (~25 wm); and (3) tri-
layer GDC/thin yttria-stabilized zirconia (YSZ)/GDC electrolyte (~25 pm). Cells were tested with hydrogen
as fuel and air as oxidant up to 650 °C. The maximum open circuit voltage measured at 650 °C was ~0.83V
and maximum power density measured was ~0.68 W cm~2. The present work shows that cells with Fe + Ni
containing anode support can be successfully made.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) are emerging as an important class
of power generation devices which can operate on a number of
hydrocarbon containing fuels and directly convert chemical energy
of oxidation into electricity at a high efficiency [1-3]. Of the vari-
ous designs of SOFC under development, anode-supported design
has been extensively investigated because of the ease of fabrication,
ruggedness, and high performance[2,3]. The thickest and structure-
supporting component in most anode-supported SOFC is Ni+YSZ.
From the standpoint of cost, reducing the thickness of the anode
support is desired since nickel and YSZ both are relatively expen-
sive. Currently, some efforts are underway on the development of
metal-supported SOFC wherein the supporting component is made
of porous stainless steel upon which the cell is formed. For example,
Ceres Corporation in UK is developing ceria thin film cells supported
on stainless steel substrates with laser-drilled holes [4]. Efforts on
the development of YSZ electrolyte cells supported on porous stain-
less steel tubes are underway at LBL [5]. In both of these cases,
the amount of nickel is substantially reduced by the use of stain-
less steel supports. Recently, Ishihara and co-workers [6] reported
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on the development of LSGM-based cells with anode containing a
mixture of 90% Ni and 10% Fe. The rationale for the use of Fe was to
improve anode catalytic activity.

The present work was undertaken with the principal objective
of reducing the amount of nickel from the anode support to as low
a value as possible and altogether eliminate yttria-stabilized zirco-
nia (YSZ) from the anode support in order to improve the economic
viability of SOFC. Iron and nickel are adjacent to each other in the
periodic table, and form extensive solid solutions (e.g. o, y(Fe,Ni))
and intermetallic phases (e.g. FeNi3) [7]. In this research, samples
of various compositions containing different amounts of Fe, 03 and
NiO were fabricated by sintering of powder compacts. The sintered
samples were subsequently reduced in 10% H; +balance N, and
~100% H, atmospheres, and their reduction characteristics were
investigated. Cells comprising five distinct layers, namely, anode
support (Ni+Fe), anode functional layer (Ni+GDC), electrolyte
(GDC), cathode functional layer (LSC+GDC), and cathode current
collector (LSC) were fabricated. Based on thermo-mechanical prop-
erties of the cells, an optimum composition for the anode support
was selected for the cell tests. Cells with three electrolyte variations
were made: (1) thin GDCelectrolyte (~15 pwm thickness); (2) thicker
GDC electrolyte (~25 m thickness); and (3) tri-layer electrolyte
(GDC-YSZ-GDC of ~25 wm total thickness with 1 wm YSZ). Cell per-
formance was evaluated over a temperature range from 550°C to
650°C.
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2. Experimental procedure
2.1. Fabrication of Fe;03-NiO samples

The starting materials for the anode support were Fe,03 (Alfa
Aesar) and NiO (Atlantic Equipment Engineering). In order to
investigate the effect of iron content in the anode support on
cell structural integrity and cell performance, three composi-
tions were selected for the initial trials: (1) Fe;03 - 30%, NiO -
70%; (2) Fe;03 — 50%, NiO - 50%; and (3) Fe,03 - 70%, NiO -
30% (all compositions in mol.%). Powders were mixed and ball
milled. Bar-shaped samples of approximate dimensions: width
~12.7 mm, thickness ~2.3mm, and length ~55mm (in the as
pressed state) were fabricated. Samples were sintered in air at
1400 °C for 2 h. X-ray diffraction (XRD) traces of the samples were
obtained using Phillips X'Pert Diffractometer with Cu Ka radia-
tion. The sintered samples were then reduced in two reducing
atmospheres; ~10% H; +balance N, and ~100% H, at 800°C for
1 h. For each sample, dimensions before sintering, after sintering,
and after reduction in H, containing atmospheres were measured.
The porosities of the samples were measured (using Archimedes
method in accordance with ASTM Standard C 20-00) after reduction
in ~100% H,.

2.2. Fabrication of cells

The anode support composition selected was Fe,03 - 30% and
NiO - 70%. This selection was based on structural integrity, as
cells made of the other two anode support compositions exhibited
delamination and cracking during cell tests. Disc-shaped samples of
dimensions ~3.3 cm diameter and ~0.15 cm thickness were formed
by die-pressing. The pressed discs were fired at 650°C for 1h to
burn off any volatiles and impart sufficient strength to the discs for
subsequent handling and processing. A slurry of a powder mixture
of 50 wt.% GDC(Gd1Ceg.90,_s from Praxair) + 50 wt.% NiO (Atlantic
Equipment Engineering) was prepared in butyl alcohol. One surface
of each disc was coated with this slurry to form the anode functional
layer. Slurries of GDC and YSZ were also made in butyl alcohol. The
electrolyte layer was then applied on top of the anode functional
layer by slurry coating. Cells with three different electrolyte vari-

ations were made. (1) GDC electrolyte layer was applied by drop
coating (GDC thickness ~15 pwm after sintering). (2) A thicker GDC
electrolyte applied by drop coating (GDC thickness ~25 wm after
sintering). (3) A tri-layer electrolyte of GDC-YSZ-GDC was formed
by drop coating. The approximate thicknesses of GDC, YSZ and
GDCwererespectively ~12 wm, ~1 wm, and ~12 wm after sintering.
After applying the electrolyte layer, the discs were sintered in air at
1450°C for 2 h. This completed the formation of the tri-layer struc-
ture comprising the anode support-the anode functional layer-the
electrolyte.

A paste of 50 wt.% GDC + 50 wt.% LSC in ethylene glycol (EG) was
made. A layer of the paste was applied on the surface of the elec-
trolyte followed by firing at 1100 °C in air for 1 h. This leads to the
formation of the cathode functional layer. The final step in cell fab-
rication is the application of LSC current collector layer. For this
step, a paste of LSC + 10 wt.% carbon was made in EG. A layer of this
paste was applied on the surface of the cathode functional layer
and the cell was fired at 1100°C for 1 h in air. This completed cell
fabrication.

2.3. Cell testing

Fig. 1 shows a schematic of the fixture used for cell testing. Cell
test procedure used in this work is described below. A typical cell
was mounted in the fixture using mica gaskets. No glass seal was
used. The fixture is designed such that sealing is achieved by com-
pression loading with load springs maintained outside the hot zone
of the furnace. One silver wire mesh was pressed against the LSC
current collector on the cathode side and another pressed against
the anode. Two sets of silver wires were connected to the silver wire
meshes for current collection and voltage measurement. The cell
was heated to 600 °C while circulating 10% H, + balance N, on the
anode side. The purpose of circulating H,—N, gas on the anode side
was to reduce Fe—Ni oxides to a Fe—Ni metallic alloy. The anode gas
was subsequently changed to ~100% H,. These steps were carried
out with stagnant air on the cathode side. After 4 h, air was circu-
lated past the cathode. Hydrogen and air flow rates were 300 and
550 mlmin~!, respectively. Voltage vs. current density data were
collected over a temperature range between 550 °C and 650°C.
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Fig. 1. A schematic of the single cell test fixture.
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3. Results and discussion

3.1. Fabrication of Fe;03-NiO samples and their reduction
characteristics

Table 1 lists dimensional changes of samples of various com-
positions (Fe,03 to NiO ratio) upon sintering and after subjecting
sintered samples to hydrogen containing atmospheres. Shrinkage
associated with sintering was between ~13% and ~19%, increasing
with increasing Fe, O3 content. When reduced in a gas mixture con-
taining 10% H, + balance nitrogen, the samples actually increased in
dimensions slightly (between ~0.1% and ~0.5%) as given in Table 1.
However, when reduced in 100% hydrogen atmosphere, the lin-
ear change (decrease) was greater than ~3% (or volume change of
~10%) as given Table 1. Metallic Ni is more noble compared to Fe.
Thus, the oxygen partial pressure must be low enough to reduce
iron oxide to metallic iron. At 800°C, the py,/ph,0 ratio must be
greater than about 1 to reduce Fe-oxides to metallic iron. Thus,
presumably, the atmosphere in 10% H, + nitrogen mixture was not
sufficiently reducing to effect the reduction of Fe-Ni-oxide samples
to the metallic state, while 100% H; gas mixture was. Oxygen partial
pressure was not measured in the fuel. Thus, it is the expectation
that in 10% H; +balance N, gas, the oxygen partial pressure must
have been higher, due to possible leaks in the seals.

Table 2 lists the total volume porosity of the samples after reduc-
ingin 100% H; at 800 °C. Note that the porosities of the samples after
reduction are in excess of 50% for all compositions investigated.
Typical anode-supported SOFC are made using a mixture of NiO
and YSZ. Depending upon the relative amounts of NiO and YSZ and
depending upon the amount of pore formers (e.g. carbon) added,
porosities in the range from 30 to 50% have been reported [3,8]. It
is also known that anode support porosity in excess of about 35% is
generally adequate to ensure easy transport of fuel and sufficiently
low concentration polarization, as long as the anode is not too thick
[3]. In the present work, porosity in excess of 50% was achieved
while still maintaining structural integrity. This shows that anode
support made of Fe,03-NiO mixtures should exhibit sufficient
porosity and mechanical integrity upon reduction to function as
anode support. Fig. 2 shows a scanning electron micrograph (SEM)
of the anode support after reduction and testing. The SEM micro-
graph shows that the original grain size of the sintered oxide is
on the order of a few microns. The porosity appears to be bimodal
in size; coarse pores on the order of a few microns and very fine
(nanometer scale to submicron) porosity within individual grains.
It is anticipated that coarse pores will allow easy transport of fuel
while very fine pores should provide large surface area for anode
chemical reactions (such as direct internal reforming when using
hydrocarbon fuels) to occur.

Table 1
Length change after sintering and reducing (10% H, and 100% H,).

Composition Length change Length change after Length change after

(Fe,05:NiO) after sintering reducing (10% Hy) reducing (100% Hy)
(mol.%)

3:7 —13.4% +0.1% -3.6%

5:5 —16.4% +0.2% -3.3%

7:3 -18.9% +0.5% -3.2%

Table 2

Bulk density and total porosity after reducing at 800 °C with 100% Hs.

Composition (Fe;03:NiO) (mol.%) Bulk density (gcm—3) Total porosity (%)

8 4.1 52
5:5 3.8 55
7:3 4.0 52

Fig. 2. An SEM micrograph of a Fe-Ni metal anode support formed by the reduction
of a NiFe; 04 + NiO two-phase mixture.

Fig. 3 shows X-ray diffraction (XRD) patterns of as-sintered and
reduced Fe,03-NiO samples. Fig. 3(a) is an XRD pattern of as-
sintered Fe;03-NiO composition containing 30 mol.% Fe;03 and
70 mol.% NiO. All peaks could be identified with NiFe, 04 spinel and
NiO as labeled. Fig. 3(b) shows an XRD pattern after reducing. The
strongest peaks in this trace correspond to an f.c.c. structure and are
consistent with the presence of Fe-Ni alloys. Based on the Fe-Ni
phase diagram, the anticipated phases include FeNis and taenite
(FeNi) alloy. Both are f.c.c. and with lattice parameters very close
to each other. Some of the peak splitting observed in Fig. 3(b) may
well also be due to the presence of Ka2 reflections. An examination
of Fig. 3(b) also shows small traces of the spinel phase. It is pos-
sible that a small amount of the spinel phase may be completely

before test @
e Before reducing | EB 3
] \E. . NiF6304
I % “Nji
- 8:Nio
100 ‘
%)
g 4 8
2 254 7
,“:{ JTRTT TR TN || N | A | u]l }
_f] Jan18 2008 (Metal +GDC)
g 04
< 2000
After reducing © : Taenite (FeNi alloy)
i
1000 - ©
o
OWMW U ST —

20/ degree

Fig. 3. XRD patterns of the as-sintered anode support and after reduction to form
an alloy of Fe and Ni.
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Table 3

Experimental conditions describing the three variations of the electrolyte.
Electrolyte Details

(1) Thin GDC GDC only, target thickness: ~15 pwm

(2) Thick GDC GDC only, target thickness: ~25 um

(3) Tri-layer (GDC: 12 pum) +(thin YSZ: ~1 wm)+(GDC: 12 pm)

Table 4
OCV (V) and MPD (W cm~2) as a function of temperature for the three cells with
three different variations of the electrolyte.

Temp. Cond.

Thin GDC Thick GDC Tri-layer (GDC-thin

(~15 pm) (~25 um) YSZ-GDC)

ocv MPD ocv MPD ocv MPD

v) (Wem=2) (V) (Wem=2) (V) (Wem-2)
550°C  0.64  0.18 085 021 091 018
600°C 072 0.38 084 042 0.89 037
650°C 0.70 0.62 0.83 0.68 0.84 0.65

surrounded by the metallic phase formed thereby preventing its
access to the reducing atmosphere (Tables 3 and 4).

3.2. Microstructure of single cells

Fig. 4 shows an SEM micrograph of the fractured surface of a
typical cell after testing. The thicknesses of the various layers are
as follows: (1) anode layer: ~0.9 mm; (2) anode interlayer (or func-
tional layer): ~20 wm; (3) GDC electrolyte: ~25 wm; (4) cathode
interlayer (or functional layer): ~15 wm; (5) cathode current collec-
tor: ~40 wm. The GDC electrolyte is essentially fully dense with no
open porosity. The anode functional and cathode functional layers
are porous with fine microstructures. The anode support is porous
of a coarse microstructure with bimodal porosity - large pore size
in between particles and very fine porosity within individual parti-
cles(same as in Fig. 2). Fig. 5 shows an SEM micrograph of a cell with
EDX line scan superimposed on the micrograph. The figure shows
Ce, Fe and Ni traces. No Ni or Fe was detected in the GDC electrolyte.
The presence of Ni and Fe was seen in the anode support and no
Ce was detected. In the anode functional layer, all three elements
were detected consistent with the initial formulation of the anode
functional layer and interdiffusion of Fe and Ni.
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Fig. 4. SEM micrograph of a typical tested cell.

Fig. 5. An EDX line scan across a tested cell.

3.3. Single cell test results

Figs. 6-8 show the performance curves for three different cells
with three different variations of the electrolyte. Fig. 6 is for the
cell with GDC electrolyte of ~25 um in thickness. The tests were
performed at three temperatures: 550°C, 600 °C, and 650°C. The
open circuit voltage was between ~0.83V and ~0.85V. The max-
imum power density ranged between ~0.2 W cm~2 at 550°C and
~0.68 Wcm~2 at 650°C. The voltage vs. current density plots are
convex up. Typically cells made with YSZ as the electrolyte exhibit
voltage vs. current density plots that are concave up at low current
densities. The observed convex up curvature has been attributed to
the mixed ionic electronic conducting properties of ceria [9]. Fig. 7
shows performance curves for a cell with GDC electrolyte thick-
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Fig. 6. Voltage and power density vs. current density plots at 550°C, 600°C and
650°C for a cell with a GDC electrolyte ~25 pm thick.
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Fig. 7. Voltage and power density vs. current density plots at 550°C, 600°C and
650 °C for a cell with GDC electrolyte ~15 pwm thick.
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Fig. 8. Voltage and power density vs. current density plots for a tri-layer electrolyte
cell at 550°C, 600°C, and 650°C.

ness of ~15 wm. The OCV of the cell was much lower. This behavior
has been observed [10-12] and has been attributed to the overall
lower ionic transport number for the thinner membranes [13-15].
The maximum power density ranged between ~0.18 Wcm2 at
550°C and ~0.62Wcm~2 at 650°C. Slightly lower performance
even with a thinner electrolyte is thus attributed to lower OCV.
This suggests that a somewhat thicker electrolyte is preferred. Fig. 8
shows voltage vs. current density performance curves for a cell
with GDC/YSZ/GDC tri-layer electrolyte of ~25 wm in thickness. A
slightly higher OCV was observed indicating that the ~1 um YSZ
layer probably did not completely dissolve in GDC during the sin-
tering process and was effective in partially blocking the electronic

current. The maximum power density, however, was less than a cell
with ~25 pm GDC electrolyte. Further work is needed to improve
processing and determine if the electronic current can be blocked
off without significantly increasing the ohmic contribution.

4. Summary

Anode-supported cells with Gd,03-doped ceria as electrolyte
and anode support comprising a mixture of Fe and Ni were fab-
ricated and their performance was measured over a range of
temperatures between 550 °C and 650 °C with hydrogen as fuel and
air as oxidant. The anode support precursor consisted of Fe, O3 and
NiO in 3 to 7 ratio (Fe to Ni ratio 6 to 7) on a molar basis. The
anode functional layer was a mixture of Ni and GDC, and the cath-
ode functional layer was a mixture of Sr-doped LaCoO3 (LSC) and
GDC. In the as-sintered state, the anode support contained pre-
dominantly NiFe,04 spinel with some NiO. Upon reduction in a
hydrogen-containing atmosphere, NiFe,04 and NiO were reduced
to form a porous metallic alloy of Fe and Ni. The porosity was
adequate to function as anode support. Maximum power density
as high as ~0.68 Wcm~2 was measured at 650°C. The present
results show that Fe-Ni metal anode-supported cells with GDC
electrolyte can be successfully fabricated and exhibit good perfor-
mance.
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