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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) are energy conversion devices
that change the chemical energy of hydrogen and oxygen directly
into electrical work.1 Generally, SOFC studies have focused on
the development of cathode, anode, and electrolyte materials,
because the overpotential from these three elements can be a
major source of voltage loss in SOFCs and becomes increasingly
important as SOFC operating temperatures decrease.2�5

Generally, nickel and yttria-stabilized zirconia (YSZ) have
been preferred as anode materials for SOFCs, because the Ni-
YSZ cermet anode shows excellent performance while operating
using hydrogen as a fuel.6,7 However, Ni-YSZ anodes are known
to undergo degradation due to sulfur poisoning, carbon deposi-
tion, and mechanical instability when hydrocarbon-containing
fuels have been used.8�12

Increasingly, hydrocarbon fuels are being used for SOFC
applications, and, although there are several strategies for the
prevention and mitigation of degradation in Ni-YSZ anodes,13�16

new anode materials with good electrochemical properties and
resistance to carbon formation are being developed. These
materials can be divided into four types of anode for SOFCs, as
presented in Table 1.17�41 One option is to modify the Ni-YSZ
cermet by altering the nickel or YSZ, adding oxide material-
catalysts, and carrying out surface treatment.17�35 A second
option for alternative anodes is to synthesize new single-phase anode
materials, such as perovskite oxides.25,36�38 The third method is
achieved by adding additional catalyst materials. Catalyst-oxide

and catalyst-metal-oxide systems have been used to control the
carbon formation and enhance the power density.39,40 Finally,
the impregnation of novel alloys or oxides into preformed YSZ
substrate skeletons has been shown to allow direct oxidation of
the supplied fuel.41

A recent study describes the electrochemical properties of
La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) impregnated into a porous
YSZ scaffold under humidified H2 and methane gas, using small
amounts of CeO2 and Pd as catalysts.

42 The changes in structure
and conductivity that occur under reducing conditions was
investigated.43 The dense LSCM layer that formed after sintering
at 1200 �C under air was observed to change into interconnected
nanoparticles covering the YSZ scaffold upon reduction under
SOFC anode conditions. Pd and CeO2 both enhance the
electrocatlytic performance for H2 oxidation, and they, indeed,
are known to act in a complementary manner.44

In a separate study, the effect of manganese content on the
microstructure of the series of potential SOFC anode com-
pounds La0.33Sr0.67TixMn1�xO3(δ (x = 0.33, 0.5, and 0.67) was
investigated. The manganese content was found to have a
significant effect on the microstructure.43 As with LSCM, the
morphology of these compounds was found to undergo a
transformation into nanostructures upon reduction. The
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thermal stability of these structures was observed to improve
with decreasing manganese content.

The objective of this work was to further the understanding of
lanthanum strontium titanates with low manganese contents by
the investigation of the potential SOFC anodematerial La0.4Sr0.6-
Ti0.8Mn0.2O3(δ (LSTM). The study focuses on the microstruc-
ture and electrochemical properties of an SOFC anode produced
by the impregnation of LSTM into YSZ.

2. EXPERIMENTAL SECTION

The SOFCs for this study were produced by tape casting. The SOFCs
comprised of two porous layers for anode and cathode skeletons and one
dense layer for the 8YSZ electrolyte. For the porous layers, theweight ratio
of 8 mol% yttria-stabilized zirconia (8YSZ) and carbon pore former was
1:3 in a methyl ethyl ketone (MEK) and ethanol solution. After preparing
the 8YSZ tape with two porous layers using tape casting, these three tapes
were cut with a punch and laminated. The green tapes were sintered at
1400 �C for 5 h on an alumina plate with a ramp rate of 1 K min�1. After
sintering, the thickness of the dense 8YSZ electrolyte and porous anode
layer was ∼50 μm, while that of the porous cathode was ∼300 μm.
After fabricating SOFC single-cell structures, the nitrate solutions for

anode and cathode impregnation were prepared. In this study, La0.4Sr0.6-
Ti0.8Mn0.2O3(δ (LSTM) was chosen for the anode and La0.8Sr0.2MnO3

(LSM) was chosen for the cathode. The cathode solution for impreg-
nation was prepared from La(NO3)3 3 6H2O (Alfa Aesar, ACS 99.9%),
Sr(NO3)2 (Alfa Aesar, ACS 99.0%), andMn(NO3)2 3 4H2O (Alfa Aesar,
ACS 99.98%) dissolved in deionized water with a metal-ion ratio of
0.8:0.2:1.0. The anode solution for LSTM was prepared from La-
(NO3)3 3 6H2O, Sr(NO3)2, and Mn(NO3)2 3 4H2O for La, Sr, and Mn
precursors and (CH3CH(O

�)CO2 3NH4)2�Ti(OH)2 (dihydroxy-bis-
ammonium, lactate, titanium(IV), Alfa Aesar) as the Ti precursor
dissolved in deionized water in the appropriate molar ratios to give
concentrations of 0.1 g L�1. The precursors were observed to dissolve
readily. In the case of the LSTM solution, citric acid was not used,
because the Ti precursor acted to stabilize the solution. Separate 0.1 g
L�1 solutions of Ce(NO3)3 3 6H2O and (NH3)4Pd(NO3)2 in deionized
water were also prepared.
To impregnate the porous anode structure, the LSTM precursor

solution was slowly dropped onto the surface of the porous electrode
using a syringe. When the structure became saturated with solution, the

cell was heated to 500 �C in air to evaporate the solvent. This process
was repeated many times until the desired weight of LSTM precursor
was reached. The cells were then calcined at 1200 �C for 4 h. This
process was then repeated for the LSM cathode. For LSM, the electrode
was heated to 400 �C between impregnation steps for drying and was
calcined at 1000 �C for 4 h. Additions of CeO2 and Pd at the anode were
impregnated in separate stages. In each case, the drying temperature was
500 �C, and they were not calcined.

The structure and the phase stability of the synthesized LSTM were
characterized by powder X-ray diffraction (XRD). The measurements
were performed on a Philips Model PW1050 diffractometer operated at
40 kV and 30 mA using Cu KR radiation. Phases were identified via
comparison with previous studies.43

The microstructure of the single cells was investigated with a JEOL
Model JSM 5600 scanning electron microscopy (SEM) system that was
equipped with an Oxford Inca X-ray energy-dispersive spectrometry
(EDX) device.

Additional microstructural analysis and preparation of a sample for
transmission electron microscopy (TEM) was carried out using a FEI
Nova Nanolab 200 Dualbeam FIB/SEM, equipped with a Ga+ focused-
ion-beam (FIB) source operating at 30 keV. As a first step, a protective
platinum strap was deposited by FIB-induced deposition from a
platinum-containing precursor gas injected by a gas needle near the
region of interest. The purpose of this strap was to preserve the top
surface and to prevent FIB “curtaining” effects. The FIB was used to mill
cross-section trenches at a moderate beam current (g1 nA), followed by
polishing of the trench face at lower currents (< 1 nA). The SEM
column, oriented at 52� to the FIB column, was then immediately able to
visualize the cross-section face. SEM images were acquired with an
electron beam acceleration of 5 keV in secondary-electron collection
mode. A TEM sample was prepared via a method similar to that detailed
above. In this case, a suitable section of the cell containing both the
electrolyte and anode microstructure was identified. Here, two trenches
were milled from the material using the ion beam, leaving a thin slice of
electron-transparent material. This was then cut from the specimen
using the ion beam and attached to a copper grid.

TEM analysis of the FIB-prepared specimen was carried out using a
JEOLModel JEM-2011 TEMmicroscope operating at 200 kV equipped
with an Oxford Link Isis X-ray EDX system.

For electrical conductivity measurements, 8YSZ bars were pressed in
a rectangular die (4.5 mm� 3 mm� 14.5 mm) and sintered at 1400 �C

Table 1. Summary of Alternative Anode Material Strategies for Solid Oxide Fuel Cells (SOFCs)a

aData taken from refs 17�41.
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for 5 h in air. The bars were then impregnated with LSTM, using the
samemethod as that used for the SOFC anode. The conductivities of the
samples were measured using a four-terminal DC arrangement in a
custom jig with a Keithley Model 2400 source meter over a temperature

range of 50�900 �C at a rate of 5 K min�1 in a 5% H2�Ar or air
atmosphere.

Voltage, current, and power density properties of the tape-cast SOFC
were measured using Solatron Models 1287 and 1255 with a four-lead
configuration. H2 humidified with 3% H2O was supplied by bubbling
through deionized water to the anode side at a flow rate of 30 standard
cubic centimeters per minute (30 sccm) for the anode side, and air was
fed into the cathode side of SOFC single cell. Silver paste was used for
current collection at the cathode and anode surface.

3. RESULTS AND DISCUSSION

To investigate the effect of the calcination temperature on the
phase formation of the La0.4Sr0.6Ti0.8Mn0.2O3(δ within the
8YSZ, impregnated samples calcined at a range of temperatures
were analyzed by XRD. The resulting XRD patterns are shown in
Figure 1. These results show that the single-phase LSTM was
determined to form at temperatures of 500 �C and above.45 The
LSTM diffraction peak in the region of 2θ = 30��35� was much
broader for calcining temperatures of <900 �C. This may indicate
that the LSTM particles formed at low calcination temperatures
are nanoscale or inhomogeneous. At low angles, there are weak
peaks of an impurity phase that disappears between 900 �C and
1200 �C. No evidence of phases due to a chemical reaction

Figure 2. Scanning electron microscopy (SEM) images of LSTM
impregnated into a porous 8YSZ scaffold: (a) 8YSZ electrolyte�porous
surface of single cell andmagnified porous scaffold, (b) surface images of
LSTM impregnated at 1200 �C under air, and (c) surface section image
of LSTM exposed to humidified H2 at 800 �C.

Figure 3. Scanning electron microscopy (SEM) images from the FIB
technique: (a) interface image comprised of dense 8YSZ electrolyte
(right) and LSTM impregnated into a porous 8YSZ scaffold (left); (b)
3D image of the interface obtained by sectioning with a Ga+ ion beam;
and (c) enlarged image after Ga+ ion milling.

Figure 1. X-ray diffraction (XRD) results of La0.4Sr0.6Ti0.8Mn0.2O3(δ

(LSTM) impregnated into a porous 8YSZ scaffold, relative to the
calcination temperature.
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between 8YSZ and LSTMwas found after calcination at 1200 �C
for 4 h.

The microstructure of unimpregnated 8YSZ scaffold and
LSTM-impregnated 8YSZ in the as-calcined and reduced states
are shown in Figure 2. When the porous 8YSZ scaffold in
Figure 2a is compared to the impregnated sample in Figure 2b,
the presence of the LSTM coating on the YSZ is clearly evident.
When the reduced microstructure shown in Figure 2c is com-
pared to the as-calcined structure in Figure 2b, it is clear that
major morphological changes have occurred upon reduction.
The surface of the LSTM and 8YSZ anode has transformed into a
network of very fine particles. These fine LSTM particles are
located between and across the surfaces of the 8YSZ scaffold.
Similar results can be seen for La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM),44

where the formation of small particles on the 8YSZ scaffold
created a relatively porous structure that should result in an
increased triple-phase-boundary (TPB) length for electrochemi-
cal reactions in SOFC applications.

To better investigate the interface between the electrolyte and
the porous anode, a dual-beam FIB/SEM was used to mill away
and image the interface. The FIB image in Figure 3a shows a
porous composite anode of the 8YSZ scaffold with impregnated
LSTM material on dense 8YSZ electrolyte. A dense structure is

shown in the electrolyte, and relatively porous structure is shown
at the anode side in Figure 3b. The cross-sectional image is shown
as Figure 3c. The LSTM portion appears relatively dark, while the
8YSZ component is lighter in appearance. The identification of
thesemicrostructural features was confirmed by TEM. The bright-
field TEM image in Figure 4a shows several sites where the
composition has been analyzed by EDX. These results are shown
in Figures 4b, 4c, and 4d. The small particles numbered “1”, “2”,
“3”, “4”, and “5” were identified as containing the elements
lanthanum, strontium, titanium, and manganese from EDX anal-
ysis, which identifies them as LSTM nanoparticles. The larger
features, marked “6” and “7” in the figure, are identified as 8YSZ.
Thin layers of platinum (marked “8”, “9”, and “10” in the figure)
were observed to cover the former surface of the anode. This is an
artifact of the sample preparation and occurs because of the
protective platinum layer deposited on the surface of the sample
entering the pores of the anode. Copper peaks are present in the
EDX spectra, because of the use of a copper support grid.

In addition, the TEM imaging confirms that the particles of
LSTM formed upon reduction are∼200 nm in size and are oval
in cross section. The large TPB length that should result from the
formation of these particles should result in better electroche-
mical properties under SOFC operation.

Figure 4. (a) Bright-field TEM image of the LSTM particles on YSZ from an anode exposed to humidified H2 at 800 �C. The numbers indicate the
locations where EDX analysis was performed. These results are shown in panels b, c, and d. Points “1”�“5” correspond to LSTM particles, “6” and “7”
denote the 8YSZ substrate, and “8”�“10” originate from a platinum layer.
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Electrical conductivity measurements were carried out on
impregnated LSTM-8YSZ specimens as a function of tempera-
ture. The samples analyzed were 8YSZ impregnated with
50 wt % LSTM (LSTM-8YSZ) and 8YSZ impregnated with
50 wt % LSTM plus an additional 10 wt %CeO2 (LSTM-8YSZ-
CeO2). The electrical conductivity of each sample was mea-
sured from room temperature to 900 �C, using the four-probe
method, after being pretreated in flowing 5% H2�Ar at 900 �C
(pO2

= 10�19 atm). The results of these measurements are
shown in Figure 5a. The electrical conductivity of the ceria-
containing sample was higher than that of the ceria-free sample
across the entire temperature range. Under hydrogen condi-
tions, Ce4+ reduces to Ce3+ in the oxide, which results in
enhanced electronic conductivity.46,47 The presence of this

electrically conducting ceria is thought to lead to an increase
in the conductivity, because it increases the connectivity of
electrically conducting phases throughout the anode. Upon
reduction, Mn and Ti change to lower charge valence states
(for example, Ti4+fTi3+ and Mn4+f Mn3+ or Mn2+). The
presence of various charge valences (Ti4+/Ti3+, Ce4+/Ce3+,
and Mn4+/Mn3+/Mn2+) in this oxide system can support a
path for better electron transport, as well as provide additional
pathways for redox reaction in the LSTM oxide system.
Significantly, the presence of the CeO2 can play a role in
making these reactions easier by catalyzing the oxidation
process. Figure 5b shows the in situ conductivity results of
the reduction of a LSTM-8YSZ sample initially in air at 700 �C.
Electrical conductivity increased when hydrogen fuel was
supplied to the sample. Significantly, the conductivity increase
upon reduction was more rapid than expected, because the
large surface area of impregnated materials may improve redox
kinetics by facilitating surface exchange. Under hydrogen, there
was an increase of two orders of magnitude in the conductivity,

Figure 5. (a) Conductivity of LSTM-8YSZ and LSTM-8YSZwith 10wt%
CeO2 from room temperature to 900 �C in 5%H2�Ar (pO2

= 10�19 atm).
(b) Change in conductivity with time for the in situ reduction of LSTM-
8YSZ from an air atmosphere to 5% H2�Ar at 700 �C. (c) Variation of
conductivity with time for LSTM-8YSZ at 700, 800, and 900 �C and LSTM-
8YSZ with 10 wt% CeO2 at 900 �C in 5% H2�Ar.

Figure 6. Voltage�current and power density versus current density
plots for the cells with each of the four anode compositions at (a) 700 �C
and (b) 800 �C. Panel c shows a plot of the maximum power density
versus the operating temperature for each of the four anode
compositions.
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compared to that of the oxidized state. Figure 5c shows the long-
term conductivity results at 700, 800, and 900 �C under
reducing conditions. Conductivity testing of the LSTM-8YSZ
scaffold specimen was carried out overnight at a constant
temperature with daily increments of 100 �C to investigate
the durability of the LSTM anodes. The electrical conductivities
of the impregnated LSTM-8YSZ samples at 700, 800, and
900 �C remained constant, indicating good stability. Signifi-
cantly, the values of 10-wt %-CeO2-impregnated LSTM-8YSZ
sample are also stable over time.

Figure 6 shows voltage, current, and power density properties
for four tape-cast SOFC cells fabricated by impregnation of
LSTM with CeO2 and Pd with Ag current collectors. The mea-
surements from these cells at 700 �C are shown in Figure 6a.
Their open circuit voltage (OCV) values were ∼1.07�1.08 V,
which were very close to the theoretical value calculated from the
Nernst equation. Such high OCV values indicate that a dense
structure is well-formed in the YSZ electrolyte and leakage of
the fuel gas is negligible for each sample. As seen in Figure 6a, the
power density using a Pd catalyst increased from 10 mW cm�2

to 24 mW cm�2 at 700 �C. When 10 wt% of CeO2 was im-
pregnated togetherwith LSTM, the power densitywas 40mWcm�2.
This is because the added ceria enhanced the conductivity, as well
as extended effective active areas. The sample with 10 wt %CeO2

and 1wt %Pdwith LSTM showed a relatively high power density
of 67 mW cm�2 at 700 �C. The influence of the catalyst on
LSTM at 800 �C in Figure 6b was the same as that at 700 �C. The
performance of these cells compare favorably with other similar
SOFC with anodes containing strontium-titanate-related phases
with and without added ceria catalysts. At 800 �C, the power den-
sity of the palladium- and ceria-free single cell was 30 mW cm�2,
which exceeds the 20 mW cm�2 value reported for La0.3Sr0.7TiO3

(LST)-YSZ/YSZ/La0.8Sr0.2FeO3-YSZ single cell and the 12 mW
cm�2 value reported for Sr0.88Y0.08TiO3�δ (YST)/YSZ/LSM.25,48

The power density of 10 wt % CeO2 with LSTM cell was
100 mW cm�2 at 800 �C, which is again higher than the 63 mW
cm�2 value reported when 10 wt% CeO2 is added to the YST/
YSZ/LSM cell.25

The power density, with respect to the temperature, for the
four SOFC systems studied is shown in Figure 6c. In all four
SOFC systems studied, there is an increase in the maximum
power with increasing temperature. The addition of palladium or
ceria catalysts improves performance across the entire tempera-
ture range studied. The cell containing 10 wt % CeO2 outper-
forms the cell containing 1 wt% Pd; however, the combination of
both catalysts provides the highest power density. The highest
power density achieved in this study were for the cell containing
10 wt% CeO2 and 1 wt % Pd, with 150 mW cm�2 at 800 �C and
210 mW cm�2 at 850 �C. These high powder densities are
achieved because palladium and ceria are two of the most active
materials for effective catalysis of the different processes in fuel
oxidation.

4. CONCLUSIONS

It was possible to fabricate composite anodes of 8YSZ and
LSTM by impregnating a porous scaffold of 8YSZ with an
aqueous solution. The impregnated LSTM was synthesized at
temperatures over 700 �C and did not react with 8YSZ at
1200 �C. The impregnated LSTM formed a continuous layer
on the porous 8YSZ surface under oxidizing conditions; how-
ever, when reduced, the LSTM layer transformed to an

interconnected network of nanoscale fine particles. The electrical
conductivities of LSTM-8YSZ and LSTM-8YSZ-CeO2 were
stable at 700, 800, and 900 �C. Tape-cast SOFCs with impreg-
nated LSTM exhibited excellent performance when CeO2 and
Pd were used as catalysts.
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