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Abstract

Sr0.4La0.6Ti1�xMnxO3�d with rhombohedral structure has been investigated in terms of their electrochemical performance, redox

stability, and electro-catalytic properties for solid oxide fuel cell anodes. The performance of Sr0.4La0.6Ti1�xMnxO3�d anodes for solid

oxide fuel cells strongly depends on the Mn substitution at the B-site of the perovskites. Electrical conductivity of

Sr0.4La0.6Ti1�xMnxO3�d increases with increasing Mn content. X-ray photoelectron spectroscopy analysis reveals that the amount

of Mn3þ and Ti3þ , which is an electronic charge carrier, increases with Mn doping. The reduced anode powders with high Mn/Ti ratio

show oxygen storage capability and a low carbon deposition rate. Linear thermal expansion coefficients of Sr0.4La0.6Ti1�xMnxO3�d

anodes range from 9.46� 10�6 K�1 to 11.3� 10�6 K�1. The maximum power densities of the single cell with the

Sr0.4La0.6Ti0.2Mn0.8O3�d anode in humidified H2 and CH4 at 800 1C are 0.29 W cm�2 and 0.24 W cm�2, respectively.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
devices that directly change chemical energy into electrical
energy [1]. One of the major features of SOFCs is the high
operating temperature, which allows the use of a variety of
fuels and improves the conversion efficiency. Nickel–yttria
stabilized zirconia (Ni–YSZ) is the state-of-the-art anode
material. Although Ni shows excellent catalytic activity for
the oxidation of hydrogen fuel, there are some disadvan-
tages, such as low tolerance for sulfur, poor redox stability,
and agglomeration after long-term operation. In particu-
lar, the carbon deposits derived from the hydrocarbon fuel
result in performance degradation. From this perspective,
current research on SOFCs is dedicated to develop
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advanced oxide-based anode materials which have high
catalytic activity and tolerance for carbon deposition.
Various perovskite oxides such as chromates, titanates,

and vanadates have been intensively investigated as alter-
native anode materials for hydrocarbon fuel use [2–6].
SrTiO3 is an important class of electronic ceramics with an
extensive range of electrochemical and electro-catalytic
properties as well as good stability in both reducing and
oxidizing atmospheres [7,8]. The donor-doped SrTiO3 also
shows interesting properties. Among various possible
donor dopants, La3þ (1.36 Å) is a suitable candidate due
to its similar ionic radius with Sr2þ (1.44 Å). It has been
reported that La-doped SrTiO3 shows n-type semiconduct-
ing behavior under reducing conditions. Further, the
electrical conductivity in the La-doped SrTiO3 increases
with increasing concentration of La and/or decreasing
p(O2) [7–9]. While the La-doped SrTiO3 materials show
dimensional and chemical stability under redox cycling,
they have relatively poor electro-catalytic activity for H2

oxidation in reducing atmospheres [8]. The transport
properties and electro-catalytic activity of the La-doped
ll rights reserved.
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SrTiO3 for fuel oxidation should be improved prior to use
as an anode in hydrocarbon fuel SOFCs.

A suitable modification for the La-doped SrTiO3 anodes
can be achieved by substituting an appropriate dopant at
the Ti site. For instance, the redox stability and conduc-
tivity of La0.67Sr0.33Ti0.92� 0.08O3þd with X¼Ti, Al, Fe,
Mg, and Sc is strongly affected by the choice of the dopant
[10]. Tao et al. proposed Mn-doped (La,Sr)CrO3

(La0.75Sr0.25Cr0.5Mn0.5O3�d) as an effective anode, which
showed high performance with low polarization loss in
both humidified H2 and CH4 [11]. This high performance
could be due to the presence of Mn3þ in the Cr4þ sites,
which enhances the conductivity of the La0.75Sr0.25
Cr0.5Mn0.5O3�d anode by generating oxygen vacancies in
reducing atmospheres and high temperatures. Oxygen vacan-
cies in the lattice may facilitate oxygen ion migration, which
makes La0.75Sr0.25Cr0.5Mn0.5O3�d a mixed ionic–electronic
conductor (MIEC). This incorporation and formation of the
oxygen vacancy in La0.75Sr0.25Cr0.5Mn0.5O3�d under redox
cycling is possible due to the multi-valance of Mn (þ2, þ3,
and þ4) doped at the B-site [2]. Meanwhile, it has also been
reported that the partial replacement of Ti with Mn in
La4þxSr8�xTi12O38�d considerably improved the electroche-
mical performance [12]. The Mn-doped La4þxSr8�x

Ti12O38�d shows mixed ionic–electronic conduction beha-
vior, which extends the three-phase boundary onto the anode
surface, resulting in considerable catalytic enhancement [12].

In this work, we formulate a new series of redox stable
anodes with a wide range of Mn substitution for the Ti site in
Sr0.4La0.6TiO3 to improve the electrochemical performance in
H2 and CH4 fuels. The La-rich composition is expected to
allow a wide range of Mn substitution and valance defect
structures. The effects of Mn content on the electrical
Fig. 1. Flow chart for the synthesis of the Sr0.4La0.6Ti1�xMnxO
conductivity, thermal expansion, defect structure, chemical
compatibility, and electrochemical performance are presented.

2. Experimental procedures

2.1. Powder synthesis

Sr0.4La0.6Ti1�xMnxO3�d (x¼0.2, 0.4, 0.6 and 0.8) were
synthesized by a combustion method using sucrose and
pectin as the fuel and catalyst for combustion, respectively.
The raw materials used in this study were La(NO3)3 � xH2O
(Aldrich, 99.9% metal basis), Sr(NO3)2 (Alfa Aesar, 99.0%),
Mn(NO3)2 � 4H2O (Alfa Aesar, 98%), titanium (IV) isoprop-
oxide (Aldrich, 97%), 2-methoxyethanol (Alfa Aesar, 99%),
sucrose (Alfa Aesar, 99%), and pectin (Aldrich). The
flowchart for the combustion method is described in Fig. 1.
The composite cathode powder of Ba0.6Sr0.4Co0.5Fe0.5

O3�d–Ce0.8Gd0.2O2�d (BSCF–GDC) was also prepared
using a combustion method. Raw materials used for
powder processing were Ba(NO3)2 (Alfa Aesar, 99%),
Sr(NO3)2 (Alfa Aesar, 99.0%), Co(NO3)3 � 6H2O (Aldrich,
98%þ ACS), Fe(NO3)3 � 9H2O (Alfa Aesar, 98�%, Alfa
Aesar), Ce(NO3)3 � 6H2O (Aldrich, 99% metal basis), and
Gd(NO3)3 � xH2O (x�6, Alfa Aesar, 99.9%, REO). The
powder processing techniques used were similar to those
for the anode materials.

2.2. Material characterization

The synthesized anodes were characterized by X-ray
diffraction (XRD) using Cu-Ka radiation for phase analy-
sis. Morphology and elemental analysis for the synthesized
powders were evaluated by scanning electron microscopy/
3�d powders using a modified sol–gel combustion technique.
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Fig. 2. XRD patterns of the Sr0.4La0.6Ti1�xMnxO3�d powders calcined

at 1000 1C.
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energy-dispersive X-ray spectroscopy (SEM/EDX, SN-
3000 Hitachi, Japan). X-ray photoelectron spectroscopy
(XPS) analysis was carried out by AXIS-NOVA (Kratos
Inc.) using Al Ka (1486.6 eV) monochromatic X-ray
sources at 120 W.

Thermogravimetric analysis (TGA) was performed to
evaluate the carbon deposition behavior of the powders.
First, Sr0.4La0.6Ti1�xMnxO3�d powders were placed in a
clean alumina crucible and heated at 750 1C for 6 h under
flowing CH4 at a rate of 100 cm3 min�1. Then, the
powders were analyzed by TGA (TA Q600, TA instru-
ments, USA) in air in the temperature range of 30 1C to
1000 1C at a heating rate of 2 1C min�1. Weight change
graphs were then analyzed.

The thermal expansion coefficients (TECs) of the sintered
samples were measured by thermo-mechanical analysis
(TMA Q400, TA instruments, USA) from room temperature
to 900 1C at a heating rate of 10 1C min�1 in H2. Electrical
conductivity was measured by means of a four-probe DC
method in the temperature range of 100–800 1C in H2.
Samples for the TEC and electrical conductivity measure-
ments were sintered at 1400 1C for 4 h in air.

2.3. Electrochemical performance tests

Electrochemical performance tests were carried out with
electrolyte supported-type single cells. Commercial GDC
powder (CGO90/10 UHSA, Grand C&M Co. Ltd.) was
compressed by cold iso-static pressing (CIP) and was then
fired at 1450 1C for 4 h to fabricate a 0.5-mm-thick GDC
electrolyte pellet. A Sr0.4La0.6Ti1�xMnxO3�d anode layer
was screen-printed onto the GDC pellets and was then fired
at 1250 1C for 5 h. Similarly, the BSCF–GDC cathode layer
was screen-printed onto the other side of the GDC pellets in
a symmetric position followed by firing at 1050 1C for 2 h.
The geometrical area of both electrodes was 0.49 cm2. A seal
between the single cell and the alumina tube was achieved
with a Pyrexs glass ring. Humidified H2 (�3% H2O at
30 1C) and air were supplied as fuel and oxidant, respectively,
at a rate of 100 cm3 min�1. Humidified CH4 was also used as
a fuel to verify hydrocarbon fuel use.

AC impedance analysis was performed using a universal
potentiostat with a frequency response analyzer (Bio-logic
science instrument) with a three-electrode configuration
under humidified H2 and CH4 at 800 1C. The applied
frequency was in the range of 0.1 mHz to 1 MHz with a
voltage amplitude of 10 mV. Current–voltage (I–V) mea-
surements of the single cells were also performed using the
three-electrode configuration.

3. Results and discussion

3.1. Crystal structure and chemical compatibility

The XRD patterns of the as-synthesized Sr0.4La0.6Ti1�x

MnxO3�d powders calcined at 1000 1C in air are shown in
Fig. 2. All patterns showed a typical perovskite structure
without any impurities and were matched with the rhombo-
hedral unit cell similar to La0.67Sr0.33MnO3 with space group
R QUOTE c (JCPDS# 50-0308). The Goldschmidt tolerance
factor, t, can be used as a measure of the deviation of the
ABO3 perovskite structure from the ideal cubic symmetry:

t¼
rðLa;SrÞþrO
ffiffiffi

2
p
ðrðMn;TiÞ þrOÞ

ð1Þ

where r indicates the radii of ions. Based on the ionic
radii of Ti4þ (0.605 Å), Ti3þ (0.670 Å), Mn4þ (0.530 Å),
and Mn3þ (0.645 Å), the calculated tolerance factor changes
from 0.938 to 0.961 and increases with increasing Mn
content. Similar variation is also found for the Ti-
substituted La0.7Sr0.3MnO3 [13].
The chemical stability of Sr0.4La0.6Ti1�xMnxO3�d

anodes with electrolyte materials such as YSZ, GDC was
investigated. A physical mixture of Sr0.4La0.6Ti0.2
Mn0.8O3�d with an electrolyte powder (1:1 wt/wt) was
fired at 1250 1C for 10 h in air. The XRD profiles of the
mixture powders after the compatibility testing are shown
in Fig. 3. It is clearly seen that the GDC electrolyte is
completely inert with respect to the Sr0.4La0.6Ti0.2
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Fig. 4. XPS spectra of the Sr0.4La0.6Ti1�xMnxO3�d anode materials.
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Mn0.8O3�d anode. However, secondary phases were found
in the mixture of YSZ and Sr0.4La0.6Ti0.2Mn0.8O3�d. The
secondary phases were indexed with MnO2 (JCPDF# 24-
0735) and SrMnO3 (JCPDF# 23-1413). The formation of
the MnO2 may be due to the presence of Mn4þ in the
Sr0.4La0.6Ti0.2Mn0.8O3�d. It is generally known that Mn4þ

is aggressively soluble in cubic YSZ [4,12].

3.2. Defect structure by XPS analysis

The wide spectra of the XPS analysis for Sr0.4La0.6Ti1�x

MnxO3�d are shown in Fig. 4, which reveal the existence of
La, Sr, Mn, Ti, O, and C signals only. The carbon signal
observed may be generated by atmospheric carbon when the
sample surface was exposed to air. The peaks of Ti 3p
(32 eV), Mn 3s (88 eV), La 4d (106 eV), Sr 3d (13071 eV),
Sr 3p (269 eV), C 1s (285 eV), Ti 2p (457 eV), O 1s (529 eV),
Ti 2s (561 eV), Mn 2p (64071 eV), La 3d (83571 eV),
O KLL (97571 eV), and Ti LMM (1106 eV, 1130 eV
and 1175 eV) can be matched from the data available from
the NIST X-ray Photoelectron Spectroscopy Database. The
oxidation state of Sr and La in the A-sites is clearly detected
as 2þ and 3þ , respectively. Since the oxidation state and
ratio of the B-site transition metal play a critical role in the
transport properties and electrochemical performance, the
XPS analysis of Ti3þ /4þ and Mn3þ /4þ will be presented in
detail.

3.2.1. Mn 2p spectra

The XPS spectra of Mn 2p1/2 and Mn 2p3/2 core-levels of
Sr0.4 La0.6Ti1�xMnxO3�d are shown in Fig. 5. The full
width at half maximum (FWHM) of the Mn 2p3/2 peaks
for all the samples was larger than 3 eV, which explicitly
indicates the coexistence of Mn3þ and Mn4þ ions. From
the deconvolution of the Mn 2p peak profiles, the Mn 2p
peaks can be split into five distinct peaks, which are Mn3þ

(Mn 2p3/2), Mn3þ (Mn 2p1/2), Mn4þ (Mn 2p3/2), Mn4þ

(Mn 2p3/2), and satellite peaks of Mn, corresponding to
640.8 eV and 653.4 eV, 642.2 eV, 652.5 eV, and 646.4 eV,
respectively [14–21]. The exact peak positions and the ratio
of Mn3þ /Mn4þ calculated from peak areas are listed in
Table 1. As shown, the ratio of Mn3þ/Mn4þ increases
with an increase in the Mn content. This indicates that
charge compensation can occur by the reduction of Mn4þ

to Mn3þ as well as the reduction of Ti, and the amount of
Mn3þ increases with increasing Mn content.

3.2.2. Ti 2p spectra

The XPS spectra of Ti 2p for Sr0.4La0.6Ti1�xMnxO3�d

are shown in Fig. 6. Ti 2p peaks can split into Ti 2p3/2 and
Ti 2p1/2 due to spin–orbital splitting. Deconvoluting the Ti
2p peak results in three distinct peaks of Ti4þ (Ti 2p3/2),
Ti3þ (Ti 2p1/2), and Ti4þ (Ti 2p1/2) at 457.8 eV, 462.1 eV,
and 464.3 eV, respectively [21–27]. The exact peak posi-
tions and the ratio of Ti3þ /Ti4þ calculated from peak
areas are listed in Table 2. Similar to the variation in the
Mn3þ/Mn4þ ratio, the ratio of Ti3þ /Ti4þ increases with
an increase in the Mn content. Interestingly, the Ti3þ /Ti4þ

ratio is much greater than the Mn3þ/Mn4þ ratio
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Fig. 5. XPS spectra of Mn 2p3/2 and Mn 2p1/2 of the Sr0.4La0.6Ti1�xMnxO3�d anode materials.

Table 1

The binding energy for Mn 2p3/2 and Mn 2p1/2 of the Sr0.4La0.6Ti1�xMnxO3�d anodes by deconvoluting Mn 2p spectra.

Composition Peak position (eV) Mn3þ/Mn4þ

Mn3þ (Mn 2p3/2) Mn4þ (Mn 2p3/2) Satellite of Mn Mn4þ (Mn 2p1/2) Mn3þ (Mn 2p1/2)

x¼0.2 640.64 642.25 646.80 652.16 653.48 1.65

x¼0.4 640.56 642.11 646.37 652.13 653.39 1.81

x¼0.6 640.51 642.09 646.32 652.01 653.28 1.96

x¼0.8 640.50 641.92 646.03 651.98 653.26 2.12
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(Table 1). This indicates that the charge compensation in
Sr0.4La0.6Ti1�xMnxO3�d occurs dominantly by the reduc-
tion of Ti4þ to Ti3þ compared to the Mn reduction.

3.3. Thermal expansion behavior

The thermal expansion curves of the Sr0.4La0.6
Ti1�xMnxO3�d anodes in H2 are given in Fig. 7. The
calculated average linear thermal expansion coefficient
(TEC) values of the Sr0.4La0.6Ti1�xMnxO3�d anodes in
H2 were 11.3� 10�6 K�1, 10.4� 10�6 K�1, 10.2� 10�6

K�1, and 9.46� 10�6 K�1 for x¼0.2, 0.4, 0.6, and 0.8,
respectively, which is comparable with that of GDC
electrolyte (12.5� 10�6 K�1) [28]. A similar TEC value
of 10.8–14.5� 10�6 K�1 has been observed in the analo-
gous (La0.75�xSr0.25þx)0.95Mn0.5Cr0.5�xTixO3�d (x¼0–0.5)
[29]. The calculated TEC value of Sr0.4La0.6Ti1�x

MnxO3�d decreased with increasing Mn content. TEC is
inversely proportional to bonding energy between ions in the
lattice [30,31]. Khowash and Ellis reported that the Mn–O
bond is stronger than the Ti–O bond [32]. Thus, the increase in
bonding energy with Mn doping could also cause a decrease
in TEC.

3.4. Thermo-gravimetric analysis

Thermo-gravimetric analysis for the Sr0.4La0.6Ti1�x

MnxO3�d powders exposed to CH4 at 750 1C for 6 h were
carried out in air to investigate the oxygen storage
capability and the carbon deposition rate. The weight
change vs. temperature curves are shown in Fig. 8. During
the reduction process of the Sr0.4La0.6Ti1�xMnxO3�d
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Fig. 6. XPS spectra of Ti 2p3/2 and Ti 2p1/2 of the Sr0.4La0.6Ti1�xMnxO3�d anode materials.

Table 2

The binding energy for Ti 2p3/2 and Ti 2p1/2 of the Sr0.4La0.6Ti1�xMnxO3�d anodes by deconvoluting Ti 2p spectra.

Composition Peak position (eV) Ti3þ /Ti4þ

Ti3þ (Ti 2p3/2) Ti3þ (Ti 2p1/2) Ti4þ (Ti 2p1/2)

x¼0.2 454.0 463.0 464.25 5.27

x¼0.4 457.82 462.92 464.11 5.93

x¼0.6 457.70 462.90 464.04 6.31

x¼0.8 457.54 462.7 463.7 7.09
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powders at 750 1C in CH4 for 6 h, the lattice oxygen can be
removed to form oxygen vacancies, and cracked carbon
from CH4 is deposited onto the sample surface.

According to the weight gain or loss behavior in the
TGA plot, four distinct regions can be identified: Region I
(�40075 1C), Region II (40075–50072 1C), Region III
(50072–80075 1C), and Region IV (80075 1C� ).
Weight gain in Region I occurs due to the a-oxygen
adsorption, which is a superficial process or is frozen-in,
and weight loss in Region II indicates the oxidation of the
deposited carbon. The second weight gain (Region III) and
loss (Region IV) can be matched with the b-oxygen
absorption/incorporation at high temperature and the
oxygen release accompanied by the thermal reduction of
Mn3þ-Mn2þ , respectively. Meanwhile, the re-oxidation
process, which accumulates some oxygen into the reduced
Sr0.4La0.6Ti1�xMnxO3�d, can be characterized in terms of
the oxygen storage capability (OSC), which is the sum of
the a-oxygen adsorption and the b-oxygen absorption/
incorporation at high temperature [33]. Quantitative ana-
lysis data for TGA are listed in Table 3.
Since Ti4þ is more stable than Mn4þ at high tempera-

ture, the formation of oxygen vacancies might be controlled
by the reduction of Mn4þ to Mn3þ , and the amount of
oxygen vacancies in the reduced samples consequently
increase with the Mn content. In addition, the amount of
oxygen adsorption and incorporation is proportional to the
amount of oxygen vacancies on the surface. Therefore,
weight gain in Regions I and III increase with increasing
Mn content. Tao and Irvine reported a similar weight gain
behavior for (La0.75Sr0.25)Cr0.5Mn0.5O3�d anode materials
[2]. The weight loss corresponding to the oxidation of the
deposited carbons decreases with increasing Mn content.
During the reduction of Sr0.4La0.6Ti1�xMnxO3�d in CH4,
the released oxygen can oxidize the carbon deposits. In this
regard, the Mn-rich compositions, which have large
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amounts of oxygen vacancies generated by the reduction
process, have a lower carbon deposition rate than the Ti-
rich compositions.
3.5. Electrical conductivity

Electrical conductivities of Sr0.4La0.6Ti1�xMnxO3�d

measured in a H2 atmosphere are shown in Fig. 9. At a
given temperature, the electrical conductivity increased
with an increase in Mn content. It is well known that
La-doped SrTiO3 shows n-type semi-conduction in a
reducing atmosphere. Therefore, the electrical conductivity
of Sr0.4La0.6Ti1�xMnxO3�d is essentially controlled by the
concentration of charge carrier such as an electronic defect
(Ti3þ , ½T i0Ti� and/or Mn3þ , ½Mn0Mn� ). As shown in the
XPS analysis, the amounts of Mn3þ and Ti3þ increase
with the Mn content, resulting in an increase in electrical
conductivity at a given temperature. Moreover, the for-
mation of oxygen vacancies in the reduced atmosphere can
accompany the reduction of Mn4þ to Mn3þ and Ti4þ to
Ti3þ , which leads to an increased amount of charge
carriers. The TGA data in Fig. 8 also show that the
amount of oxygen vacancies increases with increasing Mn
content, which implies increased concentrations of Mn3þ

and Ti3þ .
The calculated activation energies of the

Sr0.4La0.6Ti1�xMnxO3�d anodes were 0.809 eV, 0.510 eV,
0.501 eV, and 0.500 eV for x¼0.2, 0.4, 0.6, and 0.8,
respectively. The activation energy (Ea) for the hopping
of a small polaron such as an electron is given as [34]:

Ea ¼
Ep

2
�W ð2Þ

where Ep and W are the polaron binding energy and
bandwidth, respectively. The decrease in the activation
energy with x in the Sr0.4La0.6Ti1�xMnxO3�d anodes
implies a reduction in the polaron binding energy or an
increase in the bandwidth. This behavior could be under-
stood by considering the changes in the structural para-
meters with Mn doping. As discussed in the crystal
structure, the Goldschmidt tolerance factor indicating the
crystal symmetry changes from 0.938 to 0.961 for the
Sr0.4La0.6Ti1�xMnxO3�d anodes and increases with
increasing Mn content. Both the bandwidth and the
magnetic exchange interaction are closely related to the
deviation of the bond angle from the ideal value of 1801
[35]. Mn doping leads to an increase in the tolerance
factor and the O–(Ti,Mn)–O bond angle toward 1801,
resulting in an increase in the overlap between the Mn-3d



Table 3

Quantitative analysis data based on the TGA experiment for the Sr0.4La0.6Ti1�xMnxO3�d anodes exposed to CH4 at 750 1C for 6 h.

Composition a-oxygen adsorption (mmol g�1) Carbon deposition (mmol g�1) b-oxygen absorption (mmol g�1) OSC (mmol g�1 of O2)

x¼0.2 – 255.5 56.5 56.5

x¼0.4 50.7 106.6 77.2 127.9

x¼0.6 304.8 86.2 97.7 402.5

x¼0.8 798.8 10.0 114.6 913.4
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Fig. 9. Variation of electrical conductivities of Sr0.4La0.6Ti1�xMnxO3�d

anodes in humidified H2 (97% H2þ3% H2O).
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(or Ti-3d) and O-2p orbitals and the bandwidth. Similar
results have been reported for the Co-based perovskite
oxide systems [36]. Additionally, the straightening of the
O–(Ti,Mn)–O bonds can relieve the deep localization of
charge carriers and thereby decreases Ep. Thus, the
increase in bandwidth and the decrease in polaron binding
energy lead to a decrease in the activation energy with
increasing Mn content.

3.6. Electrochemical performance

Electrochemical performances of the Sr0.4La0.6Ti1�x

MnxO3�d anodes were evaluated by AC-impedance spec-
troscopy and I–V measurement with electrolyte supported-
type single cells. The AC impedance spectra of the
Sr0.4La0.6Ti1�xMnxO3�d anodes in both H2 and CH4 at
800 1C are shown in Fig. 10, and the calculated anode
polarization resistance, Rp, values are provided in Table 4.
The magnitude of the Rp value in CH4 is much larger than
that in H2 due to surface reactions on the anode.
Considering the oxidation of H2 via the CH4 reforming
process and slow pore diffusion of CH4 molecules with
larger size compared to H2 molecules, the single cell
operated in H2 should show better performance than
the single cell operated in CH4. The Rp value of the
Sr0.4La0.6Ti1�xMnxO3�d anodes in H2 decreased with
increasing dopant content. This is due to a doping-induced
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increase in both electrical conductivity and catalytic
activity. In general, the anode reaction in SOFCs is
considered a multiphase catalytic reaction. Therefore,
hydrogen reduction at a porous anode is limited not only
by the charge transfer and the adsorption/dissociation of
hydrogen on anode surface, but also by the transport of
oxide ions through the anode bulk and across the anode/
electrolyte interface. In this regard, anode polarization is
closely related to the kinetics of surface exchange and
diffusion in anode materials as well as the electronic
conductivity. Both the concentration of oxygen vacancies
and electrical conductivity increased with increasing Mn
doping, as is evident from the data in Fig. 8 and Fig. 9.
Thus, the increasing oxygen vacancy concentration and
electrical conductivity with Mn doping appear to increase
the surface exchange and the transport speed of oxide ions
as well as the charge transfer, leading to an increase in the
electrochemical performance. Meanwhile, the Rp values in
CH4 also increased with increasing Mn content. The
Table 4

Polarization resistance of the Sr0.4La0.6Ti1�xMnxO3�d anodes at 800 1C

in humidified H2 and CH4 fuels.

Composition Polarization resistance (O cm2)

In H2 In CH4

x¼0.2 0.107 0.219

x¼0.4 0.089 0.149

x¼0.6 0.017 0.091

x¼0.8 0.011 0.054
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Fig. 11. Comparison of the I–V curves and power densit
limitation to gas diffusion in CH4 could be caused by
carbon deposits, which may subsequently block the anode
pores. Moreover, the carbon deposits may cover the
reaction sites, leading to a decrease in catalytic activity.
The variation in Rp values in CH4 showed the same trends
as observed for the carbon deposition rate, as shown in
Fig. 8 and Table 3. Consequently, Mn doping could reduce
the carbon deposition rate, resulting in improved electro-
chemical performance in CH4 fuel.
The variation of the power densities with current density

at 800 1C for the various Sr0.4La0.6Ti1�xMnxO3�d anode
compositions are shown in Fig. 11. The open circuit
voltages at 800 1C were 0.770.05 V due to the reduction
of GDC electrolyte in a reducing atmosphere. The power
densities in both H2 and CH4 increase with increasing Mn
content, which shows the same trends as observed for the
AC-impedance spectroscopy analysis in Fig. 10. The
maximum power densities of the single cell with the
Sr0.4La0.6Ti0.2Mn0.8O3�d anode in H2 and CH4 were
0.29 W cm�2 and 0.24 W cm�2, respectively. Interestingly,
all the compositions showed excellent recovery perfor-
mance, which was measured after re-oxidation in a H2

atmosphere. The recovery rate for all the Sr0.4La0.6
Ti1�xMnxO3�d anode materials was greater than 86%,
which is a much higher value than the recovery rate of
46% for the Ni–GDC anode [37].

4. Conclusions

New redox-stable Sr0.4La0.6Ti1�xMnxO3�d (x¼0.2, 0.4,
0.6, and 0.8) anode materials are successfully synthesized
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M.K. Rath et al. / Ceramics International 39 (2013) 6343–63536352
by a simple modified sol–gel combustion route. While the
partial replacement of Ti by Mn lowered the TEC, it leads
to an increase in electrical conductivity due to the mod-
ification of the defect and electronic structures of the
Sr0.4La0.6Ti1�xMnxO3�d anodes.

Based on the X-ray photoelectron spectroscopy analysis,
it is clear that the amount of Mn3þ and Ti3þ increases
with Mn doping. The increase in electrical conductivity as
well as oxygen vacancy concentration in a reducing atmo-
sphere results in an increase in the catalytic activity for the
H2 oxidation reaction in SOFCs due to an increase in the
surface exchange, oxide ion mobility, and charge transfer
kinetics. The carbon deposition rate decreased with Mn
doping, and Sr0.4La0.6Ti1�xMnxO3�d materials showed
much lower deposition of carbon compared with the
conventional Ni–YSZ cermet anodes. It should be men-
tioned that the Sr0.4La0.6Ti1�xMnxO3�d anodes showed
high power density for CH4 fuel with redox-stability.
Therefore, Sr0.4La0.6Ti1�xMnxO3�d oxides are promising
candidates as anode materials for CH4-fueled SOFCs.
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