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Abstract 
La-doped titanate materials have been widely investigated as alternative Ni-free anodes for solid oxide fuel cells (SOFCs). In 
this study,  La0.4Sr0.6TiO3 (LST) was synthesized using the solid-state reaction method and calcined in air. A three-electrode 
mode was applied to measure the electrochemical performance of LST-yttria-stabilized zirconia (YSZ) composite anode by 
testing its impedance spectra and the anode overpotential. The electrochemical behavior is strongly dependent on the sinter-
ing temperature and the YSZ content. The lowest polarization resistance of 0.26 Ω  cm2 in 97%  H2/3%  H2O was obtained on 
the anode sintered at 1350 °C when adding 60 wt% YSZ. The cell with the LST–YSZ anode was operated at 10,000 ppm 
 H2S-H2 at 850 °C for more than 10 h, and it exhibited excellent sulfur-tolerant ability. The LST–YSZ anode sintered in air 
instead of reducing condition is probably a potential anode material for SOFCs.

Graphic abstract
The electrochemical performance of LST–YSZ anode depends strongly on the YSZ content and the calcination temperature 
tested by overpotential in a three-electrode mode.
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1 Introduction

Solid oxide fuel cells (SOFCs) offer an environmentally 
friendly technology that can be used to convert the chemi-
cal energy of fuels into electricity with high efficiency [1], 
as it is not subject to Carnot cycle limitation [2, 3]. The most 
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widely used anode materials for SOFCs are the Ni-based 
anodes, which offer high electronic conductivity and suf-
ficient catalytic activity towards the oxidation of hydrogen 
on the anode side [4, 5]. Based on the Ni/yttria-stabilized 
zirconia (YSZ) cermet anode, the SOFC with these anodes 
generated a maximum power density of up to 1.8 W  cm−2 at 
800 °C measured in the experiments when using hydrogen 
as the fuel [6]. Unfortunately, poor redox stability, low toler-
ance to sulfur, and carbon coking of Ni are the main issues in 
terms of commercial applications, if hydrocarbon is used as 
the fuel [7–9]. In terms of sulfur poisoning, the polarization 
resistance of the nickel anode rises by about 42% from 3.5 
to 6 Ω  cm2 at 900 °C, even though sulfur is only 1 ppm [10].

The development of the ceramic anode as a substitute 
for the Ni-based cermet would provide significant profit 
for SOFCs. To date, some perovskite oxides, such as Cr-
based [11], Ti-based materials, and other perovskites 
 (Sr2Mg1−xMnxMoO6−δ) have been developed for use with 
SOFCs [12, 13]. Recently, La or Y-doped strontium titanate 
 (SrTiO3) received intensive research interest due to its elec-
tronic conductivity, Thermal Expansion Coefficient (TEC) 
compatibility with YSZ [14], and high resistance to sulfur 
[15]. Of these two types of materials, La-doped  SrTiO3 has 
a higher doping content than Y-doped  SrTiO3, because the 
atomic radius of La is closer to Sr [16], and therefore it is 
widely studied [17].

Marina and Canfield et al. [18] prepared  LaxSr1−xTiO3 
sintered at 1650 °C under a 2% hydrogen condition, and 
reported its metal-like behavior and its high conductivity of 
400–5000 S  cm−1 in both air and hydrogen. Such high con-
ductivity has suggested that La-doped  SrTiO3 is a potential 
component of SOFCs. They also found that La content had 
a significant influence on the conductivity of  LaxSr1−xTiO3 
[18]. With an increase in La content, the conductivity 
increased under a reducing atmosphere and reached a very 
high value of 3.0 ×  102 S  cm−1 at 1000 °C when x = 0.4 [19, 
20]. It has been reported that the maximum solubility level 
is 40 at.% for La in  LaxSr1−xTiO3 without distortion of the 
strontium titanate structure [18].

In recent years, research on the electrical properties of 
LST composite anodes has increased substantially [21–24]. 
Although LST delivers good electronic conductivity, its 
ionic conductivity is low and this needs to be compensated 
for by adding  Y0.2Ce0.8O2−δ,  Gd0.1Ce0.9O1.95, YSZ, or other 
electrolyte materials [25–28]. Koo et al. [29] synthesized a 
 La0.2Sr0.8TiO3–Gd0.1Ce0.9O1.95 (LST-GDC) composite anode 
material using the solid-state reaction method in a reducing 
atmosphere (5%  H2-95% Ar). The conductivity of the LST-
GDC composite anode material in  H2 was about 37 S  cm−1 at 
800 ℃. The maximum power density of 25 mW  cm−2 at 800 
°C in  CH4 fuel was obtained with the LST–GDC anode. Luo 
et al. [30] prepared an active  La0.4Sr0.6TiO3±δ:Y0.2Ce0.8O1.9 
(50:50) (LST–YDC) composite anode using materials 

manufactured using a modified citrate-nitrate gel combus-
tion method. The polarization resistance of the LST–YDC 
composite anode was 12 Ω  cm2, and the maximum energy 
density was 102 mW  cm−2 at 850 °C in syngas (40%  H2-60% 
CO).

As stated, LST materials have generally been synthesized 
in a reducing atmosphere. Despite the good conductivity 
achieved by high-temperature sintering under a reducing 
atmosphere, it is not recommended, as it increases system 
complexity and cost. As an anode material, it needs to be 
thermally and mechanically stable. In some cases, it must be 
stable over a wide range of oxygen partial pressure levels in 
a reducing atmosphere and under oxidizing conditions dur-
ing system thermal cycling. For this reason, much attention 
is currently being given to developing novel SOFC anode 
materials that are capable of delivering the required electro-
chemical performance, but with less demanding fabrication 
conditions. The air-sintered samples exhibited unique advan-
tages over the application on SOFCs, as these are more sta-
ble under redox cycling conditions than the sample sintered 
in a reducing atmosphere [18]. Hashimoto et al. [31] demon-
strated that the conductivity of  La0.3Sr0.7TiO3 is less affected 
by the atmosphere, e.g., air or steamed  H2/N2 or 9%H2/N2, 
over a wide temperature range (800 to 1300 °C) than that of 
 La0.1Sr0.9TiO3. This demonstrates that  La0.4Sr0.6TiO3 would 
probably exhibit good conductivity over a wide range of 
oxygen partial pressure levels, regardless of the fabrication 
process [31].

Lattice oxygen increases with an increasing La content. 
Also, increasing the La doping level leads to an increasing 
concentration of n-type charge carriers and, therefore, an 
increase in conductivity [18]. In general, the key factors, 
including temperature, oxygen partial pressure, and dopant 
amount, have been investigated to adjust the conductivity. 
LST materials with higher lanthanum doping levels show 
better conductivity over a wide range of oxygen partial pres-
sure levels.

A three-electrode model is often applied when investi-
gating electrode performance [32]. In the three-electrode 
system, the electrode to be studied can be separated from 
the effect of other electrodes, and it will then not be influ-
enced by the other electrodes. Some three-electrode systems 
have been developed to investigate electrode overpotential 
[33]. To date, the cathode of the LSM–YSZ electrode has 
been studied most often using the three-electrode mode [34]. 
The cathode atmosphere is usually the same as the reference 
electrode and counter; therefore, it is a simple process to 
locate the position of the counter and reference electrodes.

Most of the research done on SOFCs using LST anodes 
has been focused on whole-cell performance, while little 
attention has been paid to the anode overpotential of titan-
ate in a three-electrode mode [35]. The  La0.3Y0.1Sr0.4TiO3−δ 
[36] and  La0.2Sr0.8TiO3–GDC [35] composites have been 
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investigated using a three-electrode configuration, but not 
many details were provided in the research reports. Based 
on the literature survey done, it would be worth the effort to 
simplify the preparation condition of La-doped  SrTiO3 and 
develop a characterization method for the electrochemical 
performance of the LST anode.

In this work, La-doped  SrTiO3 powder was synthesized 
using a solid-state reaction method and calcined in air, rather 
than a reducing atmosphere. In order to enhance electrocata-
lytic performance, YSZ was added, to form the LST–YSZ 
composite anode. Similarly, air was used for sintering the 
LST–YSZ composite anode. The electrochemical imped-
ance spectroscopy and overpotential were investigated in a 
three-electrode mode. According to San Ping Jiang’s report, 
a cell structure with a symmetrical electrode geometry sys-
tem and the reference electrode at the side of the counter 
electrode is suitable for use in the planar cell test [37]. In 
this study, it was a requirement that a real working condition 
was simulated; therefore, the working electrode of LST–YSZ 
was exposed to reducing conditions and the counter elec-
trode and reference electrode were exposed to air. The elec-
trochemical performance and long-term durability of the 
LST–YSZ composite anode in a sulfur-containing fuel (in a 
10,000 ppm  H2S-H2 feed) were also tested.

2  Experimental

2.1  Preparation of LST–YSZ composite electrode

The perovskite powders  La0.4Sr0.6TiO3 were prepared from 
 La2O3,  TiO2, and  SrCO3 (analytical grade; all obtained from 
Sigma–Aldrich) by means of the solid-state reaction. The 
powders were mixed and ball-milled for 24 h with propanol. 
The mixture was then calcined at different temperatures for 
20 h at 1350 °C in air. The ink of the LST–YSZ (TZ-8Y, 
Tosoh, Japan) composite electrode was prepared by mix-
ing the as-prepared LST and commercial YSZ powders with 
PVB (Butvar B-76, Eastman) and isopropanol (95%, Alfa). 
The content of YSZ in the composite electrode was 30 wt%, 
40 wt%, 50 wt%, 60 wt%, or 70 wt%.

2.2  Three‐electrode mode

Electrolyte substrates were prepared from YSZ powders by 
dry-pressing and then sintered at 1600 °C for 4 h. The diam-
eter and thickness of the YSZ pellets were ~ 18 mm and ~ 1 
mm, respectively. The surface of the YSZ discs was ground 
using sandpaper, to increase the roughness and the contact 
area between the electrode and the YSZ electrolyte.

The LST–YSZ composite ink was painted onto the YSZ 
pellets with a brush, and sintered at 1100 °C, 1200 °C, 1300 
°C, 1350 °C, and 1400 °C. After sintering, the thickness 

of the anode was about 20 μm, and the surface area of the 
working electrode was 0.5  cm2. The platinum paste (Ferro 
Corporation, USA) was coated on the other side of the YSZ 
electrolyte and then calcined at 800 °C for 1 h. This served 
as the counter and reference electrodes. The counter elec-
trode was symmetrical to the working electrode, and a ref-
erence electrode was painted as a ring around the counter 
electrode. The distance between the counter and reference 
electrodes was about 4 mm. Pt mesh was used as a current 
collector for both working and counter electrodes, and two 
Pt wires were spot-welded to the current collector as cur-
rent and voltage probes separately. The cell configuration 
is shown in Fig. 1. 

The LST–YSZ anode was sealed into an alumina tube 
with a sealant (552 Aremco). The anode was supplied with 
saturated hydrogen when the cell was heated up at a heating 
rate of 5 °C/min. All tests were measured in a steady state at 
1000 °C after two hours, and tested at each temperature level 
at 50 °C intervals. The electrochemical impedance spectra 
were measured in a three-electrode mode, with the fuel elec-
trode (working electrode) fed with 97%  H2/3%  H2O. The 
counter electrode and Pt reference electrode were exposed 
to ambient air. The impedance spectra were recorded in 
the frequency range 1 MHz to 0.01 Hz with an Ac ampli-
tude of 10 mA using an Autolab station (Netherlands). The 
electrochemical curves of current density and voltage were 
recorded as well.

Fig. 1  Schematic diagram of cell configuration
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The polarization potential (Ecathode) of the LST–YSZ 
composite electrode was measured against the Pt reference 
electrode. The ohmic resistance RΩ of the electrode and elec-
trolyte was measured from the high-frequency intercept at 
the x-axis. The electrode interface polarization resistance 
Rp was obtained from the difference between the high-
frequency and low-frequency intercepts on the impedance 
spectra at the x-axis. Thus, the anode overpotential (η) could 
be obtained from the electrode potential of Eelectrode and the 
ohmic resistance of RΩ by means of the following equation.

where j is the current density.

2.3  Single cell

A YSZ (Tosoh, TZ-8Y, Japan) electrolyte with a ~ 400 μm 
thickness was used for a single-cell test in a two-electrode 
mode. The electrochemical measurements were performed 
on the composite anode in 97%  H2/3%  H2O, or a 10,000 ppm 
 H2S-H2, using a temperature range of 850–1000 °C. The fuel 
was fed into the anode at a flow rate of 50 ml  min−1, while 
ambient air was applied in the cathode. The electrochemi-
cal impedance spectra were measured using an Autolab sta-
tion (Netherlands) with an applied frequency of 0.01–106 
Hz and an ac amplitude of 10 mV. Electrochemical curves 
were recorded as well.

2.4  Other characteristics

The LST phase sintered at 1400 °C (JCPDS No. 79-0188) 
was characterized by X-ray diffraction (Philips, Nether-
lands). (See Fig. 2.) Scanning electron microscopy (SEM, 
JOEL 350, Japan) and X-ray energy dispersion spectroscopy 
(Bruker, Germany) were employed to observe the micro-
structure of the LST–YSZ composite anode and test the 
element distribution. SEM images of the as-prepared LST 
powders sintered at 1350 °C and Tosoh Powders were tested 
with scanning electron microscopy (VEGA 3SBU,TESCAN, 
Czech). The particle size distribution was characterized with 
a Malvern laser particle size analyzer (Mastersizer 3000).

3  Results and discussion

3.1  Sintering temperature of the composite anode

3.1.1  Polarization resistance

First, the impedance spectra of the LST–YSZ (60 wt% YSZ) 
composite anode at different sintering temperatures were 
measured. The results are shown in Figs. S1, S2, S3, S4, 

(1)� = Eelectrode-jRΩ,

and S5 for the anode sintered at 1100 °C, 1200 °C, 1300 
°C, 1350 °C, and 1400 °C. Each electrode was tested at four 
temperatures: 1000 °C; 950 °C; 900 °C; 850 °C.

Figure 3 shows a typical impedance response of the 
LST–YSZ composite anode tested at 850 °C. The intercept 
of impedance spectra at high frequencies on the real axis is 
the ohmic resistance (RΩ) between the anode and the refer-
ence electrode. The anode sintered at 1100 °C exhibited the 
highest ohmic resistance (RΩ) of all the samples—almost 
six times more than the one sintered at 1350 °C. The arc 
between low frequencies and high frequencies is attributed 
to the anode polarization resistance (Rp).

With hydrogen oxidation at 850 °C, the electrode polari-
zation resistance is 3.37, 1.31, 1.07, 0.66, and 2.02 Ω  cm2 
for the LST–YSZ composite anode sintered at 1100, 1200, 
1300, 1350 and 1400 °C, respectively. (See Fig. 3a.) The 
impedance spectra show that the electrochemical behavior 
of the LST–YSZ composite anode varies a great deal with 
variation in the anode sintering temperature. The lowest Rp 
was obtained when the anode was sintered at 1350 °C. With 
a low sintering temperature of 1100 °C, Rp is 3.37 Ω  cm2, 
which is much higher than the 0.66 Ω  cm2 for the anode 
sintered at 1350 °C.

Considering the thermal history of LST powders, the 
sintering behavior of the LST–YSZ composite anode 
probably relates to the pretreatment of the LST and YSZ 
powders. Generally, 1100 °C is not a high enough tem-
perature for sufficient shrinkage of YSZ and LST, which 
may be the main reason why remarkably high resistance of 
the anode was generated under this temperature. That is, 
the connectivity of LST to LST and YSZ to YSZ is poor. 
Therefore, it is required to increase the temperature to be 
above 1100 °C. There is no significant difference between 
the impedance spectra obtained at 1200 and 1300 °C at 
high frequency. However, the resistance value at a low 

Fig. 2  XRD patterns of the as-prepared  La0.4Sr0.6TiO3
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frequency of 1.31 Ω  cm2 of the sample sintered at 1300 °C, 
which is probably caused by the sintering initiation of YSZ 
at that temperature. Despite a further decrease in polariza-
tion resistance of the anode sintered at 1300 °C, the total 
resistance levels, including the ohmic contact resistance 
and electrode interfacial resistance, of the anode sintered 
at 1300 °C are still relatively high compared with the 
anode sintered at 1350 °C. When the sintering temperature 
is increased to 1350 °C, the shrinkage of YSZ and LST 
may lead to a valid connection between these two phases, 
which enlarges the triple-phase boundary for electrochemi-
cal reaction. However, a further increase in the sintering 
temperature to 1400 °C has no positive effect—in fact, 
it arouses deadly degradation in the performance of the 
LST–YSZ electrode, which probably results from the den-
sification of YSZ. There is a suitable sintering temperature 
for the anode in order to achieve a low polarization resist-
ance. The polarization resistance is a comprehensive result 
of the microstructure and composition of the electrode. 
An appropriate porosity and content of each composition 
are required [38]. As far as the shrinkage properties are 
concerned, it is affected by the sinterability and content 
of each composition in the anode [39]. It is reported that 
the shrinkage of YSZ is 26%, which is close to NiO in the 
NiO–YSZ electrode. The polarization resistance in this 
study is not quantified by the shrinkage yet, but there are 
some effects that could be seen by the size difference of 
YSZ and LST [40]. Appropriate particle size and a suitable 
ratio of each composition are crucial to the conductivity 
of the cell [7]. The resistance of the cell is the result of the 

distribution of pores, LST and YSZ. It seems that 1350 °C 
is an optimal sintering temperature in this study.

In this case, the easiest path of electron transporta-
tion is possibly being prevented by YSZ. Therefore, the 
cell shows high electrode interfacial polarization. The 
value of 0.66 Ω  cm2 at 850 °C is significantly lower than 
the reported data of 2.6 Ω  cm2 with a SYT (Y-doped 
 SrTiO3)–YSZ composite anode sintered in Ar/4%H2 tested 
at 800 °C, but is comparable to the data of 0.49 Ω  cm2 of 
the anode sintered in Ar/4%H2 and tested in wet Ar/5%H2 
at the same temperature [12]. The polarization resistance 
of the cell is comparable with that of the YSZ scaffold 
impregnated with 45 wt% a  La0.3Sr0.7TiO3 electrode con-
taining 0.5 wt% Pd and 5 wt% Ceria [26].

The value of Rp of the reaction on the LST–YSZ compos-
ite anode as a function of the anode sintering temperature is 
plotted in Fig. 3b. The sintering temperature has a signifi-
cant effect on the impedance response at a low frequency, 
which is clearly shown in Fig. 3a. When considering the total 
range of the testing temperatures, it is seen that Rp decreases 
with the sintering temperature of the anode, and reaches the 
lowest level when the sintering temperature is 1350 °C, but 
increases when a higher sintering temperature is applied. 
Especially at a lower testing temperature, the influence of 
sintering temperature on the anode performance is more 
prominent. Under a testing temperature of 850 °C, the Rp of 
the anode is sintered at 1100 °C—five times more than the 
anode sintered at 1350 °C; however, a smaller effect of the 
sintering temperature on the Rp was found when the anode 
was tested at a high temperature of 1000 °C.

Fig. 3  Effect of the anode calcination temperature on the electrode 
polarization resistance. a Selected electrochemical impedance spec-
tra of LST–YSZ composite anode calcined at different temperatures 

(measured at 850 °C); b Electrode polarization resistances of the 
LST–YSZ composite tested at different temperatures
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3.1.2  Anode overpotential

The anode potential of the composite electrode sintered at 
different temperatures was tested, and the results are shown 
in Fig. 4. Figure 4a shows the anode polarization charac-
teristics of the sample tested at 850 °C, using Pt as a refer-
ence electrode. Figure 4a is obtained by linear sweeps from 
open-circuit potential to a value of 0.9 vs. open-circuit volt-
age. The anode potential is the voltage between the anode 
and the Pt reference electrode. The current density is tested 
between the working electrode(anode) and the Pt counter 
electrode. The anode overpotentials are calculated using Eq. 
(1) as shown in Fig. 4b. The electrode potential (Eelectrode) 
is obtained by subtracting the voltage value of individual 
data points from the open-circuit voltage in Fig. 4a. The 
ohmic resistance RΩ is estimated from the high-frequency 
intercept of the impedance spectra at the x-axis. The cur-
rent density is the value at each anode potential in Fig. 4a. 
Therefore, the anode overpotential results from extracting ac 
ohmic drop (j × RΩ) from the electrode potential (Eelectrode). 
There is a tiny potential between the counter electrode and 
the reference electrode. The value is usually very small (a 
few microvolts) and can be ignored. There are a few configu-
rations with the different electrode and reference positions 
considering the polarization performance using the three-
electrode mode. The arrangement of the overpotential test 
in this study with the working and counter electrodes in the 
center and the reference at the side is a suitable selection as 
compared to the other reference configurations since there is 
no risk of a build-up of water or inactive electrolyte regions 
[37]. A thick electrolyte about 1 mm is used in this study 
and ohmic resistance is the main loss. The contribution of 

ohmic resistance at a higher current density is much bigger 
than the polarization resistance from the electrode. We can 
see that the anode overpotential is slightly bigger than the 
anode potential. Therefore, except for the electrode overpo-
tential, ohmic resistance is another parameter needed to be 
considered in whole-cell fabrication. The overpotential of 
the anode sintered at 1100 °C is very high, with a value of 
0.36 V at a current density of 0.1 A  cm−2 when it was tested 
at 850 °C. The overpotential decreases with an increase in 
the anode sintering temperature.

For the anode sintered at 1400, 1350, 1300, and 1200 °C, 
the overpotentials produced with the same conditions are 
0.21, 0.06, 0.11, 0.09, and 0.36 V, respectively. Therefore, 
we can see that the lowest overpotential is obtained with 
the sample sintered at 1350 °C, which is consistent with the 
anode polarization resistance results shown in Fig. 3 [15]. 
These results show that the anode sintering temperature 
plays a key role in anode polarization.

3.1.3  Microstructure observation

The microstructures of the LST–YSZ composite anodes sin-
tered at different temperatures after electrochemical testing 
are observed. The cross-sections are shown in Fig. 5. When 
the anode was sintered at 1200 °C, no valid sintering process 
took place. Therefore, LST and YSZ powders aggregate in a 
dispersed manner. When the sintering temperature increased 
to 1300 °C, the LST and YSZ powders began to shrink and 
started to connect, while also producing some pores.

The shrinkage and connectivity of LST and YSZ with a 
1350 °C sintering temperature produced adequate porosity 
for gas transportation. In this case, the average grain size 

Fig. 4  Electrochemical polarization characteristics of the LST–YSZ composite anode calcined at different temperatures. a Anode potential; b 
Anode overpotential
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of the anode was about 1 μm. The highest performance of 
LST–YSZ sintered was obtained at 1350 °C, which implies 
that the electrode has a proper microstructure, uniform 
porosity, and grain size. Furthermore, the LST–YSZ com-
posite anode shows reasonable contact with the YSZ elec-
trolyte. YSZ could prevent the electron transportation of 
LST as the conductivity is dependent on the contact of LST 
in the LST–YSZ composite electrode, which is similar to 
the results reported by Matsushima [39]. The polarization 
resistance at 1400 °C is higher than those of 1200, 1300, 
and 1350 °C in this study. The increased value is possibly 
due to the densification of YSZ as the YSZ powder has fine 
particle sizes. Exaggerated growth of grain was observed 
when a 1400 °C sintering temperature was used. It is also 
suggested that it would be beneficial to have close sintering 
ability and grain growth of each composition in the com-
posite electrode. Therefore, the transportation pathway may 
be blocked due to this adverse effect, which resulted in high 
anode polarization resistance. (See Fig. 3.)

Microstructure observation is one of the most effec-
tive means of estimating electrode performance. The SEM 
images provided here prove the polarization resistance dis-
crepancy sintered at different temperatures and the overpo-
tential results, as detailed in the above sections. The image 
and XRD pattern of the composite electrode sintered at 1350 
°C before and after electrochemical tests are shown in Fig. 6. 

It can be seen that there are fewer pores (Fig. 6a) before elec-
trochemical testing and more pores after testing (Fig. 6c). 
The XRD patterns show the peaks YSZ and LST (Fig. 6b, d).

3.1.4  Element analysis of the cross‐section

EDX linear scanning analysis results of the cross-section of 
the YSZ/LST–YSZ interface are shown in Fig. 7. Images of 
the LST–YSZ microstructure and distribution of La, Sr, Ti, 
Zr, Y, and O in the interface are shown in Fig. 7a–f. There 
was no noticeable element migration between the LST–YSZ 
composite anode and the YSZ electrolyte when the anode 
was sintered at 1350 °C. These results clearly show that the 
LST is compatible with the YSZ electrolyte.

A clear boundary is seen between the LST–YSZ compos-
ite electrode and the YSZ pellet. No significant diffusion is 
seen between the LST and YSZ pellet. This indicates that no 
reaction between LST and YSZ occurred, even though a high 
sintering temperature of 1550 °C was used [14].

3.2  YSZ content in the composite anode

The anode requires both an ionically and electronically 
conductive component. Impedance spectra, anode I-V plot, 
and SEM were used to investigate the resistance, overpoten-
tial, and microstructure of the LST–YSZ composite anode. 

Fig. 5  Microstructure of the LST–YSZ (60 wt%) composite anode sintered at different temperatures. a 1100 °C; b 1200 °C; c 1300 °C; 
d 1350 °C; e 1400 °C



1182 Journal of Applied Electrochemistry (2021) 51:1175–1188

1 3

The results are shown in Fig. 8. When a low YSZ content 
is applied to the LST–YSZ composite anode, the polari-
zation resistance of the anode is very high. (See Fig. 8a.) 
An increase in the YSZ content above 50 wt% results in 
a decrease in the polarization resistance. The impedance 
spectra show that the lowest polarization resistance (0.26 
Ω  cm2) is obtained on the cell with 60 wt% YSZ. Similar 
to resistance results, the anode overpotential is low when a 
large amount of YSZ content is used. (See Fig. 8b) The data 
indicate that there is a continuous decrease in polarization 
resistance with an increase in the YSZ content. The polariza-
tion resistance of the LST–YSZ composite anode depends 
on the YSZ content. It is well known that insufficient ionic 
conductivity is one of the disadvantages of titanate [41]. It 
has been reported that  CeO2 could enhance the ionic con-
ductivity of  La0.2Sr0.8TiO3 and, in this study, the compos-
ite  La0.2Sr0.8TiO3–CeO2 electrode exhibited the minimum 
polarization resistance, i.e., 1.2 Ω  cm2 at 900 °C [42]. Here, 
YSZ provides ionic conductivity, and LST provides mostly 
electronic conductivity. 

Figure 9 shows the SEM images of the fractured cross-
sections of the LST–YSZ composite anodes with different 
YSZ amounts. Figures 9a–e are images of the electrodes 
with 30 wt%, 40 wt%, 50 wt%, 60 wt%, and 70 wt% YSZ. 
It can be seen that the pore size of the electrode with a low 
YSZ content is quite large, i.e., about 5 μm. With an increase 
in the YSZ content in the LST–YSZ composite anode, the 

pore size becomes smaller. Furthermore, the distribution of 
LST, YSZ and pores, is uniform. This further verifies the 
above result of resistance and overpotential. 

In the next studies, hydrocarbon fuel and sulfur fuel were 
investigated; therefore, we used 60 wt% YSZ for the follow-
ing experiment.

SEM images of LST, Tosoh, and particle size distribu-
tions are shown in Fig. S6. The particle sizes of LST are 
significantly different from those of Tosoh (Fig. S7), which 
can be seen in the SEM images of the starting powders of 
LST and Tosoh YSZ. (See Figs. S6a, S6b.) However, little 
difference is found in the particle size distribution when test-
ing on the Malvern laser particle size analyzer. It can be seen 
that the particle sizes of LST (Fig. S7a) and Tosoh YSZ (Fig. 
S7b) are much bigger than those revealed by SEM images. 
The difference in particle size of these two powders could be 
because of the agglomeration of fine Tosoh YSZ powders. 
At a relatively low temperature (e.g., 1100 °C), the grain 
size of the Tosoh powders is fine, as seen in Fig. 5a. With 
an increase in temperature, the grain size of Tosoh grows, 
but the growth of LST grain size is not significant. There-
fore, a significant difference in grain size is observed for the 
composite electrodes sintered at 1100 °C, 1200 °C (Fig. 5b), 
1300 °C (Fig. 5c), 1350 °C (Fig. 5d), and 1400 °C (Fig. 5e).

An optimized ratio of YSZ located around 60 wt% YSZ 
can be interpreted using the percolation theory. Kusy 
developed an equation for percolation by investigating 

Fig. 6  SEM images and XRD 
patterns of the LST–YSZ (60 
wt%) composite anode sintered 
at 1350 °C. a SEM images 
before test; b XRD patterns 
before test; c SEM images after 
test (the same image as Fig. 5d); 
d XRD patterns after test
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Fig. 7  SEM image combined with the energy dispersive X-ray (EDX) spectra at the interface of the anode and electrolyte. a SEM image; b La; c 
Sr; d Ti; e Zr; f Y; g O Zr(red), Y(yellow), Ti(green), Sr(cyan), O(blue), La(magenta)

Fig. 8  Electrochemical performance of the cell with various YSZ content. a EIS of LST–YSZ with different LST–YSZ weight ratios of anode in 
 H2(97%)/H2O(3%) fuel testing at 900 °C; b Anode overpotential (Vs Pt reference electrode) in  H2(97%)/H2O(3%) fuel tested at 900 °C
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the effect of particle size ratio on percolation in mixtures 
of metals and polymers [43].

where Xc 0.42; ϕ 1.27 for the cubic lattice; Vc percolation 
limit; Rp radius of the polymer particle; Rm ratidus of the 
metal particle.

The value of the percolation limit is calculated using 
Eq. (2). The grain sizes of YSZ and LST are 2 and 1 μm, 
as estimated from the SEM images shown in Fig. 9. The 
connectivity of YSZ can be calculated according to Eq. 
(2) and the value is 39.81 vol%. The densities of LST and 
YSZ are 5.686 and 5.9 g/cm3, respectively. When 40 wt% 
YSZ is added to the LST–YSZ composite electrode, the 
volume percentage of the YSZ amount is 39.12 vol%. This 
calculation verifies that big polarization resistance levels 
are obtained on the LST–YSZ composite with 30 wt% 
and 40 wt% YSZ. This means that the YSZ network is 
not formed up to 40 wt% of YSZ, and YSZ powder is iso-
lated by LST powder. The isolated YSZ does not exhibit 
electrochemical activity; only connected YSZ has elec-
trochemical activity [44]. Above 50 wt%, the added YSZ 
powder developed connectivity, so better electrochemical 
performance is obtained on the LST–YSZ electrode with 
a higher content of YSZ.

(2)Vc = 100

[

1 +

(

�

4Xc

)(

Rp

Rm

)]−1

,

3.3  Sulfur tolerance

It is of great interest to employ the LST anode in SOFC 
operating in  H2S-containing fuels, as an alternative anode 
catalyst. The cell performance in hydrogen and  H2S-H2 is 
shown in Fig. 10. In this study, a high concentration of  H2S 
was applied to test the limitation of sulfur tolerance. The 
investigation done by Mukundan et al. [45] showed no deg-
radation when the LST anode was exposed to up to 5000 
ppm of  H2S in hydrogen fuel. However, nickel could be 
deactivated or fail at a few ppm levels of  H2S [46].

A 50 ppm  H2S caused a sharp drop in cell performance 
of Ni–YSZ within the first few minutes of exposure [47]. 
The LST–YSZ composite anode shows high electrochemical 
catalysis for the fuel containing  H2S at a lower temperature. 
For example, the maximum power density of the cell at 850 
°C with hydrogen fuel is 117 mW  cm−2 (Fig. 10a). At the 
same temperature, in the presence of 10,000 ppm  H2S in 
hydrogen, the maximum power density of the cell increases 
to 132 mW  cm−2. (See Fig. 10b.) The cell performance could 
be further improved by using a thinner electrolyte (400 μm 
in the present study), due to possible lower ohmic resistance.

In this study, the behavior of the LST–YSZ composite 
anode was investigated in the presence of 10,000 ppm  H2S 
and  H2 mixed gas fuel. When the LST–YSZ anode was 
exposed to 10,000 ppm  H2S under similar conditions, the 
fuel cell performance showed significant improvement of 

Fig. 9  SEM images of the LST–YSZ composite anode with various YSZ content. a 30%; b 40%; c 50%; d 60%; e 70%
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Fig. 10  Fuel cell performance of a single cell with an LST–YSZ 
anode, and a YSZ electrolyte and a  (La0.8Sr0.2)0.9MnO3−δ-YSZ cath-
ode tested in  H2 and  H2S-containing  H2. a Power output of the cell in 

 H2; b Power output of the cell in 10,000 ppm  H2S-H2; c Impedance 
spectra of the cell; d Durability of the cell in 10,000 ppm  H2S-H2
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the impedance spectra under open-circuit conditions. For 
instance, the resistance of the LST-based cell in hydrogen 
at 800 °C is ~ 3.04 Ω  cm2 (Fig. 10c), while the resistance 
is only ~ 2.32 Ω  cm2 when the same anode is exposed to 
10,000 ppm  H2S. (See Fig. 10c.) This superior polarization 
resistance is much smaller than the resistance of 7 Ω  cm2 of 
the impregnated  La0.4Ce0.6O1.8–La0.4Sr0.6TiO3 in 5000 ppm 
 H2S-H2 tested at 800 °C [48]. A high concentration of sulfur 
is used in this study. Therefore, sulfur could be fuel. Sulfur 
could be dissociated on the surface of LST catalysts. The 
association of sulfur could promote catalytically by chang-
ing the reaction process in a favorable direction [49]. The 
actual maximum power density of the cell in sulfur-con-
taining fuel is smaller than that in hydrogen. The resistance 
and cell output give contradictory results. It demonstrates 
that chemical reactions and electrochemical reactions could 
be significantly different in the presence of sulfur. A high 
concentration of 10,000 ppm  H2S is used in this study. There 
are not many reports about this high level of  H2S [50]. The 
extremely high sulfur could be the main reason that causes 
a different behavior of resistance. Another possibility is the 
test procedure. The cell performance is tested in hydrogen 
first and then tested in 10,000 ppm  H2S-H2 and then switch 
back to hydrogen. The discontinuous supply of sulfur makes 
the dissociation process changed so that a smaller resistance 
of sulfur-fueled cells is found.

Rath et al. [51] investigated the influence of various vol-
ume ratios of  La0.2Sr0.8TiO3 and  Ce0.8Gd0.2O2 (GDC) on 
the impedance spectra and found that the content of GDC 
has a significant effect on polarization behavior. The val-
ues reported in this study are comparable with the optimal 
polarization resistance of 2.8 Ω  cm2 measured in  H2 at 800 
°C. The duration of the cell in the presence of 10,000 ppm 
 H2S is shown in Fig. 10d. The performance is relatively sta-
ble at 0.7 V. A current density of 184 mA  cm−2 was observed 
and no sharp performance decrease was seen. Surprisingly, 
there was no change for at least one hour and there is gradual 
degradation to 157 mA  cm−2 within 10 h. Sulfur can be 
absorbed by the oxygen-deficient surface sites, because of 
the lower oxidation state of non-stoichiometric oxygen [52]. 
Therefore, it has better sulfur tolerance than the nickel-based 
electrode. The LST–YSZ composite anode demonstrated 
potential use at a high concentration of  H2S.

4  Conclusions

La0.4Sr0.6TiO3 was prepared using the solid-state reaction 
method and calcined in air at 1400 °C to investigate the 
performance of the anode of SOFCs. LST–YSZ composite 
anodes were also sintered in air at different temperatures. 
The three-electrode overpotential tests were practical, so as 
to characterize the properties of the anode. It was shown 

that the performance of the LST–YSZ composite anode 
depended strongly on the YSZ content and the sintering tem-
perature. The composite anode with a 60 wt% YSZ that was 
sintered at 1350 °C exhibited the lowest anode overpotential 
and the lowest polarization resistance of 0.26 Ω  cm2 in 97% 
 H2/3%H2O. The LST–YSZ composite anode demonstrated 
excellent electrochemical performance in a high concentra-
tion of  H2S (10,000 ppm) containing  H2, which is compara-
ble with  H2 without sulfur. The LST powder prepared in air 
has the potential for application with SOFCs.
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tary material available at https:// doi. org/ 10. 1007/ s10800- 021- 01568-8.
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