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Perovskite-type of Y-doped Lag7Sro3CrOs as a promising anode for solid oxide fuel cell, maintain
good stability in H,S-containing atmosphere based on the results from the X-ray diffraction patterns
and Fourier transform infrared spectroscope in our previous work. In the research explore the single
cell performance and reveal its sulfur durability under the real H,S environment. The activity of the
anode has a close relationship with its material composition, the crystal structure and the morphologic
structure, etc. Therefore, Y-doped Lag 7Sro3CrOs as the anode material is further investigated by XRD,
high-resolution transmission electron microscopy and scanning electron microscopy. The surface
composition and valence of each element in Y-doped Lag7Sro3CrOz are identified by X-ray
photoelectron spectroscopy. Thermodynamic calculation is used to analyze the stability of each
element in Y-doped Lag 7Sro3CrOs; when it is exposed in H,S at the range of partial pressures of sulfur
(pS2) and (pO2) simulated the fuel cell conditions. Meanwhile, the single cell with configuration Y-
doped Lag 7Sro3CrO3-SDC/SDC/Ag is measured under real H,S atmosphere at 600, 650 and 700 “C for
verification of the simulation. Then the electrochemical impedance spectrum is used to analyze the
reasons that affected cell performance.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) are regarded as a promising clean energy conversion system
because of high-energy conversion efficiency, efficient reclamation of waste heat, low environment
impact, and extensive fuel flexibility compared to other fuel cells [1-4]. However, even with these
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benefits, the high operating temperature (800-1000 C) causes several problems, e.g., expensive
maintenance cost, material degradation, and material compatibility challenges [5, 6]. Reducing the
operating temperature to below 700 ‘C has received considerable attention. However, a series of
problems ensued, including the performance dropped drastically as the rapid increasing in polarization
losses (associated with low electrolyte conductivity and poor electrodes reactions kinetics) [7].

The feasibility of using H,S as the fuel for a SOFC simultaneously produces electricity[8,9].
However, the toxicity of H,S to anode materials for SOFC is catastrophic. Searching for sulfur-
resistant anode materials is a challenge to develop SOFC.

Perovskite-type oxide with a general formula of ABO;3 (Typical material is LaCrOg3) has played
an important role for application in SOFCs for A-site and B-site replaced by other ions that can
improve the physical properties [10-12]. LaCrO; as electrode materials have been extensively
investigated [13, 14]. Due to the material of A Ca- and Co-doped yttrium the excellent property as
anode materials such as improving chemical and dimensional stability in hydrogen with 3% H,O and
10-20 ppm H,S [15-17]. Our previous investigation confirmed that Y doped Lag 7Sro3CrO3 can be used
as a potential anode for its high electrical performance [12]. Tan etc [18] indicated that the doped of
non-variant valence metal Y can increase the tolerant to sulfur, but the reason of the stability and sulfur
resistance was not explained clearly. So in the paper, the stability and the sulfur durability of Y doped
Lag7Sro3CrOs; under the real H,S environment was investigated from microstructure, the surface
composition and valence of each element before and after single cell test.

2. EXPERIMENT

A serial of Lag7xYxSrosCrO; (x=0.1, 0.13, 0.15, 0.17, 0.2) were synthesized by urea
combustion method. The details of the synthesis have been described in our previously study [11]. The
precursor ashes were calcined in the air at 1350 °C for 4 h using a rate of 5 ‘C min™.

The crystalline structure of the anode materials was examined by X-ray diffraction patterns
(XRD, Bruker D8 Advance, Germany) using Cu K, radiation (A=0.15406) at room temperature with 20
ranging from 5° to 80°. Temperature-programmed reduction using hydrogen (H,-TPR) was performed
at atmospheric pressure in a continuous flow reactor charged with 25 mg of sample powders. H,-TPR
tests were performed with 10% H, in Ar at a flow rate of 30 ml-min”*, heated from room temperature
t0 900 °C at a rate of 10 C min* and then held at 900 “C for 30 min.

Temperature-programmed reduction (TPR) was carried out with the Quanta Chembet (3000)
instrument. 0.1g fresh samples were performed with a 10% H,-N, flow (70mL/min) heating from room
temperature to 900 °C for 1 h. The H, consumption was determined by a TCD detector, while ice was
trapped in a cold trap.

Due to the good single crystal structure and stability in the reducing atmosphere, Lags-
x Y xSro3CrO; (x=0.13) was selected to investigate the sulfur tolerance of LYSC from the microstructure
and morphologies by scanning electron microscopy (SEM, S-4800 Il FESEM, Japan), high-resolution
transmission electron microscopy (HRTEM, JEM-2100F), selected-area electron diffraction (SAED).
The surface composition and valence of each element were identified by X-ray photoelectron
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spectroscopy (XPS, Themo ESCALAB 250, US).
Electrochemical workstation was used to measure the performance of the single cell with
configuration LYSC-SDC/SDC/Ag under real H,S atmosphere at 600 to 700 ‘C for verification of the

simulation. Then the electrochemical impedance spectrum (EIS) was used to analyze the reasons that
affected cell performance.

3. RESULTS AND DISCUSSION
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Figure 1. (a) XRD patterns and (b) H,-TPR curves of Lag 7.xYxSro3CrOs (x=0.1, 0.13, 0.15, 0.17, 0.2)

Figure 1(a) showed the XRD patterns with different content of Y (x=0.1, 0.13, 0.15, 0.17 and
0.2) after firing in air at 1350 “C for 4 h, suggesting that when the value of x>0.13, some impure peaks
(SrCrO,) appeared. Resistance against thermal and chemical reduction for the samples was further
studied by H,-TPR with the results shown in Figure 1(b). The TPR profile of Y doped Lag 7Sro3CrOs
had reduction o peaks at about 600 ‘C when x=0.1, 0.2. The other values of x also had the a peaks at
about 610 °C, the reduction temperature was changed according to the doped of Y. According to the
Reference [19], the reduction peaks which appeared between 550 and 700 C were attributed to the
reduction of Cr** to Cr**. The small shoulder peaks appeared about 470 ‘C were assigned to the
reduction of Cr®* to Cr**. Among the peaks, when the value of x=0.13, the corresponding peak moved
to a higher temperature zone, suggesting greater chemical stability of the LYSC. From the analysis of
XRD and H,-TPR, x=0.13 (that is Lags7Y0.13Sr03CrOs.s, abbrev. LYSC13) as the best candidate was
chosen in the following study.

As shown in Figure 2, the pure perovskite phase can be formed at 1350 'C from the XRD
patterns of all the calcined LYSC13. The diffraction pattern for the electrode posited film has eleven
broad peaks at 26=23.022°, 32.785°, 40.442°, 47.045", 53.003", 58.524°, 68.725 , 73.548", 78.255 ,
82.882" and 87.462°, corresponding to (100), (110), (111), (200), (210), (211), (220), (221), (310),
(311) and (222) of LaggSry,CrO3; (JCPDS card no. 74-1980), respectively. While some impurity peaks
are observed in the sample at 26=29.169 and 48.528 degrees (marked with *), which are characteristic
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of the Y,03 parent (JCPDS card No. 76-0151) after calcined at 1150 ‘C. Therefore, 1350 ‘C was
chosen as the calcination temperature.
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Figure 2. X-ray diffraction patterns of LYSC13 at 1150 and 1350 'C
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Figure 3. Experimental SAED patterns of LYSC13 crystal along the (a) [110], (b)[ 111]. Experimental
HRTEM images of the crystal as shown in (c) and SEM images of the LYSC13 as shown in (d).

TEM and SEM images in Figure 3c and 3d showed the morphology of LYSC13. LYSC13 could
be indexed according to the cubic perovskite structure with a lattice parameter of a ~2.5 A. The SEM
images of LYSC13 also showed essentially the porous surface morphology composing of particles,
indicating that each particle was a LYSC13 single crystal since the structure similar to the one
calculated from the HRTEM results. The most symmetric space groups Pm3m was selected by fitting
of the XRD profile. HRTEM was conducted to further investigate the structural and elemental
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characters. The clear Moire fringes and split points in the corresponding fast Fourier transform (FFT)
pattern in samples demonstrated the single-crystalline nature of the surface as shown in Figure 3a and
3b. The lattice fringes of LYSC13 displayed interplanar spacings of 0.273 and 0.193 nm in the particle,
which matched well respectively with those of the [110] and the [200] planes of the fcc LYSC13 anode
materials and the results were agreement with XRD patterns. A selected area electron diffraction
(SAED) pattern along the [111] zone axes and no different grains were observed as shown in Figure
3a, 3b. The relatively high intensity streaks along [111] in the [110] diffraction pattern (as shown in
Figure 3b) were observed for some grains, which would be regarded as B-site cation (Cr(III) and
Cr(IV) ) ordering for the overlap of stacking fault-derived scattering [20, 21], or as the ordering of
oxygen vacancies [22], which were in agreement with the XPS results.
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Figure 4. EDS mapping of LYSC13

The elemental mapping images in Figure 4a clearly pointed out a highly uniform distribution of
Cr, Sr, Y and La, confirming the formation of an embedded of Sr and Y in the porous LaCrOs. Figure
4b showed the energy dispersive spectrum (EDS). The results reveal the existence of La, Y, Sr, Cr, O
and Cu (8 keV) elements, wherein the Cu signal was ascribed to the copper grid used in the process of
testing.

Fuel cell tests were measured to estimate the electrochemical activity of the anode material. 1-V
and I-P curves of single cell with configuration of LYSC13-SDC/SDC/Ag under the operation
temperatures (10% H,-0.1% H,S, other was N, as balance gas) were given in Figure 5a. The power
densities were 18.52, 56.05 and 62.66 mWcm™ at 600, 650 and 700 °C, respectively. The
corresponding OCV values were 0.90, 0.94 and 0.96 V. The impedance spectroscopy was employed to
analyze the effect of operating temperature on single cells as shown in Figure 5b. The impedance
spectra are mainly composed of two sections. One is the ohmic resistance (Ronm) (Which is located at
high frequency) which mainly include electrolyte resistance, the electrode ohmic resistance, the
connector resistance, the lead resistance and other contact resistances, etc. Another is the activation
resistance (Rac;) Which is located at low frequency, including cathode, anode activation polarization
resistance and concentration polarization resistance. Figure 5b showed that the Rqnm varies slightly
with the temperatures, while a large change occurred in the Ry Therefore, the main loss of the fuel
cell was due to the electrode polarization.
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Figure 5. IV-1P and the impedance spectroscopy of LYSC13 as anode under 10% H,-1% H,S fuel at
different temperatures

Within the work atmosphere and temperature, the anode material needs to have enough high
electrical conductivity to ensure that the anode material has good conductivity performance, so as to
making the electronic from electrochemical reaction passed to the external circuit and further
generating the current. In addition, the anode catalyst must have a high ionic conductivity, so that the
fuel can arrive to the anode area for electrochemical reaction. The conductivity of LYSC13 were
measured by 4-probe DC in 10% H,-0.1% H,S from 500 to 800 ‘C. In LYSC13, the substitution of Sr
for La or Y resulted in a charge-compensation transition of Cr** to Cr**, which gives rise to the
formation of small polaron as charge carries and thermally activated hopping as the transport
mechanism [23]. The conductivities increased with the temperature rising as shown in Figure 6. The
behavior was typical small polaron mechanism and can be expresses as

o = (A/T) exp( —Eo/KT)
where A is the pre-exponential factor, Ej, is the activation energy, k is the Boltzmann constant, and T is
the absolute temperature.
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Figure 6. Ln(oT) for LYSC13 as a founction of 1000/T

The long-term galvanostatic test of the single cell at 700 'C was given in Figure 7. The OCV
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started to stabilize after the single running 2 h, ascribed to conditioning of the anode catalyst, and there
were no detectable sulfides on the anode surface as determined by the XPS analysis after cooling to

room temperature.
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Figure 7. Long-term galvanostatic test the single cell LYSC13/SDC/Ag at 700 ‘C

Table 1. The partial pressure of O, (g) and S; (g) under the operation condition

Partial pressures input boundary /Pa | Partial pressures output boundary
/Pa

t/°C S, at S, at S, at S, at
0O, w(H2S) of | w(H,S) of 0O, w(H,S) of | w(H,S) of

1x10°® 1x1072 1x10°® 1x1072

600 4.83x10% | 1.08x107° | 1.08x10™" | 4.09x10% | 1.02x10Y" | 1.02x10°°
650 1.78x107%° | 1.47x10%° | 1.47x10 | 1.51x10% | 1.38x10Y | 1.38x10°
700 4.55x102° | 1.49x107Y | 1.49x10° | 3.85x10%° | 1.4x10%° | 1.4x107

In order to consider elements interacting in the anode material, the thermodynamic calculations
were used to analyse the phase diagrams of La-O-S, Y-O-S, Sr-O-S and Cr-O-S. According to the
Reference [24], the values of pO,(g) and pS,(g) were defined by assuming a mixture 3% H,0O and 97%
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H, as the input fuel to the anode, and 90% H,O and 10% H, mixture as the output gases which
represented the fuel consumption of H, with 90% in SOFC. The partial pressure of O, (g) and S; (9)
under the operation condition was calculated as shown in Table 1.
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Figure 8. The phase equilibrium of (a): La-O-S; (b): Y-O-S, (c): Sr-O-S, (d) Cr-O-S and (e): S-O-H
systems at 600, 650 and 700 ‘C

The pO, value was calculated with the correction between the partial pressure of gases and the
equilibrium constant of the reaction:

2H2(9)+02(g)—2H0(g)

The pS; value was calculated using the correlation between the partial pressure and the
equilibrium constant of the two main reactions:

2H25(9)+02(g)—S2(9)+2H20(9)

2H2S(g)—S2(9)+2H2(9)

Figure 8 indicated that the elements of Y and Cr were stable while La and Sr were easy to be
sulfured when exposed in 10% H,-1% H,S at the operating temperatures, which suggested that sulfur
at this level will affect the bulk properties of the LYSC13 anode. The replacing of La** or Y** in A-site
by lower valence Sr** in the pervoskite structure could produce oxygen vacancies [25]. Figure 8a and
8c indicated that SrS and LaS would appear at the operating atmosphere, but the XPS patterns showed
that there was no sulphide generation and the S-XPS manifested some SO,* appeared, which was
consistent with Figure 8(e). In addition, the reaction of sulfur on the surface needed to be considered,
which would affect the electrocatalytic activity. Therefore, XPS spectra were used to analyse the state
of each surface element.

XPS spectrum was used to characterize the surface characteristics of synthesized sample
(LYSC13) before and after test in the 10% H,-1% H,S. To quantify the oxidation states La, Y, Sr, Cr
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and O, the La3d*?, Y3d®?, Sr3d>?, Cr2p¥?, and O1s were studied. Table 2 showed the binding energy
of La, Y and Sr. Strong electron orbital-spin angular momentum interactions caused a splitting of La
XPS peaks.

Table 2. The bond energies of La 3d, Y 3d and Sr 3d

La (eV) Y (eV) Sr (eV)

Samples
3d5/2 3d5/2 3d5/2 3d5/2 3d5/2 3d5/2

LYSC13
before 833.8 837.4 156.8 158.8 131.9 134.1

test

LYSCI3  g337 837.3 157.0 159.0 132.8 134.4

after test

Form the Table 2, it could be seen the peak of La 3d almost had no change after single cell test
in 10% H,-1% H,S-N,. The position of La 3d*? was located at 833.76 eV and 837.39 eV indicating
that the oxidation state was +3 which was in a good agreement with the report in [Ref 15]. Y 3d*? peak
located at 156.82 eV indicating that the oxidation state was +3 which agreed with the [Ref 7 and Ref
8]. The bond energies of Sr increased after cell test, which indicate the change of environment around
it. On the other hand, degradation of the electrochemical oxygen exchange kinetics was often
connected to Sr enrichment in the surface for tiny amounts of SrO deposing on the material surface and
leading to severe deactivation. Meanwhile, B-site, transition metal can cause (re-)activation [26]. So B-
site, XPS patterns of Cr 2p3/2 (before and after cell tests) were considered as shown in Figure 9.
Cr(III) in fresh LYSC13 before test was evidenced by a shoulder observed on the main peak at 576.39
eV (Figure 9a). The coexistence of Cr(IlI) and Cr(IV) after cell test was evidenced by a shoulder
observed on the main peak at 575.6 eV (Figure 9b), which was assigned to Cr(IV) species. The higher
binding energy (BE) Cr 2p1/2 peak at 587.33 eV and its shakeup satellites were due to Cr(IV). The
result was in consistence with the result of HRTEM (as shown in Figure 3b).

t) ZP!H

Intensity (a.u.)
Intensity (a.u.)

592 590 588 586 584 582 580 578 576 574 572
Bonding Energy(eV) Bonding Energy (eV)

Figure 9. XPS for elements of Cr 2p3’2 (a) before and (b) after cell tests in 10% H,-1% H,S for 2 h
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Oxygen bound to metal played a crucial role in metal oxide catalysts. Table 3 shows Ols
spectrum was usually used to analyze the types of oxygen species presented in a particular oxide. As
observed from the material, the O1s core level consists of two components. The low B.E. component
corresponded to the lattice oxygen (Og) and the high B.E. had been assigned to surface adsorbed
oxygen (O,). The relative percentage of lattice and adsorbed oxygen were listed in Table 3. The
percentage values were calculated from the area of the corresponding peaks. The first peak (529.19-
529.24eV) was attributed to the oxygen ions in the crystal lattice (O%); the second peak (observed at
531.8-531.87eV) was assigned to surface adsorbed oxygen species (0> or O"). OH groups and oxygen
vacancies [27]. Table 3 indicated the Og decreased after the cell test and corresponding O, increased
which showed the content of the oxygen vacancies increased. The results were in agreement with the
XPS spectrum of Cr as shown in Figure 9.

Table 3. The bond energies of O 1S

O (eV)
Samples Op Oq
LYSC13 529.2 46.10% 531.9 53.90%
before test
LYSC13 529.2 46.08% 531.8 53.92%
after test

The S;, peaks at lower binding energies were assigned to S**, S, S° and S*. After the test of
the single cell in H,S at 700 “C, the sulfur content was detected and finding out the three peaks located
at 168.80, 169.43 and 170.23 eV were mainly attribute to SO,* as shown in Figure 10(a). Figure 10(b)
gave the schematic diagram of principle about the single cell as H,S as anode gas. H,S and generated
H,O, SO, were adsorbed on the anode surface, under catalysis of anode material, the three gases
continued to be oxidized to sulfate. The result was in accord with the XPS results. The peaks of SrS
and LaS didn’t appear while some SrSO4 was generated according the Reference [9, 28].

H,+H,S HESUN

50,+H,0

fo={foz=l
Electrolyte
0% 0%

[

==y, ‘v~9_
TV oy
L L L L L L L b [r ﬂ ﬂ
162 164 166 168 170 172 174 176 178
B.E.(eV) 0o,

Figure 10. (a) XPS for S element and (b) the schematic diagram of principle about the single cell

Intensity(a.u.)
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4. CONCLUSIONS

According to the XRD spectra and H,-TPR curves, Y-dopant with x=0.13 was chosen as the
research object. LYSC13 as anode material had shown promising performance under 10% H,-0.1%
H.S. The XRD patterns, SEM and HRTEM indicated that LYSC13 had perfect single crystal structure.
HRTEM showed the relatively high intensity streaks along [111] in the [110] diffraction pattern were
observed for some grains, which would be regarded as B-site cation (Cr(III) and Cr(IV) ) ordering for
the overlap of stacking fault-derived scattering, or as the ordering of oxygen vacancies, which were in
agreement with the XPS results. For the cell configuration of LYSC13-SDC/SDC/Ag, the maximum
power density was 62.66 mW-cm™ and the maximum OCV was 0.96 V under operating atmosphere at
700 C. The EIS manifested that the polarization resistance was main loss. XPS indicated that after
single cell test, sulfates were formed.
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