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Stability of Materials as Candidates for Sulfur-Resistant
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Development of sulfur-resistant anode materials for solid oxide fuel cells �SOFCs� is critical to cost reduction of SOFC technolo-
gies. In this paper, we report the thermodynamic stability of various candidate materials for sulfur-resistant anodes of SOFCs,
including metal carbides, borides, nitrides, silicides, perovskite-structured oxides, and transition metal sulfides. The most probable
reaction between each candidate material and hydrogen sulfide �H2S�-containing fuels under SOFC operating conditions �i.e., high
temperature, reducing atmosphere with significant concentration of water vapor� were predicted and compared with experimental
observations. It was found that proper thermodynamic analysis provided accurate prediction of the stability for a wide range of
materials and significantly reduced the number of candidate materials for further in-depth study.
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Effective utilization of sulfur-containing fuels in solid oxide fuel
cells �SOFCs� has generated great interest in the development of
sulfur-resistant anode materials for SOFCs. Previous studies on
sulfur-tolerant anode materials can be grouped into two categories—
those for SOFCs exposed to fuels with very high concentration
��5–100 vol %� of H2S1-10� and those exposed to fuels with H2S in
parts per million range.11-14 These studies are of great importance
because they may lead to the elimination of the desulfurization sys-
tem in the current SOFC fuel-processing unit, which would signifi-
cantly simplify operation and reduce the cost. To date, unfortunately,
the selection of sulfur-resistant anode materials seems to be largely
in a trial-and-error manner: potential candidate material is fabricated
as the anode in an SOFC and tested in sulfur-containing fuel.
Though straightforward, it is often found that the candidate material
simply transformed into other phases upon exposure to
H2S-containing fuels3,4 and failed due to loss of structural integrity.
One effective tool to guide the selection of sulfur-resistant anode
materials is to analyze the thermodynamic stability of the candidate
materials. Thermodynamics has been used to analyze the stability of
cathode and interconnect materials for SOFCs.15,16 For the study of
sulfur-resistant anodes, this involves predicting whether the material
will react with H2S, water vapor, or other cell components and
whether the material will melt or evaporate in SOFC anode environ-
ments. Such a method is expected to be of great importance, because
in real SOFCs, the porous anodes are subject to high temperatures
��700°C� for years and the materials stability would most likely be
determined by thermodynamics. Prediction of the materials stability
based on thermodynamics could help researchers avoid a large num-
ber of trial experiments and identify the most promising candidate in
a much more efficient way. However, thermodynamic stability is a
necessary but not sufficient condition for a viable sulfur-tolerant
anode material; it must have other desirable properties, including
adequate electrical conductivity, high catalytic activity for fuel oxi-
dation, as well as compatibility with other cell components such as
electrolyte and interconnect. In addition, stability of surface species
�e.g., adsorbates� is not included in the thermodynamic analysis for
bulk materials. The adsorption of sulfur-containing species on anode
surfaces is being studied using quantum-chemical calculations.17

In this paper, we report the results of our thermodynamic analy-
sis on the stability of several classes of candidate sulfur-resistant
anode materials. The most probable reactions that could cause fail-
ure of the candidates are identified. For the most typical materials of
each class, the predictions are compared with experimental observa-
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tions. The limitations of the thermodynamic analysis are also dis-
cussed at the end and the directions for future research are pointed
out.

Thermodynamic Analysis

The thermochemical data for simple compounds investigated in
this study were taken from standard references.18,19 The thermo-
chemical data for most ABO3 perovskites are not documented and
were estimated from empirical equations in the literature. The esti-
mation is valid because it is known that the enthalpy change for the
reaction from simple oxides to complex oxides has close depen-
dence on their structure.20-26 For the example of ABO3 perovskites,
Navrotsky reported a good linear relationship between the reaction
enthalpy for the formation of A2+B4+O3 from AO and BO2 simple
oxides and the Goldschmidt tolerance factor �tp� of the perovskite
structure, which is defined as

tp =
rA + rO

�2�rB + rO�
�1�

where rA, rB, and rO are the radii of A, B, and oxygen ions,
respectively.20 It was proposed that Shannon’s effective radii for
A-site ions in 12-coordination state and for B-site ions in
6-coordination state should be used to calculate tp.20,27 Later,
Yokokawa et al.21 did similar analysis and found that the reaction
enthalpy for the formation of A3+B3+O3 oxide from corresponding
simple oxides

1
2A2O3 + 1

2B2O3 = ABO3 �2�

could be approximated by

�Hr
oxide = 630 − 720tp kJ/mol �3�

while the reaction enthalpy for the formation of A2+B4+O3 oxide
from reaction

AO + BO2 = ABO3 �4�
or

AO + 1
2B2O4 = ABO3 �5�

could be approximated by

�Hr
oxide = 875 − 1000tp kJ/mol �6�

Yokokawa and co-workers used these empirical equations in a series
studies to analyze stability and the reactivity of perovskites with
other materials like yttria-stabilized zirconia �YSZ� and demon-
strated the applicability of these equations.15,16,22 Recently, similar
empirical relations were also proposed by Cheng and Navrotsky,23

who found the reaction enthalpy for Reaction 2 could be approxi-
mated by
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�Hr
oxide = 323.8 − 389.3tp kJ/mol �7�

and the reaction enthalpy for Reaction 4 or 5 could be approximated
by

�Hr
oxide = 844.4 − 956.0tp kJ/mol �8�

In this paper, both �Hr
oxide values from Eq. 3 and 7 were calculated

for Reaction 2 �A3+B3+O3 oxide� and both �Hr
oxide values from Eq.

6 and 8 were calculated for Reaction 4 or 5 �A2+B4+O3 oxide�.
Unless stated otherwise, the values calculated using Eq. 7 and 8 are
given directly while the values calculated using Eq. 3 and 6 are
listed in the brackets. The entropy change for the formation of
complex-structured oxide �e.g., ABO3 perovskite� from simple ox-
ides, �Sr

oxide, are usually very small ��0–5 J/mol K�.21 As a result,
the contribution of the entropy change to the total free energy
change �T�Sr

oxide� was on the order of a few kJ/mol, which is usu-
ally much less than one tenth of the enthalpy change �Hr

oxide.21

Therefore, as a first approximation, the entropy term was omitted in
the calculation of the free energy change for reactions from simple

Table I. Starting materials and preparation methods for samples syn

Sample Starting materials

�-SiC Phenolic resin �775D69, Georgia P
tetraethoxysilane �TEOS, Alfa Aes

LaTiO3 La2O3 �Aldrich, 99.9%�
Ti2O3 �Alfa Aesar, 99.8%�

LaVO3 La2O3 �Aldrich, 99.9%�
V2O5 �Aldrich, 99.6%�

SrTiO3 SrCO3 �Aldrich, 99.9%�
rutile-TiO2 �Alfa Aesar, 99.9%�

SrVO3 SrCO3 �Aldrich, 99.9%�
V2O5 �Aldrich, 99.6%�

Table II. Melting point „Tm…, electrical conductivity at 25°C „�25… an
this study.

Material Tm �°C�

B4Ca 2470
Cr3C2

a 1800b

Mo2Ca 2500
�-SiCa 2986b

TaCa 4000
TiCa 3017
WCa 2800b

W2Ca 2785
ZrCa 3532
TiB2

a 2920
ZrB2

a 3050
CrNa 1500b

TiNa 2950
VNa 2177
ZrNa 2952
MoSi2

a 2280
La0.4Sr0.6TiO3

c �1600
La0.7Sr0.3VO3

d �1600
La0.75Sr0.25Cr0.5Mn0.5O3

e,f �1600
Gd2Ti1.4Mo0.6O7

g �1500

a From Ref. 29.
b Decomposition temperature.
c From Ref. 30.
d From Ref. 31.
e From Ref. 32.
f From Ref. 9.
g From Ref. 33.
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oxides to complex oxides �e.g., ABO3, A2B2O7�, and �Gr
oxide

= �Hr
oxide − T�Sr

oxide � �Hr
oxide.16

Experimental

Some of the samples used in this study were obtained from com-
mercial suppliers: ZrC �99.5%� and WC �99.6%� were from Alfa
Aesar, TiN �99%� was from Aldrich, and WS2 �99.8%� was from
Cerac, Inc. The rest were synthesized in the authors’ lab. Table I lists
the precursors and preparation methods used for the syntheses. Of
the precursors, La2O3 and SrCO3 were first calcinated in air at 800
and 300°C, respectively, for 2 h to remove the adsorbed moisture.
All complex oxides were synthesized using a solid-state reaction
method. The raw materials were mixed, ground for 1 h, pressed into
pellets at 70 MPa, and heat-treated at high temperature. For some
complex oxides like SrVO3, grinding and calcination were repeated
until complete reaction and uniform composition were achieved, as
confirmed by X-ray diffraction �XRD, PW1800 X-ray diffractome-
tor, Philips Analytical�. The radiation source was Cu K� lines. The

zed in this study.

Preparation method and final heat-
treatment condition

� Solution-based processing
1475 �4 h, Ar�
Solid-state reaction
1450 �5 h, 4% H2/96% Ar�, carbon covered
Solid-state reaction
1450 �5 h, 4% H2/96% Ar�
Solid-state reaction
1300 �2 h, air�
Solid-state reaction
1450 �5 h + 5 h, 4% H2/96% Ar�

°C „�800…, and CTE „25–1000°C… for some materials investigated in

cm−1� �800 �S cm−1� CTE �10−6/K�

� 103 1.0 � 103 4.8–5.5
� 104 4.8 � 103 11.7
� 104 3.6 � 103 7.3
.0 NA 3.8–5.8

� 104 2.5 � 104 7.1
� 103 2.1 � 103 8.0
� 104 3.8 � 104 5.8
� 104 5.3 � 103 6.4–8.1
� 104 5.9 � 103 7.0
� 105 4.4 � 104 4.6
� 105 3.7 � 104 5.9
� 103 NA 0.7–3.1
� 104 1.9 � 104 8.1–9.0
� 104 1.6 � 104 8.1
� 104 2.2 � 104 7.0
� 104 7.8 � 103 8.2
� 103 5.0 � 102 11–12
� 102 1.5 � 102 9.6–11.5
A 1.0 8.9–10.1
A 5.0 NA
thesi

acific
ar�
d 800

�25 �S

1.0
1.3
1.4

1
4.6
5.0
5.2
1.3
1.3
1.1
1.0
1.6
2.5
1.7
5.6
4.6
6.0
7.0

N
N
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SiC powder was synthesized using a solution-based process.28 To
verify the prediction of the materials’ stability by thermodynamics,
representative materials were exposed to fuels containing H2S at
high temperature �usually 950°C� for 2–5 days. The nominal com-
position �by volume� of the fuels was either 10% H2S/3% H2O/87%
H2 or 50 ppm H2S/50% H2/1.5% H2O/48.5% N2.

Results

Metal carbides.— Many transition metal carbides have a very
high melting point and excellent electrical conductivity.29 Listed in
Table II are the melting point, electrical conductivity, and CTE for
some of the most common metal carbides. Some of the metal car-
bide materials such as Mo2C have been reported to have good cata-
lytic activity for various chemical reactions and, unlike metal cata-
lyst, have the potential advantage of preventing carbon deposition
�see Ref. 34 for a summary of using metal carbide as catalysts�.
However, the suitability of these materials as candidate sulfur-
resistant anode materials for SOFCs is yet to be determined. Be-
cause SOFC anode is likely exposed to fuels containing various
amounts of water vapor, one possible reaction that may lead to the
failure of metal carbide anode is

MxCy + �y + z�H2O = MxOz + yCO + �y + z�H2 �9�
If the elemental metal is more stable than the corresponding metal
oxides in reducing atmosphere �such as molybdenum and tungsten�,
the reaction may be written as

MxCy + yH2O = xM + yCO + yH2 �10�
Table III lists the free energy change for the hydrolysis of some
common metal carbide materials at 950°C in fuels with different CO
concentrations. For most carbides except molybdenum and tungsten
carbide, the hydrolysis reaction is an energetically favorable process
over a wide CO partial pressure range �e.g., 10−6–10−1�. The hy-
drolysis reactions become even more energetically favorable as the
CO concentration decreases or the water vapor concentration in-
creases.

Table III. Gibbs free energy change „�Gr… for the reaction between
of H2 and H2O are fixed at 0.87 and 0.03, respectively, and the parti

Reaction �written based on 1 mol H2O�

1/7 B4C�s� + H2O�g� = 2/7 B2O3�1� + 1/7 CO�g� + H2�g�
2/13 Cr3C2�g� + H2O�g� = 3/13 Cr2O3�s� + 4/13 CO�g� + H2�g�
MoC�s� + H2O�g� = Mo�s� + CO�g� + H2�g�
Mo2C�s� + H2O�g� = 2 Mo�s� + CO�g� + H2�g�
1/3 SiC�s,beta� + H2O�g� = 1/3 SiO2�s,cristobalite� + 1/3 CO�g� + H2�g�
2/7 TaC�s� + H2O�g� = 1/7 Ta2O5�s� + 2/7 CO�g� + H2�g�
1/3 TiC�s� + H2O�g� = 1/3 TiO2�s,rutile� + 1/3 CO�g� + H2�g�
WC�s� + H2O�g� = W�s� + CO�g� + H2�g�
W2C�s� + H2O�g� = 2 W�s� + CO�g� + H2�g�
1/3 ZrC�s� + H2O�g� = 1/3 ZrO2�s� + 1/3 CO�g� + H2�g�

Table IV. Free energy change for the reaction between H2S and hyd
partial pressure of H2 and H2O were fixed at 0.87 and 0.03, respecti

Reaction �written based on 1 mol H2S�

0.5 Cr2O3�s� + H2S�g� + 0.5 H2�g� = CrS�s� + 1.5 H2O�g�
0.5 Mo�s� + H2S�g� = 0.5 MoS2�s� + H2�g�
0.5 SiO2�s,cristobalite� + H2S�g� = 0.5 SiS2�s� + H2O�g�
0.5 TiO2�s,rutile� + H2S�g� = 0.5 TiS2�s,rutile� + H2O�g�
0.5 W�s� + H2S�g� = 0.5 WS2�s� + H2�g�
0.5 ZrO2�s,monoclinic� + H2S�g� = 0.5 ZrS2�s� + H2O�g�

a Values at 727°C.
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If the H2S concentration is high �e.g., on the percentage range�,
the carbides may also react with H2S to form metal sulfides as
follows

MxCy + zH2S + yH2O = MxSz + yCO + �z + y�H2 �11�

This reaction is a complex one involving three reactants and three
products. Even if it happens, the real scenario might be that the
carbides are first hydrolyzed as in Reaction 9 or 10, then the hy-
drolysis product �metal oxides or metal� reacts with H2S to form
metal sulfides, e.g.

MxOz + yH2S + �z − y�H2 = MxSy + zH2O �12�

or

xM + yH2S = MxSy + yH2 �13�

In terms of thermodynamics, to predict whether hydrolysis �Reac-
tion 9 or 10� or sulfidation �Reaction 11� will happen, it is sufficient
to evaluate the free energy change for Reaction 12 or 13. If the free
energy change is negative, it is possible that metal sulfide will be the
final product; if the free energy change is positive, the metal oxide
or metal from hydrolysis will be the final product. Table IV lists the
free energy change for the sulfidation of some hydrolysis product
from carbides in fuels with different concentration of H2S. Except
for Mo and W in fuels with high concentration of H2S, the free
energy change for all the reactions is positive, indicating the metal
oxide or metal from the hydrolysis will be the final product. There-
fore, from the above thermodynamic analysis, most metal carbide
materials are ruled out as sulfur-resistant anodes of SOFCs because
of their poor resistance to water vapor in the fuel gas.

To verify the prediction by thermodynamics, several materials
including �-SiC, ZrC, and WC were exposed to a gas mixture of
10% H2S/3% H2O/87% H2 at 950°C for 2–5 days. The CO con-
centration in the fuel was �1 ppm. Figure 1-3 show the comparison
of the X-ray diffraction �XRD� patterns for �-SiC, ZrC, and WC
before and after the stability test. As predicted, the hydrolysis of
�-SiC and ZrC were observed: �-SiC transformed to silica �cristo-

vapor and transition metal carbides at 950°C. The partial pressure
ssure of CO is 10−6 or 10−1.

�Gr�pCO = 10−6� in kJ/mol �Gr�pCO = 10−1� in kJ/mol

−106 −89
−69 −33

−116 1
−86 31

−115 −76
−64 −31
−90 −51

−111 6
−120 −2
−133 −94

is product of metal carbides (i.e., oxides and metals) at 950°C. The

�pH2S = 5 � 10−5� in kJ/mol �Gr �pH2S = 10−1� in kJ/mol

77 −0.1
41 −36
183 105
102a 39a

50 −27
107 30
water
al pre
rolys
vely.

�Gr
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balite phase� and ZrC transformed to monoclinic zirconia. For WC,
although most of the materials did not change, XRD identified trace
amount of WS2, which was confirmed by the appearance of strong
Raman bands corresponding to WS2, as shown in Fig. 4 for the
postexposure sample.

Metal borides, nitrides, and silicides.— Similar to the transition
metal carbides, many transition metal borides, nitrides, and silicides

Figure 1. XRD patterns for the �-SiC sample before and after exposure to
10% H2S/3% H2O/87% H2 at 950°C for 5 days.

Figure 2. XRD patterns for the ZrC sample before and after exposure to
10% H S/3% H O/87% H at 950°C for 5 days.
2 2 2
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also have high melting points, good electrical conductivity �see
Table II�, and better oxidation resistance than metal carbides.29

However, thermodynamic analysis shows that hydrolysis is still a
serious problem for these materials. Table V shows the free energy
change for the hydrolysis of several common metal borides, nitrides,
and silicides. All these reactions are energetically favorable. Like
transition metal carbides, the reaction of these materials with H2S
could still be regarded as two steps with the first one as hydrolysis
and the second as sulfidation of the corresponding hydrolysis prod-

Figure 3. XRD patterns for the WC sample before and after exposure to
10% H2S/3%/87% H2 at 950°C for 2 days.

Figure 4. Raman spectra of the WC sample before and after exposure to
10% H S/3% H O/87% H at 950°C for 2 days.
2 2 2
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ucts. Nevertheless, unless inhibited by extremely slow kinetics, the
hydrolysis reactions will happen and none of those materials is go-
ing to survive in typical SOFC anode atmosphere. As an experimen-
tal verification, Fig. 5 shows the comparison of the XRD patterns of
TiN powder before and after exposure to 10% H2S/3% H2O/87%
H2 fuel mixture at 950°C for 2 days. As predicted from thermody-
namics, TiO2 �rutile phase� was the only solid product after the
exposure. Therefore, these borides, nitrides, and silicides are also
ruled out as sulfur-resistant anode for SOFCs.

Complex oxides.— Metal oxides, especially those with complex
structure, have been studied as candidate materials for sulfur-
resistant anodes of SOFCs.7-14,31 Some of them have a combination
of desirable properties for anodes including reasonable electrical
conductivity and close match of coefficients of thermal expansion
�CTE� with other cell components �see Table II�. To date, however,
the determination of chemical stability �especially sulfur resistance�
for these materials depends largely on experiments, i.e., the materi-
als are exposed to H2S-containing fuels at high temperature and the
phase change is analyzed afterward.4,9,31 A more efficient way is to
predict their stability from the free energy change for the reaction of
interest �e.g., sulfidation�. In the following, examples of analyzing

Table V. Free energy change for the reaction between water va-
por and transition metal borides „MxBy…, nitrides „MxNy…, and
silicide „MxSiy… at 950°C. The partial pressure of H2 and H2O are
fixed at 0.87 and 0.03, respectively.

Reaction �written based on 1 mol H2O� �Gr �kJ/mol�

0.2 TiB2�s� + H2O�g� = 0.2 TiO2�s� + 0.2 B2O3�1� + H2�g� −72
0.2 ZrB2�s� + H2O�g� = 0.2 ZrO2�s� + 0.2 B2O3�1� + H2�g� −93
2/3 CrN�s� + H2O�g� = 1/3 Cr2O3�s� + 1/3 N2�g� + H2�g� −88a

0.5 TiN�s� + H2O�g� = 0.5 TiO2�s,rutile� + 0.25 N2�g� + H2�g� −71a

2/3 VN�s� + H2O�g� = 1/3 V2O3�s� + 1/3 N2�g� + H2�g� −60a

0.5 ZrN�s� + H2O�g� = 0.5 ZrO2�s� + 0.25 N2�g� + H2�g� −129a

0.25 MoSi2�s� + H2O�g� = 0.25 Mo�s� + 0.5 SiO2�s� + H2�g� −102

a Partial pressure of N2 is 10−6.

Figure 5. XRD patterns for the TiN sample before and after exposure to
10% H S/3% H O/87% H at 950°C for 2 days.
2 2 2
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the chemical stability for several perovskite-structured oxides are
given, the majority of which show excellent agreement with experi-
ments.

The La1−xSrxTiO3 materials have been reported as candidate
sulfur-resistant anode materials in fuels with H2S in the
�25–1000 ppm range.13,14 However, the chemical resistance of this
material to H2S has not been reported. In this study, the chemical
stability of LaTiO3 and SrTiO3, the two end compositions of the
La1−xSrxTiO3 family, was analyzed. For LaTiO3, because Ti has +3
valence, the oxidation of LaTiO3 via

2LaTiO3�s� + H2O�g� = La2Ti2O7�s� + H2�g� �14�

is possible. The tolerance factor tp for LaTiO3 calculated from Eq. 1
is 0.943. Therefore, for the formation of LaTiO3 from simple oxides

1
2La2O3�s� + 1

2Ti2O3�s� → LaTiO3�s� �15�

the enthalpy change, �Hr
oxide �LaTiO3�, calculated from Eq. 7, is

−43.3 kJ/mol �−49.0 kJ/mol if Eq. 3 is used�. As stated before, the
entropy change for reactions like Eq. 15 is usually very small and
the entropy contribution to the free energy change �T�Sr

oxide� was
neglected. Therefore, the Gibbs formation energy of LaTiO3 could
be estimated

�Gf
O�LaTiO3� � 0.5�Gf

O�La2O3� + 0.5�Gf
O�Ti2O3�

+ �Hr
oxide�LaTiO3� �16�

Assuming that the reaction enthalpy for Reaction 15 is indepen-
dent of temperature, at 950°C, �Gf

O�LaTiO3� = −1358.2 kJ/mol
�−1363.9 kJ/mol if �Hr

oxide from Eq. 3 is used�. For La2Ti2O7, the
enthalpy change for reaction

La2O3�s� + 2TiO2�s� = La2Ti2O7�s� �17�

was −206.0 kJ/mol.24 The standard Gibbs formation energy of
La2Ti2O7 would be

�Gf
O�La2Ti2O7� � �Gf

O�La2O3� + 2�Gf
O�TiO2�

+ �Hr
oxide�La2Ti2O7� �18�

At 950°C, �Gf
O�La2Ti2O7� = −3098.0 kJ/mol. Therefore, the

change in Gibbs free energy for Reaction 14 is given by

�Gr = �Gf
O�La2Ti2O7� + �Gf

O�H2� − 2�Gf
O�LaTiO3�

− �Gf
O�H2O� + RT ln

pH2

pH2O
�19�

At 950°C in fuel of 10% H2S/3% H2O/87% H2, �Gr

= −167.2 kJ/mol �−155.8 kJ/mol if �Hr
oxide from Eq. 3 is used�.

Therefore, Reaction 14 is a highly energetically favorable process.
The free energy change for the reaction between LaTiO3 and H2S

2/3LaTiO3�s� + H2S�g� = 1/3La2S3�s� + 2/3TiO2�s� + 1/3H2�g�

+ 2/3H2O�g� �20�

under the same condition was calculated to be �Gr =
−23.9 kJ/mol �−20.1 kJ/mol if �Hr

oxide from Eq. 3 is used�, indicat-
ing it is also a spontaneous process. However, the hydrolysis �Reac-
tion 14� is more likely to happen because it is more energetically
favorable and only involves oxidation instead of both sulfidation and
phase separation as in the sulfidation Reaction 20.

For SrTiO3, the standard Gibbs formation energy is available in
the literature.19 Because both Sr2+ and Ti4+ are stable against
oxidation/reduction, the only possible reaction is sulfidation. Be-
cause no transformation of TiO2 to titanium sulfide was observed in
experiment �see Fig. 5� at 950°C in fuels with 10% H2S, the sulfi-
dation reaction of SrTiO3 should be

SrTiO3�s� + H2S�g� = SrS�s� + TiO2�s� + H2O�g� �21�

The free energy change for this reaction is given by
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�Gr = �Gf
O�SrS� + �Gf

O�TiO2� + �Gf
O�H2O� − �Gf

O�SrTiO3�

− �Gf
O�H2S� + RT ln

pH2O

pH2S
�22�

At 950°C in fuel of 10% H2S/3% H2O/87% H2, �Gr
= 33.0 kJ/mol. Therefore, the sulfidation reaction will not happen.
As a verification of the analysis made above, Fig. 6 and 7 show the

Figure 6. XRD patterns for the LaTiO3 sample before and after exposure to
10% H2S/3% H2O/87% H2 at 950°C for 5 days.

Figure 7. XRD patterns for the SrTiO3 sample before and after exposure to
10% H S/3% H O/87% H at 950°C for 5 days.
2 2 2
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XRD patterns of LaTiO3 and SrTiO3 before and after exposure to
10% H2S/3% H2O/87% H2 at 950°C for 5 days. LaTiO3 �JCPDS
card no. 34-0596� was oxidized to La2Ti2O7 �JCPDS card no. 28-
0517� while no phase change was observed for SrTiO3 �JCPDS card
no. 35-0734�.

La1−xSrxVO3 is proposed as a candidate sulfur-resistant anode
material for SOFCs that utilize fuels with H2S concentration in the
5–10% range.7,8,31 The two end compositions, LaVO3 and SrVO3,
were also analyzed in this study. The tolerance factor, tp, for LaVO3
and SrVO3 was 0.957 and 1.014, respectively. Similar to LaTiO3,
the estimated standard Gibbs formation energy at 950°C was
−1226.1 kJ/mol for LaVO3 and −1106.3 kJ/mol for SrVO3
�−1236.3 kJ/mol and −1120.3 kJ/mol if �Hr

oxide values from Eq. 3
and 6 are used�. For SrVO3, the free energy change for the sulfida-
tion reaction

SrVO3�s� + H2S�g� + H2�g� = SrS�s� + 0.5V2O3�s� + 1.5H2O�g�

�23�

at 950°C in 10% H2S/3% H2O/87% H2 is −29.2 kJ/mol
�−15.2 kJ/mol if �Hr

oxide from Eq. 6 is used�. Therefore, the sulfi-
dation of SrVO3 in fuels containing 10% H2S can happen. Figure 8
compares the XRD patterns for the SrVO3 sample before and after
exposure to 10% H2S/3% H2O/87% H2 at 950°C for 5 days. As
predicted, the majority of SrVO3 �JCPDS card no. 44-0039� trans-
formed to SrS �JCPDS card no. 08-0489�. For LaVO3, the situation
is slightly more complicated. The free energy change for the sulfi-
dation reaction

2/3LaVO3�s� + H2S�g� = 1/3La2S3�s� + 1/3V2O3�s� + H2O�g�

�24�

under similar conditions is very close to zero �−4.3 kJ/mol if
�Hr

oxide from Eq. 7 is used and 2.5 kJ/mol if �Hr
oxide from Eq. 3 is

used�. Considering the uncertainty in the thermochemical data, it is
concluded that this material is on the border of reaction because a
small variation in experimental conditions �e.g., temperature or H2S
concentration� could lead to different results. In the exposure experi-
ment, as shown in Fig. 9, we observed that after exposure to 10%

Figure 8. XRD patterns for the SrVO3 sample before and after exposure to
10% H2S/3% H2O/87% H2 at 950°C for 5 days.
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H2S/3% H2O/87% H2 at 950°C for 5 days, LaVO3 transformed
partially from tetragonal structure �JCPDS card no. 11-0024� to
orthorhombic structure �JCPDS card no. 36-0141�.

Transition metal sulfides.— Transition metal sulfides seem a
natural choice for sulfur-resistant anode materials; Mo and W-based
sulfides have already been used for SOFCs that run on fuels with
almost pure H2S.1-3,5,6 However, most bulk transition metal sulfides
are not suitable candidates for sulfur-resistant anodes that only deal
with H2S in the parts per million range. For the example of WS2, the
calculated equilibrium pH2S/pH2 ratio at 727°C is 9.4 � 10−4; bulk
WS2 is not going to be stable if pH2S/pH2 is only 1 � 10−4 in the
fuel flow. In fact, as shown in Fig. 10, WS2 powder decomposed
partially into metal tungsten after exposure to a fuel of 50 ppm
H2S/50% H2/1.5% H2O/48.5% N2 at 727°C for only 12 h.

Discussion

The reason metal carbides, borides, nitrides, and silicides are not
resistant against hydrolysis is that the corresponding oxides �e.g.,
B2O3, SiO2, TiO2, Ta2O5, ZrO2� are much more stable than the
carbides, borides, nitrides, and silicides, even in SOFC anode atmo-
sphere �pO2 � 10−18–10−20�. The only exceptions are W- and Mo-
based carbide materials: the corresponding metal phase is more
stable in reducing atmosphere and the free energy change for hy-
drolysis is rather small as long as the CO concentration is high and
the water concentration is low. However, it is noted that the low
CTE and high processing temperatures of these materials �i.e., Mo-
and W-based carbides� may pose other challenges.

The reason for the difference in stability of perovskite oxides can
be explained by comparison of the free energy change from simple
oxides to complex oxides �i.e., �Gr

oxide for Reactions 2, 4, and 5,
also called the stabilizing factor here� and the free energy change for
the simple oxides to transform to other phases like sulfides �also
called the disruptive factor here�. For example, the stabilizing factor,
�Gr

oxide, for SrTiO3 is −137.7 kJ/mol while the disruptive factor
��Gr for the sulfidation of SrO to SrS� under condition of the sta-
bility test �950°C, 10% H2S/3% H2O/87% H2� is only
−104.7 kJ/mol; therefore, SrTiO will be stable. In comparison, for

Figure 9. XRD patterns for the LaVO3 sample before and after exposure to
10% H2S/3% H2O/87% H2 at 950°C for 5 days.
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LaTiO3, the stabilizing factor �Gr
oxide = −43.3 kJ/mol �

−49.0 kJ/mol if �Hr
oxide from Eq. 3 is used� while the disruptive

factor includes two contributions—the oxidation of B-site simple
oxide 1/2 Ti2O3 to TiO2 ��Gr = −24.0 kJ/mol at 950°C in 10%
H2S/87% H2/3% H2O� and the combination of TiO2 with 1/2
La2O3 to form 1/2 La2Ti2O7 ��Gr = −206/2 = −103.0 kJ/mol�.24

The total disruptive factor has a �Gr of �−24.0� + �−103� =
−127 kJ/mol, which is greater than the stability factor. Therefore,
LaTiO3 transformed to 1/2 La2Ti2O7. Similarly, for SrVO3, the sta-
bilizing factor �Gr

oxide = −125.0 kJ/mol �−139.0 kJ/mol if �Hr
oxide

from Eq. 6 is used� while the disruptive factor also includes two
contributions—the sulfidation of SrO to SrS ��Gr =
−104.7 kJ/mol at 950°C in 10% H2S/3% H2O/87% H2� and the
reduction of 1/2 V2O4 to 1/2 V2O3 ��Gr = −49.5 kJ/mol at 950°C
in 10% H2S/3% H2O/87% H2�. The combined disruptive factor �
−154.2 kJ/mol� is greater than the stabilizing factor, leading to the
phase change under the test condition. The above discussion is also
true for some other materials like doped YFeO3, which had been
tried as a sulfur-resistant anode.4 Both of the simple oxides of A-site
ion �Y2O3� and B-site ion �1/2 Fe2O3� could be sulfidized, and �Gr

for the sulfidation of 1/2 Fe2O3 alone was −101 kJ/mol at 950°C in
10% H2S/3% H2O/87% H2; the disruptive force is so large that the
material will fail anyway in fuels with a high concentration of H2S,
as observed in the experiment.4

Despite the success with predicting the chemical stability of
simple compounds and undoped perovskite-structured oxides, there
is some uncertainty in the prediction of chemical stability for doped
perovskites. For example, experiments showed that La0.35Sr0.65TiO3
and La1−xSrxVO3 �x = 0.3, 0.5, and 0.7� were stable against both
hydrolysis and sulfidation at 950°C in 10% H2S/3% H2O/87%
H2.31 However, how to estimate the thermochemical data for these
materials is unclear. Yokokawa et al. suggested that that the reaction
enthalpy for materials like LaMg0.5Cr0.5O3 could be estimated using
the same empirical equations with the tolerance factor calculated
from the averaged radii �B-site Mg2+ and Cr3+ in this case�.16

Bakken et al. suggested that nonstoichiometric materials like
A3+BO could be viewed as an ideal solid solution of A3+B3+O

Figure 10. XRD patterns for the WS2 sample before and after exposure to
50 ppm H2S/50% H2/1.5% H2O/48.5% H2 at 727°C for 12 h.
3−� 3
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and A3+B2+O2.5 with random mixing of B2+ and B3+ at the B-sites
and oxygen and oxygen vacancy at the O-sites. Bakken calculated
the free energy change from A3+B3+O3 and A3+B2+O2.5 to
A3+BO3−� as the entropy of mixing and left out any enthalpy
effect.35

Both these treatments do not seem applicable to the current
study. Prediction based on the first method is that La0.7Sr0.3VO3
would react with H2S while La0.35Sr0.65TiO3 would hydrolyze to
La2Ti2O7 and SrTiO3, which is contradictory to experiments. One
outcome of the second treatment is that there will be local regions
within the perovskite material that have excess of positive or nega-
tive charges, which do not correspond to the lowest energy state. In
the authors’ opinion, a more reasonable model for the doped perov-
skite might be that the distribution of alien ions �in this case La3+

and Sr2+ ions at the A-sites� follow random distribution while the
multivalence ion �in this case Ti3+/Ti4+ or V3+/V4+ at the B-sites�
will alter its valence and distribute according to the distribution of
the A-site ions to maintain local charge neutrality. The validity of
this treatment will be investigated by both theoretical calculation
and experiments in future work.

Another important point is that the thermodynamic analysis
made here is limited in that it only predicts the chemical stability of
bulk materials. It does not provide any direct information about the
stability of surface species �e.g., adsorbed sulfur� nor catalytic ac-
tivity of the materials. This is clearly seen for the Ni–YSZ cermet
anode: the equilibrium pH2S/pH2 ratio for bulk nickel sulfide at
950°C in H2 fuel is as high as 10−2 ppm, while it is known that the
Ni-based anode is poisoned by H2S in the parts per million
range.36,37 It is generally believed that surface sulfide would be
much more stable than bulk sulfide in low concentration of H2S.38

Whether the above thermodynamic analysis on bulk materials could
be extended to include the surface effect �surface thermodynamics�
is still under investigation.

Conclusions

The stability of various materials �metal carbides, borides, ni-
trides, silicides, sulfides, and complex oxides, etc.� in SOFC anode
atmosphere containing H2S was analyzed using principles of ther-
modynamics. The results help to rule out a large number of candi-
dates such as most transition metal carbides, borides, nitrides, and
silicides. Estimation of the thermochemical data for perovskite-
structured oxide based on empirical equations provides valuable pre-
dictions about the stability of those materials. Further study is re-
quired to explain the stability of doped perovskite material and
reveal the relationship between stability of surface species and the
response of anode material to sulfur contaminants.
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