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Mahmut D. Matb

aChemical Engineering Department, Yıldız Technical University, 34210 _Istanbul, Turkey
bHYTEM, Mechanical Engineering Department, Nigde University 51245 Nigde, Turkey

cVestel Defense Industry, Universiteler Mah, Titanyum Block 17/B Teknokent ODTU, 06800 Ankara, Turkey

Received 8 December 2012; received in revised form 16 January 2013; accepted 15 February 2013

Available online 27 February 2013
Abstract

Vanadium molybdenum oxide system (VxMo(1�x)Oy for xr0.13) is synthesized through reducing acidified vanadate and molybdate

solution at 60 1C by passing hydrogen sulfide gas through the solution. The electrochemical performance of the mixed oxide is tested at

various operation temperatures as an anode material for intermediate temperature solid oxide fuel cell (IT-SOFC) under pure and

50 ppm H2S-containing hydrogen fuel. The highest cell performance of 0.18 W cm�2 peak power is reached at an operation temperature

of 750 1C for dry H2. It is found that the addition of 50 ppm H2S to the anode gas causes a 22% decrease in the cell peak power. The loss

in the cell performance is attributed to both gas conversion and diffusion. Short-term regeneration tests indicate that 1 h-exposure to

sulfur-free gas is insufficient for the reactivation of the cell performance.

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

Intermediate temperature solid oxide fuel cells (IT-
SOFCs) are promising energy conversion and generating
systems due to their comparative advantages such as high
efficiency, low emission, system compactness and flexibility
of fuel selection. Unfortunately, anodes in IT-SOFCs are
easily poisoned by the impurities in the gas streams, such
as sulfur commonly present in natural gas [1,2]. Hydrogen
sulfide (H2S) is the most common impurity in these fuels [2]
and recognized as a problem in operating IT-SOFCs with
the conventional anodes such as Ni/Y2O3–ZrO2 (Ni/YSZ),
which is poisoned by H2S rapidly and loss its activity for
the electrochemical oxidation of hydrogen [3]. Therefore,
the major technical challenge in IT-SOFCs for H2S-
containing fuels is to develop alternative anode materials
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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that are both chemically and electrochemically stable, and
catalytically active in H2S-rich environments [3,4].
Various Ni-free materials have been tested for SOFCS as

alternative sulfur-tolerant anodes, such as BaTiO3 [3],
La0.4Sr0.6TiO37d–Y0.2Ce 0.8O2�d (LST–YDC) [5], La0.75
Sr0.25Cr0.5Mn0.5O37d (LSCM55) [1], Ce0.9Sr0.1Cr0.5
Fe0.5O37d (CSCrF) [6], Ce0.9Sr0.1VOx (CSV) [7] and
Co0.5Fe0.5þSm0.2Ce0.8O1.9 (SDC) [8]. However, the most
of these materials were found to be deactivated in H2S-
containing fuels due to the contents of various S species on
the surface. Eventually, none of them provides all criteria
that are required for a successful and effective anode with
low polarization resistance and acceptable long-term sta-
bility [4].
Molybdenum dioxide (MoO2) has been investigated for

the partial oxidation of sulfur containing gasoline [9] and
Jet-A fuel surrogate [10] and reported as an alternative
high performance anode material for SOFCs due to its low
cost, high catalytic activity, sulfur tolerance and metal-like
electron conductivity [10]. Besides the molybdenum oxide,
ll rights reserved.
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vanadium molybdenum oxide (V–Mo–O) system has also
been studied on the partial oxidation of benzene [11,12],
acrolein [13], crotonaldehyde [11]. These catalytically active
V–Mo–O systems with high electronic and reduced ionic
conductivity for low vanadium content lead us to investigate
VxMo(1�x)Oy mixed oxide and its sulfur-tolerance in
IT-SOFCs as an alternative anode material. This paper
presents the first results of electrochemical behavior and
sulfur tolerance of VxMo(1�x)Oy mixed oxide.

2. Experimental

2.1. Preparation of anode powder

V0.13Mo0.87O2.935 mixed oxide powder was prepared as
previously reported [14]. Hydrochloric acid (37%, Sigma–
Aldrich) was added into the mix solution of ammonium
heptamolybdate tetrahydrate ((NH4)6Mo7O24 � 4 H2O)
(Merck) and ammonium monovanadate (NH4VO3)
(Merck) to adjust pH to the desired value ofr1. Hydro-
gen sulfide (H2S) gas was bubbled through the solution
heated to 60 1C during four hours. The produced
V0.13Mo0.87O2.935 were centrifuged and washed with dis-
tilled water and acetone and dried in air at 50 1C
overnight.

2.2. Characterization of anode powder

Characterization of V0.13Mo0.87O2.935 powder was
described previously [14]. Thermogravimetry (TG), deri-
vative thermogravimetry (DTG) and differential thermal
analysis (DTA) were carried out using Perkin Elmer TG/
DTA-6300 instrument. Thermal analysis experiment was
performed in air (50 ml min�1) with a heating rate of
5 1C min�1. The measurement was done in the tempera-
ture range of room temperature to 1100 1C due to decom-
position temperature of V0.13Mo0.87O2.935 powder could
not be defined with the thermal analysis up to 700 1C [14].

2.3. Electrolyte fabrication

ScSZ ((ZrO2)0.90(Sc2O3)0.10) electrolyte was produced by
tape casting. Commercial ScSZ powder (Nextech Materi-
als) was mixed with an organic dispersant and solvent.
After ball milling around 24 h, certain amount of plastici-
zer and binder were added. The mixture was ball milled
again for another 24 h. Then the slurry was tape cast with
a blade gap of 170 mm. Six tapes of ScSz electrolyte were
stacked together and laminated isostatically under 40 MPa
pressure for 10 min. The laminates were then cut into
square (79 mm� 79 mm) using a laser cutter. The sintering
of the electrolyte was performed at two stages. In the first
stage, the electrolyte was heated to 1000 1C and held for
2 h. In the second stage, the electrolyte was sintered at
1400 1C for 4 h. The thickness of the electrolyte was
measured as 150 mm after sintering whereas the outer
dimensions were reduced to 60 mm� 60 mm.
2.4. Cell preparation and testing

LSCF ((La0.60Sr0.40)(Co0.20Fe0.80)O3�d) (Nextech Mate-
rials) powder was used as the cathode material. LSCF
powders were initially mixed with ethyl cellulose and
terpineol at proper ratios (50 wt% solid loading) to
prepare a cathode screen printing paste. After ball milling
about 12 h, the cathode paste is screen printed on the
electrolyte. The sintering of the cathode was achieved at
1050 1C for 2 h. The anode screen printing paste was
prepared similarly and screen printed on the other side
of the electrolyte symmetric to the cathode. After sintering
the anode layer at 650 1C for 2.5 h, the cell was ready for
testing. The active area of the cell was 16 cm2

(4 cm� 4 cm).
The single cell was placed between two stainless steel

interconnectors with nickel foam and stainless steel mesh
which were respectively used as anode and cathode current
collectors. The details of the short stack configuration can
be found elsewhere [15–17]. All experiments were con-
ducted in the temperature range of 650–750 1C. After the
temperature was stable, various flow rates of hydrogen
between 0.5–2.0 L min�1 were introduced to anode side of
the single cell while ambient air was used as oxidant at the
cathode side. The measurements were performed under dry
hydrogen (pH2Oo0.001 bar) and dry hydrogen contain-
ing 50 ppm hydrogen sulfide. Performance curves were
obtained using a fuel cell test station (Arbin Instruments
FCTS, TX, USA) which has a temperature controlled
furnace with a push rod pressing capability to improve the
contact between the cell and interconnectors. Electroche-
mical impedance spectra (EIS) were recorded under fuel
cell test environment using a Parstat 2273 frequency
response analyzer. Impedance measurements were carried
out over the frequency range of 100 kHz to 0.01 Hz under
open circuit voltage (OCV). Data analysis was done using
the software ZSimpWin 3.21, supplied by Princeton
Applied Research. Scanning Electron Microscopy (SEM),
on the other hand, was through Carl Zeiss Evo 40.
3. Results and discussion

In order to investigate the thermal stability of metal
oxide anode powder, thermogravimetric (TG) analysis and
differential thermal analysis (DTA) were conducted. Fig. 1
illustrates the TG and DTA curves of V0.13Mo0.87O2.935

mixed oxide. The TG curve in air displays two mass loss
steps, which are attributed to the eliminating of adsorbed
sulfur (between 30–380 1C) and the sublimation of MoO3

formed by segregation of V0.13Mo0.87O2.935 (between 750–
795 1C). The mass loss values are 10 and 15 wt%, respec-
tively. As seen in Fig. 1, DTA profile of the compound
represents a large exothermic effect upon heating from
room temperature to 750 1C. The reaction of adsorbed
sulfur with oxygen and segregation of V0.13Mo0.87O2.935

might be responsible of that exothermic effect. The
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Fig. 1. Thermal analysis (TG and DTA) of the synthesized V0.13Mo0.87O2.935 powder.
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segregation of V0.13Mo0.87O2.935 (above 600 1C) is given
with the following reaction [18,19]:

V0.13Mo0.87O2.935-V2MoO8-type phaseþMoO3 (R1)
At higher temperatures, sublimation of MoO3, which has
a sublimation temperature of 795 1C [20], occurs and the
mass loss reaches at 100 wt% by the temperature of 830 1C.

Fig. 2 shows the cell voltage and power density as a
function of the current density at operation temperatures
of 650, 700 and 750 1C for various dry hydrogen flow rates.
It is seen that the cell performance tends to increase with
increasing the hydrogen flow rate at all temperatures as
expected. However, the effect of the hydrogen flow rate on
the cell performance is highly significant at 650 1C opera-
tion temperature (Fig. 2(a)), comparing with that at higher
operation temperatures can be seen at 700 and 750 1C
operation temperatures (Fig. 2(b) and (c)). It seems
concentration polarization is extremely effective limiting
the cell performance at 650 1C operation temperature.
Concentration polarization mainly dominates at low vol-
tage regions (r0.4 V) and as seen in Fig. 2(a), it surpris-
ingly limits the cell performance at about 0.8 V in
0.5 L min�1H2 flow. By increasing the hydrogen flow rate,
the cell performance enhances due to the decrease in the
ohmic polarization while the concentration polarization
still limits the cell performance at high voltages.

The single cell exhibited almost 1 W (�0.06 W cm�2)
maximum power output at 650 1C operation temperature
when the hydrogen flow rate was set to the maximum
(2 L min�1). Similar behavior can be seen at 700 and
750 1C operation temperatures (Fig. 2(b) (c)). The highest
cell performance was obtained at maximum hydrogen flow
rate at both operation temperatures. The cell provides
1.76 W (�0.11 W cm�2) and 2.88 W (0.18 W cm�2) peak
power at 700 1C and 750 1C, respectively. Moreover,
concentration polarization finally dominates to limit the
cell performance at low voltage region (�0.4 V) at 750 1C
operation temperature. Furthermore, at all operation
temperatures considered, the open circuit potential was
around 1.17 V which was very close to the theoretical one
indicating that the electrolyte is fully dense.
Fig. 3 shows the cell voltage and power density as a

function of the current density at an operation temperature
of 750 1C in dry H2 and 50 ppm H2S-containing dry H2

with a flow rate of 2 L min�1. The cell was first stabilized
in pure hydrogen gas until a steady open circuit potential
was observed. Then the current–voltage (I–V) and the
current-power (I–P) curves were recorded under both dry
H2 and 50 ppm H2S-containing dry H2 to figure out the
effect of H2S on the cell performance. The results show
that 50 ppm H2S contamination causes a 22% decrease in
the peak power density from 0.18 W cm�2 to 0.14 W cm�2

at 750 1C. Pillai et al. [21] tested a solid oxide fuel cell with
Ni-YSZ anode supported on Sr0.8La0.2TiO3 in H2 contain-
ing 100 ppm H2S and observed a 20% decrease in the peak
power density at 800 1C. In a similar study, Kurokawa
et al. [22] found ca. a 10% decrease in the power density at
800 1C, testing a SOFC with a Y-doped SrTiO3 anode in
10 ppm H2S-containing H2. These results are comparable
with the observation on the cell performance under H2S-
containing H2 in this study.
After switching to sulfur-free gas (pure H2) for 1 h, no

reactivation of the cell was obtained. This means that the
presence of 50 ppm H2S in H2 fuel degrades the perfor-
mance of VxMo(1�x)Oy anode at 750 1C and the degrada-
tion cannot be recovered by a short-term exposure to
sulfur-free fuel gas. Zhang et al. [23] reported that even
5 ppm H2S-containing H2 fuel causes an unrecoverable
degradation for Ni/YSZ anode, after treated under pure
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Fig. 3. The voltage and power density output versus the current density under flowing dry H2 and 50 ppm H2S-containing dry H2. T¼750 1C.
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H2 in a period of 2 h. On the other hand, Rasmussen et al.
[24] found that for Ni/YSZ anodes which were subjected to
2 ppm H2S-containing H2 fuel, the recovery takes �250 h,
while Lohsoontorn et al. [25] showed 25 h-recovering time
is necessary for Ni/GDC anodes after exposed to 1 ppm
H2S-containing H2.



Table 1

Fitted parameters from the impedance measurements of the cell with

VxMo(1�x)Oy anode in pure H2 and 50 ppm H2S-containing H2 at various

temperatures.

Pure H2 50 ppm H2S-containing H2

650 1C 700 1C 750 1C 750 1C
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All EIS data represented in this paper were fitted to
equivalent circuit model consisting of serially coupled
(RQ)g elements. The spectra were treated with as few
(RQ)g elements as possible. The general model is shown in
Fig. 4. Similar models were used in the literature for
comparable systems [16,26,27].

Fig. 5 denotes the measured resistances as function of
the operation temperature in dry H2 and it is seen that
total resistivity of the single cell decreases with increasing
temperature as expected. The model used to fit the
impedance data is also shown in Fig. 5. The series
resistance, Rs, arises mainly from the ionic conductivity
of the electrolyte if the specific electronic conductivity of
the electrode material is much higher than the specific ionic
conductivity of the electrolyte [28]. The electrode response
at higher frequencies is referred to as Arc 1, and its
resistance and capacitance is denoted R1 and C1. Arc 1
probably relates ion transfer impedance at between the
electrolyte and the electrode [28]. The low frequency
response is referred to as Arc 2 which can be related to
either gas diffusion or gas conversion [26], and its resis-
tance and capacitance is denoted R2 and C2. The fitted
parameters from impedance measurements of the cell with
VxMo(1�x)Oy anode are given in Table 1. Arc 2 is perfectly
fitted with an n-value of unity indicates a process behaving
like an ideal capacitor in parallel with a resistor at 650 and
700 1C. However it became depressed at 750 1C. Arc 2 has
Fig. 4. Equivalent circuit model used fit the impedance spectra.
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the model.
a rather large capacitance (C2) of about 8–12 F cm�2 at
650 and 700 1C, while it suddenly decreased to 0.55 F
cm�2 at 750 1C. This amount of decrease in capacitance
may be attributed to the completion of the segregation of
the anode material at about 750 1C (Fig. 1 and R1). Arc 1
is also found to be depressed at all temperatures. Capaci-
tances are determined using the expression for all
depressed arcs [29,30]:

Co ¼ Rð1�nÞ=nQ1=n ð1Þ

Q is the constant phase element (CPE) and n is the
frequency power observed from the fitting of the spectra.
Rs values are found as 10871.52, 8871.24 and
7870.77 mO cm2 at 650, 700 and 750 1C, respectively
(Table 1). This indicates that Rs derived from the ohmic
resistance is dependent on the temperature and decreases
with the increasing temperature. As seen in Fig. 5, the high
frequency response (Arc 1) with the summit frequency in
0.3 0.4 0.5

750 °C, in 2 L min-1 H2

 700 °C, in 2 L min-1 H2

 650 °C, in 2 L min-1 H2

Zr

0.3 Hz

bols and lines respectively shows the measured values and the fittings by

Rs (mO cm2) 10872 8871 7870.8 7772

R1 (mO cm2) 28678 11173 2072 4579

C1 (F cm�2) 0.038 0.039 0.052 0.028

n1 0.67 0.71 0.83 0.77

R2 (mO cm2) 7678 8374 9275 329716

C2 (F cm�2) 12.24 8.39 0.55 0.50

n2 1 1 0.8 0.72
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the range of 20–80 Hz can be assigned to diffusion (10 Hz-
1 kHz) [31,32]. R1 is found as 285.678.1 mO cm2 at
650 1C, 111.373.2 mO cm2 at 700 1C and 2071.9 mO
cm2 at 750 1C (Table 1). A low frequency response (Arc
2), with the summit frequency in the range of 0.3–1 Hz is not
a thermally activated process and it means this process is
not a part of the electrode reaction kinetics but reflects a
concentration polarization [26] such as gas conversion
at the anode (0.1–10 Hz) [33]. The value of R2 is about
80–90 mO cm2 and relatively independent on the operation
temperature. The decrease in the total resistance is found to
be related mainly to R1.

Fig. 6 represents the comparison of the impedance
spectra at 750 1C in dry H2 and 50 ppm H2S-containing
dry H2, and the model used to fit the impedance data. 9Z9
is plotted against the logarithmic frequency to demonstrate
the difference in the cell before and after sulfur poisoning
at 750 1C. The impedance spectra are different in fre-
quency ranges below 4.52 Hz. This frequency range was
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Fig. 6. The comparison of the impedance spectra of the cell in dry H2 and 50 p

the measured values and fittings by the model.

Fig. 7. SEM images of the anode surf
reported to be related to diffusion and/or gas conversion at
the anode (summit frequency below 10 Hz) [33,34]. As
shown in Fig. 6, the sizes of the Arc 1 and Arc 2
respectively related to the gas conversion on the
VxMo(1�x)Oy anode and diffusion of the reactant from/
to interface increase with the presence of H2S in H2. The
significant increase of the Arc 2 indicates the substantial
loss of the activity of the VxMo(1�x)Oy anode for the H2

oxidation reaction after H2S-containing H2 fuel due to the
strong chemisorption of H2S on the anode active sites.
This result is compatible with previously reported results
for the loss of the activity of Ni/YSZ anodes for H2S-
containing fuel [24].
Fig. 7 shows the SEM images of the anode surface

before and after the test. According to the Fig. 7(a), the
anode surface has a structure including needle and platelet
crystals. It has been reported that V0.13Mo0.87O2.935 crys-
tals have a global needle or stick shape and vanadium
content in VxMo1�xOy systems affects the dimensions of
0.3 0.4 0.5

50 °C, in 2 L min-1 H2 

50 °C, in 2 L min-1 H2 + 50 ppm H2S

Zr

 Hz

pm H2S-containing dry H2 at 750 1C; symbols and lines respectively shows

ace; (a) pre-test and (b) post-test.
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the needles [18,19]. Platelet crystals are formed above
600 1C by segregation between the vanadium and molyb-
denum takes place [19]. Sintering of the anode layer at
650 1C leads the formation of platelet crystals. During
segregation, the vanadium goes away with some neighbor-
ing molybdenum and oxygen atoms, and the platelets of
MoO3 grow on the V0.13Mo0.87O2.935 needles and/or sticks.
The amount of vanadium decreases in the double layer and
this mechanism lasts until all vanadium leaves the particle
and MoO3 is formed (Eq. (1)).

Fig. 7(b) shows the anode surface of the cell after than
4 h-testing in H2 and 50 ppm H2S-containing H2. It can be
clearly seen that the surface morphology of the cell tested
with H2 and H2S-containing H2 is significantly different
from that of the fresh cell, indicating that H2S decreased
the performance of the system. MoO2 and MoS2 are
formed by reducing of Mo(VI) species to Mo(IV) ones
under H2 (Eq. (2)) and H2S-containing H2 (Eq. (3))
atmospheres [9,35]:

MoO3þH22MoO2þH2O (2)

MoO3þ2H2SþH22MoS2þ3H2O (3)

The anode surface of the tested cell presumably includes
MoO3, MoO2 and MoS2 particles. However, a decrease in
the cell performance by forming of MoS2 is not expected
due to its high electronic conduction. MoS2 has already
tested as SOFC anode materials in H2S-containing fuels
[4,36,37] and was reported a good candidate as an anode
material for H2S-powered SOFC [4]. Therefore, instead of
MoO3, MoO2 and MoS2 formation, chemisorption of H2S
on the active sites of the anode surface can be related to the
decrease in the cell performance. In addition to that, sulfur
0.0 0.5 1.0 1.5 2.0

0.6

0.8

1.0

1.2

1.4

O
pe

n 
ci

rc
ui

t v
ol

ta
ge

 (V
)

Tim

Fig. 8. The open circuit voltage (OCV) versus time in flow
poisoning of the nickel foam used as the current collector
on the anode side presumably contributes to the increase in
the resistance of the cell. The surface of the nickel foam
exposed to H2S-containing fuel is poisoned by forming of
NixS and this leads to severe cracking, loss of mechanical
strength and the significant increase in the electrical
resistance [38].
Fig. 8 shows the effect of operation time on OCV of the

cell at 750 1C operation temperature. The OCV values of
the single cell in pure and 50 ppm H2S-containing H2 are
compared in the figure. It is seen that the OCV value in
pure H2 is close to theoretical value and it is independent
on the operation time. However, the OCV value decreases
quickly after hydrogen sulfide is introduced into the fuel as
expected for a short-term sulfur poisoning process [39].
4. Conclusion

The electrochemical behavior and sulfur tolerance of
VxMo(1�x)Oy mixed oxide were investigated as an anode
material for solid oxide fuel cell. Performance measure-
ments showed that the highest cell performance with a
peak power of 2.88 W was observed at an operation
temperature of 750 1C in dry H2. It was found that
50 ppm H2S contamination in dry H2 caused a 22%
decrease in the peak power and the deactivation process
was found to be irreversible for a short-term exposure to
sulfur-free gas. However, the reactivation of the cell may
be achieved through a long-term hydrogen treatment
which causes a reaction of hydrogen with adsorbed sulfur
to form the volatile compound of H2S.
Electrochemical impedance measurements resulted in

two responses at high and low frequencies, respectively.
2.5 3.0 3.5 4.0 4.5

 in 2 L min-1 H2
 in 2 L min-1 H2+ 50ppm H2S

e (h)

ing pure and 50 ppm H2S-containing H2. T¼750 1C.
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The high frequency response was considered as a thermally
activated process thus can be assigned to diffusion. The
low frequency response, on the other hand, was relatively
independent on temperature and attributed to the gas
conversion on the anode surface. Furthermore, 50 ppm-
H2S contamination in dry H2 negatively affected the
electrode polarization resistance due to the chemical
adsorption of the anode active sites and OCV value of
the cell decreased linearly as expected for a typical short-
term sulfur poisoning process [39].
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