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bstract

The performance of solid oxide fuel cells (SOFCs) using simulated coal-derived syngas, with and without arsine (AsH3), was studied. Anode-
upported SOFCs were tested galvanostatically at 0.25 and 0.5 A cm−2 at 750 and 800 ◦C with simulated coal syngas containing 0.1, 1, and 2 ppm

sH3. The tests with simulated coal syngas containing 1 ppm AsH3 show little degradation over 100 h of operation. The tests with simulated coal

yngas containing 2 ppm AsH3 show some signs of degradation, however no secondary arsenide phases were found. Extended trial testing with
.1 ppm AsH3 showed degradation as well as the formation of a secondary nickel arsenide phase in the anode of the SOFC.
ublished by Elsevier B.V.
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. Introduction

Although many studies in the past have taken into account the
ffect of major coal syngas constituents such as H2S and HCl on
OFC performance degradation, little attention has been given to

race species contained in coal syngas with concentrations below
0 ppm. Previous research has shown that many trace species
ontained in coal have the ability (thermodynamic potential) to
orm volatile compounds under the gasification and warm/hot
as cleanup conditions proposed for use in integrated gasifica-
ion and fuel cell (IGFC) power plants, and that these species
lso have the possibility (thermodynamic potential) of interact-
ng with the SOFC anode [1]. The results from this work show
hat the elements (As, Cd, Hg, P, Pb, and Sb) all have the ability
o form volatile compounds under warm/hot gas cleanup condi-
ions (250–500 ◦C, 1–15 atm) and reach the SOFC anode where

ach may interact with SOFC anode materials Ni and YSZ.

Arsenic (As) is of particular interest because it is contained
n most U.S. coals, is volatile under gasification and warm/hot
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chloride

as cleanup conditions, and is toxic. Arsenic is readily found in
oal with concentrations ranging 0.5–2090 ppmw [2]. Nearly all
rsenic is converted to AsH3 in the reducing environment of gasi-
cation. However, over warm/hot gas cleanup system conditions
rsenic may be found in several volatile formations: As4, AsH3,
nd As3Pb [2]. Measurements completed to determine the con-
entration of arsenic in a coal-derived syngas after going through
leanup has shown a concentration range of 0.15–0.60 ppm
sH3 [2]. Previous industrial research has shown only very low

evels of arsenic are needed to form nickel arsenide phases in
ater gas shift catalysts [2–4]. Past thermodynamic calculations
ave shown that at concentrations of 0.15–0.60 ppm AsH3 may
eact with Ni contained in the SOFC anode to form a secondary
ickel arsenide phase [5,6].

Arsenic has been shown to cause problems in systems similar
o the SOFC anode. Previously, industrial steam shift catalysts
ontaining nickel (Ni) were poisoned by arsenic, with the com-
ound Ni5As2 found on the catalyst [7–9]. Testing has shown
hat concentrations of 1 to 5 ppm As2O3 in steam will reduce cat-

lytic activity of Ni-based steam reforming catalyst within four
ays of operation—concentrations as little as 1% As in Ni were
ound to have the same effect as chemisorbed sulfur [10]. Other
esearch has shown that very low levels of arsenic are needed

mailto:jtrembly@rti.org
dx.doi.org/10.1016/j.jpowsour.2007.06.087
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(note: specific strategies for dealing with potential coking of
the anode under coal-syngas operation remain to be identified).
Fig. 1 presents the ternary (C–H–O) diagram for the system and
the location of the compositions used in the testing.

Table 1
Simulated coal-derived syngas compositions used in testing

Component 1 ppm AsH3 trials (vol.%) 2 ppm AsH3 trials (vol.%)

H2 29.1 ± 0.7 29.1 ± 0.8
CO 28.6 ± 0.7 28.6 ± 0.8
J.P. Trembly et al. / Journal of

o form nickel arsenide phases in water gas shift catalysts [10].
n fact some research has shown that arsenic has a greater effect
han sulfur on reactions concerning hydrogen [10]. Also poi-
oning of methanol synthesis catalyst by arsenic contained in
oal-derived syngas used as the feed source to the process has
lso been reported [10].

However it must be noted that the temperatures of the above
entioned investigations (25–500 ◦C) are well below the opera-

ional temperature range of SOFCs (750–900 ◦C). Experimental
nvestigations must be completed in order to determine if arsenic
ontained in coal-derived syngas poses any threat to SOFC
peration. This paper presents results obtained from research
nvestigating the effect of a simulated coal syngas containing
sH3 on the performance of a SOFC.

. Experimental

.1. Button cell description

Anode-supported SOFCs manufactured by Materials and
ystems Research Inc. were used in this study. Each button
OFC consisted of a 3.00-cm diameter anode composed of a
mm Ni-8YSZ support structure and a 25-�m thick interlayer
omposed of a highly catalytic Ni–8YSZ mixture. The SOFC
ontained a 20 �m 8YSZ electrolyte, and a cathode composed
f a 25-�m thick La0.8Sm0.2MnO3(LSM)-8YSZ interlayer and
25-�m thick current-collection layer made of LSM.

.2. Button cell test setup

A nickel current collection mesh was attached to the anode
f each SOFC using nickel contact paste. A platinum current
ollection mesh was attached to the cathode of each SOFC using
platinum paint. Silver current cables and voltage taps were spot
elded onto opposite sides of each current collection mesh. The
utton SOFCs were mounted between two alumina flanges and
eramic o-rings using mica as the sealing material.

For all tests, the button cell assembly was mounted in a fur-
ace operated at 750 or 800 ◦C. AlicatTM mass flow controllers
MFCs) were used to control the fuel and air stream flow rates
nd compositions. Separate MFCs were used to control the flow
ates of H2, CO, CO2, N2, H2/AsH3 to the anode and air to the
athode. A temperature-controlled humidifier was used to con-
rol the water content of the simulated coal syngas provided to
he anode and likewise for the air provided to the cathode. The
otal fuel flow rate was kept at approximately 550 ± 12.5 sccm
nd the air-flow rate was kept at approximately 2000 ± 10 sccm.
he anode flow lines were heat traced to ensure no condensa-

ion would take place between the humidifier and furnace. AsH3
as injected downstream of the water bubbler to help ensure

ll trace species injected into the stream reached the anode of
he SOFC.
.3. Experimental testing

The SOFCs were heated from room temperature to 750 or
00 ◦C over 2 h. During the heating period the anode was pro-

C
N
H
H
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ided 200 sccm of N2 and the cathode was provided 500 sccm
f air. Once the SOFC reached its operational temperature, the
node of the button cell was reduced by providing fuel flow con-
aining 10% H2 and balance N2 for approximately 2 h. After
his time the fuel flow rate was switched to a pure H2 feed
or another 2 h. Upon reduction of the anode, which was indi-
ated by a steady-open-circuit potential typically within 5% of
he theoretical open-cell potential, the cathode-air-flow rate was
ncreased to 2000 sccm, and the open cell voltage (OCV) was

onitored for its expected Nernst value to ensure negligible
eakage around the cell. The anode was then provided 400 sccm
f H2 and an Area Specific Resistance (ASR) measurement was
ompleted over a potential range of 0.40–1.05 V at 0.05 V incre-
ents. If the ASR of the button cell was found to be within

0% of its design value (ca. 0.5 � cm2), the cell was considered
cceptable.

After the button cell was accepted for testing, it was oper-
ted galvanostatically at 0.25 or 0.50 A cm−2 while the water
ubbler was brought to its operational temperature. For rea-
ons explained below, given that two primary streams of gas
ixtures were used to provide the flow to the anode (the ‘syn-

as stream’ which passed through the humidifier and the ‘trace
pecie gas stream’ which did not pass through the humidifier),
ater-bubbler temperatures of 77 and 83 ◦C were used for the 1-

nd 2-ppm AsH3 trials, respectively. These two different water-
ubbler temperatures were used in the testing to ensure a fuel gas
ith a constant composition was supplied to the fuel cell with
sH3 concentration as the only variable. The AsH3 was provided
sing a certified gas mixture of H2 containing 10.1 ± 0.5 ppm
sH3, and the total anode fuel-flow rate was fixed at 550 sccm.
ecause less H2/AsH3 gas mixture was needed to achieve 1 ppm
sH3, more gas was humidified through the water bubbler,

esulting in a lower operating temperature to achieve the same
ater content as in the 2 ppm AsH3 trial (none of the H2/AsH3
as was passed through the water bubbler because water acts
s a scrubbing agent). Once the water bubbler stabilized at its
perational temperature, a simulated coal syngas based on an
ntrained-flow gasifier was introduced to the anode [11]. Table 1
resents the simulated coal-syngas compositions used for both
sH3 investigations.
Although typical entrained-flow-coal-gasification composi-

ions only contain 15–17 vol.% H2O, additional water was added
o the system to ensure that coking did not take place at the anode
O2 12.0 ± 0.3 12.0 ± 0.3

2 3.2 ± 0.1 3.2 ± 0.1

2O 27.1 ± 0.6 27.1 ± 0.7
Cl 1.0 ± 0.1 ppm 2.0 ± 0.1 ppm
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Fig. 1. C–H–O ternary diagram with a typical entrained-flow-syngas com-
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more AsH3 to diffuse into the anode of the SOFC and interact
with the anodic system (the reasoning for this choice is explained
in more detail in Section 3.6).
osition (red) and the composition used in the investigations (blue).
onstant-temperature lines demarcate the regions with carbon deposition and
ithout carbon deposition.

The button cell was operated galvanostatically for at least
4 h with the simulated coal-syngas mixtures before AsH3 was
ntroduced. Based on the flow rates presented in Table 1 and the
ertified gas mixture, approximately 1.0 ± 0.1 and 2.0 ± 0.1 ppm
f AsH3 were introduced to the anode of the SOFC dur-
ng testing. ASR and electrochemical-impedance-spectroscopy

easurements were made using an Agilent electronic load
N3301A), a Solartron impedance analyzer (SI 1260), and
olartron electrochemical interface (1287). The voltage and cur-
ent of the SOFC were also monitored over time. After the
rials, SEM and EDS analyses were completed using a JEOL
SM 6300FV SEM and Thermo Electron Noran System Six
DS. XRD analyses were also completed using an X-pert Pro
ANlytical XRD.

. Results and discussion

.1. 750 ◦C 1 ppm AsH3 trials

The tests were completed as described in the experimental
escription. Fig. 2 presents the power-density–time-history pro-
les of the SOFCs operating with 1.0 ± 0.1 ppm AsH3 at 750 ◦C
nd 0.25 and 0.50 A cm−2.

From Fig. 2 it may be seen that 1.0 ± 0.1 ppm AsH3 had little
ffect on the power density of the SOFC over the 100 h time
eriod. Fig. 2 shows that after approximately 24 h of operation
ith a simulated coal syngas, the injection of approximately
ppm AsH3 did not cause any immediate changes in the oper-
tion of the SOFC. At the beginning of the trials, the SOFCs

ad operational potentials of 0.756 ± 0.004 and 0.550 ± 0.007 V
or the 0.25 and 0.50 A cm−2 trials, respectively. After 100 h
f operation the SOFCs were operating at 0.759 ± 0.004 and
.549 ± 0.005 V for the 0.25 and 0.50 A cm−2 trials, respec-

F
2

ig. 2. SOFC power density operating at 750 ◦C, 0.25, and 0.50 A cm−2 over
ime with 1.0 ± 0.1 ppm AsH3.

ively. The operating voltages reported above were calculated
sing the average and standard deviation of 1 h of operational
otentials leading up to 24 and 125 h of operation, respectively.
he injection of AsH3 had not caused any appreciable change to

he operation of the SOFCs. EIS data was collected at the begin-
ing and the end of the trials. As can be seen from Fig. 4 only a
mall amount of degradation can be seen in the performance of
he SOFC over the 100 h time period. Because there was only a
light amount of degradation that took place during the trial, and
he fact that the signal-to-noise ratio of the EIS measurements
as too low, the EIS data was unable to show the cause of the
egradation (ohmic resistance or charge transfer resistance).

.2. 750 ◦C 2 ppm AsH3 trial

A button cell test was completed at 750 ◦C containing
.0 ± 0.1 ppm AsH3 at 0.25 Acm−2, and the results are shown in
ig. 3. Only the lower operational current density was chosen at

he higher AsH3 loading since the lower loading will allow for
ig. 3. SOFC power density operating at 750 ◦C and 0.25 A cm−2 with
.0 ± 0.1 ppm AsH3.
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ig. 4. SOFC power density operating at 800 ◦C, 0.25, and 0.50 A cm−2 over
ime with 1.0 ± 0.1 ppm AsH3.

From Fig. 3 it may be seen that upon the injection of approxi-
ately 2 ppm AsH3, a very small drop in the performance of the
OFC took place. As time progressed, the performance of the
ell slightly degraded. The operational potential of the SOFC
efore the injection of AsH3 was 0.770 ± 0.002 V, and after
00 h of operation with the trace specie it was found to be
.720 ± 0.014 V. Also, it is noted that the operating potential
f the SOFC became increasingly noisy over time. From prior
xperience with our test fixture, this leads us to the speculation
hat the AsH3 may be affecting the anode current collection mesh
ore than the cell itself.

.3. 800 ◦C 1 ppm AsH3 trial

The tests were completed as described in Section 2. Fig. 4
resents the power-density versus time-history profiles of the
OFCs operating with 1.0 ± 0.1 ppm AsH3 at 800 ◦C, 0.25 and
.50 A cm−2.

Fig. 4 shows that after approximately 24 h of operation with
simulated coal syngas, the injection of 1 ppm AsH3 did not

ause any immediate changes in the operation of the SOFC.
owever, the AsH3 did have a small effect on the performance
f the SOFC over the 100 h time period. At the beginning of the
rials, the SOFCs had operational potentials of 0.690 ± 0.002
nd 0.600 ± 0.010 V for the 0.25 and 0.50 A cm−2 trials, respec-
ively. After 100 h of operation, the SOFCs were operating at
.600 ± 0.004 and 0.590 ± 0.010 V for the 0.25 and 0.50 A cm−2

rials, respectively. EIS data was also collected, and no changes
ould be seen in the EIS profiles at 24 and 125 h of operation
aking into account the error associated with the measurements.

hile the data in Fig. 4 suggests that AsH3 may be interact-
ng with the SOFC cell, its effects are not as detrimental as other
oal syngas species such as HCl and H2S whose effects on SOFC
erformance are more acute [12–14].

.4. 800 ◦C 2 ppm AsH3 trial
Fig. 5 presents the data from an SOFC operated on a simu-
ated coal syngas at 800 ◦C containing 2.0 ± 0.1 ppm AsH3 at
.25 A cm−2.

t
a
0
p

ig. 5. SOFC power density operating at 800 ◦C and 0.25 A cm−2 with
.0 ± 0.1 ppm AsH3.

From Fig. 5 it may be seen that shortly after the injec-
ion of approximately 2 ppm AsH3 the performance of the
ell abruptly improved and then decreased, following which
t stabilized with a slight second drop towards the end of
he trial. The cause for this particular behavior could not be
dentified. The operational potential of the SOFC before the
njection of AsH3 was 0.809 ± 0.004 V and after 100 h of oper-
tion with the trace specie was found to be 0.790 ± 0.005 V.
his reveals that only a small degradation took place over the

ength of AsH3 injection. Again due to the noise associated with
he EIS measurements, no real change in the performance of
he SOFC could be detected with the data obtained from the
rial.

.5. Extended trial testing

Although the trials presented above do give some indica-
ion of the effect of AsH3 over time, an extended operation
rial was also completed; however, this time the supply of AsH3
as provided via a permeation tube from VICI Metronics. The
sH3 permeation tube was calibrated to determine its perme-

tion rate by bubbling the gas flowing past the permeation
ube into an aqueous solution containing hydrochloric acid and
ydrogen peroxide for 8 h. The concentration of AsH3 was then
etermined by a digestion method. The results from this cal-
bration testing showed that the permeation tube was able to
roduce approximately 175.0 ± 8.5 ng min−1 of AsH3. This per-
eation rate yields an AsH3 concentration of approximately

.10 ± 0.02 ppm in the syngas delivered to the fuel cell, taking
nto account the error associated with the permeation tube and
he mass flow controllers. The SOFC was operated at 800 ◦C
nd 0.25 A cm−2. Fig. 6 presents the performance data for these
ests in which the AsH3 was injected after approximately 24 h
f operation.

From Fig. 6 it may be seen that some degradation in fuel
ell performance takes place over time. Just before injection,

he SOFC had an operational potential of 0.870 ± 0.001 V
nd after 800 h of operation it had an operational potential of
.807 ± 0.001 V. This data shows that even at 0.1 ppm, AsH3 is
ossibly interacting with the SOFC materials.
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ig. 6. SOFC performance at 800 C and 0.25 A cm with simulated coal syn-
as containing 0.1 ppm AsH3 (not shown is the 24 h pre-AsH3 conditioning
eriod).

.6. Post-trial analyses

To determine how the AsH3 may have affected the SOFC
node materials, post-trial material analyses along with thermo-
ynamic and anode transport simulations were performed. This
ection will highlight the results from these studies and their use
n interpreting the results obtained from the experimental trials.
ost-trial XRD analyses were completed on each SOFC used

n this investigation to determine if the AsH3 interacted with
ny of the anode components to form a secondary phase. Fig. 7
resents the XRD results.

From Fig. 7 it may be seen that the two main components (Ni
nd 8YSZ) of the SOFC anode were identified. In addition, a
mall amount of formation of the secondary phase NiAs(s) was
etected for the extended 0.1 ppm trial. However, the results
rom the other short-term SOFC trials show no formation of
secondary nickel arsenide phase. (These results support the
nderstanding that difficulties exist in attempting short-term
igh concentration studies to “speed” material degradation stud-
es of lower concentrations. Specifically, one might expect that
he 0.1 ppm trial would have had less of an effect on the per-

ig. 7. SOFC anode XRD profiles after operation with CSG containing AsH3.
hases identified are Ni (1), 8YSZ (2), and NiAs (3).
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Fig. 8. Representative SOFC anode cross-section at 200×.

ormance given that less total arsenic was passed over the cell;
owever, the opposite is evident from the data.)

SEM and EDS analyses were also completed on all of the
OFCs used in this study. Fig. 8 shows a typical cross-section
f the SOFC.

In Fig. 8, the porous anode of the SOFC may be seen at the left
f the figure and the interlayer of the anode of the SOFC may be
een at the right. EDS analyses were completed on each SOFC at
he surface of the anode and throughout the SOFC cross-section.
early all of the trials showed no signs of As within the anode of

he SOFCs tested. However, as was found in the XRD analyses,
s was found in the anode of the cell operated for 800 h. The
s was found at the surface of the SOFC anode, but not within

he anode of the SOFC. Fig. 9 presents three EDS spectrums
btained from the points labeled 1, 2, and 3, respectively, in
ig. 8.

The formation of nickel arsenide as shown in Fig. 9 is
robable based upon the thermodynamics associated with the
ormation of NiAs(s). Fig. 10 presents the equilibrium partial
ressures of AsH3 for Eq. (1):

sH3(g) + Ni(s) → NiAs(s) + 1.5H2(g) (1)

From Fig. 10 it may be seen that the equilibrium partial pres-
ure associated with AsH3 for the formation of NiAs(s) is much
ower than the concentration found in actual coal syngas com-
ositions. This information validates the formation of the nickel
rsenide phase found in the SOFC operated for 800 h.

.7. Transport model analyses
In order to estimate the possible transport behavior and con-
entration profiles of AsH3 through the anode under different
ell current densities, an anode diffusion model, employing a
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−145.5 kJ mol−1 at the interlayer interface. These values show
that the formation of nickel arsenide is only slightly favored at
the anode–electrolyte interface.
ig. 9. EDS spectrums from points 1, 2, and 3 shown in Figs. 7 and 8 from
OFC operated for 800 h with simulated coal syngas containing 0.1 ppm AsH3.

ean transport pore model [15,16], was used assuming negligi-
le reaction with the anode materials (such an analysis will give
he maximum likely concentration of AsH3 through the anode
ayer). The results for the trials containing 1 and 2 ppm AsH3
re presented in Fig. 11.

From Fig. 11 it may be seen that the operational current
ensity of the SOFC does affect the concentration of AsH3
hroughout the anode of the SOFC. At lower current densities

ore AsH3 is able to transport into the anode of the SOFC

nferring that the formation of the nickel arsenide phase should
e easier at this lower operational current density. The Gibb’s
ree energy of reaction for Eq. (1) was calculated at both the
urface and interlayer interfaces based upon the H2 and AsH3

F
c

ig. 10. AsH3 equilibrium partial pressures for Eq. (1) over SOFC operational
emperature range and 0.29 atm H2.

artial pressures found from the modeling over the experimental
onditions that were used in the testing described above. These
alculations showed Gibb’s free energy values in the range of
138.3 to −144.9 kJ mol−1 at the anode surface and −138.8 to
ig. 11. AsH3 concentration profiles through the SOFC anode with a simulated
oal syngas containing 1 ppm (a) and 2 ppm (b) AsH3.
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. Discussion of the results

In summary, the results presented in this paper show that
sH3 does show some interaction with the SOFC anode. Specifi-

ally, in the 0.1 ppm AsH3 extended test trial (800 h), a small rate
f degradation was shown to take place. For this test condition,
he formation of NiAs(s) at the SOFC anode was found through
RD analysis. Further, the results showed that this secondary
ickel phase only occurred at the outer anode surface.

In the other shorter trials where AsH3 concentrations of
pproximately 1 and 2 ppm were used, some degradation was
hown to take place, although no secondary nickel arsenide
hase formation was found to take place. This result occurred
n spite of the fact that the total amount of AsH3 passed over the
ell was greater for this case than for the extended trial.

The thermodynamic calculations that were completed veri-
ed that the formation of NiAs(s) at the SOFC anode can take
lace at the operational conditions an SOFC would encounter
hen operating with coal syngas as fuel. Finally, the diffusion
odeling results showed (assuming inert AsH3 behavior) that

nly a small decrease (4–9%) in the concentration of AsH3
akes place between the anode surface and the anode interface
t operational current densities of 0.25–0.50 A cm−2.

Altogether, the above results suggest that there is a strong
dsorption of AsH3 onto nickel which therefore limited the sec-
ndary nickel phase formation to the outer anode surface. This
trong adsorption would hinder the transport of AsH3 into the
epth of the SOFC anode until either local adsorption equilib-
ium is reached or all of the nickel contained at the surface was
onverted into a secondary nickel arsenide phase. A first-order
nalysis for the depth of the anode that is likely to be affected by
he AsH3 transported to the anode surface shows that even when
ssuming 100% adsorption only a thin outer region of the anode
urface is likely to be affected for any of the conditions tested.
hat is, for the tests completed, the amount of surface adsorp-

ion sites on nickel is far greater than the amount of AsH3 that is
xpected to reach the outer surface of the anode due to convec-
ion/diffusion from the gas delivery stream. This result supports
he finding that only the outer portion of the anode surface will
e affected if fast adsorption of AsH3 occurs.

Given the above finding that only the outer surface of the
node is affected, and the finding that secondary nickel phases
orm only after lengthy operation, the results from this work
urther suggest that the kinetics associated with the formation of
iAs(s) is slow. The SOFCs subjected to short-term AsH3 injec-

ion showed no formation of a secondary nickel phase, while the
OFC subjected to extended testing showed such a secondary
hase even though the extended test occurred at much lower
sH3 concentration (0.1 ppm versus 1 and 2 ppm) and much

ess total AsH3 delivery.
Finally, the results also indicate that the concentration of

sH3 in the coal syngas does not greatly affect the rate of reac-
ion for the formation of the secondary nickel phase. That is,

n spite of having a greater concentration and total amount of
rsenic, the short-term high concentration tests (100 h @ 1 and
ppm) did not show any secondary nickel phase as evidenced
y the extended low concentration test (800 h @ 0.1 ppm).

R

Sources 171 (2007) 818–825

The fact that the As reacts mainly at the surface of the anode
o form NiAs indicates that AsH3 will primarily impact the per-
ormance of the cell through the formation of a less electrically
onductive phase. Hence, AsH3 should not pose as great a threat
o cell performance as other trace coal syngas species such as
Cl or H2S, which have been shown to as well attack the critical

eaction zone near the electrolyte. In addition to these ideas, the
ormation of nickel arsenide within the anode of the SOFC may
lso be suppressed by the high H2O content of the gas inside
he SOFC due to the electrochemical conversion of H2 at the
node–electrolyte interface. Previous research has shown that
team may be used to remove arsenic from Ni-based steam shift
atalyst pellets at temperatures between 700 and 800 ◦C [2]. Due
o the large amount of steam found in the anode of the SOFC,
his may be a reason for the suppression of the formation of
ickel arsenide towards the anode–electrolyte interface.

Finally, given that extended testing shows a second nickel
hase formation, and given that commercial SOFCs are intended
o operate up to 40,000 h, it is concluded that the formation of
econdary nickel arsenide phases will take place under existing
OFC coal syngas conditions, and that cleanup methods that
nsure low concentrations of As (�0.1 ppm) will be needed.

. Conclusions

The effect of coal syngas containing AsH3 on the perfor-
ance of SOFCs at various operational temperatures, current

ensities, and AsH3 concentrations were studied. The results
ndicate that secondary nickel arsenide phases are able to form
n an SOFC anode in the presence of AsH3. The injection of 1
nd 2 ppm AsH3 was shown to cause a minor amount of degrada-
ion. The addition of the trace species also causes an increase the
ell voltage fluctuation for reasons not yet clear. Although AsH3
as been shown to affect the anode of the SOFC, its effects are
ot nearly as acute or detrimental as those of other trace species
uch as HCl or H2S. Rather than attacking the electrochemically
ctive sites (as by HCl and H2S), it instead forms a stable sec-
ndary nickel phase, first in the outer regions of anode of the
OFC due to fast adsorption. Because the cell degradation is
elatively minor, it is apparent that the form of NiAs(s) created
s not purely resistive to SOFC operation thereby allowing for
he continued transport of electrons. While this work has shown
hat NiAs(s) forms at AsH3 concentrations possibly expected in
oal-based SOFC systems, it is recommended that longer-term
ests be completed to better understand the rate and propagation
ehavior of the formation of secondary nickel arsenide phases
n the SOFC anode. Since SOFCs are intended to operate for up
o 40,000 h, the longer-term tests will help indicate if the prop-
gation of NiAs(s) will further degrade the performance of the
OFC anode through eventual reaction of As with nickel at the
ore critical electrochemical interface.
eferences

[1] J. Trembly, R. Gemmen, D. Bayless, J. Power Sources 163 (2007) 986–996.
[2] B. Nielsen, J. Villaden, Appl. Catal. 11 (1984) 123–128.
[3] C.F. Ng, Y.J. Chang, Appl. Catal. 70 (1991) 213–224.



Power

[

[

[

[

[

[15] R.S. Gemmen, J.P. Trembly, J. Power Sources 161 (2006) 1084–
J.P. Trembly et al. / Journal of

[4] C.F. Ng, H. Ye, L. Shel, H. Chen, S.Y. Lai, Appl. Catal. A 171 (1998)
293–299.

[5] R. Quinn, T. Mebrahtu, T.A. Dahl, F.A. Lucrezi, B.A. Toseland, Appl.
Catal. A 264 (2004) 103–109.

[6] G.W. Roberts, D.M. Brown, T.H. Hsiung, J.J. Lewnard, Ind. Eng. Chem.
Res. 32 (1993) 1610–1621.

[7] R.A. Zielinski, A.L. Foster, G.P. Meek, I.K. Brownfield, Fuel 86 (2007)
56–572.

[8] C.L. Senior, D.O. Lignell, A.F. Sorofim, A. Mehta, Combust. Flame 147

(2006) 209–221.

[9] Y.E. Yudovich, M.R. Ketris, Int. J. Coal Geol. 61 (2006) 141–196.
10] Air Products and Chemicals Inc., Removal of Trace Contaminants from

Coal-Derived Synthesis Gas, Topical Report, U.S. Department of Energy,
2003, pp.7–23.

[

Sources 171 (2007) 818–825 825

11] T. Kivisaari, P. Bjornbam, S. Pehr, C. Sylvan, Chem. Eng. J. 100 (2004)
167–180.

12] J.P. Trembly, A.I. Marquez, T.R. Ohrn, D.J. Bayless, J. Power Sources 158
(2006) 263–273.

13] A.I. Marquez, T.R. Ohrn, J.P. Trembly, D.C. Ingram, D.J. Bayless, J. Power
Sources 164 (2007) 659–667.

14] J.P. Trembly, R.S. Gemmen, D.J. Bayless, J. Power Sources 169 (2007)
347–354.
1095.
16] J.P. Trembly, R.S. Gemmen, D.J. Bayless, The Proceedings of the

31st International Conference on Coal Utilization and Fuel Systems,
2006.


	The effect of coal syngas containing AsH3 on the performance of SOFCs: Investigations into the effect of operational temperature, current density and AsH3 concentration
	Introduction
	Experimental
	Button cell description
	Button cell test setup
	Experimental testing

	Results and discussion
	750°C 1ppm AsH3 trials
	750°C 2ppm AsH3 trial
	800°C 1ppm AsH3 trial
	800°C 2ppm AsH3 trial
	Extended trial testing
	Post-trial analyses
	Transport model analyses

	Discussion of the results
	Conclusions
	References


