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a b s t r a c t

The performance of anode-supported solid oxide fuel cells (SOFC) was evaluated in synthetic coal gas
containing HCl in the temperature range 650–850 ◦C. Exposure to up to 800 ppm HCl resulted in reversible
poisoning of the Ni/zirconia anode by chlorine species adsorption, the magnitude of which decreased
with increased temperature. Performance losses increased with the concentration of HCl to ∼100 ppm,
vailable online 7 May 2010
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above which losses were insensitive to HCl concentration. Neither cell potential, nor current density
had any effect on the extent of poisoning. No evidence was found for long-term degradation that can be
attributed to HCl exposure. Similarly, no evidence of microstructural changes or formation of new solid
phases as a result of HCl exposure was found. From thermodynamic calculations, solid nickel chloride
phase formation was shown to be highly unlikely in coal gas containing HCl. The presence of HCl at even

ncen
OFC performance
oal contaminants

the highest anticipated co

. Introduction

Solid oxide fuel cells (SOFCs) can utilize a wide variety of fuels
ncluding coal-derived syngas, and coal-based SOFC-gas turbine
ybrid systems are expected to achieve greater than 50% higher
eating value (HHV) efficiency [1–4]. In the coal gasification pro-
ess, coal is mixed with oxidant and/or steam to produce synthesis
as that consists primarily of CO, H2, CO2, H2O, CH4, and N2. Multi-
le minor and trace impurities that are present in coal may remain

n the gasified coal even after cleanup, which could affect SOFC per-
ormance and lifetime [5]. Since various impurities may affect the
ell performance in different ways, it is important to understand the
nteractions between the SOFC anode and each impurity to enable
he long-term performance of an SOFC stack operated on coal gas
o be predicted.

Chlorine is among the impurities found in coal that could
ave consequences for SOFC operation. Found in concentra-
ions from 0.01 to 1% by weight principally in the form
f sodium and potassium chlorides, chlorine is widely dis-
ributed in coals [6]. Nearly all of the chloride salts will be

onverted to HCl in coal-derived synthesis gas, with concen-
rations as high as 500 ppm reported [7]. Although aqueous
crubbing is expected to remove most HCl, as much as a
hird could still remain [7,8]. Through the use of solid sor-

∗ Corresponding author. Tel.: +1 509 375 2337; fax: +1 509 375 2186.
E-mail address: olga.marina@pnl.gov (O.A. Marina).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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trations in coal gas would minimally increase the volatility of nickel.
© 2010 Elsevier B.V. All rights reserved.

bents such as CaO, HCl concentrations .1 ppm can be achieved
[9,10].

Chlorine is a well-known poison of transition metal-catalyzed
reactions, particularly those involving hydrogen and carbon
monoxide [11–15]. For example, Richardson et al. have found that
catalytic activity of nickel towards methane reforming, water gas
shift reactions and chlorocarbon-steam reforming was effectively
poisoned in the presence of HCl [13,14]. Attributed to the forma-
tion of surface chloride species, the poisoning effect was reversible:
nickel activity was restored after exposure to chlorine-free steam
[13,14]. Kiskinova and Goodman have found that pre-adsorbed Cl
atoms on Ni(1 0 0) led to a reduction of the sticking coefficient,
the adsorption bond strength, and the adsorption capacity of that
surface for CO and H2 [16]. Zhuang et al. reported similar results
for Cl pre-adsorbed on the Ni(1 1 0) surface, and additionally found
that Cl could displace pre-adsorbed CO [17]. Chlorine was found to
adsorb on high symmetry fourfold or threefold hollow sites, even at
saturated coverage, with little or no surface reconstruction [18–20].

The effects of HCl on SOFC performance has been addressed pre-
viously in several studies [7,21–29], with varied results. Veyo found
no impact of 1 ppm HCl in synthetic coal gas on the performance
of a tubular SOFC operating at 1000 ◦C, a temperature consider-
ably higher than that currently being considered for planar systems

[21]. Aravind et al. found no changes in the performance of an
electrolyte-supported planar SOFC upon short-term (∼2 h) expo-
sure to 9 ppm HCl at 850 ◦C, and concluded that the anode remained
electrocatalytically active for hydrogen oxidation [22]. Similarly,
Buchinger et al. observed no effect of 5 and 47 ppm HCl in dry

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:olga.marina@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2010.05.006
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exposure ceased. Typical results are shown in Fig. 1, which corre-
sponds to a cell operating at a constant potential of 0.8 V in coal
gas with 50 ppm HCl at 700 ◦C. Within a few hours of HCl exposure,
the output of this cell decreased by ∼3%, and essentially completely
034 O.A. Marina et al. / Journal of P

ydrogen on the performance of an electrolyte-supported micro-
ubular SOFC in ∼20 h tests at 850 and 900 ◦C [24]. An almost
mmediate but reversible performance loss of up to ∼50 percent

as observed by Trembly et al. for electrolyte-supported cells
xposed to 20 and 160 ppm HCl in synthetic coal gas at 800 and
00 ◦C, but the performance stabilized within 100 h [7]. Increases

n electrodic resistance were principally observed and attributed to
dsorption of Cl on electrochemically active reaction sites, while a
inor increase in ohmic losses was attributed to degradation of the

urrent collector that was unrelated to anodic processes [7]. Bao et
l. studied the response of anode-supported cells at 750 and 800 ◦C
o synthetic coal gas with 40 ppm HCl, and found no change in per-
ormance for periods up to 120 h [23]. Minor performance losses
esulted from exposure of anode-supported cells to 40 ppm CH3Cl
t 850 ◦C, however [23]. Xu et al. reported a steady and permanent
oss in performance of ∼3% over 400 h at 800 and 850 ◦C for anode-
upported cells exposed to 100 ppm HCl in synthesis gas [25]. Minor
urface reconstruction of the nickel anode was observed, as was evi-
ence for adsorption of chlorine onto nickel surfaces [25]. Haga et al.
eported a steady degradation of electrolyte-supported cells during
50 h exposures to 5–1000 ppm Cl2 in 3%-humidified hydrogen at
00 ◦C [26,27]. The degradation rate increased with increasing chlo-
ine concentration from 3%/1000 h for 5 ppm Cl2 to 94%/1000 h for
000 ppm Cl2, accompanied by significant microstructural changes

n the nickel anode that were attributed to solid NiCl2 formation
nd sublimation. Suggested poisoning mechanisms included both
eversible chlorine adsorption on Ni surfaces and irreversible nickel
edistribution via NiCl2 formation [26,27]. Bao et al. reported that
he presence of HCl in fuel gases could be beneficial to fuel cell
erformance, by helping to mitigate the effects of other coal gas

mpurities such as As and P [28]. We have also reported that HCl
xposure can improve fuel cell performance by lowering ohmic
osses in 8 mol% yttria-stabilized zirconia (YSZ) [29]. These effects

ere attributed to volatilization as chlorides of some of the Mn that
ad diffused from the cathode through the electrolyte to the anode
ide during processing. No such effects were found for cells with
on-Mn-containing cathodes, consistent with this interpretation
29].

The present study was undertaken because of a general lack of
greement in previous investigations with regard to whether Cl in
oal gas does indeed lower the performance of an SOFC, whether
hose performance changes are reversible, or whether Cl exposure
esults in microstructural changes in the Ni-based anode. In the
resent work, the Ni/YSZ anode-supported SOFCs were tested for
xtended periods in synthetic coal gas containing 5–800 ppm HCl in
he temperature range 650–850 ◦C. Temperatures lower than those
onsidered previously were included to emphasize any effects
f surface adsorption. The effect of HCl on the cell performance
as investigated using electrochemical dc and ac measurements.

ost-test analyses using electron microscopy and surface analytical
robes were performed to establish the extent of Cl uptake by Ni
nd whether changes in anode morphology had occurred.

. Experimental

Cell tests were conducted using nickel/zirconia anode-
upported cells. Button cells with an active area of 2 cm2 were
abricated as described previously [30]. The anode support was
pproximately 900 �m thick and 30 vol.% porous, and was com-
rised of a Ni/YSZ bulk layer with a 40/60 vol.% ratio. The anode

ctive layer was 5 �m thick and composed of 50/50 vol.% Ni/YSZ.
he 8 mol% YSZ electrolyte was 9 �m thick. The anode-electrolyte
tructure was pre-sintered at 1375 ◦C, and a 2 �m thick samaria-
oped ceria (SDC) barrier layer was applied by screen printing and
intered at 1200 ◦C. A 30–50 �m thick (La0.8Sr0.2)0.98MnO3 (LSM-
ources 195 (2010) 7033–7037

20) cathode was screen-printed and sintered at 1100 ◦C for 2 h. The
anode current collector, comprised of Ni mesh, was embedded in
NiO paste and co-fired with the ceria. The cathode current collec-
tor was Ag foil grid impregnated with Ag paste and sintered in situ
during seal curing. Cells were sealed to alumina test fixtures with a
barium aluminosilicate glass by heating to 850 ◦C in air. The anode
was reduced in situ at 850 ◦C by moist hydrogen saturated with
water at room temperature.

Cell tests were performed in the temperature range 650–850 ◦C.
The synthetic coal gas was created by equilibrating 55 parts
by volume hydrogen with 45 parts by volume carbon diox-
ide, and used as a fuel gas. This mixture was equilibrated over
a catalyst bed consisting of Ni/YSZ at 700 ◦C prior to intro-
duction of the contaminant, yielding a nominal composition of
H2/CO/CO2/H2O = 30%/23%/21%/26%. Cells were pre-conditioned in
synthetic coal gas at 0.7 V for 20–100 h to obtain a stable baseline
prior to exposure to HCl. Cells were further conditioned in synthetic
coal gas containing 100 ppm HCl for an additional 100 h to stabilize
ohmic contributions associated with phenomena described else-
where [29]. The cathode was supplied with essentially pure oxygen
from a pressure swing adsorption unit. This approach results in a
small and constant cathodic polarization contribution. Hydrogen
chloride was supplied from cylinder using calibrated electronic
flow controllers and added to the synthetic coal gas through a
separate gas channel directly to the anode, thereby by-passing
the Ni catalyst. Arbin Instruments multichannel controllers and
a Solartron Model 1255/1470 Multistat test system were used
for electrochemical tests. The latter, in addition to a Solartron
Model 1260/1287 instrument, was used to obtain electrochemi-
cal impedance spectra. During such HCl exposure tests, impedance
data were obtained at random time intervals at the same bias
current for all of the cells. Following termination of electrochem-
ical tests, individual cells were analyzed using scanning electron
microscopy (SEM) with energy dispersive spectroscopy (EDS) and
Auger electron spectroscopy (AES).

3. Results

A modest but rapid decrease in cell performance was character-
istically observed upon introduction of various concentrations of
HCl to synthetic coal gas, with rapid recovery observed when HCl
Fig. 1. Current density generated by the Ni/YSZ anode-supported cell at a cell poten-
tial of 0.8 V in the presence of 50 ppm HCl in coal gas at 700 ◦C.
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Fig. 4. Change in electrodic resistance of Ni/YSZ anode-supported cells due to the
ig. 2. Normalized area-specific resistance (ASR) of Ni/YSZ anode-supported cells
n the presence of 50 ppm HCl at different temperatures (calculated as ASR in coal
as with HCl over ASR in coal gas without HCl). Cells were operated at a constant
otential of 0.8 V. Asterisks mark the moment when HCl was shut off for each cell.

ecovered within a few hours when exposure ceased. No long-term
oss in performance due to HCl exposure could be discerned.

Similar rapid and reversible responses to HCl exposure were
bserved at other temperatures as well. Fig. 2 shows changes in
he normalized area-specific resistances (ASR) due to exposure of
ells to 50 ppm HCl in synthetic coal gas from 650 to 850 ◦C. Nor-
alized ASR is defined as ASR in coal gas with HCl divided by ASR in

lean coal gas at a given temperature and current density. Though
athodic and electrolyte losses contribute to the magnitude of the
SR, changes are attributed solely to HCl exposure. At each temper-
ture, the normalized ASR increased quickly upon exposure to HCl,
nd recovered quickly and fully when exposure ended. The magni-
ude of performance change was found to be greatest at 650 ◦C, and
east at 850 ◦C. No differences in rates of recovery were apparent in
his temperature range.

Electrochemical impedance measurements revealed that this
eversible performance loss was electrodic in nature. Fig. 3 com-
ares spectra obtained at 700 ◦C at constant current density in clean
oal gas and in coal gas containing 200 ppm HCl. The width of the

ispersion arc, a measure of the sum of cathodic and anodic losses,

ncreased modestly upon HCl exposure, and recovered effectively
n clean coal gas. It is reasonable to assume that changes are due
nly to anodic processes, given that conditions did not change at the

ig. 3. Nyquist plots of impedance spectra of anode-supported cells obtained ini-
ially in clean coal gas (1), after 50 h of exposure to 200 ppm HCl (2), immediately
fter HCl was removed from coal gas (3), and again after repeated 75 h exposure
o 200 ppm HCl (4) at 700 ◦C. Bias current is 0.25 A cm−2. Frequencies are marked
bove the spectra.
exposure to various concentrations of HCl in synthetic coal gas at 700 ◦C. The mag-
nitude of resistance change for a given HCl concentration decreased with increased
temperature, though showed similar trends versus HCl concentration.

cathode. The electrolyte resistance, determined from the high fre-
quency intercept with the real impedance axis, remained constant.
It is noted that these cells were conditioned in 100 ppm HCl prior
to these measurements to stabilize the electrolyte resistance. Our
prior work has shown that initial exposure to HCl actually results in
lowered electrolyte resistance, due to volatilization of Mn that had
diffused through the electrolyte to the anode side during processing
[29].

Performance losses were insensitive to the concentration of
HCl in coal gas, for concentrations greater than ∼100 ppm, as
shown in Fig. 4 for cells exposed to 0–800 ppm HCl in coal gas
at 700 ◦C. Below 100 ppm HCl, cell resistance changes increased
approximately linearly with HCl concentration. Similar trends in
cell resistance versus HCl concentrations were observed at other
temperatures. However, the magnitude of the HCl-induced changes
was suppressed as temperature was increased. The effect of cell
potential, or cell current density, on cell degradation in the presence
of HCl was evaluated as well. No clearly distinguishable change in
the degradation rate due to the HCl presence was observed in wide
current density range from 0.1 to 1 A cm−2.

Post-mortem characterization of the several Ni/YSZ anodes
tested in HCl was performed using field emission SEM/EDS. For
comparison, similar analysis was performed on Ni/YSZ anodes
tested in coal gas only. Typical microstructures for cells tested in
synthetic coal gas with and without HCl are compared in Fig. 5.
No changes in microstructure due to HCl exposure were apparent
following 800 h operation in coal gas with or without HCl present.
Edges of nickel grains remained identically sharp. There was no
etching or pitting that could be associated with reactions with chlo-
rine. No indication of the presence of any chlorine-containing nickel
compounds was found.

Additionally, AES, which is sensitive to nominally the outer
10 nm of a sample surface, was employed to evaluate whether
evidence of chlorine-containing reaction products or a surface
adsorption layer was present. Auger spectra were collected from
both single Ni particles and from the Ni/YSZ area inside the Ni/YSZ
bulk anode. Chlorine adsorption was detected, but only in relatively
small amounts (1.5–2% relative to nickel). There was no evidence
of Cl enrichment on Ni particles or any chlorine-containing solid
phases. It is noted that these samples were cooled in hydrogen gas

without HCl, and were additionally exposed to air for several days
prior to AES analysis, which may have resulted in partial chlorine
loss from an adsorption layer. As such, these concentrations should
be considered to be a lower bound.
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sublimation [26,27].
From thermodynamic considerations, the presence of expected

concentrations of HCl in coal gas should neither significantly
increase volatilization of nickel, nor lead to the formation of NiCl2
ig. 5. SEM images of the Ni/YSZ active anode near the YSZ electrolyte tested for 80
pparent.

. Discussion

The presence of HCl in coal gas was found to result in
inor losses in SOFC performance, and those losses were largely

eversible. Performance losses are attributed to the effects of HCl
dsorption, probably dissociative, onto nickel surfaces at the active
node/electrolyte interface, which lowered the activity of the nickel
lectrocatalyst. Long-term degradation attributable to HCl in coal
as could not be discerned, and no changes in the composition or
icrostructure of the anode were apparent. From thermodynamic

alculations, solid nickel chloride phase formation is considered to
e highly unlikely in coal gas. Further, the presence of HCl at even
he highest anticipated concentrations is not expected to signifi-
antly increase the volatility of nickel.

Surface adsorption of chlorine onto nickel electrocatalyst sur-
aces is concluded to be the principal cause of losses in SOFC
erformance. Observations supporting that conclusion include the
ollowing: (1) losses were reversible, with cells recovering their
nitial activity within a few hours when HCl exposure ceased;
2) performance losses were essentially independent of HCl con-
entration for concentrations ≥100 ppm, implying a saturation
overage; (3) the magnitude of performance losses for a given
Cl concentration in coal gas decreased with increased temper-
ture; (4) HCl-induced changes in performance were electrodic
n nature, implying temporary loss of electrocatalytic activity;
nd (5) no evidence of changes in microstructure or the forma-
ion of new chloride-containing solid phases was found. Very
imilar reversible Ni anode poisoning was observed for the YSZ-
lectrolyte-supported cells [29].

Trembly et al. similarly observed rapid, reversible degradation
f Ni-based anodes in the electrolyte-supported cells due to HCl
xposure, and attributed these observations to surface adsorption
f chlorine-containing species [7]. Chlorine is a well-known poison
f transition metal-catalyzed reactions, which occurs through the
dsorption of surface-active chlorine species [11–15]. The effects
f chlorine adsorption on the activity of nickel steam reforming
atalysts have been shown to be reversed by exposure to chlorine-
ree steam [13,14], indicating that the strength of the adsorptive
ond is not excessively large. Previous studies have revealed that
re-adsorption of Cl onto Ni surfaces lowered the sticking coeffi-
ient, the adsorption bond strength, and the adsorption capacity
f those surfaces for CO and H2 [16,17], which helps to explain
osses in catalytic activity due to Cl adsorption. Consistent with the
nding of high reversibility for chlorine poisoning of nickel cata-

ysts, the adsorption of chlorine was not accompanied by surface
econstruction [18–20].
The fact that anode poisoning due to HCl exposure has not
een observed in several previous studies may be attributed to
combination of high SOFC operating temperature and low HCl

oncentrations, both of which would lower the extent of surface
dsorption. For example, Veyo found no effect of 1 ppm HCl at
(a) clean coal gas and (b) coal gas with 50 ppm HCl. No microstructural changes are

1000 ◦C [21], Aravind et al. reported no effect of short-term (∼2 h)
exposure of 9 ppm HCl at 850 ◦C [22], and Buchinger et al. deter-
mined that exposure to 5 and 47 ppm HCl at 850 ◦C caused no loss
in performance [24]. On the other hand, Bao et al. found no poison-
ing for HCl concentrations of 40 ppm at 750 and 800 ◦C for up to
120 h [23], conditions that led to discernable though small loss of
performance in the present study.

No long-term degradation was found in the present work for
cells that had been pre-conditioned in synthetic coal gas contain-
ing HCl. The principal reason for pre-conditioning was to stabilize
ohmic contributions to overall cell resistance due to phenomena
described earlier [29]. In that study, it was found that Mn con-
centrations in grain boundaries at the anode/electrolyte interface
of anode-supported cells were lowered by HCl exposure, result-
ing in a reduction in electrolyte ohmic resistance over periods of
∼100 h. Cells constructed with other than Mn-based cathodes did
not show this effect [29]. Minor increases in ohmic losses have
been found due to HCl exposure by Trembly et al. over a period
of ∼100 h, though these effects were attributed to electrical con-
tact instability [7]. Long-term instability due to HCl exposure was
reported as a result of at least two studies. Xu et al. found steady
and permanent degradation of ∼3% over 400 h at 800 and 850 ◦C in
100 ppm HCl in coal gas, accompanied by surface reconstruction of
the nickel anode [25]. Haga et al. reported extensive and permanent
degradation as a result of exposure of 5–1000 ppm Cl2 in humidi-
fied hydrogen, which was attributed to solid NiCl2 formation and
Fig. 6. Expected activities of gaseous nickel-containing species in synthetic coal
gas with 100 ppm HCl versus temperature, calculated using FactSage v. 6 [31]. The
presence of HCl is expected to negligibly enhance the volatility of nickel.
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Electrochem. Solid State Lett. 13 (2010) B63–B67.

[30] C.A. Coyle, O.A. Marina, E.C. Thomsen, D.J. Edwards, C.N. Cramer, G.W. Coffey,
ig. 7. Expected activities of gaseous nickel-containing species in synthetic coal gas
eeded to form stable NiCl2(s), calculated using FactSage v.6 [31]. NiCl2(s) is stable

or conditions above the solid line, while Ni metal is stable for conditions below that
ine. Formation of NiCl2(s) in coal gas is highly unlikely.

olid phases. Activities of nickel vapor species at equilibrium in coal
as containing 100 ppm HCl are given in Fig. 6 versus temperature,
alculated using the commercial software package FactSage v. 6
31]. The sum of activities for Ni(OH)2(g) and Ni(CO)4(g), which are
nrelated to the HCl content in coal gas, are predicted to exceed
he sum of activities for all NiClx(g) species by approximately three
rders of magnitude. As such, structural rearrangements due to
hlorine-enhanced vapor transport of Ni at the anode/electrolyte
nterface are not expected. Consistent with these calculations, the
dsorption of chlorine on nickel catalyst surfaces did not lead to
urface reconstruction [18–20]. Further, as is shown in Fig. 7, it is
ot practically possible to form solid NiCl2 in coal gas containing
ealistic amounts of HCl. While HCl concentrations in coal gas of
s high as 500 ppm may be possible [7], concentrations more than
hree orders of magnitude higher are needed to form solid NiCl2.

. Summary

Modest and reversible performance losses in SOFC performance
ere found to occur as a result of exposure to HCl in synthetic

oal gas. These performance losses are attributed to the effects
f adsorption of Cl species onto nickel surfaces at the active
node/electrolyte interface, consistent with conclusions of previ-
us studies of nickel steam reforming catalyst poisoning by HCl.
o evidence was found for long-term degradation that can be
ttributed to HCl exposure. Similarly, no evidence of microstruc-
ural changes or formation of new solid phases as a result of
Cl exposure was found. Surface adsorption-related performance

osses decreased with increased temperature, increased with the
oncentration of HCl to ∼100 ppm, and were essentially indepen-

ent of HCl concentration above that value. From thermodynamic
alculations, solid nickel chloride phase formation is considered to
e highly unlikely in coal gas. Further, the presence of HCl at even
he highest anticipated concentrations is not expected to signifi-
antly increase the volatility of nickel.
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