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bstract

The sulfur poisoning behavior of nickel-yttria stabilized zirconia (YSZ) cermet anodes in solid oxide fuel cells (SOFCs) was investigated under
oth potentiostatic and galvanostatic conditions. While the observed relative drop in cell power output caused by sulfur poisoning decreases as
he cell-terminal voltage is lowered potentiostatically (thus more current passing through the cell), it increases as more current is drawn from
he cell galvanostatically (thus leading to lower terminal voltage). The apparent contradictory trends in relative performance loss due to sulfur
oisoning are explained using a simple equivalent circuit analysis, which was further validated by impedance measurements of cells before and

fter poisoning by trace amounts of hydrogen sulfide (H2S) under different conditions. Results suggest that the relative increase in cell internal
esistance caused by sulfur poisoning is smaller when more current is drawn from the cell (or the cell-terminal voltage is lowered) under either
otentiostatic or galvanostatic conditions. Thus, the increase in anode polarization resistance, not the drop in cell power output, should be used to
escribe the degree of sulfur poisoning in order to avoid any confusion.

2007 Published by Elsevier B.V.
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. Introduction

The sulfur poisoning behavior of Ni-based anodes for solid
xide fuel cells (SOFCs) has been investigated extensively
1–24]. Most studies show that the initial sulfur poisoning of
OFC anodes is a very fast process [2,4,8,11,13,15–20]. A few
tudies also suggest that sulfur poisoning effect may continue
o develop for tens to hundreds of hours [2,8,17,18,20]. Most
revious studies also indicate that the extent of sulfur poisoning
ncreases as the hydrogen sulfide (H2S) concentration increases
r the cell temperature decreases [2,8,10,13,15,16,18,20].

However, there appears to be contradictory trends in per-
ormance loss due to sulfur poisoning under different testing
onditions: constant cell current (or galvanostatic condition)
ersus constant voltage (or potentiostatic condition). For exam-

le, Singhal et al. [2] reported that the relative power output
rop caused by exposure to 10 ppm H2S increased from 10.3%
o 15.6% when the cell current density increased from 160 to

∗ Corresponding author. Tel.: +1 404 894 6114; fax: +1 404 894 9140.
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50 mA cm−2 at 1000 ◦C. Similarly, Xia and Birss [14] indi-
ated that the relative cell power output drop caused by 10 ppm
2S increased from 19% to 56% when the current density

ncreased from 130 to 400 mA cm−2 at 800 ◦C. Waldbillig et
l. also reported that when a hydrogen fuel with 1 ppm H2S was
sed, the relative drop in cell power output was 6.5%, 9.8%,
nd 11.8% for a constant cell current density of 250, 500, and
90 mA cm−2, respectively at 750 ◦C [15]. Under potentiostatic
onditions, in contrast, a previous study shows that the rela-
ive drop in cell power output due to exposure to 50 ppm H2S
as 32.3%, 18.5%, and 15.5% when cell voltage was 0.8, 0.6,

nd 0.3 V, respectively (the corresponding current density before
ulfur poisoning was 115, 252, and 513 mA cm−2) [18].

Thus, if the degree of sulfur poisoning is defined as the drop
n cell power output (i.e., the drop in cell current under the poten-
iostatic mode or the drop in cell voltage under the galvanostatic

ode), there is an apparent contradiction. On one hand, the rel-
tive drop in performance due to sulfur poisoning appears to

e greater with increasing current density (or decreasing cell-
erminal voltage) under galvanostatic conditions [2,14,15,20];
n the other hand, the relative drop in performance due to sulfur
oisoning appears to be smaller with decreasing cell voltage (or

mailto:meilin.liu@mse.gatech.edu
dx.doi.org/10.1016/j.jpowsour.2007.07.052
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ncreasing cell current density) under potentiostatic conditions
18,20]. Such an apparent contradiction has led to some confu-
ion. For example, it is not clear whether an SOFC should be
perated at higher current density (at lower voltage) or lower
urrent density (at higher voltage) to alleviate the sulfur poi-
oning effect. In this paper, we provide an explanation for this
pparent contradiction, which is further validated by experimen-
al results. The significance of the analysis to the interpretation of
ulfur poisoning/regeneration mechanism for Ni-based anodes
f SOFCs is also discussed.

. Experimental

The detailed procedures for cell fabrication and testing are
s described elsewhere [18]. To measure the relative drop in
ell power output, the cell was operated in either galvanostatic
r potentiostatic mode, and the cell voltage (in the galvanos-
atic mode) or the cell current (in the potentiostatic mode) was

onitored continuously as a hydrogen fuel containing a prede-
ermined concentration of H2S was introduced. Normally, the
nitial sulfur poisoning process of an electrolyte-supported cell
ould complete in approximately 5 min [13,16,18]. After that,
2S was removed from the fuel stream and the cell power out-
ut gradually recovered to the original level. (The poisoning
rocess was fully reversible since the time exposed to H2S
as very short [13,16,18].) The relative drop in cell power
utput is calculated as the ratio of the drop in cell voltage
or current) to the initial voltage (or current) value. To com-
are the result of cell impedance measurement with that of cell
ower output measurement, the impedance spectrum of the cell
n clean hydrogen fuel under a dc bias (constant current or
oltage) was measured. Then the cell was operated under the
ame dc bias while H2S was introduced into the fuel stream.
fter the quick poisoning process completed, the dc measure-
ent was stopped and the impedance spectrum was measured

gain under the same constant current or constant voltage con-
itions.

. Results

.1. Relative cell power output drop under constant current
nd constant voltage conditions

Fig. 1(a) shows the dependence of measured relative drops in
ell power output on the concentration of H2S when a cell was
ested under a constant current density of 241 and 409 mA cm−2,
espectively. The measured relative power output drop values are
maller than those reported in literature for similar electrolyte-
upported cells: Xia and Birss reported that 10 ppm H2S caused
cell voltage drop of 19.5% and 56.4% when the current den-

ity was 130 and 400 mA cm−2, respectively, at 800 ◦C [14];
asaki et al. reported cell failure (i.e., 100% voltage drop) for
cell operated at a constant current density of 200 mA cm−2
t 850 ◦C when it was exposed to 5 ppm H2S [13,16]. Never-
heless, the observed trend is generally consistent with what has
een reported in the literature [2,14,15,20], that is, the measured
elative drop in cell power output caused by sulfur poisoning was

e
a

ig. 1. Measured relative cell power output drop vs. pH2S/pH2 for cells operated
nder galvanostatic (a) and potentiostatic (b) conditions at 800 ◦C.

lways greater when more current was drawn from the cell for
ll concentrations of H2S tested.

In contrast, Fig. 1(b) shows plots of measured relative drops
n power output as a function of pH2S/pH2 when the cell was
ested under a constant cell voltage of 0.535 and 0.7 V, respec-
ively. Contrary to the results obtained under constant current
onditions but consistent with our previous study [18] and the
tudy by Sprenkle et al. [20], the measured relative drop in
ell power output caused by sulfur poisoning was smaller as
he cell-terminal voltage was reduced from 0.7 to 0.535 V (the
orresponding cell current density before sulfur poisoning was
32 mA cm−2 for 0.535 V and 260 mA cm−2 for 0.7 V).

.2. Equivalent circuit analysis
This apparent contradiction can be explained using a simple
quivalent circuit analysis. For the case of sulfur poisoning under
constant current (galvanostatic) condition, the cell current, I,
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s kept constant, i.e., I I0. Before switching from H2 to H2S-
ontaminated H2, the cell-terminal voltage, U0, is given by

0 = E0 − I0Rcell 0, (1)

here E0 is the open circuit voltage and Rcell 0 is the total cell
esistance before sulfur poisoning. After the cell is poisoned by

2S, the cell total internal resistance changes from Rcell 0 to
cell 0 + �Rcell, and the cell-terminal voltage changes to

= E0 − I0(Rcell 0 + �Rcell). (2)

he relative decrease in cell power output, �Pr, is

Pr = I0(U0 − U)

I0U0

= (E0 − I0Rcell 0) − [E0 − I0(Rcell 0 + �Rcell)]

U0

= I0 �Rcell

U0
. (3)

onsidering that

0 = E0 − U0

Rcell 0
, (4)

e can rewrite Eq. (3) as

Pr = E0 − U0

Rcell 0

�Rcell

U0
= �Rcell

Rcell 0

E0 − U0

U0
. (5)

q. (5) shows that, in the galvanostatic (constant current) mode,
he measured relative drop in cell power output (or in volt-
ge), �Pr, is a function of three variables: the relative increase
n cell resistance (�Rcell/Rcell 0), the initial cell-terminal volt-
ge (U0), and the open cell voltage (E0). From Eq. (5),
t is clear that �Pr < �Rcell/Rcell 0 when U0 > 0.5E0 while

Pr > �Rcell/Rcell 0 when U0 < 0.5E0. Rearrange Eq. (5) and
efine �Rcell r = �Rcell/Rcell 0, we have

Rcell r = �Rcell

Rcell 0
= �Pr

U0

E0 − U0
. (6)

lthough we are unable to mathematically predict the trend of
elative increase in cell resistance (�Rcell r) directly from the
bserved trend in relative cell performance drop (�Pr), we can
alculate the �Rcell r values using the E0, U0, and �Pr values
easured in the experiment and examine the trend.
On the other hand, when the cell is tested in a potentiostatic

ode, the cell-terminal voltage U is kept constant, i.e., U U0.
efore sulfur poisoning, the current passing through the cell is
iven by

0 = E0 − U0

Rcell 0
. (7)

pon poisoning by H2S, the cell internal resistance changes

rom Rcell 0 to Rcell 0 + �Rcell, and the cell current changes to

= E0 − U0

Rcell 0 + �Rcell
. (8)

r
E
c
i

ources 172 (2007) 688–693

he relative decrease in cell power output, �Pr, is

Pr = U0(I0 − I)

U0I0

= ((E0 − U0)/Rcell 0) − (E0 − U0)/(Rcell 0 + �Rcell)

(E0 − U0)/Rcell 0

= �Rcell

Rcell 0 + �Rcell
, (9)

r

Pr = �Rcell/Rcell 0

1 + �Rcell/Rcell 0
. (10)

q. (10) shows that the relative drop in cell power output (or
rop in current in this case), �Pr, depends only on the rela-
ive increase in cell internal resistance (�Rcell r = �Rcell/Rcell 0)
nder the potentiostatic condition. �Pr will always be smaller
han �Rcell r. Based on Eq. (10), the relative change in cell inter-
al resistance, �Rcell r, could also be calculated from the relative
hange in cell performance:

Rcell r = �Rcell

Rcell 0
= �Pr

1 − �Pr
= 1

1 − �Pr
− 1. (11)

q. (11) allows for the calculation of the relative increase in cell
esistance due to sulfur poisoning (�Rcell r) from the observed
elative performance loss; it also indicates the relative increase
n cell resistance (�Rcell r) is a monotonomous function of the
elative drop in cell performance, implying that the smaller the
Pr, the smaller the �Rcell r. The later is important in that
e can infer that the relative increase in cell resistance is also

maller when the cell current is higher under the potentiostatic
ondition.

Using the relationship obtained above for sulfur poisoning
nder galvanostatic and potentiostatic modes, we can now eval-
ate whether the sulfur poisoning behavior is consistent in terms
f the relative increase in cell resistance under both conditions.
ig. 2 shows plots of the relative cell resistance increase cal-
ulated from the data in Fig. 1 using Eqs. (6) and (11) as
function of H2S concentration for both galvanostatic and

otentiostatic conditions. Clearly, the relative increase in cell
esistance (�Rcell r) is smaller when the cell current is higher or
he cell-terminal voltage is lower (closer to short circuit condi-
ion) under both conditions.

.3. Verification using impedance measurements

To further verify the result from the equivalent circuit analysis
escribed above, experiments were carried out to directly mea-
ure the change in cell resistance using impedance spectroscopy
efore and after sulfur poisoning under both galvanostatic and
otentiostatic conditions. Shown in Figs. 3 and 4 are some typ-
cal impedance spectra. Table 1 summarizes the relative losses
n power output and the corresponding relative increases in cell

esistance, both experimentally measured and calculated using
qs. (6) or (11). Under both galvanostatic and potentiostatic
onditions, the relative increase in cell resistance (�Rcell r) is
ndeed smaller when the cell current density is higher (or when
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Fig. 2. Calculated relative cell power output drop vs. pH2S/pH2 for cells oper-
ated under galvanostatic (a) and potentiostatic (b) conditions using the data in
Fig. 1 at 800 ◦C.
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Table 1
Relative performance loss, �Pr; relative cell resistance increase, �Rcell r (both calcu
interfacial resistance increase, �Ri r; for the poisoning of Ni-YSZ anode caused by 1

i (mA cm−2) U0 (V) �Pr (%) Calculated �Rc

44 0.947 4.3 29.1
129 0.756 7.7 17.6
258 0.569 13.6 15.0
391 0.376 21.8 11.6

U (V) i0 (mA cm−2) �Pr (%) Calculated �Rc

0.90 44 31.5 46.0
0.70 144 22.0 28.2
0.50 246 15.7 18.7
0.35 314 12.6 14.4
ources 172 (2007) 688–693 691

he cell-terminal voltage is lower), even though the measured
elative drops in cell power show an opposite trend when mea-
ured under constant voltage conditions versus constant current
onditions.

. Discussion

The results shown in Figs. 2–4 and Table 1 indicate that the
elative increase in total cell internal resistance is smaller when
he cell current density is greater or when the cell-terminal volt-
ge is lower. The apparent contradiction seen for the trend in
ell power output drop with respect to changes in cell current
ensity or voltage can be explained as follows. Under both test-
ng conditions, the anode polarization resistance increases with
he degree of sulfur poisoning. To maintain a constant cell cur-
ent or terminal voltage, however, the effective resistance for
he external circuit (i.e., the potentiostat/galvanostat used) has
o be adjusted accordingly during the test. For example, in the
alvanostatic mode, the effective external circuit resistance has
o be reduced in order to maintain a constant cell current. Sim-
larly, in the potentiostatic mode, the effective external circuit
esistance has to be increased to maintain a constant cell-terminal
oltage. Both these effects are modulations of the original sul-
ur poisoning behavior, as represented by the relative increase
n cell resistance, which leads to the difference in the observed
rop in power output.

Nevertheless, the measurements under constant cell current
r voltage provide useful information on sulfur poisoning. Mea-
urements under potentiostatic conditions have the advantage
hat the observed trend in current change is consistent with that
n the actual cell resistance change. However, the cell current
rops as the anode is poisoned by sulfur, leading to an increase
n cathode polarization resistance but a decrease in cathode over-
otential, which increases the difficulty in analyzing the kinetic
nformation. By comparison, in the galvanostatic mode, because
e can assume that the cathode process does not change much (at

east during the quick poisoning process), the measured increase

n cell-terminal potential and cell resistance could be directly
egarded as the increase in anode overpotential and polariza-
ion resistance. Thus, unless the cathodic polarization can be
eparated from the anodic polarization, galvanostatic (constant

lated using Eqs. (6) and (11) and experimentally measured); and relative cell
0 ppm H2S under constant current and constant voltage conditions

ell r (%) Measured �Rcell r (%) Measured �Ri r (%)

21.7 36.2
15.2 26.9

7.9 18.2
3.0 8.0

ell r (%) Measured �Rcell r (%) Measured �Ri r (%)

29.2 50.0
20.0 50.0
13.3 38.7

4.5 18.5
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ig. 3. Comparison of impedance spectra for an electrolyte-supported cell oper-
ted at a constant current density of 0, 44, 129, 258, and 391 mA cm−2 before
nd after 10 ppm H2S was introduced into the fuel flow at 800 ◦C.

urrent) mode is better for impedance and cell power output
easurements.
While it is still not clear why a smaller increase in cell inter-

al resistance was observed at a higher cell current density (or
ower cell voltage), it is most likely related to the removal of the
dsorbed sulfur atoms. This is because most previous studies
roposed that the poisoning of SOFC anodes by ppm level H2S

s due to the blockage of surface active sites by adsorbed sul-
ur atoms [9,11,15,16,18,19]. Previously, it has been suggested
hat the adsorbed sulfur could be electrochemically oxidized
y oxygen ions at triple phase boundary (TPB) into SO2 as

r
r

S

ig. 4. Comparison of impedance spectra for an electrolyte-supported cell oper-
ted at a constant voltage of 0.90, 0.70, 0.50, and 0.35 V before and after 10 ppm

2S was introduced into the fuel flow at 800 ◦C.

ollows [18]

(ad) + 2O2− = SO2(g) + 4e−, (12)

O2 desorbs from the surface, leading to alleviated poisoning
ffect. Such an explanation seems reasonable since one would
xpect that higher oxygen ion flux would lead to quicker removal
f more adsorbed sulfur. It is noted that SO2 may exist only
s a “short-lived” reaction intermediate because SO2 may be
educed back to H2S in the fuel environment (at least from a
hermodynamic point of view). For example, for a humidified
ydrogen with pH2O/pH2 = 3:97, the equilibrium pSO2/pH2S

−11
atio would be on the order of ∼6 × 10 at 1000 K for the
eaction of

O2 + 3H2 = H2S + 2H2O. (13)
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n fact, if we combine reactions (12) and (13) and rearrange the
quations, we have

(ad) + H2(g) = H2S(g), (14)

nd

O2− + 2H2(g) = 2H2O(g) + 4e−, (15)

hich are equivalent to the desorption of sulfur in an H2S/H2
nvironment on the electrode (reaction (14)) plus the electro-
hemical oxidation of H2 (reaction (15)).

. Conclusions

The degree of sulfur poisoning of Ni-YSZ cermet anode is
ost accurately described by the increase in cell anode polariza-

ion resistance due to sulfur poisoning. It could be misleading
o use the relative drop in performance (or in power output)
o characterize the degree of sulfur poisoning. The contradic-
ory trends in performance loss due to sulfur poisoning observed
nder galvanostatic and potentiostatic condtions were explained
sing an equivalent circuit analysis. The degree of sulfur poi-
oning, if measured by the increase in cell internal resistance,
s smaller when more current is drawn from the cell in either
alvanostatic or potentiostatic conditions. The observed trend
eems consistent with the proposed mechanism for sulfur poi-
oning/regeneration process in which more oxygen ion passing
hrough the electrolyte alleviates the poisoning process.
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