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bstract

The effect of hydrogen sulfide on proton exchange membrane fuel cell (PEMFC) anodes was studied by cyclic voltammetry (CV), potential steps
nd electrochemical impedance spectroscopy (EIS). The severity of the effect of H2S varies depending on the H2S concentration, current density
nd the cell temperature. The anode humidification does not impact the poisoning rate much when the anode is exposed to H2S. The adsorption
f H2S on the anode is dissociative and this dissociation can produce adsorbed sulfur. The dissociation potential of H2S was studied by potential
teps, and the values of the dissociation potential are about 0.4 V at 90 ◦C, 0.5 V at 60 ◦C and 0.6 V at 30 ◦C, respectively. The adsorbed sulfur can

e oxidized at a higher potential. During CV scans, two oxidation peaks for the adsorbed sulfur at 1.07 and 1.2 V were observed at 90 ◦C, however
single oxidation peak could be observed at 1.2 V at 60 ◦C and at 1.27 V at 30 ◦C. Application of EIS to a H2S|H2 half-cell shows that the charge

ransfer resistance increases when the anode is exposed to H2S because of H2S adsorption.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane fuel cell (PEMFC) is gen-
rally considered as a clean, efficient and silent powering tech-
ology. The PEMFC most likely will use reformed fuel which
lways contains carbon dioxide, nitrogen, carbon monoxide and
race amounts of ammonia, hydrogen cyanide and hydrogen sul-
de [1]. Extensive research has been done on the issue of CO
oisoning, but there is much less in the literature on H2S and
H3 poisoning although these impurities are dramatically detri-
ental to the PEMFC performance.
Early research of H2S poisoning on Pt was performed in aque-

us media [2–4]. Loučka [2] studied the kinetics of H2S adsorp-
ion and oxidation on Pt electrodes and found that H2S became
ehydrogenated completely on adsorption and the hydrogen thus

ormed was oxidized at positive electrode potentials. Najdeker
nd Bishop [3] studied the oxidation of H2S in 0.1 M sulfuric
cid on Pt electrodes by cyclic voltammetry and potentiostatic
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esting. They ascribed the anodic wave at 0.625 V to the forma-
ion of platinum sulfide and the anodic wave at 1.42 V in hydro-
en sulfide solution to oxidation of H2S to sulfur. Using potentio-
ynamic oxidation at certain temperature, Contractor and Lal [4]
emonstrated the presence of two forms of chemisorbed sulfur
t 80 ◦C. These two forms of chemisorbed sulfur were distin-
uished by the number of platinum sites occupied per sulfur
tom. They attributed the oxidation peak at 0.97 V to the oxida-
ion of linear-bonded sulfur and the oxidation peak at 1.1 V to
he oxidation of bridge-bonded sulfur.

Recently, in situ research of the effect of H2S on the perfor-
ance of PEMFC [5–7] and phosphoric acid fuel cell [8] has

een performed. Uribe and Zawodzinski [5] found that the poi-
oning of H2S was cumulative and irreversible by using neat
ydrogen and partial recovery could be attained by a cyclic
oltammetry scan between 0 and 1.4 V versus DHE. Mohtadi et
l. [6] studied H2S poisoning of membrane electrode assemblies
MEAs) in PEMFC consisting of Pt and PtRu alloy electrodes;

hey found partial recovery of the MEA after 3.8 h of expo-
ure to H2S could be gained with neat hydrogen. Two oxidation
eaks were observed during the CV scan on the Pt anode giv-
ng evidence of the presence of two forms of chemisorbed sulfur.

mailto:houming@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.09.073
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dramatically and the potential fell to 0.2 V in about 7 h. Fig. 2
also shows that the cell performance cannot be recovered when
W. Shi et al. / Journal of Pow

ccording to their work, the presence of Ru did not appear to pro-
ide higher H2S tolerance. Furthermore, they studied the effect
f temperature on the adsorption rate of H2S on Pt anodes in
itu by cyclic voltammetry, and found the sulfur adsorbed more
trongly at lower cell operating temperature and the rate of Pt S
ormation at 50 ◦C was 69% lower than that at 90 ◦C [7].

Based on previous experience, a trace of H2S can degrade
ell performance, so the first objective of this study was to gen-
rally assess the performance of PEMFC in the presence of
2S in different cell operating conditions, including at differ-

nt H2S concentrations, at different cell operating temperatures
nd operating current densities. The fuel humidification effect
as considered too. Although there is general agreement that a

ayer of sulfur in some form covers the Pt electrodes and affects
he electrochemical process, the dehydrogenating potential of

2S and the oxidation potential of sulfur on a solid polymer
lectrolyte (SPE)-Pt electrode are not well-defined. The second
bjective was to investigate the behavior of H2S on the anode
y cyclic voltammetry, potential stepping and electrochemical
mpedance spectroscopy (EIS).

. Experimental

Nafion® 212 membrane, anode (Pt: 0.3 mg cm−2, Pt/C from
ohnson-Matthey) and cathode (Pt: 0.5 mg cm−2, Pt/C from
ohnson-Matthey) were hot pressed at 10 MPa, 140 ◦C for 1 min
o obtain MEA, the active area of MEA was 5 cm2. The polar-
zation curves were performed with fuel and air flows of 50
nd 600 sccm (standard milliliter per minute), respectively, and
perating pressures Pfuel and Pair were all 0.1 MPa. As shown
n Fig. 1, high purity hydrogen containing H2S was mixed with
ure hydrogen downstream of the humidifier to avoid H2S dis-
olution in water and adsorption in the humidifier.

CV measurements were performed by using a PARSTAT
273 (EG&G instruments) while flowing N2 on the anode (used
s the working electrode) and neat H2 on the cathode (used as

ounter and reference electrode). The applied potential range
as between 0.05 and 1.4 V versus DHE and the scanning rate
as 20 mV s−1. Potential steps were performed with the 1%
2S + N2|H2 half-cell by using BT2000 (Arbin instruments).

Fig. 1. System for assessing the effect of H2S.

n
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uring potential steps, H2S was flowing on the anode (used as
orking electrode) and H2 was flowing on the cathode (used

s counter and reference electrode). A N2|H2 half-cell was also
easured to get the base line. The cell temperatures were kept

t 30, 60 and 90 ◦C, correspondingly the humidification temper-
tures of cathode (H2) were kept at 35, 65 and 95 ◦C to insure
well-humidified MEA. The flow rate of 1% H2S + N2 was

0 sccm, and the potential steps were applied from 0.1 to 1.2 V
ith the step length of 0.1 V. During the whole experiment, the

ime–current densities were recorded.
The electrochemical impedance spectroscopy of a fuel cell

n operation can provide information about the cathode and the
node impedance [9]. In most studies, neat hydrogen oxidizes
o fast that its impedance is negligible and the impedance spec-
rum of the full cell eventually equals the cathode impedance.
ut when the anode is poisoned, its impedance cannot be negli-
ible [10]. In this study, EIS measurements were performed in a
2S + H2|H2 half-cell by using PARSTAT 2273 (EG&G instru-
ents) while flowing H2 on the cathode (used as counter and

eference electrode) and 50 ppm H2S + H2 on the anode (used
s working electrode). The impedance spectra were recorded by
weeping frequencies over the range of 30 mHz to 10 kHz with
0 points recorded per decade. During the EIS measurements,
he cell temperature was kept at 60 ◦C and the humidification
emperatures of the anode and cathode stream were both 70 ◦C
o ensure a well-humidified MEA.

. Results and discussion

.1. Effect of H2S

The effect of 5 ppm H2S in fuel on the PEMFC performance
s shown in Fig. 2. The cell was operated galvanostatically at
00 mA cm−2 till the performance became stable, and then H2S
as added to the fuel gas. The performance of the cell decreased
eat H2 is introduced and partial recovery can be attained by
he CV scan between 0.05 and 1.4 V versus DHE. This result

ig. 2. Effect of 5 ppm H2S in fuel on the PEMFC performance. Tcell = 70 ◦C,
umidification temperatures of the anode and cathode: room temperature and
0 ◦C.
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shown in Fig. 6(a). When the cell operating temperature was
fixed at 35 ◦C, the performance decreased obviously as soon
as H2S was injected, but when the cell operating temperature
was fixed at 90 ◦C, the obvious decrease was observed after the
ig. 3. The cell performance recovery by CV scans after poisoning with 50 ppm

2S/H2 for 1.5 h. Tcell = 70 ◦C, humidification temperatures of the anode and
athode: room temperature and 70 ◦C.

grees with that of Uribe and Zawodzinski [5]. The polarization
urves in Fig. 3 show that the cell performance is significantly
ecovered after one CV scan and total recovery can be attained
fter five CV scans.

Fig. 4 shows that the cell voltage, measured at a fixed current
ensity of 500 mA cm−2, as a function of time during exposure
o the gases with different H2S concentrations. From compar-
ng curves in Fig. 4, it is clear that the rate of H2S poisoning
s a strong function of the H2S concentration. With the higher

2S concentration, the higher poisoning rate is observed. Dur-
ng exposure to 5, 10, 20 and 50 ppm H2S/H2, it took 7.2, 2.9,
and 1.5 h for the cell voltage falling to 0.3 V. Fig. 5 shows the

ffect of the current density on the cell performance during the
node exposure to 20 ppm H2S/H2. Being similar to the effect
f the H2S concentration, the poisoning rate has a close relation-
hip with the current density. After exposure to 20 ppm H2S/H2
or 1 h, the performance decreased by 2% at 200 mA cm−2 as
ompared to 17% decrease at 500 mA cm−2 and 35% decrease

t 800 mA cm−2.

Fig. 6 shows the effect of cell temperature on the cell per-
ormance during the anode exposure to H2S/H2. The extent of

ig. 4. Effect of H2S concentration on the cell performance at 500 mA cm−2.

cell = 70 ◦C, humidification temperatures of the anode and cathode: room tem-
erature and 70 ◦C.

F
H

ig. 5. Effect of current density on the performance deterioration during expo-
ure to 20 ppm H2S/H2. Tcell = 70 ◦C, humidification temperatures of the anode
nd cathode: room temperature and 70 ◦C.

2S poisoning decreased with increasing temperature and the
ell operated at 90 ◦C showed the greatest tolerance to H2S.
he cell performance decreased by 45% (35 ◦C), 32% (60 ◦C)
nd 25% (90 ◦C) after exposure to 10 ppm H2S/H2 for 3 h as
ig. 6. Effect of temperature on the cell performance during exposure to 10 ppm

2S/H2 (a) and 20 ppm H2S/H2 (b) at 500 mA cm−2.
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ig. 7. Effect of H2 humidification on the cell performance during exposure to
0 ppm H2S/H2 and 20 ppm H2S/H2 at 500 mA cm−2. Tcell = 70 ◦C, the humid-
fication temperature of the cathode: 70 ◦C.

node exposure to 10 ppm H2S/H2 for 2 h. However, the elec-
rode was severely poisoned eventually at 35, 60 and 90 ◦C. It
hould be noted that the decline slopes of the V–t curves (k1, k2,
3) are similar even at different temperatures. Mohtadi et al. [7]
ssumed that the adsorption of H2S on Pt is dissociative and this
issociation occurs instantly and produces a Pt S species. They
tudied the rate of Pt S formation at different temperatures and
ound this rate at 50 ◦C was 69% lower than that at 90 ◦C, which
eems to contradict our results.

The effect of the anode humidification on the cell perfor-
ance during exposure to H2S/H2 is shown in Fig. 7. From
ig. 7, the anode humidification did not affect the cell perfor-
ance while neat H2 was fed in at the anode. Similarly, when the

node was exposed to H2S/H2, the anode humidification whether
r not did not affect the cell performance too much, and there
s not an obvious relationship between the anode humidification
nd the cell performance.

.2. CV and potential steps

There is general agreement that H2S adsorption on Pt is
issociative and elemental sulfur and hydrogen is thus pro-
uced at certain potentials. Mathieu and Primet [11] studied
he chemisorption of H2S on Pt and found H2S adsorbed disso-
iatively and the dissociation led to adsorbed sulfur and gaseous
ydrogen. Because the gaseous hydrogen can be oxidized at
ositive potentials, potential steps were applied to determine
he H2S dehydrogenation potential within a 1% H2S + N2|H2
alf-cell. Fig. 8(c) shows the anodic current transients with time
ith a H2|N2 cell. Because hydrogen (flowing on the cathode)
ermeated through the membrane and accumulated at the anode,
here were two current peaks of hydrogen oxidation when the
otentials were stepped to 0.1 and 0.2 V. With the consump-
ion of permeated hydrogen, there was not obvious current peak

ntil the potential was stepped to 0.9 V. At 0.9 V or the higher
otential, the current peaks related to the oxidation of Pt. From
ig. 8(b), when the cell temperature was kept at 90 ◦C, an obvi-
us oxidation current peak could be observed as soon as the

c
F
a
t

ig. 8. (a) The anodic current transients with 1% H2S + N2|H2 cell by applying
otential steps, (b) enlarged partial anodic current transients for comparison of
ydrogen oxidation peaks and (c) the anodic current transients with N2|H2 cell
o attain the base line.

otential was stepped to 0.4 V. We suggest that H2S is dehy-
rogenated at this potential according to Reaction (1) and the
ydrogen thus formed is oxidized. Furthermore, the dissocia-
ion potential of H2S increases with decreasing temperature.
he values of the dissociation potential at different temperature
re about 0.4 V at 90 ◦C, 0.5 V at 60 ◦C and about 0.6 V at 30 ◦C.

When the potential is stepped to the dissociation potential,
layer of adsorbed elemental sulfur starts to form on Pt. This

ulfur layer can inhibit the adsorption and dissociation of H2S
n Pt, so the current peaks become smaller slightly even at
igher potential. When the potential is stepped further toward
he anodic direction, the adsorbed sulfur begins to be oxidized
o SO3 or SO4

2− at certain potential according to the following
eactions (2) and (3) proposed by Loučka [2] in the aqueous
hase. At this potential, not only the adsorption and dissocia-
ion of H2S but also the oxidation of sulfur can occur, so the

hronoamperometric current reaches a steady state value. From
ig. 8(a), the appearance of the constant current was observed
t 0.8 V at 90 ◦C, at 0.9 V at 60 ◦C and at 1.0 V at 30 ◦C, and
he values of the constant current increased dramatically when
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ig. 9. Cyclic voltammetry spectra obtained after anode exposure to 500 ppm

2S/N2 for 30 min. Tcell = 60 ◦C, scan rate: 20 mV s−1.

he potential was stepped to 0.9, 1.0 and 1.1 V, respectively. At
his high potential, the oxidation of Pt occurred simultaneously.

ith more and more Pt sites being oxidized, the adsorption and
issociation of H2S were prevented, and the current decreased
vidently at 1.0 V at 90 ◦C, at 1.1 V at 60 ◦C and at 1.2 V at
0 ◦C. After potential steps, neat H2 and air were introduced to
he anode and the cathode, and polarization curves were mea-
ured. According to polarization curves, the cell performance
eteriorated severely, which confirmed the formation of plat-
num oxide. From Fig. 8(a), we can also realize that the oxidation
otential of the adsorbed sulfur shifts negatively with increasing
emperature.

t H2S → Pt–S + H2 (1)

t S + 3H2O → SO3 + 6H+ + 6e− + Pt (2)
t S + 4H2O → SO4
2− + 8H+ + 6e− + Pt (3)

Because of H2S adsorption, there is no current peak of oxi-
ation of adsorbed hydrogen in the first cycle as shown in Fig. 9.

3

t

ig. 11. (a) Anode Nyquist plots after the anode exposure to 50 ppm H2S for 60, 90
lots at low frequencies. Tcell = 60 ◦C, humidification temperatures of the anode and c
ig. 10. Cyclic voltammetry spectra obtained after anode exposure to 500 ppm

2/N2 for 30 min at 30, 60 and 90 ◦C. Scan rate: 20 mV s−1.

hen the potential is scanned further toward the anodic direc-
ion, the dissociation of H2S begins to occur at about 0.5 V and
layer of adsorbed elemental sulfur starts to form on Pt. The

ingle oxidation peak at 1.2 V attributes to oxidation of adsorbed
ulfur and partial uncovered platinum. The layer of adsorbed sul-
ur can prevent the oxidation of the platinum, so the reduction
eak in the cathode part is smaller in the first cycle. In Fig. 9,
t can be seen that more than three CV scans are required for
omplete oxidation of the sulfur. Fig. 10 shows the CV (first
ycle) performed at 30, 60 and 90 ◦C. There were two oxidation
eaks at 1.07 and 1.2 V when the cell temperature was fixed
t 90 ◦C. According to Contractor and Lal [4], these two peaks
orresponded to two forms of chemisorbed sulfur which were
istinguished by the number of platinum sites occupied per sul-
ur atom. At 60 and 30 ◦C, a single oxidation peak was observed
t 1.2 and 1.27 V, respectively.
.3. EIS measurements

Fig. 11 shows the Nyquist plots after the anode exposure
o 50 ppm H2S for different durations at open circuit potential

, 120 and 150 min with H2S + H2|H2 half-cell; (b) enlarged partial of Nyquist
athode both 70 ◦C.
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OCP). The high frequency interception on the real impedance
xis of the Nyquist plot represents the total ohmic resistance of
he cell, which contains the ohmic resistance of the cell compo-
ents such as the membrane, catalyst layer, backing layer, end
late, as well as the contact resistance between each of them
12]. Among these, the membrane resistance is dominant and
s strongly dependent on the hydration state of the membrane
13]. During the measurements, the MEA was well-humidified,
he ohmic resistance of the cell increased little (about 6 m�) after
he anode exposure to H2S for 150 min as shown in Fig. 11(b).
he complex impedance plot for the unpoisoned cell (H2|H2)
onsists of two depressed arcs. According to Ciureanu et al.
14], these two arcs may be assigned to the chemisorptive dis-
ociation of hydrogen molecules (H2 = 2Hads) and the reversible
harge-transfer process involving the adsorbed hydrogen atoms
Hads = H+ + e). As soon as H2S was fed to the anode, H2S began
o cover the active Pt sites and the adsorption and dissociation
f hydrogen were inhibited. Thus, the charge transfer resistance
ncreased. The impedance spectra in Fig. 11(a) show a strong
xposure time dependence. With increasing H2S exposure time,
he real as well as the imaginary part of the impedance increased
nd the two arcs were no longer resolvable. And the increasing
mpedance is responsible for the power loss of fuel cells fed
ith a H2S-containing fuel gas. The value of the charge transfer

esistance increased from 3 to 170 m�.

. Conclusions

The effect of H2S on the PEMFC anodes in different cell
perating conditions was studied. The poisoning of H2S is irre-
ersible and total recovery can be attained by five CV scans
etween 0.05 and 1.4 V versus DHE. The rate of H2S poison-
ng is a strong function of the H2S concentration and current
ensity. With a higher H2S concentration and current density,

higher poisoning rate was observed. Moreover, the poisoning

ate decreased when the cell temperature was increased. When
he anode was exposed to H2S/H2, the anode humidification
id not affect the poisoning rate. Potential steps were set up to

[

[

[

urces 164 (2007) 272–277 277

etermine the H2S dehydrogenating potential on the (SPE)-Pt
lectrode, and the values for this dehydrogenating potential were
bout 0.4 V at 90 ◦C, 0.5 V at 60 ◦C and 0.6 V at 30 ◦C. There
re two oxidation peaks for adsorbed sulfur at 1.07 and 1.2 V
t 90 ◦C, and a single oxidation peak is observed at 1.2 V at
0 ◦C and at 1.27 V at 30 ◦C. Results of EIS measurements with
0 ppm H2S|H2 half-cell showed that the value of the charge
ransfer resistance increased with anode exposure to H2S, and
he increasing impedance is responsible for the power loss of
uel cells fed with a H2S-containing fuel gas.
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