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H I G H L I G H T S

� Poisoning effects of SO2 in air on low-Pt PEMFC were studied with a segmented cell.
� 2 ppm SO2 caused voltage loss of 240 and 345 mV at 0.2 and 0.8 A cm 2, respectively.
� SO2 exposure of low-Pt fuel cells at 1.0 A cm 2 led to a performance drop below 0.1 V.
� The observed performance is due to S0 formation at potentials below 0.6 V.
� SO2 contamination of low-Pt PEMFC led to significant performance drop and degradation.
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A B S T R A C T

Sulfur dioxide is a common air pollutant that has an adverse impact on proton exchange membrane fuel cells 
(PEMFCs). The present study reports the spatial performance and degradation of low-Pt PEMFCs exposed to trace 
concentrations of SO2 in a cathode feed stream. PEMFCs exposed to 2 ppm SO2 resulted in a performance loss of 
240 and 345 mV for constant current holds of 0.2 and 0.8 A cm 2. However, the SO2 contamination of low-Pt fuel 
cells at 1.0 A cm 2 led to a drastic cell potential drop below 0.1 V from the initial 0.605 V and demonstrated that 
the cathode exposure to SO2 should be limited to concentrations significantly below 2 ppm for high power 
operating conditions. The observed voltage and spatial current behavior was attributed to the reduction of SO2 
on Pt to zero-valent sulfur at potentials below 0.6 V. PEMFCs recovered performance only after potential cycling, 
insuring the oxidation of the formed S0 species at potentials higher than 0.8 V. A comparison of the electro-
chemical parameters before and after PEMFC poisoning revealed a substantial decrease in electrochemical 
surface area of up to 45.2% and a final performance loss of 60–100 mV.   

1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology is making
rapid progress due to an emerging commercialization for automotive 
and stationary applications as well as a developing hydrogen infra-
structure. To overcome existing techno-economic restrictions of fuel cell 
technology and facilitate market penetration, the next generation of 
PEMFCs requires a substantial reduction in the cost of their production, 
which can be achieved through economy of scales and by decreasing 
platinum content in the electrodes. At the same time, the performance, 
durability and reliability of low-Pt fuel cells should be the same or 

comparable to high-Pt PEMFCs. Currently, significant progress has been 
made in reducing Pt loading [1]. The factors that affect and determine 
fuel cell performance and degradation are carbon corrosion, platinum 
nanoparticle migration and agglomeration, electrochemical Ostwald 
ripening and platinum redeposition on polymeric matrixes or on another 
Pt nanoparticle [2]. It should be noted that all these factors are more 
pronounced and play a significant role in decreasing the performance 
and durability of low-Pt electrodes and thus, they increase the degra-
dation rate [3–6]. 

Most fuel cells operate with air as an abundant and free of charge 
oxidant. However, ambient air typically contains a variety of inorganic 
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2. Experimental

All experimental tests were performed using a fuel cell test station
and a segmented cell system developed at HNEI. The segmented cell 
setup consists of cell hardware, a custom-designed current transducer 
system, a data acquisition device and a single cell test station (Fig. 1a 
and b). We operated the segmented cell system as a single cell and 
controlled only overall cell current or voltage using the test station and 
applying standard testing protocols. Such procedure mimics conditions 
relevant to real fuel cell operation. The segmented cell hardware is built 

based on a 100 cm2 cell and consists of non-segmented and segmented 
flow field plates. The segmented flow field plate was applied to the 
cathode and has 10 segments with an area of 7.6 cm2 connected in 
sequential order from segment 1 (cell inlet) to segment 10 (cell outlet) 
(Fig. 1 c). Each segment has its own separate gas diffusion layer (GDL) 
and current collector. It should be also noted that both flow field plates 
have the same ten parallel channel serpentine design and arranged in co- 
flow configuration. The segmented cell system and hardware were 
described in details in our previous publication [55]. 

We used commercially available non-segmented 100 cm2 MEAs 
manufactured by Gore for the SO2 contamination tests. The Pt/C catalyst 
loading was 0.1 mgPt cm� 2 for the anode and cathode and Sigracet 25 BC 
was applied as GDLs. The gasket material for both electrodes was made 
of Teflon with thicknesses of 125 μm. 

The SO2 poisoning experiments were performed using H2/air at a 2/2 
stoichiometry, 100/50% relative humidity, 150/150 kPa backpressure 
and 80 �C. The contamination tests were done by injection of a dry 

Fig. 1. Schematic of the segmented cell system (a), overall view of the tests 
station and the segmented cell (b) and segmented flow field (c). Fig. 1 a) is 
reprinted from Ref. [55] T.V. Reshetenko, G. Bender, K. Bethune, R. Rocheleau, 
Electrochim. Acta 56 (2011) 8700. 

and organic pollutants as well as particulates originating from natural 
and anthropogenic emission sources. All of these airborne contaminants 
compromise the performance of commercial high-Pt membrane elec-
trode assemblies (MEAs), as shown in previous publications [7–21]. 
Among these impurities, SO2 is of special interest due to its high con-
centration in urban air (from 5 to 20 ppb to several ppm) [22–24] and its 
strong and irreversible effects on PEMFCs [7,8,25–40]. The extent of 
cathode poisoning by SO2 strongly depends on the operating voltage 
since various electrochemical reactions involving adsorbed 
sulfur-containing species can occur at different cathode potentials [41, 
42]. Studies using a rotating ring-disk electrode technique, a cyclic 
voltammetry coupled with Fourier transformed infrared (FTIR) spec-
troscopy, X-ray photoelectron spectroscopy (XPS) and an X-ray ab-
sorption near edge structure (XANES) analysis shows that SO2 
adsorption on Pt results in the formation of elemental sulfur at 0.5 V, a 
mixture of various adsorbed SO2 species and bisulfate (HSO�4 ) ions are 
generated at 0.6–0.8 V, while SO4

2- is produced at potentials of 0.9 V and 
higher [41–52]. 

The performance of PEMFCs with a Pt loading of 0.4 mgPt cm�  2 for 
both the anode and cathode in the presence of several ppm of SO2 in the 
air stream is shown to be dramatically affected. For example, voltage 
loss is found to be in the range of 200–300 mV in a high power opera-
tion, and only partial recovery was reported when SO2 introduction in 
the cathode stream is stopped [20,25,26,40,53] due to strongly adsor-
bed SOx species and elemental sulfur formation on the Pt surface [41, 
43–45]. Only special cathode treatments, such as potential cycling or 
multiple measurements of polarization curves, can restore the fuel cell 
performance, oxidizing the sulfur-containing species to soluble sulfates 
and bisulfates, which facilitates their removal. However, a performance 
loss after the recovery procedure was detected and was shown to be 
20–50 mV [32,53]. The current 2020 US DOE technical target regarding 
electrocatalysts for transportation applications requires 0.125 mgPt 
cm�  2 for both electrodes [54]. Due to this trend in reducing Pt loading, it 
is very important to understand the environmental adaptability and 
tolerance of low-Pt fuel cells to the main air impurities and establish air 
quality requirements. 

The current work is a continuation of our previous publications on 
the effects of various airborne contaminants on spatial PEMFC perfor-
mance [10–14,53] and presents thorough studies of spatial low-Pt 
PEMFC behavior under cathode exposure to SO2. It should be noted 
that the majority of the available in the literature data on the evaluation 
of PEMFC behavior in the presence of fuel or air pollutants was per-
formed using a single cell approach, which provided only average values 
of current and voltage for the active area of an MEA. On the other hand, 
segmented cell systems reveal localized electrochemical parameters, 
such as voltage, current and impedance, and are widely used to study 
local inhomogeneities occurring during fuel cell operation under 
different operating and environmental conditions. To understand the 
interplay between localized performance during poisoning and the 
degradation of low-Pt MEAs, a segmented cell system developed at 
Hawaii Natural Energy Institute (HNEI) was employed [55]. The ob-
tained results on the distribution of localized main electrochemical pa-
rameters, such as current, voltage and impedance, provide unique and 
beneficial information on processes occurring in active areas of an MEA 
and offer tremendous opportunities for future modeling efforts. 



additional 3 scans with an extended upper potential of 1.5 V. 
Anode and cathode catalysts were investigated by transmission 

electron microscopy (TEM) using a Hitachi HT-7700 instrument. The 
catalyst surfaces from both electrodes and GDLs was evaluated by X-ray 
photoelectron spectroscopy (XPS). High-resolution F 1s, C 1s, O 1s, Pt 4f 
and S 2p spectra were obtained by Kratos XPS ultra DLD spectrometer 
operating with an Al Kα monochromatic source at 225 W. 

3. Results and discussion

3.1. Spatial performance of low-Pt PEMFC under SO2 exposure

Fig. 2 presents the profiles of individual segment voltage and 
normalized current densities under 2 ppm SO2 exposure at overall cell 
currents of 0.2, 0.8 and 1.0 A cm� 2. The normalized current density is a 
proportion between the measured current density and its initial value, 
which was obtained before contamination. All contamination tests were 
done using air as a cathode feed gas. For comparison purposes, we 
performed a reference test at the same operating conditions as the 
poisoning experiments, at a constant current of 0.8 A cm� 2 for 120 h 
(Fig. 2 d). All contamination tests include several stages: 1) pre- 
poisoning, 2) poisoning and 3) self-recovery. The pre-poisoning stage 

Fig. 2. Profiles of voltage and normalized current densities vs. time under 2 ppm SO2 poisoning at overall current density of 0.2 (a), 0.8 (b), 1.0 A cm 2 (c) and a 
reference test without SO2 contamination at 0.8 A cm 2 (d). Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 80 �C. 

mixture of 75 ppm SO2 in air into the main stream of humidified air to 
the cathode. The desired SO2 concentration entering the cathode was set 
by adjusting the flow rate of the injected dry mixture of SO2 and air. In 
our work, final SO2 content was 2 ppm for all tests. The specified 
cathode humidification was maintained by increasing the temperature 
of the humidifier unit to compensate for the dry contaminant stream. 
The MEAs were operated under control of the whole cell current at 0.2, 
0.8 and 1.0 A cm�  2. The polarization curves (VI curves) were recorded at 
the same operating conditions as the poisoning tests with the H2/air as 
well as H2/He þ O2 (21 vol%) and H2/O2 to determine the activation, 
ohmic and mass transfer (permeability and diffusion) losses, as reported 
in Refs. [55,56]. 

Spatial electrochemical impedance spectroscopy (EIS) characteriza-
tions were conducted simultaneously for each segment as well as for the 
overall cell during the VI and SO2 poisoning tests. The frequency range 
was from 0.05 Hz to 10000 Hz and measurements were performed with 
11 steps/decade. The perturbation signal did not exceed of 10 mV. The 
electrochemical surface area (ECSA) was determined by cyclic voltam-
metry (CV) using Solartron SI 1287/electrochemical interface. CV was 
performed over a potential range from 0.1 to 1.2 V vs. the reversible 
hydrogen electrode at a scan rate of 20 mV s�  1. To restore the cathode 
ECSA after SO2 poisoning, we applied 13 scans from 0.1 to 1.2 V and 



The introduction of 2 ppm SO2 in the cathode feed stream led to a 
decrease in the cell and segment voltages as well as caused localized 
current redistribution. The performance loss at a steady state was 240 

and 345 mV for constant current holds of 0.2 and 0.8 A cm� 2 (Fig. 2a and 
b), respectively. The obtained performance is in good agreement with 
those of previously published results [25–27,33,36,53]. Completely 
different behavior was detected during SO2 exposure at 1.0 A cm� 2, 
which caused a voltage drop from 0.605 V to 0.240 V and a further 
drastic voltage decrease below 0.1 V (Fig. 2 c). A similar performance 
drop below 0.1 V was reported by S. Tsushima et al. [36] for fuel cells 
exposed to high SO2 concentrations of 100–250 ppm and varied relative 
gas humidities. As soon as the cell voltage dropped below 0.1 V, the SO2 
injection was stopped, resulting in an overall PEMFC exposure of 14 h, 
while the durations of the poisoning stage were 61 and 49 h for the 0.2 
and 0.8 A cm� 2 tests. Interestingly, we also noted a delay of 7 h for the 
cell response at low current density operation (Fig. 2 a). A similar 
observation was also found for high-Pt PEMFCs exposed to SO2 at 0.2 A 

Fig. 3. EIS for segments 1, 4, 7, 10 and the total cell during SO2 contamination at an overall current density of 0.2 (a), 0.8 (b), 1.0 A cm 2 (c) and a reference test 
without SO2 poisoning at 0.8 A cm 2 (d). Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 80 �C. 

was carried out using pure air as the cathode feed for 11–13 h to 
determine the initial fuel cell performance. Average cell voltages of 
0.750, 0.640 and 0.605 V were obtained at 0.2, 0.8 and 1.0 A cm�  2, 
respectively (Fig. 2a–c). The initial distribution of the localized current 
densities was found to be in the range from 0.15 to 0.24 A cm�  2 at 0.2 A 
cm�  2 of the overall cell current, whereas at 0.8 A cm�  2, the individual 
segment current densities varied from 0.7 to 0.89 A cm�  2. A further 
increase to 1.0 A cm�  2 in the cell operating current led to a current 
distribution from 0.81 to 1.17 A cm�  2. In all cases, the produced current 
density of the inlet segments 1–3 was higher than that of the outlet 
segments 9 and 10. 



cm� 2 [53]. This finding could be attributed to the slow adsorption of SOx 
species on the Pt surface at potentials of 0.7–0.75 V, until SOx coverage 
reached a critical value; afterwards SO2 affected the cell voltage, causing 
its decrease to a point that the adsorbed SOx was reduced to zero-valent 
sulfur. A slight delay was also detected for the case of 1.0 A cm� 2 (Fig. 2 
b), which could originate from a possible dilution of SO2 in water that 
was produced at the cathode, thus, postponing the cell response. 

In all tests, the localized current density distribution went through a 
similar pattern. At the beginning of the poisoning stage, the current 
densities of inlet segments 1–5 went down, while outlet segments 6–10 
generated higher currents. As soon as the segment currents reached their 

extremum values, we observed a reverse of spatial performance when 
the current production from the outlet segments decreased, but at the 
same time, there was an increase in current densities for the inlet of 
MEAs. The extremum values of the individual currents agreed with an 
inflection point of the voltage profiles at 0.590, 0.520 and 0.490 V for 
0.2, 0.8 and 1.0 A cm� 2, respectively. Similar localized current behavior 
was previously detected and described for SO2 and CH3CN cathode 
poisoning of high-Pt PEMFCs and was attributed to electrochemical 
reduction of sulfur-containing species on Pt [11,53]. 

At the self-recovery stage, the cathode was fed by pure air, and the 
cell and individual segments gained only a partial recovery. The cell 

Fig. 3. (continued). 



voltage was found to be 0.575 V (vs. the initial 0.705 V), 0.455 V (vs. the 
initial 0.640 V) and 0.420 V (vs. the initial 0.605 V) for 0.2, 0.8 and 1.0 
A cm� 2, respectively. The lack of full recovery is attributed to the for-
mation of S0 and strongly adsorbed sulfur-containing species on the Pt 
surface, as shown in our previous work [53]. At the same time, the 
reference sample showed a slight decay in performance under a constant 
current hold at 0.8 A cm� 2; the voltage loss was found to be 30–35 mV, 
and the performance of segments 1-3 decreased by 8–12% (Fig. 2 d). 

Localized impedance spectra for selected segments the and overall 
cell are shown in Fig. 3. Initial impedance curves were measured in pure 
air before SO2 injection. These spectra typically consisted of high- 
frequency semicircle (1000–10 Hz) due to cathode charge transfer 
resistance and double layer capacitance for the oxygen reduction reac-
tion and low-frequency arc (1–0.1 Hz) accounted for the diffusion pro-
cesses at the cathode [57]. A growth in the low-frequency arc diameter is 
observed from the segment 1 to segment 10 due to oxygen depletion and 
water accumulation downstream. 

The effects of cathode exposure to SO2 at 0.2 A cm� 2 was not 
detected by EIS after 5 h of poisoning (Fig. 3 a). However, 10 h of 
contamination resulted in an increase in the charge transfer resistances 
of segments 1–4; other segments did not reveal any changes (Fig. 3 a, 
pathway 1). A further increase in the impedance response for the inlet of 
MEA continued with SO2 introduction to the air stream (Fig. 3 a, 
pathway 2). A reverse trend in local EIS behavior was observed after 
~20 h of cathode poisoning: the impedance response of segments 1-4 
decreased, while segments 7–10 showed an increase in charge transfer 
and mass transfer resistances (Fig. 3 a, pathways 3–4). This observation 
was in good correlation with the spatial voltage and current 

distributions (Fig. 2 a) and the inflection point at the voltage profile 
(~0.590 V) corresponded to the changes in local currents and imped-
ance. EIS curves recorded during self-recovery clearly showed that only 
segment 1 recovered its performance, while others were characterized 
by increased charge and mass transfer resistances (Fig. 3 a, pathway 5). 
It should also be noted that we observed a low-frequency pseudo- 
inductance starting after ~20 h of SO2 exposure as well as during self- 
recovery. 

An increase in operating current density to 0.8 A cm� 2 led to a trend 
resembling the observed one at the low current operation; however, 
there are some details and differences that should be emphasized (Fig. 3 
b). First, the cathode exposure to SO2 within 1 h caused an immediate 
increase in EIS response for all segments; this correlates to the effect 
visible in the voltage level (Fig. 2 b). Moreover, we detected a drift of the 
impedance values at low frequency, indicating changes in the imped-
ance of the segments during the measurement because recording EIS at 
the low frequency required a finite time. Similar EIS features were found 
in the case of CO anode poisoning and were previously discussed in Refs. 
[58,59]. PEMFC poisoning for 1.5 h corresponded to the inflection point 
of the voltage profiles (~0.520 V) as well as the extremum values of the 
segment current densities (Fig. 2 b) and resulted in a further increase in 
charge and mass transfer resistances for the entire cell and an appear-
ance of low-frequency pseudo-inductance (Fig. 3 b, pathway 1). A 
low-frequency inductance meant that there is a phase delay in current 
signal followed a perturbation because of slow relaxation of adsorbate 
coverage compared to the oxygen reduction. In addition, a low fre-
quency inductance indicated on successive electron transfer reactions of 
adsorbed contaminant species occurring with the formation of 

Fig. 4. CV recorded for the overall cathode after SO2 poisoning at 0.2 (a), 0.8 (b), 1.0 A cm 2 (c) and a reference test at 0.8 A cm 2 (d). Distributions of anode and 
cathode ECSA differences at 0.2 (e), 0.8 (f), 1.0 A cm 2 (g) and a reference run at 0.8 A cm 2 (h). Anode/cathode: H2/N2, 0.75/0.75 l min 1, 100/100% RH, 35 �C, 
ambient pressure, 20 mV s 1. 

Table 1 
Anode and cathode ECSA before and after SO2 exposure tests.  

Operating conditions Anode ECSA [m2 g 1] Cathode ECSA [m2 g 1] ΔECSA [%] Tafel slope [mV/dec] 

BOT EOT BOT EOT anode cathode BOT EOT 

0.2 A cm 2 80.5 73.2 74.3 53.0 9.1 28.7 71 75 
0.8 A cm 2 77.9 64.0 69.7 38.2 17.8 45.2 63 76 
1.0 A cm 2 81.2 79.7 71.2 44.9 2.0 37.0 74 72 
Reference 82.5 77.6 89.5 75.0 6.0 16.2 73 73  



intermediates on the Pt surface [60–64]. A similar pseudo-inductive 
feature was detected during anode exposure to CO and cathode 
poisoning by C2H2, CH3CN, CH3Br and naphthalene at potentials at 
which electrooxidation of CO and electroreduction of air contaminants 
can take place in parallel with those of hydrogen oxidation and oxygen 
reduction, respectively [10–12,14,59,65]. The detection of the 
pseudo-inductance clearly indicated the electroreduction of 
sulfur-containing species at a potential of ~0.520 V. Furthermore, SO2 
exposure decreased the impedance of the segments, and the 
low-frequency inductance disappeared (Fig. 3 b, pathway 2). After the 
cathode contamination, an operation with pure air led to a reduction in 
impedance response for all segments and the formation of low-frequency 
inductance after 30 h of self-recovery (Fig. 3 b, pathways 3), similar to 
that of the low current case (Fig. 3 a, pathways 5). It should be noted that 
during poisoning, the outlet segments showed some noise at low fre-
quency range which could be explained by altered water management, 
since these segments produced greater current than others (Fig. 2) and 
flooding effects are expected. 

Spatial EIS of PEMFC operated at a constant current hold of 1.0 A 
cm� 2 revealed that 1 h of SO2 poisoning did not significantly impact the 
impedance of the cell (Fig. 3 c). However, exposure to the contaminant 
within 2–3 h showed an increase in charge and mass transfer resistances 
and the formation of low-frequency inductances similar to that at 0.8 A 
cm� 2 (Fig. 3 c, pathway 1). Interestingly, the outlet segments 9 and 10 
demonstrated that steady state conditions were not reached at 2 h of 
poisoning, and it was possible to see a drift in the impedance response in 

the low-frequency range. Injection of SO2 for 5–10 h resulted in a 
decrease of the EIS for all segments (Fig. 3 c, pathway 2). The initial 
stage of recovery after 1 h in pure air is characterized by an increase in 
impedance for the entire cell compared to that of the poisoned cell for 
10 h (Fig. 3 c, pathway 3), but 23 h of self-recovery partially restored the 
segment impedance; although the EIS response of the inlet segments is 
smaller than the initial values, while outlet segments 9 and 10 have 
greater impedance values compared to that of the non-poisoned state 
(Fig. 3 c, pathway 4). The reference test clearly showed that the spatial 
EIS of the PEMFC operated with pure air at a constant current hold of 
0.8 A cm� 2 for 120 h only slightly varied (Fig. 3 d). 

3.2. Effects of SO2 on ECSA and fuel cell performance before and after 
poisoning 

Successive CV cathode scans measured in the H2/N2 gas configura-
tion at 35 �C after SO2 poisoning are shown for the constant current 
operation at 0.2, 0.8 and 1.0 A cm� 2 in Fig. 4a–c), respectively. The 
features of these three sets of CVs are similar to each other and have been 
described in our previous paper [53]. On the first scan (0.1 V → 1.2 V), a 
significant suppression of the hydrogen region was observed due to 
blocking of the Pt surface by zero-valent sulfur (S0

x) species originating 
from SO2 electroreduction. It should be noted that the ECSA loss 
determined from the first CV scan was found to be in the range of 
45–65%. In addition, a pronounced positive shift was detected for the 
formation of Pt oxides as well as the appearance of a broad peak at 1.12 

Fig. 5. TEM photos of the cathode Pt/C catalyst: fresh (a), after SO2 contamination at 0.8 A cm 2 (b) and after the reference test at 0.8 A cm 2 (c).  

Fig. 6. A comparison of BOT and EOT polarization curves for the total cell (a) and distributions of performance differences between EOT and BOT for different 
operating current holds (b). Anode/cathode: H2/air, 2/2 stoichiometry, 100/50% RH, 150/150 kPa, 80 �C. 



V due to electrooxidation of adsorbed S0
x species to water-soluble sulfate 

SO4
2-, as proposed by Lou�cka and Contactor [43–45]. Sulfates and bi-

sulfates desorbed from the Pt surface at potentials greater than 1.1 V 
[66], and this resulted in a cleaning of the Pt surface, making it available 
for hydrogen/oxygen adsorption in the next cycle. Indeed, the second 
scan demonstrated a partial recovery in hydrogen desorptio-
n/adsorption regions as well as a reduction in the sulfur oxidation peak. 

This peak was less pronounced for the cell operated at 1.0 A cm� 2 

(Fig. 4 c), which could be explained by the fact that the cathode was 
poisoned by SO2 for only 14 h, while for other constant current holds, 
the cells were exposed for much longer time periods. Three additional 
scans with an extended upper potential of 1.5 V were carried out to 
ensure the removal of sulfur-containing species after the initial thirteen 
CV cycles from 0.1 to 1.2 V. Despite the applied potential cycling, some 
residual sulfur species remained on the Pt surface because a 30 mV 
positive shift in Pt oxidation was observed after all the CV cycling was 
completed. 

Fig. 4e–g) present distributions of the anode and cathode ECSA 

Fig. 7. Surface concentration of S and Pt for the reference and the exposed cathode (a) and anode (b); the relative amount of Pt–O detected for the reference and the 
SO2 contaminated sample (c); surface concentration of S 2p (d) and O 1s (e) for the reference and the anodic and cathodic GDLs; surface concentration of reduced 
forms of S on the reference and poisoned MEA (f). 

Table 2 
Surface atomic concentration for the fresh MEA, reference sample, SO2 exposed electrodes and GDLs at 0.8 A cm 2 based on the average values from XPS measurements 
of segments 1, 5 and 10.  

Sample Surface atomic concentration [at.%] 

C 1s F 1s O 1s S 2p Pt 4f S/F S elem/S–C 
164.0 eV 

SO3 

167.8 eV 
SO4 

169.2 eV 

Fresh MEA, anode 43.5 48.2 6.4 0.69 1.23 0.014 0.03 0.43 0.24 
Reference, anode 47.0 45.1 6.1 0.58 1.16 0.013 0.02 0.49 0.17 
Exposed to SO2, anode 45.1 45.9 7.1 0.80 1.11 0.017 0.03 0.54 0.23  

Fresh MEA, cathode 44.2 47.0 6.7 0.83 1.25 0.018 0.04 0.60 0.19 
Reference, cathode 47.4 44.5 6.4 0.58 1.15 0.013 0.02 0.37 0.19 
Exposed to SO2, cathode 46.3 44.2 7.5 0.96 1.07 0.022 0.05 0.62 0.29  

Reference, anode GDL 60.3 39 0.63 0.04 0.01     
Exposed to SO2, anode GDL 62.0 37.1 0.83 0.06 –      

Reference, cathode GDL 59.5 39.4 1.03 0.04 0.01     
Exposed to SO2, cathode GDL 58.1 35.4 5.48 1.00 –  0.61 0.38 0.01  

Table 3 
Relative concentration of surface species for fresh, reference and SO2 exposed 
electrodes from XPS measurements.  

Sample Relative concentrations [rel.%] 

S elem/ 
S–C 
164.0 eV 

SO3 

167.8 
eV 

SO4 

169.2 
eV 

Pt 
71.4 
eV 

Pt–C 
72.2 
eV 

PtO 
73.3 
eV 

Fresh MEA, 
anode 

3.9 61.7 34.4 34.8 42.9 22.3 

Reference, anode 3.5 66.4 30.1 41.4 41.2 17.4 
Exposed to SO2, 

anode 
3.7 66.7 29.6 41.9 40.5 17.6  

Fresh MEA, 
cathode 

4.3 72.4 23.3 35.1 42.4 22.5 

Reference, 
cathode 

4.1 63.5 32.3 42.5 40.6 16.9 

Exposed to SO2, 
cathode 

4.8 65.2 30.0 42.9 40.6 16.4  



differences between the end of test or after the SO2 exposure (EOT) and 
beginning of the test (BOT). PEMFC exposure to SO2 at the low current 
caused a relatively uniform decrease in cathode and anode ECSA along 
the MEA active area compared to that of the high current operating 
conditions. Analysis of the spatial cathode ECSA revealed that the 
greatest ECSA drop was found for segments 3–8 at 0.8 A cm� 2, whereas 
the Pt surface area loss gradually decreased from the inlet to the outlet at 
1.0 A cm� 2 (Fig. 4f and g). The anode ECSA was seriously affected only 
in the case of 0.8 A cm� 2. Fig. 4 d) and h) present the cathode CVs and 
ECSA distributions for the reference sample. The ESCA data are sum-
marized in Table 1 and show that the Pt cathode ECSA loss under 2 ppm 
SO2 exposure was 28.7, 45.2 and 37% at 0.2, 0.8 and 1.0 A cm� 2, 
respectively, while the reference sample showed a cathode ECSA drop of 
16.2%. 

These results are strongly supported by TEM studies of the anode and 
cathode catalysts after SO2 contamination (Fig. 5). The Pt particle sizes 
from the anode and cathode in fresh MEA were found to be in the range 
of 2.0–2.5 nm (Fig. 5 a). The cathode exposure to SO2 led to a growth of 
Pt particles to 3–10 nm with detection of agglomerates containing a 
diameter greater than 10 nm and formed a broad particle size distri-
bution (Fig. 5 b). A comparison of the cathode exposed to SO2 and the 
reference showed that SO2 accelerated Ostwald ripening and particles 
agglomeration (Fig. 5 b) and c)). TEM evaluation of cathode catalysts 
from segment 1, 5 and 10 after SO2 poisoning did not show any signif-
icant effect of location on particle size. The size of Pt particles at the 
anode varied in a narrow range from 2 to 5 nm. At the same time, the 
reference cathode and anode demonstrated moderate increase in parti-
cle size in the range of 2–4 nm (Fig. 5 c). 

The polarization curves measured for the total cells of the samples 
before and after SO2 poisoning are presented in Fig. 6 a). It should be 
noted that the VI curves were recorded after the CV recovery procedure. 
A comparison of the BOT and EOT polarization curves showed that even 
after potential cycling, there is a significant performance drop of up to 
70–80 mV caused by SO2 exposure at high current density operation 
(0.8–1.0 A cm� 2); this may be correlated to Pt particle growth. Cathode 
poisoning by SO2 at 0.2 A cm� 2 resulted in a performance loss of 20–30 
mV, while the reference test revealed a voltage drop no greater than 15 
mV. The impact of SO2 on spatial performance in terms of the distri-
bution of voltage differences between the EOT and BOT at fixed current 

densities and as functions of segment locations is shown in Fig. 6 b). The 
data in Fig. 6a) and b) are complimentary to each other and clearly 
demonstrate that operation with pure air and SO2 contamination at low 
current led to a uniform voltage loss distribution downstream, while 
high current operation (0.8–1.0 A cm� 2) caused non-homogeneous 
performance as well as degradation with local performance loss of up 
to 100 mV. The obtained data in Fig. 6 b) revealed that segments 3–8 
seem to be affected by SO2 exposure the most and exhibit the highest 
performance drop compared to inlet segments 1 and 2. Interestingly, the 
performance of segments 9 and 10 after poisoning at 0.8 A cm� 2 showed 
a significant voltage loss depending on the current density, while for the 
case of 1.0 A cm� 2, these outlet segments almost fully recovered their 
initial performance. Furthermore, the distribution profiles of voltage 
differences in Fig. 6 b) were in good agreement with that of the distri-
bution profiles of cathode ECSA differences (Fig. 4e–h), which indicated 
a strong correlation between ECSA and performance. 

The BOT and EOT performances were analyzed in terms of activa-
tion, ohmic and mass transfer losses to determine the origin of the 
voltage decrease [55]. The results revealed that the observed voltage 
losses for the reference and after SO2 exposure at 0.2 A cm� 2 is mainly 
due to an increased activation overpotential in the range of 5–15 and 
20–30 mV, respectively. An increase in the operating current during SO2 
poisoning resulted in the addition of mass transfer losses to the existing 
activation overpotential. For example, the observed performance drop 
for the total cell of 70–80 mV after SO2 contamination at 0.8 A cm� 2 

(Fig. 6 a) is accounted for by 40–50 mV of activation and 30–40 mV of 
mass transfer losses. Interestingly, for this particular case, we found that 
the mass transfer losses increased for segments 9 and 10 and continued 
to grow with current. Thus, the contribution of activation and mass 
transfer overpotentials to the spatial performance strongly depended on 
the location of the segment and eventually led to non-uniform degra-
dation. The observed increase in activation overpotential could be 
explained by the decreased ECSA, whereas the mass transport limitation 
likely arose from modification of the electrode structure under SO2 
exposure, presumably due to zero-valent sulfur deposition on the cata-
lyst layer as well as on the cathode microporous layer (MPL) and GDL. 

Fig. 8. High-resolution XPS spectra of Pt 4f and S 2p for the reference cathode and segment 1 of the cathode after SO2 exposure tests.  



electrochemistry. 
Our results and published literature suggest that at the beginning of 

poisoning, SO2 adsorbs on the Pt surface, forming several types of 
Pt–SO2 binding structures [68-70], which causes a decrease in the 
available ECSA required for oxygen reduction [30] and a cell voltage 
loss (Fig. 2). The adsorbed SO2 species can be reduced to zero-valent 
sulfur at a low potential of 0.05–0.5 V [30,41,42,44–46,50] or 
oxidized to sulfate/bisulfates (SO4

2-/HSO4
� ) at high potential (>0.8 V) 

[41–46,48,49]. The oxidation state of sulfur at intermediate potentials 
(0.5–0.8 V) is demonstrated by a mixture of elemental sulfur and SOx 
species [31,41,42,68]. 

The operation of the low-Pt fuel cell at the studied current densities 
of 0.2–1.0 A cm� 2 resulted in an initial voltage of 0.6–0.75 V (Fig. 2). 
SO2 adsorption at this potential range led to the formation of partially 
reduced SOx species and zero-valent sulfur, as shown previously [31,41, 
42]. These S-containing species continued blocking the Pt surface and 
shifted the 4-electron ORR pathway to a less efficient 2-electron mech-
anism. Typically, oxygen reduction requires adsorption and dissociation 
of the O2 molecule in a bridge configuration between two Pt sites, but at 
high SOx coverage, there are few adjacent sites available. This allows O2 
adsorption to predominantly occur “atop” the Pt atom and led to H2O2 
formation as an intermediate for the 2-electron ORR. All of these caused 
a constant decrease in cell voltage, which eventually reached values 
where the electrochemical reduction of SOx to S0 proceeded (0.59–0.49 
V). The recorded current-voltage profiles showed an inflection point and 
drastic local current redistribution at these potentials, which together 
with the EIS low-frequency inductance indicated an additional electro-
chemical process occurring in parallel to the ORR (Figs. 2 and 3). 
Moreover, in our work, the formation of reduced SOx species and 
elemental sulfur was determined by XPS and CV methods, which 
strongly supported the proposed SO2 transformation pathway under 
normal operating fuel cell conditions. The observed deviation in the 
potential of the inflection point at various operating currents might be 
attributed to increased water production at the cathode at high current, 
which can scavenge SO2 and alter the potential of the electroreduction. 
The cell voltage reached a plateau of 0.510 and 0.295 V with a contin-
uous SO2 injection into the air stream at 0.2 and 0.8 A cm� 2, respec-
tively, whereas operation at 1.0 A cm� 2 resulted in a cell voltage drop 
below 0.1 V (Fig. 2). 

A comparison of the behavior of high- and low-Pt PEMFCs at 0.2 A 
cm� 2 and under SO2 exposure showed that the voltage drop was 60 and 
240 mV, respectively. The performance loss at 1.0 A cm� 2 reached 0.295 
and 0.5 V for high- and low-Pt MEAs, accordingly [53]. Moreover, 
low-Pt MEAs demonstrated a significant decrease in cathode ECSA after 
SO2 poisoning at a low current density with a value of 28.7% compared 
to 18.2% for a high-Pt MEA (Table 1 and [53]). An increase in the 
operating current during SO2 cathode contamination led to an ECSA 
drop of 37–45.2% for the low-Pt sample, while the high-Pt PEMFC 
showed only 21.9% ECSA loss. The overall performance decline for 
low-Pt PEMFC was detected in the range of 70–100 mV, while high-Pt 
MEA performance decreased by 25–50 mV. Additionally, we 
compared the parameters of the reference tests for high- and low-Pt 
PEMFCs. It was found that the cathode ECSA loss for the high-Pt refer-
ence MEA was 12%, whereas for low-Pt ECSA drop equaled 16.2% after 
a constant current hold with pure air. The performance drop for both 
reference tests was insignificant and averaged between 5 and 15 mV. 
Therefore, the presence of SO2 in the air stream resulted in an acceler-
ated degradation of the PEMFCs; in particular, SO2 affected the degra-
dation of low-Pt fuel cells to a greater extent than that of high-Pt 
PEMFCs. 

Interestingly, similar effects were reported recently on studies 
investigating a cathode loading impact on MEA degradation induced by 
voltage cycling [5] and PEMFC stack performance [6]. Ref. [5] showed a 
strong ECSA loss for low-Pt cathode MEAs compared to that of high-Pt 
samples under accelerated stress tests. The authors attributed the ob-
servations to the different aging behavior of Pt with different sizes and 

3.3. XPS analysis of the cathode electrode and GDL after SO2 exposure 

The surface composition of a fresh sample, reference and sample 
exposed to SO2 at 0.8 A cm�  2 was studied using high-resolution XPS. 
Three segments (1, 5 and 10) from the reference and poisoned MEAs 
were analyzed. We focused not only on the cathode catalyst and GDL but 
also on the catalyst and GDL from the anodic side. Fig. 7 and Tables 2 
and 3 present the average values from the three MEA segments. The 
surface sulfur (S 2p) content for both reference electrodes was found to 
be ~0.58 at.%, while the poisoned sample showed a statistically sig-
nificant increase in the sulfur concentration with 0.80 and 0.96 at.% 
detected at the anode and cathode, respectively (Fig. 7a) and b) and 
Table 2). 

The Pt surface concentration (Pt 4f) decreased for the poisoned 
anode and cathode compared to that of the reference sample (Fig. 7a) 
and b) and Table 2). Additionally, the exposed cathode showed a slightly 
greater degree of Pt reduction compared to that of the reference cathode 
(Fig. 7 c), Table 3), which was supported by the larger particle size of the 
catalyst and ECSA data. High-resolution Pt 4f spectra acquired from 
segment 1 are presented in Fig. 8 a) and c). The poisoned cathode 
showed a decrease in the surface concentration of F 1s and an increase in 
the surface concentration of O 1s, which could indicate depletion and 
degradation of the fluorinated backbone of the surface ionomer due to 
the presence of H2O2 and free radicals such as _OH and _OOH. The in-
crease in fluoride emission during SO2 exposure was demonstrated by 
collecting and analyzing effluent water from the cathode outlet [67], 
which supported our XPS results. We could conclude that degradation of 
the ionomer and oxidation of the carbon support of MEA under SO2 
exposure resulted in the coarsening of the Pt particles and the ECSA loss. 

Interestingly, the exposed cathodic GDL has a significantly higher 
sulfur concentration on the surface than that of the reference cathodic 
GDL (1.0 at% vs 0.04 at.% in Fig. 7 d) and Table 2). Fig. 7 d) and f) show 
that an increase in the surface sulfur concentration in the exposed 
cathodic GDL is accompanied by an increase in the amount of O 1s, 
suggesting the formation of SOx species at the GDL. A comparison of the 
anodic GDLs for the reference and the exposed MEAs also revealed a 
slight increase in S content for the exposed sample. XPS results clearly 
showed that the exposure of the cathode to SO2 resulted in the formation 
of S-containing species on both the cathode catalyst surface and GDL. 
XPS data also provided valuable information on the chemistry of the 
sulfur species adsorbed on Pt [30,42,52] (Fig. 8 b, d). Typically, two 
doublet (S 2p1/3 and S 2p2/3) peaks are observed in the S 2p region with 
binding energies of 168.2 and 169.7 eV for low- and high-valent sulfur 
species such as SO3

2- (sulfite) and SO4
2- (sulfate), respectively. Exposure to 

SO2 caused a shift of the S 2p spectra to a lower binding energy due to 
the reduction of sulfur-containing species. A significant increase in the 
intensity of the S 2p peaks indicates the additional formation of S-con-
taining species on the Pt surface originating from the air stream. At the 
same time, small detectable peaks at 163–264 eV assigned to elemental 
sulfur were observed for the exposed cathode (Fig. 8 c) [30,42,52]. The 
overall analysis of the samples demonstrates that the surface concen-
tration of the reduced sulfur species was almost two times higher for the 
poisoned MEA compared to that of the reference (Fig. 7 e). The XPS 
studies showed the formation of reduced sulfur species and elemental 
sulfur on the cathode after exposure to SO2 and completely supported 
our CV results (Fig. 4, Table 1). 

3.4. SO2 effects on low-Pt PEMFC performance and durability 

The obtained results on the performance of low-Pt PEMFCs under 
exposure to SO2 were in good agreement with our previous data on the 
behavior of high-loaded fuel cells under SO2 contamination, and the 
reduction of Pt content did not change the mechanism of the SO2 
transformations [53]. However, we found that the performance of 
low-Pt PEMFCs was more sensitive and less resistant to SO2 due to a 
reduced initial performance and potential-dependent SO2 



4. Conclusion

In this work, we studied the effects of SO2 poisoning on the spatial
performance of low-Pt PEMFCs at different operating currents using a 
segmented cell approach. A reduction in cathode Pt loading to 0.1 mgPt 
cm� 2 and its exposure to 2 ppm SO2 led to 1) a voltage loss below 0.1 V 
for a fuel cell under exposure of SO2 operating at a high current; 2) a 
decrease in the cathode ECSA of up to 45.2%; and 3) a decline in the 
overall performance after recovery in the range of 70–80 mV with a local 
performance drop of ~100 mV. Physico-chemical evolution of the 
poisoned PEMFCs showed that the observed behavior can be attributed 
to SO2 electrochemical reduction causing the formation of elemental S0 

on the Pt surface and altering the ORR pathway to a combination of 2- 
and 4-electron mechanisms with peroxide production. The peroxide 
production additionally contributes to catalyst degradation, causing 
ECSA loss that negatively affects fuel cell performance and consequently 
its durability. The deposition of S0 on the catalyst surface explained the 
lack of full self-recovery and necessity of voltage cycling to high po-
tential (>1.2 V) to ensure sulfur oxidation and removal. Moreover, due 
to formation of elemental sulfur at lower cathode potential, an increase 
in operating current will promote poisoning effects of SO2 on low-Pt 
PEMFCs. All of these findings demonstrate premature degradation of 
low-Pt PEMFCs in the presence of SO2 and, from a larger perspective, 
indicate that the durability, performance and life span of low-Pt fuel 

cells can be easily compromised during long-term operation under harsh 
environmental conditions. Since low-Pt PEMFC performance and dura-
bility are seriously affected by SO2 and operations with pure air could 
not ensure full recovery, it is suggested that SO2 should be eliminated 
from air stream. 
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degrees of agglomeration, although the reasons for the fast degradation 
of low-Pt MEAs were still not clear. Our results suggest that the observed 
substantial ECSA and performance loss for low-Pt PEMFC could be 
explained by accelerated Pt dissolution and redeposition (Ostwald 
ripening) as well as particle agglomeration in the presence of SO2. 
Apparently, the role of SO2 in these processes was not direct and instead 
were mediated by the SO2 impact on the ORR; since the contaminant 
switched the ORR mechanism from the 4-electron to a mixture of the 4- 
and 2-electron pathways with the production of H2O2 [30–32], which 
was the main source of free radicals that were the contributors to the 
ionomer degradation and further agglomeration of Pt particles. Pt 
dissolution could occur not only at high potentials but also at interme-
diate potentials (~0.65 V) [71], so we could expect that the released Pt 
ions at the cathode diffuse toward a membrane, where they are reduced 
by permeating H2 from the anode; thus, resulting in the formation of 
electrically disconnected Pt particles within the membrane [72]. It 
should be noted that Pt bands in the membrane were detected after 
PEMFC poisoning by SO2 [67], which supported the Oswald ripening 
mechanism for Pt surface area loss. Taking into account the fact that 
low-Pt MEAs have less catalytic material than high-Pt electrodes, any 
reduction in available Pt and its surface area through either Pt redepo-
sition in the membrane or as particle agglomeration caused a more 
drastic effect on the ECSA and performance compared to the high-Pt 
cathodes. Our results and understanding of SO2 electrochemical 
behavior at fuel cell operating conditions suggest that a recovery pro-
cedure should include an increase in a cathode potential greater than 
1.1 V to oxidize the deposited elemental sulfur species at 35 �C. These 
potentials cannot be achieved at regular fuel cell operation with air (ocv 
~0.95 V) or even with O2 (ocv ~1.1 V). However, an increase in oper-
ating temperature could reduce oxidation potential of S0 as it is known 
for carbon monoxide. So, purging cathode with pure O2 at elevated 
temperature could be a possible and relatively simple way to recover 
fuel cell performance. Other rehabilitation approaches involve cathode 
purging with O3 (E0 2.07 V), or electrochemical cycling that is coupled 
with repeated flushing with pure air. While, these strategies might 
remove sulfur-containing species from catalyst surface, they cannot 
undo the damage of irreversible losses arising from the cathode ECSA 
decline. Furthermore, such recovery procedures deviate from the 
PEMFC stack standard operating routine and can be performed by spe-
cialists at service centers which creates a significant drawback to their 
commercial viability. 
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