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A B S T R A C T

Adsorption of sulfur (S) significantly reduces the electrochemically active surface area of platinum (Pt) elec
trocatalysts in polymer electrolyte membrane fuel cells (PEMFCs), namely, S poisoning. Mitigation techniques 
against S poisoning are strongly desired for highly durable PEMFCs. A Pt single-crystal surface was demonstrated 
to be modified with cerium (Ce) species by being immersed in a Ce-containing aqueous solution with hydrogen 
(H2) gas bubbling or potential holding at − 0.2 V vs. Ag/AgCl. For a Ce-free Pt electrode, electrochemical re
sponses characteristic of the adsorption/desorption of hydrogen and hydroxyl species at the bare Pt surface 
disappeared due to the adsorbed elemental sulfur, Sad, while the oxidative desorption of Sad from the Pt electrode 
occurred at around 0.80 V vs. Ag/AgCl. In contrast, for the Ce-modified Pt electrode, the oxidative desorption of 
Sad occurred at a potential around 0.3 V which is less positive (more negative) than that of Ce-free Pt electrode, 
showing the enhanced oxidative desorption capability due to the presence of Ce species on the surface. While the 
Ce species was desorbed from the Pt electrode simultaneously with the oxidative desorption of Sad, the Pt surface 
can be re-modified with the Ce species by H2 gas bubbling or potential holding at − 0.2 V vs. Ag/AgCl, which is a 
similar condition to that of anode of PEMFC under operations. Thus, the Ce-modification of Pt surfaces poten
tially acts as a practical mitigation measure against the S poisoning.

1. Introduction

The activity of electrocatalysts has been enhanced through various 
technologies [1–4], but promoting the desorption of sulfur (S) species 
from platinum (Pt) surfaces remains one of the key challenges in poly
mer electrolyte membrane fuel cells (PEMFCs): PEMFCs, emitting water 
as the only chemical byproduct and therefore attracting a great deal of 
attention as clean power sources [5], oxidize hydrogen (H2) fuel gas to 
protons in the anode and reduce oxygen from the air to water in the 
cathode, while the adsorption of pollutants and impurities present in air 
and fuel gas on the surfaces of Pt catalyst severely degrades the per
formance of PEMFCs [6–11]. Since strong adsorption of S species 
significantly inhibits the electrochemical reactions, that is S poisoning 
[12,13], the mitigation technique against S poisoning is strongly desired 
for the long-lived PEMFCs.

In the cathode (oxygen electrode) of PEMFC, which is operating at 
around 0.6 to 0.75 V vs. Ag/AgCl (equivalent to 0.4 to 0.55 V vs. SHE) in 
oxygen-rich condition [14], the adsorbed S species can be spontaneously 

oxidized. In the anode (hydrogen electrode), in contrast, operatable and 
efficient mitigation techniques such as heat treatment, ozone addition 
and utilization of crossover oxygen are necessary to promote the 
desorption of S species [15] because of its negative operating potential 
around − 0.2 V vs. Ag/AgCl (equivalent to 0.0 V vs. SHE) [15,16].

The adsorption/desorption behavior of S species at Pt single crystal 
surfaces has been extensively studied at the atomic scale using various 
surface analysis techniques from the perspective of fundamental surface 
science [17–21], which recently has also been studied in relation to S 
poisoning of Pt electrocatalysts in PEMFCs [18,22–24]. These studies 
revealed that the S species adsorbed on the Pt(111) single crystal sur
faces can be removed by oxidative desorption in the potential range 
more positive than 0.8 V vs. Ag/AgCl [22,23]. We studied the face- 
orientation dependent oxidative desorption using single crystal Pt 
(111), Pt(110) and Pt(100) surfaces and found that SO2 formed by the 
oxidation of elemental S was easily desorbed from the Pt(111) surface 
compared to the other surfaces due to the smaller adsorption energy of 
SO2 at the Pt(111) surface than that at the other surfaces [25]. In 
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addition, from the investigation using the (111) surfaces of single 
crystals of Pt-based bimetallic alloys, we found that alloying with 
foreign metal atoms such as Cu, Co and Fe, which have smaller atomic 
radius than that of Pt, improved the oxidative desorption of S due to the 
downshift of d-band center [26].

Although oxidative desorption is an effective recovery technique 
from S poisoning, simultaneous Pt oxide formation and following 
reduction cause the formation of low-coordinated Pt sites with low 
stability against dissolution [27,28]. In addition, such very positive 
potential cannot be applied to the anode because it causes the corrosion 
of carbon support, leading to the rapid and irreversible degradation of 
PEMFCs [29]. Thus, an alternative mitigation technique which can 
accelerate the removal of the adsorbed S species in a milder condition, i. 
e., in the less positive potential range is strongly desired to avoid the 
deterioration of catalytic activity during the recovery from the S 
poisoning.

Ce species are used as promoters to facilitate the oxidative decom
position of adsorbed species on catalyst surfaces through their oxygen 
storage/supplying capability accompanying with the redox behavior of 
the CeO2/Ce2O3 [30]. In the present study, we modified a Pt(111) sur
face with Ce species by being immersed in an aqueous solution saturated 
with H2 gas and demonstrated its enhanced oxidative desorption capa
bility for adsorbed S species, over a Ce-free bare Pt(111) surface.

2. Experimental

2.1. Material

The Pt (111) single-crystal disk (99.99 %, diameter:10 mm, thick
ness: 5 mm) was purchased from Surface Preparation Laboratory. Ul
trapure reagent-grade HClO4 (60 %) and reagent-grade Na2S (98.0 %) 
purchased from Wako Pure Chemicals, and high purity reagent-grades 
Ce(NO3)3•6H2O purchased from Kanto Chemical were used without 
further purification. Water was purified using a Milli-Q system (ELGA 
LabWater). Ultrapure Ar (99.999 %)/H2 (99.999 %) mixed gases (95:5) 
were purchased from Suzuki Shokan.

2.2. Sample preparation

Prior to each measurement, the Pt(111) single-crystal disk was 
annealed using induction heater at 1600 ◦C for more than 1 h under the 
flowing Ar and H2 mixed gas [31]. After cooling under the Ar/H2 flow 
for 7 min, the clean Pt(111) disk was immersed in a 0.01 M Ce(NO3)3 +

0.1 M HClO4 aqueous solution with bubbling Ar/H2 gas through the 
solution for 1 h to yield a Pt(111) surface modified with Ce species, 
denoted as Ce-modified Pt(111) surface or “Ce/Pt(111)”. The open cir
cuit potential under this procedure was around − 0.2 V vs. Ag/AgCl 
(equivalent to 0.0 V vs. SHE [32,33]). The Ce-modified Pt(111) surface 
can be also achieved by holding the potential at − 0.2 V vs. Ag/AgCl in 
the 0.01 M Ce(NO3)3 + 0.1 M HClO4 aqueous solution, instead of 
bubbling Ar/H2 gas through the solution.

The Ce-free and Ce-modified Pt(111) surfaces were immersed in a 1 
mM Na2S aqueous solution under the flow of Ar/H2 gas for 1 h (referred 
to as “S/Pt(111)” and “S/Ce/Pt(111)”, respectively). After being rinsed 
with water, those Pt(111) disks were transferred to the electrochemical 
cell, with keeping a droplet of water on the surface to avoid any surface 
contamination.

2.3. Electrochemical measurements

Electrochemical measurements were performed at RT using a three- 
electrode electrochemical cell in the hanging-meniscus configuration. A 
Ag/AgCl electrode (saturated NaCl, +0.200 V vs. SHE) [32,33], a Pt wire 
and the Pt(111) surfaces were used as a reference, a counter, and a 
working electrode, respectively. The potential of the working electrode 
was controlled by a Potentiostat (Hokuto Denko, HAB-151 A). Potential 

dependent current response was recorded by a data logger (Graphtec, 
GL900). Cyclic voltammetry measurements of the Pt(111) surfaces were 
carried out in a 0.1 M HClO4 aqueous electrolyte solution deaerated by 
ultrapure Ar gas. Hereafter, the potential was expressed with respect to 
Ag/AgCl unless otherwise specified throughout the paper.

2.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using AXIS-NOVA (Shimadzu 
Kratos) equipped with a monochromatic Al-Kα source at an operating X- 
ray power of 300 W without charge neutralization. The photoelectron 
take-off angle was fixed at 90◦. The analysis area was a spot with a 
diameter of 110 μm, and the energy of the photoelectrons passing 
through the analyzer (pass energy) was 80 eV. The vacuum pressure in 
the analysis chamber was ~1.5 × 10− 8 Torr. The position of C 1 s peak at 
285.0 eV was used to calibrate the entire spectra and the intensities of Ce 
3d, S 2p and O 1 s peaks were normalized by that of C 1 s peak of the 
same sample.

2.5. X-ray absorption near edge structure (XANES)

XANES measurements were performed at BL9A of the Photon Fac
tory (PF) operated at 2.5 GeV of the High Energy Accelerator Research 
Organization. XANES spectra at the Ce L3-edge for reference samples 
and the Ce-modified Pt(111) surface were recorded in air in a trans
mission configuration and a polarization dependent total reflection 
fluorescence configuration [34,35], respectively.

3. Result & discussion

Fig. 1 A shows CVs of Ce-free Pt(111) electrode before and after 
adsorption of S species, i.e., bare and “S/Pt(111)”, in various potential 
regions. When the potential was swept between − 0.20 and 0.50 V for 
“S/Pt(111)” (Fig. 1 A b), characteristic electrochemical responses of 
bare Pt(111) electrode such as adsorption/desorption of hydrogen (H- 
ads/H-des) and hydroxyl species (OH-ads/OH-des) (Fig. 1 A a) 
completely disappeared due to the adsorption of S, confirming the 
reduced electrochemically active surface area [25]. S 2p region of XPS 
spectra of Ce-free “S/Pt(111)” electrode (Fig. 1 C b) showed a pair of 
peaks corresponding to the adsorbed elemental S, Sad, at 162.8 eV (S 
2p3/2) and 164.0 eV (S 2p1/2) [18–21]. The potential cycling between 
− 0.20 and 0.50 V (Fig. 1 A b) did not cause any significant change in S 
2p region of XPS (Fig. 1 C c). When the positive potential limit was 
extended up to 0.80 V (Fig. 1 A c), however, oxidation current started to 
flow from 0.70 V, showing the oxidation of Sad species to SO2 and/or 
SO4

2− [25,36]. In the successive reverse scan (Fig. 1 A c), peaks due to the 
reduction of SO2 were observed at 0.20 and − 0.10 V [25,36]. By 
repeating this potential cycling between − 0.20 V and 0.80 V (Fig. 1 A c), 
current waves due to hydrogen adsorption/desorption gradually 
recovered. As shown in Fig. 1 C d, a pair of peaks corresponding to Sad at 
162.8 eV decreased significantly, while a small peak appeared at around 
167.5 eV, which is assignable to sulfur oxides such as SO2, SO3 and SO4

2−

[18,25,37]. These results confirm the oxidative desorption of Sad in the 
potential range more positive than 0.70 V and the (partial) adsorption of 
oxidatively-formed SOx, on the surface [25]. In O 1 s region, a peak 
corresponding to physisorbed species such as ClO4

− and carboxyl groups 
in organic contaminations were observed under all the conditions (Fig. 1
D a-d), where Fig. 1 D d may include the component of SOx.

Fig. 1 E a shows the CVs of the “Ce/Pt(111)” surface measured in a 
0.1 M HClO4 aqueous solution. After the immersion of Pt(111) surface in 
the 0.01 M Ce(NO3)3 + 0.1 M HClO4 aqueous solution deaerated by Ar/ 
H2 gas, the characteristic hydrogen adsorption/desorption waves were 
significantly distorted and the symmetric current waves due to the 
adsorption/desorption of hydroxyl species were absent, suggesting the 
modification of Pt(111) surface with Ce species. Comparing the CVs of 
the bare Pt(111) and “Ce/Pt(111)” (Fig. S1), the charge integration of 
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hydrogen desorption current at the “Ce/Pt(111)” surface was found to 
be 39 % of that at the Ce-free bare Pt(111) surface, showing that 61 % of 
the hydrogen adsorption site was covered by Ce species.

Decrease in hydrogen adsorption/desorption waves was also 
observed in CV of polycrystalline Pt surface after the immersion in the 
Ce(NO3)3 aqueous solution saturated with Ar/H2 gas (Fig. S2 (a)) or 
holding the electrode potential at − 0.2 V vs. Ag/AgCl (Fig. S2 (b)), 
implying that polycrystalline Pt surface can be modified with Ce species. 
However, CV of polycrystalline Pt surface remained unchanged after 
being immersed in the aqueous solution of Ce(NO3)3 without Ar/H2 gas 
bubbling (Fig. S2 (c)). Moreover, CVs of polycrystalline Pt surface before 
and after drop-casting the aqueous solution of Ce(NO3)3 (Fig. S2 (d)) are 
identical to each other. These results suggest that the physisorbed Ce 
species, probably Ce3+ ions, can be easily desorbed from the Pt surface 
and that either Ar/H2 bubbling or keeping the potential at − 0.2 V is 
essential to modify the Pt surface with insoluble Ce species such as hy
droxide. It is noted that, in the cathodic electrolytic deposition of cerium 
oxide (ceria, CeO2) [38–41], the generation of hydroxide ions (OH− ) by 
the reduction of species such as water, nitrate, and dissolved oxygen 
increases the local pH in the vicinity of electrode surface, which leads to 
the formation of cerium hydroxide Ce(OH)3 as an intermediate and 

finally to the deposition of CeO2 films due to further oxidation of the 
hydroxide [40,41]. In our case, under Ar/H2 gas bubbling or applying 
− 0.2 V, the Ce(OH)3 precipitate or layer is probably produced by an 
increase in the local pH at the interface, while the oxidation to CeO2 do 
not occur, considering from the E–pH diagram for the Ce–HClO4–H2O 
system [42].

The Ce 3d region of XPS spectra of the Ce-modified Pt(111) elec
trodes before and after the immersion in Na2S solution, i.e., “Ce/Pt 
(111)” and “S/Ce/Pt(111)”, confirmed the presence of Ce(III) species on 
the Pt(111) surface (Fig. 1 F a and b, respectively) [42–45]; in more 
detail, the four noticeable peaks observed are characteristic of Ce(III) 
oxidation state and can be deconvoluted into two doublets, one at ~887 
and ~905 eV assignable to 3d94f1 final state, and the other at ~883 and 
~901 eV often assigned to 3d94f2 final state [46,47]. Photoelectron 
spectrum in the O 1 s region of the “Ce/Pt(111)” and “S/Ce/Pt(111)” 
surfaces without electrochemical treatment (Fig. 1 H a and b, respec
tively) clearly showed the peak at 531.8 eV corresponding to Ce hy
droxide [44,45], in addition to the peak at 532.7 eV from physisorbed 
ClO4

− , carboxyl groups in organic contaminations and the component 
associated with SOx observed also for Ce-free surface (Fig. 1 D). It is 
noted that there was no component at ~530 eV corresponding to lattice 

E

E

Fig. 1. CVs of (A) the Ce-free and (E) Ce-modified Pt(111) surfaces before and after adsorption of S species, in the various potential regions in 0.1 M HClO4 aqueous 
solution with a scan rate of 50 mV s− 1. Photoelectron spectra in the regions of (B, F) Ce 3d, (C, G) S 2p and (D, H) O 1 s observed for (B–D) the Ce-free and (F–H) Ce- 
modified Pt(111) surfaces, in which spectra (a) and (b) were obtained before and after being immersed in a 1 mM Na2S aqueous solution, respectively, and spectra (c) 
and (d) were obtained after recording the voltammograms (b) and (c), respectively.

T. Morooka et al.                                                                                                                                                                                                                               Electrochemistry Communications 180 (2025) 108050 

3 



oxygen in CeO2 [44,45], suggesting the absence of Ce(IV) species. Ce L3- 
edge XANES spectrum of the Ce-modified Pt(111) electrode (Fig. 2 a) 
showed a single peak characteristic to Ce(III) species at 5724 eV [48], 
showing that Ce species deposited on at Pt(111) surface is Ce(III) state, 
presumably, Ce(OH)3. It is worth noting that, although a surface- 
sensitive total reflection configuration was adopted, the amount of Ce 
species is at the sub-monolayer level. Additionally, absorption and 
scattering in air have attenuated the signal, resulting in spectra with 
significant noise.

For the “S/Ce/Pt(111)” specimen, the peaks corresponding to Sad 
were observed at 162.5 eV (S 2p3/2) and 163.7 eV (S 2p1/2) in S 2p re
gion of XPS spectra (Fig. 1 G b), of which binding energies were slightly 
lower than, but almost the same as, those for Ce-free “S/Pt(111)” 
specimen (Fig. 1 C b). Interestingly, a large oxidation peak and coupled 
reduction peak appeared at around 0.32 and 0.18 V, respectively, in CV 
of “S/Ce/Pt(111)” electrode (Fig. 1 E b), whereas no current peaks were 
observed for the Ce-free “S/Pt(111)” electrode scanned in the same 
potential region (Fig. 1 A b). As described above, the cathodic current 
wave which we previously attributed to the reduction of SO2 to Sad [25] 
was observed between 0.20 and − 0.10 V in the CV of the Ce-free “S/Pt 
(111)” electrode after sweeping the potential up to 0.8 V to oxidize Sad 
(Fig. 1 A c). Thus, a pair of oxidation (at 0.32 V) and reduction (at 0.18 
V) peaks (Fig. 1 E b) can be attributed to the oxidation of Sad and 
reduction of SO2, respectively. The charge integration of this oxidation 
peak was estimated to be 360 μC cm− 2, which was in reasonable 
agreement with the theoretical charge density of 322 μC cm− 2 for the 
four-electron oxidation of Sad in the (√3 × √3)-R30◦ structure on the Pt 
(111) to SO2 [25].

With the number of potential cycling between − 0.20 V and 0.50 V, 
the oxidation peak gradually shifted to the less positive potential and 
both oxidation and reduction peaks became smaller (Fig. 1 E b). After 
the 15th potential cycling (Fig. 1 E b), the S 2p peaks due to Sad at 162.8 
eV decreased to 80 % (Fig. 1 G c), simultaneously with the disappear
ance of Ce 3d peaks (Fig. 1 F c) and O 1 s component associated with 
hydroxide (Fig. 1 H c), suggesting the desorption of insoluble Ce species, 
presumably Ce(OH)3, from the surface of “S/Ce/Pt(111)” specimen 
together with the oxidative desorption of Sad.

When the “S/Ce/Pt(111)” electrode was removed from the electro
lyte solution while keeping the potential at 0.5 V following the anodic 
(positive going) single scan from 0.0 V (Fig. 1 E c), the normalized peak 
area of S 2p decreased to 25 % in the photoelectron spectra (Fig. 1 G d). 
Previously, we proposed that the oxidatively formed SO2 can be 

desorbed from the surface or reduced to be Sad, and desorption of SO2 
from Pt surfaces is the key process that significantly affects the overall 
recovery rate from S poisoning [25]. In the present study, the oxidative 
desorption of Sad was also accelerated by skipping the successive 
cathodic (negative going) scan due to the lack of regeneration of Sad 
from SO2.

Considering that the current peak due to the oxidation of Sad to SO2 
was observed at 0.84 V at a Ce-free Pt(111) surface [25], the Ce modi
fication enables the oxidation of Sad at ~0.5 V less positive potential. 
Cerium oxide is used as a co-catalyst for three-way catalysts to eliminate 
the toxic exhaust gases from automobiles, due to its excellent oxygen 
storage capability; lattice oxygen can be donated to promote the 
oxidation reaction of toxic gases such as carbon monoxide (CO) [49]. 
Similar bifunctional mechanism accelerating the oxidative desorption of 
CO was also reported in electrocatalytic oxidation of CO adsorbed on 
Pt–Ru alloy surface [50]. In the present case, oxygen species such as OH 
trapped within the adsorbed Ce species can be used as an oxygen source 
to promote the oxidation of Sad at the Ce-modified Pt(111) surface and 
the resulting ionic Ce(III) species dissolved in the electrolyte solution as 
shown in Fig. 3.

4. Conclusion

The oxidative desorption of Sad was significantly promoted by 
modifying the Pt(111) surface with Ce species; oxidation of Sad occurred 
at 0.32 V at the Ce-modified Pt(111) surface whereas 0.84 V at the Ce- 
free Pt(111) surface. During this promotive effect on the oxidative 
desorption, not only a part of Sad but also Ce species desorbed from the 
surface, suggesting that the Ce species act as a sacrificial substance. Ce 
species are often added in the anode of PEMFCs as a radical quencher 
[51–53]. In addition, the modification of Pt surface with Ce species can 
be achieved by being exposed to H2 environment or keeping the po
tential at − 0.2 V vs. Ag/AgCl (equivalent to 0 V vs. SHE) which is similar 
to the practical operation condition of the PEMFC anode. Thus, the cycle 
consisting of the Pt modification with Ce species and Ce-involved 
oxidative desorption of Sad can be a practical mitigation technique 
against the S poisoning using a small amount of cross-over oxygen from 
the cathode.
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