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ABSTRACT: The adsorption/desorption behavior of sulfur
species at the (111) surfaces of pure Pt and various Pt-based o porin r } faster }
bimetallic alloys, denoted as Pt;M (M = Co, Cu, Fe, Pd), was 2.5 1} o ®
g © S * Pt;Fe(111) P

investigated by electrochemical measurements and X-ray photo- 58 ./,/” Pt.Cu. Pt.Co. Pt.Fe
electron spectroscopy (XPS). After the adsorption of elemental g8 eptpaiy) e AN Y
sulfur, the current responses characteristic of the adsorption/ g 0.5p" ST ::;;:::::
desorption of hydrogen and hydroxyl species at the sulfur-free bare @ £ e = slower
(111) surfaces completely disappeared, and a doublet peak < ol ] ® O
corresponding to the elemental s.ul.fur appeared in the S 2p region 0 30 60 90 120 150
of XPS spectra. The characteristic current responses gradually i Pt, Pt;Pd
recovered, simultaneously with the decrease of the S 2p peak, by Number of potential cycles

Pt atom Foreign metal atom with a smaller atomic radius

repeating the potential cycling between —0.2 and 0.8 V vs Ag/
AgCl, indicating the oxidative desorption of S species. Except for
the Pt;Pd(111) surface, in which Pd has a similar atomic radius to Pt and fully occupied 4d orbitals, the Pt;M(111) surfaces showed
higher oxidative desorption capability than those of the pure Pt(111) surface; electrochemically active surface area recovered at the
Pt;M(111) surfaces by fewer potential cycles than at the Pt(111) surface. Among the various factors, the downshift of the d-band
center due to the ligand effect of foreign metal and the electronic interaction between adsorbed S and Pt are the dominant factors
promoting the oxidative desorption of sulfur as well as the strain effect of foreign metal with an atomic radius smaller than Pt.

1. INTRODUCTION experimentally determined atomic arrangement. These studies
showed that the adsorption energy depends on the face
orientation of the Pt single crystal surfaces and adsorption
sites; for example, the adsorption energy of S is higher at the 4-
fold hollow site, 3-fold hollow fcc site, hep site, bridge site, and
the atop site in that order.”***°

Recently, the oxidative desorption behavior of S species at Pt
single crystal surfaces has been studied by various electro-
chemical procedures for a fundamental understanding of S
poisoning in PEMFCs.'”*”*"7% Sung et al. revealed that the
current responses characteristic to the S-free bare Pt(111)
single crystal surface were substantially blocked by the
adsorbed S species, and then those recovered by repeating
the electrochemical potential cycling in the range of —0.28 to
0.82 V vs Ag/AgCl because of the oxidative desorption.'’ They
also observed the current peak due to the oxidative desorption
of S species at 0.7 V vs Ag/AgCl in an aqueous solution of

Polymer electrolyte membrane fuel cells (PEMFCs) are
attracting much attention as clean power sources for
transportation applications and residential power systems."
Sulfur (S) species, which exist in air in volcanic areas and
hydrogen fuel gas, are one of the most severe pollutants for
PEMFCs.” They strongly adsorb on metal surfaces"* including
platinum (Pt) surfaces that are most commonly used
electrocatalysts in PEMEFCs, resulting in the decrease of
electrochemically active surface area (ECSA)."*~” Therefore,
understanding the adsorption/desorption behavior of S species
at the Pt-based electrocatalysts is very important to developing
electrocatalysts highly tolerant to S poisoning.

The adsorption/desorption of S species at the Pt surface has
been extensively studied not only from a fundamental
viewpoint®~'? but also for practical applications in
PEMFCs.”~""*7*! In conjunction with the development of
Clavilier’s method*” and advances in surface characterization
techniques™ since the 1980s, the adsorbed structures of S on
various Pt single crystal surfaces were determined on an atomic
scale by low energy electron diffraction (LEED)*™'" and
scanning tunneling microscopy (STM)."'™"® Thereafter, the
adsorption energy of S on the Pt surfaces was determined by
density functional theory (DFT)***7*° based on the
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sulfuric acid. On the other hand, Chen et al. observed the
current peaks due to the oxidative desorption of adsorbed S
species from the Pt(111) and Pt(100) surfaces at 1.43 and 1.36
V vs RHE, respectively.”’ They attributed this inconsistency
from the previous report by Sung et al.'’ to the different
adsorption conditions such as the adsorption potential,
concentration, and time. Recently, we further investigated
the effect of potential and face orientation on the oxidative
desorption behavior of S species using Pt(111), Pt(100), and
Pt(110) single-crystal surfaces in an aqueous solution of
perchloric acid and revealed that the oxidative desorption of S
species occurs at the potential more negative at the Pt(111)
surface than at the Pt(110) and Pt(100) surfaces in descending
order of adsorption energy of SO,.”'

In addition to pure Pt, various Pt-based alloys (denoted as
Pt—M), such as Pt—Fe, Pt—Co, and Pt—Ni, have been
considered as electrocatalysts in PEMFCs because of their
higher catalgtic activity toward the oxygen reduction reaction
(ORR),”™ as well as their impact on cost reduction by
reducing the amount of Pt.** The origin of their improved
catalytic activity for ORR was attributed to the shift of O,
adsorption energy caused by the downshift of the d-band
center of the Pt alloying with foreign metal (M).”~*
Afterward, the advantages of Pt—M alloys over pure Pt for
mitigatin% the S poisoning were suggested both theoret-
ically**™* and experimentally.'®*"~*’ Pillay et al.*’ progosed
that the adsorption energies of S on the Pt;Ni(111)* and
Pt;Co(111) surfaces’” were lower than those on the Pt(111)
surface based on the DFT calculation. In addition, they
experimentally demonstrated that the ECSA of the S-adsorbed
Pt;Co nanoparticles recovered by the oxidative desorption
after the potential cycling between 0 and 1.03 V vs RHE for §
times, while that of the S-adsorbed Pt nanoparticles recovered
after the same potential cycling for 30 times.”” Furthermore,
Ke et al. reported that the loss of ECSA of the Pt—Co and Pt—
Ru nanoparticles during the electrochemical treatments in a
sulfur-containing aqueous solution was less severe than that of
pure Pt nanoparticles."**’ Those alloy nanoparticles also
indicated the superior recovery capability from S poisoning to
the pure Pt nanoparticles during the potential cycling between
0 and 14 V vs RHE probably due to the bifunctional
mechanism where CO oxidation was promoted by the
adsorbed oxygen on Ru*® and/or ligand/strain effect of
coexisting Co that causes the modulation of electronic state
of Pt.>" Thus, Pt—M alloys are fascinating electrocatalysts in
PEMFCs because they can offer not only higher ORR activity
and reduced Pt usage but also improved tolerance to S
poisoning.

In the present study, we investigated the electrochemical
oxidative desorption behavior of S species at the single crystal
surfaces of pure Pt and Pt alloying with various foreign metals
by repeating the potential cycling between —0.2 and 0.8 V vs
Ag/AgCl. According to the discovery in our recent report that
Pt(111) surface is most advantageous for recovery from $
poisoning among the Pt(111), Pt(110), and Pt(100)
surfaces,”” (111) surfaces of pure Pt and Pt-based alloys
were used as working electrodes.

2. METHODS

2.1. Materials. The Pt(111) (10 mm in diameter and $§
mm in thickness) and Pt-based bimetallic alloys denoted as
Pt;M(111) (8 mm in diameter and 2 mm in thickness, atomic
ratio of Pt:M = 3:1) single-crystal disks were purchased from
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Surface Preparation Laboratory and Crystal Base Co., Ltd,,
respectively. Super special grade HCIO, (60%) and wako
special grade Na,S (98.0%) were purchased from Wako Pure
Chemicals. Water was purified by using a Milli-Q_system
(ELGA LabWater, PURELAB flex3). Ultrapure Ar (99.9995%)
and Ar/H, mixed gases (95:5 v/v%, 99.999%) were purchased
from Suzuki Sho-kan.

2.2. Electrochemical Measurements. The electrode
potential was controlled with a potentiostat (Hokuto Denko,
HZ-7000). The electrochemical measurements were per-
formed at room temperature using a three-electrode electro-
chemical cell. A Pt wire and Ag/AgCl electrode (saturated
NaCl, +0.200 V vs RHE)>"*** were used as the counter and
reference electrodes, respectively. Cyclic voltammetry (CV)
measurements were carried out in an Ar-purged 0.1 M HCIO,
aqueous electrolyte solution with a scan rate of 50 mV s,
Hereafter, the potential was expressed with respect to Ag/AgCl
unless otherwise specified throughout the paper.

2.3. Sample Preparation. The Pt(111), PtyFe(111),
Pt;Pd(111), Pt;Co(111), and Pt;Cu(111) single crystal disks
were annealed at 1600, 1400, 1200, 1000, and 1000 °C,
respectively, for more than 1 h using an induction heater
(Ambrell, EASYHEAT0224) under the flowing Ar/H, mixed
gas. After cooling under the flowing Ar/H, mixed gas, the
surfaces of single crystal disks were brought in contact with an
Ar-purged 0.1 M HCIO, aqueous electrolyte solution with
keeping the potential at 0 V and CVs were measured to ensure
the cleanliness and atomic arrangement of the surfaces. This
cycle is referred to as precycle in this paper. Then, the disks
were immersed in a 1 mM Na,S aqueous solution under the
flowing Ar/H, mixed gas for 1 h. After being rinsed with water,
the surfaces of the disks were made in contact with a 0.1 M
HCIO, aqueous electrolyte solution while keeping the
potential at 0 V, and then the electrode potential was cycled
between —0.2 and 0.8 V 150 times to quantify the amount of
desorbed S from the charge integrations of hydrogen
adsorption/desorption waves.

2.4. X-ray photoelectron spectroscopy measure-
ments. X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using an AXIS-NOVA (Shimadzu/
Kratos). All the photoelectron spectra were obtained with a
monochromatic Al Ka source (hv = 1486.6 eV) at 300 W. The
incident angle of the X-rays and the takeoff angle of the
photoelectrons were fixed at 35.5 and 90° to the electrode
surface, respectively. The pass energy of the electron
spectrometer was 80 eV. XPS measurements of Pt(111) and
Pt;M(111) surfaces were performed after induction heating,
after immersing in a 1 mM Na,S aqueous solution, and after
electrochemical potential cycling in a 0.1 M HCIO, aqueous
electrolyte solution for 15 and 150 times. The samples, except
for those after induction heating, were rinsed with water,
followed by blowing off the remaining water with air. Then, all
of the samples were transferred into the analysis chamber of
XPS. The sample transfer was carried out in air and completed
in a few minutes. One may be concerned with possible side
reactions such as surface oxidation during the sample transfer,
but no significant spectral changes were observed in multiple
experiments. The intensities of Pt 4f peaks were normalized,
and the intensities of S 2p peaks were divided by the integrated
intensities of corresponding Pt 4f peaks. Binding energies were
calibrated by referencing C 1s peaks that can be assigned to the
hydrocarbon contamination (285.0 eV).

https://doi.org/10.1021/acs.jpcc.4c06652
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Figure 1. CVs of (a) bare and (b) S-adsorbed (A) Pt(111), (B) Pt;Co(111), (C) Pt;Fe(111), (D) Pt;Cu(111), and (E) Pt;Pd(111) electrodes
measured in a 0.1 M HCIO, aqueous solution with a scan rate of 50 mV s™'. The CV of the bare Pt(111) electrode was shown as a dashed line
together with those of bare Pt;M(111) electrodes. For the CVs of S-adsorbed electrodes, first (blue), 15th (green), 30th (orange), 60th (light
blue), 90th (pink), 120th (light green), and 150th cycles (red) were shown.
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Figure 2. Photoelectron spectra in the S 2p region of (a) bare and S-adsorbed (A) Pt(111), (B) Pt;Co(111), (C) PtyFe(111), (D) Pt;Cu(111),
and (E) Pt;Pd(111) electrodes obtained (b) before and after the (c) 15th and (d) 150th potential cycles. The intensity of the S 2p spectra was
divided by the integrated intensity of the corresponding Pt 4f spectra.

3. RESULTS AND DISCUSSION

3.1. Pt(111). Figure 1A shows cyclic voltammograms
(CVs) of bare and S-adsorbed Pt(111) single crystal electrodes
measured in an Ar-purged 0.1 M HCIO, aqueous electrolyte
solution with a scan rate of S0 mV s™'. The CV of bare
Pt(111) electrode (Figure 1A(a)) shows characteristic current
responses such as adsorption/desorption of hydrogen (—0.20
to 0.15 V) and hydroxyl species (0.30 to 0.60 V with a peak at
0.54 V).>*

After immersing the Pt(111) electrode in a 1 mM Na,S
aqueous solution, those characteristic current responses
disappeared (blue line in Figure 1A(b)) and doublet peaks
corresponding to adsorbed elemental S (163.1 eV>"°>%), as
well as indistinct peaks due to SO, (165.7 eV*****°) and
SO, (168.0 eV*"**°%%%) appeared in the S 2p region of
photoelectron spectra (Figure 2A(b)). This suggests that the
adsorption/desorption of hydrogen and hydroxyl species was
blocked by adsorbed elemental S on the Pt(111) surface. As
the number of potential cycles increased, those characteristic
current responses gradually recovered and the oxidation
current increased at around 0.7 V in the positive going scan
(Figure 1A(b)). This oxidation current should be due to the
oxidative desorption of adsorbed S, together with the
formation of Pt oxide,”’ because the intensities of S 2p peak
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decreased after the 1Sth (Figure 2A(c)) and almost
disappeared after the 150th potential cycle (Figure 2A(d)).
Our recent results suggested that one of the major products of
S oxidation is SO, at the Pt(111) surface.>””” Some SO,
desorbs from the surface to recover the ECSA, while the
remaining SO, can be reduced to elemental S adsorbed on Pt
in the successive negative going scan. The current waves due to
the SO, reduction were observed at around 0.1 V and —0.05 V
in the negative going scan of the 15th—150th potential cycles
(Figure 1A(b)).

In addition, a pair of peaks due to the hydrogen adsorption/
desorption at the (110) substep”* newly appeared at around
—0.15 V (Figure 1A(b)) and became larger as the number of
potential cycles increased. This indicates that the surface
atomic arrangement of Pt(111) changed by repeating
oxidation/reduction of Pt.°*”°° CV measurements of S-free
bare Pt(111) surface were also performed in a 0.1 M HCIO,
aqueous electrolyte solution and a small peak corresponding to
the formation of the (110) substep was observed after the
potential cycling up to 0.8 V vs Ag/AgCl for 150 times as
shown in Figure SI. This suggests that the formation of the
(110) substep occurs due to the potential cycling without the
oxidative desorption of S. Nevertheless, since the (110) peak in
Figure 1A(b) is slightly larger than that in Figure SI, the

https://doi.org/10.1021/acs.jpcc.4c06652
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Figure 3. Photoelectron spectra in the Pt 4f region of (a) bare and S-adsorbed (A) Pt(111), (B) Pt;Co(111), (C) Pt;Fe(111), (D) Pt;Cu(111),
and (E) Pt;Pd(111) electrodes obtained (b) before and after the (c) 15th and (d) 150th potential cycles. The spectrum of the bare Pt(111)
electrode was shown in dashed line together with those of bare Pt;M(111) electrodes. All the spectra were normalized so that the integrated peak

intensities become constant.

Table 1. Binding Energies (eV) of the Pt 4f,,, Peaks of Bare and S-Adsorbed Pt(111), Pt;Co(111), Pt;Fe(111), Pt,Cu(111),
and Pt;Pd(111) Electrodes Obtained before and after the 15th and 150th Potential Cycles

Pt(111) Pt,Co(111) Pt,Fe(111) Pt,Cu(111) Pt;Pd(111)
bare 71.8 71.9 71.9 71.7 71.6
S-adsorbed (before potential cycling) 719 722 72.1 72.2 71.9
after 15th cycle 71.9 722 722 71.8 71.9
after 150th cycle 71.8 719 71.9 71.7 71.7

formation of the (110) site can be accelerated by the oxidation
desorption of S.

Figure 3A shows Pt 4f photoelectron spectra of the S-
adsorbed Pt(111) surfaces before and after the potential cycles
together with that of the bare Pt(111) surface as a reference.
The binding energies of the Pt 4f,,, peaks were summarized in
Table 1. At the S-adsorbed Pt(111) surface (Figure 3A(b),
(c)), Pt 4f peaks shifted by 0.1 eV to a higher binding energy
as compared to that of the bare Pt(111) surface (Figure
3A(a)). After the desorption of S species (Figure 3A(d)),
however, the Pt 4f peak reverted to the original position, the
same as that of the bare Pt(111) surface (Figure 3A(a)). The
shift of Pt 4f peaks is similar to but smaller than that reported
for the Pt black catalyst where S is adsorbed with weak Pt—S
electronic interaction.”® These results suggest the electronic
interaction between adsorbed S and Pt at the S-adsorbed
Pt(111) surface as is the case of CO adsorbed Pt surface.’!

3.2. Pt3Co(111) and PtsFe(111). Figure 1B,C shows CVs
of bare and S-adsorbed Pt;Co(111) and Pt;Fe(111) single
crystal electrodes measured in an Ar-purged 0.1 M HCIO,
aqueous electrolyte solution with a scan rate of S0 mV s™*. The
CVs of bare Pt;Co(111) (solid line in Figure 1B(a)) and
Pt;Fe(111) electrodes (solid line in Figure 1C(a)) were
different from that of pure Pt(111) electrode (solid line in
Figure 1A(a) and dashed lines in Figure 1B(a),C(a)) but in
accordance with the CVs of previous report for Pt;Co(111)
and Pt;Fe(111) electrodes covered with a Pt skin layer.’**
The positive potential end of hydrogen adsorption/desorption
waves became narrower than that of the Pt(111) electrode
(Figure 1B(a),C(a)). In addition, the hydroxyl adsorption/
desorption peaks split into two components; a very small
shoulder peak at around 0.5 V that is almost the same potential
as the hydroxyl adsorption/desorption peak at the Pt(111)
electrode and a positively shifted broad peak at around 0.6 V
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(Figure 1B(a),C(a)). Thus, the outermost layer of Pt;Co(111)
and Pt;Fe(111) electrodes after induction heating in the
present study is considered to be a Pt skin layer as previously
demfs)snésirated,é1’62 resulting from the Pt surface segrega-
tion. ™™

After immersing the Pt skin-covered Pt;Co(111) and
Pt;Fe(111) electrodes in a 1 mM Na,S aqueous solution, the
characteristic current responses disappeared (blue lines in
Figure 1B(b),C(b)) and a pair of peaks corresponding to
elemental S (163.2 eV>"°>°°), as well as indistinct peaks due to
SO, (165.8 eV*>*™*%) and SO, (168.1 eV>**59%¢)
appeared in the S 2p region of photoelectron spectra (Figure
2B(b) and Figure 2C(b)), showing the blocking of adsorption/
desorption of hydrogen and hydroxyl species by the adsorbed S
species. As the number of potential cycles increased, those
missing current responses gradually recovered (Figure 1B-
B(b),C(b)). Simultaneously, the current attributable to the
oxidation of adsorbed S species at around 0.7 V increased for
both electrodes (Figure 1B(b) and Figure 1C(b)). The
intensities of S 2p peaks significantly decreased after the
15th potential cycle (Figure 2B(c),C(c)) and almost
completely disappeared after the 150th potential cycle (Figure
2B(d),C(d)). The intensities of S 2p peaks at the S-adsorbed
Pt;Co(111) and Pt;Fe(111) surfaces were similar to each
other under the same potential cycling conditions but
substantially smaller than those of the Pt(111) surface (Figure
2A(d)), implying the acceleration of oxidative desorption of S
by alloying with Co and Fe.

In the case of Pt;Co(111), a pair of reversible peaks
assignable to the hydrogen adsorption/desorption at the (110)
substep”* appeared at around —0.15 V and became larger as
the number of potential cycles increased (Figure 1B(b)),
indicating that the surface atomic arrangement of Pt-skinned
Pt;Co(111) electrode changed during the potential cycling. In

https://doi.org/10.1021/acs.jpcc.4c06652
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contrast, unlike the Pt(111) and Pt;Co(111) electrodes
(Figure 1A(b),B(b)), the reversible peaks corresponding to
the hydrogen adsorption/desorption at the (110) substep were
absent at the Pt;Fe(111) electrode after the 150th potential
cycle (Figure 1C(b)), indicating that the surface atomic
arrangement of Pt-skinned Pt;Fe(111) electrode was main-
tained during the potential cycles in this potential range. Since
the surface roughening often produces low coordination Pt
atoms that are less stable for dissolution as evidenced both
experimentally and theoretically," ™" the Pt;Fe(111) elec-
trode with less surface roughening is potentially more tolerant
to the adsorption/desorption of S and/or oxidation/reduction
of Pt/Pt oxide by potential cycling.

Figure 3B,C shows the Pt 4f photoelectron spectra of the S-
adsorbed Pt;Co(111) and Pt;Fe(111) surfaces before and after
potential cycles together with those of bare Pt;Co(111) and
Pt;Fe(111) surfaces as a reference. Consistent with the
previous reports,**°" the binding energies of the Pt 4f peak
of bare Pt;Co(111) and Pt;Fe(111) surfaces were higher than
that of bare Pt(111) surface (Figure 3B(a),C(a) and Table 1),
indicating that the electronic state of surface Pt atoms was
modulated by alloying with Co and Fe due to the lattice strain
(strain effect) and electronic interaction (ligand ef-
fect).*¥°%%5~79 yy et al. calculated the d-band center of the
surface layer of the surface segregated Pt;M alloys, where M is
any of the three rows of transition metals (columns 3-12).%
Ou et al. also calculated the d-band center for the Pt-
segregated surface of various Pt;M alloys, where M is almost
the same as those reported by Yu et al.°* but except for T¢, Os,
and Hg, and concluded that for 3d transition metals except for
Sc and Cu, both strain and ligand effects cause downshift of the
d-band center of Pt-segregated surface.”” Note that both
studies show close values for the d-band center in each alloy,
albeit with slight differences. Thus, the shift of Pt 4f peak to a
higher binding energy, observed for Pt;Co(111) and Pt;Fe-
(111), is considered to be brought about by the downshift of
the d-band center away from the Fermi level.”'

At the S-adsorbed Pt;Co(111) and Pt;Fe(111) surfaces
(Figure 3B(b),C(b)), the Pt 4f peak shifted by 0.3 and 0.2 eV
to a higher binding energy than that at the bare Pt;Co(111)
and Pt;Fe(111) surfaces (Figure 3B(a),C(a) and Table 1),
respectively, suggesting the electronic interaction between
adsorbed S and Pt at the S-adsorbed electrodes as described in
the preceding section (3.1). Whereas the peak position
remained unchanged in the photoelectron spectra after the
15th potential cycle (Figure 3B(c),C(c) and Table 1), it
reverted to the original position same as those of bare
Pt;Co(111) and Pt;Fe(111) surfaces after the 150th potential
cycle (Figure 3B(d),C(d) and Table 1) where the S species
completely desorbed from the surface as evident by photo-
electron spectra in S 2p region (Figure 2B(d),C(d)). This
confirms the occurrence of electronic interaction between
adsorbed S and Pt at the S-adsorbed Pt;Co(111) and
Pt;Fe(111) surfaces. Thus, the trends of electrochemical
responses and spectral features at the bare and S-adsorbed
Pt;Co(111) and Pt;Fe(111) electrodes were similar to each
other, except for the potentially higher tolerance of Pt;Fe(111)
electrode to the surface roughening by potential cycling.

3.3. Pt;Cu(111) and Pt;Pd(111). Figure 1D,E shows CVs
of bare and S-adsorbed Pt;Cu(111) and Pt;Pd(111) single
crystal electrodes measured in an Ar-purged 0.1 M HCIO,
aqueous electrolyte solution with a scan rate of S0 mV s™". The
CV of bare Pt;Cu(111) electrode (Figure 1D(a)) exhibited
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similar characteristics to those of Pt;Co(111) and Pt;Fe(111)
electrodes (Figure 1B(a) and Figure 1C(a)) in the following
aspects; the hydrogen adsorption/desorption waves were
distorted and the hydroxyl adsorption/desorption peaks split
into the two broad components. However, it is worth noting
here, with respect to Pt;Cu(111) that there are two notable
differences from Pt;Co(111) and Pt;Fe(111). Whereas the
shoulder peaks at around 0.5 V were much smaller than the
positively shifted peaks at 0.6 V at the Pt;Co(111) and
Pt;Fe(111) electrodes (Figure 1B(a),C(a)), the peak at
around 0.5 V was comparable to positively shifted ones
(Figure 1D(a)). In addition, the positively shifted peak was
observed at around 0.7 V (Figure 1D(a)), which is 0.1 V more
positive than those at the Pt;Co(111) and PtyFe(111)
electrodes (Figure 1B(a),C(a)). Notably, theoretical calcu-
lations predicted that a Pt surface segregation in Pt;Cu(111) is
either weak®® or possible but not strong,"*”° and for Pt—Cu
alloys, both experimental and theoretical studies suggested that
the Pt segre§ation tends not to be so obvious and varies with
conditions.” ~”® Jensen et al. reported that the positive
potential shift of the adsorption/desorption peaks of hydroxyl
species became larger as increasing the Cu content at the Cu/
Pt(111) near-surface alloy.”” They also reported that the
hydroxyl adsorption/desorption peaks reached 0.69 V when a
Pt skin layer was formed on a complete monatomic Cu second
layer. Thus, the surface of the Pt;Cu(111) electrode in the
present study was probably covered by the Pt skin outermost
layer formed on the Cu second layer but partially phase-
separated.

The CV of the bare Pt;Pd(111) electrode (solid line of
Figure 1E(a)) was distinctively different not only from that of
the pure Pt(111) electrode (solid line of Figure 1A(a) and
dashed line of Figure 1E(a)) but also from those of any other
Pt;M(111) electrodes examined in this study (solid lines of
Figure 1B—D(a)); a new reversible peak appeared at around
0.05 V and the hydroxyl adsorption/desorption peaks became
broader and shifted to negative potential as compared to the
CV of the Pt(111) electrode (solid line of Figure 1A(a) and
dashed line of Figure 1E(a)). Also notably here, theoretical
calculations predicted little Pt segregation on the surfaces of
Pt3Pd(111),63’64’70 and both experimental and theoretical
studies indicated that no preferred surface segregation of Pt
occurs in Pt—Pd alloys, but rather that Pd would enrich the
outermost layer of alloys.”>”’> The characteristics of CV
observed for bare Pt;Pd(111) electrode imply that hydrogen
and hydroxyl species adsorb on the Pt;Pd(111) electrode more
strongly than on the Pt(111) electrode’® probably due to the
upshift of d-band center.”*”"””

After immersing the Pt;Cu(111) and Pt;Pd(111) electrodes
in a 1 mM Na,S aqueous solution, those characteristic current
responses disappeared (blue lines in Figure 1D(b) and Figure
1E(b)) and doublet peaks corresponding to adsorbed
elemental S (163.3 eV°>*>*°) and very small peaks due to
SO, (165.7 eV**°>%%) and SO,>~ (168.4 eV*"*59°°)
appeared in the S 2p region of photoelectron spectra (Figure
2D(b) and Figure 2E(b)). One may be concerned with the
formation of CuS at the Pt;Cu(111) surface, but the position
of the S 2p peak of the S-adsorbed Pt;Cu(111) surface was
totally different from that of CuS deposited on a polycrystalline
Pt surface as shown in Figure S2 and previous report.”® The
intensity of the S 2p peak at the S-adsorbed Pt;Cu(111)
surface shown in Figure 2D(b) is slightly smaller than those of
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the other surfaces, implying its potentially high tolerance to S
adsorption.

Interestingly, in addition to a small current peak at around
0.2 V, oxidation current significantly larger than those of the
other electrodes (blue lines in Figure 1A—C,E(b)) started to
be observed from around 0.6 V only in the first potential cycle
of the S-adsorbed Pt;Cu(111) electrode (blue line in Figure
ID(b)). The small current peak can be attributed to the
dissolution of Cu from the phase-separated Cu domain
because the potential is in reasonable agreement with the
redox potential of Cu, originally reported as 0.342 V vs SHE.”
This small oxidation peak was not observed at the bare
Pt;Cu(111) surface but only after the S adsorption, suggesting
that the dissolution of phase-separated Cu was accelerated by
adsorbed S species as previously reported.*”®' The large
oxidation current rising from 0.6 V should be due to the
oxidation of adsorbed S because the current wave correspond-
ing to the reduction of SO, at around —0.1 V in the successive
negative going scan of the first potential cycle (blue line in
Figure 1D(b))*" was also larger than those of the other
electrodes (blue lines in Figure 1A—C,E(b)). Moreover, the S
2p peak of the S-adsorbed Pt;Cu(111) surface almost
disappeared after the 15th potential cycle (Figure 2D(c))
although the S 2p peaks were still present at the surfaces of
other electrodes at this stage (Figure 2A—C,E(c)), indicating
that the oxidative desorption of S at the Pt;Cu(111) surface is
faster than the others. By repeating the potential cycles, the
hydrogen and hydroxyl adsorption/desorption current waves
recovered gradually and almost reverted to the original shapes
characteristic of the bare Pt;Cu(111) electrode after the 90th
potential cycle (pink line in Figure 1D(b)). This confirms that
despite the dissolution of phase-separated Cu, the atomic
arrangement of the Pt;Cu(l11) electrode was almost
maintained.

As the number of potential cycles increased at the S-
adsorbed Pt;Pd(111) electrode, the hydrogen adsorption/
desorption waves gradually recovered (Figure 1E(b)).
However, the intensity of the S 2p peak after the 15th
potential cycle (Figure 2E(c)) was much larger than those of
Pt(111) and other Pt;M(111) electrodes (Figure 2A—D(c)),
suggesting that the oxidative desorption of S at the Pt,Pd(111)
electrode is slower than the others. Even after the 150th
potential cycle where the hydrogen adsorption/desorption
waves almost completely recovered at the other Pt;M(111)
electrodes (dashed lines and red lines in Figure 1B—D(b)), it
recovered only up to 46% of that of the original bare
Pt;Pd(111) electrode (dashed line and red line in Figure
1E(b)). In addition, the reversible peak observed at around
0.05 V, which is characteristic to the bare Pt;Pd(111) electrode
(solid line in Figure 1E(a) and dashed line in Figure 1E(b))
was missing and the shape of CV (red line in Figure 1E(b))
resembles that of bare pure Pt(111) electrode (Figure 1A(a)
and dashed line in Figure 1E(a)). These characteristics are
probably due to the enhancement of S adsorption by the
presence of Pd in the outermost layer.*

Figure 3D,E shows Pt 4f photoelectron spectra of the S-
adsorbed Pt;Cu(111) and Pt;Pd(111) surfaces before and
after the potential cycles together with those of bare
Pt;Cu(111) and Pt;Pd(111) surfaces as a reference. In
contrast to the Pt;Co(111) and Pt;Fe(111) surfaces, the
binding energies of Pt 4f peak of bare Pt;Cu(111) and
Pt;Pd(111) surfaces were lower by 0.1 and 0.2 eV than that of
bare Pt(111) surface (Figure 3D(a),E(a) and Table 1). This is

consistent with the previous reports at the Pt;Pd(111)
surface.>**

The ligand effect of transition metals was reported to
generally cause a downshift of the d-band center of Pt-
segregated surface in most Pt;M alloys, except for those in
which M has fully occupied the outermost d orbitals.”’
Although Cu has fully occupied 3d orbitals that bring about
the upshift of the d-band center, its smaller atomic radius
causes the downshift and, as a result, ligand and strain effects of
Cu are nearly canceled out.”” On the other hand, since Pd has
fully occupied 4d orbitals and an atomic radius similar to Pt,
the ligand effect is more dominant, leading to the upshift of the
d-band center toward the Fermi level.”” Thus, the shift of the
Pt 4f peak to a lower binding energy at the Pt;Pd(111)
electrode is more prominent than that of the Pt;Cu(111)
electrode.

At the S-adsorbed Pt;Cu(111) and Pt;Pd(111) surfaces
(Figure 3D(b) and Figure 3E(b)), the Pt 4f peaks shifted by
0.5 and 0.3 eV to a higher binding energy than those of bare
Pt;Cu(111) and Pt;Pd(111) surfaces (Figure 3D(a),E(a) and
Table 1), respectively, presumably due to the electronic
interaction between adsorbed S and Pt. The Pt 4f peak of the
S-adsorbed Pt;Cu(111) surface shifted to a lower binding
energy after the 15th potential cycle (Figure 3D(c) and Table
1) where the S 2p peak almost disappeared, and completely
recovered to the original position of bare Pt;Cu(111) surface
after 150th potential cycle (Figure 3D(d) and Table 1). In the
case of the S-adsorbed Pt;Pd(111) surface, however, the
position of the Pt 4f peak remained almost unchanged after the
15th potential cycle (Figure 3E(c) and Table 1) and it was still
higher by 0.1 eV than that of the bare Pt;Pd(111) surface even
after the 150th potential cycle (Figure 3E(d) and Table 1).
Thus, we confirmed the electronic interaction between
adsorbed S and Pt at the S-adsorbed Pt(111) and all of the
Pt;M(111) surfaces.

3.4. Recovery Rate. To elucidate the effect of alloying on
the oxidative desorption of S species, the recovery factor, RF is
defined as eq 1 based on the electrochemical charge
integrations of hydrogen desorption current at the Pt(111)
and Pt;M(111) electrodes.

CS— adsorbed
Cbare ( 1 )

RF =

where Cg gobea @and Cp,e are the charge integrations of
hydrogen desorption waves at the S-adsorbed electrodes after
potential cycling and bare electrodes, respectively. Figure 4
shows the plot of RF with respect to the number of potential
cycles.

Pt(111)
o Pt;Fe(111)

@ (5 Prrdiin ~

0 30 60 90 120 150
Cycle number / N

Figure 4. Recovery factor, RF, of the S-adsorbed Pt(111),
Pt;Co(111), PtyFe(111), Pt;Cu(111), and Pt;Pd(111) electrodes
against the number of potential cycles.
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Figure S. RFs after 150th potential cycles with respect to the binding energy of Pt 4f peaks of Pt(111), Pt;Co(111), Pt;Fe(111), Pt;Cu(111), and
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(Co, Fe, Cu, Pd) for Pt;M(111) electrodes.

RFs were higher at the Pt;Cu(111), Pt;Co(111), Pt;Fe-
(111), Pt(111), and Pt;Pd(111) electrodes in that order up to
the 90th cycle, and the RF of the Pt;Co(111) electrode
became higher than that of the Pt;Cu(111) electrode from the
120th cycle. Except for the Pt;Pd(111) electrode, RFs of the
Pt;M(111) electrodes were higher than those of the Pt(111)
electrode. It is noted that RFs of the Pt;Co(111) electrode at
the 120th and 150th cycles became larger than 1, due to the
surface roughening caused by the oxidation/reduction cycles.

Ligand effect and strain effect are considered as the
dominant factors for RFs and thus RFs after 150th potential
cycles were plotted with respect to the binding energies of Pt
4f peaks of Pt(111) and Pt;M(111) electrodes before and after
the adsorption of S species and atomic radii of Pt and foreign
metal M (Figure S). Whereas the correlation between RF and
binding energy of the Pt 4f peak of bare Pt(111) and
Pt;M(111) electrodes was unclear (Figure S5(a)), RF
monotonically increased as the Pt 4f peaks of S-adsorbed
Pt(111) and Pt;M(111) electrodes became higher (Figure
5(b)). This result suggests that the electronic structure of S-
adsorbed Pt(111) and Pt;M(111) electrodes is one of the
important factors because the shift of the Pt 4f peak to a higher
binding energy represents the downshift of the d-band center
away from the Fermi level as discussed in the sections above.
Thus, the downshift of the d-band center caused by both the
ligand effect of foreign metal M and electronic interaction
between adsorbed S and Pt atoms substantially accelerates the
electrochemical oxidative desorption of S species. In addition,
RF became higher as the atomic radii of foreign metal M
became smaller (Figure 5(c)). The difference in atomic radii of
Pt and foreign metal M is the measure of another important
factor, the strain effect. The strain introduced by alloying Pt
with a foreign metal with a smaller atomic radius also promotes
the oxidative desorption of the S species.

4. CONCLUSIONS

We investigated the oxidative desorption behavior of S species
on the Pt(111), Pt;Co(111), Pt;Fe(111), Pt;Cu(111), and
Pt;Pd(111) electrodes by electrochemical measurements and
XPS. We confirmed that the adsorption and desorption of
hydrogen and hydroxyl species were blocked by adsorbed S
species on the electrode surfaces. However, the adsorbed S
species oxidatively desorbed from the electrode surfaces by the
potential cycling. The oxidative desorption of S species, i.e.,
recovery from the S poisoning was slower at the Pt;Pd(111)
electrode than at the Pt(111) electrode, whereas it was faster at
the Pt;Cu(111), Pt;Co(111) and Pt;Fe(111) electrodes than

at the Pt(111) electrode in that order. This trend was ruled by
the downshift of the d-band center due to the ligand effect of
foreign metal and electronic interaction between adsorbed S
and Pt, as well as the strain effect. Thus, the S oxidative
desorption capability of Pt electrocatalysts can be improved by
alloying with foreign metals, especially with a smaller atomic
radius.
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