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We prepared a Pt-terminated PtRu near-surface alloy with a lateral concentration gradient on Pt(111).
The near-surface alloy is exposed to CO at 100 K or O, at 600 K and subsequently investigated using
synchrotron-based high-resolution X-ray photoelectron spectroscopy. By moving the sample laterally
under the focused X-ray beam (spot size ~0.05 mm), we were able to study locally different alloy
compositions under identical measurement conditions. With increasing subsurface Ru concentration, we
observe a gradual decrease in the CO occupancy of Pt bridge sites, while the amount of on-top
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adsorbed CO remains constant over the investigated compositional range. Oxidation of the alloy reveals
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Introduction

Platinum-ruthenium catalysts are used as state-of-the-art
anode materials for the electrooxidation of alcohols in proton
exchange membrane fuel cells (PEM-FCs)." * Different promoting
roles of Ru are responsible for the high performance of this
bimetallic combination in the oxidation of primary and secondary
alcohols, which exceeds that of pure Pt as the most active single
metal catalyst in these reactions.”

A key challenge in primary alcohol-based fuel cells (e.g., in
the direct methanol fuel cell, where MeOH is oxidized to CO,) is
the oxidative removal of the site-blocking reaction intermediate
CO.° Compared to bare Pt catalysts, bimetallic PtRu catalysts
show an enhanced activity in MeOH and CO oxidation, which
has been explained by two concepts: (1) as more oxophilic
element, Ru binds oxy-/hydroxy-species at lower positive poten-
tials than Pt; these species in return facilitate the oxidation of
CO molecules at neighboring Pt sites (the so-called bifunctional
mechanism);”® (2) the binding energy of CO to Pt sites within
the alloy is weakened;™'° this is attributed to electronic ligand-
and/or compressive strain effects in the binary system, both of
which lead to an energetic downshift of the Pt d-band center,
which results in weaker metal-adsorbate interactions.'*™°
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a clear increase in the fraction of oxidized Ru atoms (the RuO,: Ru ratio) with increasing Ru content.

Secondary alcohols have recently attracted considerable
attention as rechargeable electrofuels in the context of liquid
organic hydrogen carriers (LOHCs).>*"”">! Isopropanol can be
selectively oxidized to acetone in a PEM-FC to produce electri-
city (electrons and protons) without notable CO, formation.>*
Since acetone can be hydrogenated again to isopropanol, the
process is not only carbon-neutral but also recyclable. When
the oxidation of isopropanol is carried out over a PtRu anode,
an additional peak at low overpotentials (onset at 0.05 Vgyg)
is observed together with the peak at 0.75 Vgyg (onset
>0.30 Vgpyg), which is also found with pure Pt.'® The peak at
low overpotentials has been associated with ultrasmall Pt
aggregates that are stabilized by Ru.?® The performance of this
fuel cell is, however, still limited to comparably low current
maxima; poisoning of the active site by the product acetone
and the oxidation of Ru are assumed to be the limiting factors
here‘18,20,22

Finally, also for the thermal dehydrogenation of alcohol-
functionalized LOHCs the bimetallic combination of Pt and Ru
appears to be a very effective catalyst. In a recent study, Maurer
et al. investigated the performance of carbon-supported PtRu
catalysts in the thermal dehydrogenation of dicyclohexylmetha-
nol to benzophenone and observed an up to 65% increased
hydrogen release productivity compared to the monometallic
Pt/C ref. 23. The authors explained this by the formation of Ru-
stabilized Pt nanoclusters and a weakened binding of adsor-
bates to Pt sites (in the concept of the aforementioned d-band
model*?%),

With our study, we aim to contribute to a better fundamen-
tal understanding of this bimetallic system. Specifically, we are
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interested in how the Ru content affects the CO tolerance and
the oxidizability of PtRu catalysts on the atomic scale. To this
end, we prepared a PtRu near-surface alloy with a concentration
gradient on a Pt(111) substrate. The near-surface alloy was
exposed to CO at 100 K or O, at 600 K and subsequently
investigated using synchrotron-based high-resolution X-ray
photoelectron spectroscopy (HR-XPS). By moving the sample
laterally under the focused X-ray beam (spot size ~ 0.05 mm),
we were able to probe locally different alloy compositions under
identical measurement conditions.

Experimental

All experiments were performed at the beamline UE56-2 PGM-2
of the BESSY II synchrotron facility, Helmholtz-Zentrum Berlin
(Germany). Our transportable UHV apparatus has been
described in detail by Denecke et al.>® It is equipped with a
hemispherical electron energy analyzer (Omicron EA125 U7
HR), a sputter gun (Ar'), and a three-stage supersonic molecular
beam. The latter was used in this work to dose CO and O,.
Additionally, an electron beam evaporator for the deposition of
Ru and a quartz crystal microbalance (QCM) for the calibration
of the deposition rate were installed.

Prior to Ru deposition, the Pt(111) single crystal (MaTecK,
99.999%) was cleaned by Ar' ion sputtering (1 keV, par = 5 x
10~® mbar, 20 min) and subsequent flash annealing to 1200 K.
Remaining carbon impurities were removed by exposure to O,
at 900 K. The cleanness of the substrate was confirmed by XPS.

All XP spectra were recorded in normal emission (0°), with a
light incident angle of 50°. The excitation energies were 380 eV
for the Ru 3d/C 1s region with a resolution of ~260 meV and
150 eV for the Pt 4f region with a resolution of ~100 meV. All
binding energies (BEs) were referenced to the Fermi level and a
linear background was subtracted from each spectrum. The
spectra were then fitted with a convolution of asymmetric
Doniach-Sunji¢ and Gaussian functions.?®

Results and discussion

Preparation and characterization of the composition spread
near-surface alloy

The composition spread near-surface alloy was prepared by
depositing a wedge-shaped Ru gradient onto the clean Pt(111)
substrate.””>° The gradient was achieved by positioning the
sample with a lateral offset from the focus of the electron beam
evaporator during Ru deposition at 100 K. After flashing the
sample to 600 K to desorb CO impurities from the evaporation
process, the concentration gradient was determined by measur-
ing Pt 4f and Ru 3d XP spectra at different sample positions,
that is, while laterally shifting the sample. More specifically, the
sample was moved in the y direction in steps of 0.10 mm under
the focused X-ray beam (spot size ~ 0.05 mm) to probe the
lateral extension and local concentration of the Ru deposit. The
gradual growth of the Ru 3d signal in the corresponding y scan
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Fig.1 Comparison of the observed Ru 3ds,, and Pt 4f;, spectra at
different stages of the experiment, recorded at the position y =
1.40 mm. From bottom to top: pristine Pt(111) substrate; after deposition
of the Ru wedge and flash-annealing to 600 K; after subsequent flash-
annealing to 850 K.

(»=0.00 - 1.40 mm) in Fig. S1 in the ESI,} indeed confirms the
presence of a lateral Ru gradient on the Pt(111) surface.

The local Ru coverages, that is, the thicknesses along the
wedge were deduced from the attenuation of the Pt 4f;, signal
while accounting for a linear damping in the submonolayer
regime. Details of this quantification procedure are provided in
the ESI.¥ The maximal wedge thickness was calculated to be
1.19 A (at y = 1.40 mm), which, considering a monolayer
thickness of 2.15 A based on the interlayer spacing in
Ru(0001),*° corresponds to a local Ru coverage of 0g, = 0.56
ML. The corresponding Pt 4f;, and Ru 3ds, spectra at y =
1.40 mm, before and after Ru deposition, are shown at the
bottom and in the middle of Fig. 1, respectively. In addition to
the main peaks at 70.93 and 280.07 eV (Pt 4f;,,/Ru 3ds,), the Pt
4f,, level of the clean surface displays an additional peak at
lower binding energy (70.53 eV), which is attributed to the
surface-core-level-shift (SCLS) component of the Pt atoms of the
clean surface. After Ru deposition, this Pt 4f,,, SCLS peak shows
significantly lower intensity, since about half of the surface is
covered by Ru, which quenches the SCLS. Note that the
observed decrease of the Pt 4f;,, SCLS to ~59% of its original
value is lower than what we expect for a Ru film of 0.56 ML
(that is, ~44%). We attribute this deviation to a fraction of the
Ru being present in the form of 3-dimensional (bilayer) islands
and to some extent likely also incorporated in the first substrate
layer (beneath the islands) due to a vertical exchange of Pt and
Ru atoms (see discussion on the growth of Ru on Pt(111)
below). From this observation, we conclude that the calculated
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maximal Ru coverage of 0.56 ML underestimates the actual Ru
coverage by at most 0.10 ML.

After the preparation of the Ru wedge, the sample was
flashed to 850 K to promote intermixing and alloy formation
of the two metals in the near-surface region. The comparison of
the Pt 4f;,, and Ru 3ds, regions at y = 1.40 mm before (bottom)
and after (top) the aforementioned preparation steps shows the
complete disappearance of the SCLS in the Pt 4f;, region after
flashing to 850 K, which we attribute to the formation of a near-
surface alloy based on the following consideration: it is known
that alloying Pt with Ru causes a shift of the Pt 4f,, signals
towards higher BEs. This effect has been explained in the context
of the d-band model with a downshift of the Pt d-band center
due to electronic ligand and compressive strain effects in the
bimetallic system."* Assuming that the intermixing of the metals
in our sample occurred predominantly in the near-surface
region, as is to be expected after the short annealing period,
the binding energy shift should be most pronounced for Pt
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atoms in the surface layer, which display the SCLS. In other
words, after annealing to 850 K, the Pt 4f,, peaks of the surface-
alloyed atoms have a similar binding energy to the bulk Pt
atoms. We can exclude that the surface was simply covered by
a Ru film, e.g., due to a change in surface morphology from 3-
dimensional Ru islands to a purely 2-dimensional Ru adlayer
upon flashing the wedge to 850 K: while such a spreading of the
Ru would also cause a diminution of the SCLS Pt 4f,,, compo-
nent, it should result in a clear increase in the Ru 3d signal
intensity; however, the opposite is observed here; moreover, also
the coverage of only 0.56 £+ 0.10 ML is not sufficient to form a
closed film, as only roughly half of the surface would be
covered by Ru.

The growth of Ru on Pt(111) has been the subject of several
STM studies by Hoster, Behm, Berk6, and Bergbreiter:*'* For
sub-monolayer Ru coverages, the authors observed a change in
growth behavior with increasing sample temperature, from the
preferred formation of Ru bilayer islands at room temperature
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(a) Ru 3ds/»/C 1s y scan of the as-prepared near-surface alloy in 0.10 mm steps. (b) Corresponding Pt 4f;,, y scan of the as-prepared near-surface

alloy. (c) Selected Ru 3d/C 1s spectrum at the position y = 1.30 mm to illustrate the applied fit model. (d) Plot of the determined Ru coverage (0g,) as a
function of the measurement position: after Ru deposition and flash-annealing to 600 K (Ru wedge, grey); after subsequent flash-annealing to 850 K

(PtRu alloy, pink).

10672 | Phys. Chem. Chem. Phys., 2025, 27, 10670-10678

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00295h

Open Access Article. Published on 15 April 2025. Downloaded on 3/17/2026 8:49:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

to monolayer islands when Ru was deposited at temperatures
>523 K. A clear trend of an increasing Pt content of the islands
with increasing deposition temperature was observed and attributed
to a vertical exchange of Ru atoms from the islands and Pt atoms
from the underlying substrate layer. For deposition temperatures
>773 K, the resulting surfaces were predominantly smooth, which
was ascribed to alloy formation in the near-surface region. More-
over, Ru bulk dissolution was observed >773 K.*

Taking these observations into account, we assume that
after the initial annealing step to 600 K, the Ru on our sample
was mostly present in the form of 2-dimensional islands, and to
some extent also in the form of bilayer islands or incorporated
in the first subsurface layer (beneath the islands), as a result of
the aforementioned vertical exchange of Ru and Pt atoms above
523 K. However, judging from the well-visible SCLS in the Pt 4f,,
region (Fig. 1, middle), the degree of intermixing at this stage
was likely minimal. This conclusion is further supported by a
comparison of the Ru 3ds/, signals at 100 K and subsequent
flashing to 600 K, which suggests that Ru diffusion to below the
surface upon flashing to 600 K occurs only to a minor extent
(see ESL,T Fig. S3). Notably, the intensity of the Ru 3ds,, signal
even increases by about 3% after flashing to 600 K, which we
attribute to the desorption of CO impurities from the evapora-
tion process and spreading of the randomly deposited Ru
atoms to a more uniform 2D film; the observed change in line
shape in Fig. S3 (ESIt) is attributed to the transition of a very
rough Ru film with inequivalent atom environments after
deposition at 100 K to a flat, homogeneous film upon flashing
to 600 K. The proposed formation of a near-surface alloy after
flashing the wedge to 850 K aligns well with the literature.*

After forming the near-surface alloy, we analyzed the sample
by measuring XP spectra along the concentration gradient of
the Ru deposit. Fig. 2a shows a waterfall plot of the Ru 3d/C 1s
spectra acquired from y = 0.00 to 1.40 mm (bottom to top) in
steps of 0.10 mm. An exemplary fit of the spectrum at y =
1.30 mm is provided in Fig. 2c. The spin-orbit splitting of the
Ru 3ds/, and Ru 3d;/, components leads to two distinct signals
at 280.05 and 284.23 eV, respectively. The doublet is fitted with
two peaks, using a splitting of 4.18 eV, and a constrained area
ratio of 6:4, consistent with the multiplicities of both states.
The peaks have the same Gaussian width, however, their full-
width at half-maximum (FWHM) differs due to a Coster-Kronig
decay of the 3d;, core hole,>* which due to a shorter lifetime
results in a larger FWHM as compared to the 3ds,, peak. A third
peak at ~284.0 eV was introduced to account for carbide
impurities (<0.04 ML). This peak was clearly resolved at the
position of pure Pt (y = 0.00 mm), where the Ru 3d components
are entirely absent (¢f Fig. 3a and b). All peak and fit para-
meters are detailed in the ESL{

The local Ru coverages after heating to 850 K were deter-
mined by referencing the Ru 3ds,, peak areas at each y position
to the Ru 3d;), peak of the wedge at y = 1.40 mm (0g, = 0.56 ML).
The results are plotted in Fig. 2c. The comparison of the
near-surface alloy to the initially prepared wedge yields a
consistent decrease in 0Og, at all examined y positions, e.g.,
0.39 ML for the alloy versus 0.56 ML for the non-alloyed wedge,
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at the position of maximum Ru coverage, y = 1.40 mm. This
apparent decrease of Oy, is attributed to the diffusion of Ru
atoms beneath the surface during annealing to 850 K, in
agreement with ref. 33. Note that the absence of the SCLS in
the corresponding Pt 4f;,, scan indicates that the influence of
the Ru component on the surface Pt atoms is still significant.
Here, it is important to mention that not only Ru atoms in the
topmost layer but also from lower layers in the near-surface
region can contribute to a shift of the Pt surface contribution
through electronic and/or strain effects. This will become
evident in the following section.

Adsorption of CO

To study the adsorption of CO on the near-surface alloy, the
sample was first exposed to CO at 100 K, and the adsorption
process was monitored in situ by XPS in the C 1s region at the
position of maximum Ru concentration, y = 1.40 mm. The
objective of this step was to saturate the sample under condi-
tions where CO forms a well-defined ¢(4 x 2) superstructure on
Pt(111).>>*® Ru-free regions on the substrate can then be used
as a reference of known coverage and adsorption site occupancy
to analyze CO adsorption on the surface alloy. CO was dosed via
the molecular beam (1.7 L of indirect exposure at a background
pressure of 6 x 10~ ? mbar, followed by 9 L of direct exposure at
an effective local pressure of 2 x 10”7 mbar).”> The dosing
process was stopped when the CO coverage reached saturation,
as determined by XPS. Spectra from this experiment are pro-
vided in Fig. S4 of the ESI.{ In the following, we focus on the y
scan depicted in Fig. 3a, which was obtained immediately after
CO exposure.

The bottom spectrum in Fig. 3a (y = 0.00 mm) represents a
Ru-free region on the Pt(111) substrate, where CO adsorption
led to the evolution of two characteristic peaks at 286.10 and
286.77 eV. The peaks correspond to CO molecules adsorbed on
Pt bridge and on-top sites, respectively.***® The line shape and
the relative intensities of both peaks align well with that of a
previous study, showing the c¢(4 x 2)-CO superstructure with a
coverage of 0.5 ML CO, which forms under the applied exposure
conditions. In this superstructure, the CO molecules are equally
distributed on Pt bridge and on-top sites (0.25 ML each);*” the
difference in peak area (that is, the COEEidge signal is by ~17%
larger than that of COE;,tOP) is well known and has been
attributed to photoelectron diffraction effects;>>° this has been
taken into account in the quantitative analysis (see below).

In the region of the near-surface alloy (y = 0.20 < 1.40 mm),
CO adsorption on Ru sites must be considered. The saturation
coverage of CO on Ru(0001) under UHV conditions is 0.66 ML,
typically achieved at ~10 L of exposure, with CO molecules
exclusively adsorbed on Ru on-top sites.*® According to ref. 39,
co&‘;,mp produces a C 1s signal at ~285.8 eV, and bridge bound
species form only at pressures >10"° mbar, yielding a peak
between that of COOR,‘f_tOp and the Ru 3d;, component at
284.23 eV.*® For PtRu/Ru(0001) near-surface alloys, the C 1s
signal was reported at the same energy of ~285.8 eV.>° Notably,
in our experiment, these contributions are not observed. The
absence of CO®" peaks in the y scan indicates a comparably low

Phys. Chem. Chem. Phys., 2025, 27,10670-10678 | 10673
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Fig. 3 (a) C 1s/Ru 3ds,, y scan of the PtRu near-surface alloy after exposure to CO at 100 K (y = 0.00 mm — 1.40 mm, in 0.1 mm steps). The peak at

284.0 eV in the bottom spectrum (y = 0.00 mm) stems from carbide. (b) Selected XP spectra at y = 0.00 and 1.40 mm to illustrate the applied fit model.
(c) Corresponding quantitative analysis; (COEﬁ‘dge) and (cog’;_mp) are normalized to 0.25 ML at y = 0.00 mm, in accordance with the proposed c(4 x 2)—

CO structure at this position.

Ru concentration in the topmost layer of the sample. This
assumption aligns well with the proposed bulk diffusion of
Ru after annealing to 850 K and is further supported by the
observations of ref. 39, which will be addressed later in the
discussion. Note that a small co‘;g.top contribution at ~285.8 eV
might still be present but is not resolved beneath the more
intense COpyiqge signal at 286.10 eV.

At first sight, the absence of a Ru-bound CO species may
seem to contradict our hypothesis of an influence of neighbor-
ing Ru atoms on surface Pt atoms as reason for the absence of
the Pt 4f,, SCLS peak at positions on the surface where a
notable Ru 3d intensity is observed. However, as indicated
above, an explanation could be Ru neighbors largely residing
in the near-surface region, that is, beneath the surface Pt
atoms. This explanation agrees perfectly with the observations
by Berko et al., who found that a predominantly Pt-terminated,
smooth surface alloy is formed when Ru is deposited onto
Pt(111) at temperatures >773 K.** Interestingly, assuming only
minor bulk diffusion after flash-annealing to 600 K, the
observed decrease in the apparent Ru coverage after flash-
annealing to 850 K (from 0.56 to 0.39 ML, that is, by only
~30%) suggests that most of the deposited Ru has moved to
the 2nd layer. (For this scenario, one would expect an attenua-
tion of the Ru 3d signal by ~40%; the deviation is again
explained by some of the Ru in the non-annealed wedge being
present in the form of bilayer islands and/or incorporated the

10674 | Phys. Chem. Chem. Phys., 2025, 27, 10670-10678

first subsurface layer.) An enrichment of Ru atoms in the 2nd
layer could also be rationalized in the context of the STM
results: there, bulk dissolution was exclusively observed at
temperatures > 773 K; however, already at deposition tempera-
tures of 573 K, the Ru content of the 2-dimensional islands was
found to be significantly lowered. The authors proposed that
this could be attributed to a vertical exchange of Ru adlayer
atoms with Pt atoms from the underlying substrate layer, which
is more facile than Ru bulk dissolution due to the less stringent
geometric confinement of the surface atoms compared to
atoms in the bulk.*® In this sense, the short annealing period
above 773 K in our experiment could explain an accumulation
of Ru atoms in the 2nd layer due to limited bulk dissolution of
Ru but facile Pt <> Ru surface exchange.

For a quantitative analysis of the CO coverage within the
near-surface alloy, it was assumed that CO®" contributions are
negligible. In other words, the CO features in all C 1s spectra of
the y scan were fitted only with the two CO™* peaks, using the
optimized parameters obtained from the spectrum at the
position of Ru-free, pristine Pt(111), y = 0.00 mm. Exemplary
fits are illustrated in Fig. 3b; all peak parameters are detailed in
the ESL.{ In Fig. 3c, the obtained coverages are plotted against
the measurement position. The coverages for COpyiqge (Orange)
and COgy.«op (blue) were normalized individually such that both
are 0.25 ML at y = 0.00 mm, in accordance with the proposed
(4 x 2) structure at this position.*” This individual normalization

This journal is © the Owner Societies 2025
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is necessary because the experimentally observed peak heights
differ due to photoelectron diffraction effects, as mentioned
above.**>%°

The analysis reveals a significant decrease in the total CO
coverage (black) with increasing Ru concentration, from 0.5 ML
aty = 0.00 mm to 0.35 ML at y = 1.40 mm. This observation is
solely attributed to a ~60% decrease in the intensity of the
peak at 286.10 eV, that is, (neglecting potential contributions
from CO™) to an equivalent decrease in the COpyigge popula-
tion. In contrast, the COEL,tOP peak at ~286.77 eV remains
nearly unaffected. The slight binding energy shift from 286.77
to 286.69 eV (y = 0.00 — 1.40 mm) is of similar magnitude as
the coverage-dependent shift of both C 1s peaks of CO on
Pt(111);*® in addition, the change in the electronic environment
due to neighboring Ru atoms could also contribute. It is also
important to note that for the COE;_mP peak no overlap with the
CO®" contribution is conceivable, as the former is shifted by
~900 meV to higher BEs compared to the literature value for
COfn.cop (>286.69 eV vs. ~285.8 eV*°). Along the concentration
gradient, the intensity of the COE}HOP peak is constant, that is,
the density in Pt adsorption sites does not change to a detect-
able extent. Thus, we conclude that the Ru concentration in the
topmost layer of the sample is negligible.

The observed decrease in the CO coverage of Pt bridge sites
with increasing Ru concentration in the near-surface alloy
aligns well with previous findings by Starr and Bluhm,* who
investigated the adsorption of CO on PtRu/Ru(0001) near-
surface alloys of three distinct compositions (0p, = 0.36, 0.73,
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0.94 ML): they found a COpyigge SpPecies only on the alloy with
the highest Pt concentration (0.94 ML), that is, lowest Ru
content. Notably, they also observed a decrease in the CO
adsorption on Pt on-top sites in a comparison of the 0.94 ML
Pt alloy with those of 0.73 and 0.36 ML Pt.*° This latter aspect is
in contrast to our own findings of a constant coﬁ;_mp coverage
for the inverse system of PtRu/Pt(111).

Because our near-surface alloy is essentially purely Pt termi-
nated, that is, the Ru concentration in the topmost layer of the
sample is negligible, the observed decrease in the coﬁ;idge
population cannot be explained by an ensemble effect. Instead,
the trend appears to be the result of vertical ligand- and/or
compressive strain effects, similar to what has been previously
reported for pseudomorphic Pt films on Ru(0001), where a
clear decrease in the binding strength of adsorbates on thin
Pt films was observed as compared to adsorption on bare
Pt(111).">""> 1 Interestingly, with a continuous gradient in
the subsurface Ru concentration, our experiment offers a
gradual picture on the influence of these effects on the
adsorption of CO.

As a final step, CO was removed again from the sample by
annealing to 450 K in a temperature-programmed XPS experi-
ment. Details can be found in the ESI{ (see Fig. S6). Briefly,
comparison with an equivalent TPXPS experiment of CO on
bare Pt(111) revealed a decreased desorption temperature of CO
for the PtRu near-surface alloy (investigated at y = 1.40 mm).
The finding can be interpreted as a weaker adsorption energy
for this latter system, which is in excellent agreement with the

C 1s/Ru 3d a C 1s/Ru 3d b —Sum c
oxidized PtRu alloy — Ru (3ds), +3dy,)
S | —RuO, (3ds; + 3dy,)
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o
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Fig. 4 (a) C 1s/Ru 3d y scan of the PtRu near-surface alloy after exposure to O, at 600 K (y = 0.00 mm — 1.40 mm, in 0.10 mm steps). (b) Selected C 1s/

Ru 3d spectra at y = 1.40, 1.10, and 0.80 mm to illustrate the applied fit model. (c) Corresponding quantitative plot of the peak areas against the
measurement position. (d) Plot of the relative oxide amount, RuO,: Ru, as a function of the combined normalized Ru intensity (Ru 3d + RuO,).

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 10670-10678 | 10675


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00295h

Open Access Article. Published on 15 April 2025. Downloaded on 3/17/2026 8:49:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

results of earlier reports on the adsorption of CO on PtRu/
Ru(0001) surface alloys®® and Pt monolayer film covered
Ru(0001) surfaces."""?

Exposure to O, at 600 K

To study the effect of the Ru concentration on the oxidizability
of the surface alloy, the sample was exposed to O, at 600 K
(9.3 L of indirect exposure at 3 x 10~ % mbar).

Fig. 4a depicts the Ru 3d/C 1s spectra collected during the y
scan of the oxygen-treated surface alloy. Two main observations
can be made from this scan: (i) compared to the pristine surface
alloy, the Ru 3d features of the oxygen-treated surface alloy are
broadened towards higher binding energy. This broadening is
attributed to the presence of an additional doublet with con-
tributions at 280.62 and 284.79 eV, which is ascribed to the spin—-
orbit split 3ds,, and 3d;/, components of oxidized Ru (RuO,).>***
(ii) The intensity ratio of this oxide contribution and the
unreacted metal contribution (at 280.05 and 284.23 eV, respec-
tively), RuO,:Ru, decreases towards lower Ru concentrations
(from top to bottom in Fig. 3a). This finding is analyzed in more
detail below. It should also be noted that the Ru 3d contributions
in this scan diminish aty < 0.40 mm, whereas in the scan of the
pristine surface alloy, they are visible down to y = 0.20 mm. We
attribute this to be the result of a hysteresis effect, since the
sample position was slightly adjusted in x and z direction for the
duration of the O, exposure in order to obtain a better signal
intensity in the concurrent in situ O 1s measurement, and then
re-adjusted to the original values before the scan. This shift does,
however, not affect our following interpretation.

The spectra were fitted in order to analyze the decreasing
relative oxide amount with decreasing Ru concentration in the
surface alloy in more detail. Two doublets were introduced to
account for the 3ds/,/3d3/,, components of Ru (280.05/284.23 eV)
and RuO, (280.62/284.79 eV). Each doublet was fitted with
a fixed splitting of 4.18 eV and a constrained area ratio of
3ds), : 3ds), = 6:4, according to the multiplicities of both states;
an uncertainty of <5% was allowed in this area ratio to achieve
better fits. Exemplary spectra illustrating the fit model are
shown in Fig. 3b. The normalized peak areas are depicted in
Fig. 3c as a function of the measurement position.

Fig. 3d depicts the RuO,:Ru ratio plotted against the
combined intensity of both Ru species. Please note that due
to the low signal intensities at small y values and the associated
inaccuracies in the quantitative analysis, only datapoints of y >
0.70 mm were included. For y = 1.40 — 0.80 mm, the analysis
shows a linear decrease in the relative oxide amount with a
decreasing Ru concentration in the surface alloy. Given the
negligible Ru concentration in the topmost layer of the alloy, it
is reasonable to assume that the observed formation of RuO,
involved the diffusion of Ru atoms to the surface. At first sight,
this assumption might seem to contradict our previous observa-
tions of a clear preference for Ru bulk dissolution/Pt surface
segregation at elevated temperatures. However, theoretical stu-
dies suggest that exposure of the bimetallic system to oxygen can
indeed effect an inversion in the thermodynamically favored
surface termination;'"*> that is, from Pt (under vacuum) to Ru
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(in the presence of oxygen). Due to the strong bond between Ru
and O, the oxide formation energy overcompensates for the
higher surface free energy of Ru compared to Pt, which is the
driving force for Pt surface segregation in vacuum. Experimen-
tally, the surface segregation of Ru with RuO, (RuO,) formation
under exposure to air at Ts > 520 K has already been observed
for carbon supported PtRu alloy crystallites; interestingly, the
oxygen-treated crystallites were found to show an enhanced
activity in the electrochemical methanol oxidation.*>**

The herein observed decrease in the RuO,:Ru ratio with
decreasing local Ru concentration could be interpreted as a
direct correlation between the Ru content and the oxidizability
of the near-surface alloy.

Conclusion

We studied the influence of the local Ru concentration on the
CO tolerance and the oxidizability of a PtRu/Pt(111) near-surface
alloy with a concentration gradient using synchrotron-based HR-
XPS. The alloy was prepared by physical vapor deposition of a
wedge-shaped Ru gradient on Pt(111) and subsequent flash-
annealing to 850 K to promote the intermixing of both metals.
We found this procedure to result in a predominantly Pt-
terminated surface alloy, with a continuous wedge-like Ru
gradient in the near-surface region. Significant changes in the
electronic structure of the surface Pt atoms upon alloy for-
mation, most likely due to vertical electronic ligand and/or strain
effects arising from subsurface Ru, are evidenced by the disap-
pearance of the surface core level shift in the Pt 4f region.

Exposure of the as-prepared surface alloy to CO revealed a
gradual decrease in the COpygge population with increasing
local Ru concentration. The co}j;,mp population was found to
be constant over the investigated compositional range. No
CO™ was observed, which we attribute to a negligible amount
of Ru adsorption sites, that is, a negligible amount of Ru in the
surface layer.

Exposure to O, at 600 K resulted in RuO, formation, most
likely through Ru surface segregation, driven by the strong
binding between Ru and O. We found a linear increase in the
relative amount of oxidized Ru atoms, that is, the RuO,: Ru
ratio, with increasing local Ru concentration in the sample.
This trend might be interpreted as a direct correlation between
the Ru content and the oxidizability of the near-surface alloy.

Our study contributes to a better fundamental understanding
of the properties of bimetallic PtRu catalysts. With a negligible
Ru concentration in the topmost layer but a continuous Ru
gradient in the near-surface region, the herein prepared and
studied sample is a particularly interesting model system for Pt-
terminated PtRu catalysts, e.g., core-shell type structures.
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