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Stabilization of Ru-Core Pt-Shell Model Electrodes by
Electronic Effects and Electrooxidation Reactions
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Paul Beyer*+** [Pl Zenonas Jusys*++++++++++ [d] Joachim Bansmann,! R. Jiirgen Behm™** *[2]

and Jakub Drnec!?!

The technical application of bimetallic core-shell particles, which
are highly attractive because of their high electrocatalytic activ-
ity, depends crucially on their long-term stability under operat-
ing conditions. In the present multi-method study, we explored
the stability of structurally well-defined Ru-core Pt-shell model
systems during the CO oxidation (COOR) and methanol oxidation
(MOR) reactions. These electrodes consist of a single-crystalline
Ru(0001) substrate covered by epitaxial Pt films of one to three
atomic layers. The reaction-induced modifications in the surface
morphology were identified by scanning tunneling microscopy
(STM) measurements performed before and after the electrocat-
alytic measurement, which reveal a higher stability for electrodes
with around three layers of Pt (up to 14 V vs. the reversible

1. Introduction

Metal-based core-shell catalysts consist of a thin mono- or mul-
tilayer metal film covering a different metal core. Selectively
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hydrogen electrode) than for those with fewer layers. Differen-
tial electrochemical mass spectrometry (DEMS) measurements
carried out during the COOR allow separation of the COOR cur-
rents from surface redox processes, providing insight into the
role of surface oxidation / reduction processes during the COOR.
Operando surface X-ray diffraction (SXRD) measurements per-
formed during electro-oxidation of methanol confirm the much
higher stability of the electrodes with three Pt layers. The main
conclusion of this work is that during the electro-oxidation of
organic molecules, the stability of the electrodes is, in general,
improved due to the reactive removal of OH/O species from the
surface.

changing the shell thickness, the particle size, or the compo-
sition of the core (alloying) or the shell, results in changes in
the electronic properties of the surface atoms, which in turn
has a significant impact on their catalytic activity.['®! Prominent
examples are Pt-modified Ru-core nanoparticle catalysts, which
were intensively studied over the last decade for the oxygen
reduction reaction (ORR),[°™®! the hydrogen oxidation reaction
{(HOR) including also the CO tolerance in that reaction,['""8! the
hydrogen evolution reaction (HER),[7"®! the formic acid oxidation
reaction (FAOR),'™®! the ethanol oxidation reaction (EOR),2%-%!
the carbon monoxide oxidation reaction (COOR),\™™! or the
methanol oxidation reaction (MOR).[224+-2°!

An important aspect for possible applications of such elec-
trodes is their stability during operation. For Pt—-Ru nanoparticles,
this includes, in particular, the dissolution of the individual com-
ponents into the electrolyte, where Ru dissolution is more facile
than Pt, but also a possible surface restructuring. 5% For Ru-
core Pt-shell nanoparticles it was shown that the Pt shell slows
down or even inhibits the dissolution of Ru, and the effect is
usually stronger with increasing Pt layer thickness.['01314303637]
Nevertheless, Ru dissolution often occurred also for these mate-
rials during long-term stability tests, which was attributed to the
formation of pinholes in the Pt shell.38!

Fundamental studies aiming at a more detailed under-
standing of the reactivity, adsorption properties, and stability
of Ru-Pt core-shell catalyst often use Pt-modified Ru(0001)
electrodes.’**1 These model systems are atomically flat, struc-
turally, and chemically well-defined and therefore well suited
for fundamental studies, including comparison of theory and
experiment.!®®®! Model studies using such electrodes in the
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ORRP" the hydrogen underpotential deposition (HUPD),!*!
or the MOR“*? revealed a distinct influence of the Pt layer
thickness. The stability of such model electrodes has been
investigated so far only for oxidation reactions on (sub-)
monolayer Pt film-covered surfaces, employing ultrahigh
vacuum (UHV) scanning tunneling microscopy (STM) mea-
surements before and after the electrochemical/-catalytic
measurements.>°! The results indicated that Pt protects the
low-coordinated Ru atoms at step edges against dissolution,
shifting the onset potential for Ru dissolution to more positive
values. For potentials larger than 1.05 V, Ru dissolution on the
Pt-modified Ru(0001) electrodes was mainly observed at the
Ru steps (step flow corrosion). Furthermore, Pt was found to
restructure, forming Pt clusters on the surface in the regions of
the original Pt islands.

In this work, we focus on the stability of atomically flat,
single-crystalline Ru(0001) electrodes, whose surface is modi-
fied by Pt films with Pt thicknesses of up to four layers during
the electro-oxidation of methanol (MeOH) and CO in acid at
potentials larger than 1.05 V, and the impact of any structural
modifications on the activity of these samples on the COOR.
This potential had been chosen as upper potential limit in pre-
vious studies to prevent possible restructuring of the electrodes
during the experiment.!*”'2] |n the present work, we first stud-
ied the stability and structural modifications of an electrode
with three Pt layers in pure supporting H,SO, electrolyte and
during the MOR by surface X-ray diffraction (SXRD) at the syn-
chrotron. The measurements indicated that these electrodes are
surprisingly stable up to 1.4 V, in contrast to the submonolayer
Pt modified Ru(0001) electrodes studied previously,>>>! or to
pure Pt(111) electrodes.**%%! Inspired by this finding, we then
explored the stability of Pt-modified Ru(0001) electrodes with a
Pt thickness of one and three layers for the COOR. For these
measurements, we chose the COOR instead of the MOR since
1. the MOR usually shows deactivation, and effects due to struc-

tural changes cannot be discerned from poisoning effects,>?!
2. the COOR is a very structure sensitive reaction for these types
of electrodes,!%3-556162 and
3. during the COOR, only a single product is formed, which
can be detected by differential electrochemical mass spec-
trometry (DEMS),!%! allowing us to disentangle surface redox
processes from the actual COOR.

In the following, we will first present and discuss our results
on the stability of Ru(0001) electrodes modified with one and
three Pt layers during the COOR, including STM images recorded
before and after the COOR. These results are then used to sub-
stantiate the findings in operando SXRD-MOR measurements
on similar electrodes. We will demonstrate that the electro-
oxidation of organic species can indeed improve the stability of
the electrodes.

2. Results and Discussion

2.1. STM - Electrode Stability

Ru(0001) electrodes modified by a single (Pt-1) or 3.5 mono-
layers (ML) of Pt (Pt-3) were prepared according to previously
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reported approaches!#952%] (see also the Experimental Sec-
tion) and characterized by STM imaging under UHV conditions.
Schematic illustrations of the surface cross-section and represen-
tative STM images of the as-prepared Pt-1 and Pt-3 electrodes
are shown in Figures 1a,b,c and d, respectively. As illustrated by
these images, the Pt film does not grow in a perfect layer-by-
layer fashion due to kinetic limitations.3%4"4611 |t is important
to note that by comparison with STM images recorded on a
large set of samples with different Pt coverages, which were pre-
pared via the same experimental procedure on different Ru(0007)
substrates,39-42444647.49-55] \ya verified that the distribution of Pt
layer thicknesses deduced from the STM images in Figures 1c,d
is representative for samples with Pt coverages of 1.0 and 3.5 ML.
Therefore, they represent the macroscopic Pt layer composition
of the Pt-1 and Pt-3 electrodes used in CV and SXRD measure-
ments. On the Pt-1 electrode, the film consists of mono- and
bilayer islands, exposing also the Ru(0001) substrate. The Pt-3
electrode consists of regions with two to four Pt layers and a
few small five-layer islands. Bare Ru areas are no longer present
after depositing more than 15 ML of Pt for the experimental
parameters used here. Platinum layer thickness distributions are
provided in the experimental Section. Figure 1e,f show represen-
tative STM images of the electrode surfaces recorded under UHV
conditions after exposing the electrodes to potential cycles up to
1.35 V during the COOR (see Figure 2).

After the potential cycling up to 1.35 V in CO saturated 0.5 M
H,S0, (see electrocatalytic measurements below), the Pt-1 sur-
face shows a distinct restructuring (Figure 1e), in agreement
with results in previous studies.>™ Note that by restructur-
ing, we refer to an observable change in surface structure and
morphology in general, without necessarily knowing about the
exact atomic arrangement of the atoms after the restructur-
ing process in the respective regions. This includes holes in
the monolayer film and the Ru(0001) substrate at the former
Ru step (marked by an arrow). Interestingly, the restructuring
of the bilayer Pt film areas (marked by dashed circles) seems
much more pronounced than that of the monolayer areas, which
will be discussed below. One possibility for hole formation is
the dissolution of material in the electrolyte as ions or oxi-
dized species, which is known to occur for both pure Pt and
Ru during the positive- and/or negative-going scan in a com-
plete potential cycle, in particular in the potential region for
surface oxide formation and reduction. This is reflected in Pour-
baix diagrams,*'3?! and dissolution of Pt and Ru was directly
demonstrated also by inductively-coupled plasma mass spec-
trometry (ICP-MS) measurements.33°7°8641 Previously, we have
shown that the bare Ru(0001) is stable up to 0.9 V in this elec-
trolyte, but not up to 1.05 V, where significant restructuring of
the step edges was observed.’>**! We suggested that dissolu-
tion is the main process behind the observed structural changes.
For Pt, possible dissolution processes are not as clear, and we
will show later that for electrodes that appear stable based on
STM imaging performed before and after the electrochemical
measurements, dissolution is probably unlikely.

The Pt-3 electrode (Figure 1f), in turn, remains almost
unchanged during / after the COOR, i.e, it is highly stable
under reaction conditions. This result is somewhat unexpected,
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Figure 1. Schematic side view sketch of the (a) Pt-1 and (b) Pt-3 electrode. STM images of Pt-1 and Pt-3 electrodes, where (c,d) show the as prepared
surface and (e,f) show the surface after the electrochemical investigation shown in Figure 2. Dashed lines mark the former Ru(0001) steps, and numbers
indicate the Pt layer thickness in different regions. Regions showing the Ru substrate are marked by Ru. In (e), the location marked with an arrow shows
the onset of the Ru(0001) substrate corrosion, and the dashed circles indicate regions where second layer islands are significantly restructured. All images

show a region of 200 nmx200 nm.

considering that exposure of bare Pt(111) electrodes to poten-
tial cycles in CO-free electrolytes with a potential limit larger
than 1.17 V leads to significant irreversible restructuring of the
electrode after a few potential cycles.®*-%%! Inevitably, this leads
to a small increase in electrochemical active surface area. Addi-
tional STM measurements for Pt-3 electrodes restructured in a
controlled way by consecutive potential cycles in pure 0.5 M
H,S0,4 are shown in Figure S1in the Supporting Information (SI).
Under these conditions, the electrochemical data suggested that
the surface restructured at around 1.3 V. STM images revealed
that thicker Pt layers (three atomic layers or more) remained
unchanged, while the remaining regions with mono- or bilayer
Pt films were entirely restructured. Reasons for the layer-
dependent stability (first to third layer) are discussed below.

2.2. COOR - DEMS
The COOR on the Pt-modified Ru(0001) electrodes was char-

acterized by cyclic voltammetry at a scan rate of 50mVs™'
in CO-saturated 0.5 M H,SO,. The measurements were per-

ChemCatChem 2025, 17, €202401913 (3 of 12)

formed in a dual thin-layer electrochemical flow cell coupled
with a DEMS set-up, allowing for operando CO, (m/z=44) prod-
uct detection.[®! During the COOR measurements, the upper
potential limit (UPL) was gradually increased in steps of 0.05 V,
recording two potential cycles for each UPL. For better iden-
tification of differences, we only show a single potential cycle
for UPLs of 1.05 and 1.35 V in Figure 2, respectively, for the Pt-
1 electrode (left column) and the Pt-3 electrode (right column).
Details of the experimental procedure and the respective param-
eters can be found in the Experimental Section and in the SI
in Section S2, which also includes data for additional UPLs not
shown here. The COOR-CVs are shown in black in Figure 2a,b.
The mass spectrometric ion current of the CO, product forma-
tion is converted into a Faraday current and normalized to the
Faraday current recorded in the COOR-CV. A detailed descrip-
tion of the conversion and normalization procedure and the
data evaluation is provided in the Sl in Section S3. The resulting
curves are denoted as mass spectrometric cyclic voltammograms
(MS-CVs), and are depicted in red in Figure 2¢,d. For direct com-
parison, the COOR-CVs and MS-CVs are plotted on top of each
other in Figure 2ef. Since only CO, is formed during the COOR,
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Figure 2. COOR on Pt-1/ Pt-3 electrodes (left / right column) recorded at 50 mV s~ in CO saturated 0.5 M H,SOj. (a,b) Faraday current at the electrodes.
The insets show the magnified region around the onset potential. (c,d) Mass spectrometry cyclic voltammograms obtained by normalizing the mass
spectrometry signals for CO, formation (m/z=44) — MS-CVs in red. (e,f) Comparison of COOR-CVs with the MS-CVs. (g,h) Redox-CVs (in green), which are
obtained by subtracting the MS-CVs from the COOR-CVs. The solid/dashed line shows the CVs with an UPL of 1.05 V/1.35 V. Arrows indicate the scan

direction.

subtracting the MS-CV from the COOR-CV (black minus red curve
in Figure 2¢/f), yields a CV that represents other surface redox
processes, as they are usually found in CVs recorded in CO-free
electrolytes, plus contributions from CO, formation by reaction
with preadsorbed OH/O species, which release less than the two
electrons per CO, assumed in the calculation of the K-factor (see
Section S3). We denote this curve as redox-CV, shown in green
in Figure 2g,h (plotted along with the COOR-CV for comparison).
Note that the curves represent sums of signals originating from
regions with different Pt layer thicknesses, weighted by their
contribution to the total surface area. Therefore, direct correla-
tions between individual features in the signals and a specific
film thickness are not possible. In the following, we describe
the origin of the features and the resulting shape of the various
CVs and MS-CVs, focusing on aspects relevant for the under-
standing of the restructuring processes found in the STM images
above. Because of the broad Pt layer thickness distribution, a
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direct evaluation of layer-specific features and trends in activity
is not possible from the present data. This must be addressed in
a separate work.

Overall, the shape of the COOR-CVs is rather similar to those
reported for Pt electrodes.!2%7"! Based on these studies and
previous ones on Pt-modified Ru(0001) electrodes, the processes
taking place in different potential regions can be qualitatively
described as follows. Starting with the positive-going scan from
the low-potential limit up to the onset of the COOR (0.5 V for
Pt-1 and 0.6 V for Pt-3), the surface is poisoned by CO, inhibiting
any surface redox processes, as has been demonstrated for pure
Pt1626671 and Pt-modified Ru(0001) electrodes.!®*>572751 With the
onset of OH/O formation on the surface (from water splitting)
in the CO adlayer, the COOR starts, which had been described
in detail for the COOR in CO-saturated electrolytes on pure Pt
electrodes.[%29761 Note that the current density decreases slightly
around the onset potential in the first potential cycles, which is
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illustrated in Figure S3. A similar phenomenon has been reported
for Pt(111) during the COOR in CO saturated 0.1 M HCIO,.””! In
this potential region, up to the onset of the reaction, the MS-CV
closely follows the COOR-CV.

2.2.1. COOR with an UPL up to 1.05 V

From the COOR onset potential, the current density in the COOR-
CV rises sharply, both for the Pt-1and Pt-3 electrodes, resulting in
a distinct peak A1. A similar behavior is commonly observed for
bulk CO electro-oxidation on Pt electrodes.!®266778] Note that
the MS-CV does not show a peak in the peak A1 region, in con-
trast to earlier observations for the COOR on supported Pt/C
catalyst electrodes and rough Pt ATR films.”%”°! The peak is also
absent in further measurements on various Pt electrodes pre-
sented in Section S4. The additional peak A1 in the CV must
result from the rapid formation / uptake of OH/O species on the
surface, which does not show up in the MS-CV signal.’®! This
OH/O formation is apparent in a peak Al in the positive going
scan of the redox-CV in Figure 2g,h.

In the negative-going scan, the COOR shows a higher activ-
ity in the potential region around the onset potential of the
COOR in the positive-going scan. Such a hysteresis is commonly
observed for the COOR on Pt-modified Ru and also on pure Pt
electrodes.[%#5>6266-7072-75801 More important, the current density
in the MS-CV seems to be slightly larger than that in the COOR-
CV, which must be due to surface reduction processes taking
place simultaneously in this potential region. This is discussed
further in the next section. Once the current density decayed
to zero in the COOR-CV, a reduction peak / region C1 appears
at more negative potentials, which is rather broad for Pt-1 and
more peak-like for Pt-3 (see insets in Figure 2a,b and Figure S4).
The appearance of this peak C1 indicates that under present con-
ditions, part of the surface OH/O adspecies are reduced to water
instead of reacting with adsorbed CO. Nevertheless, the removal
via the COOR is also possible, as indicated by a small current in
the MS-CV in the potential region of peak C1. This also means
that the observed current peak C1is a sum of currents related
to the direct removal of OH/O from Pt to form water (negative
current) and OH removed by the COOR (positive current). The
total amount of removed, adsorbed OH/O, either by reduction
to water or by reaction with CO, is presented in the redox-CVs in
Figure 2g,h. These curves indicate the reductive or reactive OH/O
removal in a peak / region for potentials below about 1.0 V for
both electrodes. The oscillatory behavior of the reduction peak
in the redox-CV is possibly an artefact caused by problems in the
temporal correlation of the MS-CV and the COOR-CV.

2.2.2. COOR with an UPL up to 1.35V

For the Pt-1 electrode, recording CVs with an UPL higher than
1.05 V leads to a shift of the onset potential for the COOR to
lower potentials, apparent in a pre-peak or shoulder A2 in the
CV (Figure 2a and Figure S4). It appears for UPLs larger than
1.1 V. The assignment of this peak / shoulder A2 to an earlier
onset of the COOR is confirmed by an increase in the CO, current
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in the MS-CV in (Figure 2e). The extent of the current increase
depends on the number of potential cycles at a given UPL and
the applied UPL (see Figures S4 and S6). A similar phenomenon
has been reported previously and has been attributed to a
potential induced restructuring of the electrode surface,!>>
which is also supported by the STM image in Figure 1e, recorded
after the electrochemical measurements. It was suggested that
newly formed low-coordinated sites on the restructured elec-
trode enhance the COOR.*-°! Apparently, continuing surface
restructuring of the Pt-1 electrode reduces the formation of
OH/O species on the Pt-1 surface in the peak A1, leading to a
decrease in size of that peak. On the other hand, this restruc-
turing also leads to an enhanced COOR activity in the region of
peak A2. During restructuring, the newly formed sites with lower
coordination will bind OH/O stronger than sites on the flat Pt
layers, thus allowing OH/O formation on the surface already at
lower potentials. Hence, this also leads to the peak A2 in the
redox-CV in Figure 2g (see inset), indicating OH/O adsorption
in this potential region. Consequently, the restructuring reduces
the number of sites on the flat Pt areas, leading to a decrease
of Peak A1 in the redox-CV. This is also evident for the Pt-2 elec-
trode described in Section S5, where with an increasing number
of potential cycles (with increasing UPL - Figure Séa or fixed UPL
- Figure S6b), the COOR activity in the peak A1 decreases even
further. Finally, the current density decreases in the entire poten-
tial region where the Pt-2 electrode is active for the COOR. STM
images recorded after the COOR for the fully restructured elec-
trode indicate that the Pt film formed large agglomerates on the
surface, exposing the severely restricted Ru(0001) surface.

For the Pt-3 electrode, such kind of restructuring induced
increase of the COOR at around the onset potential is hardly vis-
ible in the COOR-CV upon extending the UPL up to 135 V (see
inset of Figure 2b). The remaining subtle changes in the cur-
rent density (one order of magnitude lower than for Pt-1) which
are pronounced only at the onset of the reaction, with 20 pA
cm~2 for Pt-3 and 150 uA cm~2 for Pt-1 at 0.75 V (see red dots in
Figure Figure 2a), are tentatively associated with a slight restruc-
turing of the electrode, possibly in the small fraction of mono-
and bilayer Pt areas (see Figure 1d) present on the Pt-3 electrode,
although this could not be resolved by STM imaging. The mag-
nitude of peak A1 remains almost unchanged during potential
cycling for the Pt-3 electrode, different from the decrease for the
Pt-1 electrode.

For potentials more positive than peak A1, the COOR cur-
rent density declines with increasing potential, which is more
pronounced for the Pt-1 than for the Pt-3 electrode. This poten-
tial region is often denoted as the mass transport-limited
region.’%#" |n the present case, however, under enforced mass
transport, kinetic limitations seem to be active as well, leading to
the observed decay in COOR rate with increasing potential. The
presence of kinetic limitations is also consistent with the lower
COOR current on the Pt-3 electrode in this potential region as
compared to the Pt-1 electrode (for similar flow rates). For each
of the two electrodes, the current densities exhibit the same
potential dependence for different UPLs. This is also true for the
Pt-1 electrode, which tends to restructure under these conditions
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(see Figure S4). Apparently, the processes responsible for the
decay in COOR rate with increasing potential are fully reversible
between subsequent cycles.

In the negative-going scan, the COOR current increases again
in this potential region for the Pt-1 electrode, while for the
Pt-3 electrode it remains about constant. The constant COOR
current on the Pt-3 electrode indicates that the slight decline
of the COOR rate due to the further accumulation of OH/O
species on the surface in the positive-going scan, in addition
to the amount formed in the peak A1, is not reversed, but
also not continued. Thus, during the reaction, the coverage of
these species remains constant in this potential range. Their
amount can only be reduced at lower potential. In this case,
the kinetic limitations remain present in the negative-going scan
in this potential range. This also means that the difference in
COOR rates between the positive-going and the negative-going
scan increases with increasing UPL. For the Pt-1 electrode, the
reasons for the pronounced decay in COOR rate at potentials
positive of peak A1 are largely, though not completely, removed
in this potential range, leading to only small differences in the
COOR current between the positive-going and negative-going
scans at the potential directly above the peak Al. Furthermore,
different from the Pt-3 electrode, this removal of the kinetic
limitations always leads to the same current at about 0.95 V,
independent of the UPL. Therefore, for this electrode, most of
the more pronounced COOR current decay in the positive-going
scan in this potential range must be due to reversible processes
such as reversible accumulation and replenishment of additional
adsorbed OH/O species or the reversible buckling of Pt sur-
face atoms due to insertion of oxygen atoms underneath, which
was described as reversible extraction during the oxidation of
Pt(11).182831 Only a small part of this decay in activity is caused
by processes that cannot be reversed in this potential range.

In the potential range of the peak A1 and below in the
negative-going scan, increasing the UPL results in a shift of the
steep decline in COOR current to lower potentials, both for the
Pt-1 and the Pt-3 electrode. Since the steep increase of the COOR
current in the positive-going scan does not shift significantly, the
hysteresis becomes broader with increasing UPLs. Starting with
the Pt-3 electrode, the shift of the steeply declining COOR cur-
rent to lower potentials with increasing UPL must be due to an
increasing amount of OH/O species on the surface, which lowers
the COOR rate at potentials positive of 1.0 V. These species can
support the COOR for a longer time and thus to lower potential
in the scan. Once most of these species are consumed reactively,
rapid blocking of the surface by adsorbed CO sets in. This expla-
nation closely agrees with previous modeling results for CO bulk
oxidation on Pt, where such shifts had been related to the larger
degree of OH/O formation on the sample at high potentials.!®!

For the Pt-1 electrode, where the COOR current in the poten-
tial range of the peak A1 does not seem to vary with the UPL, the
explanation must be more complex. Clearly, one would expect a
similar physical reason for the observed down-shift in the COOR
current decline for potentials more negative than peak A1 as for
the Pt-3 electrode. However, in the case of the Pt-1 electrode,
restructuring effects must also be considered, which may further
affect the COOR rate at potentials lower than peak Al.
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Once the COOR rate has decreased to zero, we now observe
a distinct reduction peak C1in the COOR-CVs (instead of a reduc-
tion region observed for lower UPLs, see above), which must
be related to the electrochemical removal of OH/O species or
metal oxides formed at high overpotentials by reduction. This
peak increases with increasing UPL for the Pt-1 electrode, while
for the Pt-3 electrode, it seems to decrease (see insets and
Figure S4). For the Pt-3 electrode, we suggest that this apparent
decrease of the peak C1 (and shift to lower potential) is caused
by an increasing overlap between the steeply declining COOR
current and the peak C1 reduction peak. For the Pt-1 electrode,
the reduction peak is located at more negative potentials than
the declining COOR curves. Here, the increase in peak C1 can
be rationalized by increasing amounts of OH/O species formed
on the exposed Ru(0001) substrate.’>>484! |n the redox-CV in
Figure 2g,h, the reduction peak for OH/O removal (see inset) has
a similar size for both electrodes and seems to be mostly inde-
pendent from the applied UPL. The shape varies slightly, and
the peak maximum is at slightly different potentials. In princi-
ple, if our suggestion from above is correct, that the amount
of OH increases at higher UPLs, then the charge within that
peak should increase. Such information can, however, not be
confirmed from the present data.

2.3. MOR - SXRD

Next, we present the results of combined CV and SXRD mea-
surements performed on a Pt-3 electrode in pure and 0.1 M
MeOH containing 0.5 M H,SO,. In this case, the potential was
cycled between 0.05 and 14 V, while the surface sensitive (1
0 2.35) reflection was monitored (Figure 3). The Experimental
Section and Section S6 contain further information about the
synchrotron measurements. Note that the SXRD intensity curves
also represent sums of signals originating from regions with dif-
ferent Pt layer thicknesses or adsorbed species, weighted by
their contribution to the total surface area. Therefore, direct cor-
relations between individual features in the signals and a specific
Pt film thickness are not possible. For the sake of complete-
ness, additional CVs and SXRD curves illustrating the effect of
changing the UPLs from 1.05 to 1.40 V are shown in Section S6,
including also information on the noise in the CV data. CVs
recorded in 0.5 M H,SO,4 on similar electrodes in the DEMS set-up
are shown in Figures S1 and S2.

Despite the considerable noise, the CV (blue curve in
Figure 3a) resolves a slight increase in the current density in the
positive-going scan above 0.8 V, which coincides with the onset
of a steep decrease in the X-ray intensity. Previously, we had
attributed a current increase (or peak) in this potential region to
the desorption of bisulfate and the simultaneous adsorption of
OH.P?! Note that a possible exchange of bisulfate with OH in a
1:1 ratio would not show up in the CV since the net current den-
sity will be zero.!®>! Therefore, the actual onset for surface OH
formation cannot be deduced directly from the CV and might
even occur at lower potentials than the onset of the surface
OH/O formation current. In general, the adsorption of OH/O will
lead to a change in the interlayer spacing of the topmost Pt
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Figure 3. (a) Comparison of CVs recorded on a Pt-3 electrode in 0.5 M
H,S0, (blue, upscaled by a factor of 10) and in 0.2 M MeOH in 0.5 M
H,SO4 (red) - MOR. The CVs were recorded at 20 mV s~'. (b) Evolution of
the SXRD intensity at the (1 0 2.35) reflection recorded along with the CVs
in (a).

atoms, which is reflected in a change in the X-ray intensity. In
recent SXRD studies on the electro-oxidation of single-crystal
Pt surfaces, a pronounced reversible decrease (positive-going
scan) and increase (negative-going scan) of the SXRD intensity
in the (0 11.5)®) and (1 11.5)® reflections was attributed to a
reversible buckling of the Pt surface, involving a partial extrac-
tion of Pt surface atoms by reversible incorporation and removal
of subsurface oxygen. On Pt(111), the onset for this process is at
about 1.1 V.I¥2! Earlier onsets for this process were reported for
Pt(100) surfaces or carbon-supported Pt particles.’”#5! Consider-
ing also the significant change in XRD intensity, we assume that
the decrease observed here is primarily related to the reversible
extraction of part of the Pt atoms. From the present data, we
cannot distinguish whether this extraction occurs on the terraces
or predominantly on defect sites (step edges and regions on
the electrode that might not be as perfectly structured as those
presented in the STM images in Figure 1d). Changes in X-ray
intensity due to desorption of bisulfate and adsorption of OH/O
on the terrace sites are expected to be much smaller (see below).
In the reverse, negative-going scan, the X-ray intensity starts to
increase steeply at around 0.8 V, coinciding with the onset of
a small reduction peak C2 in the CV. We associate this increase
with the reversible removal of O atoms from subsurface sites and
the de-buckling of the related Pt surface atoms, accompanied
by reductive OH/O desorption and possibly bisulfate adsorp-
tion, which, however, does not fully compensate for the OH/O
removal charge. After a complete potential cycle, the X-ray inten-
sity reaches its original value. Further CVs recorded with increas-
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ing UPLs do not change significantly, suggesting that the surface
did not irreversibly restructure substantially. Subtle changes in
the CVs recorded for different UPLs, both in the combined SXRD-
CV measurements as well as in CVs recorded in a dedicated
electrochemical setup, are described and discussed in the SI.

MOR measurements performed on these electrodes after
the cyclic voltammetry measurements in the supporting elec-
trolyte (red curves in Figure 3) resemble those recorded in the
MOR on Pt electrodes.’”-8° Adsorbed CO blocks the surface
at low potentials, resulting in a negligible reaction current.
The current starts to increase in the positive-going scan at
around 0.6 V. Interestingly, although a detailed picture of the
product composition is still missing, the formation of CO, close
to the onset potential of the MOR is negligible.!®? Hence, in this
potential range, formaldehyde or formate / formic acid are the
most likely products formed on Pt-3. After passing through a
maximum at about 0.8 V, the current density decreases again
and reaches negligible values at around 1.1 V. Formerly, it was
suggested that this current density decrease is associated with
OH/O adlayer formation on the surface, with adsorbed OH/O
blocking the surface for the MOR.®-#1 Also, in the negative-
going scan, the electrode becomes only active for the MOR once
the OH/O adlayer starts to be reductively removed at around
0.8 V (see below).

The evolution of the X-ray intensity at the (1 0 2.35) posi-
tion during the MOR (red curve) is very similar to that obtained
in the pure supporting electrolyte, except that the onset of the
sharp decrease in the positive-going scan shifts by 300 mV to
more positive potentials, from 0.8 to 1.1 V. As mentioned above,
the reversible insertion of adsorbed O atoms together with the
partial extraction of the associated Pt surface atoms was sug-
gested to be the dominant process in this potential region in
the pure supporting electrolyte, which accounts for this change.
Still, there is a slow decay in X-ray intensity in the potential range
between the MOR peak maximum at about 0.8 V and the end of
this peak at about 1.1 V, which is possibly related to the adsorp-
tion of OH/O on the surface, inhibiting the MOR. The up-shift to
1.1V of the steep decrease of the X-ray intensity indicates that
the associated process is mostly inhibited in this potential range
during the MOR, as compared to measurements in the pure sup-
porting electrolyte on Pt-3. Most likely, this up-shift is caused
by a reaction of OH/O (possibly at defect sites as described
above) with methanol or with reaction intermediates formed
during the MOR, which lowers the steady-state OH/O cover-
age at a given potential and thus shifts the coverage-potential
curve to higher potential, in agreement with the up-shift of
the onset of the steep decline of the X-ray intensity observed
experimentally. Surface-enhanced infrared reflective adsorption
spectroscopy (SEIRAS) measurements on pure polycrystalline Pt
electrodes indicated that the adsorbed CO blocking the sur-
face before the MOR onset is entirely removed at the MOR
peak maximum.[®*°l Hence, also adsorbed CO could block the
OH/O adsorption and consequently also O insertion / Pt extrac-
tion in the potential range up to the X-ray intensity decrease.
Furthermore, with the onset of the MOR, adsorbed formate
(HCOO,4) was found to form on the surface, with the SEIRAS
intensity following the MOR current density in both scan direc-
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tions, which can contribute to the slow decay in X-ray intensity
in this potential region.

Finally, based on the reversibility of the X-ray intensity, we
can rule out that the decline in X-ray intensity at higher poten-
tials is related to any irreversible surface restructuring. This is also
supported by additional STM measurements performed after
the operando SXRD measurements under UHV conditions, which
indicated that the Pt-3 electrodes are indeed very stable under
present MOR reaction conditions (see Section S6).

2.4. Discussion

The results presented above for the Pt-1 and Pt-3 electrodes, as
well as those for Pt-2 (Section S5), have shown that in the COOR
during potential cycles up to 135 V, the monolayer Pt film is
more stable against irreversible restructuring than bilayer islands
on the monolayer film and that three to four-layer films remain
almost unchanged. Bilayer Pt films also seem to be less stable
in CO-free electrolytes, as shown in Figure S1. For the Pt-3 elec-
trode, a high stability was also shown for the MOR up to 1.4 V. In
the following, we briefly discuss possible reasons for these dif-
ferences in the layer-dependent stability and draw comparisons
with Pt(111).

Traditionally, surface restructuring of Pt(111) electrodes during
oxidation and reduction cycles in pure acidic electrolytes (with
an UPL larger than 12 V) was rationalized by an irreversible
place exchange process between adsorbed atomic oxygen and
surface Pt atoms.[°¢-%°1 More recently, this picture was sup-
plemented by a reversible O insertion / partial Pt extraction
process, which occurs before irreversible Pt and O exchange.
In a simple picture, one would expect that both reversible and
irreversible restructuring of the Pt surface layer(s) set in once a
critical coverage of adsorbed OH/O species is reached.””! For Pt
layers on Ru(0001), it is known that the binding energy of OH/O
is lowest on the monolayer and increases with increasing Pt
layer thickness, until reaching the binding energy of Pt(111) for
thick layers.[*l In that case, the onset of restructuring should
shift to lower potentials with increasing Pt layer thickness, and
the critical potential for the onset of a possible irreversible place
exchange process would then always be more positive than that
for Pt(111), which is around 1.2 V. Hence, the Pt films on Ru(0001)
should, in principle, be intrinsically more stable than Pt(111)
with respect to reversible Pt extraction and irreversible place
exchange, with monolayer Pt films presenting the most stable
structure. Since the Pt-3 electrodes are stable under present
reaction conditions, the potential for irreversible place exchange
processes must be beyond the explored potential limit of 135 V
for the COOR or 1.4 V for the MOR. Furthermore, considering
that both irreversible place exchange and dissolution lead to
a restructuring of the surface, this also means that the Pt dis-
solution potential should shift to more positive potentials. On
the other hand, once the critical potential for the formation of
a dense O adlayer is reached, we expect that the Pt films on
Ru(0001) restructure similarly to Pt(111) electrodes along with Pt
dissolution. Indeed, we found similar structures as for restruc-
tured Pt(111) on Pt-3 electrodes, induced by potential cycles to
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high potentials in the pure supporting electrolyte shown (in
Section S1).

In contrast to the above argumentation, however, we
observed that very thin Pt films (incomplete Pt monolayer or
bilayer films) are less stable than Pt(111). We suggest that the
enhanced restructuring tendency of the (incomplete) monolayer
film is induced by the strong interaction of OH/O species with
the Ru(0001) substrate, which must be considered. Apparently,
the gain in energy provided by the strong interaction of OH/O
species with Ru(0001) is sufficient to displace Pt from monolayer
sites into next layer sites, providing space for an additional
uptake of OH/O species on the Ru(0001) substrate. Computa-
tional works showed that Pt atoms in the second layer bind less
strongly on the first Pt layer than Pt atoms directly attached
to the Ru(0001) substrate.[*) However, this loss in energy is
apparently overcompensated by the energy gain of the OH/O
adspecies, if they are strongly adsorbed on Ru(0001) rather
than weakly adsorbed on a Pt monolayer film. The energy
gain of the entire system upon OH/O-induced displacement
of Pt atoms into the second or higher layers provides the
energetic driving force for such kind of restructuring. For the
Pt-2 electrode, the COOR data indicate that these electrodes
seem relatively stable when the layer is closed (up to 1.3V, see
Section S5 in the SI), which does not seem to be the case in
the CO-free supporting electrolyte (Section S4 in the SI). Based
on the explanations above, we would expect that Pt bilayers
are less stable than the monolayer but also more stable than
the trilayer films. The physical origin of this discrepancy is so far
open.

During the MOR, we observed a shift of the decrease in
X-ray intensity to more positive potentials compared to the
measurements in the MeOH-free electrolyte. This effect was
rationalized by a potential dependent lowering of the OH/O
adsorbate coverage and thus by a similar up-shift of the O
insertion and Pt extraction in the presence of methanol or
reaction intermediates formed during the MOR. We suggest
that a similar shift of the decrease in X-ray intensity to more
positive potentials, as observed in the SXRD measurements in
the MOR, will occur also during the COOR. In that case, the
effect might be even more pronounced since CO oxidation
also occurs up to the OER. CO can readily adsorb and react
on the electrode surface, even by chemical reaction with Pt
surface oxides. In contrast, active intermediates can only be
formed in the MOR by splitting MeOH, which is increasingly
hindered at high potentials. Therefore, we assume that CO in the
CO-saturated solution can efficiently remove OH/O species from
the surface even at a potential where the MOR is inhibited, and
thus shift the potential for partial Pt extraction and reversible
surface restructuring to even more positive potentials. Accord-
ingly, also the potential for irreversible restructuring may be
up-shifted.

Finally, we address the relevance of our results for realistic
Ru-core Pt-shell particles that have been used as highly efficient
catalysts in various reactions, as presented in the introduction.
Although our measurements on planar electrodes do not allow
conclusions on facet-specific differences in stability that can be
present on more complex supported particles, they nevertheless
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demonstrate that the main requirement for Pt-core Ru-shell cat-
alysts is that Pt must completely cover the entire Ru substrate to
prevent Ru dissolution or Pt restructuring induced by the strong
interaction of OH/O species with Ru. We assume that this aspect
is also true for other Ru surface orientations. For closed Pt lay-
ers and reactions such as the ORR, HER, and HOR, a possible
restructuring by an irreversible place exchange process is pre-
sumably negligible, since these reactions normally proceed at
potentials well below the onset potential of restructuring, which
for these systems is higher than that for pure Pt. In the pres-
ence of oxidizable species in the feed, one could expect even
a higher stability since their reaction with OH/O species would
decrease the steady-state coverage of these latter species at a
given potential and thus shift the onset potential for surface
restructuring to higher potentials. The detailed understanding of
the layer-dependent stability of such systems is, however, still
incomplete. Earlier studies indicated that Ru-core Pt-shell sys-
tems with two layers of Pt are rather stable,"**”! which is not the
case for well-defined Pt layers on Ru(0001). These discrepancies
are most likely due to the different structural properties, e.g., dif-
ferent surface orientations on the core-shell particles compared
to the present model systems.

3. Conclusion

Using Ru(0001) electrodes covered by a monolayer and three lay-
ers of Pt, we demonstrate by DEMS measurements during the
COOR and by operando SXRD measurements during the MOR,
as well as by STM imaging before and after the electrocatalytic
investigation, that submonolayer Pt films start to restructure for
potentials more positive than 1.1V (as shown previously), in con-
trast to films with three layers (and more), which are stable up
to about 1.4 V during the COOR and MOR.

1. We suggest that the (sub)monolayer films are less stable due
to the strong adsorption of OH/O species on bare Ru(0001),
which provides sufficient driving force for restructuring the Pt
film areas.

2. The higher stability of three-layer Pt films toward restructuring
during the MOR and COOR in acid electrolyte, also in compar-
ison to bare Pt(111) electrodes, suggests that the potential for
reversible surface restructuring shifts to more positive poten-
tials. This shift is attributed to a weaker bonding of OH/O
species on the three-layer Pt film than for the adsorption on
Pt(111).

3. From the SXRD measurements, we conclude that, in general,
the electro-oxidation of organic molecules reactively reduces
the potential dependent steady-state coverage of surface
OH/O species, which needs to reach a critical value before
it can induce structural changes. This increases the stabil-
ity range of the respective Pt electrode, as compared to the
situation in the pure supporting electrolyte.

Overall, this work demonstrates the high potential of model
studies on complex but structurally well-defined electrodes,
employing various operando techniques for providing a qualita-
tive atomic scale understanding of the stability of complex elec-
trocatalyst systems during the oxidation of organic molecules.
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4. Experimental Details

The Pt-modified Ru(0001) single-crystal electrodes used in this
work were prepared and characterized by STM under UHV con-
ditions at the Institute of Surface Chemistry and Catalysis at Ulm
University (UIm, Germany). The electrochemical DEMS character-
ization was performed in Ulm and the combined electrochemical
and SXRD measurements at the ID03 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). Where
necessary, we indicate facility-specific experimental details.

4.1. Materials

The acid solutions were prepared from high-grade chemicals and
MilliQ water (18.2M€2 c¢m). For the measurements performed in
Ulm, we used H,SO, Merck Suprapure 98% and methanol Merck
EMSURE". The electrolytes were purged with N, (Westfalen 6.0).
For the measurements performed at the ESRF, the solutions
were prepared from H,SO,; 93% -98%, VWR ARISTARULTRA
and methanol (Fluka Analytical, LC-MS Ultra Chromasolv’). The
electrolytes were purged with Ar (Air Liquide, BIP grade).

The Ru(0001) single crystal electrodes were purchased from
MaTecK GmbH (purity 99.99%, orientation accuracy <0.1°). The
hat-shaped (2 mm thickness, 10 mm front diameter / 12 mm
back side diameter) single crystal electrodes are mounted in a
Ta sample holder.

The glassware was cleaned before each experiment by stor-
age in highly concentrated KOH (Ulm) or Piranha etch (ESRF)
overnight. Subsequently, it was thoroughly boiled and rinsed
with hot MilliQ water.

4.2, Sample Preparation

The Ru(0001) electrodes were prepared under UHV conditions
in an experimental set-up described elsewhere.”?! Clean and
atomically flat surfaces were obtained by several cycles of Ar
ion sputtering (ps, = 3 x 107> mbar, | = 4 uAcm=2, t = 30 min)
and flash annealing to 1600K, followed by seven cycles of flash
annealing to 1600K and adsorption of 10L of O, at T < 600K
during sample cooling to remove carbon impurities, finished by
three flash annealing cycles to 1600K without O, adsorption.
Pt was deposited by means of electron beam physical vapor
deposition with an Omicron EFM-3 evaporator at a rate of ca.
0.1 ML min~'. During the deposition process, the sample was
held at 670 K to improve the Pt layer-by-layer growth [#495255]
Higher deposition temperatures must be avoided to prevent
surface alloy formation. 483

4.3. Structural Characterization from STM Imaging
The quality of the freshly prepared Ru(0001) samples, the amount

of Pt deposited, and the structural properties of the Pt films
were investigated with STM under UHV conditions. The deposi-
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Table 1. Platinum layer thickness distribution including areas exposed by
Ru(0001), given in %, for samples with different Pt coverage ©p;.

Pt layer
Opt Ru 1 2 3 4 5
1.0 ML 15 66 325 0 0 0
22 ML 0 14.5 58 225 4.5 0
35 ML 0 0.05 3 44 515 15

tion rate was frequently determined from STM images recorded
on electrodes with submonolayers of Pt, prepared by deposit-
ing Pt on a freshly prepared Ru(0001) electrode either before the
Pt multilayer growth (long evaporation times) or afterward on
a second R(0001) sample. To validate the homogeneity of the
evaporation process on the entire sample surface, STM images
were usually recorded in macroscopically different spots on the
electrode (separated by several mm). The Pt layer thickness dis-
tribution, inferred from the STM images, for Pt coverages used in
this work, is shown in Table 1. The distributions are in line with
those reported previously.l*!

4.4, Electrochemical Characterization

In Ulm, the electrochemical characterization of the Pt-modified
Ru(0001) electrodes was performed in a dual thin-layer flow cell
in a DEMS configuration, which is described elsewhere.l®*! Before
the experiments, the flow cell, including all inlet capillaries, was
thoroughly rinsed with hot MilliQ water. For this work, we used
a home-built RHE as a reference electrode (RE) and a Au wire
as a counter electrode (CE). The potential was controlled with a
Pine AFRDES5 bi-potentiostat, and the data were acquired with an
in-house programmed software. The different measurement pro-
cedures are described in Section S2. A detailed description of the
calibration of the DEMS signals is provided in Section S3.

At the ESRF, the electrochemical measurements were per-
formed in an electrochemical cell that allows for operando SXRD
measurements, which is similar to the one described in Ref. [94].
For this work, we employed a Ag|AgCl|3.5M KCI (eDaq company)
RE and a glassy carbon CE. The potential was controlled with a
Biologic SP300 potentiostat. All potentials were converted to the
RHE scale. A more detailed description of the electrochemical
procedure at the ESRF is provided in the Section. Sé.

4.5. SXRD

The X-ray measurements were performed at the ID03 beamline
of ESRF in Grenoble. The 24 keV X-ray beam was focused to a size
of 300 um x 50 um (horizontal x vertical relative to the plane of
the sample surface) at the sample position. The incidence angle
of the beam was set to 0.3° relative to the surface plane. The
data were collected with a 2D Maxipix detector and analyzed as
described in Ref. [95]. The relative reciprocal space units used for
the reflection indexing are determined from the Ru(0001) sur-
face unit cell with the following parameters (c perpendicular
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to the surface plane): a = 2.7059 A, b = 2.7059 A, c = 4.2815A,
a=90° B8=90°and y =120°.
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