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Impact of the Potential Dependent Surface Adlayer
Composition on the ORR Activity and H,0, Formation on

Ru(0001) in Acid Electrolytes

Albert K. Engstfeld,*™®! Stephan Beckord,” Stefan Fuchs,™< and R. Jiirgen Behm®

Stimulated by the increasing interest in ion adsorption effects
on electrocatalytic reactions and by recent more detailed
reports on the potential dependent adlayer structures formed
on Ru(0001) in pure HCIO, and H,SO, electrolytes, we revisited
the oxygen reduction reaction (ORR) on structurally well-
defined Ru(0001) single crystal surfaces prepared under ultra-
high vacuum conditions. We demonstrate that the complex,
potential-dependent activity both for the ORR and for H,O,
formation is closely related to potential-dependent changes in

Introduction

The oxygen reduction reaction (ORR) taking place at the
cathode of a fuel cell is considered to play a major role in the
energy loss in such systems" Desirably, the reduction of O,
proceeds to form H,0.%* However, an indirect path that
involves the formation of hydrogen peroxide (H,0,), which can
further react to H,0, is equally possible. Pt is the most active
pure elementary metal catalyst for the ORR™ and, therefore,
also the most intensively studied one for this reaction, including
a vast number of studies on well-defined single-crystal model
electrodes and Pt-based materials."*™® Much less is known
about the reaction pathways on metals that bind reaction
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the composition and structure of the adlayer. Our results
demonstrate the enormous effects adsorbed species can have
on the ORR reaction characteristics, either by surface blocking,
e.g., by (co-)adsorbed bisulfate species, or by participation in
the reaction, e.g., by *H transfer from adsorbed H or OH to O..
The comparison with results obtained on polycrystalline Ru,
which differ significantly from Ru(0001) data, furthermore
underlines the importance of using structurally well-defined
surfaces as a reference system for future theoretical studies.

intermediates stronger than Pt. In particular, for these metals, it
must be considered that the interaction with the electrolyte
and anions in the electrolyte also plays a significant role, which
in turn can affect the potential dependent reaction character-
istics. One metal that exhibits a strong interaction with electro-
lytes is Ru.

Numerous previous studies reported on the ORR on
polycrystalline Ru (Ru(pc)) electrodes (particles, sheets, etc.) in
aqueous acidic®¥ and alkaline electrolytes."*'® An early study
by Nekrasov and Krushcheva showed that during the ORR in
alkaline electrolyte, part of the current is also related to the
formation of H,0,™ Furthermore, the authors reported that
the amount of H,0O, depends on the amount of Ru surface
oxides formed during high-potential oxidation. Their results
were later confirmed by Anastasijivic et al., who also observed
similar trends in activity and product formation in acid
electrolytes."*' These reports and further studies showed that
the relative amount of H,0, increases with increasing over-
potential, reaching a maximum between the onset of the ORR
and the hydrogen evolution reaction (HER) region®''-'5'
Overall, however, the H,0, yields are only within a few percent
but vary with the applied potential.

More fundamental insights were gained from studies on
single-crystal electrodes, which can be directly linked to the
results of theoretical studies. Most of the existing studies,
however, report on the ORR on adatom-modified Ru(0001)
electrodes, both experimental™ 2 and theoretical.*>***” How-
ever, to the best of our knowledge, there is only a single
experimental study by Inoue et al., elucidating in more detail
the ORR in O, saturated HCIO, on bare Ru(0001) and Ru(1011)
electrodes (including data on Pt-modified surfaces).” The
authors illustrate that Ru(1011) shows a lower overpotential for
the ORR on Ru(0001) and is also more selective for the complete
reduction.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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To understand the activity and stability of the electrode
under reaction conditions, it is helpful to know the potential
dependent adlayer composition of the electrode, which can at
least approximately be inferred from studies in O, free
electrolytes.”®3¥ Such aspects were, however, only discussed
more vividly around the time when the work by Inoue et al.
appeared or later.?"?*23*3) Therefore, the mechanistic insights
provided in the earlier study on ORR on Ru(0001) of Inoue et al.,
may not be applicable or accurate to the present day.

Considering these recent results and the potential depend-
ent adlayer models proposed in these studies, we revisited the
ORR on Ru(0001) in acid, namely HCIO, and H,SO, electrolytes.
In these electrolytes, the Ru(0001) surface is never free from
adsorbates.”**” Part of the adsorbed hydroxyl (*OH) and
bisulfate (*HSO,) is only removed below the equilibrium
potential for the HER.®¥ Therefore, in contrast to former studies,
we also explored the ORR in the HER onset potential region.
Even though this potential region has no direct technological
relevance, it nevertheless is important for the fundamental
understanding of the ORR on Ru(0001) and other strongly
binding metals.

Results
Structural Properties

The quality of the electrode surface after the preparation (see
Experimental Section) and the stability after the electrocatalytic
characterization were verified by scanning tunneling micro-
scopy (STM) measurements under UHV conditions. A represen-
tative STM image of the as-prepared surface in Figure a shows
extended atomically flat terraces with widths of several 100 nm,
separated by monoatomic high and largely straight steps.
Images recorded after the electrocatalytic experiments in O,
saturated 0.1 M HCIO, and 0.5M H,SO, (Figures 1b and 1c)
illustrate that the electrode surface closely resembles the as-
prepared surface, without any indications of restructuring.?”

Electrochemical Properties

The electrochemical properties of Ru(0001) were determined
from cyclic voltammograms (CVs), recorded in bare supporting
0.1 M HCIO, and 0.5 M H,SO, electrolytes, which are shown in
Figures 2a and 2b (denoted as base CVs — BCVs). The BCVs
resemble those reported previously, and a detailed description
of the processes within different potential regions or peaks can
be found there.®¥ Most important for the present work is that
certain potential regions are characterized by different adlayer
compositions. This is illustrated in Figures 2a and 2b, where the
labels | to IV denote the different regions and the suffixes ¢ and
a denote the cathodic (negative-going) and anodic (positive-
going) scans. More elaborate schematic models of the poten-
tial-dependent adlayer, inferred from our previous work,®¥ are
shown in Figure 3. In summary, region | is characterized by an
*O adlayer with a coverage close to 1 monolayer (ML). The *
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Figure 1. STM images for a Ru(0001) surface recorded a) on an as-prepared
surface and after the electrochemical characterization in b) 0.1 M HCIO, and
c) 0.5 M H,SO, electrolyte.

denotes an adsorbed species. In region Il, *O is increasingly
transformed into *OH.

Starting with the negative-going scan, in HCIO, OH*
partially desorbs, leaving about 0.5 monolayers (ML) of *OH on
the surface at 0.1 V. At the end of region lll, the remaining *OH
adlayer is replaced by *H at the peak at 0.0 V. In H,SO,, the *OH
is first increasingly replaced by adsorbed bisulfate (*HSO,). Note
that replacing *OH with *HSO, can yield a net current of zero
(when both species are exchanged one to one). Therefore, other
techniques than cyclic voltammetry are required to elucidate
this process.®¥ The mixed *OH (0.3 ML)/*HSO, adlayer is then
replaced by an *H adlayer in the peak at —0.2 V. Region IV is
finally dominated by the HER, where the surface is covered by
an *H adlayer in both electrolytes.

In the positive-going scan, in the peak at potentials more
positive than 0.0 V, adsorbed hydrogen is displaced by *OH in
HCIO, or *HSO, in H,50, to form anodic molecular
hydrogen.?** At potentials more positive than that peak, the
processes from the negative-going scan occur in reverse order.
Considering the different peak structures in the positive-going
scan in this potential region indicates that the potentials for the
processes are shifted and that the adlayer composition at a
given potential is somewhat different in both scan directions.

ORR - General Aspects

Figures 2c and 2d show the ORR-CVs recorded in O, saturated
electrolytes at 20 mV s™'. The ORR-CVs were recorded during a
sequence of cycles, and subsequent cycles did not show
measurable differences, illustrating that the electrodes are
stable under these conditions. This conclusion is in line with
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Figure 2. Cyclic voltammograms (CVs) for Ru(0001) recorded at 20 mVs™' in the bare supporting a) 0.1 M HCIO, and b) 0.5 M H,SO, electrolyte denoted as
BCV. The BCVs (or certain regions) were rescaled for better visibility of certain features, where the scaling factors are included next to the CVs in the figure.
CVs in O, saturated electrolytes are shown in c) and d), recorded at 20 mVs™'. Panels e) and f) show the current related to the formation of H,0,. This current
was determined from the current recorded at the Pt collector electrode, which was held at 1.2 V (see Section S1). The corresponding yields for the formation
of H,0, are shown in panels g) and h). The arrows indicate the scan directions, and the negative- (positive-) going scans are plotted in red (blue). Simplified
models of the adlayer structures in certain potential regions (denoted by Roman numbers) are added in panels 2a and 2b. More detailed models are depicted

in Figure 3.

that derived from the STM images shown in Figure 1, which did
not resolve any significant changes after the electrocatalytic
measurement. Figures 2e and 2f show the partial currents for
the formation of H,0, (H,0,-CV), deduced from the currents at
the collector electrode. Contributions from the oxidation of H,
formed on the working electrode at high overpotentials can be
excluded (see Section S1 in the Sl). This finding agrees with
previous works, which showed that the oxidation of H, is little
efficient on the oxidized Pt collector electrode set at 1.2 V.19
The corresponding H,0, yields are depicted in Figures 2g and
2h. Note that the values obtained very close to the onset
potential must be considered cautiously since small variations
in the currents on the working and collector electrodes can lead
to a strong over- or underestimation of the H,0O, yield. There-
fore, these data are not included in the plot. The evaluation of
the underlying data and their error ranges are described in
Section S1 in the SI. Additional pseudo-staircase voltammo-
grams (SCVs), which showed current at selected potentials that
were very similar to those obtained in the ORR-CVs, and a
comparison of ORR-CVs recorded at different scan rates,
illustrate that at most potentials, the measured ORR currents
are not affected by slower adsorption/desorption processes (see
Section S2 of the SI).

ChemCatChem 2024, €202400271 (3 of 9)

ORR in HCIO,

Starting with the ORR-CV for Ru(0001) recorded in 0.1 M HCIO,,
the onset potential for the ORR in the negative-going scan is
located at slightly more positive values than that of the surface
reduction processes observed in the BCV. This is shown more
clearly in Section S3 of the SI, where the low current region of
the ORR-CV is plotted on top of the BCV. Hence, close to the
onset potential, the ORR proceeds on the largely *O-covered
surface, possibly containing small amounts of *OH. Continuing
with the negative scan, the ORR current increases steadily in
the range between the onset and about 0.2V. From this
potential, the current is almost constant until the end of region
llc and throughout region lllc. Apparently, the substantial
changes in the adlayer composition in this potential range are
hardly reflected in the ORR current. Finally, the ORR current
increases again in the HER region IVc. This latter increase in the
ORR current also contains contributions from the HER. The
contribution is, however, small, based on the current measured
in the BCV at the lower potential limit (150 pAcm™2). Note that
the ORR on Ru(0001) is not transport-limited,">" which is
consistent with our conclusion that the dominant contribution
to the increase in current in this potential range originates from
the ORR kinetics.

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Detailed potential dependent surface adlayer model to that shown in Figure 2, for the negative-going scan during the ORR on Ru(0001) in HCIO,
and H,SO,. The framed models show a top-down view, and below a cross-section. The checkmarks and crosses next to the individual panels indicate whether
or not the ORR proceeds to form H,0, H,0,, or both on the respective surfaces. See text for details. The model was inferred from that presented in Ref. [34].

In the positive-going scan, the current largely follows the
previous scan, except for a hysteresis in regions llla and lla, in
the range between 0.1V and the onset of the ORR at 0.6V,
where the cathodic current starts to decrease earlier than in the
negative-going scan. A similar behavior was also reported by
Inoue et al." In contrast to their data, our ORR-CVs contain a
few wavelike structures in the increasing/decreasing ORR
current that seem to be correlated with the redox features in
the BCV in Figure 2a. Based on our own previous measure-
ments, we suggest that the difference between the two studies
is probably related to the surface preparation, i.e., to a higher
defect density of the Ru(0001) surfaces used in the former
study, the way how the electrochemical measurements were
performed, and the design of the electrochemical cell.

The hysteresis in the potential region between 0.1 V and the
onset of the ORR is likely related to the different adlayer
compositions on Ru(0001) in both scan directions shown
previously.*¥ We suggest that the hysteresis is similar in O, free
electrolyte (Figure 2a) and most likely also in O, containing
electrolyte. Different from the negative-going scan, the *H
adlayer extends in the positive-going scan up to the peak
centered at 0.15 V (Figure 2a, region llla, BCV), where anodic H,
is formed upon the adsorption of *OH in the BCV.?¥ Preliminary
differential electrochemical mass spectrometry (DEMS) meas-
urements, which allow monitoring the formation of volatile
species in the electrolyte, suggest that anodic H, also forms in
the presence of O, during the ORR (see Section S3). Continuing
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the positive-going scan, the ORR ceases at the end of region lla,
with the formation of a dense *O adlayer.

H,0, Formation in HCIO,

The H,O, in Figure 2e, does not follow the the ORR-CV in
Figure 2c. Instead, the H,0, formation starts in the negative-
going scan with the onset of the ORR at 0.6 V and continues in
a broad peak, where the approximately 1ML *O adlayer
transforms into a mixed *O/*OH adlayer (see Figure 3).”" The
H,0, formation is almost suppressed at about 0.15V (end of
region llc), where the surface is covered by about 0.5 ML *OH.
The negligible activity remains throughout region llic (see
Figure 2e). Apparently, the *OH coverage is too low to support
H,O, formation despite considerable ORR activity in this region.

With further decreasing potential, the H,0, current then
increases again slowly. A more detailed inspection resolves an
additional minimum in this region, which seems to coincide
with the sharp peak at about 0.0 V (between regions llic and IVc
in the BCV). In this peak, the remaining *OH is reductively
removed from the surface, concomitant with the adsorption of
atomic hydrogen (*H) and the onset of the HER. The increasing
presence of *H species activates slow H,0, formation down to
the lower potential limit.

In the positive-going scan, the amount of H,0, formation
decreases reversibly towards more positive potentials for the

© 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH
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same reasons as the increase in the negative-going scan in this
region. Interestingly, at the potential where the small minimum
in the H,0, formation current was observed in the negative-
going scan, now a similar size maximum appears, which is also
shifted to more positive potentials (0.1V). Similar to the
behavior in the negative-going scan, the ORR current is almost
constant in this potential region. In this region, the BCV also
does not show any noteworthy features. Hence, possible
adlayer changes are too small to result in detectable currents in
the BCV or do not involve a charge transfer. At potentials more
positive than 0.2 V, a similar sized peak as in the negative-going
scan is observed, whose maximum is also about at 0.3 V. Hence,
the H,0, formation increases again with increasing *OH cover-
age in region lla. The fact that the maximum of this peak is
about in the middle of region Il indicates that it results from a
combination of two effects: (i) an increasing ORR activity with
more cathodic potentials and (ii) an optimum composition of
this *OH/*O adlayer. Note that the peak reaches far into the
potential range of region la, consisting of an *OH and *O
adlayer, where the ORR currents are negligible (Figure S5). This
effect is possibly caused by the large amounts of H,0, formed
in region lla, where part of it is retained in the electrolyte
channel between the working and collector electrodes. This
effect is less pronounced for CVs recorded at lower scan rates,
as shown in Figure S5.

H,0, Yield in HCIO,

The yield for H,O, formation in Figure 2g steadily decreases in
the negative-going scan, from approximately 60% close to the
onset of the ORR to a few percent at around 0.2 V and remains
this low also in the HER region. In the positive-going scan, the
H,O, yield increases almost reversibly in region lla, with
increasing *OH coverage, also reaching approximately 60%
close to the onset potential. In total, H,O, is formed mainly in
regions where a significant amount of *OH is present on the
surface (>0.5ML *OH in region Il). Small amounts are also
formed when the surface is covered by *H, i.e, in the HER
region IV. This conclusion will be corroborated by the ORR
characteristics in 0.5 M H,SO, discussed next.

ORR in H,SO,

For the ORR on Ru(0001), in O, saturated 0.5 M H,SO, the ORR-
CV in Figure 2d is more complex. Similar to the ORR in 0.1 M
HCIO,, the onset potential in the negative-going scan is located
at slightly more positive values than that of the surface
reduction processes observed in the BCV (see Section S4).
Hence, the ORR starts on the largely *O-covered surface in
region |, as in HCIO,. This current develops into a distinct peak
in region llc in the potential range, where *O is increasingly
replaced by *OH. With decreasing potential, the latter is partly
replaced by adsorbed bisulfates (*HSO,), forming a mixed *OH/
*HSO, adlayer, with the amount of *OH decreasing and that of
*HSO, increasing with more negative potentials in region llic. In
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this region, the electrode is essentially inactive. The current
increases again at the onset of the HER region IV. The onset
coincides with the peak at —0.2 V in the BCV and is therefore
likely caused by the same surface process, i.e., exchange of the
mixed *OH/*HSO, adlayer by *H.”* Significant ORR currents are
obtained once the surface is mostly covered by *H, but the
overall current is smaller than in O, saturated HCIO,.

In the positive-going scan, the ORR remains active up to
about 0.0 V, followed by a rather steep decay. Hence, there is a
pronounced hysteresis in the potential region up to about
0.1 V. The almost inhibition of the ORR in the peak centered at
about 0.1V is caused by the adsorption of *HSO, which
displaces the *H to form anodic H,.** This process was was
verified by preliminary DEMS measurements shown in the Sl in
Section S3. The ORR is also almost inhibited at higher potentials
(complete inhibition at 0.4 V, see Figure S7d) in regions llla and
lla, where *HSO, is gradually replaced by *OH. Complete
removal of *HSO, and the transformation of *OH into *O, only
occurs at potentials larger 0.6V, hence at about the onset
potential for the ORR in the negative-going scan (Figure S7d).
The absence of ORR activity in the positive-going scan seems to
be specific for Ru(0001) electrodes in H,SO,. In comparison,
Ru(pc) electrodes show a similar ORR activity in both scan
directions in this potential range (see Section S5 in the SI and
elsewhere).["47

H,0, Formation in H,SO,

Overall, the H,0, formation closely follows the ORR-CV,
indicative of a close relation between ORR activity and H,0,
formation in the entire potential range. Overall, H,0, formation
is much more pronounced in regionlic than in the HER
region IV, indicating that the *OH-dominated adlayer in
region llc plays a significant role in the H,O, formation.

H,0, Yield in H,SO,

The yield for H,0, in H,SO, solution reveals similar trends as
obtained in HCIO,, with a steady decrease in the negative-going
scan, from approximately 60% close to the onset potential of
the ORR to a few percent at around 0.2V, and remaining this
low also in the HER region. The continuous decay is super-
imposed by a broad peak at about 0.4V, which coincides with
the peaks in the ORR and H,O, currents in Figures 2d and 2f. As
indicated already by the smaller ORR peak (Figure 2d) and the
larger H,O, current, this peak is more pronounced than the
similar peak in the H,O, yield in HCIO, electrolyte. In the
positive-going scan, the H,O, yield is very low in the entire
potential range up to 0.0V, i.e, in the range where the
electrode is active for the ORR (Figure 2f).
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Discussion *OH +( 0, — *0 +( *)OOH 1)
Reaction Pathway *OH +(*O0H — *0 + H,0, )
Usually, the ORR is described as an inner-sphere electron ~ H* +e™ + (Y'OOH — H,0, 3)

transfer reaction, where O, adsorbs on adjacent, available
surface sites and reacts in a multistep reaction with the surface
via intermediates such as *OOH or *OH to form either H,O, or
H,0.%*49 From this reaction pathway, and using the concept of
linear scaling, it is expected that for metals that bind atomic
oxygen strongly, such as Ru, the ORR should predominantly
proceed via the four-electron pathway to form H,0.*%% Ag
stated already in Ref. [48], this relation might, however, not be
applicable for surfaces covered by other adsorbates. In that
case, the reaction rate should be zero, even though the bare
surface would be active. Moreover, on surfaces partially covered
by adsorbates other than reactants or reaction intermediates,
the adsorbate-covered sites/areas can contribute via different
reaction pathways to the total reaction than those dominant on
bare surface sites. Therefore, knowing the surface adlayer
composition and coverage is imperative for an in-depth
discussion of the respective reaction mechanism.

From our previous study of Ru(0001) in O, free
electrolytes,*” it is evident that in the potential region from the
onset of the ORR to the HER region, the surface is always at
least partly, if not fully covered by adsorbates, as illustrated in
Figure 3. Therefore, we suggest that in addition to a reaction
pathway involving the adsorption of O, directly on the Ru(0001)
surface and thus a direct interaction between Ru and O,, there
must be another reaction pathway allowing for ORR also on
adsorbate covered surfaces/sites. The first pathway would be
limited to the potential regions where *OH is partly removed to
form water in HCIO,. Such situations can be found near the
transition from region Il to Ill and in region lll (or vice versa).
The second pathway, in contrast, must be possible in potential
regions where the adlayer is essentially closed, e.g., at the more
positive potentials of region Il or in the HER region IV.

While independent of the electrolyte, the *O adlayer present
in region | seems to block the surface for the ORR completely.
Increasing ORR activity is observed with the conversion of *O
into *OH at the beginning of region llc. The situation of O,
interacting with an *OH-covered surface closely resembles that
obtained for the ORR in an alkaline electrolyte. To explain the
pronounced formation of H,O, under these conditions, Ram-
aswamy and Mukerjee suggested that the reaction occurs via
an outer-sphere electron transfer reaction, with O, being
solvated by an H,O solvation shell and separated from Ru by
*OH.'**% Qur data fully agree with a picture where the
adsorbing O, is separated by an *OH adlayer from the metal
surface. We speculate that hydrogen from the *OH species is
transferred to an O, species residing above the *OH in a second
layer, forming a weakly adsorbed OOH species as in Eq. (1) (the
® indicates a weakly adsorbing species). Another H is trans-
ferred to generate H,0,, where the source for the H can be
another H from *OH (Eq. (2)) or a proton from the electrolyte
(Eq. (3)).

ChemCatChem 2024, €202400271 (6 of 9)

Further reactions with protons may rapidly re-hydrogenate
the resulting *O to form a new *OH via Eq. (4).

*O+H" +e— —*OH (4

In this region, part of the *OH will possibly also be reduced
to H,0, leaving a free Ru site behind. With more negative
potentials, the *OH coverage decreases, decreasing the H,0,
yield as well, and the 4-electron process via direct contact of O,
with the Ru surface becomes more competitive and dominant.
To explain the rapidly increasing tendency for the 4-electron
process, the reactivity of the bare Ru sites for the latter pathway
must be significantly higher than that of the *OH-covered sites,
which are responsible for the H,0, formation.

While in HCIO,, this combination of two reaction pathways
can continue up to the formation of the *H-adlayer in
region IVc, this is not possible in H,SO,. It is well known from
the systems that *HSO, inhibits or blocks the ORRF"Z
Interestingly, also on surfaces that have a mixed *OH/*HSO,
adlayer (region lll), the ORR is completely inhibited. Apparently,
the bulky *HSO, species inhibit both the 4-electron transfer
reaction to H,0, via the direct interaction between O, and Ru
electrode, and also the mechanism discussed above for the 2-
electron transfer reaction to H,0,.

In the HER region, where the surface is usually covered by a
dense *H adlayer, the adsorbed *H does not have a significant
impact on the ORR, as evident from the continuing and even
increasing ORR current in this regime. On the other hand, the
*H species also do not seem to play a significant role in the
formation of H,0,, based on the low yields obtained in that
region. Most simply, this can be explained by continuous
desorption of H, and re-adsorption of hydrogen from H*, which
leaves a chance also for O, molecules to directly interact with
the Ru(0001) surface in temporarily existing vacancies in the *H-
adlayer. Comparing the ORR activity in the HER region of both
electrolytes, we observed a lower activity in H,SO, than in
HCIO,, even though *HSO, can be excluded in this region. We
suggest that the lower activity in H,SO, is caused by electrolyte
effects,”"*? which has to be addressed in a separate work.

Comparison with pc Ru

Finally, we discuss the relevance of our findings derived on
Ru(0001) for Ru(pc) electrodes. ORR-CVs and H,0, CVs recorded
on such electrodes in the two electrolytes are presented in
Figure S8 in the SI (note that in this case, the negative potential
limit was slightly more positive than in Figure 2). The CVs
closely resemble those reported previously,”'*'¥ with a steady
increase of the ORR current with decreasing potential. Inde-
pendent of the electrolyte and of the scan direction, the H,0,
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formation observed at the collector electrode exhibits a distinct
peak between the onset of the ORR and the onset of the HER
region. Additionally, the curves for both scan directions are
nearly reversible.

These results differ from those obtained on Ru(00071)
electrodes mainly in the following features. First, the CVs for
Ru(pc) in H,SO, electrolyte do not show the pronounced
inhibition of the ORR by *HSO, in the potential range between
0.0 and 0.25V. Second, the complete inhibition of the ORR in
the positive-going scan in the same electrolyte at potentials
>0.25V is missing as well. These differences are also reflected
in the H,0, formation. On the other hand, also on Ru(pc), the
currents are lower in H,SO, than in HCIO, electrolyte, suggest-
ing that the presence of (bi)sulfate species reduces the effective
overall activity of the electrode.

We suggest that the differences in the reaction character-
istics can be explained by the structural differences between
the well-defined Ru(0001) on the one hand and Ru(pc) electro-
des with their different surface sites and also much higher
defect densities on the other hand. Based on the Sabatier
principle, the abundance of different adsorption sites with
different Ru—O/Ru—OH adsorption energies will lead to different
reaction rates on different sites. Furthermore, different adsorp-
tion energies will also shift the regions of stable anion
adsorption, which is crucial, e.g., for anion adsorption-induced
reaction inhibition effects. Therefore, it is not surprising that
i) the ORR activities differ for Ru(0001) and Ru(pc) and that
ii) potential dependent inhibition effects, e.g, due to the
presence of *HSO,, are not well resolved or even hardly visible
on the Ru(pc) sample.

In addition, different structural properties will also have an
effect on the ORR selectivity (H,0 vs. H,0, formation), which
can be deduced from the yields. So far, H,0, yields on Ru
electrodes/catalysts were rarely reported in the literature, in
particular not for single crystal electrodes. For carbon-sup-
ported Ru catalysts, Hara et al. reported H,0, yields in the range
of a few percent in 0.5 M H,SO, for potentials <0.6 V, with an
onset of the ORR at 0.7 V.'"" Bron etal. reported yields of
approximately 22 % close to the onset potential of the ORR in
0.5M H,SO,, which dropped to around 5% close to the
potential for hydrogen adsorption and evolution.®® Similar
values and trends were obtained for the Ru(pc) electrodes
presented in Section S5 of the Sl. Based on the pronounced
differences in the yields reported so far for different types of
Ru(pc)"** and Ru(0001) single crystals (this work) substantiates
the assumption that the selectivity strongly depends on the
structural properties of the Ru electrode.

In total, the site averaging effects encountered on poly-
crystalline materials underline the importance and relevance of
experimental studies using structurally well-defined single-
crystal electrodes as reference systems for theoretical studies of
the ORR, particularly for strongly binding metals such as Ru.
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Conclusions

We revisited the ORR on Ru(0001) in O, saturated 0.1 M HCIO,
and 0.5M H,SO, to gain a better atomic-scale mechanistic
understanding of the complex, potential-dependent reaction
behavior, extending the potential range into the HER region.
Using the results of our previous studies and assuming that the
potential-dependent adlayer composition is similar in the
absence and presence of O, we could demonstrate that the
potential-dependent activity for both the ORR and the
formation of H,0, is closely related to the potential-dependent
changes in the composition and structure of the adlayer. In
both electrolytes, the onset of the ORR coincides with the onset
of the partial reduction of the *O-dominated adlayer.

In HCIO, the rate continuously increases with more
negative potentials until saturating before the HER region. In
the HER region, the current increases again, with ORR and HER
occurring simultaneously. In the reverse scan, the rate is almost
reversible. In contrast, in H,SO,, ORR is only active in regions
where no blocking *HSQ, is on the surface, i.e., in the negative-
going scan between the onset of the ORR and —0.2V and in
the HER region. No reaction occurs in the positive-going scan at
potentials above the HER. Significant H,0, yields were observed
in the potential region where surface *O is transformed into
*OH (region ll) in both electrolytes. Its formation is rationalized
by an outer-sphere reaction mechanism, where hydrogen is
transferred from the OH adlayer to the O, residing in the
electrolyte above the electrode. In combination, these results
demonstrate the enormous effects adsorbed species can have
on the ORR reaction characteristics in general. Furthermore, the
results of this work can serve as a perfect basis and reference
system for further theoretical studies.

Experimental

The experiments were performed in a combined UHV®* and
electrochemistry setup, which has been described in detail
elsewhere.™

Materials

The acid solutions were prepared from high-grade chemicals and
MilliQ water (18.2 MQcm). We used H,SO, Merck Suprapure 98%
and HCIO, Merck Suprapure 70%. The electrolytes were purged
with N, (Westfalen 6.0) or O, (6.0, MTI) for the ORR measurements.

The Ru(0001) single crystal electrodes were purchased from MaTecK
GmbH (purity 99.99 %, orientation accuracy <0.1°).

The glassware was cleaned before each experiment by storage in
highly concentrated KOH overnight and subsequently thoroughly
boiled in and rinsed with hot MilliQ water.

Sample Preparation

The Ru(0001) single crystal was prepared under UHV conditions
according to previous reports.*” The preparation involved Ar ion
sputtering (p,, =3x10"> mbar, =4 pA cm) for at least 15 minutes,
subsequent cycles of flash annealing to 1600 K and adsorption of
10L of O, (1L 10s po,,=1x10"°mbar) to remove carbon
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impurities, and finally three flash annealing cycles to 1600 K
(without dosing O,). The quality of the surface of the electrodes
was verified by STM measurements under UHV conditions.

Electrochemical Procedure

The electrochemical and -catalytic measurements were performed
in a dual thin layer flow cell equipped with a Pt collector electrode
in a second compartment at the electrolyte outlet.”™ The potential
was controlled by a bipotentiostat (Pine Instruments, AFCBP-1). A
Au wire served as a counter electrode, and a home-made reversible
hydrogen electrode served as a reference electrode. Throughout
this work, all potentials are referred to the RHE scale. During the
ORR measurements, the potential of the collector electrode was set
to 1.2V versus the reversible hydrogen electrode (RHE), allowing
for almost fully selective oxidation of H,0, formed during the ORR.
A detailed description of the cell design can be found elsewhere."

For the electrochemical measurements, the freshly prepared Ru-
(0001) single crystals were transferred into a load lock chamber that
was flushed with N, until atmospheric pressure was reached.
Subsequently, the electrode was mounted on the electrochemical
flow cell, by pressing the electrode against the O-ring of the cell.
The deaerated electrolyte was flown through the cell. Possible
bubbles were removed from the electrolyte capillaries. Potential
control can only be guaranteed after the complete removal of all
bubbles. Consequently, the electrode was left at open circuit
potential during this process, which took ca. 30s. Then, several
BCVs were recorded until the residual O, level in the electrolyte
decreased so that the current in the double layer region (within
region Ill) was almost symmetric on the current axis. Next, several
BCVs with different scan rates and potential limits were recorded
(the number varied between different measurements). Finally, the
electrolyte was purged for 15 min with O,, followed by several
potential cycles (ORR-CVs) with different potential limits and scan
rates.
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Classical mechanisms for the oxygen adsorbates, we show that depending
reduction reaction on metal electro- on the potential and electrolyte the
des require an adsobrate free surface. reaction is either inhibited or can
On the example of Ru single crystal even lead to the formation of signifi-
electrodes, which are never free from cant amounts of hydrogen peroxide.
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