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Materials and Chemical Sciences DiVision, Energy Sciences and Technology Department, Building 555, and
Department of Physics, BrookhaVen National Laboratory, Upton, New York 11973

ReceiVed: NoVember 13, 2000

The electrochemical surface oxidation of Ru(0001) in acid solutions is limited to a one-electron process
resulting in one monolayer oxygen uptake at potentials below the onset of bulk oxidation at 1.35 V. In 1 M
H2SO4, about1/3 monolayer of bisulfate anions are coadsorbed with hydronium cations at low potentials. The
spacing between the top two Ru layers is 2.13 Å at 0.1 V and 2.20 Å at 1.0 V, similar to those found in the
gas phase for bare Ru (2.10 Å) and for one monolayer of oxygen on Ru (2.22 Å), respectively. In contrast
to Pt(111) and Au(111) surfaces, no place exchange is involved in the Ru(0001) surface oxidation. On the
oxidized surface, the oxygen species stays on top of a smooth ruthenium surface causing a partial desorption
of the bisulfate ions. The lack of subsurface oxygen on a Ru(0001) electrode is postulated to be the origin of
its inactivity for CO oxidation found in a separate study.

I. Introduction

Ruthenium oxidation has been the subject of extensive
research because of the specific catalytic properties of ruthenium
oxides. Ruthenium is an important cocatalyst material in Pt-
Ru fuel cell electrocatalysts for methanol and reformate
hydrogen oxidation;1-2 ruthenium oxide is a component in
chlorine evolution catalysts,3 and it represents an attractive
material for electrochemical supercapacitors.4 The electrooxi-
dation of polycrystalline ruthenium has been investigated by a
variety of techniques.5-12 The work with electrodeposited Ru5

and bulk polycrystalline Ru6,7 revealed pronounced differences
in hydrogen adsorption and surface oxidation of these two
materials. Hydrogen adsorption and multilayer-oxide formation
are more facile at electrodeposited Ru surfaces. Vibrational
properties of Ru oxides have been studied by surface enhanced
Raman spectroscopy,8 and reflectance spectroscopy was used
to identify soluble higher valency ruthenium species.9 Impedance
techniques provided an additional characterization of a high
capacitance behavior and kinetics of proton-transfer reac-
tions,10,11whereas ellipsometry was used to determine the oxide
layer thickness, as well as some optical and structural proper-
ties.12

Recent activities in the development of fuel cell technology
have renewed efforts to improve Pt-Ru electrocatalysts. In
bifunctional Pt-Ru electrocatalysts, it has been conjectured that
Ru provides active oxygen so that CO, a poison species for the
surface catalytic reactions, can be oxidized and removed at
potentials lower than those observed for Pt.13 To gain an atomic
level understanding of the catalytic property, studies of single-
crystal surfaces are desirable. A pronounced structural sensitivity
has been demonstrated for several reactions on Ru surfaces.14-19

For example, bisulfate adsorption was observed by in situ

Fourier transform infrared spectroscopy (FTIR) on Ru(0001),
but not on polycrystalline surface.18 Carbon monoxide is
unusually stable on a Ru(0001) electrode surface, in sharp
contrast with the facile electrooxidation on a polycrystalline
surface.15,17 CO adsorbs on Ru(0001) in linear and 3-fold
bonding configurations, whereas only a linear configuration has
been observed on polycrystalline surfaces. This indicates that
the adsorption configuration does not determine the reactivity
of CO on Ru, otherwise linear CO should be oxidized on Ru-
(0001) as it is on polycrystalline surfaces. Clearly, other factors,
such as the presence of active oxygen at the surface, are more
important, giving an additional incentive for studies of the
surface oxidation on Ru single-crystal electrodes.

The oxidation of Ru single crystal surfaces has been
extensively studied from the gas phase.20 For example, the
exposure of Ru(0001) to low pressure of O2 facilitates the
formation of a (2× 2)-O and a (2× 1)-O superstructures with
O-coverages (defined with respect to the atomic density of the
Ru(0001) surface) of 0.25 and 0.5, respectively.21 By exposing
the Ru(0001) surface either to large amount of O2, or alterna-
tively by using dissociative NO2 chemisorption at elevated
sample temperature, the (2× 2)-3O phase (coverage of 0.75)
and an on-surface (2× 1)-O monolayer can be formed with a
negligible amount of subsurface oxygen (i.e., between the first
two Ru layers).22 In addition, the spacing between the first two
Ru layers has been found to increase as the oxygen coverage is
increased from zero to one monolayer. More recently, the
relationship between the formation of the subsurface oxygen
phase and the growth of oxides during oxidation of Ru(0001)
was determined23 and correlated with the catalytic activity of
ruthenium for the CO oxidation reaction.24 RuO2 grows epi-
taxially at elevated sample temperature (600-800 K) in the
presence of a large amount of molecular oxygen on the Ru(0001)
and the Ru(101h0) surfaces with its (110) and (100) faces oriented
parallel to the substrate surface, respectively.25,16 In contrast,
ex situ UHV-electrochemical study shows that the oxidation at
high potentials results in RuO2 epitaxial growth with its (100)
plane parallel to the Ru(0001) surface.16
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The present in situ structural study focuses on the initial stage
of electrochemical oxidation at potentials negative of the bulk
oxidation. Although surface X-ray scattering techniques are not
directly sensitive to the valency state of the surface atoms, it
has been demonstrated that important insights can be gained
from the correlation between the change of surface structure
and the current behavior. For example, H. You et al.26 have
confirmed by using in situ X-ray techniques that the place-
exchange occurs in the Pt(111) surface oxidation. For Ru(0001),
we found a very different structural phase behavior. The results
will be compared with gas-phase oxidation phase behavior, and
the implications for the catalytic properties of Ru will be
discussed.

II. Experimental Aspects

The Ru(0001) crystal (9 mm in diameter) was obtained from
Metal Crystals and Oxides, Cambridge, England. The miscut
from the (0001) face was corrected to be better than 0.1°. The
surface preparation was performed in ultrahigh vacuum (UHV)
following the standard procedure:21 sputtering at room temper-
ature with 1 keV Ar ions, followed by five cycles of oxygen
adsorption/desorption to remove carbon and a final flash
annealing in UHV at 1400°C to remove the residual oxygen.
After cooling in a vacuum, the crystal was transferred through
an Ar-filled glovebox into an electrolyte solution. Protected by
the solution drop or by adsorbed CO (which was desorbed in
the first oxidation cycle), the crystal was then mounted into a
X-ray or regular electrochemical cell. The bulk mosaic width
was 0.05° and the full width at half-maximum (fwhm) of the
θ-rocking curve near the anti-Bragg positions was about 0.15°.
The same surface preparation procedure was used for the
polycrystalline Ru electrode in electrochemical experiments.
This allows attribution of the differences in voltammograms to
the differences in atomic structure between the two surfaces.

The solutions were prepared from Optima* sulfric and
perchloric acids from Fisher and Milli-QC UV-Plus water
(Millipore Inc.) and kept free from oxygen during the X-ray
and electrochemical measurements. Potentials were measured
against a reversible hydrogen electrode (RHE) or a Ag/AgCl-
(3M NaCl) electrode. All potentials in this article are given with
respect to RHE. All of the voltammetry curves shown were
obtained with a hanging meniscus configuration.

X-ray measurements were performed at beam line×22A with
λ ) 1.20 Å at the National Synchrotron Light Source. Following
convention, a hexagonal coordinate system was used for the
Ru(0001) crystal in which the reciprocal-space wave vector was
Q ) |Hab* + KbB* + Lcb* |, wherea* ) b* ) 4π/x3a(a )
2.706 Å),c* ) 2π/c, c ) 4.282 Å), andL is along the surface
normal direction. Specular reflectivity profiles were measured
with a 2 × 2 mm slit located 650 mm from the sample. The
resulting resolution in the surface plane was 0.01 Å-1 (fwhm),
which is larger than the intrinsic peak width for all measured
reflections.

III. Results and Discussion

A. Voltammetry of Ru(0001) Surface Oxidation.Figure 1
shows the voltammetry curves for the surface oxidation of
Ru(0001) in three acidic solutions containing different anions.
The negative potential limits were carefully chosen to avoid
the complications associated with hydrogen adsorption/evolution
near 0 V versus RHE. Before starting a cycle in the positive
direction, the potential was held at the negative limit long
enough to ensure the reduction current originating from the
previous potential cycle was negligible. In all three solutions,

the voltammerty curves show a single anodic peak with a long
tail extending to the onset of bulk oxidation and two major
cathodic peaks correlated to the reduction processes which
initiate at 0.6 V for all three curves.

In 1 M H2SO4 (Figure 1a), the surface oxidation occurs above
0.4 V and the integrated anodic charge reaches 260µC/cm2 in
the sweep up to 1 V. This is equivalent to the charge for a one-
electron oxidation of the Ru(0001) surface. The net charge
obtained by integrating the current for a whole potential cycle
is close to zero. Increasing the sweep rate results in a linear
increase in the current density for sweep rates up to 500 mV/s.
Repeated potential cycling between 0 and 1.2 V did not cause
significant change in the voltammetry curves. All these facts
suggest that the Ru(0001) surface oxidation is limited to the
top layer with one electron per atom exchange at the potential
below the onset of bulk oxidation.

In 1 M HClO4 (Figure 1b), the anodic current gradually rises
from the beginning of the potential cycle, and the integrated
charge between 0.1 and 1 V is 230µC/cm2, slightly less than
that required for a one-electron surface oxidation process. In
the negative potential sweep, the onset of reduction and the

Figure 1. Voltammetry curves for Ru(0001) surface oxidation with
different positive potential limits in acidic solutions containing different
anions. Sweep rate) 10 mV/s.
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potential of the first cathodic current peak are about the same
as in the H2SO4 solution. However, the second major cathodic
peak shifts negatively and a sizable cathodic current decays
slowly after the potential cycle has ended. These features
indicate that the reduction process cannot be completed in
HClO4 solution without extending the sweep into the hydrogen
adsorption/evolution region. Why does bisulfate/sulfate adsorp-
tion affects the surface redox reaction at low potentials? Our
FTIR and X-ray studies show that the bisulfate adsorption on
Ru(0001) is essentially at a saturation coverage between 0 and
0.5 V and that water chemisorbs on Ru(0001) in the absence
of chemisorbed anions. These facts suggest that strongly
adsorbed bisulfate ions prevent water-induced oxygen adsorption
processes at low potentials and promote the complete removal
of the oxygen adsorbates in the cathodic sweep.

To further explore anion effects on the electrooxidation of
Ru(0001), Cl- and Br- were added to the 0.1 M HClO4 solution.
The results in Cl- containing solution are shown in Figure 1c
(data in the Br- solution are nearly identical and are not shown).
A sharp rise of anodic current occurs near 0.2 V, which is at a
more negative potential than the onset of surface oxidation in
sulfric acid. This shows that strongly adsorbed halide ions do
not provide better protection for the Ru from surface oxidation
than bisulfate ions. In the halide cases, it is likely that a different
redox process occurs because they make compounds with
ruthenium in several different oxidation states.

Figure 2a and 2b shows the voltammetry curves obtained after
extending the negative potential limit to-0.1 V versus RHE
in 1 and 0.1 M HClO4 solutions. The increase of cathodic current
below 0 V is due to hydrogen evolution. Although the
voltammetry curve changes only slightly in the 1 M solution,
an additional anodic peak appears near 0.26 V in the 0.1 M
solution. The charge under this peak increases with increasing
cathodic charge at potential below 0 V. Similar trends as a
function of pH in this potential region have been reported in
earlier studies,14 including a strong peak in a pH) 3 solution
and a small peak in a pH) 0 solution. In the voltammetry
curves for Ru(0001) in 0.1 M HClO4 solution reported by Lin
et al.,16 there is a pair of current peaks at potentials close to
hydrogen evolution which were ascribed to the hydrogen
adsorption process. We noticed similar feature after several
potential sweeps into hydrogen evolution. This feature is
strongly dependent on the potential cycling history.

In alkaline solution (pH) 14), the feature at low potentials
is more striking. As shown in Figure 2c (solid line), a strong
anodic current peak occurs at 0.36 V with an integrated charge
corresponding to 1.2 e-/atom, and a strong cathodic current peak
occurs at 0.16 V with a charge equivalent to 1.4 e-/atom.
However, the integrated anodic charge from 0.4 to 1.0 V
remained equivalent to 1 e-/atom as in acid solutions. Extending
the negative potential limit into the hydrogen evolution regime
(dot-dash line) causes a slight potential shift and an increase
of the anodic current peak. It appears that the Ru surface
oxidation/reduction becomes more interwined with hydrogen
adsorption/evolution as the pH increases. On polycrystalline Ru,
the symmetric peaks in this potential range have been attributed
to either hydrogen adsorption27 or Ru oxidation.28

Finally, Figure 3a shows the onset of Ru(0001) bulk oxida-
tion/dissolution and its effect on the voltammetry feature. After
a few cycles involving the large anodic current near 1.35 V,
the onset of surface oxidation, as well as the second reduction
peak, shift to slightly more negative potentials (solid line) than
those obtained previously (dashed line). Repeated cycling over
a few hours did not cause significant additional changes in the

voltammetry curve. This behavior is very different from the
potential-cycling induced oxide growth observed on Ru foil.6

On a UHV-prepared polycrystalline Ru surface, as shown in
Figure 3b, the voltammogram is featureless over the entire
potential region, and the currents are about one order of
magnitude higher than those on Ru(0001). These features
suggest a high degree oxidation occurring continuously over a
wide potential region on polycrystalline Ru. Such a large
difference between the two surfaces is striking and demonstrates
that Ru surface oxidation is highly structure sensitive.

B. Surface X-ray Scattering. To characterize the atomic
structure of the Ru(0001) electrode as a function of potential,
X-ray specular reflectivity profiles were measured at 0.1 and
1.0 V in 1 M H2SO4. In Figure 4, the structure factor intensities
are shown after correcting the integrated intensities for the
variation of the Lorentz factor, the effective sample area, and
the resolution along the surface normal direction.29 In compari-
son with the calculated curve for an ideally terminated Ru(0001)
surface (dot and dash line), the measured specular reflectivities
at 0.1 and 1.0 V have deeper minima. Simulations indicate that
this could result from either adsorptions or changes in the top
layer of the substrate. In sulfric acid solutions, adsorbates can
be sulfate (SO4

2-) or bisulfate (HSO4
-), and oxygen-containing

species(H3O+, H2O, OH-, and O2-). Because the H+ ion has

Figure 2. Voltammetry curves showing the effect of hydrogen
evolution to the voltammetry of Ru(0001) surface oxidation in solutions
of different pH. Sweep rate) 10 mV/s. Dashed line shows the first
positive sweep started at potential positive of 0 V, which upon
completion is followed by a potential cycle with a new low potential
limit (solid line).
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no electron and hence no contribution to the X-ray scattering
cross section, specular reflectivity measurements cannot dis-
tinguish between sulfate and bisulfate and among the four
oxygen-containing species because these species only differ in
the number of H+. To model the reflectivity, we allowed for
two different adlayers. One contains only O2-, which corre-
sponds to the four possible oxygen-containing species and the
other, containing one S6+ and four O2-, represents sulfate or
bisulfate. In the following discussion, bisulfate will be consid-
ered as the sulfur-containing adsorbate on the basis of the
identification made by our FTIR study.18 For the oxygen-
containing species, H3O+ cations and OH- anions are assumed
to be the adsorbates at low (0.1 V) and high (1.0 V) potentials,
respectively.

For the specular reflectivity at 0.1 V (circles), our first
approach was to include only a bisulfate adlayer on the Ru-
(0001) surface. To minimize the number of free parameters in
the fitting process, we have assumed that the three coplanar
oxygen atoms are 0.69 Å below the sulfur atom and the other
oxygen atom is 1.55 Å above the sulfur atom, based on the
bond lengths found for the Cu-sulfate coadsorption on Au-
(111).30 The free parameters in the fitting are the bisulfate
coverage, the layer spacing between the three coplanar oxygen
atoms and the top Ru layer, the root-mean-square (RMS)
displacement amplitude (Debye-Waller factor) for the atoms
in the bisulfate adlayer, the spacing between the top two Ru
layers, and the RMS displacement amplitude for the top Ru
layer. The best fit is shown by the dashed line in Figure 4, which
gives a 0.4 monolayer of bisulfate and a nearly ideally
terminated Ru(0001) crystal.

An improved description of the data was obtained by adding
an oxygen adlayer in the model. The best fit (solid line) gives
a 2.13( 0.01 Å spacing between the top two Ru layers and a
RMS displacement amplitude of 0.13( 0.02 Å for the top Ru

layer. Compared to the fit without oxygen, the bisulfate coverage
decreased from 0.40 to 0.31( 0.05, whereas the layer spacing
between the coplanar oxygen atoms and the top Ru layer
remained at 1.97( 0.05 Å. The oxygen adlayer was found to
have the same coverage (0.31( 0.05) as the bisulfate adlayer
with a Ru-O layer spacing of 2.04( 0.21 Å. Despite
differences in the adlayer, both models indicate that the Ru-
(0001) surface is nearly ideally terminated. The saturated
coverage for bisulfate is expected to be about1/3 or 0.4
monolayer based on its size relative to the Ru(0001) surface.
On Pt(111), the bisulfate coverage increases with increasing
potential and reaches the saturation at rather high potentials.31

Can a high-coverage bisulfate adsorption on Ru(0001) at 0.1 V
be justified? To answer this question and to understand the
nature of the oxygen-containing adsorbate, we measured X-ray
specular reflectivity for Ru(0001) in pure water.

The specular reflectivity curve obtained from Ru(0001) in
pure water (not shown) has deeper minima compared to the
curve for an adsorbate-free Ru(0001), and we attribute this
feature to water adsorption. The analysis suggests a monolayer
of water or oxygen on Ru(0001) with a 2.03( 0.05 Å Ru-O
layer spacing. This spacing is close to the Ru-O bond length
for the gas-phase adsorbed oxygen but much smaller than the
3 Å layer spacing for water adsorption on Au(111)32 and on
Ag(111).33 These facts suggest that water is chemisorbed on
Ru(0001). In addition, the spacing between the top two Ru layers
is 2.17 Å, larger than 2.13 Å found in sulfric acid at 0.1 V. For
gas-phase oxidation, this layer spacing expands from 2.10 to
2.22 Å as the oxygen coverage increases from 0 to 1 mono-

Figure 3. Voltammetry curves for Ru(0001) (a) and polycrystalline
Ru (b) in 1 M H2SO4. Sweep rate) 10 mV/s.

Figure 4. Upper panel: Specular reflectivity (structure factor squared)
measured for Ru(0001) at 0.1 V (circles) and 1.0 V (plus sign) in 1 M
H2SO4 with the dot-dash line showing the calculated curve for an
ideally terminated Ru(0001). The dashed and solid lines are the fits
discussed in the text. Lower panel: Proposed structural models where
the O, S, and Ru atoms are represented by the open, heavily shaded,
and lightly shaded circles, respectively. The layer spacings are given
in Å and coverages are given in monolayer (ML).
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layer.22 Thus, the expansion of Ru layer spacing in pure water
suggests that the water adsorption involves an oxidation process.
On the other hand, the smaller Ru layer spacing in sulfric acid
solution at low potentials indicates that the oxidative water
adsorption is circumvented by the adsorption of bisulfate. In 1
M strong acid solution at low potentials, the coadsorbed oxygen
species is likely to be the hydronium ion (H3O+). As illustrated
by the model in the bottom panel of Figure 4, the two adlayers
are nearly coplanar. The lateral electrostatic repulsion among
the bisulfate anions can be reduced by the coadsorption of H3O+

cations. This kind of cation-anion coadsorption usually results
in a constant coverage over a range of potentials,34,35and thus,
the high bisulfate coverage is reached at a very low potential.
Another case for sulfate/bisulfate adsorption over a wide
potential region has been reported for the Rh(111) surface.36

At potentials positive of the anodic current peak, a partial
desorption of bisulfate has been observed by FTIR,18 which is
believed to be a result of the formation of a surface oxide. This
is confirmed by the analysis of the specular reflectivity obtained
at 1.0 V shown by the plus symbol in Figure 4. The most clear
evidence for that is the 2.20( 0.02 Å spacing between the top
two Ru layers, which was found independent of the details on
the adlayer structure and similar to the value (2.22 Å) for one
monolayer of oxygen on Ru(0001) in gas-phase oxidation.22 For
the oxygen and bisulfate adlayers, the fitting parameters are
strongly correlated. The dashed line shows the best fit when
the spacing between the oxygen layer and the top Ru layer was
initially fixed at 1.5 Å. It gives 1.0 monolayer of oxygen located
at 1.6 Å above the top Ru surface and 0.08 monolayer of
bisulfate at 1.9 Å above the oxygen layer. The solid line was
obtained by fitting with the spacing between the oxygen layer
and the top Ru layer initially fixed at about 1 Å. This fit gives
0.8 monolayer of oxygen located at 1.2 Å above Ru, and 0.24
monolayer of bisulfate located at 0.7 Å above the oxygen layer.
Alternatively, fitting with the oxygen layer located under the
top Ru layer failed to yield a reasonable good fit and, on this
basis, we can rule out the existence of subsurface oxygen. On
the basis of these results, a structural model is proposed as
described by the lower panel of Figure 4 (right side half).
Although the parameters given for the adsorbates (average
values from two sets of parameters) have large error bars, the
results do support the formation of surface oxide and suggest
that a monolayer of oxygen species is chemisorbed and stays
on top of the Ru(0001) surface at 1.0 V. This, in turn, results
in a partial desorption of bisulfate.

To gain further insight into the potential-induced phase
transition at the Ru(0001) electrode surface, the X-ray intensities
at the (0,0,1.1) and (0,0,2.5) positions were monitored whereas
sweeping the potential between 0 and 1.2 V at 1 mV/s. Figure
5 shows these potential-dependent intensities together with the
voltammetry curve obtained at the same sweep rate, albeit in a
separate cell. Although both the bisulfate desorption and the
layer expansion of the Ru surface contribute to the intensity
increase at the (0,0,1.1) position at high potentials, the later has
a dominant and opposite effect on the X-ray intensity at
(0,0,2.5). As shown in the top panel of Figure 5, the (0,0,1.1)
intensity is constant up to 0.57 V in the positive potential sweep
suggesting no significant change in either Ru surface or adlayer
coverage below this critical potential, even though the anodic
current starts to rise at a slightly more negative potential. Above
0.57 V, the (0,0,1.1) intensity continuously increases with
increasing potential, which is accompanied by the intensity
decrease at the (0,0,2.5) position. This confirms that an
electrooxidation-induced surface expansion occurs on Ru(0001),

above this critical potential. After the potential sweep reversal,
both X-ray intensities remain constant over the entire oxide-
formation potential region down to 0.57 V. At this critial
potential, the onset of oxide reduction occurs, which is apparent
from the voltammetry curves. This is followed immediately by
the inversed structural phase transition as indicated by the
changes in the (0,0,1.1) and (0,0,2.5) intensities. The steep slopes
in the X-ray intensity curves correlate well with the reduction
current peaks. In repeated potential cycles, the X-ray intensities
do not vary with the number of cycles, indicating no irreversible
roughening and no progressive oxide formation, in agreement
with the conclusion based on the voltammetry measurements.

Ordered (2× 2), (3× 1), and (1× 1) oxygen adlayers have
been identified in UHV by low-energy electron diffraction
(LEED) and Auger electron spectroscopy (AES) on the Ru-
(0001) electrode emersed from 0.1 M HClO4 solution at
potentials close to 0.4, 0.6, and 1.2 V (vs RHE), respectively.16

In our experiments for Ru(0001) in sulfric acid, no in-plane
diffraction features can be correlated to these ordered submono-
layer oxygen phases. We note that the expected X-ray intensity
from an oxygen adlayer is weak relative to the diffuse scattering
background originating from the thin solution layer and the
plastic film. Thus, from the absence of superlattice peaks, it is
difficult to rule out the existence of these ordered structures.
However, there is also no indirect evidence to support these
submonolayer oxygen phases in sulfric acid from the specular
reflectivity measurements. Nevertheless, both the in situ X-ray
and the ex situ LEED and AES studies show that the initial

Figure 5. X-ray intensities as a function of potential and the
corresponding voltammetry curve for Ru(0001) in 1 M H2SO4. Sweep
rate ) 1 mV/s. The X-ray intensities measured at the (0,0,1.1) and
(0,0,2.5) positions are shown after subtracting the diffuse scattering
background and normalizing the intensities at the most negative
potentials to unity. The vertical dotted line highlights the critical
potential (0.57 V) where the onset of structural changes due to the
surface oxidation/reduction occurs.
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state of Ru(0001) oxidation involves oxygen adsorption of up
to one full monolayer at potentials below the onset of Ru bulk
oxidation in acid solutions.

The structural phase behavior of Ru surface oxidation is
distinctly different from those observed for other noble metal
surfaces. For Pt(111), as demonstrated by X-ray reflectivity
studies, the electrochemical surface oxidation involves a place
exchange where a fraction of the top Pt atoms moved on top of
the original surface layer forming partially filled Pt layers.26

On Au(111), the place exchange occurs in the potential region
of the second surface oxidation current peak.37 When these
partially filled layers form at the substrate surface, a sharp
decrease of intensity occurs near the anti-Bragg positions. This
feature is absent for Ru(0001) at potentials below 1.2 V. In
fact, due to the desorption of bisulfate, an increase of the X-ray
intensity near the anti-Bragg positions was observed upon the
oxide formation. Therefore, it is unambiguous that place
exchange is not involved in the Ru(0001) surface oxidation.

IV. Summary

The electrochemical surface oxidation of Ru(0001) has been
characterized by means of in situ surface X-ray scattering
techniques and cyclic voltammetry. In acid solutions, the
voltammetry curves show a one-electron surface oxidation
process at potentials below the onset of bulk oxidation.
Furthermore, the analysis of the X-ray specular reflectivity found
that the spacing between the top two Ru layers is 2.13 Å at 0.1
V and 2.20 Å at 1.0 V in 1 M sulfric acid solution, similar to
those found in gas phase for bare Ru (2.10 Å) and for one
monolayer of oxygen on Ru (2.22 Å), respectively. At low
potentials, specular reflectivity data support a model involving
the coadsorption of bisulfate and hydronium ions on Ru(0001).
The coverage of bisulfate is close to1/3 monolayer at potentials
below the phase transition potential of 0.57 V. In contrast to
the behavior of Pt(111) and Au(111) surfaces, no place exchange
is involved in the Ru(0001) surface oxidation. The formation
of a monolayer of ruthenium oxide causes a partial desorption
of bisulfate in agreement with the FTIR results.18 It is striking
that oxygen penetration is completely blocked on Ru(0001) at
potentials below the bulk oxidation potential in contrast to the
high degree surface oxidation of polycrystalline Ru, which
occurs between the onset of hydrogen evolution to the onset of
bulk oxidation. Because it is known from gas-phase studies that
the subsurface oxygen plays a major role in the catalytic activity
of Ru for CO oxidation,24 the lack of subsurface oxygen on the
Ru(0001) electrode is a possible explanation for its inactivity
for CO electrooxidation found in.15
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