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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
H,SQ,, about!/s monolayer of bisulfate anions are coadsorbed with hydronium cations at low potentials. The
spacing between the top two Ru layers is 2.13 A at 0.1 V and 2.20 A at 1.0 V, similar to those found in the
gas phase for bare Ru (2.10 A) and for one monolayer of oxygen on Ru (2.22 A), 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 Fourier transform infrared spectroscopy (FTIR) on Ru(0001),
. I . . but not on polycrystalline surfadé. Carbon monoxide is

Ruthenium oxidation has been the subject of extensive n,gally stable on a Ru(0001) electrode surface, in sharp
research because of the specific catalytic properties of rutheniumgnirast ‘with the facile electrooxidation on a polycrystalline
oxides. Ruthenium is an important cocatalyst material in Pt ¢\, 5061517 CO adsorbs on Ru(0001) in linear and 3-fold
Ru fuel cell electrocatalysts for methanol and reformate p,nging configurations, whereas only a linear configuration has
hydrogen oxidatiort? ruthenium oxide is a component in  hoan ghserved on polycrystalline surfaces. This indicates that
chlorine evolution catalysfs,and it represents an attractive e adsorption configuration does not determine the reactivity
material for electrochemical supercapacitbighe electrooxi- of CO on Ru, otherwise linear CO should be oxidized on Ru-
dation of polycrystalline ruthenium has been investigated by a (o001 as it is on polycrystalline surfaces. Clearly, other factors,
variety of techniques. 2 The work with electrodeposited RU  g;cy a5 the presence of active oxygen at the surface, are more

and bulk polycrystalline Ri revealed pronounced differences jnhortant, giving an additional incentive for studies of the
in hydrogen adsorption and surface oxidation of these two ¢ face oxidation on Ru single-crystal electrodes.

materials. Hydrogen adsorption and multilayer-oxide formation
are more facile at electrodeposited Ru surfaces. Vibrational
properties of Ru oxides have been studied by surface enhance
Ra}manl spectroscq@yand reflectance spectroscopy was used formation of a (2x 2)-O and a (2x 1)-O superstructures with
to identify soluble higher valency ruthenium spediésipedance 5 _coyerages (defined with respect to the atomic density of the
techniques provided an additional characterization of a high Ru(0001) surface) of 0.25 and 0.5, respectivalBy exposing
capacitance behaV|_or and kinetics of proton-trgnsfer reac- e Ru(0001) surface either to large amount of @ alterna-
tions1%11whereas ellipsometry was used to determine the oxide tively by using dissociative N©chemisorption at elevated
Igyelrzthlckness, as well as some optical and structural proper-saunme temperature, the (2 2)-30 phase (coverage of 0.75)
ties; o and an on-surface (2 1)-O monolayer can be formed with a
Recent activities in the development of fuel cell technology negligible amount of subsurface oxygen (i.e., between the first
have renewed efforts to improve FRu electrocatalysts. I two Ru layersf? In addition, the spacing between the first two
bifunctional Pt-Ru electrocatalysts, it has been conjectured that g, layers has been found to increase as the oxygen coverage is
Ru provides active oxygen so that CO, a poison species for thejncreased from zero to one monolayer. More recently, the
surface catalytic reactions, can be oxidized and removed atre|ationship between the formation of the subsurface oxygen
potentials lower than those observed fofPIo gain an atomic  phase and the growth of oxides during oxidation of Ru(0001)
level understanding of the catalytic property, studies of single- ywas determine and correlated with the catalytic activity of
crystal surfaces are desirable. A pronounced structural sensitivity rythenium for the CO oxidation reactidh.RuO, grows epi-
has been demonstrated for several reactions on Ru sutfaés.  (axially at elevated sample temperature (6800 K) in the
For example, bisulfate adsorption was observed by in situ presence of a large amount of molecular oxygen on the Ru(0001)
and the Ru(10Q) surfaces with its (110) and (100) faces oriented
*To whom correspondence should be addressed. Fax: 631 344-5815.parallel to the substrate surface, respectiehf.In contrast,

The oxidation of Ru single crystal surfaces has been
xtensively studied from the gas ph&8d-or example, the
xposure of Ru(0001) to low pressure op @cilitates the

E-mail: adzic@bnl.gov. . . . ex situ UHV-electrochemical study shows that the oxidation at
Materials and Chemical Sciences Division, Energy Sciences and high potential Its in Rupitaxial th with its (100
Technology Department, Brookhaven National Laboratory. Igh potenuals results in pitaxial growth with its (100)
* Department of Physics, Brookhaven National Laboratory. plane parallel to the Ru(0001) surfate.
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T

The present in situ structural study focuses on the initial stage T T

of _elec_:trochemical oxidation at potential:; negativg of the bulk 101 (0) 260 ,u,C/cm2 A

oxidation. Although surface X-ray scattering techniques are not 5

directly sensitive to the valency state of the surface atoms, it y

has been demonstrated that important insights can be gained 0

from the correlation between the change of surface structure

and the current behavior. For example, H. You et®diave -5

confirmed by using in situ X-ray techniques that the place- -10

exchange occurs in the Pt(111) surface oxidation. For Ru(0001),

we found a very different structural phase behavior. The results -15

will be compared with gas-phase oxidation phase behavior, and

the implications for the catalytic properties of Ru will be -20 . : , ) \

discussed. . : , i
P - -

Il. Experimental Aspects NE 5 (b)

The Ru(0001) crystal (9 mm in diameter) was obtained from  ~. 0= !
Metal Crystals and Oxides, Cambridge, England. The miscut §_ -5t .
from the (0001) face was corrected to be better thah. O e ~
surface preparation was performed in ultrahigh vacuum (UHV) 2> =10 1 M HCIO,
following the standard procedufésputtering at room temper- 2 -15} -
ature with 1 keV Ar ions, followed by five cycles of oxygen 3
adsorption/desorption to remove carbon and a final flash - =20
annealing in UHV at 1400C to remove the residual oxygen. S i
After cooling in a vacuum, the crystal was transferred through = 25 ) ) ) .
an Ar-filled glovebox into an electrolyte solution. Protected by S

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 2t 1
was 0.08 and the full width at half-maximum (fwhm) of the m

S
L]
~
(94
SN
1

0-rocking curve near the anti-Bragg positions was about®0.15 0+ [ ! f w

The same surface preparation procedure was used for the

polycrystalline Ru electrode in electrochemical experiments. -2t 1

This allows attribution of the differences in voltammograms to

the differences in atomic structure between the two surfaces. -4} -
The solutions were prepared from Optima* sulfric and 0.1M HCIO,+50mM NaCl

perchloric acids from Fisher and Milli-QC UVYPlus water -6t -

(Millipore Inc.) and kept free from oxygen during the X-ray ! ' ' '
and electrochemical measurements. Potentials were measured 0 02 04 06 08 1.0 1.2
against a reversible hydrogen electrode (RHE) or a Ag/AgCl- E (V VS RHE)
(3M NaCl) electrode. All potentials in this article are given with o _
respect to RHE. All of the voltammetry curves shown were Figure 1. Voltammetry curves for Ru(0001) surface oxidation with
obtained with a hanging meniscus configuration. dlff_erent positive potential limits in acidic solutions containing different
. . anions. Sweep rate 10 mV/s.

X-ray measurements were performed at beam}%g2A with
A= 1'20.'& at the National Synchrotron Light Source. Following the voltammerty curves show a single anodic peak with a long
convention, a hexagonal coordinate system was used for the

Ru(0001) crystal in which the reciprocal-space wave vector was tail extending to the onset of bulk oxidation and two major
Y P P cathodic peaks correlated to the reduction processes which

Q = |Har + Kb* + Lc*|, wherea* = b* = 4rlv/3a(a = initiate at 0.6 V for all three curves.
2706 A),c* = 2m/c, c = 4.282 A), and_ is along the surface In 1 M H,SQ; (Figure 1a), the surface oxidation occurs above
normal direction. Specular reflectivity profiles were measured ( 4 v/ and the integrated anodic charge reaches5@n? in
with a 2> 2 mm slit located 650 mm from the sample. The  {he sweep up to 1 V. This is equivalent to the charge for a one-
res.ultlr]g resolution in the: sgrfape plane was 0.02 fwhm), electron oxidation of the Ru(0001) surface. The net charge
which is larger than the intrinsic peak width for all measured obtained by integrating the current for a whole potential cycle
reflections. 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
A. Voltammetry of Ru(0001) Surface Oxidation.Figure 1 significant change in the voltammetry curves. All these facts
shows the voltammetry curves for the surface oxidation of suggest that the Ru(0001) surface oxidation is limited to the
Ru(0001) in three acidic solutions containing different anions. top layer with one electron per atom exchange at the potential
The negative potential limits were carefully chosen to avoid below the onset of bulk oxidation.
the complications associated with hydrogen adsorption/evolution  In 1 M HCIO, (Figure 1b), the anodic current gradually rises
near 0 V versus RHE. Before starting a cycle in the positive from the beginning of the potential cycle, and the integrated
direction, the potential was held at the negative limit long charge between 0.1 drll V is 230uC/cn?, slightly less than
enough to ensure the reduction current originating from the that required for a one-electron surface oxidation process. In
previous potential cycle was negligible. In all three solutions, the negative potential sweep, the onset of reduction and the

I1l. Results and Discussion
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potential of the first cathodic current peak are about the same 10 T T L—
as in the HSQO, 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 ]
HCIO, 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 PH 1 M HC|O4
Ru(0001) is essentially at a saturation coverage between 0 and s 40t ' . LA
0.5 V and that water chemisorbs on Ru(0001) in the absence g
of chemisorbed anions. These facts suggest that strongly { 10+ (b) ' ' R
adsorbed bisulfate ions prevent water-induced oxygen adsorption §
processes at low potentials and promote the complete removal Ot ]
of the oxygen adsorbates in the cathodic sweep. = 10t - ]

To further explore anion effects on the electrooxidation of 2
Ru(0001), Ct and Br were added to the 0.1 M HClBolution. 8 —-20+ .
The results in Ct containing solution are shown in Figure 1c a—
(data in the Br solution are nearly identical and are not shown). qu -30 H=1 0.1 M HCIO
A sharp rise of anodic current occurs near 0.2 V, which is at a 5 pr= ’ 4
more negative potential than the onset of surface oxidation in  © -40 ¢ . L L
sulfric acid. This shows that strongly adsorbed halide ions do T
not provide better protection for the Ru from surface oxidation o0 ¢ 1
than bisulfate ions. In the halide cases, itis likely that a different 25
redox process occurs because they make compounds with ok .
ruthenium in several different oxidation states.

Figure 2a and 2b shows the voltammetry curves obtained after -23
extending the negative potential limit t60.1 V versus RHE =50 .
in 1 and 0.1 M HCIQ@ ssolutions. The increase of cathodic current 7517
belov 0 V is due to hydrogen evolution. Although the ; pH=14 1 M NaOH
voltammetry curve changes only slightly inetd M solution, =100 ;. , , L]
an additional anodic peak appears near 0.26 V in the 0.1 M 0 02 04 06 08 1.0 1.2
solution. The charge under this peak increases with increasing
cathodic charge at potential below 0 V. Similar trends as a E (V Vs RHE)
function of pH in this potential region have been reported in Figyre 2. Voltammetry curves showing the effect of hydrogen
earlier studies? including a strong peak in a p& 3 solution evolution to the voltammetry of Ru(0001) surface oxidation in solutions

and a small peak in a pk 0 solution. In the voltammetry  of different pH. Sweep rate= 10 mV/s. Dashed line shows the first

curves for Ru(0001) in 0.1 M HCIgsolution reported by Lin ~ positive sweep started at potential positive of 0 V, which upon
et al.16 there is a pair of current peaks at potentials close to Completion is followed by a potential cycle with a new low potential
hydrogen evolution which were ascribed to the hydrogen limit (solid ine).

adsorption process. We noticed similar feature after several

potential sweeps into hydrogen evolution. This feature is potential-cycling induced oxide growth observed on Ru oil.
strongly dependent on the potential cycling history. On a UHV-prepared polycrystalline Ru surface, as shown in
In alkaline solution (pH= 14), the feature at low potentials  Figure 3b, the voltammogram is featureless over the entire
is more striking. As shown in Figure 2c (solid line), a strong potential region, and the currents are about one order of
anodic current peak occurs at 0.36 V with an integrated chargemagnitude higher than those on Ru(0001). These features
corresponding to 1.2°éatom, and a strong cathodic current peak suggest a high degree oxidation occurring continuously over a
occurs at 0.16 V with a charge equivalent to 1.4agom. wide potential region on polycrystalline Ru. Such a large
However, the integrated anodic charge from 0.4 to 1.0 V (difference between the two surfaces is striking and demonstrates
remained equivalent to Ifatom as in acid solutions. Extending  that Ru surface oxidation is highly structure sensitive.
the negative potential limit into the hydrogen evolution regime B, Surface X-ray Scattering. To characterize the atomic
(dot—dash line) causes a slight potential shift and an increase structure of the Ru(0001) electrode as a function of potential,
of the anodic current peak. It appears that the Ru surface X-ray specular reflectivity profiles were measured at 0.1 and
oxidation/reduction becomes more interwined with hydrogen 1.0V in 1 M H,SQy. In Figure 4, the structure factor intensities
adsorption/evolution as the pH increases. On polycrystalline Ru, are shown after correcting the integrated intensities for the
the symmetric peaks in this potential range have been attributedvariation of the Lorentz factor, the effective sample area, and
to either hydrogen adsorpti®hor Ru oxidatior?® the resolution along the surface normal direcfidm compari-
Finally, Figure 3a shows the onset of Ru(0001) bulk oxida- son with the calculated curve for an ideally terminated Ru(0001)
tion/dissolution and its effect on the voltammetry feature. After surface (dot and dash line), the measured specular reflectivities
a few cycles involving the large anodic current near 1.35 V, at 0.1 and 1.0 V have deeper minima. Simulations indicate that
the onset of surface oxidation, as well as the second reductionthis could result from either adsorptions or changes in the top
peak, shift to slightly more negative potentials (solid line) than layer of the substrate. In sulfric acid solutions, adsorbates can
those obtained previously (dashed line). Repeated cycling overbe sulfate (Sé) or bisulfate (HSQ), and oxygen-containing
a few hours did not cause significant additional changes in the species(HO*, H,O, OH™, and G™). Because the Hion has

voltammetry curve. This behavior is very different from the
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] ) Figure 4. Upper panel: Specular reflectivity (structure factor squared)
Figure 3. Voltammetry curves for Ru(0001) (a) and polycrystalline  measured for Ru(0001) at 0.1 V (circles) and 1.0 V (plus sign) in 1 M
Ru (b) in 1 M HSO.. Sweep rate= 10 mVi/s. H,SO, with the dot-dash line showing the calculated curve for an

— . ideally terminated Ru(0001). The dashed and solid lines are the fits
no electron and hence no contribution to the X-ray scattering discussed in the text. Lower panel: Proposed structural models where

cross section, specular reflectivity measurements cannot dis-he o, s, and Ru atoms are represented by the open, heavily shaded,
tinguish between sulfate and bisulfate and among the four and lightly shaded circles, respectively. The layer spacings are given
oxygen-containing species because these species only differ inin A and coverages are given in monolayer (ML).
the number of H. To model the reflectivity, we allowed for
two different adlayers. One contains only¥ Qwhich corre- layer. Compared to the fit without oxygen, the bisulfate coverage
sponds to the four possible oxygen-containing species and thedecreased from 0.40 to 0.310.05, whereas the layer spacing
other, containing one% and four G-, represents sulfate or  between the coplanar oxygen atoms and the top Ru layer
bisulfate. In the following discussion, bisulfate will be consid- remained at 1.92 0.05 A. The oxygen adlayer was found to
ered as the sulfur-containing adsorbate on the basis of thehave the same coverage (0.310.05) as the bisulfate adlayer
identification made by our FTIR study.For the oxygen- with a Ru-O layer spacing of 2.04 0.21 A. Despite
containing species, #0* cations and OH anions are assumed  differences in the adlayer, both models indicate that the Ru-
to be the adsorbates at low (0.1 V) and high (1.0 V) potentials, (0001) surface is nearly ideally terminated. The saturated
respectively. coverage for bisulfate is expected to be abdlgt or 0.4

For the specular reflectivity at 0.1 V (circles), our first monolayer based on its size relative to the Ru(0001) surface.
approach was to include only a bisulfate adlayer on the Ru- On Pt(111), the bisulfate coverage increases with increasing
(0001) surface. To minimize the number of free parameters in potential and reaches the saturation at rather high poteftials.
the fitting process, we have assumed that the three coplanarCan a high-coverage bisulfate adsorption on Ru(0001) at 0.1 V
oxygen atoms are 0.69 A below the sulfur atom and the other be justified? To answer this question and to understand the
oxygen atom is 1.55 A above the sulfur atom, based on the nature of the oxygen-containing adsorbate, we measured X-ray
bond lengths found for the Cu-sulfate coadsorption on Au- specular reflectivity for Ru(0001) in pure water.
(111)3° The free parameters in the fitting are the bisulfate ~ The specular reflectivity curve obtained from Ru(0001) in
coverage, the layer spacing between the three coplanar oxygempure water (not shown) has deeper minima compared to the
atoms and the top Ru layer, the root-mean-square (RMS)curve for an adsorbate-free Ru(0001), and we attribute this
displacement amplitude (Deby#&Valler factor) for the atoms  feature to water adsorption. The analysis suggests a monolayer
in the bisulfate adlayer, the spacing between the top two Ru of water or oxygen on Ru(0001) with a 2.630.05 A Ru-O
layers, and the RMS displacement amplitude for the top Ru layer spacing. This spacing is close to the-Rubond length
layer. The best fit is shown by the dashed line in Figure 4, which for the gas-phase adsorbed oxygen but much smaller than the
gives a 0.4 monolayer of bisulfate and a nearly ideally 3 A layer spacing for water adsorption on Au(1#1and on
terminated Ru(0001) crystal. Ag(111)32 These facts suggest that water is chemisorbed on

An improved description of the data was obtained by adding Ru(0001). In addition, the spacing between the top two Ru layers
an oxygen adlayer in the model. The best fit (solid line) gives is 2.17 A, larger than 2.13 A found in sulfric acid at 0.1 V. For
a 2.13+ 0.01 A spacing between the top two Ru layers and a gas-phase oxidation, this layer spacing expands from 2.10 to
RMS displacement amplitude of 0.4#30.02 A for the top Ru 2.22 A as the oxygen coverage increases from 0 to 1 mono-
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layer?2 Thus, the expansion of Ru layer spacing in pure water - T - T
P P 3.5} : T

suggests that the water adsorption involves an oxidation process. :

On the other hand, the smaller Ru layer spacing in sulfric acid 3.0 (0.0,1 1) ' 1

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 ion4®"). 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@f H
cations. This kind of cationanion coadsorption usually results
in a constant coverage over a range of potentfaizand 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) suface.

o v o wm
T

o
0

Normalized Intensity
o

o
o
T

At potentials positive of the anodic current peak, a partial 0.7 I
desorption of bisulfate has been observed by FfIRhich is 0.6}
believed to be a result of the formation of a surface oxide. This &
is confirmed by the analysis of the specular reflectivity obtained E 1571
at 1.0 V shown by the plus symbol in Figure 4. The most clear < 05+
evidence for that is the 2.28 0.02 A spacing between the top ~ =
two Ru layers, which was found independent of the details on %‘ —05F
the adlayer structure and similar to the value (2.22 A) forone &
monolayer of oxygen on Ru(0001) in gas-phase oxid&@ddiar =2 95t
the oxygen and bisulfate adlayers, the fitting parameters are E
strongly correlated. The dashed line shows the best fit when £ -2.5F _, ! : - s
© 0 02 04 06 08 1.0 12

the spacing between the oxygen layer and the top Ru layer was
initially fixed at 1.5 A. It gives 1.0 monolayer of oxygen located E (V vs RHE)
at 1.6 A above the top Ru surface and 0.08 monolayer of Figure 5. X-ray intensities as a function of potential and the

blsul_fate at 1_.9_A ab_ove the oxygen layer. The solid line was corresponding voltammetry curve for Ru(000a)li M H,SQs. Sweep
obtained by fitting with the spacing between the oxygen layer rate =1 mv/s. The X-ray intensities measured at the (0,0,1.1) and
and the top Ru layer initially fixed at about 1 A. This fit gives  (0,0,2.5) positions are shown after subtracting the diffuse scattering
0.8 monolayer of oxygen located at 1.2 A above Ru, and 0.24 background and normalizing the intensities at the most negative
mono|ayer of bisulfate located at 0.7 A above the oxygen |ayer_ pOtent!alS to unity. The vertical dotted line highlights the critical
Alternatively, fitting with the oxygen layer located under the Potential (0.57 V) where the onset of structural changes due to the
. . - . surface oxidation/reduction occurs.
top Ru layer failed to yield a reasonable good fit and, on this

basis, we can rule out the existence of subsurface oxygen. Ony, e this critical potential. After the potential sweep reversal,

the b‘.”‘s's of these results, a structl_,lral mode_l IS pr_oposed S%oth X-ray intensities remain constant over the entire oxide-
described by the lower panel of Figure 4 (right side half). ¢, mation” potential region down to 0.57 V. At this critial

Although the parameters given for the adsorbates (averagepsiential, the onset of oxide reduction occurs, which is apparent
values from two sets of parameters) have large error bars, theg. oy the yoltammetry curves. This is followed immediately by
results do support the formation of surface oxide and suggestyq jnyersed structural phase transition as indicated by the
that a monolayer of oxygen species is chemisorbed and stays;panges in the (0,0,1.1) and (0,0,2.5) intensities. The steep slopes
on top of the Ru(0001) surface at 1.0 V. This, in turn, results i, the X-ray intensity curves correlate well with the reduction
in & partial desorption of bisulfate. current peaks. In repeated potential cycles, the X-ray intensities
To gain further insight into the potential-induced phase do not vary with the number of cycles, indicating no irreversible
transition at the Ru(0001) electrode surface, the X-ray intensities roughening and no progressive oxide formation, in agreement
at the (0,0,1.1) and (0,0,2.5) positions were monitored whereaswith the conclusion based on the voltammetry measurements.
sweeping the potential between 0 and 1.2 V at 1 mV/s. Figure  Ordered (2x 2), (3 x 1), and (1x 1) oxygen adlayers have
5 shows these potential-dependent intensities together with thepeen identified in UHV by low-energy electron diffraction
voltammetry curve obtained at the same sweep rate, albeit in a(LEED) and Auger electron spectroscopy (AES) on the Ru-
separate cell. Although both the bisulfate desorption and the (0001) electrode emersed from 0.1 M HGIQolution at
layer expansion of the Ru surface contribute to the intensity potentials close to 0.4, 0.6, and 1.2 V (vs RHE), respectitfely.
increase at the (0,0,1.1) position at high potentials, the later hasin our experiments for Ru(0001) in sulfric acid, no in-plane
a dominant and opposite effect on the X-ray intensity at diffraction features can be correlated to these ordered submono-
(0,0,2.5). As shown in the top panel of Figure 5, the (0,0,1.1) layer oxygen phases. We note that the expected X-ray intensity
intensity is constant up to 0.57 V in the positive potential sweep from an oxygen adlayer is weak relative to the diffuse scattering
suggesting no significant change in either Ru surface or adlayerbackground originating from the thin solution layer and the
coverage below this critical potential, even though the anodic plastic film. Thus, from the absence of superlattice peaks, it is
current starts to rise at a slightly more negative potential. Above difficult to rule out the existence of these ordered structures.
0.57 V, the (0,0,1.1) intensity continuously increases with However, there is also no indirect evidence to support these
increasing potential, which is accompanied by the intensity submonolayer oxygen phases in sulfric acid from the specular
decrease at the (0,0,2.5) position. This confirms that an reflectivity measurements. Nevertheless, both the in situ X-ray
electrooxidation-induced surface expansion occurs on Ru(0001),and the ex situ LEED and AES studies show that the initial
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state of Ru(0001) oxidation involves oxygen adsorption of up (3) Trasatti, S.; O'Grady, W. E. IAdvances in Electrochemistry and

to one full monolayer at potentials below the onset of Ru bulk Electrochemical Engineeringserisher, H., Tobias, C., Eds.; J. Wiley: New
York, 1982; Vol. 12.

oxidation in acid solutions. (4) Conway, B. EElectrochemical Supercapacitors: Scientific Foun-
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I . ers: New York, 1999.
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i 89, 11.
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intensity near the anti-Bragg positions was observed upon the 1985 7 1275,
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