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Abstract

Real-time attenuated total-reflection surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS), in conjunction to cyclic voltammetry,
was applied to investigate the adsorption and reduction of nitric oxide at Ru electrode in acidic solutions. For a NO-predosed Ru electrode,
only one band located at 1840-1874 cm~! was detected in 0.1 M HCIQy, attributable to atop NO coadsorbed with oxygen-containing species
[designated v(O)-NO species]. For a Ru electrode in 0.1 M HC1O4 containing 20 mM NaNO,, two IR bands were observed at 1850-1886 cm™!
and 1740-1790 cm™. The former, predominant at relatively high potentials, is ascribable to the v, (O)-NO species; the latter, to atop NO adsorbed
on nominal Ru sites at relatively low potentials (designated v,-NO species). In addition, a very weak band at 1520-1578 em™! may be assigned
to multicoordinated NO coadsorbed with oxygen-containing species. The real-time spectral results suggest that the reduction of NO molecules
and the coadsorbed oxygen-containing species proceed simultaneously rather than separately.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The adsorption and reduction of NO on transition metal elec-
trodes have received extensive attention due to its scientific and
technological significance. Practically, it is related to electro-
catalytic removal of NO5', NO,, and NO in wastewater treat-
ment [1] and to the electrocatalytic production of N>O, NHs,
and NH;OH from nitrate solutions [2—4]. Fundamentally, NO
has been used as a model molecule by surface electrochemists
to probe the effects of electronic properties of metal electrodes
on adlayer structures [5,6], as well as their correlations with the
corresponding UHV measurements [7—13] and the results from
ab initio density functional calculations [14].

Pt-group metals are known to be excellent catalysts for the
reduction of NO3_ , NO;', and NO [15-19]. The adsorption and
reduction of NO on Pt, Pd, Rh, and Ir electrodes have been stud-
ied intensively with conventional infrared absorption reflection
spectroscopy (IRAS) by groups from Alicante [20-23], Purdue
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[5,6,24,25], and Eindhoven [26,27]. These studies have arrived
at a consensus that vibrational frequencies depend on the prop-
erties of metals, surface coverage, and applied electrode poten-
tials. The reduction of both adsorbed NO and solution NO on
Pt, Pd, Rh, and Ru electrodes also has been studied by Koper
et al. [15] using differential electrochemical mass spectroscopy
(DEMS) in combination with rotating disk electrode (RDE)
measurements. They found that for reduction of solution NO,
all metals showed a high selectivity toward the production of
N> O at high potentials and that of NH3 at lower potentials with
N, formed at intermediate potentials. They also concluded that
ammonia was the main product of the reduction of a NO ad-
layer. Whereas DEMS and RDE facilitate the identification of
solution species formed and the reduction kinetics of solution
NO, they are unable to provide direct information on the struc-
tures of surface NO compared with IRAS [15].

In contrast to intensive study by in situ IRAS on the adsorp-
tion and reduction of NO at other Pt-group metal electrodes, to
the best of our knowledge no such report on a Ru electrode ex-
ists, and this is an interesting area of exploration. It has been
reported that the surface states of a Pt-group metal electrode
imposed a significant effect on the reduction of nitric oxide
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[15,17]. A Ru electrode has a specific electronic effect, with
a much stronger tendency to form an oxide layer on its surface
in electrolytes compared with a Pt, Pd, or Rh electrode in prac-
tical applications [28-30]. The adsorption and reduction of NO
can be expected to exhibit its own unique characteristics. In ad-
dition, previous in situ IRAS studies paid little attention to the
time-resolved measurement on the reduction process of NO ad-
layers on related Pt-group electrodes [23], probably due to the
restriction of the thin layer structure and relatively lower surface
signals. Therefore, it is highly desirable to extract the relevant
kinetic vibrational information on a Ru electrode for its poten-
tial application in electrocatalytic reduction of NO, NO;, and
NO; . Fortunately, vibrational data for NO adlayers at Ru-UHV
and Ru—gas interfaces obtained by EELS [9,10], HREELS [11],
and IRAS [31-34] measurements can serve as good references
for this purpose.

Surface-enhanced infrared absorption spectroscopy (SEI-
RAS) has been applied widely in surface science and elec-
trochemistry because of its high signal sensitivity and simple
surface selection rule [35-50]. In particular, SEIRAS in at-
tenuated-total-reflection (ATR) configuration, (ATR-SEIRAS)
is free from problems caused by thin layer structure, such as in-
homogeneous current distribution and limited mass transport,
and thus is favorable for real-time monitoring of adsorption
and reaction at electrode surfaces [36—39]. Far less interference
from bulk water signal in ATR-SEIRAS enables ready identifi-
cation of vibrational bands at around 1600—1700 cm™" without
the need to use the effect of isotope shifts, which was once
essential for IRAS study of NO adsorption and reaction at elec-
trodes.

This work presents a real-time ATR-SEIRAS investigation
of NO adsorption and reduction at a NO-predosed Ru electrode
in 0.1 M HCIOy4 (defined as case I), as well as a Ru electrode in
0.1 M HCIO4 + 20 mM NaNO; solution (defined as case II).

2. Experimental

A SEIRA-active Au nanoparticle film (ca. 60 nm thick)
was coated on the total-reflecting plane of a hemicylindrical Si
prism with an electroless plating method [45-48]. A Ru over-
layer was electrodeposited onto the Au base film (working area,
1.33 cm?) at —0.25 V for 600 s and then at —0.2 V for 900 s
in a plating electrolyte containing 0.1 mM RuCl; and 0.5 M
H,S0O4, with a saturated calomel electrode (SCE) and a Pt mesh
serving as the reference electrodes and counterelectrodes, re-
spectively. In this way, a virtually pinhole-free Ru overlayer
electrode can be obtained. The average mass thickness is cal-
culated to be ca. 4.6 nm based on ICP-AES measurement. The
average roughness factor is ca. 2.9, as estimated by electro-
chemical measurement in 0.1 M NaOH solution. (Details have
been provided previously [45,46].) Ex situ AFM observation of
the Ru nanofilm on a Si wafer was carried out with a Molecular
Imaging Pico-SPM operated in the AC mode.

The NO-predosed Ru electrode was obtained by soaking the
Ru nanofilm in a 0.1 M HClOy4 solution containing 20 mM
NaNO, at open circuit potential for 1 min, followed by thor-
ough rinsing with water [23]. This adlayer can be isolated be-

cause it resists a transfer to a nitrite-free solution [23]. The
subsequent (spectro)-electrochemical measurements were per-
formed in 0.1 M HCIO4 sparged with high-purity Ar. For
comparison, corresponding measurements were also conducted
for a bare Ru nanofilm electrode in 0.1 M HCIO4 containing
20 mM NaNO; or saturated NO, and similar results were ob-
tained (not shown). A CHI 660B electrochemistry workstation
was used for the potential-current control. All electrode poten-
tials below are cited with a reversible hydrogen electrode (RHE)
unless specifically addressed.

A Nicolet Magna-IR 760 FTIR spectrometer equipped with
a liquid nitrogen-cooled MCT detector was used for real-time
SEIRAS measurements and was operated at a resolution of
8 cm™! with an acquisition time of 0.2 s (in case I) or 0.4 s (in
case II) for each spectrum. In situ spectroscopy on Ru nanofilm
electrodes were measured with the so-called Kretschmann ATR
configuration (prism-thin metal film-solution geometry), as de-
scribed in detail elsewhere [36]. Unpolarized infrared radiation
from a ceramic source was focused at the interface by pass-
ing through the prism at the incident angle of ca. 65°, and
the totally reflected radiation was detected. Real-time spectra
were collected during the potential sweep from 0.8 to 0.0 V at
20 mV s~ ! in case I and from 0.9 to 0.0 V then back to 0.9 V at
20 mV s~ ! in case II. All of the spectra in this paper are shown
in absorbance units defined as —log(//1y), where I and Iy rep-
resent the intensities of the reflected radiation at the sample and
reference potentials, respectively. All of the experiments were
performed at room temperature.

3. Results and discussion
3.1. Voltammetric behavior

The nitrogen-containing species in the solution of 0.1 M
HCIO4 and 20 mM NaNO; may consist of predominantly
HNO; and bit of NO, (hereinafter only HNO; is discussed for
simplification), as well as trace amounts of NO and NO;’ via
disproportionation of partial HNO, [51,52], that is,

3HNO; — NOj + 2NO + H30™. (1)

It should be mentioned that this reaction is a slow process in
the solution but is promoted in the presence of catalytic metal
centers (e.g., Pt-group atoms) [52].

This property ensures the formation of saturated NO adlayer
on a Ru electrode at the open circuit potential resembling that
on other Pt-group metal electrodes, as revealed earlier by Ye
et al. [51] and the Alicante group [20-23]. Fig. 1 shows cyclic
voltammograms for a NO-predosed Ru electrode in deaerated
0.1 M HCIO4 (solid line) and a freshly electrodeposited Ru
electrode in deaerated 0.1 M HCIO4 + 20 mM NaNO; solu-
tion (dashed line), respectively, with initial potentials near their
open-circuit potentials (0.8 V for the former and 0.9 V for the
latter). Also shown in Fig. 1 is the cyclic voltammogram for a
Ru electrode in neat 0.1 M HClIO4 between 0.9 V and 0 V for
comparison (dotted line). According to Colucci et al. [17], in
the cathodic scan the very broad peak starting from ca. 0.50 V
(RHE) for the NO-predosed Ru electrode in 0.1 M HCIO4 can
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Fig. 1. Cyclic voltammogram (CV) of a Ru nanofilm electrode in 0.1 M HCIO4
(--+), CV of a NO-predosed Ru nanofilm electrode in 0.1 M HC1O4 (—) and
CV of a Ru nanofilm electrode in 0.1 M HCIO4 + 20 mM NaNOj (- - -). Scan
rate: 20 mV s~ L,

be assigned to the slow reduction of ruthenium oxide, and the
NO adlayer is not reduced in this potential region in the pres-
ence of the oxide. As the potential moved to a below ca. 0.3V,
additional reduction currents emerged due to the reduction of
NO adlayer and the electrosorption of hydrogen [15,17]. The
overall reduction reaction of NO adlayer at relative negative po-
tentials can be represented simply as follows if NH3 is assumed
to be the main product (or NHZr in the acid solution) [15], that
is,

NOygs + 6H* + 5¢~ — NH] + H,0. )

The subsequent cyclic voltammogram for the above Ru elec-
trode is similar to that of a bare Ru electrode in 0.1 M HClOy4.
A little difference is not surprising in consideration of the fact
that a Ru electrode is very sensitive to its history and surface
conditions [26]. Anyway, spectral evidence (vide infra) sug-
gests that NO adlayer in case I can be reduced completely after
the first segment potential scan.

In the case of the Ru electrode in 0.1 M HCIO4 + 20 mM
NaNO; solution (dashed line), continuous NO supply to the
Ru electrode can be achieved due to the catalytic decompo-
sition of dissolved HNO, to NO, mimicking the situation of
bubbling NO into 0.1 M HCIO4 (not shown here). During the
cathodic scan, the HNO; can be reduced to form a series of
products such as NO, N,O, N, or NH;‘1r sequentially, depend-
ing on potentials applied, according to the report by Colucci et
al. [17]. This may contribute to the much larger cathodic cur-
rent observed for the Ru electrode in 0.1 M HClO4 containing
20 mM NaNOs;. In particular, with gradual removal of the Ru
oxide layer at the potentials below ca. 0.5 V, the reduction cur-
rent began to increase. As the potential moved below 0.3 V,
the cathodic current increased drastically, in response to elec-
trocatalytic multiple-electron reduction of HNO, and NO (both
solution and surface) into NH;rIr [17].

Nevertheless, the overlapping of several reduction processes
prevents the detailed revelation of specific information about
reduction removal of the NO adlayer on Ru electrodes based on
the above cyclic voltammograms [17]. In the next section, we
apply in situ ATR-SEIRAS to provide insight into the spectral
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Fig. 2. Ex situ AFM image of a Ru nanofilm.

information of the structure and reduction of NO adlayers at Ru
electrodes.

3.2. SEIRAS on a NO-predosed Ru electrode in 0.1 M HCIO4
(case I)

The morphology of the electrodeposited Ru nanofilm on an
Au underlayer was characterized using ex situ AFM (Fig. 2),
revealing that the Ru nanofilm consists of rather closely packed
ellipsoidal particles. This island structure facilitates surface
plasmon resonance under IR radiation to yield the SEIRA effect
[37,45]. Theoretical calculations predict that nearly all metals
can yield the SEIRA effect per se [36,37], without the need to
borrow the SEIRA effect from underlying Au. Unlike SERS, in
which a virtually “pinhole-free” metal layer with a few atomic
layer thickness is required, the longer wavelengths of IR ra-
diation allow for deposition of a much thicker Ru overlayer
carry with SEIRA activity to ensure its “pinhole-free” feature
[45,46,48].

The in situ time-resolved SEIRA spectra for the NO adlayer
at the Ru electrode are shown in Fig. 3, which were collected in
neat 0.1 M HClOy after isolation of the adsorbed NO preformed
in 0.1 M HCIO4 4 20 mM NaNO; solution at the open-circuit
potential for 1 min, the same pretreatment as for other Pt metal
electrodes [20-23]. Series of spectra were collected during the
potential sweep from 0.8 to 0.0 V at 20 mV s~ !, with an acqui-
sition time of 0.2 s for each spectrum. The reference spectrum
was taken at 0.0 V, at which NO was stripped off completely.
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Fig. 3. Series of time-resolved ATR-SEIRA spectra of a NO-predosed Ru elec-
trode in 0.1 M HClO4 collected sequentially during a cathodic potential sweep
from 0.8 t0 0.0 V at 20 mV s~!. The time resolution used and shown is 0.2 s.
The reference spectrum was taken at 0.0 V. See the text for further details.

The electrodeposited Ru nanofilm is polycrystalline in na-
ture with preferred Ru(001), whereas Ru(001) is the most stable
and studied plane. Before analyzing the data in Fig. 3, it is help-
ful to briefly review the relevant results for the Ru—-UHV or
Ru—gas interface. Davydov and Bell [32] observed two bands
for the N-O stretch, at 1880 cm™! on the oxidized surface and
at 1810 cm™! on the reduced Ru surface with the transmission
mode on supported Ru catalysts. Hayden et al. [31] assigned
the band at 1780-1820 cm™! at 85-130 K in UHV to the lin-
ear NO species adsorbed on clean Ru(001) surface (designated
12-NO species) and assigned the other band at 1846 cm™! to
linear NO species coadsorbed with oxygen atoms [designated
12(0)-NO species]. The geometrical structures of NO have
been systematically studied on Ru(001) in UHV by TPD, IRAS,
XPS, and LEED [33,34,53-55]. The main conclusions can be
summarized as follows. At low temperature, the NO+ O(2 x 1)
configuration shows one IR band at ca.1610 cm™!, assignable
to the hcp-sited NO species [designated vi(O)-NO species],
whereas the hcp-sited NO species on a clean Ru surface (des-
ignated v{-NO species) shows a band at ca.1504 cm~!. On
annealing at a higher temperature, the NO + O(2 x 1) con-
figuration can convert to the NO 4 20(2 x 2) configuration,
yielding a band at ca. 1860 cm™! that can be ascribed to v;(O)—
NO species.

The above structure-correlated vibrational information in
the literature provides good references for the assignment of
the bands observed here. Fig. 3 shows one band at 1874—
1840 cm™!, the frequency of which red-shifts during the ca-
thodic potential sweep. Oxygen-containing species tend to form
on a Ru electrode surface and cannot be reduced completely
even in the low potential region of 0.3-0.1 V [28-30]. By re-
calling the vibrational data for the Ru—UHV or ambient—gas
interface, this band can be reasonably assigned to NO linearly
coadsorbed oxygen-containing species on Ru, that is, oxidized
Ru sites [designated v(O)-NO species for similarity] [32,33].
A weak and downward band at 1628 cm™! can be assigned
to dyopn of interfacial water [45], indicative of replacement of
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Fig. 4. Plots of the integrated IR band intensities (o) and the center frequency
(o) of the v(0)-NO band against the potential. Y1 and Y2 denote correspond-
ing fitted lines. Data are adapted from Fig. 3.
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Fig. 5. Plots of the selected integrated IR band intensities (o) and full width at
half height (FWHH) (o) of the v(0)-NO band against the potential. Data are
adapted from Fig. 3.

NO with H>O on the Ru surface at lower potentials. However,
multicoordinated NO species including v{ (O)-NO species and
v1-NO species were not detected in the whole potential range.
Note also the absence of the bands for primary reduction prod-
ucts, such as NHI [23] at these lower potentials, suggesting a
negligible adsorption, if any, for these soluble species.

Fig. 4 displays the plots of the integrated intensity (open cir-
cles) and the center frequency (filled circles) of the v,(0)-NO
band as a function of potential. The band position versus poten-
tial plot can be separated into two linear parts, yielding slopes of
24 and 124 cm™! V! for fitted lines Y1 and Y2, corresponding
to potential ranges of approximately 0.8-0.3 V and 0.3-0.1 V.
Fig. 5 shows the potential dependent band width (FWHH, open
circles) and intensity (filled circles) for the v,(O)-NO band.
The band intensity and width are nearly invariable from 0.8 to
0.3V, suggesting that the NO adlayer is rather stable in this po-
tential region. Thus, the increased cathode current response in
Fig. 1 (solid line) as the potential was scanned from 0.8 to 0.3 V
can be attributed to the slow partial reduction of surface oxide
rather than to reduction of the NO adlayer. In addition, it can
be inferred that such partial removal of surface oxide does not
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result in a substantial change in the local environment for ad-
sorbed NO molecules. Only at potentials below 0.3 V was obvi-
ous reduction of the v2(O)-NO species found, as evidenced by
the significant decrease in band intensity and increase in band
width (see Fig. 5). Nevertheless, NO molecules adsorbed on
clean Ru sites (or v2-NO species) were not detected in the entire
potential investigated. This suggests that the reduction of ad-
sorbed NO molecules and their coadsorbed oxygen-containing
species proceed simultaneously rather than separately, proba-
bly involving a hydrogenation step at these negative potentials
[26]. In what follows we will treat these two species as a whole
and designate them the v2(O)-NO species for convenience. All
of the real-time SEIRAS results indicate that reduction of NO
adlayer on a Ru electrode can proceed without the need for
the complete removal of surface oxides, somewhat different
from the previous assumption based merely on voltammetric
measurement by Colluci et al. [17]. Because no bands (either
unipolar or bipolar) for any surface NO species were detected
over the potential range of 0.1-0.0 V in Figs. 3 and 4, complete
reduction of the v(O)-NO species can be deduced after the ca-
thodic scan in case I. Again we demonstrated the importance
of combined electrochemical and spectroscopic measurement
in dealing with a complex electrochemical process.

It is interesting to note that the linear slope of Y2 line is
much higher than that of Y1 in Fig. 4. For the former, in ad-
dition to the well-known Stark effect that may contribute to
this linearity, the rapid concurrent movement of the v,(O)-
NO species at the surface may be invoked to explain the larger
slope. Ab initio density functional calculation indicates that NO
on metal surfaces is highly mobile [14]. High mobility is as-
sumed to also apply to the v2(O)-NO species on Ru, ensuring
a rather uniform dilution of local v2(O)-NO species concentra-
tion in the process of reduction. The dilution of local coverage
of 12(0)-NO species diminishes the dipole—dipole coupling ef-
fect and thus further decreases the vN-O frequency [56,57].
The rapid concurrent movement of the v, (0)-NO species facil-
itates the reduction of v2(0)-NO species occurring randomly
throughout the layer and the rapid concurrent lowering of the
coverage of NO, contributing to the larger slope of Y2.

3.3. SEIRAS on a Ru electrode in 0.1 M HCIO4 + 20 mM
NaNO; (case 1l)

Fig. 6 shows series of SEIRA spectra collected during the
initial cathodic potential scan from 0.9 to 0.0 V and then in
the anodic potential scan back to 0.9 V at 20 mVs~! on a Ru
nanofilm electrode in 0.1 M HC1O4 containing 20 mM NaNO,.
The reference spectrum was taken at 0.0 V for Fig. 6a, in which
the band located at 1886—1860 cm™! in the cathodic scan or
1850-1870 cm™! in the anodic scan can be assigned to the
12(0)-NO species [32,33]. The slight change in band position
in the cathodic and anodic scans can be explained as a decrease
in surface coverage in the latter. The other band located at
1530-1578 cm ™! in the cathodic scan or at 15201576 cm ™! in
the anodic scan can be assigned to multicoordinated NO coad-
sorbed with oxygen-containing species [designated v1(O)-NO
species] for it is accrete with v2(O)-NO species [33]. A very
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Fig. 6. Series of real-time SEIRA spectra collected at Ru nanofilm electrode/
0.1 M HCIO4 + 20 mM NaNO, solution interface sequentially during a poten-
tial cycling sweep from 0.9 V to 0.0 V and then back to 0.9 V at 20 mV s—L
The time resolution used and shown is 0.4 s. (a) The reference spectrum was
taken at 0.0 V. (b) The reference spectrum was the first spectrum at 0.9 V.

weak and downward-directed band at 1630 cm™! is assigned
to dgon of interface water at 0.0 V [45], as also detected in
case I. Interestingly, a downward-directed band appeared at
1740-1750 cm™! in the cathodic scan or at 1740-1800 cm™!
with a bipolar shape in the anodic scan. This band clearly was
not detected in case I, suggesting that a new surface species was
produced at lower potentials in case II.

To remove the bipolar band feature (related to the new
species) in Fig. 6a for easy spectral analysis, the initial spec-
trum collected at 0.9 V was used as the reference to recon-
stitute the potential dependent series of spectra, as shown in
Fig. 6b. In fact, a unipolar band at 1740-1790 cm~! can be
clearly identified. Careful examination reveals that this band
is present in the low potential region from ca. 0.3 to 0.0 V in
the cathodic scan and to ca. 0.7 V in the anodic scan. None of
the following nitrogen-containing species may contribute to this
band: HNO, (1670, 1275 cm™1) [20], N, O (2227, 1300 cm ™),
NHI (3040, 1680, 3145, 1400 cm™'), NHy (matrix: 1500,
3220 cm™!; surface: 3290, 1610, 3380 cm™!), [NH; ] (3270,
1556, 3323 cm™!), HNO (matrix: 3450, 1110, 1563 cm™ 1), or
NHj3 (3223, 1060, 3378, 1646 cm’l) [58]. Based on the UHV
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Fig. 7. Plots of the integrated intensities for the v2(0)-NO (o) and vo-NO
(e) bands adapted from Fig. 6. See the text for details.

data reported by Hayden et al. [31], who detected a band at
around 1780 cm~! on clean surfaces of Ru (001) at 85 and
130 K for linearly adsorbed NO species, it is reasonable to
assign the band observed at 1740-1790 cm™! to NO linearly
adsorbed on clean Ru sites rather than on oxidized Ru sites,
that is, v2-NO species. The deviation of the center frequency
from previous UHV data can be explained largely by the Stark
effect and the solvent effect [S9]. The assignment is further sup-
ported by potential dependent intensities for the v2(O)-NO and
12-NO bands, as shown in Fig. 7 (vide infra).

Fig. 7 shows the plots of selected integrated intensities of
the v2(0O)-NO bands (hollow circles) and the v,-NO bands
(solid circles) against the potential. The plots of the center
frequencies for the v2(O)-NO bands (hollow circles) and the
12-NO bands (filled circles) against the potential are displayed
in Fig. 8. Y3 and Y4 denote fitted lines for the v,(0O)-NO
band frequency versus potential in the cathodic scan, show-
ing slopes of 18 cm™! V~! for the potential range of 0.9-0.3 V
and 51 cm~! V™! for the potential range of 0.3-0.05 V. These
two values are smaller than their counterparts for the predosed
NO adlayer on Ru electrode in Fig. 4. In addition, a somewhat
higher local coverage of the oxygen-containing species or/and
12(0)-NO species on the Ru electrode can be reasonably ex-
pected in case II compared with case I, because a continuous
NO supply from the solution to Ru surface in the former is
maintained. That means that the higher the local coverage, the
smaller the Stark tuning rate. A similar result also was found for
CO adlayer on a Pt electrode [57]. The lower Stark tuning rate
at a higher coverage may be explained by decreased d-m back-
electron donation or partly screened local electric field due to
intensified dipole—dipole coupling [56,57]. Nevertheless, two
features similar to those shown in Fig. 4 are observed, consist-
ing of the linearity of band frequency versus potential for the
12(0)-NO species during its reduction process (Y4) and the
larger slopes for Y4 compared with Y3.

In the cathodic scan of Fig. 7, the v>(0)-NO band decreases
sharply at potentials below ca. 0.3 V and loses its intensity
completely at 0.05 V. In the meantime, the v,-NO band gains in-
tensity steadily with subsequent cathodic and anodic potential
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Fig. 8. Potential dependent center frequencies for the v, (O)-NO (o) and v,-NO
(e) bands adapted from Fig. 6, as a function of potential. Y3 and Y4 denote
corresponding fitted lines.

scans until ca. 0.3 V. Fig. 7 also shows that starting at 0.35—
0.8 V in the anodic scan, the v,-NO band decreases, accompa-
nied by growth of the v,(O)-NO band, suggesting conversion
of the v»-NO species to the v2(O)-NO species as a result of
increased oxide formation at higher potentials.

The variation of the v,(O)-NO and v,-NO band intensi-
ties with potential in Fig. 7 may be envisioned as follows. The
12(0)-NO species began to be reduced at lower potentials in
the cathodic scan. The presence of HNO; and NO in the so-
lution shifted the complete reduction potential negatively from
0.1 V in case I to 0.05 V in case II. In the cathodic scan, the
appearance of the v,-NO species at potentials below 0.3 V in-
dicates that nominally reduced Ru sites began to form upon
reduction of the v>(0)-NO species. As mentioned in case I,
no v2-NO species was detected; thus, it was proposed that both
NO and its environmental oxygen-containing species [or sim-
plified as v2(O)-NO species] were reduced together when the
potential was negatively scanned to 0.3 V and below. Therefore,
the appearance and growth of the v»-NO species in the subse-
quent cathodic and anodic scans in case II can be attributed to
readsorption of NO on the freshly formed nominal Ru sites.
On one hand, more nominal Ru sites were reoccupied by NO
molecules supplied by the continuous dissociation of HNO; in
bulk solution and/or rapid reduction of adsorbed HNO; to form
the v2-NO species as indicated in Eq. (1). On the other hand,
the v,-NO species may undergo further reduction to NHZr ac-
cording to Eq. (2). The steadily increased band intensity for
the v,-NO species from 0.3 to 0.0 V in the cathodic scan and
then to ca. 0.3 V in the anodic scan suggests a gradually net
accumulation of the v>-NO species before its conversion to
the 12(0)-NO species at potentials above ca. 0.3 V, whereon
the increase of the v,(O)-NO band was accompanied with the
decrease of the v,-NO band. The zero intensity of the v2(O)-
NO band from 0.1 to 0.3 V in the anodic scan suggests that
the reformation of Ru oxides is negligible under current condi-
tions.



Y.-G. Yan et al. / Journal of Catalysis 249 (2007) 311-317 317

4. Conclusion

In situ real-time ATR-SEIRAS in conjunction with cyclic
voltammetry was applied to investigate the adsorption and re-
duction of nitric oxide at a Ru electrode in acidic solutions. For
the NO-predosed Ru electrode in 0.1 M HClO4 (case I), only
atop NO coadsorbed with oxygen-containing species [namely,
12(0)-NO species] was detected. During the cathodic scan,
the v2(O)-NO species began to be reduced at potentials be-
low ca. 0.3 V. For the Ru electrode in 0.1 M HCIO4 +
20 mM NaNOs (case II), in addition to the dominant v, (O)-NO
species, NO linearly adsorbed on nominal Ru sites (namely, v;-
NO species) as well as multicoordinated NO coadsorbed with
oxygen-containing species [namely, v1(O)-NO species] can be
identified. No evidence was found for the conversion of v, (O)—
NO to v2-NO species during its reduction; rather, the reverse
process may occur at higher potentials. The net accumulation
of the v,-NO species in case II resulted from the readsorption
of NO on the nominally reduced Ru sites at lower potentials.
In both cases, the v2(O)-NO species at Ru electrode can begin
to be reduced without the need for complete removal of surface
oxides.
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