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ABSTRACT: Information about the chemical adsorption and
surface oxidation of Ru under electrochemical conditions is of
great importance for understanding the structure—activity relation-
ship in Ru-based materials. Quasi-single-crystalline Ru films on
single-crystal Pt(111) electrodes (Ru/Pt(111)) were prepared by the
forced-deposition method along with inductive heating treatment.
The adsorption of both hydrogen and oxygen species on Ru/Pt(111)
was studied by cyclic voltammetry and CO displacement. The
potential of zero total charge on Ru/Pt(111) is ca. 0.12 V. A detailed
study on oxygen species was carried out by in situ surface-enhanced
Raman spectrometry. Ru—O was found to form at E > 0.1 V, and the
conversion of Ru—O into RuO, occurred at E = 0.3 V. The reversible
oxidation occurs up to 1.0 V. Our results suggest that Ru/Pt(111),
which exhibits electrochemical properties similar to those of
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Ru(0001), may serve as an alternative for Ru study as well as a model system for understanding ligand and strain effects.
KEYWORDS: Electrocatalysis, H adsorption, Surface oxidation, Ruthenium, Cyclic voltammetry, SERS

B INTRODUCTION

Ruthenium (Ru) is considered one of the most important
metals to be used in the electrocatalysis of many electro-
chemical energy conversions and storage reactions. Modifying
Pt surfaces by Ru atoms is a promising approach to increase
the ratio of activity/cost of Pt catalysts toward electrochemical
reactions of interest such as the hydrogen evolution/oxidation
reaction (HER/HOR)' or the methanol oxidation reaction
(MOR).” According to the so-called bifunctional mechanism,
this improvement can be related to the high oxophilicity of Ru
and its ability to provide oxygenated species (OH,4 likely) at
lower overpotentials than Pt. This bifunctional effect reduces
the overpotential for HER/HOR by promoting the Volmer
step (H,O + e~ — *H + OH") as well as the MOR by favoring
the oxidation of poisoning intermediates (CO/CHy) at
potential values more negative than Pt. Moreover, Ru itself
and Ru-based catalysts have shown promising activity toward
the oxygen evolution reaction (OER) due to their moderate
capacity to bind oxygen.”

Extensive studies on Ru have shown that its chemical state
can greatly affect the adsorption of reaction intermediates and
thus its catalytic activity. For example, the HOR was found to
be strongly inhibited by the presence of Ru oxides on well-
ordered Ru surfaces. In fact, metallic Ru showed a higher
activity for OER than an electrochemically oxidized Ru sample,
and this one had higher activity than thermally produced rutile
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RuO,. However, the observed dissolution rate is in an inverse
relationship with the OER activity, which reduces its
application on OER.>®

Besides the chemical state, the electroactivity of Ru and Ru-
based catalysts can be strongly influenced by the surface
structure of Ru. In this sense, the use of well-defined single-
crystal electrodes is a powerful approach to systematically
studying the structure—activity relationship. Since 1980, the
“Clavilier method” of electrode annealing and cooling in an
argon/hydrogen atmosphere has enabled the preparation of
noble metal single-crystal electrodes, including Pt,’ Rh,® Pd’°
Ay, and Ir* without the need for UHV devices. However, this
protocol does not work for Ru because it is rapidly oxidized by
atmospheric oxygen even at high temperatures. Since the
2000s, several methods were reported to prepare Ru single
crystal electrodes under non-UHV conditions, such as the
heating of the electrode in a H, atmosphere at 1200 °C'" or
the mechanical polishing of the electrode combined with
electrochemical reduction at very negative potentials.'”
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Figure 1. CV curves for Pt(111) and Ru deposited surfaces with (A) different Ru coverages and (B) the maximum Ru coverage (Ru/Pt(111)) in

0.1 M HCIO, at 50 mV/s.

However, both are time-consuming approaches, and the final
surface is rough and heterogeneous after the polishing process.
Instead, Kibler et al. presented a method involving inductive
heating in an argon atmosphere, which gives a rather clean and
well-ordered Ru(0001) surface.'” On the other hand, Attard et
al. proposed a “forced deposition” method followed by resistive
heating in nitrogen to prepare quasi-single-crystalline Ru films
on a well-defined Pt single crystal (denoted as Ru/Pt(hkl))."*
The advantage of this method is that the well-established
preparation methods for Pt single-crystal electrodes enable the
systematic control of the structural properties of the deposited
Ru film. Furthermore, because (1) the electronic structure of
Ru can be modified by neighboring Pt atoms and (2) there is a
lattice mismatch between Ru, which crystallizes in a hexagonal
close-packed structure, and Pt, which crystallizes in a face-
centered cubic stacking structure, Ru/Pt(hkl) can also serve as
a model system for understanding the ligand effect and strain
effects. In the case of a Pt/Ru alloy formation, both effects
might be present. However, for a Ru multilayer system, the
ligand effect is not expected to exert any influence when the
epitaxial layer is thicker than one monolayer, whereas a strain
effect can be expected even if the epitaxial layer is several
monolayers thick. Further modification with other elements,
such as Pt, will also make it a novel model system for the
oxidation of small organic molecules, typically CO and
methanol. However, detailed and systematic studies on the
surface adsorption processes taking place in this system under
electrochemical conditions in aqueous electrolytes are still
lacking. In this Article, Ru/Pt(111) surfaces have been
prepared via depositing Ru on Pt(111) followed by inductive
heating. Electrochemical measurements together with Raman
spectroscopy have been used to establish the correspondence
between the voltammetric behavior and the electrode surface
processes, that is, H adsorption/evolution/oxidation, a possible
perchlorate reduction, and the surface oxidation in perchloric
acid electrolyte.

B EXPERIMENTAL METHODS

Preparation of the Ru/Pt(111) Surfaces. The ruthenium-
deposited Pt(111) surfaces were prepared via the forced-deposition
method along with inductive heating treatment modified from ref 14.
In brief, a Pt(111) single-crystal surface used as a substrate was flame
annealed and cooled in an H,+Ar (1:3) atmosphere. The surface then
was characterized by cyclic voltammetry (CV) to confirm the surface
order and the electrolyte cleanliness. A 0.01 M RuNO(NO;)
depositing solution was prepared in a small beaker. For the deposition
of the Ru film, the characterized Pt(111) substrate was immersed in
the RuNO(NO;) solution nine times and transferred to a H, bubbler

for about S s. The electrode then was heated in an inductive oven for
50 s in an Ar atmosphere at approximately 1000 K. After being cooled
back to room temperature, the electrode was transferred to the
electrochemical cell under the protection of a drop of ultrapure water
for the voltammetric measurements. By changing the concentration of
the Ru depositing solution and the deposition cycles, we could obtain
surfaces with different Ru coverages (Figure 1A).

Electrochemical Measurements. The experiments were carried
out in a conventional three-electrode cell connected to a signal
generator EG&G PARC and eDAQ EA161 potentiostat with an
eDAQ e-corder ED401 recording system. A platinum wire was used as
a counter electrode, and a reversible hydrogen electrode (RHE) was
used as the reference electrode. The electrolyte solutions were
prepared using 18.2 MQ cm Milli-Q water and high-purity chemicals:
HCIO, (Merck p.a.) and CO, Ar, and H, (Air products N.V.).
Solutions were deaerated with Ar before any electrochemical
experiment.

CO Displacement Measurements. The CO displacement
method is described elsewhere."® In summary, an initial voltammo-
gram is recorded to check the state of the surface and the cleanliness
of the electrolyte. The electrode potential then is fixed at the desired
value, and CO is introduced into the electrochemical cell. The current
response is recorded versus time until a close to zero constant current
is obtained. At this point, the CO flux is stopped and Ar is bubbled
during the required time to remove all of the CO from the solution.
Finally, CO adsorbed on the surface is stripped out by recording a CV
up to 0.9 V.

In Situ FTIR Spectrum. In situ Fourier transform infrared (FTIR)
spectroscopic measurements were performed with a Nicolet Magna
850 spectrometer equipped with an MCT (mercury—cadmium—
telluride) detector. The spectroelectrochemical cell was provided with
a prismatic CaF, window beveled at 60°. The CO submonolayer was
deposited under potentiostatic conditions by using a low gas flow in
the electrochemical cell atmosphere. The different spectra (obtained
from the average of 100 interferograms using a resolution of 8 cm™")
were collected at potential steps from 0.1 to 0.9 V vs RHE. Spectra are
presented in absorbance units (A = —log(R/R®)), in which R and R°
refer to the reflectance spectra at the sampling and reference potential
(0.90 V), respectively.'® At 0.9 V, CO has been stripped from the
surface. All of the spectroelectrochemical experiments were also
performed at room temperature in 0.1 M HCIO,, with a reversible
hydrogen electrode (RHE) and a gold wire used as the reference and
counter electrodes, respectively.

Raman Spectrum. Raman spectra were recorded with an NRS-
5100 (Jasco) Raman spectrometer integrated with a confocal
microscope. The spectra were obtained by excitation with a 17 mW
He—Ne laser with a wavelength of 632.8 nm. Raman was calibrated
versus the 520 cm™ peak of Si with a resolution of 1.0 cm™. For the
Raman enhancement tests, 2.5 uL of Au nanoparticles (~50 nm) were
deposited onto the electrode surface by drop casting.
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Figure 2. (A) CVs for Ru/Pt(111) in solutions with different perchlorate concentrations at S0 mV/s; and (B) CV for Ru/Pt(111) in 0.1 M HCIO,

at 1 mV/s.

B RESULTS AND DISCUSSION

Figure 1 displays the CVs for Pt(111) substrate and the
deposited surfaces with different Ru coverages in 0.1 M
HCIO,. To distinguish, Ru/Pt(111) is used specifically for a
fully covered Ru surface, which is also our main topic. The
Pt(111) shows the typical hydrogen adsorption/desorption
charge in the range between 0.07 and 0.35 V separated from
the OH adsorption/desorption region between 0.55 and 0.90
V by the so-called double layer, in agreement with previous
studies.”> After the modification of the Pt(111) surface with
Ru, a gradual decrease in the OH adsorption/desorption
region with a simultaneous increase in the currents recorded in
the hydrogen adsorption/desorption region of the Pt(111) are
observed as the deposition cycles increase from 1 to 9. At this
point, the peak at 0.8 V, corresponding to the adsorption of
OH on the Pt surface, has completely disappeared. Further
increase in the deposition cycles from 9 to 20 (Figure S1) does
not result in a change in the voltammetric profiles, indicating
that the surface has been completely covered by Ru, reaching
the maximum coverage. The absence of a Pt—OH adsorption/
desorption charge for the Ru/Pt(111) surface above 0.55 V
suggests that the Pt(111) surface is fully covered by Ru.

To determine the presence of different atoms (Pt or Ru) on
the surface, in situ FTIR spectra of adsorbed CO on the
Pt(111) and the Ru/Pt(111) with maximum Ru coverage
surfaces were taken (Figure S2). CO can be used as a probe
molecule because the position of the bands depends on the
nature of the substrate. Clearly, both sets of spectra are
completely different. Moreover, the spectra for the Ru/Pt(111)
electrode show no signals for CO adsorption on Pt, which
indicates that Pt ensembles are not present on the surface of
the Ru/Pt(111) electrode; that is, the Pt(111) surface is fully
covered by Ru, and, if Pt atoms are present on the surface, they
are probably isolated completely surrounded by Ru atoms. On
the basis of the observations above, the coverage of Ru can be
calculated using the oxygen adsorption charge according to the
following equation:

Ora = (Qp — Q) Qi (1)

QS and Q{;’LRu are the integral charges of the oxygen adsorption
region on clean Pt(111) and the surface after deposition of Ry,
respectively.

The Ru/Pt(111) surface in Figure 1B exhibits an
asymmetric adsorption/desorption process in the region
between 0.05 and 0.35 V with a peak current centered at
0.15 V in the positive scan direction and 0.13 V in the negative
scan direction, similar to those previously reported on

Ru(0001)."” The nature of this contribution will be studied
throughout this work. In the positive scan direction, a broad
flat peak appears from ca. 0.35 to 0.6 V. Moreover, between 0.6
and 0.90 V, in contrast to Pt(111), the Ru/Pt(111) profile only
shows capacitive currents, and no adsorption/desorption
process seems to take place over this region.

A similar profile has already been found by Hoster et al. for
an UHV-prepared Pt,Ru,_,/Ru(0001) alloy with a low Pt:Ru
ratio (xp, < 0.25), whereas the Ru(0001) surface shows
different voltammetric behavior.'® Thus, it is proposed that Ru
deposition followed by annealing in an Ar atmosphere allows
the formation of a Pt—Ru(0001) alloy whose morphology is
controlled by the morphology of the Pt substrate. It should be
stressed that the modification of a polycrystalline Pt with the
same method does not lead to the same voltammetric profile,
which highlights the role of the surface structure of the
substrate in the morphology of the film (Figure S3).

It has been previously shown that, without inductive heating,
both spontaneously and electrodeposited ruthenium deposi-
tion processes on well-defined Pt(111) electrodes result in the
formation of two-dimensional, monatomic islands of ca. 0.5—1
and 2—5 nm in diameter, as revealed by the scanning tunneling
microscopy (STM) data.'”*® It is worth noting that the
deposited Ru layer could be completely removed by flame
annealing in a propane/butane flame, as the recovery of the
voltammetric profile for the Pt substrate indicates. Addition-
ally, if the voltammetric profiles for the deposited surface after
inductive heating suffer changes due to long-time scanning or
electrocatalytic reactions, they could be fully recovered by
using the same inductive heating conditions as described in the
Experimental Methods, which implies that an ordered adlayer
of Ru atoms can be formed on the surface by this thermal
treatment.

Regarding the interpretation of the voltammograms, the
chemical nature of the different processes involved under the
different peaks in the CV at potentials below 0.4 V for the Ru/
Pt(111) surface is still not well-known. In this sense, the
contribution of the perchlorate species (ClO,”) in the peaks
from the CV is one of the possible alternatives that has to be
explored. It is generally accepted that these species do not
adsorb specifically on the Pt surface, although Attard et al
reported the specific adsorption of perchlorate on Pt single-
crystal electrodes, from which they concluded in their
observation that the cyclic voltammetry is slightly dependent
on the perchloric acid concentration.”’ However, Yi-Fan et al.
proposed that the perchlorate anions interact with the OH
adlayer, instead of specifically adsorbing onto the Pt(111)
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Figure 3. (A) Comparison of the CVs for Ru/Pt(111) under rotational and stationary conditions in 0.1 M HCIO,; and (B) CVs under different

lower potential limits in 0.1 M HCIO,. Sweep rate: 50 mV/s.

surface.”” Indeed, no perturbations in the hydrogen
adsorption/desorption region were found by Attard et al. by
increasing the concentration of perchlorate. Yet, some studies
about the electrodeposition of Ru on Pt demonstrated that Ru
can reduce perchlorate, although at a very low rate, and it is
only detected at low scan rates.”> To study the interaction of
perchlorate with the surface, different perchlorate concen-
trations were employed while maintaining the pH (Figure 2).
As can be observed, the increase in the concentration of
perchlorate does not modify the CV for the Ru/Pt(111)
surface except for the cathodic peak at ca. 0.23 V, which shifts
slightly to negative potentials by increasing the perchlorate
concentration. Because the increase in the perchlorate
concentration has been studied while maintaining constant
the concentration of the H" species in solution, this shift
cannot be assigned to a change in the pH but to a different
factor. The reduction of the perchlorate interacting specifically
with the electrode surface at 0.23 V can also be discarded as
the cause of this shift because the same peak was obtained by
using a 0.5 M H,SO, solution in the absence of perchlorate
anions (Figure S4). Furthermore, higher currents for the
cathodic peak at 0.23 V would have been expected at low scan
rates (1 mV/s, Figure 2B) if the slow reduction of perchlorate
anions had been involved in this peak. However, no changes in
the CV with the scan rate were detected. Thus, at this point,
we consider that the shift of the cathodic peak at 0.23 V with
the perchlorate concentration is related either to the change in
the water structure induced by the presence of K* cations or to
the perchlorate interaction with adsorbed OH on the surface as
follows:

Ru/Pt(111) + H,0 + CIO, = Ru/Pt(111)—OH
--ClO; + H" + &~ )

Thus, it is confirmed that the process below 0.4 V in the CV is
not dependent on the perchlorate anions and no specific
adsorption of such species is observed on the Ru/Pt(111)
surface.

However, the nature of the peaks at this potential range
(0.05—0.4 V) is still an unsolved question. To help fulfill this
query, the CVs from the Ru/Pt(111) surface with and without
rotation regime have been compared (Figure 3). During the
rotation, hydrogen formed during the negative scan direction
due to the hydrogen evolution reaction (HER) is removed
from the electrode surface, and thus its oxidation process (the
hydrogen oxidation reaction, HOR) is not observed during the
positive scan direction. In this way, it is possible to discern

between H, production/oxidation and surface redox processes
such as H 4,/ OH,4, under the peaks in the region between 0.05
and 0.40 V. As can be observed in Figure 3A, at potentials
lower than 0.05 V, the cathodic current increases exponentially,
which is attributed to the HER. At around 0 V, the HER is
controlled by kinetics so that the current is independent of the
electrode rotating rate. As the lower limit potential gradually
increases from 0 to 0.05 V (Figure 3B), the current for the
HER decreases. Thus, 0.05 V appears to be the onset potential
for bulk HER, as confirmed. Our further rotation experiments
at different lower limit potentials have confirmed this (Figure
S5).

In the positive sweep, the peaks remain unaltered under
rotation when compared to the stationary curve except for the
small decrease in charge in the shoulders centered at ca. 0.05
and 0.10 V, which might be associated with the oxidation of
hydrogen formed during the negative-going scan at potentials
close to 0 V. Thus, it discards any possible contribution of the
HOR in the main peaks between 0.1 and 0.40 V. Furthermore,
CVs recorded in different potential limits (Figure 3b) suggest
that the process taking place under the cathodic peak at 0.23 V
is independent of the processes occurring under the main
peaks located at 0.14 V.

Nevertheless, it is surprising that H, formation occurred at
potentials more positive than the equilibrium potential of the
redox couple H*/H, (0 V vs RHE). Similar phenomena have
also been recently reported on Ru(0001) and polycrystalline
Cu**® Using electrochemistry-online mass spectrometry,
Engstfeld”® and Scott™* observed an H, signal at potentials
around 0.1 V on Ru(0001), which was denoted as “anodic H,”
to distinguish from the expected H, signal from bulk HER at E
< 0 V. It is suggested that at least part of the hydrogen
adsorbed via a Volmer step (* + H" + e~ = *H) at sufficiently
negative potentials (HER region) desorbed to form H, in the
subsequent positive scan direction at potentials >0 V via a
Tafel step (*H + *H = H, + 2*) or Heyrovsky step (¥*H + H*
+ e = H, + *) instead of the commonly expected H*
formation via the reverse Volmer step. The Tafel mechanism
was considered more plausible according to a detailed charge
evaluation. The key point for this mechanism is that the more
favorable OH adsorption at anodic potentials upshifts the free
energy of adsorbed H (G(H,4)) making H,4 desorption easier
while giving a high enough barrier for the Volmer step. An
early CO displacement experiment on Ru(0001) in 0.01 M
HCIO, has proved that about 0.4 monolayers (ML) of OH are
adsorbed at ca. 0.1 V vs RHE."” To check whether OH is
coadsorbed with H at low potentials on Ru/Pt(111) and to

https://doi.org/10.1021/acssuschemeng.2c04584
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04584/suppl_file/sc2c04584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04584/suppl_file/sc2c04584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04584/suppl_file/sc2c04584_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

explore the chemical nature under the different peaks, CO
displacement measurements were also performed.

As described in the Experimental Methods, CO displace-
ment experiments are performed by CO dosing in the
electrochemical cell at a constant potential. CO molecules
adsorb on the surface and displace the species previously
adsorbed on the Ru/Pt(111) electrode surface. The sign of the
registered current transient indicates the charge of the species
that have been displaced by CO. In this sense, when the
current transients at a certain potential are positive, the total
surface charge before the introduction of CO is negative, and
thus the main process involved is most probably the
displacement of adsorbed hydrogen, according to reaction 3:

Ru/Pt(111)—H + CO — Ru/Pt(111)—CO + H' + e~
3)
Adsorbed oxygenated species on the Ru/Pt(111) surface are
responsible for the negative current during the CO displace-
ment, according to reaction 4, because perchlorate has been
found previously to not be adsorbed on the electrode surface:

Ru/Pt(111)-0, + ¢~ + CO = Pt—CO + O,- (4)

In addition, by calculating the charge displaced by the
integration of current transient recorded at potentials where
CO is not oxidized, we determined it was possible to build the
curve q versus E. According to eq S, this curve must be the
same as the curve obtained by integrating the voltammetric
current when the processes occurring are reversible enough to
be considered at equilibrium at the recording scan rate:

E
a®) = [ LaB+ g

E* vV (%)
where j is the voltammetric current density, v is the scan rate,
and gq(E*) is the integration constant. On the Ru/Pt(111)
electrode, CO displacement experiments have been performed
at different potential values in the range between 0.09 and 0.23
V. Figure 4 (black line) shows the total charge curve as a
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Figure 4. Cyclic voltammogram (red line) and total charge curve
(black line) for the Ru/Pt(111) surface as a function of the potential
recorded at 50 mV s™! and CO displaced charge at different potentials
(M) in 0.1 M HCIO, solution.

function of the potential, which has been obtained by the
integration of the CV employing the value of the charge
displaced at 0.09 V as the integration constant (q(E*) in eq S).
As expected, the values of the charge displaced by CO overlap
with the integrated curve in the range between 0.09 and 0.15
V, which is the region for the main peak in the CV. However,
for potentials more positive than 0.17 V, a deviation between

the charge displaced and the integrated curve is observed. In
the region between 0.09 and 0.15 V, under the shoulder
centered at 0.10 V, the current transient curves in Figure S
show positive currents up to 0.11 V. Thus, the shoulder before
the main peak should be assigned to H,4; on the Ru/Pt(111)
surface (reaction 3). However, the CO displacement transients
at potentials between 0.11 and 0.13 V reverse the sign and
become negative, indicating that oxygenated species are
adsorbed on the surface under the main peak as described in
reaction 4. The potential of zero total charge on the Ru/
Pt(111) surface lies around 0.12 V where the hydrogen and
anion (probably OH) adsorption processes contribute in equal
amounts but with opposite signs to the total charge. The
integrated charge from 0.09 to 0.12 V is only 116.4 uC/ cm?,
much lower than the charge expected for a one-electron
process on Ru (257 uC/cm?®), whereas the integrated
voltammetric charge from 0.12 to 0.2 V is 283.3 uC/cm?,
very close to the charge for a one-electron transfer process
(257 uC/cm?). Thus, at 0.09 V, hydrogen is adsorbed on the
surface with a coverage of ca. 0.5 ML, whereas, at 0.2 V, a full
monolayer of adsorbed OH is present on the surface.

Additionally, a deviation of the CO displaced charge values
from the integrated curve at potentials more positive than 0.2
V is observed. This deviation can be explained by considering
two possible reasons. The first one is that the CO oxidation
takes place at 0.17 V as follows:

Ru/Pt(111)—OH + CO — Pt—Ru + CO, + H" + e~
(6)
However, this explanation can be excluded because the CO
stripping curves do not show any oxidation current until 0.45 V
(Figure S6). Also, the currents for the transients at long times
are zero. The most likely explanation is that oxygen-containing
species undergo some transformation, such as further oxidation
to high-valent O that cannot be replaced by CO. A detailed
ECQM study on the surface oxidation of electrodeposited Ru
has supported this idea.”®
Surface ruthenium can present several oxide states depend-
ing on the potential. Although the Pourbaix diagram of Ru’°
shows that Ru exists as a metal up to 0.6 V vs SHE at pH 0-3,
numerous studies have reported the Ru surface oxidation to
Ru—O at about 0.2 V vs RHEZ,ZG’27 in agreement with our CO
displacement results (the displacement charge had decreased
since 0.2 V). Concerning the formation of the oxide, several
reports indicate the formation of Ru surface oxides at low
potentials. Szabd and Bakos stated that the valence states of
the Ru coatings deposited between 0 and 0.2 V are almost
identical,”® which corresponds to RuOH in our case. In situ
structural characterization by surface X-ray diffraction (SXRD)
on Ru(0001) showed that the decrease in (0,1—1,1.6) intensity
from 0.2 to 0.4 V was caused by the change in the topmost Ru
interlayer spacing and buckling, indicating the oxidation of
*OH to *0.” By using EQCM, Sugawara et al. observed a
mass loss between 0.2 and 0.5 V and ascribed it to the loss of
H* to form RuO.” At potentials between 0.45 and 0.7 V, the
Ru(0001) surface was found mostly covered by *0.*
Increasing the upper potential limit from 0.7 to 0.9 V leads
to an increase in the size of the cathodic peak in the negative
scan direction at 0.23 V, implying higher valence state oxides
formed at more positive potentials than 0.7 V.*> Hadzi-
Jordanov et al. found that the reversible oxidation on the Pt—
Ru alloy occurs up to a potential of 0.8 V.** Quiroz et al.
assumed that the oxide species formed on an electrodeposited
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Figure 5. Transient current curves for CO displacement recorded at different potentials in 0.1 M HCIO, solution.

Ru before 0.8—0.9 V are RuO, and the following oxides are
RuO,,” and a dissolution study on Ru and ruthenium oxide
nanoparticles implied that RuO, was stable up to a potential of
13 V.

Regarding spectroscopic pieces of evidence on the presence
of oxides on the surface, in situ FTIR results were only able to
detect the presence of the corrosion oxide RuO, at 920 cm™
in 0.1 M HCIO,.*" In this sense, surface-enhanced Raman
spectroscopy is a very useful technique due to the sensitivity of
SERS to probe metal—oxygen vibrational modes, usually found
in the low-frequency region between 200 and 1000 cm™".*>7*
The SERS-active Ru film was prepared as described above. The
electrode was then transferred rapidly from the electrochemical
cell to a SERS cell with aqueous 0.1 M HCIO, as the
supporting electrolyte. Potential-dependent SER spectra of the
Ru/Pt(111) film acquired in 0.1 M HCIO, are shown in Figure
6. The applied potential was initially kept at 0 V for about 5
min in deaerated 0.1 M HCIO, to reduce the Ru oxide formed
during electrode transfer. The typical vibrational spectroscopic
data in the literature for several ruthenium oxides are
summarized in Table 1 to help in the assignments of the
bands we observed in Figure 6.

At 0V, the Raman spectrum was featureless, indicating the
initial surface was clean and unoxidized. The applied potential
was then increased progressively up to 1.0 V (vs RHE),
holding at each potential for 150 s before the spectra were
acquired. For all of the spectra, a band centered at 932 cm™
appeared, which is assigned to the A, mode of Cl-O in
perchlorate.””~*° The absence of significant changes in the
frequency of this band with potential indicates that perchlorate
is located near the electrode surface rather than electrochemi-
cally adsorbed in the interface, which supports the evidence
described below for the experiments using solutions with
different concentrations of perchlorate (Figure 2). However,
after a close analysis of this band (Figure 6, inset), a small Stark
effect’®” can be observed. The latter suggests that this
perchlorate is located in the compact part of the interfacial
double layer, as proposed by Yi-Fan et al,*” and that the
distance separating both species might be on the order of the
length of an OH bond.

0V after experiment

3000 - 640cm”

2500

Intensity/ a.u.
S
S

1500

1
T T T T T T T
400 500 600 700 800 900 1000
Raman Shift cm™)

Figure 6. Electrochemical in situ SER spectra obtained for Ru/
Pt(111) in 0.1 M HCIO, as a function of the applied potential (vs
RHE). The surface was initially reduced at 0 V (bottom spectrum)
before the potential was raised to 1.0 V (where Ru starts to dissolve)
and subsequently reduced again at 0 V. The inset shows the
magnification of the band at 932 cm™.

Between 0 and 0.2 V, the spectra were largely featureless. At
potentials higher than 0.2 V, a series of bands aroused and
grew with the potential in the SER spectra. The 522/640/706
cm™! pair observed here has frequencies comparable to the
characteristic normal Raman bands of anhydrous RuO, (Table
1), which are not present for the bare Pt(111) at the same
experimental conditions.”® Thus, the broad flat signal centered
around 0.3 V in the voltammetric profile can be assigned to the
formation of RuO,, and hence it confirms that the deviation
between the integrated CV charge and the CO displacement
charge in Figure 4 is due to the formation of RuO, because the
adsorbed O from the oxide cannot be displaced by CO. No
additional bands appeared as the potential is gradually
increased to 1.0 V. This indicates that higher-valent oxides

https://doi.org/10.1021/acssuschemeng.2c04584
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04584?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Table 1. Published Vibrational Modes of Various Ru
Oxides, Oxyanions, and Adsorbed Oxygen on Ru

v(Ru—0) stretclhing modes

species (em™) ref  technique
adsorbed atomic 250—300/450—500 33 SERS
oxygen 34 Raman
585 36 EELS
575—-595 37 EELS
520—-600 38 EELS
RuO, (hydrous) 470/670 32 SERS
488 34 Raman
477 35 Raman
RuO, (anhydrous) 510/630 32 SERS
515/626 39 Raman
528/646 40 SERS
523/646/710 35 Raman
526/640/715 34 Raman
RuO, 800 32 SERS
RuO,*” 808 41 Raman
RuO, 875 32 SERS
878 42 Raman
881 41 Raman

are not formed within this potential region, which is reasonable
because the next oxide state of ruthenium (RuO,>”) is
expected to form at higher potentials, according to the
Pourbaix diagram of Ru. The overall oxidation processes
during the selected potential region were confirmed to be
reversible by the featureless spectra after the surface was
reduced again at 0 V.

To determine the process related to the small reduction
peak around 0.25 V, Figure 7 displayed CVs under different
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Figure 7. CVs under different upper potential limits in 0.1 M HCIO,,
at SO mV/s.

upper potential limits. The small cathodic peak only appears
when the upper potential limit is above 0.33 V, where RuO, is
detected by SERS. It should be highlighted that 0.33 V
corresponds to the upper potential of the broad flat wave
observed for the film. So, the reduction peak could apparently
be ascribed to the reduction of RuO,, which formed at high
potential. On the basis of the analysis above, the proposed
electrochemical surface processes on Ru/Pt(111) in 0.1 M
HCIO, are described in Figure 8.

B CONCLUSIONS AND OUTLOOK

In this Article, the quasi-single-crystalline Ru/Pt(111)
prepared by the forced-deposition method along with
inductive heating treatment was characterized by cyclic

H,o desorption

400 -

200 -
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—= overlap of O desorption/OH desorption
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Figure 8. Depicted surface processes on Ru/Pt(111) in 0.1 M HCIO,.

voltammetry together with CO displacement and in situ
Raman spectrometry. In general, the electrochemical proper-
ties of Ru/Pt(111) in perchlorate acid solution were found to
be similar to those of Ru(0001). The coadsorption of OH and
H at potentials more negative than 0.2 V was confirmed by the
observed potential of zero total charge at 0.12 V and charge
evaluation. At E > 02 V, the CO displacement charge
decreased due to the formation of Ru—O, as confirmed by the
in situ Raman spectrometry experiment. The results obtained
from CO displacement and in situ Raman agree well with each
other. In addition, the formation of the Ru film in our system is
more likely to be a homogeneous atomic layer rather than in
islands as was observed in previous literature using
spontaneous or electrodeposition. Similar to those single
crystals, the surface can also be restored by inductive annealing
during experiments. However, so far, we are not able to
confirm the formation of a Ru monolayer or multilayer system,
but we strongly believe that these results, in combination with
the deep characterization of this system at an atomic level (e.g.,
by STM), can be used as an essential tool for the further
investigation of the structure—activity relationship. Anion-
specific adsorption, electrocatalytic properties for fuel cell
reactions on Ru/Pt(111), and further modification of the Ru/
Pt(hkl) electrodes also will be presented in future studies.
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