In-Situ Studies of the Electr ochemical Reduction of Supported Ultrathin Single
Crystalline RuO2(110) Layer in Acidic Environment
Tim Webet?), Marcel J. S. AbBP, Omeir Khalid®?, Johannes Pfromméf), Francesco
Carla®, Raja Znaigui&, Vedran Vonk?, Andreas Stierfe), Herbert Ovef:P*

a) Physikalisch-Chemisches Institut, Justus Liebigversity, Heinrich-Buff-Ring 17,
35392 Giessen, Germany

b) Zentrum fur Materialforschung, Justus Liebig Unsigr, Heinrich-Buff-Ring 16,
35392 Giessen, Germany

c) Deutsches Elektronen-Synchrotron (DESY), D-2260nMiiag, Germany

d) Fachbereich Physik University Hamburg, Jungiusseas®9, D-20355 Hamburg,
Germany

e) IDO3 — Surface Diffraction Beamline, European Syotion Radiation Facility
(ESRF), 71 Avenue des Martyrs, 38000 Grenoble, ¢égan

* Corresponding author€E-mail: Herbert.Over@phys.chemie.uni-giessen.de

Abstract

With in-situ surface X-ray diffraction (SXRD) and X-ray refladty (XRR) in combination
with ex-situ characterization by scanning electroicroscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and cyclic voltammetry (CV)ehextrochemical reduction of an ultrathin
(1.66 nm thick) single crystalline RuQ@10) layer supported of Ru(0001) was studied idiac
environment, providing clear-cut evidence and me& details for the transformation of
Ru® towards hydrous RuOand metallic Ru. The reduction process proceedspwoton
insertion into the Rugh110) lattice. For electrode potentials (0 to -50w8/ SHE) the layer
spacing of Ru@110) increased, maintaining the octahedral coatiin of Ru (SXRD).
Continuing proton insertion at -100 to -150 mV Igdd transformation of lattice oxygen of
RuQG to OH and water that destroys the connectivity mgribe Ru octahedrons and eventually
to the loss of crystallinity (SXRD) in the Ra@10) film at -200 mV accompanied by a swelling
of the layer with well-defined thickness (XRR). [hg the protonation process soluble Ru-
complexes may form. XPS provide evidence for thagformation of Rug§110) to a hydrous
RuQ layer, a process that proceeds first homogenoamsty at higher cathodic potentials

heterogeneously by re-deposition of a previoustgalved Ru complexes.



1. Introduction

Electrochemical water splitting (electrolysis) wik important for a sustainable hydrogen
economy in that intermittent wind and solar energy researcan be stored in chemical bonds,
such as in B and can either be used directly to power vehiates stationary devices or can
readily be transformed back to electric energy toggn-exchange membrane (PEM) fuel cells
whenever there is demahdThe electrochemical hydrogen evolution reaction R)Eakes
place at the cathode of water electrolySefhie HER has even been considered a prototype
reaction in surface electrochemistfysince the reaction comprises a two-electron feahand
is therefore much simpler than for instance the-flactron process of the oxygen evolution
reaction (OER), the anodic reaction of a watertebfgser.

Various metals have been identified to be activ&kiectrocatalysts in acidic media, most
notably platinum and various Pt all8yswhile oxides are in general considered to be inferior
in the HER. This simplified view is not reconciladth RuQ; and IrQ.1%1"RuQ; is actually a
remarkably efficient electrocatalyst for HERthat resists poisoning by heavy metals. Its
activity in acid media is only slightly lower thaimat of platinum: the overpotential of Rp(3
50 mV higher at a current density of 0.1 Afcthan that of P¥? Accordingly, RuQ-coated
cathodes have also been investigated and appliedistry*®® Even RuG-based anodes in
the form of dimensionally stable anodes (DSA) aefHER conditions during the shutdown
of a chlorine electrolyser, when it intermittentiyctions as a fuel cell and therefore the RuO
based coating as the cathdéle.

However, reducible oxides are expected to be chalyianstable and are readily reduced
to the corresponding metals in the HER potentigiore?® Indeed a hydroxylation process was
reported for Ru@Ni cathodes under strongly alkaline HER conditi(f®M NaOH)?:??More
recently, Naslund et 8fconcluded from detailed XPS and XRD experimenBud; coatings
deposited on Ni that RuyQs transformed to ruthenium oxyhydroxide phaseQfH),, that
further reduces to metallic ruthenium upon extenuledtments in the HER potential region
under strongly alkaline conditions (8 M NaOH). TRe3d assignment of Naslund et al. was,
however, challenged by Karlsson et“abn the basis of density functional theory (DFT)
calculated XPS shifts of Ru3d. The structure ofwla¢er-RuQ®(110) interface in 0.1 M NaOH
solution was recently studied hbiy-situ surface X-ray diffraction (SXRD¥ At a cathodic
potential of -200 mV bridging OH and on-top watez ormed in a low-density water layer.

However, for the electrochemical reduction of Ruder acidic conditionsonflicting
results are reported in the literature. On Rulin film electrodes both x-ray diffraction

(XRD)?® and X-ray photoelectron spectroscopy (XPShow that neither the bulk nor the
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surface region of the oxide is chemically redueelyidrous Ru@or metallic ruthenium during
the HER in 0.5 M EHSQi. XRD experiments indicate, however, a significahtft of the
characteristic diffraction peaks of the Ru@in film electrode to lower momentum transfers Q
during cathodic polarization in the potential regiaf the HER?® The observed expansion of
the unit cell of Ru@is ascribed to proton incorporation in the Ru&tice and is found to be
fully reversible as the characteristic diffractippaks of Ru@ move back to their original
positions when the polarization is turned off. Biape of the Ru3d core level peaks of RuO
in ex-situ XPS does not change during cathodictrireat in the HER potential region.
Therefore, Rochefort et &l.suggested that the atomic arrangement aroundraackenter and
the conformation of the RuOoctahedrons are not disturbed by H insertion th& oxide
structure. Kotz and Stuckiconcluded on the basis of ex-situ XPS studiesdheng cathodic
treatment in the HER potential region under acidicditions (0.5 M HSQ;) the surface of the
polycrystalline Ru@ electrode is only partly reduced to some oxy-hyite, but complete
reduction to metallic Ru was excluded.

In two papers Lister et &:*°studied with cyclic voltammetry (CV) and in-situ BR the
electro-reduction of two orientations of singlestglline Ru@, i.e., (110) and (100) in 0.5 M
H>SQu. The CVs of Ru@100) and Ru@(110) exhibit a reduction signature near the HER
potential, indicating Ru-metal like behavior. SXR&yeals an expansion of the top Ru&yer,
but no roughening of the surface and no Ru metaidtion.

It is the main objective of the present paper Bbhee these apparent discrepancies in
the literature concerning the electrochemical rédaocof RuQ in acidic environment by
devising a model experiment. Here, we focus orelbéetrochemical stability & 1.66 nm thick
covering single-crystalline Ru(110) layer coated on Ru(0001) in the potentiaice@f HER
in acidic media (HCI, pH = 0.3), employing thmesitu techniques of surface X-ray diffraction
(SXRD) and X-ray reflectivity (XRR) together withxsitu characterization by scanning
electron microscopy (SEM), X-ray photoelectron spscopy (XPS), and cyclic voltammetry
(CV). This dedicated model electrode design allones to follow structural and morphological
changes of the RuQ110) film even in short time periods, thus beiatlyf compatible with the
imposed time constraints during typical synchrotradiation based experiments. With SXRD
the crystallinity of the Rug)110), while with XRR the layer thickness and daghness can be
followed in-situ when varying the electrode potential to more cdithqotentials. The
RuGy(110) film turned out to be partially stable down-150 mV with respect to standard
hydrogen electrode (SHE), but at -200 mV vs SHEcttystallinity of RuQ was completely

lost, while the layer structure was still maintaingith increased thickness. On the basis of
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post-XPS and CV experiments the chemical natuteefesulting electrochemically reduced

RuQ; film is identified with a hydrous RuQayer and metallic ruthenium.

2. Experimental Section
The ultrathin Ru@110) film was grown epitaxially on a single crybite hat-shaped
Ru(0001) disk (7 mm diameter, MaTecK, Julich, Gemg)aunder ultrahigh vacuum (UHV)
conditions. First, the Ru(0001) single crystal wpsttered with Ations at the temperature
of 380 °C for 20 minutes in order to clean the si@mubsequently, the sample was heated
up to 780 °C to smoothen the rough surface. Nagtsample was annealed at 780 °C for 20
min in an oxygen gas atmospherep(®,) = 2107 mbar to deplete the surface near region
from carbon contamination. This two-step proceduas repeated several times until the low
energy electron diffraction (LEED) pattern showedirtense hexagonal diffraction pattern
(with low background) corresponding to a clean RO@ surface. Rugd110) was grown on
this Ru(0001) surface at a temperature of 380 @ am oxygen pressure ofl®° mbar for
120 min31-32
Thein-situ surface X-ray diffraction (SXRD) and X-ray reflaaty (XRR) experiments were
conducted at beamline ID03 at ESRF, Grentl@quipped with a specifically constructed
situ electrochemical (EC) flow celf**The RuQ(110)/Ru(0001) model electrode is housed
in a special cavity at the bottom of the innermgtical hole, and the counter electrode consists
of a glassy carbon rod at the top of the cell, witsimilar electrode surface of 0.5%as the
working electrode. An Ag/AgCI electrode (3.4 M Kalsed as the reference electrode is
located between the working and the glassy carlmomter electrode (CE). The electrode
potential values are giverersushe standard hydrogen electrode (SHE) througlmisipaper.
We used as electrolyte solution an aqueous 0.5 MsEI@tion (pH = 0.3) prepared from HCI
Suprapu? (Merck, Darmstadt, Germany) and high-purity wate8.2 MQ-cm). HCI was
chosen as electrolyte in order to reduce the ovenpials at the CE that oxidizes preferentially
CI rather than water (oxygen evolution reaction). preduced Hand C} are removed from
the EC flow cell by exchanging the electrolyte sioli. The employed potentiostat was a PAR
VersaStat Il (Princeton Applied Research).
First a full set of SXRD and XRR data were takempé¢n-circuit potential (OCP) in both
water (OCP = 690 mV) and HCI (OCP = 150 mV). Subsedy we reduced the electrode
potential of Ru@110) to 0 mV, -50 mV, -100 mV, -150 mV, or -200 nby means of
potentiostatic pulses with a duration of 30 s. Bgithe first 10 s of a pulse no electrolyte flow
was applied to the cell, whereas for the last #escell was purged with fresh electrolyte.

-4 -



After each pulse the Rw(110)/Ru(0001) model electrode was set to a regtatgntial of O
mV and purged with fresh electrolyte for anothersl0he SXRD and XRR data were taken
in between the pulses at the above mentioned gegtitential; the data acquisition time was
about 55 min. With this experimental protocol (puigl pulse and going back to a rest
potential of 0 mV between consecutive pulses) amgversible changes of the Re(@10)
layer can be studied. We checked for potential bdamages by measuring h- and |-scans
before and after XRR experiments. No changes is¢has were observed.

The above described-situ experiments were complemented dtsitu characterization of
the cathodically treated Ru@210) ultrathin films, including X-ray photoemissio
spectroscopy (XPS) experiments (PHI VersaProbes¢gnning electron microscopy (SEM)
experiments (Zeiss Merlin) and cyclic voltammedPS experiments were performed with
the photon energy at 1486.6 eV (monochromatize& Aline, excitation power ~40-50 W)
and the X-ray spot size of ~200 um. The pass enemap/chosen to be 11.75 eV and the
resolution was 0.5 eV (as determined with silv&he binding energy scale was calibrated
with copper, gold and silver, so that for a conthgcsample such as Ru@10)/Ru(0001) no
further calibration is necessary. The SEM expertsevere conducted with an acceleration
voltage of 2 kV and a probe current of 100 pA. Thierographs were obtained with the
secondary electron (SE2) detector.

Cyclic voltammetry was utilized to monitor possikddterations in the electrochemical
response of the Ru{110) surface as a result of cathodic treatmentoAdingly, the protocol

of the electrode potential variation used during th-situ experiments was adapted:
potentiostatic pulses (30 s) of the desired eldetfmotential were applied followed by setting
the RuQ(110) electrode to a resting potential of 0 mV 5&r min (time for acquiring the
SXRD and XRR data at ID03). Subsequently, a cyabitammogram was recorded and the
next potentiostatic pulse was applied. These ewparis were conducted in an
electrochemical glass cell utilizing an home-balkctrode holder, so that only the oxidized
surface of the Ru(0001) single crystal was expasdatie 0.5 M HCI solution. An Ag/AgCI
electrode was used as RE, the CE consisted ofsaygtarbon rod. The applied potentiostat

was a SP-150 (BioLogic Science Instruments).

3. Results

For the SXRD experiments, |- and h-scans are defiyeRu(0001) sample (a =b = 2.71d,
=120°, ¢ = 4.28 Ay = 90°) with h and | oriented along the correspagdi and c directions in
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reciprocal space (reciprocal direction k corresgotodan in-plane direction perpendicular to
a). Further details can be found in previous reparthe growth of Rug§110) on Ru(00013°

In Figure 1 we summarize the SXRD data in the form of |- arscans depending on the
applied electrode potential. The h-scans moniter Ititeral periodicity, while the I-scans
provide information on the layer spacing and thekiiess of the layer. At open-circuit potential
(OCP), the h-scan for | = 1.3 and k = 0 indicalesaicpeaks at h = 0.733 and h = 1.47, that are
characteristic for a single crystalline R0L0) film grown on Ru(0001) with high degree of
lateral ordef® The peak at h = 1 belongs to the first-order chystancation rod of Ru(0001)
that is quite sensitive to the roughness of the RUIM)/Ru(0001) interface. Other diffraction

peaks are not discernible in the h-scan ranging 03 to 1.6.
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Figure 1: SXRD experiments of a nominal 1.66 nm thick R{QO0) layer grown on
Ru(0001) in the HER potential region at variouscetale potentials starting from
OCP(HO), OCP(HCI) down to -200mV. a) h-scan at (k, [0+1.33) and b) I-scan at (h, k)
= (0.73, 0). The strong background in the h-scamses from diffuse scattering of the
electrolyte. The dashed lines at h = 0.733 andLI33 in the h- and I|-scan, respectively,
indicate the expected peak positions of Rd®0). The color code is valid for both h- and I-
scans. The potential dependent scans are offseldioty. A summary of all recorded h- and
I-scans down to a potential of -1900 mV is showthmFigures S1 andS2, respectively.

In the corresponding I-scan at h = 0.73, k = 0 @@P(HCI), a relatively broad maximum at
| = 1.25 occurs that corresponds to a layer spaoing.4 A, significantly larger than the
RuQ(110) bulk layer spacing of 3.23°R Obviously even under OCP conditions the layer
spacing of Ru@(110) expands, presumably via proton incorporatidtile the in-plane lattice
vector of Ru@(110) is not affected. From its full width of hatiaximum (FWHM) the
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thickness of the Ruf0110) layer is estimated to be 1.56 nm. In a comixperiment the I-scans
for OCP(HCI) with that of OCP(#¥D) for pure water are compared. The maximum in-8w@n
was in the latter case at | = 1.27, indicating thatinsertion of protons causes at least part of

the observed expansion in the layer spacing of RLID).

With increasing cathodic potential the h-scanBigure 1a change only little up to -100 mV,
neither the intensity nor in the h-position of RReQC,-related peaks change. At -150 mV both
intensities of h = 0.73, 1.46 and h = 1 diminish8096. For an electrode potential of -200 mV
the diffraction peak at h = 0.73 disappears alngostpletely in the h-scan, while the crystal
truncation rod of Ru(0001) at h = 1.0 has not cleanip intensity with respect to -150mV.
From this experiment we conclude that the latezalyglicity of the Ru@110) layer has largely
been destroyed under strong HER conditions (-200vs18HE), while the interface between
the Ru(0001) and the reduced R(I10) layer is still smooth.

A similar behavior is evident from the I-scandHigure 1b. The integral intensity of the peak
around | = 1.2-1.35 decreases continuously withemsing cathodic polarization, indicating a
degradation in periodicity perpendicular to the Rdin. At -100 mV the peak shifts to | =
1.22, that corresponds to an layer spacing in RUD) of 3.5 A. The intensity of the peak
decreases to 30%, while the FWHM varies only shgit an electrode potential of -150 mV,
the peak shifts back to | = 1.27, i.e. R(T10) layer spacing is 3.4 A, while the intensiigther
decreases. At -200 mV only a weak feature at 132 Temains that corresponds to a layer
spacing of 3.2 A, the nominal layer spacing of bRIk:(110). Obviously, the perpendicular
ordering of the Ru-O-Ru trilayers in the Ry010) layer is almost lost at -200 mV.

The characteristic features (peak position, FWHM iatensity) derived from I-scans (SXRD)
are summarized iRigure 2. In addition, there is a peak at | = 0.3 in tlse&ns that is assigned
to minor maximum of | = 0 peak due to the well-defi layer thickness of about 16 A for the
RuQ® and reduced Rufayer. The FWHM of the peak increases slightly @s lose seen in the
top of Figure 2. At OCP(HO) the FWHM is 0.30, which is associated with aelathickness
of 1.56 nm (4.9 layer®). After polarization to -150 mV the FWHM slightlgdreased to 0.38,
i.e., the thickness of the Ru10) film decreased to 1.23 nm (3.8 layers). Duw signal

to noise ratio of the | = 1.3 peak below a poldra@aof -200 mV a reliable determination of
the FWHM is not possible.
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Figure 2: Peak position, FWHM (top) and integral intenstigttom) derived from the I-scan
data at (h, k) = (0.73, 0).

The FWHM of the peak at h = 0.73 at OCEQHl is 0.018, which corresponds to a lateral
dimension of 150 A along the [-110] directiénThe FWHM, peak position, and the integral

intensity derived from the h-scans are summariaé&dgur e 3. Both quantities remain constant

upon potential variation. However, the integraéimgity decreases continuously with increasing
cathodic polarization (similar to the peak at |.8 In the I-scan), indicating a continuous loss
of lateral ordering of the film.
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Figure 3: Peak position, FWHM (top) and integral intengipttom) derived from the h-
scan data at (k, ) = (0, 1.33).



In conclusion, the SXRD experimentskigure 1 prove that polarization at -200 mV destroys
the 3-dimensionally periodic structure of the 16 thick RuQ(110) layer coated on
Ru(0001). This “reduction” process of RyD10) is irreversible, as Ru@elated features do
not recover after going back to lower cathodic poéts. In addition, from the h-scans it can
be derived that the “reduction” process of the Ka@0) layer takes place domain-wise, since
the peak positions and the FWHM values do not chalging cathodic treatment, whereas the
integral intensity decreases. Such a behavior ef RuQ(110) surface under reducing

conditions is known from previous UHV studi@s’
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Figure 4: XRR experiments of a nominal 1.66 £ 0.04 nm tHak>;(110) layer supported
on Ru(0001) in the HER potential region at variaisctrode potentials starting from
OCP(HO), OCP(HCI) down to -200 mV. The potential deparid#ata sets are offset for
clarity. A summary of all recorded XRR-scans dowmtpotential of -1900 mV is shown in
Figure S3.

In Figure 4 we present the XRR data as a function of the mldetpotential. The black hollow
circles represent the experimental data whileelesplid lines show the simulation of the XRR
data. For the simulations of the XRR data the saféwpackage GerfX (v 2.4.10) was used,
employing a two-layer model for the measurement®@P and the low cathodic potentials.

For more cathodic potentials (-150 mV, -200 m\)@é-layer model was applied, both models
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are depicted in the inset &figure 5. The two-layer model consists of a layer with vagy
thickness and electron density (modelling theahlRuQ(110) layer and the electrochemically
reduced Ru®@layer upon increasing polarization) that is folemhby an interlayer with varying
thickness and electron density (modelling the iteomsfrom the (reduced) oxide layer to the
substrate) on the Ru(0001) substrate (cf. inséligdre 5, all fitted data are summarized in
Table S1). The simulation of the XRR data at more cathgutitentials required in addition a
third layer denoted as “altered substrate”. The tnmaportant parameters in the fitting the
experimental XRR data are the thickness and tharetedensity of the (reduced) Rufayer.
For OCP, the XRR scan shows clear wiggles and nairfiram which the layer thickness can
be determined quite accurately. The XRR scans foP®ICI) and OCP(kD) are virtually
identical. In the present case an XRR analysisale\ve total thickness (Ru(@10) layer plus
interlayer) of the ultrathin film of 1.66 + 0.04 nihhis value matches quite well the thickness
estimation based on the SXRD data (1.56 nm). S{iRR is a dedicated method to determine
layer thicknesses we use in the following 1.66 srtha total thickness of our Re(@10)-based
layer. With increasing cathodic electrode potentfato -200 mV, the Ruf110) layer change
continuously in that the distinct minima shift tawler values for the scattering vectpin the
XRR scans. This observation is indicative of thetcwous increase in the layer thickness, i.e.,
the RuQ(110) bulk layer swells, thereby increasing thalttdtickness from 1.66 + 0.04 nm to
2.50 £ 0.04 nm (cfFigure 5), while the O-Ru-O layer spacing increases fingt then decreases

(see I-scan ifrigure 1b).
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Figure 5: Total layer thickness ((reduced) RD10) layer plus interlayer) as derived from
the fitting of the XRR data as a function of theattode potential employing a two-layer
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model (cf. inset, right) in the beginning and aethtayer model (cf. inset, left) at more
cathodic potentials.

Most surprisingly, even at -200 mV a layer with hagfined thickness (i.e. distinct wiggles
are discernible) is apparent in the XRR scan, atjhofrom SXRD the three-dimensional
periodicity has practically been lost. The electdmmsity of the reduced Ru@Im reduces

with the cathodic potential in a way that is cotesis with the observed swelling of the layer
due to proton insertion.

To complement thesén-situ experiments, an identically prepared RQ0) film was
polarized in the HER potential region as descriiedve and subsequently studedsituby
XPS and SEM. A comparison of the XP spectra offtbghly prepared Ruf110)/Ru(0001)
electrode and after cathodic polarization is shawRigure $4. O 1s and Ru 3d spectra after
cathodic polarization are depicted and analyzdegare 6.
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Figure6: XP spectra of the Rwu{110)/Ru(0001) electrode after the polarizatior2®0 mV
where the crystallinity of the Rw10) thin film almost disappeared. A peak fittioigthe
O 1s (a) and Ru 3d + C 1s (b) spectra was donedingao literature243:44

In the O 1s spectrunf{gure 6a)) up to four features are discernible. The one hinding
energy (BE) of 529.4 eV is assigned to bulk O iOR4“, the two other emissions at 531.1 eV
and 532.7 eV are ascribed to OH an®kh hydrous Ru@ respectivel§**2 while the emission

at 533.6 eV is assigned to dissolvedA#0CQO, contamination has likely occurred during the
transfer of the sample from the EC cell to the XPfaratus through ambient atmosphere. The

Ru 3d spectrumHigure 6b)) consist of two (maybe composite) features atdhergetic
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positions of Ru 3¢k and Ru 3g2. Since the intensity ratio of Ru €Ru 3dy. is not 3:2 as
expected from the degeneracy of both Ru 3d eleicttaansitions, we surmise that the peak at
285-286 eV consists of two contributions, one latesl to Ru 3¢ at 285eV and the other one
due to C 1s at 285-288 eV. Peak fitting of the BwaBd O 1s spectra are overlaid-igure 6.
The fitting parameters of the XP spectra are sunz@ainTable S2.

Quite similar XP spectra of O 1s and Ru 3d werentep for hydrous Ruglon single crystalline
Ru(0001) that was prepared by anodic oxidation wOR01)*? Therefore, we conclude from
SXRD, XRR and XPS experiments that the cathodiactdn of RuQ(110) on Ru(0001) at -
200 mV leads to the formation of a hydrous Riger with a relatively sharp interface towards
Ru(0001) and well-defined thickness.

With SEM we compare the Ry@10)/Ru(0001) before and after cathodic treatnerthe
HER potential region (cfFigure 7). Obviously, there are changes in the morphology
discernible. The freshly prepared R¢T10)/Ru(0001) surface (a) is flat with grain boarids
apparently visibleRigure 7a, dark contour lines). After cathodic treatment daw -200 mV
the surface shows deposits in the form of rod-sligp®sits (cfFigure 7b) on the surface.
These surface features are aligned along three $ygimetry directions of the Ru(0001)
substrate which in turn define the growth directiéiRuC(110).

Figure 7: SE micrographs of a) freshly prepared R{@Q@0)/Ru(0001) and b) after
polarization down to -200 mV in aqueous HCI solat{pH = 0.3).

While the previous characterization reveals chamgeke crystal structure, morphology and
chemical speciation of the Ru@10) ultrathin film during cathodic polarization the HER

potential region, cyclic voltammetry is able to drapize alterations in the electrochemical
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behavior. The cyclic voltammograms (CVs) recordiéerdhe applying pulse-rest protocol (for

details see the experimental part) with varyingspydotentials are depictedfigure 8.
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Figure 8: Cyclic voltammograms of the Ru@10) surface recorded during the cathodic
treatment in aqueous 0.5 M HCI with a scan ratel@ mV:s. The legend gives the
stationary pulse potentials which were applied30rs each. Evolving cathodic features of
metallic Ru(0001) are marked with asterisks. Treeirshows CVs with magnified current
axis recorded right after immersion, the rest atPQ{CI), and for various cathodic
polarizations.

The freshly prepared Ru(110) surface was directly immersed in 0.5 M HGieTCV of the
clean surface is shown as black lineAigure 8 and is in good agreement with a covering
RuQ(110) layer® An enlarged depiction of the inset is showrFigure S5. After resting at
OCP(HCI) (red line) for 55 min the CV is almostdieal to the one right after immersing the
electrode (cfFigure S5). When the first pulse-rest procedure was conduata potential of 0
mV, additional small cathodic features appear & @V around 0.23 V and 0.45V (marked
with an asterisk) that become more pronounced \gberg to more cathodic potentials of -150
mV and -200 mV. These cathodic features in CV aeribed to the metallic Ru(0001)
surface®>*8Furthermore the capacitive current density increatightly from OCP(HCI) to -
100 mV and then (abruptly) doubles approximatelyva-150 mV. This rise in the capacitive
current density may indicate an increase in thetlehemically active surface area that is
caused by the pseudocapacity of hydrous Ré®the same time the OER activity (current
above 1.23 V) increase significantly by a factofafr. Both findings may be attributed to the
formation of hydrous Ruand metallic Rt with their higher activity in OER than
stoichiometric Ru@
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4. Discussion

From SXRD, XRR, XPS, and CV experiments it is cadeld that a 1.66 nm thick single-
crystalline Ru@(110) layer transforms into hydrous Ru@nd metallic Ru for cathodic
electrode potentials below -150 mV. Similar conidaos were previously drawn for
polycrystalline Ru@ electrodes?!’From the Pourbaix diagram of ruthenium we wouldehav
expected that Rufully transforms to metallic ruthenium under suelducing conditiong?
However, this is only observed in the CV of the eloglectrode treated at -200 mV, but XPS
indicates clearly the presence of hydrous RuQbviously, not thermodynamics but also

kinetics determines the (meta)stability of (hydnoesQ, under acidic HER conditions.

At low cathodic electrode potentials the layer spgof RuQ(110) increased (ckigure 2,
SXRD) due presumably to proton incorporation irfte RuQ lattice. This increase in layer
distance of Rugf110) upon contact to aqueous HCI solution at latihadic potentials agrees
remarkably well with previous studies on Ruin films 28 At more cathodic potential (-150
mV to -200 mV) the Rug§110) layer transforms into a material with no laagpge order.
Presumably hydrous RuQs formed when considering the XPS data in conspariwith a
recent study of model hydrous Ru®n Ru(0001) prepared under OER condititfince
hydrous Ru@contains OH and water, as identifieddxsituXPS (cf.Figure 6), the strongly
reduced Ru®@ layer (polarized to cathodic potential -150 mV)efled as evidenced by an
increase of the layer thickness from 1.66 + 0.04te2.50 + 0.04 nm as observed in XRR (cf.
Figure 5). The supposed massive insertion of protons imoRuQ lattice below -150 mV
keeps the octahedral coordination of Ru, but dgstriiie connectivity among the Ru-
octahedrons and thus the crystallinity of reducetDRlayer (SXRD, cf.Figures 1, 2, 3)
accompanied by a swelling of the layer (XRR) byuawb0.8 nm (cfFigureb).

The formation of hydrous Ru@ilm is reconciled with a significantly higher cagtive current
densities in cyclic voltammetry after cathodic p@ation below -150 mV (cfFigure 8) and
also by the higher current density in the OER neg@Vs before and after cathodic polarization
support this view and additionally indicate thatatlec ruthenium is exposed to the electrolyte.
The cathodic features of Ru(0001) start to evolver golarization to 0 mV already, but the
general shape of the Rp(@10) cyclic voltammogram is largely preserved esdst up to a
potential pulse of -100 mV. After cathodic polatina to -150 mV the Ru(0001) related

features are much more pronounced.
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The reduction of Rugd110) under cathodic polarization in the HER patdnegion can also
be compared with the chemical reduction of RU®0) by exposing the surface to gaseops H
Even at room temperature reduction with gaseopissHable to form water at Ru(110)
surfacé&’, but this treatment is not able to further redineebulk of Ru@(110). Only at 450 K
H. exposure reduces the bulk of the R(IQ0) layer slowly to metallic Ru (fombar within
1h)3*Since the HER at RuL10) proceeds at room temperature, full redudiiometallic Ru
may be suppressed. Altogether, we anticipate fleegvolved Hat the cathode will not be able
to reduce the Ruf110) layer. Instead, the electrochemical reducthwmolves a sequence of

consecutive coupled protonation and electron tearstéep.

In the following we provide an educated guess f@ mechanism of the electrochemical
reduction of a Rug§l10) layer in acidic environment that is based tbe presented
experimental results. For cathodic potentials prstpenetrate the RuQ@10) layer and are
inserted by a coupled proton plus electron tranafet it comes to a reduction of Ru from
oxidation state from IV to Il and to finally O faonetallic ruthenium. For low potentials down
to -100 mVvs. SHE proton insertion results in the transformatdrattice O into hydroxyl
groups and the reduction of Ruo RU". Both steps cause an expansion of the interlayer
spacing of Ru@110) as evidenced by SXRD without changing theallooctahedral
coordination of Ru. Since the crystallinity of tRei0y(110) film is still high (SXRD), the
connectivity of most of the RudOoctahedrons is assumed to be still intact. Howetrer
formation of hydroxyl groups will lead to rehybrdition of O from spto sp thereby
weakening the O-Ru bonding (conservation of bomigigr Below a cathodic potential of -150
mV vs.SHE and therefore with increasing degree of pation this bond weakening will lead
to O-Ru bond breaking and a loss of the connegtofithe Ru-@ octahedrons. In the SXRD
experiments the O-Ru bond breaking is reflectedabyiminishing crystallinity of the
electrochemically reduced Ru@10) film. As long as the covering film does nidsiblve, a
well-defined layer is maintained as evidenced byR¥Xperiments whose layer thickness has
increased (XRR). This part of the mechanism otleetrochemical reduction of the Ry(D10)

layer can be considered as “homogeneous” transfama

In summary, we suggest the “homogeneous” electroata reduction to proceed via the
following steps:

(1) RUWO:+H" +e = RU"O(OH)

(2) RU'O(OH) + H + € 2 RU'(OH),

(3) RU(OH) + H' + € = RU(OH) + KO
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(4) RUOH) + H + e =2 R + H0
However, the connectivity of the Ru octahedral eaan be reduced to a degree that soluble
Ru-complexes are formed with enhanced mobilityhe electrochemical double layer. The
chemical nature of such complexes are not preclkggywn, however, they are likely to be Ru-
oxyhydroxide complexes. We can presume neutraldRoptexes to be solvated; negative Ru
complexes are unlikely, while positive Ru complexedl not leave the cathode. After
additional protonation of the solvated neutral Rumplex the cation is re-deposited on the
surface. This solvation and protonation processviges the required mobility for the
“heterogeneous” transformation that is evidenceamfrSEM experiments. We recognize
deposition in the form of rod-shaped structurestlom surface that are likely formed by

nucleation and growth (heterogeneous growth).

Just for comparison reasons we address brieflyeteetrochemical reduction of RyGOn
alkaline conditions, a process that may be suliatgndifferent. While protons Hcan easily
penetrate the bulk of a Ru@m, this is not be the case for water that ikt$p hydroxyls OH
and adsorbed hydrogen atoms under alkaline conditM/ater can only interact at the surface
of RuOx(110) and adsorbed H is immobile at room tempeedfti* Therefore, we anticipate
that bulk Ru@ (110) under alkaline conditions is more reluctanélectrochemical reduction

and will form smoother reduced Rufims than under acidic conditions.

The observed reduction process of a 1.66 nm thicRR 10) layer is not in contradiction with
a previous study by Lister et &l.In their study a bulk Rugsingle crystal was employed as
model cathode anuh-situ SXRD did not indicate any alterations in the cayistity of RuG,
except that the roughness of the surface increasmdever, even if bulk Rugs partly reduced
at the surface, the hydrous Rygart is likely to be not crystalline and therefangisible in
SXRD, while the remaining Ruore is still fully visible in XRD.

Quite in contrast, in our study a 1.66 nm thick RdQ@0) layer on Ru(0001) was employed and
as soon as this single crystalline film loses pdirits crystallinity the Ru@related X-ray
diffraction peaks are strongly affected. This iscalhe appeal of our present approach using
well-designed model electrodes. The reductionuwfrathin RuQ(110) layer on Ru(0001) is a
well-designed experiment in that the cathodic poédion in the HER potential region attacks
only the Ru®(110) layer but leaves the underlying Ru(0001) sabes fully intact. Therefore,
after electrochemical reduction the Rdl@ased layer exhibits a sharp hydrous RRO(0001)
interface as reconciled with XRR and quite in casitito the recently reported preparation of
hydrous Ru®@ by anodic oxidation of Ru(0004j.From a preparation point of view the
-16 -



reduction of Ru@110) in the potential region of HER opens the wayproduce a hydrous
RuG; layer with a well-controlled thickness that canused as a model catalyst for studying

for instance the catalytic dehydrogenation reastiordetail.

Conclusions

We prepared a ultrathin (1.66 + 0.04 nm thick) Erggystalline Ru@110) film fully covering

the Ru(0001) substrate that served as a model aatfur the electrochemical reduction of
Ru®(110) in the potential region of HER in acidic elviment and was studied by-situ
SXRD and XRR experiments and supplemente@bgituXPS, CV, and SEM experiments.
With this experiment we demonstrate that in acidiedium Ru®@(110) can be
electrochemically reduced (homogeneous transfoamptd a hydrous Rufdayer with well-
defined thickness and rod-shape deposits (heteeogertransformation). We propose that for
cathodic potentials protons penetrate the RLTD) layer and are inserted by a coupled proton
and electron transfer, thereby transforming latde OH and water and reducing the oxidation
state of Ru. Upon cathodic polarization in the HifRential region (down to -100 mxs.SHE),

first a variation of the layer spacings of R{T10) was observed with SXRD that is ascribed
to proton insertion into the RuQattice, maintaining the octahedral coordinatidrRo and
proper connectivity of the octahedrons (rutile stiwe). Proceeding to even further cathodic
potentials destroys the crystallinity of the R{I10) layer (h- and I|-scans in SXRD),
presumably by transforming lattice O into OH angDHthereby breaking the connectivity
among the Ru-octahedrons. For a cathodic potenfia200 mV the periodicity of the
Ru(®(110) is lost. The formation of OH and water irtte RuQ lattice leads to swelling of the
layer (observed in XRR). Spectroscopic signaturé€3 is and Ru 3d XP spectra are compatible

with the formation of hydrous RyO
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