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a b s t r a c t

RuO2 is commercially employed as an anodic catalyst in the chlor-alkali process. It is also one of the most
active electrocatalysts for the oxidation of water, relevant to electrochemical water splitting. However,
the use of RuO2 is limited by its low anodic stability under acidic conditions, especially at high over-
potentials. In the present work, the electrochemical stability of model RuO2(110)/Ru(0001) anodes was
investigated in order to gain a deeper understanding of the relation between structure and performance
in Cl2 and O2 evolution reactions (CER and OER, respectively). Online electrochemical mass spectrometry
was used to determine the onset potential of CER and OER in HCl and H2SO4 electrolytes, respectively.
The onset potential of OER was higher in HCl than in H2SO4 due to competition with the kinetically more
favorable CER. A detailed stability evaluation revealed pitting corrosion of the electrode surface with
exposure of Ru(0001) metal substrate concomitant with the formation of a hydrous RuO2 in some areas
regardless of the applied electrochemical treatment. However, despite local pitting, the RuO2(110) layer
preserves its thickness in most areas. Degradation of the electrode was found to be less severe in 0.5 M
HCl due to a decrease in the faradaic efficiency of RuO2 oxidation caused by competition with the
kinetically more favorable CER.

© 2020 Eindhoven University of Technology. Published by Elsevier Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

RuO2 is a common electrocatalyst which is primarily used for
large-scale electrochemical production of Cl2 as a part of mixed
oxide anodes (Dimensionally Stable Anodes, DSA®) [1e4]. Nearly
all chlorine is produced by electrolysis of concentrated NaCl solu-
tion (brine) in the chlor-alkali process with an annual global
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production of ca. 70 million tons of Cl2 [5,6]. Chlorine is used as a
base chemical for a wide range of applications including metal-
lurgy, polymerization, and organic synthesis [7]. Besides the pro-
duction of Cl2, the chlor-alkali process yields NaOH and H2 as by-
products, which are typically used in oil refineries and in the
manufacture of paper, soap, and textiles [8].

A major challenge with the use of RuO2 is the competition of the
desired anodic oxidation of Cl� with the formation of gaseous ox-
ygen as a result of water oxidation. Although the oxygen evolution
reaction (OER) is thermodynamically favored over the CER in all the
pH range due to its lower standard potential (E0 (O2/H2O)¼þ1.23 V
vs. the standard hydrogen electrode (SHE) and E0 (Cl2/
Cl�)¼þ1.36 V vs. SHE, respectively), CER occurs at a higher rate and
has a lower onset potential than OER because of its faster kinetics
[8]. Unlike CER, OER is pH-dependent (i.e., EOER decreases with
increasing pH). Accordingly, acidic conditions are utilized in the
chlor-alkali process to minimize the OER rate and thus its selec-
tivity. In industry, operation at pH � 2 is inconvenient because of
s is an open access article under the CC BY license (http://creativecommons.org/
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the limited stability of the employed membrane materials. Due to
the formation of molecular oxygen as a side-product, a significant
fraction of the process costs are related to the separation of O2 from
the Cl2 product stream. Selectivity and stability of the CER and OER
anodes have therefore been studied in great detail in the last de-
cades [9e13].

To increase the stability of RuO2, it is commonly used in a
mixture with other oxides such as TiO2, ZrO2, and Ta2O5 [3,14,15].
This strategy, which results in improved corrosion resistance, was
first applied in the fabrication of the so-called dimensionally stable
anodes (DSA®), which show enhanced activity and structural sta-
bility during operation under corrosive electrochemical conditions
[16]. DSAs® are typically composed of a solid solution of rutile TiO2
and RuO2 (Ti:Ru atomic ratio ~ 70:30) deposited on a Ti substrate.
The mixing of the two components to form a solid solution of the
oxides is a key to combine activity and conductivity, provided by
RuO2, with a sufficient stability provided by TiO2 [17e19]. However,
upon prolonged use under harsh industrial CER/OER conditions,
even DSAs® suffer from corrosion, which leads to the dissolution of
RuO2. RuO2 dissolution at anodic potentials can proceed in three
ways: (i) oxidation of RuO2 to volatile RuO4, (ii) formation of soluble
(per)ruthenates and (iii) physical detachment and loss of solid RuO2
particles [20,21]. The critical anode potential (Ecrit) is defined as the
onset potential of corrosion and is usually ascribed to the oxidation
of RuO2 to RuO4 (1), which is estimated to occur at aboutþ1.45 VSHE

[22]. It has also been noted by various authors that Ecrit. matches the
onset potential of OER, suggesting that the underlying mechanisms
of the two processes are closely related [23e26].

RuO4 þ 4Hþ þ 4ee / RuO2 þ 2H2O (E0 ¼ þ1.387 V) (1)

RuO2 corrosion can occur as transient or steady-state dissolution
[15]. The latter is a thermodynamically controlled process and oc-
curs when E � Ecrit, while transient dissolution can already occur at
much lower overpotential, when low-coordination sites or meta-
stable transition states are exposed to the electrolyte [27]. Transient
dissolutionwas observed for both Ru and RuO2 electrodes [27,28]. It
has also been observed that the lower stability of electrochemically
prepared amorphous (hydrous) RuO2 and the higher stability of
thermally prepared crystalline RuO2 show an inverse relationship
with OER activity [27]. This is consistent with the observed corre-
lation of the OER activity and the dissolution rate for a set of
transition metals and their oxides [28].

The presence of Cl� ions has a positive effect on RuO2 stability.
Particularly, RuO2 and Ru0 dissolution are slowed down at higher
Cl� concentrations [6]. Since a high concentration of Cl� is neces-
sary to promote CER over OER, this stabilization can be explained by
a lower rate of the OER. However, it has also been shown that an
excess of Cl� in combinationwith low pH (<2) opens an alternative
corrosion route of RuO2, which is related to the formation of soluble
ruthenium chlorides [29].

In the present study, we compare the stability of well-defined
RuO2(110)/Ru(0001) single crystal model anodes under pure OER
and competitive CER/OER conditions. The use of model electrodes
allows to precise monitoring of structural, morphological and
chemical changes of the electrode surface for a selected facet of the
active catalyst phase. Besides electrochemical methods, we
employed lab- and synchrotron-based characterization techniques,
including surface X-ray scattering (SXS) and X-ray reflectivity
(XRR), X-ray photoelectron spectroscopy (XPS), inductively-
coupled plasma optical emission spectroscopy (ICP-OES), and
atomic force microscopy (AFM) to evaluate the degree and type of
corrosion occurring during OER and CER treatments. Our multi-
technique approach allowed us to follow the structural and
compositional changes of the model electrode upon
electrochemical treatment in different conditions, enabling a
deeper understanding of the nature of the underlying physico-
chemical processes involved in anodic corrosion.

2. Experimental section

Preparation of RuO2(110)/Ru(0001): An ultra-thin RuO2(110)
film was grown epitaxially on sputter-cleaned Ru(0001) single
crystals (Surface Preparation Laboratories, Zaandam, NL) with di-
ameters of 7 and 10mmunder ultra-high vacuum (UHV) conditions
according to a procedure described elsewhere [30]. In brief, the
substrate was cleaned by sequential sputtering/annealing steps
until low energy electron diffraction (LEED) showed the pattern
characteristic for a clean Ru(0001) surface. Sputtering was carried
out at room temperature, p(Ar) ¼ 1$10�6 mbar and 600 eV beam
energy for a maximum of 15 min in order to prevent crystal dam-
age. Flash annealing was performed by heating the sample with an
electron beam heater to 930 �C. The target temperature was
maintained for 1 min, after that, the sample was allowed to cool
down naturally in the absence of O2. The cleaning step was fol-
lowed by a roasting procedure (p(O2) ¼ 1$10�7 mbar, T ¼ 780 �C,
20 min) to remove carbon impurities. Then, the growth of
RuO2(110) was carried out at 380 �C for 120 minwhile 3$10�5 mbar
O2 were supplied to the preparation chamber via a leak valve.
Uniformness of the film and absence of impurities were checked by
LEED and XPS, respectively.

Stability evaluation: The electrochemical (EC) stability of
RuO2(110)/Ru(0001) electrodes under O2 and Cl2 evolution condi-
tions was evaluated by subjecting the electrodes to continuous
potential treatment (E ¼ þ1.50 V) for 60 min. All potentials re-
ported in this work are plotted versus reversible hydrogen elec-
trode (RHE), if not mentioned otherwise. The potential was chosen
to be above the expected critical potential of RuO2 in order to
induce possible electrode degradation, which was assumed to be
different under pure OER and competitive OER/CER conditions [6].
The EC treatment was performed in hanging meniscus mode in a
standard three-electrode cell filled with 0.5 M H2SO4 or 0.5 M HCl
(Sigma Aldrich, > 99.99%). Milli-Q (18.2 MU cm) water was used in
all operations. For simplicity, the experiments conducted in H2SO4
and HCl will be further referred to as OER and CER, respectively.
Platinum foil (area ¼ 10 cm2) and Red Rod electrodes (Radiometer
Analytical, ERE ¼ þ0.215 V) were utilized as counter (CE) and
reference (RE) electrodes, respectively.

The values of the overpotential (h) were calculated using the
following equations:

for OER: ƞOER ¼ Emeas þ EAg/AgCl þ 0.059 pH e E0OER (2)

for CER: hCER ¼ Emeas þ EAg/AgCl e E0CER (3)

where Emeas is the electrode potential measured against the refer-
ence electrode, EAg/AgCl is the potential of the reference electrode vs.
the Standard Hydrogen Electrode (SHE), and E0 is the standard
electrode potentials for the reactions.

Before and after the EC treatment, electrochemical impedance
spectroscopy (EIS) measurements were conducted at the open
circuit potential in the frequency range of 0.1 Hze100 kHz with an
amplitude of 10 mV. The double-layer capacitances were evaluated
from the Nyquist plots by fitting the systemwith an R1(R2C) circuit
using Nova Software (version 1.10), where C represents the double-
layer capacitance of the samples. The values of the Electrochemical
Surface Area (ECSA) were estimated by dividing the values of the
double-layer capacitance with the constant value of specific
capacitance for ideally flat surfaces in acidic solution (35 mF cm�2)
[31]. The corresponding roughness factors were then calculated



Fig. 1. LEED pattern of as-prepared RuO2(110)/Ru(0001) taken at 65 eV electron en-
ergy. The rectangles display the rotational domains of RuO2(110).
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dividing the values of ECSAwith the values of geometric area of the
electrodes.

Online electrochemical mass spectrometry (OLEMS): OLEMS
measurements were carried out in a three-electrode EC cell in a
configuration similar to the one described above. RuO2(110)/
Ru(0001) single crystals were mounted into the PEEK sample
holder with a bottom contact and used as working electrodes. The
holder was additionally covered by several layers of Teflon™ tape
(Swagelok) to prevent electrolyte interactionwith the contact wire.
EC treatment was performed using an Ivium Compactstat poten-
tiostat (Ivium Technologies). OLEMS measurements were con-
ducted with a quadrupole mass spectrometer (Balzers Quadstar,
Prisma QME 200) at an operating pressure of approximately
5$10�7 mbar. A more detailed description of the utilized OLEMS
setup is given elsewhere [30,32].

In order to evaluate the onset potentials of OER and CER and to
derive Faraday plots (see ESI for details), OLEMS measurements
were conducted in 0.5 M H2SO4 and 0.5 M HCl, respectively.

In the case of 0.5 M H2SO4, potential pulses (duration 10 s) were
alternated with pulses at the resting potential (t ¼ 90 s,
E ¼ þ0.70 V). Ion currents of m/z ¼ 32 (O2

þ) and m/z ¼ 34 (H2O2
þ)

were continuously recorded throughout the experiment. The
resting time was necessary to achieve temporal separation of in-
dividual OLEMS peaks. A similar procedure was applied in 0.5 M
HCl with a slightly different duration and value of the resting po-
tential (E ¼ þ0.80 V, 300 s). In CER, a longer resting time was
necessary due to an increased tailing time of Cl2 in the OLEMS
system. The presence of HClþ and Clþ rather than Cl2þ signals in the
mass spectrometer points to dissociation of Cl2 and recombination
with Hþ fromwater, the main component in the mass spectrometer
vacuum chamber [30].

Surface X-ray scattering: Fresh and EC-treated model elec-
trodes were characterized by surface X-ray scattering (SXS) tech-
niques. Ex-situ SXS measurements were performed at the surface
diffraction beamline ID03 of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). In this study, we utilized hard X-
ray radiation with an energy of 22 keV (l ¼ 0.564 Å) focused to a
spot size of 370 mm � 30 mm (horizontal � vertical relative to the
plane of the sample surface) at the sample position. The measures
were conducted using a reference surface unit cell based on the Ru
hcp primitive unit cell, where the h and k vectors are laying parallel
to the sample surface and l is normal to the surface and the lattice
parameters are: a ¼ b ¼ 2.706 Å, c ¼ 4.282 Å, a ¼ b ¼ 90�, g ¼ 120�.
All the diffraction data reported in this work are referred as the
reciprocal space coordinates of such a cell. Structure and crystal-
linity were evaluated by recording the diffracted intensities along
in-plane (h scans) and out of plane crystallographic directions (l
scans) at the positions of Ru(0001) and RuO2(110) crystal trunca-
tion rods (CTRs). XRR (X-ray reflectivity) measurements were used
to evaluate surface roughening. The experiments were conducted
using a MAXIPIX [33] installed on the diffractometer arm at a dis-
tance of 709mm from the sample. Visualization, data reduction and
fitting of the SXS data were done by the BINoculars script and
PyMCA software [32e34]. Measurement errors were determined
from the noise level of the separate patterns.

Other characterization methods: XPS measurements of as-
prepared samples were carried out on a SPECS XPS spectrometer
equipped with a monochromatic small-spot (300 mm) X-ray source,
an Al anode (Al Ka ¼ 1486.6 eV) and a 180� double-focusing
hemispherical analyzer with a delay-line detector. The back-
ground pressure inside the analysis chamber was kept below
10�8 mbar. No additional charge neutralization was applied due to
the metallic conductivity of the Ru(0001) substrates. High-
resolution and survey spectra were recorded at constant pass en-
ergies of 20 eV and 40 eV, respectively. Spectra were calibrated by
setting the binding energy of the Ru0 (3d5/2) component equal to
280.1 eV [34]. XPS spectra were taken at different positions on the
surface to average the obtained quantitative results. LEED patterns
were recorded with a 4-grid LEED optics (SPECS GmbH) integrated
into the UHV preparation chamber of a SPECS NAP-XPS system.

XPS measurements of tested samples were carried out on a K-
Alpha XP spectrometer (Thermo Scientific). A different spectrom-
eter was used to allow mapping of the surface with a built-in top-
view video microscope. Differences from the previously described
XPS machine include spot size (400 mm), number of delay line
detector channels (128) and pass energy (50 eV for high-resolution
spectra, 200 eV for survey spectra).

Non-contact (tapping mode) atomic force microscopy (AFM)
measurements were carried out on an NT-MDT Next microscope.
Micrographs were recorded using gold-coated Si probes with a
curvature radius of 10 nm (NSG10, NT-MDT). Scanning electron
micrographs (SEM) and energy-dispersive X-ray spectra (EDXS)
were taken on an FEI Quanta 3D FEG microscope at an accelerating
voltage of 15 kV without any additional coating of the surface.

Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) measurements were performed on a SPECTROBLUE EOP
spectrometer equipped with an axial plasma source (Ar). The
sample uptake rate was set to 2 mL/min. The emission intensity of
dissolved Ru ions was measured at 240.3 and 267.9 nm.
3. Results and discussion

3.1. Preparation of fresh RuO2(110)/Ru(0001) model electrodes

Single crystal RuO2(110)/Ru(0001) model anodes were prepared
by thermal oxidation according to a procedure described elsewhere
[30]. Ru(0001) single crystals were repeatedly subjected to a
sequence of sputtering/annealing steps followed by a roasting
procedure prior to thermal oxidation to RuO2. The cleanliness of the
Ru(0001) single crystals was evaluated by LEED. RuO2(110) was
prepared by thermal oxidation of Ru(0001) at T ¼ 380 �C and
p(O2) ¼ 3$10�5 mbar for 120 min until LEED revealed the disap-
pearance of Ru(0001) reflections and the appearance of three
rotational domains characteristic for RuO2(110) (Fig. 1) [30].
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Then, crystals were UHV-transferred to a SPECS XP spectrom-
eter connected to the preparation chamber and both Ru 3d and
survey XP spectrawere recorded. Both spectra contain only Ru0 and
RuO2 -related peaks and no additional (in)organic impurities were
observed (Fig. 2a and b). The analysis of the Ru 3d spectra (Fig. 2b)
shows the presence of three doublets attributable to Ru0 (BE(Ru
3d5/2) ¼ 280.1 eV), RuO2 (BE(Ru 3d5/2)¼ 280.7 eV) and RuO2 shake-
ups (BE(Ru 3d5/2) ¼ 282.5 eV) [34]. Based on these three compo-
nents, the RuO2 related species amount to 63.4 ± 0.9 at% and
47.7 ± 0.8 at% of the total Ru 3d5/2 peak area for the two different
RuO2(110)/Ru(0001) samples, respectively. The observed difference
in the RuO2 component areas for the two crystals likely relates to
the presence of differently thick RuO2(110) layers. The first sample
was subsequently used for CER and the second for OER experi-
ments. Considering the XPS probing depth of a few nm in the
measured range of binding energies (BE), the composition corre-
sponds to surface RuO2 while some bulk Ru0 remains visible. The
thickness of the thermally grown RuO2(110) layer is estimated to be
similar to reported values [35]. SEM analysis of Ru(0001) surface
before and after oxidation shows an absence of any noticeable
microscopic (mm scale) defects (Fig. 2c and d).

AF micrographs (Figs. S1aed) show the presence of agglomer-
ates of flat islands (CER fresh sample) or petals (OER fresh sample).
The difference in morphology can be explained by microscopic
differences of the initial metal surfaces. However, since the LEED
patterns of both oxide samples showed the same crystallographic
phase (i.e. RuO2(110)) while the reflexes of the Ru(0001) substrate
being absent, we assumed to have prepared covering layers of
RuO2(110).
Fig. 2. a) Ru 3d and b) survey XPS spectra of sputter-cleaned Ru(0001) and as-pr
3.2. CER and OER performance of RuO2(110)/Ru(0001)

The performance and selectivity of the RuO2(110)/Ru(0001)
model anodes were evaluated using on-line electrochemical mass
spectrometry (OLEMS) in 0.5 M H2SO4 and 0.5 M HCl solutions. The
results of the OLEMS measurements can be represented as a three-
dimensional plot which reports the gas production versus the
charge and the applied potential (Fig. S2). The two-dimensional
plots of gas production versus charge, the so-called Faraday plots,
shown in the main text, are projections of those 3D plots. Each data
point belongs to a separate potential applied. Faraday plots can be
used for the detection of side-reactions, such as electrode degra-
dation and formation of by-products [36]. In the ideal case of a
single reaction on a stable electrode, the amount of detected
gaseous product is directly proportional to the passed charge, ac-
cording to the Faraday law of electrolysis. Assuming a constant gas
collection efficiency, a change in the slope of the Faraday plot a can
be attributed to the presence of side-reactions which contribute to
themeasured faradaic charge, resulting in a decrease of the faradaic
efficiency (FE) of the main reaction.

In 0.5 M H2SO4, where OER is expected to be the dominant re-
action, oxygen was first detected at þ1.45 V (h ¼ 220 mV) during a
positive potential scan (Fig. 3a). The extended data set up toþ1.64 V
is reported in Fig. S3. Upon further increase of the potential, a
proportional increase in O2 production was observed in line with
Faraday’s law (Fig. 3b). However, at E >þ1.53 V, the charge spent in
the O2 production decreased nearly two times, as can be seen from
the change of a. This can be attributed to the onset of electro-
chemical oxidation of RuO2 to RuO4 (1), which is expected to start at
epared RuO2(110)/Ru(0001); c, d) corresponding SEM images of the surfaces.



Fig. 3. Potential-dependent ion currents of a) O2
þ (m/z ¼ 32) and corresponding Faraday plots of b) O2 and c) H2O2 evolution; d) Tafel plots derived from voltammograms (black) and

m/z ¼ 32 (O2
þ) ion current (red) yelding similar Tafel slopes. All plots correspond to RuO2(110)/Ru(0001) subjected to anodic potential pulses in 0.5 M H2SO4. (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the critical potential [22]. In the studied model system RuO2(110)/
Ru(0001), the metallic substrate will be exposed subsequently,
opening new routes of corrosion, as we discuss later in the text. The
fact that the OLEMS-measured value of the critical potential is more
positive than the values obtained from radiochemical analysis [6]
can be explained by the lower sensitivity of OLEMS. To exclude the
possibility that H2O2 formation contributed to the observed
decrease in O2 production, we monitored its signal (Fig. 3c). H2O2
formation was detected by OLEMS at E � þ1.49 V, which is below
the observed critical potential [37,38], and its Faraday plot shows a
comparable change in the FE as it was observed for O2. This result
indicates that H2O2 production was also affected at the critical
potential, and hence can be excluded as the main reason for the
observed change of Faraday slope.

The OER performance was further evaluated by a Tafel plot
analysis (Fig. 3d). The OLEMS-based Tafel plot was constructed from
the potential-dependent O2

þ (m/z ¼ 32) ion current [24]. Unlike
current density, the OLEMS m/z ¼ 32 signal is specific for O2 only
and does not account for products of possible side-reactions, such
as RuO2 oxidation. Tafel slopes of both current- and OLEMS-derived
Tafel plots were found to match: the value of 40 mV/dec indicates
that a second-electron transfer-process is the rate-determining
step of the OER [39], and no deviations due to surface rearrange-
ment were observed [40]. A value of 40 mV/dec is intermediate
between Tafel slopes expected for RuO2(110) (~60 mV/dec) [39,41]
and metallic Ru (30 mV/dec) [20,42], indicating that the exposure
of the underneath substrate to the electrolyte took place, as wewill
discuss further below.

A potential treatment was applied to RuO2(110)/Ru(0001) in
0.5 M HCl, where Cl2 evolution is expected to occur along with OER.
Indeed, Cl2 gas was detected for E � þ1.44 V (hCER ¼ 80 mV), which
matches well with the reported values of the CER onset potential
for RuO2 (Fig. 4a) [6,43]. In the presence of Cl�, O2 evolution was
only observed at E�þ1.50 V (hOER ¼ 270mV) which is 50 mVmore
positive than the OER onset potential in 0.5 M H2SO4 (Fig. 4a and c).
The origin of this shift has to be found in the competitive adsorp-
tion of Cl� ions on the on-top oxygen species on undercoordinated
Ru atom (Ru-Oot), which is regarded as the active surface phase on
RuO2(110) for both the CER and OER [41]. The start of the compe-
tition between these two reactions can also be observed in the
corresponding Faraday plots of Cl2 and O2. In the Cl2 Faraday plot
(Fig. 4b), we can observe a change in the slope similar to the case of
O2 production in 0.5 M H2SO4. While the change is located at a
similar potential as in the previous experiment, the onset of OER is



Fig. 4. a) O2
þ (m/z ¼ 32) and H35Clþ (m/z ¼ 36) ion currents and corresponding Faraday plots of potential-dependent b) Cl2 and c) O2 evolution under applied anodic pulses recorded

on RuO2(110)/Ru(0001) in 0.5 M HCl; d) estimated selectivity of the CER vs. OER as a function of applied potential.

Table 1
Dependence of the critical potential on OER selectivity and the OER onset potential.

aOER selectivity ¼ OLEMS signalðO2Þ
OLEMS signalðO2Þ þ OLEMS signalðCl2Þ

100%.

0.5 M HCl 0.5 M H2SO4

Onset potential of Cl2 production, V þ1.44 n/a
Onset potential of O2 production, V þ1.50 þ1.45
Critical potential, V þ1.53 þ1.53
OER selectivitya at E ¼ þ1.53 V, % < 8 ~98
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shifted anodically. This observation indicates that the onset of RuO2

dissolution is not affected by the OER rate. Unfortunately, we were
not able to evidence a change in the O2 Faraday plot in the 0.5MHCl
experiment, because of the insufficient number of points between
the onset of OER and the critical potential, caused by the later onset
of OER in this case.

A discrepancy regarding the correlation between the RuO2
corrosion and OER is present in the literature, where some works
found that their onset potentials should necessarily coincide
[26,44], while in other more recent papers OER and RuO2 dissolu-
tion were not found to be in tradeoff correlation [27,45,46]. In our
experiments, we show that the onset potential of the OER is not
necessarily matching this critical potential. For instance, the onset
potential of OER can be shifted by increasing selectivity towards
CER, while at the same time the critical potential remains inde-
pendent from the major reaction (Table 1). Thus, we conclude that
the critical potential for RuO2 corrosion and the onset potential of
the OER are not linked to each other. Our results support the
conclusion of Hodnik et al. [27] that the onsets of OER and of RuO2
dissolution do not coincide.

Because of the presence of the metallic Ru substrate in our
system the corrosion mechanism at higher potentials involves two
corrosion routes: the dissolution of RuO2 and, at the same time, the
dissolution of metallic Ru [28]. When metallic Ru gets exposed, the
dissolution is accelerated, as reported in previous works [47],
because corrosion, in this case, can also take place as a result of
direct anodic dissolution of the Ru metal [27].

The potential-dependent CER selectivity (S3) was found to
decrease by 5.9 ± 0.4% per 0.1 V at E >þ1.50 V (Fig. 4d). It should be
noted that, for a more accurate assessment of the electrode selec-
tivity, the actual RuO2 corrosion rate must be taken into account,
which could be achieved by complementary online ICP-MS mea-
surements [15,28,48].

3.3. Stability of RuO2(110)/Ru(0001) under CER and OER

In order to study the stability of the model electrodes with
respect to the dominant reaction being either OER or CER, a
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potentiostatic treatment was conducted in 0.5 M H2SO4 and 0.5 M
HCl, respectively. In both cases, the electrodes were mounted in a
hanging-meniscus configuration to avoid contact of electrolyte
with the sides of the crystals and subjected to a potentiostatic
treatment (E ¼ þ1.50 V) for 60 min (Fig. S4). A variety of different
characterization techniques was utilized before and after the
electrochemical treatment to evaluate structural, morphological
and compositional changes of the model electrode surfaces.

Diffracted intensities along the (10l) rod of RuO2 films were
recorded for the fresh and tested electrodes. From the variation of
the intensities of the Bragg reflections of the film along the l di-
rection, it is possible to extract information about the impact of the
EC treatment on the out-of-plane domain size of the RuO2 crys-
tallites composing the RuO2(110) film (Fig. 5a and Table 2). The
FWHM of the relevant reflections was used to determine the out-
of-plane crystallite domain size (i.e. the thickness of the
RuO2(110) films) via the Scherrer equation (see equation S3). These
sizes were determined to be 2.0 ± 0.1 nm and 1.7 ± 0.1 nm for the
samples exposed to testing in HCl and H2SO4, respectively, and
remained nearly unaffected by the EC treatment [35]. The differ-
ence in the thickness of the RuO2(110) layers in the fresh crystals is
in line with XPS spectra (Fig. 2a), which pointed at a higher oxide
content on the crystal used in the CER experiment. The comparison
of the results between fresh and tested samples indicate an overall
preservation of the RuO2(110) thickness upon electrochemical
treatment.

XRR experiments allow determining the roughness of the
samples independently from their crystallinity. While the intensity
along the RuO2 rod remains largely unchanged upon EC treatment,
XRR data presented in Fig. 5b show a slightly increased roughness
of the surface, as evident from a steeper decrease of the reflectivity
profiles of the spent electrodes accompanied by a decrease of
Kiessig fringes [49]. From the minima and maxima position in the
XRR plots, the RuO2(110) layer of the CER sample was found to be
slightly thicker than that of the OER sample. Along the same lines,
preservation of the RuO2(110) phase is visible in hk maps (Figs. S5
and S6a and b). Taken the SXS and XRR results together, we can
conclude that, apart from the expected degradation of RuO2(110)/
Ru(0001) model electrodes under OER and CER conditions, most of
the RuO2(110) layer is stable.

The SE micrographs of the spent electrodes (Fig. 6aed) reveal
the presence of features with an average diameter of 1 mm on the
surfaces of the tested electrodes, differently from the surfaces of the
Fig. 5. a) Diffracted intensity of RuO2 film along the (10l) rod, recorded at (0.73 0 l) respec
Ru(0001) electrodes.
samples prior to the electrochemical treatments (Fig. 2c and d).
These features appear in the form of pits with a hole in the middle
of each individual feature, which are assumed to be the centers of
the initial corrosion. The islands are prone to form agglomerates
located mostly along with defect sites of the crystal (e.g. nano-
scratches, centers of mismatch between rotational domains of
RuO2(110)) [50]. These features were observed both in HCl and
H2SO4. However, the area of the surface covered with such islands
(R1) was found to be dependent on the performed EC treatment.
Particularly, in the case of the OER treatment, 58 ± 3% of the elec-
trode surface was found to be covered with islands, while for CER
this was only 16.5 ± 0.6%. EDXS analysis of the chemical composi-
tion of both island-covered (R1) and island-free (R2) surfaces points
towards higher O content in R1 relative to R2 (Fig. S7a).

For the OER-treated sample, Ru 3d XPS spectra taken at R1 areas
show a significantly higher RuO2 to Ru ratio compared to that of R2.
In the case of the OER treatment, an overall increase of the RuO2-
related XPS peak area in contrast to the fresh electrode was found
to be 17 ± 4% (R1) and 6 ± 2% (R2). The X-ray spot size of the XPS
spectrometer was too large to distinguish between R1 and R2 of the
CER-treated sample. Thus, the observed increase of RuO2 peaks
(2.3 ± 0.6%) was attributed to a combination of contributions from
R1 and R2. As from the RuO2 rods we observed a similar thickness
of the RuO2(110) layer, we can conclude that regions R1 correspond
to corroded areas where an electrochemically grown, hydrous RuO2

was formed (Fig. 7). The analysis of the O 1s spectra of the corroded
regions reveal an increased area of the hydroxyl-related component
in respect of the fresh electrode, indicative of the hydrous nature of
the oxide formed upon electrochemical treatment (Figs. S7c and d)
[51]. We emphasize that this change is relatively small as most of
the signal is arising from intact RuO2 (110) still present in the
corroded regions.

Morphology analysis of the spent electrodes by AFM confirms
the presence of holes on both CER- and OER-treated samples.
Particularly, loosely distributed pits with a depth variation of
20e120 nm were found on the surface of CER-treated sample
(Figs. S8a and c and S9), while OER treatment yields a large number
of smaller and shallower pits with an average depth of 6 ± 2 nm
(Figs. S8b and d). These pits can be attributed to the centers of
corrosion previously observed in the SEM images (Fig. 6aed).

Elemental analysis of the electrolytes after electrochemical
testing by ICP-OES showed that Ru dissolved from the anodes in
both HCl and H2SO4. Overall Ru dissolution rates were determined
t to the Ru(0001) surface unit cell and b) XRR profiles of fresh and treated RuO2(110)/



Table 2
RuO2(110) crystallographic changes upon EC treatment.

RuO2(110) CER
(0.5 M HCl)

OER
(0.5 M H2SO4)

fresh spent fresh spent

aCrystallite size (out-of-plane, l), nm 2.0 ± 0.1 2.0 ± 0.1 1.7 ± 0.1 1.8 ± 0.1

a Determined from the FWHM of RuO2 (110) peak.

Fig. 6. SE micrographs of RuO2(110)/Ru(0001) electrodes treated at E ¼ þ 1.5 V for 60 min in a-b) 0.5 M HCl, c-d) 0.5 M H2SO4.
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and showed that the anode operated in H2SO4 resulted in a much
higher dissolution rate (6.27 ± 0.08 mmol h�1$cm�2) compared to
the anode operated in HCl (3.01 ± 0.08 mmol h�1$cm�2). This dif-
ference in dissolution rates is consistent with values found in the
literature [6]. The amount of dissolved Ru detected with ICP-OES
after exposing the samples for 1 h at E ¼ 1.50 V (1 and 5 mmol in
the CER and OER experiments, respectively) is orders of magnitude
higher than expected from the dissolution of the RuO2(110) layer
only, which would be less than 10 nmol. Thus, it is reasonable to
state that the dissolution of bulk Ru(0001) has significantly
contributed to the leaching of Ru by pitting corrosion. Moreover,
the difference between OER and CER-caused Ru dissolution,
measured by ICP-OES, was found to be smaller (2.1 x) than that
estimated from the surface coverage of corroded domains (SEM, 3.6
x) (Table 3). The reason for this is that CER led to the formation of
fewer but deeper corrosion pits as observed in the AFM profiles.

The pitting corrosion mechanism, which led to the exposure of
the underlying, is similar to what has been recently observed in the
case of an IrO2(110) layer deposited on RuO2(110/Ru(0001) tem-
plate under OER conditions [52].

UVeVis spectra of the spent electrolytes suggest that etched Ru
is most likely present in form of Ru(III) chloride aqua complexes
with the general formula [RuCln(H2O)6en](3en)þ as well as (per)
ruthenates, in the case of CER and OER, respectively (Fig. S10)
[26,29,53e55]. Thus, ICP-OES and UVeVis analyses confirm the
electrochemically induced ruthenium leaching at the critical po-
tential, which is likely the reason for the change in the faradaic
efficiency of both OER and CER observed by OLEMS.

In order to relate the long-term stability of the model electrodes
at the critical potential (Ecrit. ¼ þ1.50 V) with their EC activity, a
sequence of anodic pulses was applied, while measuring the gas
evolution by OLEMS. By combining these data with the results
described above, we can correlate the stability of the model
RuO2(110)/Ru(0001) anodes with their activity. For both types of
acidic electrolytes, similar dependencies were observed (Fig. 8a and
b). Firstly, repeated potential pulsing led to an increase of the
electrocatalytic activity of the electrode reflected in a current in-
crease. Secondly, both Cl2 and O2 production increased roughly
proportionally with the current, in accordance with Faraday’s law.
The correlation between gas production and total charge points
towards constant selectivity of the major reaction at constant po-
tential. From this, we can conclude that the corrosion rate was not
changing over time and is only altered by changing the potential. A
similar conclusion was drawn for the corrosion of IrO2(110) on
RuO2(110)/Ru(0001) in H2SO4 solution [56]. An increase of elec-
trode performance, observed in the form of the proportionally



Fig. 7. XPS spectra of combined Ru 3 d/C 1s region of the spent electrodes. Compo-
nents denoted with * represent the satellite peaks of RuO2.

Table 3
Estimation of Ru leaching based on ICP-OES and SEM results.

CER
(0.5 M HCl)

OER
(0.5 M H2SO4)

Ratio
OER/CER

aCorroded area
(R1, SEM), %

16 ± 1 58 ± 3 3.6

Ru dissolution rate
(ICP-OES), mmol$h�1$cm�2

3.01 ± 0.08 6.27 ± 0.08 2.1

a Area covered with corrosion domains (Fig. 6).

Table 4
Values of double-layer capacitance and roughness factors of the samples.

CER
(0.5 M HCl)

OER
(0.5 M H2SO4)

Double-layer capacitance, mF 15 (fresh)
92 (tested)

24 (fresh)
334 (tested)

Roughness factor 1.12 (fresh)
6.84 (tested)

0.87 (fresh)
12.15 (tested)
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increasing current and gas production, can be caused either by an
increase of the surface area or by the formation of catalytic sites
with higher activity (e.g. Ru0 or electrochemically grown oxide).
Higher values of the double-layer capacitance and of the calculated
Electrochemical Surface Area (ECSA) were indeed observed in the
electrodes after being exposed for 1 h at 1.50 V in 0.5 M HCl and
0.5 M H2SO4 (Table 4). These results can be interpreted as an
Fig. 8. Electric current and gas production probed under repeated potential pulsing
increase of the roughness factor after the electrochemical treat-
ments (particularly in the case of the sample tested in 0.5MH2SO4),
supporting the results of XRR, AFM, and SEM, which highlighted an
increased roughness of the spent electrodes.

However, we highlight that the formation of hydrous oxide
formed in the pits of corrosion could also contribute to higher the
values of the capacitance of the tested samples with its enhanced
proton mobility [50]. The increased capacitive current is also re-
flected in the CVs of the tested samples, especially in the case of
H2SO4 electrolyte (Fig. S11). We can neglect the impact of metallic
Ru on the observed increase in the catalytic activity since it would
rapidly oxidize at E ¼ þ1.50 V [6,57]. Indeed, no Ru0 related peaks
were observed in the CV scans of the tested electrodes (Figs. S11a
and b) [58]. Apart from the larger roughness, the increase in the
catalytic activity during time can also be a consequence of the
observed formation of electrochemically grown hydrous RuO2,
which has been reported to be more active than thermally grown
RuO2 [27].
4. Conclusions

RuO2(110)/Ru(0001) single crystal model electrodes were pre-
pared and employed for the evaluation of the stability of RuO2(110)
under acidic CER and OER conditions in 0.5 M HCl and 0.5 M H2SO4
electrolytes, respectively. The onset potential of OER is shifted to
higher anodic potentials in HCl electrolyte due to the competing
CER, while at the same time the critical potential (i.e. the onset of
RuO2 oxidation) remains independent of the primary electro-
chemical reaction, indicating that OER and RuO2 dissolution are not
coupled.

When electrodes were subjected to the critical potential, a sig-
nificant dissolution of Ruwas observed by elemental analysis of the
electrolyte after testing. Pitting corrosion of bulk Ru(0001) can be
considered as the main source of dissolved Ru. Despite the
at þ1.50 V in a) 0.5 M HCl (product - Cl2) and b) 0.5 M H2SO4 (product - O2).
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observed dissolution, electrode corrosion was found to be accom-
panied by the growth of hydrous RuO2 due to exposure of the bulk
Ru(0001) substrate upon the corrosive treatment. Morphology
evaluation of spent electrodes reveals that the corroded areas
correspond to the formation of micrometer-sized features (pits),
which contain a sub-micrometer pit in the center surrounded by
randomly oriented flat petals. The corroded areas revealed signifi-
cantly higher O content and a higher RuO2/Ru ratio, indicating an
additional growth of electrochemically grown, i.e. hydrous, RuO2.
ICP-OES, SEM, XPS, and EDX analyses all confirmed that the degree
of corrosion was higher in the OER case (in H2SO4) than in the CER
case (in HCl), because the latter reaction reduces the faradaic effi-
ciency of O2 formation as well as anodic RuO2 oxidation. The areas
not covered with pits showed a similar RuO2/Ru ratio compared
with the fresh samples, indicating that the homogeneous
RuO2(110) layer protects the underlying Ru(0001) from fast corro-
sion, and its thickness remains to a large extent unchanged after the
electrochemical treatment (as seen from the RuO2 l-scans). The
mechanism of RuO2(110)/Ru(0001) corrosion is proposed to consist
of the following steps. Initially, the surface of RuO2(110) starts
dissolving at the critical potential by the formation of anionic Ru
compounds in a higher oxidation state, preferably at surface defects
(such as points where rotational domains of RuO2(110) meet). Then,
the corrosion of the RuO2(110) layer causes the exposure of the bulk
Ru(0001) substrate, which is more prone to corrosion than the
RuO2(110) surface. Along with the dissolution, the exposed
Ru(0001) is oxidized yielding the growth of additional hydrous
RuO2 in the corroded areas. We emphasize that our findings relate
to the corrosion behavior of the RuO2(110) layer on Ru(0001) sys-
tem, while the corrosion of the underlying metallic substrate is
observed as a side reaction and is only related to the nature of the
model system. An inert substrate would be necessary to study the
mechanism of corrosion of the RuO2(110) overlayer separately from
the underlying substrate.
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