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Anodic oxygen evolution reaction (OER) challenges large scale
application of proton exchange membrane water electrolyzers
(PEMWE) due to sluggish kinetics, high overpotential and
extremely corrosive environment. While Ir oxides currently
provide the best balance between activity and stability, the
scarcity of Ir and corresponding high market price lead to poor
cost-benefit factors. Mixing Ir with more stable non-precious Ti
reduces the noble metal loading and may implicate stabiliza-
tion, while addition of more catalytically active Ru ensures a
high reaction rate. Here, we examine the activity-stability
behavior of Ru-Ir-Ti thin film material libraries with low Ti-

content under the OER conditions. The high sensitivity to the
dissolution of the individual alloy components was achieved by
using online and off-line inductively coupled plasma mass
spectrometry (ICP-MS) analysis. Our data reveal that even low Ti
additions improve the stability of Ru-Ir catalysts without
sacrificing activity. In particular, 5 at.% of Ti enable stability
increase of Ir in the Ru-Ir catalyst by a factor of 3. Moreover, this
catalyst exhibits higher activity compared to the Ti-free Ru-Ir
alloys with similar Ir content. Observed activity-stability trends
are discussed in light of X-ray photoelectron spectroscopy data.

Introduction

The world’s growing energy demand and the concomitant rise
in greenhouse gas emissions due to fossil fuel-based energy
production is associated with a plentitude of severe ecological
and economic crises. Hence, the significance of energy
production by renewable sources (like solar-, wind- and hydro-
power) has progressively grown over the last decades. Yet,
energy production from these sustainable sources suffers from
instability due to natural intensity variations.[1,2] To tackle this
challenge, environmentally friendly energy storage strategy is
urgently needed. Hydrogen, produced by water electrolysis
using surplus power from renewables, can serve as suitable

energy carrier, since it can cover the energy demand in multiple
sectors. Success of the wide-spread application of proton
exchange membrane water electrolysis (PEMWE) for on-site
hydrogen production relies on the balance between cost and
efficiency. The main bottleneck, in this sense, is the oxygen
evolution reaction (OER) that requires high anodic potential,
has sluggish kinetics and creates highly corrosive conditions.[3–6]

Consequently, up to now only scarce noble metal catalysts can
provide long term stability towards the OER.

Over the last 5 decades, significant research efforts have
been made to find a suitable OER catalyst, which could ensure
high electrical conductivity, electrocatalytic activity (low OER
overpotential) and stability in acidic environments.[3,7–9] The
detrimentally high positive potential during the OER leads to
degradation and oxidation of catalyst materials and conse-
quently the overpotential further increases with time.[4,7,9,10]

Stability of different catalysts can be evaluated by several
approaches ranging from accelerated degradation tests to
direct measurements of their dissolution. Comparison of
electrocatalytic activities of materials is rather based on
correlative approaches, considering that activity is governed by
a group of factors that can be distinguished into chemical and
structural. The most common way of electrocatalytic activity
prediction is based on correlation between the overpotential
and the standard enthalpy for the transition to higher oxidation
state.[5,7,11,12] In line with Sabatier’s principle, metal oxides reveal
a volcano-shaped relation between these two properties. The
OER mechanism comprises several intermediate steps including
the formation of hydroxyl radicals, their adsorption/desorption
and steps of electron transfer.[3,5,7,11,12] The activity of materials
that are less prone to oxidation is limited because of too weak
adsorption of the oxygen-containing intermediates to the
electrode surface. Conversely, electrodes that readily oxidize,
bind the intermediates too strongly, which as well results in
high overpotential.[5,7,11,12] Hence, the best catalytic activity is
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expected in materials that adsorb these intermediates, or more
generally oxygen species, neither too weakly, nor too strongly.
Conductivity of oxides should also be considered in catalytic
activity predictions, since oxidation often leads to formation of
semiconducting or even insulating phases. For the rare case of
oxides with metallic conductivity, it was shown that the oxygen
binding energy to the surface of rutile RuO2 and OsO2 is at this
sweet spot, revealing high activity of these materials.[5,7,9,11–13]

However, neither OsO2 nor RuO2 are sufficiently stable to
sustain the highly corrosive conditions during OER. In terms of
maintaining an adequate balance between activity and stability
during OER, IrO2 electrodes proved to be the better choice
within single metal oxide catalysts.[9,10,14–17] Significant research
efforts have been recently aimed at combining the high activity
of Ru with the excellent stability of Ir in mixed oxides or
alloys.[9,14,18–26] Despite their superior stability, even Ir-based
catalysts dissolve during the OER in time.[9,10,17,27–29] Considering
the undersupply of Ir and Ru and the corresponding high price
on the market, even negligible dissolution may become
challenging in the long term, shifting the research interest
towards reduction of noble metal loading and stabilization
while maintaining the high activity. To achieve these goals
simultaneously, mixing Ir with more stable non-precious metal
oxides of e.g. Ti and Sn was employed.[30–35] Yet, such an
approach implies drawbacks in terms of activity, typically
assigned to the reduction of active sites and formation of
semiconductive or even insulating TiO2 and SnO2.

[8,34,36,37] Hence,
the development of mixtures that maintain beneficial properties
of both components demands control over electronic structure/
oxidation state and the determination of the right mixing ratio.
In fact, our recent investigations on Ir/TiOx thin films showed,
that up to 50 at.% Ir can be replaced by TiOx, without sacrificing
activity while maintaining the stability of pure IrO2.

[34] Addition
of catalytically more active elements, e.g. Ru, can improve the
reactivity of such mixtures even more. Ideally, these active
elements should also be stabilized by the non-precious metal,
like in (IrRuSn)O2,

[38] (IrRuTa)O2
[39] catalyst or in dimensionally

stable anode (DSA) (IrRuTi)O2 for the chlorine evolution
reaction.[40–48] The number of research works on the perform-
ance of ternary alloy catalysts during the OER is rather limited.
Moreover, often used in literature experimental approach to
assessing the stability of OER catalysts, comprised the chrono-
potentiometry and analysis of current-potential curves during
accelerated degradation tests. Though this method provides a
good comparative basis on the possible service life of different
catalysts, information on the origin of any instability remains
unknown, since it is impossible to distinguish between several
dissolution mechanisms.

Here, we were inspired by the idea of improving the
stability of Ru-Ir anodes for the OER by introducing low
amounts of Ti (1 to 6 at.%). The catalysts were synthesized as
ternary Ru-Ir-Ti thin film material libraries with Ir contents below
50 at.% and screened for the electrocatalytic and dissolution
properties using online ICP-MS. This approach provided the
synchronized acquisition of activity-stability data with high
sensitivity to dissolution of the individual alloy components.
After initial screening, the long-term stabilities of the most

promising alloy compositions were tested at a current density
of 25 mAcm� 2 for ca. 28 h. The data on electrocatalytic perform-
ance were complemented by investigation of the electronic
structure using X-ray photoelectron spectroscopy (XPS).

Results

The details on preparation of the material libraries and initial
characterization are described in the experimental section.
Considering that electrocatalytic properties are only defined by
the topmost surface layers of the alloys, all compositions
mentioned in this work refer to surface compositions derived
from XPS analysis. Figure 1 shows narrow scans of the Ir 4 f (a),
Ru 3d (b), Ti 2p (c) and O 1s (d) core levels for investigated
compositions in the Ru-Ir-Ti libraries. Solid lines in Figure 1
represent the XP spectra measured on the pristine samples.
Obtained data shows that Ir 4f7/2 and Ru 3d5/2 peaks are
positioned at 60.3 eV and 279.6 eV, respectively, which accord-
ing to literature corresponds to metallic states of Ir[49–51] and
Ru.[49,52,53] The Ti 2p core level exhibits two contributions in the
Ti 2p3/2 peak for all investigated samples. The first at 453.9 eV
can be assigned to metallic Ti,[54] while second at 457.6 eV
corresponds to the oxidation state of Ti+4, e.g. in TiO2.

[50,54] The
broad peak at about 462 eV observed in the region of the Ti 2p
core level corresponds to overlapping Ti 2p1/2 and Ru 3p3/2

peaks. For all selected compositions deconvolution of the O 1s
spectra (Figure 1d) shows contributions from lattice oxygen at
about 529.4 eV, OH-groups at 530.8 eV and oxygen in water
molecules at about 532.2 eV. Presence of lattice oxygen in
pristine alloys can result from exposure of the samples to air
and goes in line with the observed contribution of Ti oxides in
Figure 1c.

The XPS data of the samples after a short anodic polar-
ization under the OER are displayed by dotted curves in
Figure 1. Compared to the pristine state, an increase of the
Ir /Ru ratios is observed, indicating enrichment of the surface by
Ir. The peak positions of Ir and Ru do not change, which
indicates that they are mainly present in their metallic states.
However, broadening of the Ir and Ru peaks after anodic
polarization is observed, suggesting their partial oxidation. After
polarization, the Ti signal is very weak, which makes quantifica-
tion difficult due to the poor signal to noise ratio. Considering
that the content of Ti was below 6 at.% in the pristine samples,
even slight dissolution of Ti or segregation of Ir during anodic
polarization would challenge the sensitivity of XPS towards the
detection of Ti. The O 1s region shows changes in ratio between
different oxygen species towards an increase in surface
concentration of hydroxyl groups. Moreover, a shift of the OH
peak by 0.4 eV towards higher binding energies can be
observed. After exposing the alloy Ru0.62 Ir0.33Ti0.05 for about 28 h
to OER conditions at higher current density (25 mAcm� 2), the
contribution from lattice oxygen increases (Figure S1). In
addition, surface enrichment of Ir by 23 at.% is observed as a
result of Ru and Ti depletion and the surface composition of the
alloy is altered to Ru0.41Ir0.56Ti0.03.
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For assessing electrocatalytic activity of different Ru-Ir-Ti
alloys, anodic polarization curves are recorded for several
selected compositions in the libraries as shown in Figure 2
(black curves). For comparison, identical measurements were
performed on Ru-Ir alloys with similar Ir/Ru ratios (green curves).
To assess benefits of the Ti addition, alloys with the same Ir
content were chosen, considering that Ir is the most expensive
component in such materials. Anodic polarization curves of
pure Ru (blue curve) and Ir (red curve), recorded under identical
electrochemical protocol, serve as benchmarks. The values of
potential at a current density of 5 mAcm� 2 were chosen as
criteria for electrocatalytic activity. The activity of Ru-Ir-Ti alloys
increases with increasing Ru content, and at Ru content of
about 94 at.%, the activity approaches that of the benchmark
Ru-electrode. The same trendis observed for Ru-Ir alloys,
however, slightly higher Ru amounts in the Ru-Ir alloys and lack
of non-active Ti, result in their generally better activities
compared to Ru-Ir-Ti. The polarization curves obtained after
2 min holding Ru-Ir-Ti and Ru-Ir electrodes at 1 mAcm� 2 are
shown in Figure S2. After the OER, the activities slightly increase
(up to 10 mV decrease of potential at 5 mAcm� 2 for Ru-Ir-Ti and
up to 20 mV for Ru-Ir), which can be explained by surface
roughening and formation of amorphous hydrous oxide layers,
providing additional active sites.[16,55–60]

The activity data presented in Figure 2 were measured
online with dissolution of Ir, Ru and Ti using the SFC-ICP-MS
setup. Figure 3 shows an example of such dissolution profiles
for Ru0.66Ir0.29Ti0.05 (lower panels) as a response to an applied
electrochemical protocol (upper panels). The curves in Fig-
ure 3a–c represent the electrochemical protocol for catalyst
performance screening including an initial scan of potential
from 1.2 VRHE to a potential corresponding to the current density
of 5 mAcm� 2 (Figure 3a), anodic polarization at 1 mAcm� 2 for
2 min (Figure 3b) followed by an identical potential scan to
evaluate possible alterations in activity and stability (Figure 3c).
During the first anodic scan, the dissolution of Ir, Ru and Ti
increases with increasing potential. As can be seen from the
slopes of the dissolution curves, Ru shows the highest
dissolution rates, followed by Ti and Ir. The same dissolution
behavior is observed during the chronopotentiometric protocol
in Figure 3b. The subsequent potential scan (Figure 3c) indi-
cates an overall stability improvement by a factor of about 5,
compared to the initial potential scan.

The quantification of the dissolved metal amounts can be
revealed by integration of the dissolution profiles. Figure 4
shows the summarized data on dissolution of each element
versus its content in the Ru-Ir-Ti (Figure 4a) and Ru-Ir alloys with
similar Ir/Ru ratios (Figure 4b) during the anodic scans meas-

Figure 1. X-ray photoelectron spectra (XPS) of the Ir 4 f (a), Ru 3d (b), Ti 2p (c) and O 1s (d) core levels of different Ru-Ir-Ti alloy compositions before (solid
curves) and after (dotted curves) anodic polarization at 1 mAcm� 2 for 2 min. The catalyst compositions are determined by integration of the Ru 3d5/2, Ir 4f7/2

and Ti 2p3/2 peaks. Vertical lines indicate the oxidation states of Ir, Ru and Ti in their metallic form (Ir0, Ru0 and Ti0) and in their oxides (Ir+4, Ru+4 and Ti+4). The
overlap of the Ru 3p3/2 with the Ti 2p1/2 peaks is indicated in Figure 1c. Deconvolution of the O 1s spectra is indicated in Figure 1d and resulted in three peaks:
lattice oxygen (red), OH groups (blue) and H2O (grey).
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ured after polarization at 1 mAcm� 2 for 2 min. Such electro-
chemical pre-treatment is necessary to get rid of unstable

phases formed due to a contact of the electrode surface with
air. This approach not only improves reproducibility, but also

Figure 2. Activity trends of different Ru-Ir-Ti (black) and Ru-Ir (green) alloy compositions. The polarization curves of metallic Ru and Ir serve as benchmarks and
are marked accordingly. The compositions of Ru-Ir alloys were chosen to match the content of Ir in Ru-Ir-Ti in all cases (a to f).

Figure 3. Dissolution rate curves as a response of an applied potential (a, c) or current (b) on a representative as-deposited Ru0.66Ir0.29Ti0.05 thin film alloy (a-c).
Upper panels: the applied (a and c) and measured (b) potential as a function of time. Lower panels: corresponding dissolution rate curves of Ir (blue), Ru (red)
and Ti (dark grey) as a function of time. The potential scans (a and c) are performed from 1.2VRHE to a potential corresponding to a current density of
5 mAcm� 2 at a scan rate of 10 mVs� 1. The galvanostatic polarization (b) was performed at a current density of 1 mAcm� 2 for 2 min.
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renders the comparison between different materials more
conclusive. Dissolution data obtained on pristine surfaces can
be found in Figure S3. Note that each symbol in Figure 4
represents one alloy composition. In line with previous
reports,[9,15] the dissolution of the benchmark Ru electrode
during the scan after electrochemical treatment equals to
76 ngcm� 2, while only 3 ngcm� 2 of Ir benchmark was dissolved
under the identical protocol. Within all investigated Ru-Ir-Ti and
Ru-Ir alloy compositions, dissolution of both Ru and Ir from the
alloys is lower than these benchmark values. The dissolution of
Ir, Ru and Ti reflects the trend observed in the dissolution
profiles in Figure 3, with Ru showing lower stability, followed by
Ti and Ir. Moreover, dissolution of each component increases
proportionally to its initial content in the alloy. For the binary as
well as ternary alloys with Ir amounts above 30 at.%, a plateau
in Ir dissolution values is noticed, indicating that maximum Ir
stability is reached around this value. Hence, alloy compositions
with Ir amounts of approximately 30 at.% (Ru0.62Ir0.33Ti0.05 and
Ru0.67Ir0.33) were chosen for further long-term performance
evaluation. Comparison of Ir dissolution from the treated alloys
with identical Ir amounts, for example Ru0.57Ir0.37Ti0.06 (solid
yellow star in Figure 4a) and Ru0.63Ir0.37 (hollow yellow star in
Figure 4b), reveals that Ir dissolution from both binary and
ternary alloys is about 1 ngcm� 2. In contrast, Ru dissolution
from the binary alloy is more than five times higher than that
from the ternary alloy. Next to the stabilizing effect of Ti, which
was reported before,[32,34,35] the slightly lower Ru amount in the
Ru-Ir-Ti alloys is also responsible for lower Ru dissolution. Still,
the 6 at.% lower Ru amount in Ru0.57Ir0.37Ti0.06 is unlikely to be
the only reason for the 5-fold lower Ru dissolution compared to
that in Ru0.63Ir0.37.

To assess the stability of Ru-Ir-Ti on an extended timescale,
an H-cell setup with divided anodic and cathodic compartments
was employed. Dissolution was measured by frequently taking
electrolyte samples from the anodic compartment and their
offline analysis by the ICP-MS. The lower panels in Figure 5
compare Ir and Ru dissolution curves between a binary
Ru0.67Ir0.33 alloy (Figure 5a) and ternary Ru0.62Ir0.33Ti0.05 (Figure 5b)
with same Ir amounts during anodic polarization at 25 mAcm� 2

for ca. 28 h. The upper panels in Figure 5 represent the
potential – time dependance while holding at 25 mAcm� 2. The
stability behavior of the electrodes follows a similar trend as in
online experiments, with Ru showing the highest dissolution,
followed by that of Ti (in the case of the ternary alloy) and Ir.
During the first 200 min, a significant increase in Ir and Ru
dissolution is observed in both alloys. Ru dissolution reaches
steady-state after about 1000 min and at the end of the
experiment both alloys reveal similar dissolution values around
50 μgcm� 2. In contrast to the comparable Ru dissolution, Ir
dissolution in Ru0.62Ir0.33Ti0.05 (2.8 μgcm� 2) is more than 3 times
lower compared to Ru0.67Ir0.33 (9.3 μgcm� 2), though the steady
state was not reached in both cases. The dissolution of Ti in the
Ru-Ir-Ti alloy (Figure 5b) approaches a value of 5.0 μgcm� 2 at
the end of the experiment. Figure 5 shows higher activity and
more stable performance of the ternary alloy compared to the
binary alloy. The anodic polarization curve of Ru0.62Ir0.33Ti0.05

recorded after the H-cell experiment is shown in Figure 5c
together with the polarization curve recorded on the pristine
sample. The long-term OER exposure leads to 10 mV decrease
of potential at a current density of 5 mAcm� 2. A slight increase
of the background current density at potentials below the OER
(compared to the polarization cuve for pristine alloy) indicates

Figure 4. Dissolved metal amounts of iridium (Ir), ruthenium (Ru) and titanium (Ti) from different Ru-Ir-Ti (solid symbols in Figure 4a) and Ru-Ir alloys (hollow
symbols in Figure 4b) with similar Ir/Ru ratios, obtained by integration of dissolution profiles after galvanostatic polarization at 1 mAcm� 2 for 2 min. The
dissolution data of metallic ruthenium (Ru 100%) and iridium (Ir 100%) are added as reference. Each symbol represents one alloy composition. As an example,
the yellow star in Figure 4a represents the alloy composition Ru0.57Ir0.37Ti0.06 and in Figure 4b Ru0.63Ir0.37. Please note that the y-axis is presented in the
logarithmic scale.
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increase of the surface area, probably due to hydrous oxide
formation.

Discussion

Exploiting the high OER activity of Ru and excellent stability of
Ir, by mixing these elements in alloys or binary oxides, has been
investigated for almost five decades.[4,9,18–20,22,25,61] RuO2 was
reported to have exceptional activity with an overvoltage of
0.2 V.[62] Several studies on the catalytic properties of RuO2

followed, as well as the electrochemical and kinetic investiga-
tions of RuO2 electrodes by Galizzioli et al.[63–64] However, the
major drawback of Ru or RuO2 as an OER catalyst is the low
stability in the very corrosive environment at the
anode.[9,14,17,49,65–67] Based on XPS studies, Kötz et al.[49,67] reported
the formation of a hydrous RuOx layer as a result of corrosion
and presented a model of the OER (and corrosion) of Ru and
RuO2 electrodes. Strategies were developed to stabilize Ru by
mixing or alloying with other precious or non-precious
elements. In the beginning of the 1980s, research was pushed
towards mixing/alloying Ru or RuO2 with Ir or IrO2 as the
additions of Ir significantly increased stability while the increase
in overpotential was small.[18–19,39,61] Despite the consensus that
even small IrO2 admixtures significantly improve the stability of

RuO2, the stabilization mechanism is, still today, a matter of
debate. Yet, catalyst stability is a pivotal element in developing
efficient water electrolysis technologies. While some authors
explain the stabilization of (IrRu)O2 mixed oxides with changes
in the electronic structure of Ir and Ru,[18–19] others explain it
with Ir surface segregation.[9,14,20,22,68,69] However, even (IrRu)O2

mixed oxides undergo dissolution and deterioration of activity
with time.[9,10,15–17,27,28,69] It was shown that the activity of (IrRu)O2

gradually approaches that of IrO2 as Ru progressively dissolves
during the OER.[9,27,28] Kasian et al.[9] demonstrated, that the
dissolution and corresponding removal of just a few percent of
Ru from a monolayer of a (IrRu)O2 mixed oxide surface leads to
substantial penalties in the OER activity. For additional stabiliza-
tion, Ir can be mixed with non-precious metals like Ti or
Sn.[30–35,70� 72] Besides an increase in service life, this leads to a
reduced Ir content and therefore a lower cost. Such catalyst
materials usually suffer from reduced activity due to the poor
conductivity of stabilizing oxides, while success of their
application relies on the determination of the right mixing
ratio.[8,34,36,37] Our recent study showed, that up to 50% Ir can be
replaced by TiOx in Ir/TiOx thin films without sacrificing catalytic
activity.[34] This remarkable activity-stability relation was ex-
plained on the atomic scale, by the localized formation of Ir-Ti
mixed oxides, where Ti provides stability and Ir the catalytically
active sites.[34] For further enhancement of the utilization of Ir,

Figure 5. Comparison of long-term performance between Ru-Ir and Ru-Ir-Ti alloys. Upper panels: measured potential during anodic polarization of a
representative binary Ru0.67Ir0.33 alloy (a) and the ternary Ru0.62Ir0.33Ti0.05 alloy (b) at same Ir amounts during anodic polarization at 25 mAcm� 2 for 28 hours. The
values of potential at the end of the experiment are noted in the Figures. Lower panels: Corresponding iridium (Ir), ruthenium (Ru) and titanium (Ti)
dissolution. The dissolution values of iridium, ruthenium and titanium at the end of the experiment are noted in the Figures. c: anodic polarization curves
before (solid black) and after the polarization (dashed black) of the ternary Ru0.62Ir0.33Ti0.05 alloy. Polarization curves of benchmark iridium (blue) and ruthenium
(red) are included.
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Ir-TiOx based nanocomposites provide promising features in
terms of activity and stability. Loncar et al.,[70] for example, used
the strong metal support interaction between Ir and TiONx and
produced Ir/TiONx/C nanoparticles, offering about three times
higher activity compared to a benchmark Ir Black catalyst. Van
Pham et al. synthesized IrO2@TiO2 core-shell particles that
showed superior activity with inferior stability, compared to the
commercial IrO2/TiO2 catalyst.[71] In another study, IrO2 nano-
particles dispersed in TiO2, revealed enhanced OER stability,
while the activity increased by a factor of about 5 compared to
commercial IrO2/TiO2.

[72] Adding catalytically more active ele-
ments, like Ru, to such Ir-non-precious metal mixtures can
furthermore enhance the rate of the OER. Hutchings et al., for
example, investigated (IrRuSn)O2 mixed oxides and compared
their electrocatalytic properties and microstructure to that of
binary (IrRu)O2, IrO2 and RuO2.

[38] Based on accelerated degrada-
tion tests, they reported a significant increase in lifetime and
stable performance compared to pure IrO2, RuO2 and (IrRu)O2,
which they attributed to the formation of metastable (IrRuSn)O2

phases.[38] Yeo et al. synthesized a ternary oxide, containing Ir,
Ru and Ta (IrRuTa)O2.

[39] They showed that Ta not only improves
corrosion resistance in acidic environments, but also stabilizes
the mixed Ru+3–Ru+4 cationic valences that are attributed to
more favorable electrocatalytic activity.[39] Surface properties of
mixed oxides containing Ir, Ru and Ti were studied in the past
regarding their considerable application in dimensionally stable
anodes (DSAs) for the chlorine evolution reaction.[40–48] Kameya-
ma et al. proved the formation of a rutile type mixed oxide
between IrO2, RuO2 and TiO2, and revealed interesting micro-
structural surface characteristics, like RuO2 enrichment at
internal surfaces (e.g. in cracks and pores) and TiO2 enrichment
at the external surface.[73] Active coatings of mixed oxides of Ir,
Ru and Ti were studied by Gorodetskii and Neburchilov.[41,42,46–48]

By optimizing the ratio between IrO2, RuO2 and TiO2, they
improved the corrosion resistance of (IrRuTi)O2.

[48] Considering
that composition of the catalyst strongly depends on the
preparation conditions and evolution of the surface is dictated
by the ongoing reaction and electrolysis parameters, the
insights on surface composition and structure of (IrRuTi)Ox

gained for the chlorine evolution reaction cannot directly be
transferred to their application in the OER. Although both
reactions are anodic reactions, the OER is associated with higher
catalyst corrosion and consequently massive changes in the
catalyst’s surface composition. This principally stems from the
higher overpotential and the fact that oxygen evolution and
catalyst corrosion share common intermediates.[27] In addition,
the OER has slower kinetics compared to the chlorine evolution
(four vs. two electron reaction mechanism[74]). As a result, the
surface accommodates the reaction intermediates for longer
times which has direct impact on the surface composition. Our
XPS analysis of the Ru-Ir-Ti alloys at the core levels of Ir 4 f,
Ru 3p and Ti 2p (Figure 1) reveals metallic states of these
elements[9,34,49–53,75,76] explaining high catalytic activity of the
samples towards the OER. Change in the intensity ratios
between the elements after polarization points towards
restructuring of the surfaces, although no peak shift is observed
(Table 1). For instance, for all investigated alloy compositions

we observe Ir surface enrichment by up to 23 at.%. Comparing
the Ir/Ru ratios before and after polarization (Table 1), one can
see that the ratios almost consistently double after polarization.
The reason behind this may be the formation of some stable
phases at the surfaces as a result of dissolution and oxidation. It
can be assumed that during polarization, Ru leaches out and an
Ir enriched surface remains, providing higher stability. In fact,
nano segregation of Ir in Ir-Ru alloys can be achieved via
specific synthesis strategies aimed for better activity-stability
relationships as was proposed by Danilovic et al.[14] In this work
the synthesis strategy resulted in an Ir enriched surface
protecting the underlying Ru layer from dissolution, interest-
ingly without sacrificing activity.[14] This is rather counterintui-
tive as it could be expected that depletion of the more active
Ru causes penalties in terms of catalytic activity. However, the
increase in active surface area due to the formation of a porous
hydrous IrOx layer may compensate the activity losses due to
leaching of the more active Ru. Our results reveal a similar
trend, as even the alloys subjected to the long-term perform-
ance tests for 28 h at a current density as high as 25 mAcm� 2

did not suffer from activity losses (Figure 5). Besides the
increase in active surface area, the altered chemistry due to the
presence of Ti can be another explanation for the maintenance
or even increase in activity after polarization of the Ru-Ir-Ti
alloys, which will be discussed in detail later. Still, for (IrRu)O2

mixed oxide thin films it was shown that under OER conditions,
the activity gradually approaches that of IrO2.

[9] Moreover, a
recent study on (IrRu)O2 mixed oxide nanoparticles confirmed Ir
surface segregation after thermal treatment and associated
decline in activity but increase in stability.[77]

The Ti 2p spectra of the as prepared Ru-Ir-Ti alloys
(Figure 1c) reveal contributions from TiO2 at a binding energy of
about 458 eV. Moreover, deconvolution of the O 1s spectra
(Figure 1d) reveals the presence of lattice oxygen and OH
groups. Considering the high oxygen affinity of Ti, it is very
likely that some Ti on the alloy surfaces was oxidized by
atmospheric oxygen, since the thin films were exposed to air.
To illustrate the evolution of the catalytic surfaces after the OER,
the OOH/Olattice ratios in O 1s spectra before and after anodic
polarization are calculated and presented in Table 1. Interest-
ingly, after the OER contributions from OH groups in O 1s
spectra increase. Moreover, for the electrochemically treated
samples we observe a 0.4 eV shift of the OH peak towards
higher binding energies, which indicates alterations in the
binding environment of the M-OH bonds and formation of

Table 1. Iridium/ruthenium ratios calculated from XPS data in Figure 1 and
the ratios between contributions from oxygen in OH groups and oxygen in
an oxide lattice before and after anodic polarization of several alloy
composition. All samples were polarized at 1 mAcm� 2 for 2 min in an
0.1 M HClO4 electrolyte.

Composition (Ir/Ru)bef. (Ir/Ru)aft. (OOH/Olattice)bef. (OOH/Olattice)aft.

Ru0.94Ir0.05Ti0.01 0.06 0.11 1.44 5.73

Ru0.83Ir0.15Ti0.02 0.17 0.33 1.29 2.81

Ru0.66Ir0.29Ti0.05 0.44 0.93 1.42 4.59

Ru0.57Ir0.37Ti0.06 0.65 1.22 1.24 4.82
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bonds between OH-species and metal with lower affinity for
oxygen. Thus, formation of hydrous IrOx, RuOx and/or (IrRu)Ox

species after anodic polarization can be concluded despite the
absence of shifts in Ir and Ru peaks. Along with that, the slight
broadening of the Ir 4f and Ru 3d peaks after polarization
(Figure 1a and b) indirectly supports the suggestion of
formation of Ir and Ru oxidized species. Still Ti has higher
affinity for oxygen and it is more likely to bind oxygen during
anodic polarization, inhibiting further oxidation of noble Ir and
Ru. Hence, catalytic activity remains high, as the active Ir and Ru
sites are maintained, providing an additional explanation for
the conservation or even increase in activity of the Ru-Ir-Ti
alloys after polarization. A similar trend was observed in Ir/TiOx
catalysts in which metallic Ir species coexist with Ti-enriched
oxide phases, leading to stabilization against dissolution with-
out sacrificing activity.[34]

In most of the above-mentioned studies, stability of the
catalysts was verified by accelerated degradation tests. So far,
there was no systematic study which compared different Ru-Ir-
Ti alloy compositions under identical conditions. Our approach
allows selective measurements of dissolution rates for all
components of numerous Ru-Ir-Ti compositions during the
electrochemical experiment. To compare the stability of the
investigated alloys with other Ir based catalysts, stability
numbers (S-numbers) were estimated based on the electro-
chemical data shown in Figure 4 and Figure 5. The S-number
was recently introduced by Geiger et al.[78] and is the amount of
O2 molecules that are evolved per dissolved catalyst atom.
Hence, the S-number is a metric for catalyst stability, which is
independent from surface area, and in the case of nanoparticles,
of catalyst loading.[78] S-numbers were estimated for the alloys
polarized at 25 mAcm� 2 (for more than 24 h) and 1 mAcm� 2

(for 2 min).
Table 2 comprises the S-numbers of the Ru-Ir-Ti alloys

polarized at 25 mAcm� 2, as well as those of other Ir-based
materials from literature. Using the previously suggested
approach for alloy catalysts,[79] S-numbers were estimated for Ir
(SIr) as well as Ru (SRu), since both elements contribute to the
OER. Estimation of the S-numbers for both Ir and Ru helps
identifying the less stable metal alloy component, which is
crucial for the development of dissolution mitigation strategies.
Compared to pure Ir, the Ru-Ir-Ti alloys show 5–6 times higher
SIr. This is remarkable, considering that the investigated alloys
were polarized at a 25 times higher current density and about
300 times longer OER exposure compared to metallic Ir catalyst
in the work of Geiger et al..[78] Presented here Ru-Ir-Ti alloys
reveal up to 3 times higher SIr compared to Ru-Ir alloys with
similar Ir/Ru ratios (Table 2). This increase in S-number indicates
stabilization, which can be ascribed to the Ti additions, but also
to the surface enrichment of the more stable Ir, which was
observed in the XPS data (Figure 1 and Table 1). SIr of (IrRu)O2

and (IrTi)Ox mixed oxides that were investigated by Kasian
et al.,[9,34] are almost one magnitude higher than those of the
Ru-Ir-Ti alloys. This is because oxides are more stable towards
the OER than metals. Besides that, the catalysts from
references[9,34] were polarized at relatively mild conditions with a
25 times lower current density. Compared to IrO2@TiO2 core-

shell microparticles from reference,[71] the Ru-Ir-Ti alloys reveal
S-numbers, which are more than one order of magnitude
higher. However, having in mind the different structure and
physical degradation mechanism of thin films and micro-/
nanoparticles, their direct comparison is rather unfair. The
stability numbers of Ir are about one order of magnitude higher
than those of Ru, suggesting that Ru is the element mostly
involved in the OER. This observation complements in general
higher OER activity of Ru and the inverse relationship between
activity and stability of monometallic OER electrocatalysts.[80] In
addition, the differences in S-numbers suggest that the active Ir
and Ru sites maintain their original properties in the alloys with
respect to the OER mechanism, as indicated by Kasian et al.[9,79]

However, in contrast to the observations of (IrRu)O2 mixed
oxides,[9,79] the activity of the Ru-Ir-Ti alloys remains the same or
even slightly increases in time with the OER despite the surface
enrichment of Ir (Figures 2, 5 and S2). This can be explained by
an increase in electrochemically active surface area due to the
formation of (hydrous) metal oxides with the OER and the
change in chemistry due to the presence of Ti.

To illustrate differences in Ir and Ru dissolution from binary
and ternary alloys with the same Ir content, we roughly
estimated the number of dissolved atomic layers during the
OER. The calculations were performed using the dissolution
data from the H-cell experiments, the surface composition of
the alloys assessed by XPS (Figure 1) and the atomic diameters
and densities of Ir and Ru atoms in the lattice. More details

Table 2. Compilation of stability numbers (S-numbers) of different Ir based
catalysts in this work and literature.

Anode
material

S-num-
ber
Ir

S-num-
ber
Ru

Conditions Reference

Ru0.66Ir0.32Ti0.02 4.7×105 2.0×104 0.1 M HClO4;
28 h;
25 mAcm� 2

This work

Ru0.62Ir0.33Ti0.05 5.9×105 3.4×104 0.1 M HClO4;
28 h;
25 mAcm� 2

This work

Ru0.67Ir0.33 1.8×105 3.2×104 0.1 M HClO4;
27 h;
25 mAcm� 2

This work

Ir0.50Ti0.50Ox 1.5×106 – 0.1 M HClO4;
steady-state;
1 mAcm� 2

[34]

Ir0.70Ru0.30O2 1.0×106 1.0×105 0.1 M HClO4;
1 min;
1 mAcm� 2

[9,79]

IrO2@TiO2 1×104 – 0.1 M HClO4;
5 min;
100 mAmg� 1

[71]

Ir metal 1.0×105 – 0.1 M HClO4;
5 min; 1 mAcm� 2

[78]

IrOx

(amorphous)
5.0×104 – 0.1 M HClO4;

5 min;
1 mAcm� 2

[78]

IrO2 9.2×105 – 0.1 M HClO4;
10 min;
1 mAcm� 2

[78]
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regarding the calculations can be found in the Supporting
Information. As an example, under the same conditions of the
OER, Ir dissolves from about 11 atomic layers of the Ru0.67Ir0.33

alloy, whereas Ir dissolution from Ru0.62Ir0.33Ti0.05 is limited to
only 3 atomic layers. The dissolution of Ru from these two alloys
is comparable, namely 59 atomic layers are subjected to the
dissolution from the ternary alloy and 57 from the binary alloy.
Hence, long term experiments reveal that the stabilizing effect
of Ti is rather restricted to Ir. This may be explained with the
significant dissolution rate of Ru at high current density which
exceeds the rate of oxidation, preventing formation of more
stable mixed oxides phases. Yet, short-term SFC-ICP-MS experi-
ments (Figure 4, Figure S3 and Figure S4) show a clear trend
toward stabilization of Ru with increasing amount of Ti,
compared to the Ti free Ru-Ir alloys. This reveals that predictions
of the catalytic stability should always refer to the time scale of
experiments. The S-numbers determined from the prior are up
to two orders of magnitude higher than those of the H-cell
experiments and literature values of other Ir containing
catalysts (Table 2). As revealed by H-cell experiments on the
long timescale, the dissolution rates do not reach steady state
even after 24 h (Figure 5). Hence, it can be expected that the
stability from the short term experiments is underestimated,
since it relies on the initial dissolution rates in contrast to long
term H-cell experiments. This result is in agreement with
previous reports,[79] showing deviations between the S-numbers
obtained from SFC- and H-cell setups. Besides stability, also the
prediction of catalytic activity significantly relies on the
experimental conditions and the chosen current density, as can
be illustrated by comparing the electrochemical data from the
SFC-ICP-MS (Figure 2 and Figure S2) and H-cell experiments
(Figure 5). This is because the mechanisms of the OER and
dissolution can change depending on current density, which
makes comparison of catalytic properties of two different
materials problematic. The evolution of potential during the
long-term OER performance tests (upper panels in Figure 5)
indicates significantly more stable performance of the Ru-Ir-Ti
alloy. Furthermore, it presents higher activity compared to the
Ti free Ru-Ir alloy with the same Ir content. Considering this,
together with the 3 times lower Ir dissolution, it becomes clear
that the investigated Ru-Ir-Ti alloys outperform Ru-Ir alloys.
Although the S-numbers obtained during short-polarization
(Figure S4) should not be used for benchmarking to other
catalysts, they reinforce our finding of Ti-induced stabilization
of Ir and Ru in Ru-Ir-Ti alloys, as they reveal an increase in Ir and
Ru S-numbers with increasing Ti content. The reason for this
stabilization can be, next to Ir surface enrichment, the formation
of (hydrous) mixed oxides during polarization. Recently, the
coexistence of metallic Ir in a TiOx phase was proven on the
atomic scale and related to the increase in stability of Ir-Ti
mixed oxides of IrO2, where Ir provides the catalytic activity and
Ti the stability.[34] There are multiple indicators for the electro-
chemical formation of such (hydrous) mixed oxide phases on
the surfaces of the investigated Ru-Ir-Ti alloys, starting with the
increase of the OH peak in the O 1s spectra after polarization
(Figure 1d). Having this and the slight broadening of the Ir 4f
and Ru 3p peaks (Figure 1a and Figure 1b) in mind, it can be

presumed that these hydrous oxides contain Ir and, to some
extent Ru. Another indicator for the formation hydrous oxides
during polarization are the differences in activity and stability
data before and after polarization (Figure 2, Figure S2 and
Figure 5). Even after long term polarization at high current
densities, the OER activity remains the same or even increases
(Figure 5c). This is attributable to the electrochemical formation
of hydrous oxides of Ir and Ru, resulting in an increase in
surface area and the number of active sites. Moreover, the high
affinity of Ti for oxygen implies that oxygen more likely binds to
Ti during anodic polarization to form oxides, suppressing
further oxidation of Ir and Ru. Having at least some portions of
metallic Ir and Ru stabilized at the surface would provide an
additional explanation for the stability increase without the
sacrifice of catalytic activity.

Conclusions

Activity-stability relationships of Ru-Ir-Ti thin film catalysts
containing up to 5 at.% Ti were investigated. Our data show
that the ternary alloys outperform binary Ru-Ir alloys in terms of
activity and stability. The Ru-Ir-Ti alloy containing about 30 at.%
Ir exhibits stable catalytic performance during 28 h of anodic
polarization at 25 mAcm� 2, while only three atomic layers of
the catalyst are affected by Ir dissolution. Opposed to that, the
Ti-free Ru-Ir alloy with identical Ir content lost Ir from 11 atomic
layers during the same performance tests. Calculated stability
numbers indicate that Ti additions as low as 5 at.% boost Ir
stability of Ru-Ir alloy catalysts by a factor of 3, and by a factor
of 6 compared to pure Ir metal. XPS measurements suggest Ir
surface enrichment and formation of Ir, Ru and Ti-containing
hydrous oxides during the OER. These two effects may explain
the observed stability boost without the sacrifice of catalytic
activity. Further efforts will be aimed at understanding the
origin of this improved stability by the surface- and near surface
structure insigts.

Experimental Section
Ru-Ir-Ti and Ti-free Ru-Ir thin film libraries with similar Ru-Ir
gradients were synthesized by combinatorial magnetron sputtering
(CMS 400/600 LIN, DCA Instruments, Turku, Finland) employing a
confocal co-deposition approach. Single crystal Si wafers (100) with
a 140 nm barrier of thermal SiO2 against silicide formation, were
used as substrates to prepare samples with a minimal surface
roughness. The substrates were cleaned in acetone and then
isopropanol in an ultrasonic bath and dried with compressed, dry
air before loading to the deposition chamber. The base pressure in
the main chamber prior to deposition was 5.3×10� 6 Pa or lower.
The 4-inch diameter targets of Ir (99.9%, EvoChem, Germany), Ru
(99.95%, EvoChem, Germany), and Ti (99.995%, FHR, Germany)
were precleaned by sputtering with closed shutters prior to
deposition. Ar (99.9999%) was used as the sputter gas and the
pressure in the chamber was adjusted to 0.67 Pa at room temper-
ature. A 20 nm Ti adhesion layer was deposited at 200 W RF with a
constant substrate rotation of 20 rpm, in order to produce a
uniform layer thickness from the confocal cathode arrangement.
Next, the power applied to each cathode was independently
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adjusted to yield the desired composition gradient ranges Due to
the confocal cathode arrangement and the cathode tilt with respect
to the substrate surface, thickness gradients are produced when
the substrate is static. As a result, the composition ratio of the co-
sputtered elements in the mixture is dependent on the position on
the sample surface, resulting in a combinatorial materials library.
The resulting thickness of the obtained coating was approximately
250 nm in the substrate center. Thus, even at the thinnest point,
there will always be greater than 100 nm thickness of material.

The composition of the obtained libraries was confirmed using EDX
mapping (INCA X-act, Oxford Instruments, U.K.). Figure 6 shows the
composition range of two Ru-Ir-Ti thin film libraries covering the
investigated ternary alloys as assessed by EDX. For verifying the
surface composition of the libraries, X-ray photoelectron spectro-
scopy (XPS) was employed, considering that the EDX data results
from the whole volume of the film and only serves for estimation.
Additionally, the Ti amount in Figure 6 is overestimated, since
signals from the Ti adhesion layer contribute to those from the
overlying Ru-Ir-Ti thin films. The XPS measurements were per-
formed using a Quantera II (Physical Electronics, Chanhassen, MN,
USA) device, equipped with a monochromatic Al Kα-X-ray source
(1486.6 eV), which was operated at 15 kV and 25 W. Analysis of the
spectra was carried out using the software Casa XPS (http://www.
casaxps.com/). The exact surface compositions of the selected spots
on the material libraries were determined by integration of the
Ir 4f7/2, Ru 3d5/2 and Ti 2p3/2 peaks using corresponding relative
sensitivity factors. The compositions of the electrodes are shown in
Ir, Ru and Ti atomic compositions, omitting oxygen. A Gaussian-
Lorentzian function was used to fit the contributions of lattice
oxygen, OH-groups and H2O molecules in the O 1s spectra.

A scanning flow cell (SFC) was connected to the inductively
coupled plasma mass spectrometer (ICP-MS) to investigate catalytic
activity and stability of different alloy compositions at the same
time (online ICP-MS). The Ru-Ir-Ti thin film libraries were used as
the working electrodes, of which the geometric surface area is
defined by the circular port of the SFC (about 0.01 cm2). Mounted
upstream in the inlet duct of the SFC, a graphite rod served as
counter electrode. A conventional Ag/AgCl/3 M KCl electrode
(Metrohm, Germany), connected with the outlet duct, downstream
of the SFC, was employed as reference electrode. All SFC
components, gas flow and the potentiostat (Gamry Reference [600],

USA) were controlled by homemade LabVIEW software (National
Instruments, USA). Fresh 0.1 M HClO4 solution, prepared directly
before the measurements by dilution of HClO4 (70%, Merck,
Germany) in ultrapure water (18 mΩcm, TOC <3 ppb), was used as
electrolyte for all electrochemical measurements. Before the
measurements, the reversible hydrogen electrode (RHE) potential
was measured on Pt thin films with an H2 saturated electrolyte
against the Ag/AgCl/3 M KCl reference electrode. Accordingly, the
RHE scale is used to present all potentials published in this work.
During the electrochemical measurements, the electrolyte was
saturated with Ar and pumped at a rate of about 205 μLmin� 1

towards the ICP-MS (NexION 350X, Perkin Elmer, USA). Before
flowing into the ICP-MS, the electrolyte was mixed with an internal
standard in a 1 :1 mixing ratio, using a Y-connector. With a
concentration of the internal standard equal to 5 μgL� 1, 5 μgL� 1

and 10 μgL� 1, the intensities of the isotopes 45Sc, 103Rh and 187Re
were measured during the detection of 55Ti, 102Ru and 193Ir, to
ensure stable performance of the ICP-MS. The ICP-MS was
calibrated each day before the measurements. For stabilization of
the working electrode surface, the samples were polarized at
1.20 VRHE for 2 min before conducting the electrochemical protocol.
The electrochemical protocol comprised an initial potential sweep
at 10 mVs� 1 from 1.20 VRHE to a potential corresponding to a current
density of 5 mAcm� 2. Subsequently, the sample was anodically
polarized at a current density of 1 mAcm� 2 for 2 min. Finally, the
potential sweep was repeated, to investigate alterations before and
after polarization. The potential required for reaching a current
density of 5 mAcm� 2 was used as an activity descriptor to relate
the electrochemical data to previous works. All measurements were
conducted at least three times for each composition, to test
reproducibility.

For performance testing on a longer time scale, three representa-
tive alloy composition were anodically polarized at 25 mAcm� 2 for
about 28 h in an H-cell with anodic and cathodic compartments
separated by a fine glass frit. Both compartments were filled with
the electrolyte (each 30 mL of 0.1 M HClO4 solution). The sample,
serving as working electrode, was submerged into the anodic
compartment next to the reference electrode (Ag/AgCl/3 M KCl). A
Pt thin film was used as counter electrode and was submerged into
the cathodic compartment. During polarization, liquid samples of
1 mL volume were taken periodically from the anodic compart-
ment, diluted 1 :5 and analyzed by ICP-MS (NexION 350X, Perkin
Elmer, USA). To maintain a constant volume, the compartment was
replenished with fresh electrolyte after each sampling step. To
account for possible diffusion/migration of dissolved species
through the glass frit, a liquid sample from the cathodic compart-
ment was taken after the experiment. Only traces of Ir, Ru and Ti
were detected at the cathode, still the dissolution profiles were
corrected for these values.
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