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Abstract: Understanding the pathways of catalyst degradation
during the oxygen evolution reaction is a cornerstone in the
development of efficient and stable electrolyzers, since even for
the most promising Ir based anodes the harsh reaction
conditions are detrimental. The dissolution mechanism is
complex and the correlation to the oxygen evolution reaction
itself is still poorly understood. Here, by coupling a scanning
flow cell with inductively coupled plasma and online electro-
chemical mass spectrometers, we monitor the oxygen evolution
and degradation products of Ir and Ir oxides in situ. It is shown
that at high anodic potentials several dissolution routes become
possible, including formation of gaseous IrO;. On the basis of
experimental data, possible pathways are proposed for the
oxygen-evolution-triggered dissolution of Ir and the role of
common intermediates for these reactions is discussed.

The oxygen evolution reaction (OER) plays a crucial role in
the development of efficient electrolyzers for energy con-
version and storage.!'! The sluggish kinetics®®! of this reaction
and instability of most of the catalyzing materials® remain
serious challenges for the optimization of the existing
technology towards cost-competitive commercialization.
Currently, proton-exchange membrane water electrolyzers
rely on iridium-based materials, providing a compromising
combination of relatively high catalytic activity and durabil-
ity.’l However, even Ir-based anodes slowly undergo dissolu-
tion under operation conditions of the OER.I! Considering
the low abundance and high price of Ir, understanding the
kinetics and mechanism of its electrochemical dissolution is of
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high importance for a knowledge-based improvement of
performance.”’ Kinetic parameters of the Ir dissolution
reaction can be determined by electrochemical methods® or
more directly by utilizing sensitive analytical methods such as,
for example, inductively coupled plasma mass spectrometry
(ICP-MS).’T Mechanistic studies of both OER and dissolution
at the solid-liquid interface are more challenging, as they
typically require detection of reaction intermediates with
short lifetimes. Since experimental data on intermediates
have been inaccessible so far, possible mechanisms are the
subject of intensive debate in the literature.”') Most of the
proposed pathways of OER on metallic Ir and its oxides were
based on measurements on hydrous or anodically formed
oxide films. A recent OER mechanism in acidic media
suggested in a number of studies” " includes the participation
of Ir'™ species, which are considered crucial for high activity.
During anodic polarization of hydrous oxide in acid!"? Ir"'-Ir¥
oxidation state switching was also shown to occur. The
formation of Ir¥ and Ir™ intermediates during OER was
confirmed experimentally by application of XAS-'?I and
XPS-based techniques.'¥ Additionally, the OER on IrO,
nanoparticles was suggested to proceed via Ir'V-Ir" trans-
formation.® The role of the abovementioned intermediates
for the stability of Ir, however, was not discussed in this work.
In our previous study using the data on the dissolution rates of
metallic Ir and hydrous Ir oxide, stability was suggested to
correlate to the activity and thus the Ir'"™-Ir" transformation
was proposed.’!l Interestingly, another possible route for
OER-triggered Ir degradation was suggested to occur via
formation of volatile iridium species in the Ir'' oxidation
state, assuming similarities between Ir and Ru.™! Specifically,
Kotz etal. proposed such a route based on the data of
Wohlfahrt-Mehrens and Heitbaum, who showed with the aid
of differential or online electrochemical mass spectrometry
(DEMS/OLEMS) that Ru dissolves via the formation of
volatile RuO, during OER.['f DEMS- and OLEMS-based
techniques were also utilized to shed some light on the
mechanism of OER on Pt,!'”? Ru,™ 1r0,,!! and non-noble
perovskites: however, dissolution was out of the scope of
these studies and formation of volatile Ir oxides during the
OER has not yet been confirmed experimentally.

Here we utilized a scanning flow cell (SFC) coupled with
OLEMS to further resolve the degradation pathway of
metallic Ir and its oxides (thermally formed or reactively
sputtered) and the correlation to the OER mechanism. The
high sensitivity of our setup allows us to detect minor amounts
of volatile products. Additionally, the activity and stability of
these electrodes are investigated in parallel by a SFC
connected to ICP-MS (see arrangement of setups in Fig-
ure S1).
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Details regarding the electrode preparation and charac-
terization are presented and discussed in the Supporting
Information. In short, the composition of the as-prepared
metallic Ir film and its oxides was confirmed using X-ray
photoelectron spectroscopy (Figures S2-S4). Both reactively
sputtered and thermally formed oxides consist of IrO, only
(Figures S3 and S4), while the as-prepared Ir film shows only
a metallic phase (Figure S2). Considering that the evolution
of oxygen always results in oxidation of the electrode, the
term “metallic Ir electrode” refers to an electrochemically
formed oxide formed during short-term polarization.

The summarized data on the stability of the thermally
formed Ir oxide (thermal oxide) is exemplarily presented in
Figure 1. The electrode is polarized at 5, 10, 15, and
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Figure 1. a) Measured potential during 30 s of anodic polarization of Ir
thermal oxide in 0.1m HCIO, at 5, 10, 15, and 20 mAcm 2 at room
temperature. b) Average rate of iridium dissolution as measured
online with ICP-MS. Mass spectra of ¢) O, (m/z 32) and d) IrO; (m/z

240) acquired online with OLEMS. The color gradient indicates the

increase of applied current density from 5 mAcm ™ to 20 mAcm 2

The baselines in (c) and (d) show the O, (m/z 32) and IrO; (m/z 240)
signals measured at the open circuit potential.

20mAcm ? during 30s and the corresponding values of
potential (a) and the average dissolution rate of Ir (b) are
measured online. Simultaneously, the volatile species with
mass-to-charge ratios (m/z) of 32 (c) and 240 (d) formed
during the OER are measured in situ (see Figures 1 and S5).
In line with dissolution, the formation of O, and IrO; becomes
more pronounced at higher current densities (Figure 1c,d).
Metallic Ir and reactively sputtered oxide show the same
trend and increase in both dissolution and IrO; formation
with increasing current density (see Figures S6 and S7,
respectively). For thermal oxide, formation of IrO; is
observed already at 5 mA cm 2, while the evolution of this
volatile intermediate on metallic Ir and reactively sputtered
IrO, is negligible or even absent at low current densities.
Considering the OER as the main anodic reaction on
iridium oxides, polarization of different electrodes at the
same current density leads to an equal amount of evolved O,.
However, at the identical current density conditions both the
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stability and the formation of IrO; strongly depend on the
nature of the Ir anode, as well as on the different values of
potential imposed by these electrodes.

For a semiquantitative estimation of the interplay
between the activity and the formation of IrOs;, the integrated
signal of m/z 240 and the value of potential at the end of
polarization were plotted versus applied current density
(Figure 2b,c). Both dissolution of Ir and formation of volatile
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Figure 2. Dependence of a) the amount of dissolved Ir, b) the forma-
tion of IrO; and potential at the end of polarization on the current
density obtained for metallic Ir (green), reactively sputtered IrO,
(black) and thermal 1rO, (red).

IrO; clearly depend on the value of applied current density
and the nature of the electrode. At high current densities,
dissolution of metallic Ir is about two orders of magnitude
higher than for thermal or reactively sputtered oxides (Fig-
ure 2a). Considering the lower value of potential on metallic
Ir (Figure 2c¢), the dominating dissolution mechanism on this
electrode includes formation of intermediates in an oxidation
state lower than Ir"), for example, Ir'™ or Ir". During anodic
polarization metallic Ir” can undergo direct dissolution
forming soluble Ir** and further transform to IrO, [see
Scheme 1, Egs. (S1) and (S2)]. Additional dissolution of
metallic Ir beneath the non-uniform oxide film is also
possible. One should consider, however, that direct dissolu-
tion Ir’-Ir’" becomes less favorable with increasing oxide
coverage on the metal surface and obviously does not occur
on thermal or reactively sputtered oxides. Consequently,
reactively sputtered IrO, with similar electrocatalytic activity
to metallic Ir is significantly less prone to dissolution. the
superior electrocatalytic behavior of reactively sputtered IrO,
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Scheme 1. Simplified scheme showing possible pathways of Ir dissolu-
tion during the OER. Green arrows indicate the mechanism that is
preferable for electrocatalytically active Ir-based materials where OER
occurs at lower potentials. Red arrows present the dissolution route
dominating at higher anodic potentials. Blue arrows show intermediate
steps that take place regardless of the electrode material and potential.
Corresponding equations can be found in the Supporting information.

was first presented by Beni etal.”™ and will be further
discussed in future work.

The low dissolution of thermal IrO, with rutile structure
(Figure S4) can be explained by its thermodynamic stability
and was discussed elsewhere.[l Interestingly, for all studied
anodes, the formation of IrO; can be determined and even
correlated with electrode potential. Thus, as metallic Ir and
reactively sputtered oxide have close values of potential at all
current densities, the amount of IrO; formed is similar
(Figure 2b,c). In contrast to dissolution, the evolution of IrO;
on thermal oxide is more intense than that observed on
metallic Ir and reactively sputtered oxide. This discrepancy
indicates that along with dissolution through formation of
volatile Ir species another degradation route takes place that
depends on a different intermediate state.

Scheme 1 presents a simplified and summarized picture of
possible routes for the dissolution of iridium and its oxides
during OER. The transformation of metallic Ir into IrO,
including direct dissolution is shown in a very simplistic way
assuming that at high anodic potentials the surface of the
electrode should be covered with oxide. Entering the OER
reaction cycle, it is well established that regardless of the
electrode material the first step in acidic media is water
discharge and adsorption of OH radicals on the electrode
surface.”” On Ir oxide this step is followed by the release of
one electron and formation of Ir¥ [Egs. (S3) and (S4)].[1%!
This type of intermediate is supposed to be involved in the
OER mechanism regardless of the nature of the Ir electrode.
In line with this assumption, the presence of surface Ir"
species during the OER was reported numerous times in
literature.[321]

The further route of both reaction paths depends on the
value of the electrode potential. When the electrode potential

www.angewandte.org

Communications

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

is relatively low, decomposition of Ir'O,0OH with release of
O, and formation of surface HIr'™O, intermediates should
occur [Egs. (S5) and (S6)]. The existence of Ir'"" and HIr™O,
was experimentally proven for electrochemically formed Ir
oxide at relatively low overpotentials.'>?? In further steps this
metastable Ir'™" species can either dissolve or transform into
IrO, [Eq. (S7)]. This pathway (outlined in Scheme 1 with
green arrows) is preferable for active Ir catalysts, for example,
reactively sputtered IrO, or electrochemically formed Ir
oxides. The significant dissolution of Ir for such materials
suggests relatively fast kinetics of dissolution for this inter-
mediate in comparison to oxidation. However, when the
potential is high enough, further oxidation of Ir¥ to Ir"" is
preferable [Eq. (S8)]. This second pathway (marked with red
arrows in Scheme 1) thus dominates for thermal oxide at
comparable current densities. For metallic Ir this reaction/
dissolution route only becomes more pronounced when the
potential exceeds 1.6 Vg, which is indirectly confirmed by
the change of the slope of the green curve in Figure 2a.
Considering the high reactivity of IrOs;, it can either decom-
pose to IrO, and O, [Eq. (S9)] or interact with water forming
soluble IrO,~ [Eq.(S10)]. The dissolution and oxygen
formation are competitive reactions, that is, the formation
of an oxygen molecule does not necessary lead to dissolution
of Ir. The relatively high amount of IrO; formed on thermal
oxide together with its low dissolution rate (Figure 2) may
indicate that the hydrolysis of IrO; has slower kinetics than its
decomposition, which explains the superior stability of
thermal iridium oxide. In general, the IrO; contribution to
the overall Ir dissolution depends on the electrode potential
and increases for materials with low activity towards OER. In
line with our observations the Ir¥-Ir"" oxidation state switch
during the OER has been recently reported for Ir¥-based
perovskite.”™! With the aid of XAS and TEM drastic surface
reconstruction and formation of IrO, was also observed in this
work. This agreement with the literature data suggests that
the mechanisms proposed in Scheme 1 may have universal
character and can be applicable to various Ir-based oxides
under certain conditions. However, further research efforts
are needed to prove this statement.

In conclusion, depending on the potential and surface
composition of the anode, at least three different dissolution
mechanisms are possible, including direct dissolution of Ir
metal, the pathway through Ir¥—Ir'" transition, and formation
of IrO; at high potentials. The latter two mechanisms that
follow the initial surface oxidation (significant only in case of
metallic Ir) are closely related to the OER reaction mecha-
nism and share common intermediates. The electrode mate-
rial determines the potential at a certain current density and
thus influences the ratio between the rates of different steps
as well as the stability. The dissolution route through Ir¥—Ir™
transformation dominates for metallic Ir and reactively
sputtered oxide over other possible mechanisms. In absolute
terms this pathway results in higher total dissolution. The
dissolution route through Ir¥-Ir"! becomes important at more
positive potentials and thus in the observed cases particularly
for the slightly less active thermal IrO,. Considering the
above observations, different strategies need to be developed
to stabilize the respective intermediates of the reaction, in
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order to increase the selectivity towards the desired product.
In this context we believe that the presented fundamental
results can help guide the development of more stable oxygen
evolution electrocatalysts.
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