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Electrochemical evaluation of the de-/
re-activation of oxygen evolving Ir oxide†

Georgios Papakonstantinou, *a Ioannis Spanos, b An Phuc Dam,a

Robert Schlöglbc and Kai Sundmacher ad

Understanding the influence of dynamic and stationary polarization on the deactivation of state-of-the-

art IrOx catalysts is imperative for the design and operation of robust and efficient proton exchange

membrane water electrolyzers. In this work, the deactivation and activity regeneration of a commercial

IrOx catalyst were investigated under potentiodynamic and potentiostatic conditions in acidic media

using rotating disk electrode and electrogravimetry methods. Systematic electrochemical protocols were

designed to decouple reversible from irreversible activity losses. Cyclic voltammetry provided a metric of

the active surface area and traced the charge growth under different oxygen evolution reaction

conditions. A direct log t dependent charge growth is observed, accompanied by the same fractional

kinetic activity decay under potentiodynamic conditions. The loss is essentially recoverable after

electrochemical reductive treatment, however at the expense of mild material dissolution. In contrast, an

extended potentiostatic operation induced irreversible intrinsic degradation after a critical time (0.5–1 h),

accompanied by stability enhancement. This irreversible deactivation is attributed to a gradual transfor-

mation of the hydrated IrOx to a dehydrated condensed oxide. Our results suggest that Ir dissolution

during the regenerative treatment is not prohibitive, as long as the low potential modulations are not

frequent.

Introduction

Hydrogen is indispensable for a sustainable, carbon-neutral,
energy supply. Thus, hydrogen production via a PEMWE
is preferable among the different water electrolysis technolo-
gies, for direct coupling with the intermittent and fluctuating
renewable energy sources, due to its flexible operating
characteristics.1,2 However, the highly acidic environment
necessitates the usage of corrosion resistant noble metal-
based catalysts. Although Pt loading in the cathode can be
minimized,3 the anode environment is much more demanding.
So far, only Ir based catalysts can offer acceptable OER kinetics,
in conjunction with a sufficient corrosion resistance.4,5 As
highly conductive and corrosion resistant anode supports are

yet to be found,6 unsupported Ir and its oxides are employed in
PEMWE anodes,7,8 which accommodate high loadings to
achieve high performance and acceptable degradation.3,9,10

Therefore, the scarcity and high cost of Ir challenge the
deployment of PEMWEs on a large scale.3

Enhancing the activity and durability can partly compensate
for the investment cost of PEMWEs and help in the direction of
reducing Ir loading. Among Ir surfaces, the activity decreases
and the resistance to dissolution increases from metals to
hydrous oxides to crystalline oxides.11 However, the active
surface dynamically responds to the OER conditions. It recon-
structs in response to the oxidative electrochemical potential,12

as well as to the operating protocol, when stationary or dynamic
potential excursions to low potentials are involved, which can
be frequently encountered during the PEMWE operation.7–10

Depending on the starting material, different surface transfor-
mations may occur. Metallic Ir surfaces are oxidized under
stationary OER conditions to eventually form a rutile IrO2

surface at long polarization times,13,14 whereas fast potential
cycling between oxidative and reductive potentials results in
the formation of thick, highly hydrated IrOx over-layers.15,16

However, the thick over-layers are prone to dissolution at a
high anodic polarization (41.65 V).17 In addition, the OER
activity declines with time, ascribed to the formation of crystal-
line IrO2,13 which displays one order of magnitude lower
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intrinsic activity,18 but higher stability than that of hydrous
surfaces.19

Due to the four electrons transferred in the OER, several
mechanisms can be operative.20,21 Lately, with the help of DFT
calculations,22,23 there is a general consent that the OER on Ir
oxides proceeds via a peroxo-mechanism.22–24 However, the
role of the active surface and the speciation of the active site
are under discussion. The superior OER activity of hydrated
over-layers is attributed to their disordered hydrous (OH/H2O)
structure with a mixed Ir valence, +3/+4.17,25 Because of the
flexibility of Ir in accommodating different oxidation states (+3
to +5) and promoting the OER electro-catalytic cycle,26 Ir is
considered as the active site, while even higher Ir oxidation
states have been suggested.27,28 On the other hand, an oxygen
absorption pre-edge feature on electrochemically oxidized Ir
nanoparticles was assigned to electron-deficient oxygen,
proposed as the active site.25 Because of the covalent Ir–O bond
character and the sharing of electrons and holes, it is likely that
both centers are oxidized and participate in the O–O bond
formation.24,25,29

The intensive transient dissolution of Ir based surfaces in
aqueous electrolytes, in comparison to that under stationary
OER conditions,5,16 is not translated to intensive degradation
in PEMWEs with the currently employed high Ir loadings
(Z1 mg cm�2).7–9 In fact, the performance losses are less severe
under dynamic operation, rather than under stationary
operation,7,8 being essentially reversible. This type of deactiva-
tion is attributed to mass transport issues in PEMWEs,7 and the
influence of micro-bubbles in liquid electrolyte half-cells.30 The
reversible deactivation in state-of-the-art nanocrystalline IrOx

anodes in a dynamically operated PEMWE single cell is signifi-
cantly lower in comparison to the stationary operation.8 This
was attributed to the influence of transient negative currents
upon fast cathodic potential sweeping to the apparent OER
onset, whereas lower potential values were required to achieve
the full recovery. It was long ago recognized that a part of the
OER activity decay of hydrous IrOx overlayers can be recovered
by low potential excursions.17 Recently, the reversible OER
deactivation was traced with Ir foils,31 and Ir and hydrous IrOx

nanoparticles,14 partly recoverable by cathodic reduction. The
irreversible decay was hypothesized to arise by a loss of active
sites capable of forming the IrQO species via progressive cross-
linking of Ir sites by bridging m-oxides.31

Despite the gap in the stability between aqueous electrolyte
half-cells and PEMWEs,32,33 measurements in half-cells are a
fast and easy way to assess the mechanistic information at
short times.24 The 1–2 orders of magnitude lower catalyst
loadings employed in half-cell studies, with respect to those
commonly used in PEMWEs, result in comparable operating
voltages, despite the 1–2 orders of magnitude higher geometric
current densities in PEMWEs.30 Meanwhile, using an eQCM is a
useful electro-analytical technique, because of its high mass
sensitivity, suitable for monitoring electrochemical reactions
involving mass changes at or very near the electrode surface.
Valuable information can be extracted from the combination of
electrochemistry and eQCM regarding the nature and

mechanism of electrochemical processes.34 The eQCM has
been widely used to study the deposition of metals,35

dissolution,36 and the injection and expulsion of anions onto
and from the catalyst surface during an electrochemical
reaction.37 Juodkazyte et al. investigated the electrogravimetric
profiles of the thermally formed Ir layer and assigned the main
pair of voltammetric peaks above 0.8 V in acidic media to the
transition Ir(0) to Ir(IV),38 showcasing the formation of gel-like
hydrous oxide layers on the metal surface.39 This behavior
agrees with the observations of Birss et al.,40,41 who also showed
the participation of solution anions in the injection/expulsion
of protons during the reduction/oxidation of the hydrous IrOx/
Ir films. The involvement of H+/H2O species during the char-
ging/discharging capacitive process of a SnO2–IrO2 catalyst
highlighted the importance of catalyst hydration and
dehydration,42 which is in agreement with the recent evidence
of H2O uptake during the potential cycling of commercial IrO2

powders.43

In this work, the OER deactivation under potentiodynamic
and potentiostatic conditions and the activity restoration
upon the electrochemical reductive treatment of a, well-
characterized,44 state-of-the-art commercial IrOx catalyst are
investigated in half-cells using RDE and eQCM techniques.
The structure of the manuscript is as follows. First, the OER
de-/re-activation under potentiodynamic conditions is pre-
sented, along with its association with the charge growth. Then,
the influence of the regenerative cathodic potential is provided,
followed by the influence of time under potentiodynamic and
potentiostatic OER conditions on the activity decay. Finally, the
stability trends regarding the different operating modes are
discussed. The well-defined deactivation profiles, in conjunc-
tion with the information from the in situ mass changes, and
the quantification of the amount of Ir dissolved provide valu-
able insights into the understanding of deactivation phenom-
ena and the development of suitable operating strategies of
PEMWEs.

Experimental

Unsupported Ir oxide (Alfa Aesar, Premion, 84.5% Ir, product
number 43396) was used in all electrochemical measurements,
hereafter denoted as IrOx, due to the high percentage of surface
Ir in the +3 oxidation state.8,44 The supporting electrolyte was
0.1 M H2SO4, prepared from 96% H2SO4, Suprapurs, Supelco.
RDE studies were performed in a PTFE based three-electrode
cell (180 ml electrolyte volume) at room temperature. The RHE
(Hydroflexs, Gaskatel) was connected via a home-made PEEK
based Luggin capillary, placed 1 mm below the edge of the
active area (0.196 cm2) of the PEEK based RDE tip (Origalys).
The RHE was frequently calibrated against a Pt mesh dipped in
the same electrolyte under H2 purging. The Pt mesh counter
electrode was separated from the working electrode by a
NAFION 115 membrane and sealed with a Viton O-ring, to
suppress cross-contamination by metal dissolved species. Ali-
quots of 2 ml were sampled and replaced by 2 ml of the fresh
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electrolyte for post-test analysis via ICP-MS (PlasmaQuant MS
Elite, AnalytikJena). A five-point (3, 1, 0.1, 0.05, and 0 ppb)
calibration was performed at the beginning of each series of
ICP-MS measurements. An additional Ir standard solution was
prepared and measured after every 3–5 sample measurements
to detect and correct the possible drifts of the device signal.
Electrochemical measurements were performed using two
potentiostats (Autolab PGSTAT302, AUT72731, staircase vol-
tammetry and Solartron 1287, linear ramp voltammetry),
always with a rotation (Z3600 rpm). Staircase voltammograms
were acquired with two different sampling parameter values
(a = 1 and 0.3). The electrolyte was purged with N2 (O2 purging
also inspected). The catalyst was dispersed in a water/isopro-
panol mixture (E80 : 20 vol), sonicated for 20 min, followed by
horn-sonication for 30 s. 10 ml was immediately drop-casted on
the RDE substrate, prior polished with 0.3 mm alumina, to
provide 10–50 mg cm�2 nominal IrOx loading per geometric
area. The solvent was dried under environmental conditions by
rotation (200 rpm). The Nafion ionomer suspension (LIQUION,
1100 EW, 5 wt%, Ion Power) was diluted with a 1 : 1 water/
isopropanol mixture, sonicated for 15 min, drop-casted (10 ml)
atop the catalyst film, and dried as above, to provide 5–10 wt%
dry ionomer loading. The ionomer served as a H+ conducting
binder, in order to adhere and stabilize the catalyst film on the
substrate. The absence of the ionomer resulted in severe
detachment under OER conditions. The ionomer was drop-
casted atop the catalyst film to avoid the blockage of the
electron percolation pathways to/from the substrate, a situation
that might be encountered in mixed catalyst/ionomer inks at
high ionomer loadings.32

Two different flow cells were coupled using an eQCM (10M,
Gamry) and an ICP-OES (Spectroblue, Ametek), the former to
record mass changes during electrochemical measurements
and the latter to follow on-line catalyst dissolution. The eQCM
flow cell was equipped with a Pt hollow rod as the counter
electrode and Ag/AgCl as the reference electrode. The catalyst
inks were prepared by mixing 5 mg of catalyst in 1 ml of H2O.
After 30 min sonication, 4 ml containing 20 mg of catalyst was
drop-casted onto a 100 nm thick Au layer deposited on the
5 MHz eQCM discs with an electroactive area of 0.2 cm2. Upon
oven drying at 50 1C for 10 min, a drop of the Nafion ionomer
was casted on the top of the catalyst to obtain a Nafion-to-
catalyst mass ratio of 0.17, followed by oven drying at 50 1C for
another 30 min. Thereafter, the eQCM discs were inserted into
the eQCM flow cell. A similar procedure was followed to apply
the catalyst film on the 0.196 cm2 Au pellet, previously polished
with fine 1 and 0.05 mm alumina powder. After ultra-sonication
for 15 min in MilliQ water, the pellet was mounted on a special
sample holder and inserted into the ICP-OES flow cell. The
details of the ICP-OES flow cell and the ICP-OES measuring
system and the calibration procedure were given elsewhere.45,46

All electrochemical measurements in both flow cells were
performed using a Gamry 1010E interface at room temperature.

Similar electrochemical protocols were applied in all types of
half-cells. They comprised initial CVs (0.4–1.4 V, 50 mV s�1)
that served as the reference for comparing with the CV

measurements subsequent to OER studies. CVs with different
LPLs (0.04, 0.4, 0.6, 0.8, and 1 V) were added, when the
respective CVs were pursued after the OER. The CV charge
(0.4–1.4 V, 50 mV s�1) was a metric of the ECSA. After the pre-
testing phase and prior to OER studies, EIS at 1.3 V (5 mV rms)
was performed for the electrolyte resistance, which was utilized
for on-line iR compensation or post-test iR correction. In the
flow through cells, the OER activity was evaluated by three CV
cycles (5 mV s�1, 1.3–1.6 V, RHE), followed by base CVs without
the current interruption. In the RDE setup, the OER cycles were
performed at 2 mV s�1, in a measured potential window of 1.3–
1.8 V (an upper iR free potential of 1.63–1.69 V, RHE, post-test
corrected). During the third cathodic sweep, the current was
interrupted at 1.45 V, followed by three base CV cycles (5 or
50 mV s�1) with the chosen LPL, before resettling the afore-
mentioned measuring sequence (EIS-OER-CV). A representative
potential profile of the potentiodynamic protocol is shown in
Fig. 1(a). An experiment with an increased number of OER
cycles was also performed to inspect the influence of time
under potentiodynamic conditions on the OER activity.

The protocol adopted to study the de-/re-activation under sta-
tionary operating conditions was similar to the potentiodynamic

Fig. 1 Representative potential profiles vs. the time of the experimental
protocols applied to study IrOx de-/re-activation during (a) potentio-
dynamic OER cycles (2 mV s�1, 1.3–1.8 V as measured, post-test iR
correction shown in the figure) and (b) interim potentiostatic operation
at 1.575 V, RHE (iR compensated).
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protocol, but the OER cycles replaced by potential ramps to iR
compensated 1.55 or 1.575 V, RHE, with 5 or 10 mV s�1, respec-
tively, and holds for different times (5 s–3 h). After every stationary
interim, CV was applied without the current interruption down to
0.4 V (Fig. 1(b)), followed by a base voltammogram to detect ECSA
losses. The OER sweeps, as in the potentiodynamic protocol, were
measured before and after the potentiostatic interims to discrimi-
nate reversible and irreversible degradation modes induced by the
interim stationary operations.

Results and discussion
Electrochemical de-/re-activation under potentiodynamic
conditions

The OER activity decays with the number of OER cycles, i.e. with
time under potentiodynamic OER conditions, as shown in
Fig. 2(a). The most significant activity loss occurs during (after)

the first anodic sweep, being essentially recoverable after
sweeping down to 0.4 V (Fig. 2(b) and Fig. S1 in the ESI†) and
subsequently to 0.04 V (Fig. S2, ESI†). The deactivation is
accompanied by cathodic charge growth (Fig. 2(b), defined as
Dq = qc,i � qc,f, i.e. the charge difference of the first few from the
final cathodic sweeps), the majority of which is located below
ca. 1.35 V and over a well-defined cathodic peak at ca. 0.75–
0.8 V. The cathodic peak at ca. 1.1 V is due to the reduction of
the Au surface oxide, which is formed mostly during the first
anodic OER sweep (Fig. S3, ESI†). Its contribution to the
cathodic charge can be subtracted, as it is superpositioned on
the pseudo-capacitive contributions of IrOx (comparison with a
glassy carbon substrate in Fig. S4, ESI†). The influence of the
reduction of the gas phase O2 and/or of O2 micro-bubbles
entrapped in the catalyst film,30 on the cathodic charge is
negligible, if any, down to 0.4 V (Fig. S5 and S6 in the ESI†).
Control experiments with O2 purging (Fig. S5, ESI†) showed
that the ORR is not favored on the IrOx surface; instead, it
comes from the exposed to the electrolyte Au surface and
becomes significant below 0.4 V (see Fig. 3(b) below).

The associated mass changes during a full OER cycle
(Fig. 3(a)) and the subsequent first two CV cycles down to
0.04 V (Fig. 3(b)) were investigated by electrogravimetry. A faster
sweeping (5 mV s�1) and a lower upper potential (1.6 V, RHE)
were chosen in the potentiodynamic OER cycles compared to
the RDE (Fig. 2(a)) to minimize the influence of bubbles
formation on the eQCM frequency response.34 Interpreting
the eQCM response of a porous layer deposited from an ink
can be challenging.43 The frequency variation during potential
cycling could arise from changes in the viscoelastic properties
of the film, detachment of particles, local density changes, or
chemical changes to the film.34,43 However, only small (in the
order of ng), but measurable dissolution could be detected
during CV and OER measurements by on line ICP-OES and
batch mode ICP-MS (see Table 1 further below). Therefore, the
frequency response of the eQCM (in the order of 100–600 Hz,
equivalent to 0.4–2.2 mg, Fig. 3(b)) can be mostly associated
with potential dependent surface reactions at the potential
windows investigated (see Fig. S7 and S8 and respective dis-
cussion in the ESI†).

Upon sweeping the potential above 1.3 V, a mild mass
increase (up to 1.4 V) is followed by a mass decrease concomi-
tant with the apparent OER onset at ca. 1.45 V (Fig. 3(a)), in
qualitative agreement with the Ir dissolution detected by ICP-
OES with an identical catalyst film (Fig. S9, ESI†). Upon sweep
reversal, the mass increases again, steeper below ca. 1.53 V.
Hysteresis is observed in both profiles of mass and current
against the potential (Fig. 3(a)). The mass loss in a full OER
cycle (113 ng) is 4 times the Ir mass loss detected by ICP-OES
(27.3 ng, Fig. S9, ESI†), indicating additional means of mass
loss, which we attribute to deprotonation/dehydration of the
catalyst during the OER, in accordance with ex situ spectro-
scopic observations on hydrated anodic Ir oxide films after OER
polarization;27 ca. 30 H+/H2O molecules are removed per Ir
atom dissolved, without accounting for the possible influence
of anions. Meanwhile, the integral mass variation within a full

Fig. 2 (a) Current density in the logarithmic scale vs. post-test corrected
iR free potential, RHE, during ten (black) and three (red) potentiodynamic
OER cycles (2 mV s�1, 1.3–1.8 V as measured). Dashed arrows show the
sweeping direction, and solid arrows show the activity decay. (b) The first
three CV cycles (50 mV s�1, 1.45–0.4 V, a = 1) after interrupting the OER at
1.45 V, RHE, cathodic, and tOCP E 15 s (after 10 OER cycles, black, and after
3 OER cycles, red). The current is normalized to the charge of the third CV
cycle (as measured current densities in Fig. S1 in the ESI†). RDE, N2 purging,
50 mg cm�2 IrOx nominal, 5% wt ionomer, Au tip.
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anodic or cathodic sweep is 5–6 times higher than the irrever-
sible mass loss, showing that the major part is reversible down
to 1.3 V under the present experimental conditions.

Fig. 3(b) shows the electrogravimetric profile during two
consecutive CV cycles between 1.4 and 0.04 V, RHE, subsequent
to the potentiodynamic OER (Fig. 3(a)). The mass in the first
cathodic sweep increases steeper than that in the subsequent
sweep, in response to the different current profiles, whereas
both mass and current profiles are similar in the anodic
sweeps. A mass plateau is formed below 0.4 V, coinciding with
the ORR onset that commences on the bare Au surface (Fig. S5,
ESI†); the electrolyte was not purged with inert gas and con-
tained dissolved O2. Despite the charge difference between the
first and the second cathodic sweeps, the integral mass varia-
tions are quite similar in Fig. 3(b).

The relationship between the mass variations over the
absolute integrated CV charge is displayed in Fig. 3(c). The
high mass-to-charge ratios (14–142 H+/e) indicate that H+/H2O
and solution anions are injected into and expulsed from the
catalyst layer during the cathodic and anodic sweeps,
respectively.40,47 In the first cathodic sweep after the OER and
in the potential region of 1.4–0.8 V, the mass-to-charge ratio
approximates the injection of a hydronium per electron, while
(bi-)sulfates start inserting only below 0.8 V to counterbalance
the accumulated positive charge. The kink at high potentials is
due to the charge associated with the reduction of Au oxide, the
influence of which is negligible on the measured mass
changes.43 The slight mass decrease below ca. 0.2 V in both
sweeping directions in the Au/ORR active region may be
attributed to the dissolution of both Ir and Au.16,48 The mass-
to-charge ratio is exaggerated upon sweep reversal (142 H+/e in
both anodic sweeps), due to the expulsion of H+/H2O/anions,
while it is significantly lower in the first cathodic sweep
subsequent to the OER than that in the consecutive sweeps
below 0.8 V (Fig. 3(c)). The same trend is observed in HClO4

(Fig. S10, ESI†), but with lower mass-to-charge ratios, indicat-
ing the higher affinity of Ir surfaces for the adsorption of
(bi-)sulfates.49,50

The low potential cathodic peak is commonly associated
with the reduction of Ir sites from 4+ to 3+, also involving the
bulk Ir centers.15,17,51 X-ray absorption spectroscopy (XAS) at

the O K-edge, in combination with molecular dynamics simula-
tions at the DFT level, speciated oxidized under coordinated
surface O-species that appear as the pre-edge feature at poten-
tials lower than the OER onset and under OER conditions.52

Potentiodynamic measurements highlighted that the protona-
tion of the surface m2–O moieties (O-species coordinated with
two Ir atoms, Ir–O–Ir, simplified scheme in the inset of
Fig. 4(a)) extends to low potentials,52 a process that is appar-
ently accompanied by hydration and anion adsorption
(Fig. 3(c)). Ion mobility mass spectrometry (IMMS) on small
Ir–O clusters indicated that the bridging m2–O motif is favored
by increasing the cluster size and the number of O atoms
bound on Ir atoms.53 On this ground, we tentatively assign
the excessive cathodic charge appearing after the OER to the
protonation of the surface bridging O species, oxidized during
the preceding OER, occurring simultaneously with the injection
of a higher number of species with low mass, e.g. H+/H2O, than
in the subsequent sweeps. Assuming the injection of one
hydronium per electron, half the amount of bisulfates adsorbs
per electron in the first cathodic sweep, indicating the
reduction of subsurface Ir centers.24,44 The intercalation by
solution anions is not expected to extend into the bulk of IrOx,
considering that the ionic radius of solvated sulfates is greater
than the Ir–O interatomic distance in rutile IrO2.54,55 The
influence of cathodic Ir dissolution, which has been shown to
set in below ca. 0.5 V with hydrous IrOx overlayers on metallic
Ir,16 is 3 orders of magnitude lower (see Table 1 further below)
than the integral mass variations in the 0.8–0.4 V potential
region (Fig. 3(b) and (c)) and hence negligible.

The effect of the reactivation potential

In this section, the influence of the cathodic potential and the
respective charge passed during the regenerative CVs on the
restoration of the OER activity is investigated. Therefore, CVs
with different LPLs were acquired (0.4–1 V, Fig. 4(a)), after
interrupting three potentiodynamic OER cycles at 1.45 V cath-
odically and resuming sweeping cathodically from OCP. Each
of these measurements was accompanied by subsequent poten-
tiodynamic OER measurements (Fig. 1(a)) to assess the recovery
of the intrinsic OER activity.

Fig. 3 (a) Mass variation (left y-axis, black line) and current response in the logarithmic scale (right y-axis, red line) against the potential during OER
sweeping (1.3–1.6 V, RHE, 5 mV s�1, first full cycle). (b) Subsequent two CV cycles (1.4–0.04 V, RHE, 5 mV s�1, right y-axis, red solid and orange dashed
lines), measured after three OER cycles without the current interruption, and respective mass variations (left y-axis, black and grey) against the potential.
(c) Mass variations over the CV charge (absolute integration) corresponding to the CVs in (b). 20 mg of IrOx and the eQCM flow cell.
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Representative CVs are displayed in Fig. 4(a), with the
current density normalized to the charge of the third CV cycle,
when LPL = 0.4 V, as the measurements were performed with
two different catalyst loadings (10 and 20 mg IrOx cm�2, as
measured current densities along with that of the bare Au in
Fig. S12a, ESI†), but also to account for occasional charge losses
during the potentiodynamic OER (Fig. S13, ESI†). When the
LPL is greater than 0.4 V, the charge is interpolated between the
respective values before and after each OER/CV testing
sequence (e.g. see in Fig. S13, ESI†). Despite the different
loadings, the first cathodic sweeps highly overlap in their
common portion, with the only exception of the magnitude of
the Au oxide reduction peak, which is higher the lower the IrOx

loading, and correspondingly the larger is the bare Au surface
exposed to the electrolyte. Upon reversing the sweep, the charge
normalized current density is slightly lower than that of the
subsequent anodic sweeps when the LPL is higher than 0.4 V
(Fig. 4(a)), suggesting that reduction currents are superimposed

to the anodic current. This charge difference is accounted for as
a cathodic contribution in the charge integrations. The con-
secutive cathodic sweeps overlap down to ca. 1.1 V, RHE
(Fig. 4(a)), while the lower potential is required to protonate
the m2–O species, not reduced in the preceding CV cycle, when
the LPL is greater than 0.4 V. The additional reductive currents,
with respect to the base CV, are clearer in the staircase CVs with
the sparse current sampling (a = 1), in which the double-layer
non-faradaic contributions are suppressed (see Fig. S12 and S14
and discussion in the ESI†). This charge is also accounted as
cathodic contributions appearing after the OER.

The mass profiles vs. the integrated charge of the first CV
cycles after the potentiodynamic OER are depicted in Fig. 4(b),
measured in the eQCM flow cell without the current interrup-
tion. The cathodic sweeps overlap fairly well, in accordance
with the charge normalized CVs in Fig. 4(a). With the increas-
ing LPL, not only the mass-to-charge ratio decreases in the
subsequent anodic sweep, but also a mass gain is observed at
the end of a full CV cycle that increases with the LPL. A part of
the mass loss during the preceding OER sweeps is reversible
by the protonation/hydration of the oxide network and the
injection of anions at lower potentials. The influence of Ir
dissolution becomes apparent at potentials lower than 0.6 V,
indicating that the electrochemical reductive regeneration
comes at a cost of Ir loss.

The cumulative additional cathodic charge of all CV cycles,
measured after three potentiodynamic OER cycles, over the
base CV charge (Dq/q) is displayed in Fig. 5(a) against the
applied LPL. The fractional charge profiles of the first cathodic
sweeps with the LPL of 0.4 V are also displayed for two catalyst
loadings (data assessed by staircase CVs with the sampling
parameter a = 1 are jointly presented in Fig. S15, ESI†). The
excessive fractional charge passing in multiple (up to 9) CV
cycles exceeds that of the first cathodic sweep (black lines in
Fig. 5(a)) by a fraction of 0.05–0.1. Fig. 5(a) is complemented
with the fractional activity loss (= [(i/q)k,1 � (i/q)k,3]/(i/q)k,1),
always observed between the first, (i/q)k,1, and the third anodic
OER sweep, (i/q)k,3, where k is the potentiodynamic OER
sequence, with the numbered subscript referring to the anodic
sweep. Ca. 50% of the activity is lost within three OER cycles
(shaded rectangle in Fig. 5(a)). The fractional activity regenera-
tion (= [(i/q)k+1,1 � (i/q)k,3]/(i/q)k,1) in the subsequent to the
regenerative CVs first anodic OER sweep, (k + 1),1, is also added
(red circles in Fig. 5(a)), defined as the difference between the
regenerated activity, (i/q)k+1,1, and that of the third anodic sweep of
the preceding OER sequence, (i/q)k,3, over the initial activity of the
preceding OER sequence, (i/q)k,1. With these definitions, the full
activity recovery is achieved when both fractions of the activity loss
and regeneration are equal. The charge normalized activity
(i=q; q ¼

Ð
iðEÞ=uð ÞdE; E 2 0:4; 1:4½ � V) is used as an activity

metric, in order to account for occasional charge losses (Fig. S13,
ESI†) and variations in the IrOx loading. The activity is evaluated at
1.5 V, RHE (dashed vertical line in Fig. 2(a)), as it lies well within the
Tafel slope region, hence essentially free of mass transport con-
tributions. A graphical representation of the fractional activity loss
and regeneration is shown in Fig. S18 (ESI†).

Fig. 4 (a) Linear ramp CVs (50 mV s�1, 3 cycles) with different LPLs (see
the figure legend) measured after three potentiodynamic OER cycles, with
the charge normalized current density. The dashed line is the baseline for
subtracting Au oxide contributions; N2 purging, RDE. The inset displays a
simplified view of surface bridging O species, m2–O, with Ir centers
represented with a coordination number of six, typical for bulk rutile
structures. (b) Mass changes vs. CV charge (absolute integration) during
the first CV cycles (5 mV s�1, eQCM flow cell), after the potentiodynamic
OER (respective profiles of the consecutive cycles in Fig. S11, ESI†).
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The profile of the regeneration fraction follows the Dq/q
profile vs. the LPL in Fig. 5(a), with the full recovery achieved
when LPL is r 0.4 V. This is further elaborated in Fig. 5(b),
where the fractional regeneration is plotted against Dq/q for
both types of CVs, showing an almost 1 : 1 correlation.
The following major conclusions are deduced. First, the base
CV charge is a reliable representation of the number of sites
involved in H+/e transfers and the ECSA, and double-layer and
pseudo-capacitive types of charges are not distinguishable.24

Second, the m2-O surface terminations, associated with the
excessive charge at low potentials, are initially OER active,
when in hydroxylated/hydrated form m2-OH(H2O)x. These sites
account for a fraction of ca. 0.4–0.5 (Fig. 5(a)) after three OER
cycles with respect to the number of charge generating sites in
base CVs. Their oxidation (deprotonation/dehydration) during
the OER induces a proportional intrinsic kinetic activity decay.

Such a behavior resembles poisoning/blocking phenomena and
can be represented by a (1 � y) pre-exponential term (i = io(1 �
y)10Z/b, where b is the Tafel slope), where y = Dq/q, in the
context of Tafel-like kinetics. The increasing population of m2-O
species during the OER indicates that their deprotonation
extends within the bulk OER potential region, in accordance
with potentiodynamic XAS,52 also involving the transport of
subsurface H+/H2O, as suggested by electrogravimetry (Fig. 3(c),
4(b) and Fig. S11, ESI†). The m2-O species are computed to
possess a radical characteristic,22 hence favoring an electro-
philic attack by H2O molecules and the O–O bond
formation.24,29,52 These species appear to be OER active until
they are fully oxidized, resulting in the recoverable, upon their
protonation, activity decay. An alternative plausible mecha-
nistic scenario, based on DFT calculations that predict that
the m1-O surface species (O-species single coordinated with Ir
atoms, Ir–O, simplified scheme in the inset of Fig. 7 further
below) are more active,22,24,52,55 may be considered. The
hydrated m2-OH(H2O)x species act as H2O reservoirs for the
OER to proceed by the active sites, so that the degree of
hydration tunes the OER activity, while the OER itself regulates
the degree of hydration/dehydration of the Ir oxide.

Deactivation under potentiodynamic OER conditions over time

In order to understand the link between the activity decay and
the charge growth with time under potentiodynamic OER
conditions, the fractional activity loss at 1.5 V, RHE, observed
during three and ten OER cycles (ca. 1.5 h, Fig. 2(a)), is plotted
in Fig. 6 against the number of OER cycles, along with the
respective charge fractions, measured subsequently to the OER.

Despite the limited number of data points of the fractional
charge, they accord with the fractional activity loss. When both
quantities are plotted vs. time in the logarithmic scale with an
initial time, the current sampling time after reaching 1.5 V,
RHE (1.6 s, see Fig. S19 and respective discussion in the ESI†),
the apparently linear fractional activity decay on log t includes
the first OER anodic sweep, suggesting log t dependent frac-
tional deactivation (inset in Fig. 6), which is accompanied by an
almost 1 : 1 fractional charge growth. The excellent match
implies that the latter quantity also grows linearly with log t,
at least in the timespan of the present potentiodynamic OER
measurements (1.5 h max.), resembling a direct log t dependent
charge growth rate. Direct log t dependencies have been long
observed in chemisorption56,57 and the formation and exten-
sion of oxide films on metals.58,59 The presented results are in
favor of a restructuring process, which involves the progressive
oxidation and growth of the m2-O population, concomitant to
the dehydration of the close to the surface oxide network, under
potentiodynamic OER conditions.

De-/re-activation under potentiostatic operation

To further understand the growth of the cathodic charge with
time under OER conditions, potentiostatic interims at iR
compensated 1.575 V, RHE, were adopted at different durations
from 10 s to 3 h, each one followed by CV without the current
interruption down to 0.4 V (Fig. 1(b)), and consecutively to

Fig. 5 (a) Cumulative excessive fractional cathodic charge (black squares,
left y-axis), passed during multiple linear ramp CV cycles after the poten-
tiodynamic OER, vs. the LPL. Lines display the excessive charge fraction of
the first cathodic sweeps down to 0.4 V for two catalyst loadings (10,
dashed, and 20 mg IrOx cm�2, solid line). Regeneration fraction in the OER
sweeps subsequent to regenerative CVs (red circles, right y-axis). The
dashed rectangle denotes the fractional activity decay with the standard
deviation in three potentiodynamic OER cycles. (b) Regeneration fraction
against the excessive fractional charge. The dotted line has a 451 slope,
passing through the origin. Data from (a), ramp CVs, filled symbols, and
Fig. S15 (ESI†), staircase CVs, hollow symbols, and respective linear
regressions (solid and dashed lines).
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0.04 V. Representative CVs after 30 and 8000 s are shown in
Fig. 7, along with a CV acquired after three potentiodynamic
OER cycles, interrupted at 1.45 V cathodic and 3 s at OCP,
measured concomitant to the stationary/regenerative interims.
The full set of CVs is presented in Fig. S20 (ESI†).

When the potential is swept cathodic to low potentials
without the current interruption, regardless of the time spent
at 1.575 V, a high potential peak emerges (41.3 V, RHE), which
is not appearing after interrupting the OER (Fig. 2(b), 4(a) and
7; the influence of time at OCP is displayed in Fig. S6, ESI†).
This is an indication that the associated species are discharged
fast in the absence of applied bias. Similar spectroscopic
evidence has been provided for the m1-O species (the inset in
Fig. 7).52 Hence, the high potential peak is tentatively attributed
to the reduction/protonation of the m1-OI� oxyl species, which
are formed during the OER,24,25,29,51,52 and the reduction of the
associated Ir centers. It is noted that edge Ir sites, expected to
be abundantly present in the semi-crystalline IrOx studied
herein,8,44,60 are able to accommodate lower oxidation states
than bulk Ir centers, due to their under-coordination. Both
cathodic peaks, i.e. the population of m1-O and m2-O species,
grow with time under OER conditions (Fig. 7). The low potential
cathodic peak displays a positive potential shift with time,
whereas the high potential peak progressively shifts negatively
by up to 100 mV. The protonation of the m2-O species is not
hindered with their population growth, whereas an increasing
irreversibility in the reduction of the m1-O moieties is exerted
under stationary OER conditions at long times.

The respective chronoamperograms, preceding CVs in
Fig. 7, are presented in Fig. 8(a), vs. time in the logarithmic
scale, with the current density normalized over the base CV
charge, assessed prior to each current transient (Fig. 1(b)). The
curves are complemented by similar measurements performed

with the eQCM flow cell, but at a slightly lower potential of
1.55 V, RHE. Both potential values are located at the bent part
of the polarization curves (Fig. 2(a)), hence representing con-
ditions of appreciable coverage by reaction intermediates.61,62

Again, the log t dependent OER activity decay is discerned, with
a change in the slope at ca. 5–10 min, marked with a vertical
dashed line in Fig. 8(a). Meanwhile, all curves fairly overlap in
their common dwells, with the only exception of the lower
intrinsic activity displayed in the last current transient (curve
5), performed after a preceding 1.1 h hold, which accords with
the increasing irreversibility in the reduction of the m1-O
species with time (Fig. 7 and Fig. S20, ESI†).

The charge ratios of the first cathodic sweep following
potentiostatic operations over that of the third cathodic sweep
(e.g. Fig. 7 and Fig. S20, ESI†) are also plotted in Fig. 8(a). This
normalization neglects the charge growth due to the upper
potential limit (1.55 or 1.575 V, Fig. 1(b)), as we are interested in
the influence of time in the charge growth, but also excludes
charge losses. Almost the same slope is observed in the charge
growth against log t in all measurements, irrespective of the cell
and the applied potential. A similar behavior is observed in the
growth and extension of oxide layers over broad potential
ranges.59 In an effort to decipher the possible reasons for the
intensive activity decay under stationary OER conditions
(Fig. 8(a)), the distinct reducibility behavior of the m-O species
with regard to potential and upon current interruption (Fig. 4
and 7) is considered in the de-convolution of the m1-O reductive
charge contributions from the remaining charge portion. The
first cathodic sweeps, after interrupting the potentiodynamic
OER at 1.45 V, are used as descriptors of the charge contribu-
tions related to the protonation of the m2-O species (Fig. 2(b),

Fig. 6 Fractional activity loss (black symbols, left-y axis), assessed on the
anodic portion of potentiodynamic OER against the number of cycles
(data from Fig. 2(a) and Fig. S18, ESI†). The fractional charge grown during
the OER sweeps (Fig. 2(b) and Fig. S2, ESI†) is embedded (red symbols,
right-y axis). (Inset) Same plotted against time in the logarithmic scale and
respective linear fits.

Fig. 7 Exemplary staircase CVs (sampling parameter a = 0.3) after 30
(black) and 8000 s (red) at 1.575 V iR compensated without the current
interruption, complemented with a CV after the potentiodynamic OER and
the current interruption at 1.45 V cathodic (blue). RDE, 50 mV s�1,
50 mg IrOx cm�2 nominal loading. The inset displays a simplified view of
surface atop O species, m1-O, with the Ir center represented with a
coordination number of six. It is noted that edge Ir sites will be likely
under-coordinated, thus accommodating lower valence than bulk Ir sites.
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4(a) and 7). An example of the de-convolution procedure is
shown in Fig. S22 (ESI†).

The m1-O and m2-O redox active fractions normalized to the
base CV charge (0.4–1.45 V, RHE) are displayed in Fig. 8(b),
against the time of the preceding stationary interim in the
logarithmic scale, along with their ratio for the two repeats with
the RDE. Both grow linearly with log t, giving a relatively
constant m1-O/m2-O species ratio (E0.15), albeit up to a critical
time (0.5–1 h), marked with vertical dashed lines for the two
repeats in Fig. 8(b). At longer times, the population of the m2-O
species increases more steeply, at the expense of the m1-O
population, without distorting the overall charge linearity on
log t (Fig. 8(a)). The conversion of the m1-O to m2-O species at
long times, with a simultaneous negative potential shift of the
reduction of the m1-O species, is accompanied by an irreversible

deactivation (curve 5 in Fig. 8(a)), which persists in potentio-
dynamic OER measurements performed subsequently to sta-
tionary interims and regenerative CVs down to 0.04 V (Fig. S23,
ESI†).

Accounting for the 1 : 1 correlation between the growth of
the m2-O species and the recoverable intrinsic deactivation
under potentiodynamic OER conditions, a breakdown of the
deactivation in stationary operation is attempted (Fig. S24,
ESI†). From an overall 85% charge normalized activity decay
(Fig. 8(a)), 32% recoverable deactivation is attributed to the
growth of the m2-O population, while an additional 13% is
irreversible (Fig. S23 and S24, ESI†). The latter value almost
coincides with the fractional difference between the linearly
projected against log t m1-O population before their decay from
that measured after the longest stationary interim (10.9%).
A remaining portion of 40%, roughly half of the overall activity
decay, is also recoverable and may be attributed to the influ-
ence of micro-bubbles grown under stationary conditions.30 It
is noteworthy that the population of the m1-O species is
doubled up to the critical time with respect to that in the
shortest stationary interim (Fig. 8(b)). Although a similar to the
m2-O induced recoverable deactivation might be also envisaged
with the increasing with time m1-O population, detailed
potential and time dependent measurements are required in
order to assess the influence of the growth of the m1-O species
on the OER activity, which is matter of subsequent work.

The log t dependent increase of the m1-O and m2-O popula-
tions with time (Fig. 6 and 8) indicates a decelerating deproto-
nation/dehydration process under OER conditions (Fig. 3(a)).
The depleted H+/H2O are partially replenished during cathodic
sweeping down to 1.3 V during the potentiodynamic OER that
results in the reprotonation of the m1-O species, whereas
significantly lower potentials are required for the protonation
of the m2-O species and the hydration of the subsurface oxide
matrix (Fig. 4 and 5). In contrast, under stationary OER condi-
tions, the IrOx structure is continuously depleted of H+/H2O,
resulting in an intensive activity decay (Fig. 8(a)). The direct
log t dependence in the growth of m1-O and m2-O populations
suggests a close link between the OER and IrOx oxidation, in a
similar manner to that in the oxidation of metals,58,59 involving
both Ir and O centers and the transport and consumption of
subsurface H+/H2O.44 This process can be reverted upon excur-
sing the potential to low values (r0.4 V) that fully restores the
intrinsic activity. However, uninterrupted OER polarization for
long times results in the conversion of the m1-O to m2-O species
(Fig. 8(b)), a sign of irreversible condensation of the hydrous
IrOx structure towards a denser H2O-free form that displays
lower intrinsic activity. Ab initio thermodynamic calculations
indicated that faceting to the less active (111) IrO2 surface is
favorable at high potentials,63 a surface that is richer in m2-O
species than the more active (110) terminations.29 Such surface
reconstructions will even more involve the abundantly present
under-coordinated Ir sites, which gradually will transform into
surface terminations with lower surface energy. It is noteworthy
that the formation of surface crystalline domains has been
observed in a dynamically operated PEMWE.8 The critical time

Fig. 8 (a) Charge normalized activity at two iR compensated potentials
(legend in the figure) with the eQCM flow cell (black) and the RDE (grey) vs.
time in the logarithmic scale (left y-axis). Examples with as measured
current in Fig. S21 (ESI†). The numbers refer to the duration of the current
transients (1: 90 s, 2: 500 s, 3: 1500 s, 4: 4000 s, 5: 8000 s). The charge
ratio of the first cathodic sweep after each chronoamperogram over that
of the third cathodic sweep (right y-axis); the eQCM flow cell (red squares),
the RDE from Fig. S20, ESI† (orange solid circles) and a repeat experiment
with a LPL of 0.4 V (orange hollow circles). (b) m1-O (filled) and m2-O
(hollow symbols) charge fractions normalized to the base CV charge (0.4–
1.45 V), measured after each CA/CV sequence (left y-axis), and their ratio
(right y-axis) vs. the time of the preceding CA in the logarithmic scale. The
two repeats with the RDE differ in the LPL of the regenerative CVs (0.04 V,
squares, and 0.4 V, triangles).
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for the prevalence of condensation is longer the lower the
potential in the regenerative CVs (0.04 vs. 0.4 V, Fig. 8(b)), i.e.
the more intensive the IrOx reduction, suggesting a dynamic
IrOx reconstruction in response to potential modulations.63

Stability trends under potentiodynamic and potentiostatic
conditions

It is important to decipher the penalty of applying the restruc-
turing regenerative procedure, in view of the mass loss
observed during the regenerative CVs (Fig. 3 and 4) and the
transient dissolution reported for Ir surfaces.16 The accumu-
lated dissolved Ir mass in a potentiodynamic regeneration
experiment with the RDE half-cell is presented in Fig. 9(a),
along with the potential profile, vs. the experimental time. After
1 h base CVs, the amount of dissolved Ir detected by ICP-MS is
only 1.23 ng, corresponding to 0.064% mass loss, equivalent to
ca. 0.5% of a ML (calculations in the ESI†). This mass loss is
accompanied by a slight charge increase (Fig. S25, ESI†). A
slight roughening of the IrOx particles and/or an effect on the
surface chemistry, e.g. via amorphization, induced by the
repetitive potential cycling, may be suggested. As soon as
the potential is driven into the OER region (2 mV s�1, 1.69 V,
RHE maximum potential), Ir dissolution enhances (Fig. 9(a)
and Fig. S9, ESI†). Ca. 0.05 ML of IrOx dissolved, one order of
magnitude higher than that dissolved after 1 h base CVs.

The amount of Ir dissolved during the first three potentio-
dynamic OER cycles in three different experiments is propor-
tional to the respective initial CV charges (Fig. S27, ESI†) and
hence to the catalyst loading. Furthermore, as the charge
profile over time follows closely that of the dissolved Ir
(Fig. S25, ESI†), the latter is normalized against the CV charge
(dissolved Ir mass/QCV, in g C�1), assessed at the specific or the
closest time of electrolyte sampling. Proportionality between
the charge and the active surface area is assumed, a condition
likely fulfilled at least under potentiodynamic OER conditions.8

The differential of the dissolved Ir mass normalized to the base
CV charge over the time under OER conditions (dissolved Ir
mass/QCV/tOER, in g C�1 s�1) represents the average intrinsic Ir
dissolution rate, neglecting the influence of cathodic Ir dis-
solution at low potentials (one order of magnitude lower mass
losses, Table 1). The charge and time under the OER accounted
for potentials greater than the apparent OER onset (1.45 V,
RHE, Fig. 2(b), 3(b) and Fig. S9, ESI†). The average of the values
deduced by different OER sweeps is reported in Table 1, along

with their span (ca. 4–10 � 10�9 g C�1 s�1). The intrinsic
dissolution rate increases with the number of the potentiody-
namic OER/regeneration sequences (blue triangles in Fig. 9(a)).
Furthermore, the re-protonation/hydration of the IrOx structure
(Fig. 3) is accompanied by mild Ir dissolution, evaluated by
collecting the electrolyte outlet of a flow cell with a large active
area in a batch mode (Table 1). A structural amorphization
imposed by cycling to low potentials is suggested that weakens
the IrOx structure, making it more vulnerable to dissolution.

Meanwhile, as shown in Fig. 9(b), the average intrinsic
dissolution rate during the potentiostatic operation is of the
same order (3.51 � 10�9 g C�1 s�1) in the first few interims with
short dwell times (up to 500 s) and progressively decreases with

Fig. 9 (a) Potential profile (left y-axis) vs. time of a representative poten-
tiodynamic experiment (Fig. 1(a)). Accumulated dissolved Ir mass in the
electrolyte (red right y-axis) and average intrinsic Ir dissolution rate (blue
right y-axis), vs. the experimental time. (b) Average intrinsic Ir dissolution
rate vs. the time of the potentiostatic OER/regeneration experiment in
Fig. 8 (left y-axis). Differential of the dissolved Ir mass over the integral
charge passed during the OER (right y-axis). The different operating
interims are mentioned in the figure. The respective potential and current
profiles are shown in Fig. S26 (ESI†).

Table 1 Dissolved Ir mass and percentage with regard to the nominal Ir loading, the average intrinsic dissolution rate and stability number for different
operating schemes. The values in parentheses represent the lower and upper bounds of different measurements (10–50 mg IrOx cm�2)

Operating mode Dm (ng) Dm/min(%) m Ir dissolved/Qcv/tOER (g C�1 s�1) � 10�9 Stability number (mole O2/mole Ir) � 104

OER sweeps 25.8 (6.5–57.2a) 0.37 (0.007a–0.68) 6.36 (3.96–9.76) 5.45 (4.13–7.5)
Short CA/CVs (r 500 s) 13.3 (9–17.3) 0.17 (0.13–0.2) 3.55 (3.51–3.58) 3.59 (3.22–3.95)
Long CA/CVs (4 500 s) 17.2 (6.9–27.6) 0.22 (0.1–0.32) 0.96 (0.38–1.53) 9.82 (5.43–14.2)
CVs to 1.575 V 2.3 (1.2–3.3) 0.026 (0.014–0.04) 26.2 (14.5–37.9) 0.235 (0.13–0.34)
CV after OER sweeps 27.1a 0.0054a — —
Base CVsb 6.6 (0.4–16.1a) 0.041 (0.003a–0.13) — —

a Measurements with a flow cell with a high active area (5 cm2, 100 mg IrOx cm�2). b Total amount; number of CV cycles (Z3) are not accounted.
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the increasing dwell time down to one order of magnitude
lower values (3.81 � 10�10 g C�1 s�1 for 3 h dwell, Table 1 and
Fig. S28, ESI†). The stabilization of the IrOx structure is
accompanied by almost one order of magnitude activity decay
(Fig. 8(a)). The log t dependent OER induced deprotonation/
dehydration process (Fig. 3 and 4) propagates towards the bulk
and gradually transforms the hydrated structure to a more
condensed crystalline oxide,13,64,65 via an electro-crystallization
process,66 resulting in a less active, but more resistant to the
dissolution oxide rigid structure. The reductive regeneration
reconstructs the m2-O sites, formed during the extended sta-
tionary OER, back into m1-OH or m1-H2O at low potentials,
inevitably involving bond breaking that is accompanied by mild
dissolution.

As a stability metric that accounts for both Ir dissolution and
O2 generation, the ratio between the dissolved Ir mass over the
charge passed under OER conditions (e.g. see Fig. S26b in the
ESI†) is depicted in Fig. 9(b) for the potentiostatic experiment
with a LPL of 0.04 V (Fig. 8). The respective data from the repeat
experiment are shown in Fig. S28 (ESI†). This parameter is
proportional to the reciprocal of the stability number (mole O2

produced/mole Ir dissolved).19 The stability numbers for dif-
ferent operating schemes are reported in Table 1, being in line
with the literature.19,33 The following are deduced from
Fig. 9(b), Fig. S28, ESI† and Table 1. (i) The reciprocal of the
stability number during the stationary operation with short
dwells exceeds that assessed in the potentiodynamic OER, but
not significantly. Low potential excursions may be beneficial
for restoring the activity, but at the expense of Ir dissolution,
which intensifies upon re-entering to OER potentials.16 This is
confirmed by the one order of magnitude higher values, when
the electrolyte sampling evaluates only the regenerative CVs
(1.575 to 0.4 and 1.4 to 0.04 V, Fig. 9(b) and Table 1). (ii) The
reciprocal of the stability number in the potentiodynamic OER
is 2–2.5 times higher than that during the extended stationary
dwells (Fig. 9(b)), with the latter increasing by a factor of 1.5 (�
0.1) when low potential excursions are involved (Fig. S28, ESI†).
These values are not prohibitive for applying the regenerative
low potential excursions, as long as the frequency of the
potential modulations is maintained relatively low.

Conclusions

The OER induced deactivation and the regeneration of activity
upon the electrochemical reductive treatment of a current state-
of-the-art commercial IrOx catalyst were investigated using RDE
and eQCM in half-cell configurations and acidic media. A direct
log t dependent charge growth that is traced at potentials below
ca. 1.1 V, RHE, is observed under potentiodynamic OER condi-
tions, accompanied by a 1 : 1 fractional deactivation, which is
ascribed to the deprotonation/dehydration of m2-OH(H2O)x and
subsurface species during the OER. Their re-protonation/hydra-
tion upon electrochemical reduction (r0.4 V, RHE) fully
restores the activity, but at the expense of the mild material
loss via dissolution. Meanwhile, the inherent instability

towards OER induced Ir dissolution, associated with the reduc-
tive regeneration, suggests a restructuring (amorphization)
imposed by the regenerative treatment.

On the other hand, the extended stationary operation
induces irreversible intrinsic deactivation, which becomes
apparent after a critical time in the order of 0.5–1 h, after
which an accelerated log t dependent growth of the m2-O
species sets in, at the expense of m1-O species, but in a manner
that the overall charge linearity on log t is preserved. This
irreversible process comes along with an enhancement in
stability, roughly proportional to the activity decay. The
hydrated IrOx structure gradually transforms to a more con-
densed crystalline oxide that results in a less active, but more
resistant to dissolution, rigid network. These results not only
demonstrate the dynamic nature of the IrOx chemistry and
structure in response to the electrochemical potential modula-
tions, but also indicate the fact that the OER regulates the
hydration degree of Ir oxides depending on the starting phase,
e.g. by dehydrating hydrous structures and hydrating thermally
prepared anhydrous oxides.66 It is imperative to validate this
view by thoroughly investigating the interplay between OER,
catalyst oxidation and dissolution, since all three phenomena
are interrelated, but are expected to display distinct kinetics
and dependence on the potential and current density, a matter
of subsequent work.

The beneficial role of the dynamic operation in restraining
the kinetic deactivation of PEMWE IrOx based anodes is high-
lighted. However, stability concerns arise for the next-
generation nanostructured IrOx catalysts. This work aids in
the development of a deactivation metric suitable for digital
data analysis and serves as a descriptor for the interplay
between the electrocatalyst and operating mode.

Author contributions

Georgios Papakonstantinou: conceptualization, methodology,
formal analysis, investigation, writing – original draft, writing –
review and editing, and visualization. Ioannis Spanos: concep-
tualization, methodology, formal analysis, investigation, writ-
ing – review and editing, and visualization. An Phuc Dam:
investigation and writing – review and editing. Robert Schlögl:
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Nomenclature

CA Chronoamperometry
CV Cyclic voltammetry
ECSA Electrochemical surface area
EIS Electrochemical impedance spectroscopy
eQCM Electrochemical quartz crystal microbalance
ICP-MS Inductively coupled plasma mass spectrometry
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ICP-OES Inductively coupled plasma optical emission
spectroscopy

LPL Low potential limit
OCP Open circuit potential
OER Oxygen evolution reaction
ORR Oxygen reduction reaction
PEMWE Proton exchange membrane water electrolyzer
RDE Rotating disc electrode
RHE Reversible hydrogen electrode
b Tafel slope, V dec�1 of current
E Potential, V
i Current density, A cm�2 geometric area
io Exchange current density, A cm�2 geometric area
i/q Charge normalized current density, s�1

m Mass, g or mg or ng
Q Charge, C
q Charge per geometric area, C cm�2

t Time, s
u Sweep rate, V s�1

Dm Mass change, g
DmIr Differential mass of dissolved Ir, g
Dq/q Fractional excessive charge passed during CVs after

OER
DQOER Total charge during the OER, C
a Sampling parameter in staircase CVs
Z Overpotential, V
y Coverage
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J. Am. Chem. Soc., 2017, 139, 12093–12101.
61 E. Gileadi, Adsorption in Electrochemistry (Ch. 1) in Electro-

sorption, Plenum Press, New York, 1967, pp. 1–18.
62 A. P. Dam, G. Papakonstantinou and K. Sundmacher, Sci.

Rep., 2020, 10, 14140.
63 D. Opalka, C. Scheurer and K. Reuter, ACS Catal., 2019, 9, 4944–4950.
64 O. Kasian, S. Geiger, T. Li, J.-P. Grote, K. Schweinar,

S. Zhang, C. Scheu, D. Raabe, S. Cherevko, B. Gault and K.
J.-J. Mayrhofer, Energy Environ. Sci., 2019, 12, 3548–3555.

65 Z. Pavlovic, C. Ranjan, Q. Gao, M. van Gastel and R. Schlögl,
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