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A molecular catalyst for water oxidation that
binds to metal oxide surfaces
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Molecular catalysts are known for their high activity and tunability, but their solubility and

limited stability often restrict their use in practical applications. Here we describe how a

molecular iridium catalyst for water oxidation directly and robustly binds to oxide surfaces

without the need for any external stimulus or additional linking groups. On conductive

electrode surfaces, this heterogenized molecular catalyst oxidizes water with low

overpotential, high turnover frequency and minimal degradation. Spectroscopic and

electrochemical studies show that it does not decompose into iridium oxide, thus preserving

its molecular identity, and that it is capable of sustaining high activity towards water oxidation

with stability comparable to state-of-the-art bulk metal oxide catalysts.
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E
conomic and environmental concerns raised by the
extensive use of fossil fuels have made alternative energy
sources more attractive1. Renewable sources are particularly

promising owing to their environmental sustainability and
potential for widespread availability. However, there are a
number of problems that need to be addressed before
renewable energy can be used on a global scale2. Chief among
these is the lack of reliable methods of concentrating and storing
energy on a large scale, since numerous renewable energy sources,
including solar and wind, are intermittent and diffuse. Towards
this end, the generation of renewable fuels, in which electricity
generated by renewable means is stored in the chemical bonds of
a suitable fuel, has become a critically important area of research3.
In one scheme for the formation of renewable fuels that mimics
photosynthesis in plants, protons and electrons are extracted
from water by electrochemical oxidation to be used for fuel
formation, liberating O2 as a byproduct4. The efficient generation
of such renewable fuels, therefore, necessitates the development of
efficient, fast and stable water-oxidation catalysts (WOCs).

Of the extensive library of available WOCs, molecular species
show promise because of their high activity and tunability, as well
as their ability to be integrated into sophisticated molecular
assemblies5–12. Their major drawback is their limited stability,
with the best homogeneous systems providing turnover numbers
in the thousands13–15 to tens of thousands16. This problem is
particularly pronounced for electrode-driven WOCs, which often
decompose to less active materials under moderate applied
potentials17,18. Building on the success of different hetero-
genization strategies for homogeneous catalysts in organo-
metallic, inorganic and surface chemistry19–27, immobilization
of molecular WOCs on electrode surfaces has been sought to
overcome this28–30. However, in the case of an electrode-driven
WOC, the ligand anchoring the catalyst to the electrode surface
must display a high degree of oxidative stability, which is not
always the case31. Methods that alter the electrode surface,
including deposition of coating layers of TiO2 after catalyst
adhesion have been shown to assist in solving this issue32.
However, to date, no system has fully succeeded in combining the
high efficiency and tunability of a molecular catalyst that contains
a single, well-defined catalytically active site (single-site)33 with
the durability and stability of a bulk material in a heterogeneous
electrocatalyst for water oxidation.

In a recent report34, we identified highly active homogeneous
WOCs that are formed by the oxidative removal of Cp*
(pentamethylcyclopentadienyl, C5Me5

� ), an organic placeholder
ligand, from well-studied Cp*Ir based precursors35,36. The
compounds that form from these precatalysts all possess a
single bidentate chelate ligand37 per iridium that is oxidatively
stable and prevents the formation of IrOx-based films38 or
nanoparticles39 under oxidative conditions. In contrast, Cp*Ir
precursors lacking a stable bidentate ligand anodically deposit
amorphous IrOx on electrodes to give a heterogeneous WOC
referred to as ‘blue layer’ (BL)38. This BL, hydrated IrOx

nanoclusters40, and the homogeneous WOCs formed by the
oxidative activation of our organometallic iridium precursors41,42

all display a characteristic deep blue colour in their oxidized form,

owing to an absorption feature near 600 nm. This has caused
confusion about the identity of the active species in these
systems34,39; thus, in the following we refer only to the activated
form of the molecular iridium catalyst as the hom-WOC.

In this study, we report the heterogenization of the hom-WOC
to form a surface-bound, ligand-modified iridium electrocatalyst
for water oxidation in acidic solutions. On self-adhering to the
surface of a metal oxide at room temperature, a molecular
monolayer of the catalyst is formed, which possesses higher
activity than the bulk material analogue, IrOx. We show that this
heterogenized molecular catalyst remains bound to the surface
after extended use, eliminating the need for any linking moieties,
while retaining its molecular identity and ligand-based tunability.

Results
Catalyst preparation and heterogenization. In the pursuit of
combining the high efficiency of the molecular hom-WOC with
the stability of bulk metal oxides, we found that when an oxide
material is immersed in an aqueous solution of the hom-WOC,
the material rapidly and irreversibly chemisorbs some of the blue-
coloured complex from the solution (we refer to this supported
heterogeneous complex as the het-WOC). The dinuclear struc-
tures shown in Fig. 1 are based on the characterization data
reported in this paper and on the prior work on the homogeneous
analogue (hom-WOC)34,41. These structures are consistent with
the available data, but are not intended to be definitive.

In contrast, the hom-WOC does not bind to noble metals that
do not form a native oxide layer such as Au or Pt41. To further
probe the electrochemical and spectroscopic properties of the het-
WOC, we moved to high surface area transparent conductive
electrodes consisting of mesoporous films of tin-doped indium
oxide nanoparticles (nanoITO)43 on fluorine-doped tin oxide
(FTO)-coated glass slides. A solution of the hom-WOC bearing a
2-(20pyridyl)-2-propanolate (pyalc) bidentate ligand, previously
characterized as [Ir(pyalc)(H2O)2(m-O)]2

2þ , was prepared from
[Cp*Ir(pyalc)OH] and NaIO4 using established methods34. On
immersion, catalyst binding to the nanoITO surface is rapid, self-
limiting and does not require any external driving force such as
photons or an applied potential (Fig. 2a). Control experiments
show that the removal of the organometallic placeholder ligand
from the precursor is required for surface binding to occur in all
the cases (Supplementary Figs 1–4). Formation of a molecular
monolayer is complete in 2 h at room temperature, with negligible
absorption changes being observed at later times (Fig. 2b). Even
after thorough rinsing with deionized water, the catalyst is not
washed off the surface. Transmission electron microscope (TEM)
and scanning electron microscope (SEM) images of the electrode
indicate that no nanoparticulate deposits are formed, and energy-
dispersive X-ray spectroscopy (EDX) measurements confirm the
presence of iridium on the electrode surface without any traces of
iodine or sodium from the NaIO4 used to produce the hom-WOC
in solution (Supplementary Figs 5–8).

The hom-WOC absorbance peak at 608 nm in solution blue
shifts to 580 nm in the het-WOC formed on binding to nanoITO
(Fig. 2d), both being distinct from electrodeposited IrOx
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Figure 1 | Formation of the hom-WOC and proposed molecular structure for the adsorbate. Oxidation of the [Cp*Ir(pyalc)OH] precursor (left) to form

the [Ir(pyalc)(H2O)2(m-O)]2
2þ hom-WOC (middle) and heterogenization at room temperature (r.t.) to form the het-WOC (right) is shown.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7469

2 NATURE COMMUNICATIONS | 6:6469 | DOI: 10.1038/ncomms7469 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


shift that occurs during catalyst heterogenization is similar to that
previously observed for the reversible deprotonation of bound
water ligands34. Along with the fact that the catalyst remains
bound to the surface after repeated washing, this suggests
chemical binding rather than mere physisorption. Both the pH
and the concentration of iodate in the hom-WOC solution have
pronounced effects on the rate of binding (Supplementary Fig. 9).
As the pH of the solution is decreased, the rate of catalyst binding
increases. Similarly, when the pH of the solution is increased, the
rate of catalyst binding decreases, demonstrating that the catalyst
binds faster when retaining aqua ligands rather than more
strongly coordinating hydroxo ligands, consistent with a water
displacement mechanism. These sites are also rapidly exchanged
with the anion present in solution, iodate, which can also act
as a ligand44. Consistently, we found that an increase in
iodate concentration inhibits surface binding; however, a low
concentration of iodate is required for heterogenization. When
Cp*Ir precatalyst activation to form the hom-WOC is performed
electrochemically41, surface binding does not occur unless iodate
is present in the solution. Electron paramagnetic resonance
spectroscopy of the het-WOC showed no signals that would be
expected for monomeric IrIV species on the surface45, while X-ray
photoelectron spectroscopy (XPS) proves that iridium is indeed
present in the IrIV state (Supplementary Fig. 10)46–48. This is also
the case for the hom-WOC in solution, indicating that the
catalyst is still in dimer form when bound to the surface.

The absorbance peak at 580 nm is still evident after the elec-
trode is immersed in aqueous solution in a spectroelectrochemical

cell (Fig. 2e, Supplementary Figs 11–13). In this experiment, the
catalyst-coated nanoITO working electrode forms a circuit with
an Ag/AgCl reference electrode and a platinum counter electrode.
We then vary the potential applied to the working electrode to
induce reversible changes in the oxidation state of iridium in
the het-WOC while collecting ultraviolet–visible spectra.
Importantly, the catalyst remains bound to the electrode not
only in its native IrIV state, but also in its reduced oxidation state,
presumably IrIII, as well as the catalytically active state,
presumably IrV, from which oxygen evolution is observed49,50.

The stability and versatility of the het-WOC is shown by its
irreversible adhesion when exposed both to acidic and basic aqueous
solutions (pH values ranging from 1–12) and to numerous organic
solvents, including CH2Cl2 and MeCN. Only repeated washing
under highly alkaline conditions (pH413) was found to remove the
het-WOC from nanoITO, resulting in a clean electrode surface. The
catalyst also adheres rapidly to different nanostructured metal oxides
that are commonly used as photoanodes for light-driven water
oxidation, including TiO2 and WO3 (Supplementary Fig. 14)51,52.

Water-oxidation performance and stability. The het-WOC
maintains its activity for oxygen evolution with chemical oxidants
(Fig. 3a, Supplementary Fig. 15) compared with that previously
observed34 for the hom-WOC in solution. Most importantly,
however, the het-WOC shows exceptional activity when driven
electrochemically. Cyclic voltammograms (CVs) in an oxygen-
saturated solution of 0.1 M KNO3 in water at pH 2.6 (Fig. 3b,
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Figure 2 | Spectroscopic characterization of the het-WOC on nanoITO electrodes. (a) Optical density (O.D.) spectra of an electrode measured after

increasing the amounts of time immersed in hom-WOC solution at room temperature. Between each measurement, the electrode was washed thoroughly

with deionized water. (b) Increase of O.D. at 580 nm for the electrode as a function of immersion time, error bar shows the largest measured deviation in

optical density across 3 samples after further immersion for 24 h. (c) Photograph of an electrode before (left side of panel) and after (right side of panel)

immersion in hom-WOC solution for 2 h. (d) Comparison of the spectra of the catalyst on the surface (red) to the catalyst in solution (blue) along with IrOx

electrodeposited on nanoITO (grey). (e) Spectroelectrochemical response of the electrode showing reversible transitions between IrIII (black) and IrIV (red)

oxidation states, as well as under turnover conditions (purple). The absorption feature at 580 nm is characteristic of IrIV, and the highly simplified legend on

the right shows the potentials applied to reach these oxidation states. Inset is a photograph of the electrode under turnover conditions (1.4 V versus NHE,

pH 2.6) corresponding to the spectrum in purple.
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Supplementary Fig. 16) show reversible IrIII/IrIV charging
features with E1/2¼ 0.75 V versus the normal hydrogen
electrode (NHE), as well as reversible water oxidation/oxygen
reduction similar to traditional iridium oxides, but lacking a
redox feature that has been assigned to the oxidation of IrIV to IrV

(ref. 53). The onset of the water-oxidation catalytic wave occurs at
a distinctively lower potential than the IrIV/IrV redox couple in
IrOx samples prepared by different means54 and, thereby,
obscures the IrIV/IrV charging feature. Drawing a parallel to
previously suggested mechanisms for Ir-catalysed water
oxidation36,49,50, we postulate that this is a direct result of this
catalyst’s highly active IrV state, which along with the high
electroactivity of the molecular iridium compound on the surface,
allows for water oxidation at low overpotentials. Specifically,
integration of the IrIII/IrIV wave and comparison with the total
iridium loading derived from ultraviolet–visible measurements
demonstrates that 490% of iridium on the electrode is
electroactive, as is expected for a molecular monolayer55.

Previously, we reported that the organometallic precursor
complexes used to form the hom-WOCs by oxidative activation
do not show any activity for electrode-driven water oxidation41.
We also find that they do not self-adhere to oxide surfaces.
Comparing both the activated forms, the kinetics of water
oxidation appear to be different between the hom-WOC and the
het-WOC: the H/D kinetic isotope effect (KIE) of 2.01 for the
hom-WOC differs significantly from the KIE of 1.0 found for the
het-WOC, when run at potentials below the appearance of mass-
transport related effects at the electrode surface (Supplementary
Fig. 17). This suggests that different rate-limiting steps are applied
to each. The KIE of unity for the het-WOC may indicate that the
rate-determining step is electron transfer from the Ir centres in
the catalyst to the metal oxide scaffold, rather than any step
involving water. KIEs that are close to 1 for similar reasons have
been seen for iridium oxide colloids and related materials36,56.

In comparison with bulk IrOx species, one advantage of using
single-site surface-bound molecular catalysts for water oxidation
is accurate control of electrode overpotential by tuning the
scaffold surface area, thereby changing catalyst loading. By
increasing the nanoporous film’s thickness, the overpotential of
the electrode at specific current densities can be decreased
(Fig. 4). For example, typical 3-mm-thick nanoITO films require
an overpotential of 275 mV to attain a catalytic current of
0.5 mA cm� 2, whereas 18-mm-thick films require o160 mV.
Although limited tunability of the number of active sites in bulk
or nanostructured WOCs prevents direct comparison, we are not
aware of any lower overpotential values reported in the literature

for this current density. Standardized benchmarking experiments
comparing the het-WOC to IrOx show that the het-WOC
possesses a lower overpotential for water oxidation in all cases
(Supplementary Fig. 18)57. However, any comparison between
single-site molecular species and bulk heterogeneous catalysts is
complicated because of the difficulty of determining the turnover
rates per metal atom in bulk materials needed to accurately gauge
the relative activity on a fair basis.

To further investigate the het-WOC mechanistically, Tafel
plots of catalytic currents were made over a range of pH and
buffer conditions (Fig. 5a) and with electrodes of varying
thickness of the porous nanoITO film to increase catalyst loading
by increasing the electrode surface area (Fig. 5b). Limitations on
proton diffusion through the nanoporous films on electrodes58,59

cause a decrease in measured activity due to the low buffering
capacity of KNO3 at pH 7. As thicker nanoITO films are used, the
pH gradient formed through the film decreases electrode
performance over time regardless of the catalyst’s stability,
because the locally generated highly acidic conditions etch the
ITO support60. The use of a buffer may inhibit this effect, and in
the presence of phosphate the het-WOC behaves in a manner
identical to IrOx materials61. Along with similarities in their
pH dependence (Supplementary Fig. 19), CVs and spectro-
electrochemical measurements, these results support the
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hypothesis that the active catalytic sites in iridium oxides such as
BL are mechanistically similar to those in the het-WOC. At a pH
of 2.6, where pH is less sensitive to proton production from water
oxidation, Tafel slopes increase as nanoITO film thickness is
increased since the protons generated from water oxidation must
diffuse through a thicker film. Remarkably, however, as seen in
Fig. 5b, 11-mm-thick samples have high enough catalyst loading
to allow sustained current densities with an onset of linearity in
the Tafel plot beginning at overpotentials as low as 14 mV (where
the current density is 11 mA cm� 2). This is consistent with the
onset of water oxidation (Ecat) for this catalyst being at nearly
the thermodynamic potential, though the current is below the
threshold of 0.5 mA cm� 2 required for practical use.

The het-WOC also shows excellent stability, and is capable
of sustaining water oxidation for many hours at a 250 mV
overpotential without degradation (Fig. 6a, Supplementary
Figs 20–22), reaching turnover numbers in excess of 106 O2

evolved per iridium atom over multiple trials, as calculated by
measuring the current passed through the electrode assuming a
four-electron oxidative process. CVs of the electrode during and
after these stability tests confirm that there is minimal loss in
catalyst on the electrode surface (Fig. 6b). Moving to higher
applied potentials (þ 520 mV relative to thermodynamic) we
measure a turnover frequency of 7.9 s� 1 O2 molecules evolved
per electroactive iridium atom, which is one of the highest values
reported to date. In addition, a 99% Faradaic yield is measured for
O2 evolution over 2 h using a phase fluorometric oxygen sensor
(Supplementary Figs 23 and 24). To compare this with

benchmark iridium oxide nanomaterials reported in the litera-
ture, films of 2 nm IrOx clusters with comparable electroactivity
require an overpotential of 680 mV to achieve a turnover
frequency of 6.0 s� 1, while larger 60–100 nm IrO2 nanoparticles
having 16% electroactivity require 580 mV to achieve a rate of
6.6 s� 1 O2 molecules evolved per electroactive iridium atom53,62.
The observed high performance and atomic efficiency further
distinguishes this molecular iridium WOC from traditional bulk
iridium oxides.

To further probe the molecular nature of the het-WOC, we
compare it with iridium oxide-based materials formed by heating
an as-prepared electrode to 500 or 700 �C for 1 h (Fig. 7a).
Scanning TEM analysis coupled with EDX mapping (STEM-
EDX) displays the nanoscale coverage of iridium on ITO
nanoparticles. As deposited, there is a highly conformal coating
of iridium on each particle, consistent with a surface-bound
molecular monolayer (Fig. 7b, Supplementary Fig. 25). The
corresponding CV has a catalytic wave for water oxidation
beginning at 1.1 V versus NHE at pH 2.6 (1.25 V versus RHE).
Heating an electrode covered with the molecular catalyst at
500 �C in air burns off the pyalc ligand without affecting
conformal coating of iridium oxide around each ITO nanoparticle
(Fig. 7c, Supplementary Figs 26 and 27). This causes an anodic
shift in the catalytic wave for water oxidation to 1.3 V versus
NHE, revealing a feature at 1.1 V versus NHE typically assigned
to the IrIV/IrV redox couple53,54; in the unheated sample, the
catalytic wave for water oxidation obscures this feature. Heating
an electrode coated with the molecular catalyst to 700 �C in air
results in the formation of crystalline rutile IrO2 clusters
with B20 nm diameter (Fig. 7d, Supplementary Fig. 28). In
accordance with literature precedent63, these show even lower
activity for water oxidation, in part because most of the iridium is
no longer in contact with water, reducing the number of active
surface sites.

Molecular nature of the het-WOC. Aside from the monolayer
distribution of active iridium, the oxidatively resistant bidentate
pyalc ligand bound to iridium in the het-WOC represents
another striking difference between single-site molecular catalysts
such as this and traditional iridium oxide materials. Therefore, it
is important to show that the ligand remains after extended
periods of electrolysis, demonstrating that the het-WOC is stable.
XPS, thus, serves to confirm the molecular structure and stability
of the catalyst on the electrode, showing that the pyalc ligand
is still present after B16 h of electrolysis corresponding
to 4100,000 turnovers of O2 per iridium atom (Fig. 8,
Supplementary Fig. 29, Supplementary Table 1). From these data,
we can also conclude that the resting state for the catalyst on the
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electrode surface involves IrIV with a 1:1 ratio of pyalc to Ir as
found previously for the hom-WOC in solution34.

Molecular catalysts are tunable by the variation of their ligands,
and the het-WOC behaves in the same way. By changing the
bidentate chelating ligand in the hom-WOC before deposition on
the electrode surface, the properties of the het-WOC-functiona-
lized electrode can be drastically changed. If, for example,
[Cp*Ir(bpy)OH]BF4 bearing the 2,2’-bipyridine (bpy) ligand
instead of pyalc is used as a precatalyst to form the active catalyst
in solution34, a semitransparent yellow iridium compound
(Supplementary Fig. 30) is deposited, having electrochemical
properties that are very distinct from those of the pyalc-derived
het-WOC (Supplementary Fig. 31), with much lower oxygen-
evolution activity being observed (Supplementary Fig. 32). We
find similar differences in activity in both electrochemically and

chemically driven oxygen evolution for these two hom-WOCs in
solution41. This shows that our heterogenization strategy
preserves the ligand-based tunability of the hom-WOC.

Discussion
These results provide a framework for assembling surface-bound
molecular catalysts with a variety of direct-binding schemes64,65.
The mild conditions of deposition are particularly promising with
regards to nanostructured electrode materials that are difficult to
functionalize by other means66. The higher activity and stability
of the described materials over previously reported heterogenized
molecular WOCs67,68 shows that direct surface binding is a valid
approach to attaching WOCs to electrodes. The present system
also outperforms heterogeneous IrOx materials such as BL as a
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WOC, although they do share similar characteristics, and our
further studies will determine how this molecular species
mechanistically relates to the active sites in bulk iridium
oxides38,69. The het-WOC requires minimal iridium to
efficiently oxidize water relative to IrOx catalysts, and although
water-oxidation catalysis on a global scale as required for solar
fuel production will likely require the use of catalysts made from
more abundant elements, it is still advantageous to develop
WOCs based on rare but highly active metals70. Nevertheless, this
demonstration of a robust and highly efficient iridium-based
molecular heterogeneous catalyst provides a new architecture for
molecular heterogeneous catalysts and opens up this field to
develop WOCs made from abundant materials using similar
design principles.

Methods
General procedures. All the chemicals were purchased from major suppliers and
used as received. Synthesis of the precatalyst [(Z5-pentamethylcyclopentadieny-
l)IrIII(2-(2’pyridyl)-2-propanolate-kO,kN)OH] was performed using a published
procedure39 and its activated form, the proposed [Ir(pyalc)(H2O)2(m-O)]2

2þ

compound, was synthesized by the oxidation of the precatalyst with 100
equivalents of NaIO4 (Acros Organics, 99%) following previously published
methods34.

Electrode preparation. NanoITO electrodes were prepared by spin coating
(Headway PWM32 Spin Coater, Headway Research Inc.) a solution of ITO
nanoparticles (Sigma-Aldrich, o50 nm particle size) suspended in a 5 M acetic
acid/ethanol solution onto a 2.2 mm-thick FTO-coated glass slide (FTO, TEC 7,
Hartford Glass Co. Inc.), followed by heating at 500 �C in air for 1 h, cooling to
room temperature, then heating to 300 �C in a 3% H2/N2 atmosphere for 1 h and
cooling back to room temperature. They were immersed in a catalyst solution
formed by oxidizing 10 mM [Cp*Ir(pyalc)OH] in 30 ml deionized water with 100
equivalents of NaIO4. The electrodes were removed after 2 h, washed thoroughly
with deionized water, and had acquired a visible blue colour. Side-by-side controls
were used to measure the relative decrease in absorption of the catalyst solution, to
approximately determine the amount of iridium that had adhered to the surface
of the electrode. NanoITO film thicknesses were measured using a profilometer
(KLA Tencor Alphastep 200). Additional preparatory procedures for electrodes
made from TiO2 and WO3, as well as the procedure for determining catalyst
loading are detailed in the Supplementary Methods.

Ultraviolet–visible spectroscopy. For optical studies including the data gathered
in Fig. 2a,b,d, a Varian Cary 3 spectrophotometer with an integrating sphere
attachment in absorption mode was used. A 6.45 cm2 geometric surface area of
nanoITO on FTO-coated glass was used to completely cover the aperture of the
integrating sphere. A background spectrum was taken before immersion of the
substrate into the hom-WOC solution. Ultraviolet–visible spectra for IrOx on
nanoITO were taken by electrodepositing IrOx from a solution containing
[Cp*Ir(H2O)3]SO4 using the conditions outlined in ref. 38 with 50 deposition
cycles at 50 mV s� 1 scan rate. For the data gathered in Fig. 2e, an electrochemical
cell as described previously was assembled in a 1 cm2 quartz ultraviolet–visible
cuvette attached to an integrating sphere in a Shimadzu UV-2600 spectro-
photometer. Standard electrolyte conditions of 0.1 M KNO3 adjusted to pH 2.6
were used. Catalyst-coated nanoITO electrodes that were 6.45 cm long and 0.7 cm
wide were prepared by cutting an FTO-coated glass slide with a 7 mm thick
catalyst-coated nanoITO film to the appropriate dimensions. Working electrodes
were constructed by attaching a copper wire to an exposed FTO surface on one side
of the nanoITO-coated FTO slide using conductive epoxy (Fast Setting Conductive
Silver Epoxy, SPI). Six hours were allotted for the conductive epoxy to cure, then
non-conductive water-resistant marine epoxy (White Marine Epoxy, Loctite, 24 h
allotted to cure) was applied on top of the conductive epoxy to prevent electrical
contact between the wire leads and electrolyte, so that the only conductive com-
ponent exposed was the catalyst-coated nanoITO. This was placed into the quartz
cuvette along with Pt mesh counter and Ag/AgCl reference (Bioanalytical Systems,
Inc.) electrodes adjacent to the integrating sphere, connected to a potentiostat
(WavenowXV, Pine), and chronoamperometric experiments with the potentials
detailed in Fig. 2e were performed. The electrodes were given 3 min to stabilize at
that potential, then a ultraviolet–visible spectrum was taken using the integrating
sphere in absorption mode. A blank nanoITO-coated FTO slide without catalyst
was used for a background scan.

Chemical oxidation. Oxygen was detected with a Clark electrode using a custom-
made zero-headspace 10 ml glass cell, water jacketed for constant temperature.
A Teflon cap through which the Clark electrode membrane contacted deionized
water (adjusted to pH 2.5 using nitric acid) also held a catalyst-coated nanoITO

film on FTO-coated glass sample that was submerged in the cell. Catalyst-loaded
samples were prepared similarly to those used for electrochemistry, except with a
1.6 cm2 geometric surface area. The Clark electrode was allowed to stabilize while
stirring the deionized water solution for 1 h before injection with an oxidizing
solution of freshly prepared NaIO4 in deionized water. Catalyst response and O2

generation occurred immediately, without any lag phase. A typical experiment,
such as is shown in Fig. 3a, used 25 ml of 0.25 M NaIO4 in deionized water. The
oxygen content in the cell was monitored until oxygen evolution ceased, which for
a loading of around 50 nmol of iridium (corresponding to a nanoITO film 11-mm
thick) took B90 min. Data were collected while stirring the solution to ensure
steady state oxygen readings.

Electrochemical characterization. Electrolyte pHs were adjusted using 1 M
HNO3 or 1 M KOH. Electrochemical data were taken using 0.1 M KNO3 in
deionized water as an electrolyte, adjusted to pH 2.6 unless stated otherwise, with
an Ag/AgCl reference electrode (Bioanalytical Systems Inc.) and Pt mesh counter
electrode. Measurements were taken using a Princeton Applied Research Versastat
4–400 potentiostat in a standard three-electrode configuration. Vigorous stirring
was required in unbuffered solutions during long-term experiments to prevent
etching of the nanoITO electrode under acidic conditions. Long-term stability
testing and oxygen detection using phase fluorometry were performed in a two-
chamber electrochemical cell, with working and counter electrode chambers
separated by a glass frit. For these experiments, such as those shown in Fig. 6,
low catalyst loading was achieved with 300–500 nm thickness nanoITO films on a
6.45 cm2 substrate, thereby minimizing local pH effects due to the low buffer
capacity of KNO3 over the pH range studied. SEM and TEM data were taken both
before and after electrolysis to determine that there were no changes to sample
morphology and CVs were taken to ensure the minimal loss of electroactive
catalyst over the course of an experiment. Further details on electrochemical
methods and additional controls are included in the Supporting Information
(Supplementary Figs 33–35).

Electron microscopy. SEM images and SEM-EDX data were taken on a Hitachi
SU-70 Analytical Scanning Electron Microscope. Images of the samples were taken
both before and after electrolysis. TEM images, EDX data, high-angle annular dark
field images and STEM-EDX maps were taken using a FEI Tecnai Osiris TEM
operating at 200 kV. Samples were prepared by scraping nanoITO off of an elec-
trode into deionized water, then suspending them onto a silicon monoxide coated
TEM grid (Ted Pella).

X-ray photoelectron spectroscopy. X-ray photoelectron spectra were collected
using an Al anode (hn¼ 1486.6 eV) and a double-pass cylinder mirror analyzer
(PHI 15- 255G). Geometric surface area 6.45 cm2 samples with a B400 nm thick
nanoITO film on the surface of FTO-coated glass were used for XPS studies. All
experiments used a pass energy of 35.75 eV. Spectra were calibrated to an Au
standard, and peak fits were performed using XPSPeak (version 4.1). Additional
information regarding peak fitting and experimental details for Supplementary
Figures can be found in the Supplementary Methods.
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