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rsed Ir catalysts exhibit support-
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Heterogeneous water oxidation catalysis is central to the development of renewable energy technologies.

Recent research has suggested that the reaction mechanisms are sensitive to the hole density at the active

sites. However, these previous results were obtained on catalysts of different materials featuring distinct

active sites, making it difficult to discriminate between competing explanations. Here, a comparison

study based on heterogenized dinuclear Ir catalysts (Ir-DHC), which feature the same type of active site

on different supports, is reported. The prototypical reaction was water oxidation triggered by pulsed

irradiation of suspensions containing a light sensitizer, Ru(bpy)3
2+, and a sacrificial electron scavenger,

S2O8
2−. It was found that at relatively low temperatures (288–298 K), the water oxidation activities of Ir-

DHC on indium tin oxide (ITO) and CeO2 supports were comparable within the studied range of fluences

(62–151 mW cm−2). By contrast, at higher temperatures (310–323 K), Ir-DHC on ITO exhibited a ca.

100% higher water oxidation activity than on CeO2. The divergent activities were attributed to the

distinct abilities of the supporting substrates in redistributing holes. The differences were only apparent

at relatively high temperatures when hole redistribution to the active site became a limiting factor. These

findings highlight the critical role of the supporting substrate in determining the turnover at active sites

of heterogeneous catalysts.
Introduction

The oxygen evolution reaction (OER) provides electrons and
protons required in fuel-forming reduction reactions such as
hydrogen production1,2 and CO2 xation3 and is central to the
development of articial photosynthesis.4,5 However, the OER
also represents a major challenge as this reaction involves four
electrons and four protons and is oen sluggish.6 Despite
decades of research, a heterogeneous catalyst that is inexpen-
sive, durable, and fast in oxidizing water remains elusive. At the
heart of the problem is an insufficient understanding of the
reaction mechanisms.

The dependence of the mechanism and rate on the surface
hole concentration is one key example. Recent studies have
shown that the chemical and energetic properties of surface
Merkert Chemistry Center, Chestnut Hill,
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holes on various catalysts are central to understanding the OER
mechanisms.7–12 For instance, high concentrations of O-
centered holes, created by leaching Ni from IrNiOx, were
found to enhance the activity, with IrNiOx being 1.7 times more
active than IrOx at an overpotential of 0.3 V.13 Other studies
found that the reaction order with respect to holes changes
from rst-to third-order with increasing hole density at various
metal-oxide electrocatalysts, thereby providing a more facile
reaction mechanism at higher hole density.10,14,15 Similarly, we
have reported a potential-induced mechanistic switch of the
OER on Co-oxide based electrocatalysts.16 These results under-
score the fundamental importance of hole distribution
dynamics among surface sites and surface hole density in OER
catalysis.

However, an understanding of the material properties that
favor or disfavor hole accumulation on active sites is largely
missing. This knowledge is difficult to obtain because these
prior studies were carried out on catalysts composed of different
materials, making it challenging to discern whether the
observed phenomenon was due to the difference in the chem-
ical catalytic properties or distinct charge redistribution
behaviors of the materials.

To answer this question, here we employed a novel catalytic
system in which the hole distribution properties could be tuned
Chem. Sci., 2023, 14, 6601–6607 | 6601
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while preserving the same type of active site, which was
a molecularly-derived, Ir-based dinuclear heterogeneous cata-
lyst (Ir-DHC). When supported on CeO2 and indium tin oxide
(ITO), a drastically different dependence of the reaction kinetics
on temperature was observed. At low temperatures (288–298 K),
the catalytic activities of Ir-DHC on the two different supports
were comparable. By contrast, at elevated temperatures (310–
323 K), the OER activities of Ir-DHC on ITO were ca. 100%
higher than that of Ir-DHC on CeO2. We rationalized these
results in terms of the disparate hole redistribution dynamics of
the supports. At low temperatures, the rate of the OER is
determined by a thermal barrier associated with the water
oxidation chemistry on the active site, rendering the rate
insensitive to the hole redistribution dynamics of the support.
At elevated temperatures, the thermal barrier is readily over-
come, whereas the sluggish hole redistribution in CeO2 limits
the rate of OER for Ir-DHC on CeO2. Our results demonstrate
that the support plays a key role in channeling holes to the
active site and in determining the overall OER behaviors.
Experimental
Materials

For catalyst synthesis, the following chemicals were obtained
from commercial sources and used without further purication
unless otherwise specied: 2-(pyridine-2-yl)propan-2-ol (95%,
Strem Chemicals), dichloro-(pentamethylcyclopentadienyl)-iri-
dium(III) dimer ([Cp*IrCl2]2, 98%, Strem Chemicals), sodium
bicarbonate (99.7%, Sigma), acetone (99.9%, Sigma), magne-
sium sulfate anhydrous (95%, Fisher), NaIO4 (99.8%, Sigma),
ITO (99.5%, light green, 17–28 nm particle size, 30–50 m2 g−1,
Alfa Aesar) and CeO2 (light yellow, <25 nm particle size, 55 m2

g−1, Sigma).
For the photocatalytic system, the following chemicals were

used: sodium sulfate decahydrate (>99%, Acros Organics),
sodium bicarbonate (>99.7%, powder, Sigma-Aldrich), tris(2,2′-
bipyridyl)ruthenium(II) chloride hexahydrate (>98%, Strem
Chemicals), sodium hexauorosilicate (powder, Aldrich Chem-
istry), sodium persulfate (>99.7%, Honeywell).
Synthesis of Ir-DHC

The precursor, Cp*Ir[pyalc(Cl)] (Cp*: pentam-
ethylcyclopentadienyl, pyalc:2-(2′-pyridyl)-2-propanoate), was
synthesized as reported.17 Briey, [Cp*IrCl2]2 (0.10265 g),
sodium bicarbonate (0.08625 g), and 2-(pyridine-2-yl)propan-2-
ol (0.0355 g) were combined in a 100 mL ask with an
attached reux condenser, and 12.5 mL of degassed acetone
was added. The air in the ask was removed by connecting the
ask to vacuum and relling it with N2; this process was
repeated 3 times. The reactionmixture was then heated to reux
for 2 h under a slow ow of nitrogen gas through the reaction
vessel's headspace. The solution lightened in color to a pale
orange during the reaction. Then, the solution was cooled to
room temperature and treated with a small quantity of anhy-
drous magnesium sulfate to remove excess water. The resulting
solution was concentrated on a rotary evaporator to a total
6602 | Chem. Sci., 2023, 14, 6601–6607
volume of ca. 2 mL, then stored in the freezer overnight,
yielding orange crystals that were separated from the remaining
supernatant and were then dried in a vacuum oven at 313 K.

A desired amount of Cp*Ir[pyalc(Cl)] (0.024 g for deposition
on CeO2; 0.0088 g for deposition on ITO) was rst dissolved in
50.0 mL water, forming a red solution. The loading of Ir-DHC
depends on the adsorption of the dimeric precursor on the
support. The amount of Cp*Ir[pyalc(Cl)] was chosen to achieve
a desired loading of 0.1% Ir (by weight). Subsequently, dimer-
ization of Cp*Ir[pyalc(Cl)] in solution was induced by adding
1.07 g of NaIO4. The reaction mixture was stirred for 2 h at room
temperature, yielding a blue solution, indicative of Cp*Ir
[pyalc(Cl)] dimerization. The desired oxide powder (0.780 g for
CeO2 or ITO) was soaked in the blue Ir dimer solution for 24 h
and then thoroughly rinsed with deionized water, producing the
heterogenized Ir catalyst. The organic ligands of the hetero-
genized Ir catalyst were removed by treating the sample with
ultraviolet (UV) light (240 W) in air and at room temperature for
20 min in a UV ozone cleaner system (Jelight Company, Inc.).
Catalyst characterization

Loading on supports. The loading of Ir on different supports
was determined with inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) on an Agilent Technologies 5100
spectrometer. The samples were prepared for ICP-OES as
follows:18,19 approximately 50 mg Ir-DHC on CeO2 or ITO was
dissolved in 8mL 33 wt% sulfuric acid (95.0–98.0%, Sigma). The
powder was fully dissolved by treating the reaction mixture at
473 K for 12 h in a hydrothermal autoclave reactor. Solutions
were diluted to a proper concentration prior to ICP-OES char-
acterization. A calibration curve was constructed to calculate Ir
loading by measuring ve samples using different diluted Ir
standard solutions (1000 mg mL−1 in 10% HCl, SPEX CertiPrep).

X-ray photoelectron spectroscopy (XPS). XPS measurements
were conducted on a K-Alpha+ XPS instrument from Thermo
Fisher Scientic with an Al X-ray source. XPS samples were
prepared by loading the pressed catalyst pellets into a custom-
made stainless-steel holder.

X-ray diffraction (XRD). The crystal structures of the
supports were determined by powder XRD on a Bruker D2
diffractometer equipped with an a-Cu Ka-anode and a graphite
monochromator. Data were recorded in a 2q range of 20–90°
with a step size of 0.02° and a time per step of 0.3 s.

Diffuse reectance infrared Fourier transform spectroscopy
(DRIFTS). Experiments were carried out in a high-temperature
reaction chamber (Harrick Scientic) equipped with CaF2
windows, mounted inside a Praying Mantis diffuse reectance
adapter (Harrick Scientic), and coupled to a Bruker Vertex 70
Fourier transform infrared (FTIR) spectrometer. Absorbance
spectra were calculated from single-beam spectra according to
Abs = −log10(S/R), where S and R refer to the sample and
reference single-beam spectra, respectively. Single-beam
spectra were collected with a scanner velocity of 40 kHz and
a spectral resolution of 4 cm−1; a single-beam spectrum repre-
sents an average of 600 co-additions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design of the catalyst and photochemical water oxidation. (A)
Catalyst structure as established in ref. 23. (B) Scheme showing the
photocatalytic cycle involving excitation of the light absorber
([Ru(bpy)3]

2+), oxidation of the triplet state of the light absorber
([Ru(bpy)3]

2+*), and subsequent hole transfer to the metal oxide
nanoparticle (grey circle) decorated with Ir-DHC (green pairs of
circles).
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In a typical experiment, the DRIFTS reactor was loaded with
ca. 60 mg of catalyst powder. Under Ar ow (50 standard cubic
feet per min (sccm), 99.99%; Airgas), the reaction chamber was
heated to 423 K for 2 h to remove volatile species from the
catalyst's surface and was then cooled to 298 K. Under constant
Ar ow and at 298 K, single-beam reference spectra were
collected. Then, the gas stream was switched to CO (10 sccm,
99.9%; Airgas) for 30 min. The gas stream was switched back to
pure Ar for 30 min to remove gas-phase CO and reversibly
bound CO. Aerwards, single-beam sample spectra of irrevers-
ibly bound CO on the catalyst were collected.

Water oxidation activity measurements. The photocatalytic
water oxidation activity of Ir-DHC on different supports was
quantied by monitoring the rate of O2 evolution with a Clark
electrode (Hansatech).20 Light-driven water oxidation was per-
formed in a buffered aqueous solution at pH 5.7 (NaHCO3 (28
mM), Na2SiF6 (22 mM), and 50 mM Na2SO4). Na2S2O8 (20 mM)
served as a sacricial electron acceptor. [Ru(bpy)3]Cl2 (2.7 mM)
was employed as the photosensitizer.

1.5 mL of a freshly prepared catalyst suspension (10 mg
mL−1) was added to a cylindrical quartz vessel (diameter of 1
cm), whose temperature was controlled by a water-jacket. Under
stirring (150 rotations per min), the suspension was allowed to
equilibrate to the desired temperature for 10 min. Then, Ar was
bubbled through the suspension for 3 min to remove dissolved
O2. Aer a steady baseline in O2 concentration was achieved as
monitored with the Clark electrode, the cell was sealed with
a rubber stopper. Water oxidation was initiated with a 1 s light
pulse (beam diameter = 7 mm (1/e2 value); wavelength = 450
nm) from a laser diode (Thorlabs, model number:
L450P1600MM). The ensuing evolution of O2 was monitored
over 1.5 min. The initial rate of O2 evolution was obtained by
tting a linear function to the initial rise of the O2

concentration.
Time-resolved rapid-scan Fourier transform infrared (FTIR)

spectroscopy. Time-resolved rapid-scan FTIR spectra were
recorded using a Bruker Vertex 70 spectrometer with a 3-bounce
diamond attenuated total reectance accessory (MicromATR,
Czitek). The scanner velocity was 160 kHz and the spectral
resolution was 4 cm−1. Data were recorded in the double-sided/
forward-backward mode. A 450 nm laser pulse of 200 ms
duration was triggered by the forward motion of the interfer-
ometer mirror (t = 0 s). For each sample, 150 spectra were
recorded in the dark before photolysis and averaged. The
resulting spectrum served as the reference. This process was
repeated on 30 freshly prepared samples. The results of these
experiments were averaged. The solutions were performed in
a buffered aqueous solution at pH 5.7 (NaHCO3 (28 mM),
Na2SiF6 (22 mM), and 50 mM Na2SO4). Na2S2O8 (20 mM) served
as a sacricial electron acceptor. [Ru(bpy)3]Cl2 (1.08 mM) was
employed as the photosensitizer.

Results and discussion

This work was enabled by a unique catalyst design as illustrated
in Fig. 1A. The active center of the catalyst consists of two Ir
cations bridged by oxygen and is stably bound to a metal-oxide
© 2023 The Author(s). Published by the Royal Society of Chemistry
support. The synthesis protocol of Ir-DHC supported on various
oxides was reported previously17,21–23 and is described in the
Experimental section.

For this work, we focused on two types of supports, CeO2 and
ITO, to take advantage of their distinctly different hole distri-
bution properties (vide infra). The dispersed nature of Ir-DHC
was conrmed by DRIFTS of Ir-bound CO (Fig. S1 of the ESI†).
A detailed discussion of the spectra and their interpretation is
provided in Note S1 of the ESI.† The infrared spectra and XPS
(Fig. S2 and Note S2 of ESI†) of the catalyst before and aer
catalysis suggested that the catalyst structure was stable under
photocatalytic conditions.
Water oxidation activity

We next illuminated the samples to induce photocatalysis
(Fig. 1B). Our goal was to quantify the initial rates of O2

formation as a measure of the OER kinetics. Briey, the Ir-DHC-
loaded catalysts (in powder form) were suspended in a pH-
buffered aqueous solution (pH 5.7) containing a light
absorber, tris(bipyridine)-ruthenium ([Ru(bpy)3]

2+), and a sacri-
cial reagent, persulfate (S2O8

2−). Following excitation of the
suspension with a monochromatic light pulse at 450 nm
(duration: 1 s), the rate of O2 formation was monitored by
a Clark electrode. Representative traces of O2 evolution are
shown in Fig. S3 and S4 of the ESI.† The initial rate was deter-
mined by linear regression of the initial rise of O2 formation.
Further details of the experiment and analysis are described in
the Experimental section and Note S3 of the ESI.† All rates
presented in this work represented the initial OER rates
Chem. Sci., 2023, 14, 6601–6607 | 6603
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obtained on fresh catalysts. Prior research has shown that
anions, such as SO4

2−, could affect the water oxidation kinetics
of Ir catalysts.24 Therefore, we studied fresh catalysts to avoid
confounding inuences from exposure to different ligands.

It is apparent from Fig. 2A and B that the OER kinetics of Ir-
DHC on CeO2 and ITO (labeled as Ir-DHC/CeO2 and Ir-DHC/
ITO, respectively) were comparable at low temperatures (#298
K). For instance, at 298 K with a uence of 151 mW cm−2,
a turnover frequency (TOF) per Ir atom of ca. 0.040 s−1 was
measured on Ir-DHC/CeO2, compared to ca. 0.037 s−1 on Ir-
DHC/ITO. These values are also comparable to other reported
values of Ir-based catalysts measured under similar
conditions.20,25–27 Although higher TOFs have been reported on
Ir catalysts, they were measured under electrocatalytic condi-
tions, which are fundamentally different from the testing
conditions employed here. It is noted that the absolute
measured rates may also depend on the details of the experi-
mental setup. We focus here on the relative rates rather than the
absolute values. Within this context, when the temperature was
increased to 310 K, a clear difference was observed. With a u-
ence of 151 mW cm−2, a TOF of ca. 0.126 s−1 was measured on
Ir-DHC/ITO, compared with ca. 0.060 s−1 on Ir-DHC/CeO2. A
similar difference was observed at 323 K, as well. To better
illustrate the stark contrast, we plot the ratios of the OER rates
between Ir-DHC/ITO and Ir-DHC/CeO2 in Fig. 2C. It can be seen
that Ir-DHC/ITO consistently exhibited a faster OER than Ir-
DHC/CeO2 by a factor of ca. 2 at temperatures $310 K.
Hole transfer

To rationalize the observations summarized in Fig. 2, we
considered the water oxidation process as discribed in
Fig. 1B.28–30 The transfer of holes from [Ru(bpy)3]

3+ to the cata-
lyst was rst examined. Direct hole transfer from SO4c

− radicals,
which intermediately formed in the photocatalytic cycle, was
previously shown to be negligible under similar experimental
conditions.20,31,32 The amount of photogenerated [Ru(bpy)3]

3+
Fig. 2 Comparison of catalyst performance. Turnover frequencies (TOF
DHC/CeO2 and (B) Ir-DHC/ITO as a function of fluence and temperature
ITO at different temperatures. Error bars and bands represent standard
experiments using fresh catalysts in fresh solutions. The legend for all pa
Note S3 of the ESI.†

6604 | Chem. Sci., 2023, 14, 6601–6607
was determined by the amplitude of the 1496 cm−1 band of the
dye (Fig. S5 in the ESI†).32,33 Within a 200 ms photolysis pulse,
similar amounts of [Ru(bpy)3]

3+ were generated in the presence
of the bare CeO2 or ITO supports, as well as in their absence. By
contrast, in the presence of Ir-DHC/CeO2 or Ir-DHC/ITO, the
amplitude of the 1496 cm−1 was signicantly reduced, sug-
gesting fast transfer of holes from [Ru(bpy)3]

3+ to the Ir-DHC
decorated supports. These results are consistent with prior
reports that hole transfer from [Ru(bpy)3]

3+ to IrOx catalysts
occurs within <200 ms for electrostatically adsorbed dye mole-
cules and in a fewmilliseconds for freely diffusing dyes.20 Taken
together, these results suggest that the disparate water oxida-
tion kinetics arise from steps that occur aer the transfer of
holes to the catalysts.

The holes could transfer to the support and/or directly to Ir-
DHC; hole transfer from [Ru(bpy)3]

3+ to the bare supports may
not manifest itself in our measurements because of possible
fast back transfer to the dye in the absence of Ir-DHC. Irre-
spective of the site of hole transfer, once on the catalyst surface,
the holes are expected to undergo dynamic redistribution
among surface sites,15 a process that has also been termed as
“surface hole hopping.”34 The accumulation of holes at active
sites has been suggested as a key factor determining water
oxidation rates.13,15,16,35–37 Efficient redistribution of surface
holes is thus essential for a sufficient number of holes to
accumulate on a single active site to trigger water oxidation.
Therefore, we hypothesized that different hole redistribution
behavior in CeO2 and ITO may give rise to the distinct water
oxidation kinetics.

A critical difference between CeO2 and ITO is that the former
is reducible because both Ce4+ and Ce3+ are stable cations.38,39

We therefore hypothesized that the presence of Ce3+ may hinder
hole redistribution. To test this hypothesis, we studied the
water oxidation activity of another Ir-DHC/CeO2 sample, the
Ce3+ concentration of which was increased by annealing of
commercial CeO2 in H2.38,39 Annealing was carried out prior to
s) per Ir atom derived from the initial rates of water oxidation on (A) Ir-
. (C) A direct comparison of OER kinetics between Ir-DHC on CeO2 and
errors and were calculated on the basis of at least three independent
nels is given in panel (A). The methods of data analysis are described in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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loading Ir-DHC. In the following, the annealed sample is
referred to as Ir-DHC/CeO2,red. The properties of Ir-DHC/CeO2

and Ir-DHC/CeO2,red were characterized with XPS and XRD
(Fig. S6 of the ESI†). As discussed in Note S2 of the ESI,† the data
indicated that annealing increased the content of Ce3+ from ca.
9 to ca. 17% under preservation of the crystal structure.
Consistent with our hypothesis, the activity of Ir- DHC/CeO2,red
at 323 K is lower relative to that of Ir-DHC/CeO2 (Fig. S6D of the
ESI†). These results indicate that the presence of Ce3+ sites
hinders hole redistribution, thereby giving rise to the lower
activity of Ir-DHC/CeO2 compared with that of Ir-DHC/ITO.

In summary, at relatively low temperatures (e.g., #298 K),
when the rate of water oxidation by Ir is slow, the difference
between hole redistribution by CeO2 and ITO is concealed. That
is why the apparent OER rates for Ir-DHC/CeO2 and Ir-DHC/ITO
are comparable at 288 K and 298 K for all uences tested (Fig. 2).
The slight depression of the TOF for Ir-DHC/ITO relative to that
of Ir-DHC/CeO2 at low temperatures and uences is likely due to
a low background activity of CeO2 for water oxidation. At rela-
tively high temperatures (e.g., $310 K), when the rate of water
oxidation is fast, the hole redistribution between the support
and Ir active center becomes a limiting factor. This under-
standing explains the observation made in Fig. 2 and is
summarized in Fig. 3. Subtle differences in the local environ-
ment and coordination of Ir-DHC sites may also contribute to
the observed differences.
Fig. 3 Illustration of support-dependent OER activity. (A) At low
temperatures, the overall OER activity is limited by the surface
chemical step, concealing the differences of hole redistribution
between CeO2 and ITO and yielding comparable OER activities for Ir-
DHC/ITO and Ir-DHC/CeO2. (B) At high temperatures, the surface
chemistry is accelerated, revealing the differences of hole redistribu-
tion between CeO2 and ITO and yielding faster overall OER activities
by Ir-DHC/ITO than Ir-DHC/CeO2 (Green ball pairs represent Ir-DHC;
purple and grey balls represent O atoms and H atoms, respectively.).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Temperature dependence

A careful examination of Fig. 2C reveals a step in the rate of
water oxidation for Ir-DHC/ITO between 298 K and 310 K. To
further study this observation, we carried out water oxidation
kinetics measurements between 278 K and 333 K with a 5 K
increment at a xed uence of 151 mW cm−2. As shown in
Fig. 4A, it was observed that below 308 K, the TOFs of Ir-DHC/
ITO were indeed comparable to those of Ir-DHC/CeO2.
However, at 308 K a step in the rate of water oxidation catalyzed
by Ir-DHC/ITO was observed, corroborating the results shown in
Fig. 2C. Arrhenius analysis of these data yielded apparent acti-
vation barriers (Eapp). As shown in Fig. 4B, an inection point
was observed at ca. 308 K for both Ir-DHC/ITO and Ir-DHC/
CeO2. At temperatures lower than 303 K, the Eapp of 76 kJ mol−1

and 59 kJ mol−1 was obtained for Ir-DHC/ITO and Ir-DHC/CeO2,
respectively; at temperatures above 308 K, the Eapp changed to
21 kJ mol−1 and 23 kJ mol−1 for Ir-DHC/ITO and Ir-DHC/CeO2,
respectively. We caution that apparent activation barriers ob-
tained by Arrhenius analysis for multi-step reactions can be
complicated functions of various thermodynamic quantities of
multiple steps. Therefore, a more detailed interpretation of
these quantities requires in-depth knowledge of the underlying
mechanisms that is currently missing. These complexities
notwithstanding, the clear inection at ca. 308 K is consistent
Fig. 4 Temperature-dependent kinetics of water oxidation. (A) The
turn-over-frequencies of Ir-DHC/ITO and Ir-DHC/CeO2 at a fixed
fluence of 151mW cm−2. (B) Arrhenius plots of the water oxidation rate
as a function of temperature. Generated rate of oxygen was normal-
ized by mass of Ir. The values in the graph represent Eapp.
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with our hypothesis that a change of the rate determining step
(RDS) takes place with the rise of temperature.40 The under-
standing as proposed here highlights that hole accumulation
plays a central role in water oxidation kinetics, which has been
a focal point of recent studies.13,15,16,36,37,41 It has been reported
that when the surface hole concentration increases, the rate of
water oxidation accelerates. While the mechanistic interpreta-
tion of the acceleration of the rates varies, a commonality is that
the accumulation of surface holes on an active site facilitates
water oxidation, thereby accelerating the overall rate.

Conclusions

In summary, we have studied the role of the catalyst support on
photocatalytic water oxidation by using a novel catalytic system
in which the hole redistribution properties can be tuned while
maintaining the same type of active site, which is a molecularly-
derived, Ir-based dinuclear heterogeneous catalyst (Ir-DHC). We
observed that the rate of water oxidation exhibits a different
dependence on temperature as a function of the properties of
the support. Specically, the catalytic activities of Ir-DHC on
CeO2 and indium tin oxide (ITO) are comparable at low
temperatures (288–298 K). By contrast, at elevated temperatures
(310–323 K), the OER activity of Ir-DHC on ITO is ca. 100%
higher than that of Ir-DHC on CeO2. We rationalized these
results in terms of the disparate hole redistribution dynamics of
the supports. At low temperatures, the rate of the OER is
determined by a thermal barrier associated with the water
oxidation chemistry on the active site, rendering the rate
insensitive to the hole redistribution dynamics of the support.
At elevated temperatures, the thermal barrier is readily over-
come, whereas the sluggish hole redistribution in CeO2 limits
the rate of OER for Ir-DHC on CeO2.

Our results demonstrate that the support plays a key role in
channeling holes to the active site and in determining the
overall OER behaviors. The unique phenomenon can be readily
explained by the relative ease or difficulty of hole redistribution
by the support. The results corroborate well with the literature
that hole accumulation plays a critical role in dening water
oxidation reaction kinetics. It also represents a new strategy for
studying the reaction by systematically altering the hole trans-
port properties of the catalyst support without altering the
chemical properties of the active centers.

Data availability
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15 C. A. Mesa, L. Francàs, K. R. Yang, P. Garrido-Barros,
E. Pastor, Y. Ma, A. Kazas, T. E. Rosser, M. T. Mayer,
E. Reisner, M. Grätzel, V. S. Batista and J. R. Durrant, Nat.
Chem., 2020, 12, 82–89.

16 C. Lang, J. Li, K. R. Yang, Y. Wang, D. He, J. E. Thorne,
S. Croslow, Q. Dong, Y. Zhao, G. Prostko, G. W. Brudvig,
V. S. Batista, M. M. Waegele and D. Wang, Chem, 2021, 7,
2101–2117.

17 N. D. Schley, J. D. Blakemore, N. K. Subbaiyan,
C. D. Incarvito, F. D'Souza, R. H. Crabtree and
G. W. Brudvig, J. Am. Chem. Soc., 2011, 133, 10473–10481.

18 M. Souada, C. Louage, J.-Y. Doisy, L. Meunier, A. Benderrag,
B. Ouddane, S. Bellayer, N. Nuns, M. Traisnel and
U. Maschke, Ultrason. Sonochem., 2018, 40, 929–936.

19 N. Um, M. Miyake and T. Hirato, in Zero-Carbon Energy Kyoto
2010, Springer, 2011, pp. 165–170.

20 N. Sivasankar, W. W. Weare and H. Frei, J. Am. Chem. Soc.,
2011, 133, 12976–12979.

21 S. W. Sheehan, J. M. Thomsen, U. Hintermair,
R. H. Crabtree, G. W. Brudvig and C. A. Schmuttenmaer,
Nat. Commun., 2015, 6, 1–9.

22 Y. Zhao, S. Dai, K. R. Yang, S. Cao, K. L. Materna,
H. M. C. Lant, L. C. Kao, X. Feng, J. Guo, G. W. Brudvig,
M. Flytzani-Stephanopoulos, V. S. Batista, X. Pan and
D. Wang, Proc. Natl. Acad. Sci. U. S. A., 2023, 120,
e2206850120.

23 Y. Zhao, K. R. Yang, Z. Wang, X. Yan, S. Cao, Y. Ye, Q. Dong,
X. Zhang, J. E. Thorne, L. Jin, K. L. Materna, A. Trimpalis,
H. Bai, S. C. Fakra, X. Zhong, P. Wang, X. Pan, J. Guo,
M. Flytzani-Stephanopoulos, G. W. Brudvig, V. S. Batista
and D. Wang, Proc. Natl. Acad. Sci. U. S. A., 2018, 115,
2902–2907.

24 J. D. Blakemore, N. D. Schley, D. Balcells, J. F. Hull,
G. W. Olack, C. D. Incarvito, O. Eisenstein, G. W. Brudvig
and R. H. Crabtree, J. Am. Chem. Soc., 2010, 132, 16017–
16029.
© 2023 The Author(s). Published by the Royal Society of Chemistry
25 J. F. Hull, D. Balcells, J. D. Blakemore, C. D. Incarvito,
O. Eisenstein, G. W. Brudvig and R. H. Crabtree, J. Am.
Chem. Soc., 2009, 131, 8730–8731.

26 A. Savini, G. Bellachioma, G. Ciancaleoni, C. Zuccaccia,
D. Zuccaccia and A. Macchioni, Chem. Commun., 2010, 46,
9218–9219.

27 J. D. Blakemore, R. H. Crabtree and G. W. Brudvig, Chem.
Rev., 2015, 115, 12974–13005.

28 D. M. Stanbury, Adv. Inorg. Chem., 1989, 33, 69–138.
29 H. S. White, W. G. Becker and A. J. Bard, J. Phys. Chem., 1984,

88, 1840–1846.
30 P. G. Hoertz, Y.-I. Kim, W. J. Youngblood and T. E. Mallouk,

J. Phys. Chem. B, 2007, 111, 6845–6856.
31 M. Natali, M. Orlandi, S. Berardi, S. Campagna, M. Bonchio,

A. Sartorel and F. Scandola, Inorg. Chem., 2012, 51, 7324–
7331.

32 M. Zhang, M. De Respinis and H. Frei, Nat. Chem., 2014, 6,
362–367.

33 K. M. Omberg, J. R. Schoonover, J. A. Treadway,
R. M. Leasure, R. B. Dyer and T. J. Meyer, J. Am. Chem.
Soc., 1997, 119, 7013–7018.

34 H. H. Pham, M.-J. Cheng, H. Frei and L.-W. Wang, ACS
Catal., 2016, 6, 5610–5617.

35 V. Pfeifer, T. E. Jones, J. J. V. Vélez, R. Arrigo, S. Piccinin,
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