Photocatalytic overall water splitting under visible light enabled by a par-
ticulate conjugated polymer loaded with iridium
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Abstract: The production of hydrogen from water via solar water splitting is a potential method to over-
come the intermittency of the Sun’s energy by storing it as a chemical fuel. Inorganic semiconductors
have been studied extensively as photocatalysts for overall water splitting, but polymer photocatalysts
are also receiving growing attention. So far, most studies involving organic polymers report hydrogen
production with sacrificial electron donors, which is unsuitable for large-scale hydrogen energy produc-
tion. Here we show that a linear conjugated polymer photocatalyst can be used for overall water splitting
to produce stoichiometric amounts of H, and O,. We studied a range of different metal co-catalysts in
conjunction with the linear polymer photocatalyst, the homopolymer of dibenzo[b,d]thiophene sulfone
(P10). Photocatalytic activity was observed for palladium/iridium oxide-loaded P10, while other co-cata-
lysts resulted in materials that showed no activity for overall water splitting. The reaction conditions were
further optimized and the overall water splitting using the IrO»-loaded P10 was found to proceed steadily
for an extended period (>60 hours) after the system stabilized. These results demonstrate that conju-
gated polymers can act as single component photocatalytic systems for overall water splitting when
loaded with suitable co-catalysts, albeit currently with low activities. Significantly, though, organic poly-
mers can be designed to absorb a large fraction of the visible spectrum, which can be challenging with
inorganic catalysts. Transient spectroscopy shows that the IrO, co-catalyst plays an important role in the
generation of the charge separated state required for water splitting, with evidence for fast hole transfer
to the co-catalyst. This solid-state approach should be transferable to other polymer photocatalysts, al-
lowing this field to move away from sacrificial hydrogen production towards overall water splitting.



Introduction

Photocatalytic water splitting using semiconductor photocatalysts has been studied extensively for the
past few decades.'® Photoelectrochemical®*®’ and direct photocatalysis' using particulate catalyst sus-
pensions both have been explored. In principle, overall water splitting using photocatalyst suspensions
is the simplest approach in technological terms, providing that the two gases can be separated econom-
ically. Photochemical systems could be amenable to large-scale deployment, potentially to a level that is
competitive with fossil-fuel-derived hydrogen.?#

Most particulate semiconductor photocatalysts reported to date are inorganic materials,''® but one well
known challenge is to design materials that function in the visible part of the spectrum, as well as the UV.
In the last decade, organic materials have shown promise due to their tunability (e.g., in terms of light
absorption), and their potential to be produced inexpensively on large scale.'?'3 Although organic photo-
catalysts were investigated widely after the first report of carbon nitride in 2009,'® most studies have
been confined to sacrificial half-reactions that produce either hydrogen or oxygen, not both.'-2' Few
organic photocatalysts have been reported for overall water splitting. Carbon nitride materials have been
coupled with metal oxides to facilitate overall water splitting in so called Z-schemes, whereby hydrogen
evolution occurs on the organic photocatalyst while oxygen evolution occurs on the metal oxide. Both
photocatalysts are excited and charges are transferred between the catalysts using redox mediators.?%-
25 Similarly, we reported a Z-scheme for overall water splitting using a homopolymer of dibenzo[b,d]thio-
phene sulfone (P10) as the hydrogen evolution catalyst, coupled with BiVO4 acting as the oxygen evolu-
tion catalyst using a Fe?*/Fe3* redox mediator system.?® Overall water splitting occurred, but the solar
efficiency was very low.

The use of redox mediators in Z-schemes can result in limitations arising from the kinetics of diffusion to
and from the surface of the photocatalysts, surface interactions, and charge transfer between the medi-
ator and the photocatalyst. The redox mediator can also result in potential sacrificial light absorption and
the kinetics of both half reactions can be difficult to balance to facilitate overall water splitting with high
efficiencies. Systems that use conductive layers are an alternative, but these also come with challenges
in their fabrication.?”

Single particulate polymer photocatalysts for overall water-splitting that do not rely on redox mediators
could overcome these limitations but they are rare. Two 1,3,5-diyne-linked conjugated microporous pol-
ymers were claimed to act as single component organic photocatalysts for overall water splitting,?® with-
out any metal co-catalysts. Most reported systems require a metal co-catalyst to archive overall water
splitting.?”-2°30 This is because metal co-catalysts facilitate charge separation,®' store charges, and serve
as reaction sites that catalyze water oxidation and reduction.?#%233 As such, much effort has been spent
in the development of co-catalysts for photocatalysis.?*3° For example, carbon nitride loaded with
Pt/CoOx as co-catalyst was reported to be active for photocatalytic overall water splitting.*® Similarly, a
covalent triazine-based framework loaded with NiP,/Pt was reported to act as a single component pho-
tocatalyst for overall water splitting.>” Here, we explored the homopolymer of dibenzo[b,d]thiophene sul-
fone (P10, Fig. 1a), which was shown previously to drive both proton reduction® and water oxidation®®
as separate half-reactions in the presence of appropriate sacrificial electron donors or acceptors. The
linear conjugated polymer P10 is also predicted to be able to drive overall water splitting (Fig. 1b). Given
the importance of co-catalysts, we explored a range of metals loaded onto P10 for overall water splitting
in absence of sacrificial reagents. Overall water splitting reaction was found to proceed by using P10
loaded with iridium (P10-Ir) under optimized reaction conditions, which is the first example of single com-
ponent photocatalyst for water splitting that uses a linear conjugated polymer. We then used transient
spectroscopy to study the kinetics of the system and found that the co-catalyst opens up new kinetic
pathways for the system.



Results and Discussion

Figure 1. a) Chemical structure of the linear conjugated polymer photocatalyst P10; b) Alignment of the P10 energy
levels (IP, ionization potential; EA, electron affinity) predicted by DFT relative to the potentials for proton reduction
and water oxidation at pH 7. Underlying data taken from ref.38

The photocatalyst P10 (the homopolymer of dibenzo[b,d]thiophene sulfone) was synthesized by Pd(0)-
catalyzed Suzuki-Miyaura cross-coupling reaction and purified using Soxhlet extraction with chloroform.
Characterization was found to match our previous reports of the material.>'*® P10 contains residual me-
tallic palladium particles that act as a co-catalyst for hydrogen production, as we have shown previously.®'
The literature suggests that a second co-catalyst would be required to facilitate simultaneous water oxi-
dation, thus allowing for photocatalytic overall water splitting to take place. P10 was therefore further
optimized by loading it with different co-catalyst using a microwave heating method.*® The activity of
photocatalyst P10 loaded with various co-catalysts for overall water splitting is shown in Fig. 2a. Cobalt
was found to enable water oxidation with P10 in the presence of silver(l) nitrate acting as an electron
scavenger,* but P10 loaded with CoOx was found to be inactive for overall water splitting. Ruthenium
oxide has also been reported as a efficiency hydrogen evolution co-catalyst,"#! but it did not facilitate
overall water splitting here, with only a small amount of hydrogen being produced without apparent oxy-
gen production. By contrast, IrO, loaded P10, formed by addition of P10 to an [NH4lrCls] aqueous solution
prior to microwave heating and after irradiation in water, was found to be effective; overall water splitting
proceeded under visible irradiation with initial rates of 5.6 ymol h™" and 1.8 umol h™' for hydrogen and
oxygen production under an experimental condition as shown in the caption of Figure 2. P10-IrO; was
also tested for sacrificial oxygen evolution using aqueous AgNQOs solution as the scavenger. Under these
conditions, it was found that the photocatalyst produces oxygen (Fig. S-37), unlike P10 without iridium
loading,*® demonstrating the importance of the iridium in driving the water oxidation half reaction.

High-resolution transmission electron microscopy showed that metal particles were evenly distributed
throughout the polymer and identified to be iridium and palladium by energy-dispersive X-ray spectros-
copy (EDX) mapping (Fig. S-11). In line with previous reports, we observed palladium particles sized
between 10 and 15 nm?542 while the iridium particles were approximately 2 nm in diameter. During pho-
tocatalysis iridium is converted to IrO, as evident from XPS measurements (Fig. 3a). It appears that the
larger palladium particles are partially covered with IrO2, while also free small IrO; particles exist. Palla-
dium is very likely acting as the proton reduction catalyst, but it is also well-known to act as an electron-
hole recombination center in photocatalytic water splitting.4344
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Figure 2. a) Dependence of gas evolution rates on the different co-catalyst (1 wt. %) loaded onto P10 (1 mg) under
visible light illumination; b) Effect of pH of reactant solution on photocatalytic water splitting over P10-Ir (1 mg)
under visible light (A > 420 nm), pH was adjusted using H2SO4 or KOH; c) Effect of loading amount of Ir cocatalyst
on P10-Ir on photocatalytic water splitting under visible light (A > 420 nm); d) Photocatalytic water splitting over
P10-Ir (1 mg) under visible light (A > 420 nm), the change of gas amount at 63 hours occurred because the reactor
temperature changes after the light source was turned off. When left in the dark after the extended run the change
in temperature results in an initial reduction of the measured gas products, but no further reduction of the amounts
of Hz and Oz was observed, suggesting that no significant backward reaction was taking place. Experiments in a-d
were carried out with PerkinElmer CERMAX PE300BF 300 W Xe light source with cut-off filters, irradiation area:
33 cm?, A > 420 nm; top-irradiation cell with a Pyrex window in a gas-closed circulation system. Reactant solution:
distilled water (120 mL). Activities were calculated from photocatalytic experiments without initial stabilization over
5 hours (a-c).

The photocatalytic activity of P10-Ir was studied as a function of pH and was found to vary little in the pH
range of 5.6 — 9.0. Activities were lower at pH 2.9 and pH 10 (Fig. 2b). One possible explanation is the
calculated ionisation potential and electron affinity of the polymer relative to the potential of water reduc-
tion and oxidation (S-39). At low pH, the driving force (i.e., the difference between the water oxidation
potential and the ionisation potential of the polymer) is small compared to higher pH, while at the other
extreme (pH 10), the difference between the proton reduction potential and the electron affinity of the
polymer is smaller compared to that at lower pH. It appears, therefore, that pH values close to pH 7 offer
sufficient driving force for both half reactions and therefore the highest photocatalytic activities. The water
splitting activity of P10-IrO, was not increased by using larger amounts of P10-IrO. in water with the
hydrogen evolution rate of 50 mg P10-IrO; only slightly increasing to 10.9 umol h™' compared to experi-
ments using 1 mg P10-IrO; (5.6 ymol h'') as shown in Table 1. More significantly, there was no measured
increase in the amount of oxygen produced, suggesting that the increase in hydrogen originated from
either decomposition of impurities or auto-oxidation of the photocatalyst.



Table 1. Photocatalytic water splitting under visible light illumination (A > 420 nm) for particulate conju-
gated polymer P10 in water.

H> Evolution ; o
O2 Evolut t
Entry | Amount of P102 Co-catalyst rate 2 =volution rate Kinetic
b (umol h-1)p data
(mg) (wt. %) (umol h7T)
1 50 Ir (0.45) 10.9 0.7 Fig. S-23
2 10 Ir (0.45) 7.4 14 Fig. S-24
3 5 Ir (0.45) 6.6 2.1 Fig. S-25
4 3 Ir (0.45) 6.4 2 Fig. S-26
5 1 Ir (0.45) 5.6 1.8 Fig. 2d
6 1 Co (0.04) 0 0 -
7 1 Ru (0.8) 0.3 0 Fig. S-35
8 5 -¢ 0.3 0 Fig. S-36
9 1 Ir (0.45) 2.1d 0.9 Fig. 2d

@ Reaction conditions: P10 loaded with Ir, Co or Ru loaded by microwave deposition (details in ESI); 300 W Xe light
source with a cut-off filter (A > 420 nm); cell, top-irradiation, 70 torr, Ar, reactant solution: distilled water; b Gas
evolution rates were calculated from the first run of the photocatalytic experiments; ¢ No additional co-catalyst was
added; 9 After 20 hours equilibration.

We also tried to optimize the amount of Ir loaded onto P10 as shown in Fig. 2c. In the absence of iridium
no photocatalytic overall water splitting is observed, and only a small amount of hydrogen is detected,
which we have observed previously and can potentially be ascribed to the decomposition of impurities
or auto-oxidation of the photocatalyst (Fig. S-36)."®3 A loading of 1% Ir on P10 gave the highest activity
for water splitting with higher loadings (2% and 10%) reducing the activity, possibly due to parasitic light
absorption of the metal that competes with the polymer photocatalyst.

The initial photocatalytic evolution production rate of 5.6 umol h™' for hydrogen and 1.8 pmol h' for oxy-
gen for P10-IrO2 (1% Ir loading, 1 mg, 120 mL water, 300 W Xe light source, A > 420 nm) decreased over
each of the subsequent 5-hour runs before stabilising to constant water splitting at rates of 2.1 ymol h’
for hydrogen and 0.9 umol h™' for oxygen production. The H./O, production ratio is close to 2, within an
experimental error after the stabilization period (Fig. 2d). Similar observations of a stabilisation period
have been made previously for germanium nitride loaded with RuO, nanoparticles.*® This might be
caused by the oxidation of the iridium in P10-Ir to IrO (Fig. 3a) as evident from XPS measurements
showing that metallic iridium is converted into IrO. during light irradiation (Fig. 3a) — or by oxidation of
residual compounds such as ethylene glycol used for the Ir-loading step as might indicated by the
increased hydrogen evolution and reduced oxygen evolution. Detachment of the Ir species from the sur-
face of P10-IrO; during the early stages of the catalysis could also be a possible reason since the content
of Irin P10-IrO; (1% Ir loading) was reduced from 0.45% to 0.35% after the experiment (Table S-1).
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Figure 3. X-Ray photoelectron spectra of a) P10-Ir (top) and P10-IrO2 (bottom); b) STEM-HAADF image of the
photocatalyst after photocatalysis (the scale bar is 50 nm long); c) EDX mapping of the same area as in b showing
the presence of palladium (green) and iridium (blue) (the scale bar is 50 nm long). d) Wavelength dependence of
photocatalytic water splitting over P10-Ir (1 mg) in distilled water (120 mL) in gas-closed circulation system, light
source: 300 W Xe-arc light source with different cut-off filters, irradiation area: 33 cm?; e) Photocatalytic water
splitting over P10-Ir (1 mg) in distilled water (120 mL) in Ar-flow system (1 atm) under visible light (A > 420 nm, 300
W, irradiation area: 33 cm?); f) Photocatalytic solar water splitting over P10-Ir (1 mg) in distilled water (120 mL) in
gas-closed circulation system, light source: solar simulator with an AM1.5G filter (100 mW cm-2), irradiation area:
25 cm?.

The total amount of hydrogen evolved was 148.7 umol over 63 hours, which was larger than the amount
of hydrogen in P10-Ir sample (14 umol). The turnover number was determined to be 54.1 after 63 hours
per mole of repeat unit of P10 based on a 4-hole hole transfer to water resulting in oxygen production
(see ESI for calculations, Eq. S-3). Post illumination analysis also showed no significant changes in the
UV-vis, photoluminescence, FT-IR spectra, and PXRD patterns for the catalysts (Fig. S-1 to S-4). These
results clearly demonstrated that P10-Ir is a photocatalyst suitable for overall water splitting even when
other reports indicate that sustained water oxidation is difficult to maintain for organic materials.3%4

P10-Ir showed higher rates of 17.6 umol h™" and 5.2 ymol h™' for H, and O production under broadband
illumination (full arc, 300 W Xe light source, 70 torr) when compared to visible (A > 420 nm) light alone
(H2: 5.6 ymol h™" and O,: 1.8 umol h'). This is expected as the photocatalyst P10 absorbs both UV and
visible photons (Fig. 3d). The rates of hydrogen and oxygen evolution are reduced to 2.8 ymol h™* and
1.2 ymol h™" with a 440 nm long-pass cut-off filter, only 0.03 umol h-*and 0.06 ymol h' with a 480 nm
filter, and no photocatalytic activity was observed when using a 520 nm cut-off filter (300 W, Xe light
source; 70 torr). This shows that the efficiency tracks the absorption profile of P10-IrO, and that process
is driven by the absorption of light.

The experiments described above were performed under reduced pressure, which allows for both hy-
drogen and oxygen gas to be driven off the surface. To test the activity of P10-Ir under atmospheric
pressure experiments were performed in a flow system with an argon carrier gas (flow rate =
15 mL min™"). These experiments demonstrated that under visible irradiation (A > 420 nm) P10-IrO; also
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produces Hz and O, from water at ambient pressure (Fig. 3e) with lower but measurable rates (H2:
1.36 umol h™', O: 0.66 ymol h'') in a 2.06:1 ratio.

Under a solar simulator, we observed rates of 1.8 umol h™' for H,, and 0.7 umol h™' for O, after 5 hours
stabilization (Fig. 3f). Finally, again using a solar simulator, the solar-to-hydrogen efficiency (STH) was
determined to be 0.0047% (Eq. S-6). This is a more than 3-times improvement compared to our previous
report of P10 in a Z-scheme with BiVO,4 (0.0014%).25 The low STH efficiency can be explained, in part,
by the low polymer loading: much of the light passes through the reactor without being absorbed. Inor-
ganic photocatalysts, such as aluminum-doped strontium titanate loaded with Rh/Cr,O3/CoOOH have
shown much higher STH values of 0.65%.'> However, we note that the catalytic activity for sacrificial
hydrogen evolution in organic polymers increased by a factor of 600 in the period 2015 (pyrene net-
works)' to 2020 (bulk heterojunction materials)*’#¢ and thus far, only a very small number of polymer
photocatalysts have been reported for overall water splitting.

Transient absorption (TA) UV/vis spectroscopy can provide evidence of the mechanism of photocatalysis
and was used previously to study the formation and fate of the P10 electron polaron during hydrogen3':38
and oxygen® evolution, as well as in a Z-scheme device?®. Excitation at 400 nm of P10 and P10-IrO;
(post-photocatalysis) in water under an Ar atmosphere leads to similar spectra on the ps-ns timescales,
Figure 4. The broad positive absorption peaking at ca. 870 nm has been assigned elsewhere to excited
-state absorption by a singlet exciton state,*® which we show below is actually composed of spectral
features of 2 or more states. These excitonic states can radiatively decay back to the ground state, with
stimulated emission giving rise to the negative features, with the spectral position coinciding with the
broad band observed in the steady-state emission spectra of P10 and P10-IrO, suspensions (Figure S-
18). Alternatively, a long-lived polaronic state can be formed that has an absorption maximum at 637 nm
(P10) or 635 nm (P10-IrO;). The assignment of this TA band to a polaronic state is based on past exper-
iments where in the presence of a sacrificial electron donor a P10 electron polaron was found to persist
for hundreds of microseconds prior to electron transfer to the Pd HER catalyst.®' In the absence of a
sacrificial electron donor, similar spectral features are typically assigned to a polaron pair.® The presence
of IrO accelerates the decay of the broad positive absorption assigned to the P10 excitonic states (Figure
4 ¢, d), with the difference clearly noticeable at times < 2 ps. In contrast the rate of recovery of the
negative bleach assigned to stimulated emission shows no clear dependence on IrO; on the ps-ns time-
scale (Figure 4 e, f). Therefore, either an additional non-radiative decay pathway becomes available, or
an acceleration of an existing pathway occurs, when IrO; is present in P10.
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Figure 4. a) TA difference spectra of P10 and b) P10-IrO; (post photocatalysis) in water following 400 nm
excitation. ¢) and d) kinetic traces showing the decay of the photoinduced absorption of P10 and P10-Ir
O, at wavelengths that the global fitting identified as maxima in the species associated spectra. e) and f)
kinetics of the stimulated emission of P10 and P10-1rO..

To identify this pathway and to obtain the spectral fingerprints of individual components from the complex
overlapping spectra, global target analysis was carried out on both data sets. Full details of the procedure
and the global lifetime approach, which requires fewer assumptions but still provides similar conclusions,
are given in the Supporting Information. The kinetic model consists of three states, an initially generated
excited state (0) which can populate two lower energy states (1,2). Initial fitting with a 2-compartment
mode consisting solely of an initially generated excitonic state and a charge separated state gave a poor
fit to the experimental data. Based on the global lifetime analysis, we allowed transfer of population from
compartment 0 to 1 and 2, and from 1 to 2. In addition, all 3 compartments were allowed to relax to the
ground state (Figure 5a,b). The lifetimes and relative yield of each kinetic pathway are shown in Figure
5a,b,e.
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Figure 5. a) Kinetic model used for the global target analysis of the TA spectra of P10 and b) P10-IrO,
following 400 nm excitation which shows accelerated formation of the P10 polaron species (2) in the
presence of the IrO; which is the charge separated state involved in photocatalysis. ¢) SAS of compo-
nents 0,1,2 generated for P10 and d) P10-IrO.. e) Calculated amplitudes of the individual species with
time. The dashed lines represent P10 and the solid lines P10-IrO.. f) Difference in SAS of component 2
of P10-IrO2 and P10 indicating hole transfer to the IrO, co-catalyst. The relative intensity of the spectra
was scaled until the ~635 nm P100) peak was not observable in the difference spectra.

The species associated spectra (SAS) generated in the global fitting procedure for P10 and P10-IrO; are
shown in Figure 5c,d. Species 0 and 1 both have characteristic features of the singlet excitonic state.
Given this observation, along with the identical time that species 1 takes to form in the presence and
absence of IrO;, it can be assigned to a singlet excitonic state, which likely forms following vibrational
relaxation of the initially formed hot state (species 0). The SAS of species 2 (P10) has a maximum at ca.
635 nm which agrees with the previously reported polaron pair and electron polaron spectra of P10.
Interestingly the P10-IrO, SAS of species 2 shows a broadening of the 635 nm peak and an increasing
AQ.D. below 550 nm when compared to the P10 SAS of species 2. Subtracting the SAS of the polaronic
states of P10 from P10-IrO, gives rise to the spectrum shown in Figure 5f. The difference in the SAS
spectra of P10 and P10-Ir is proposed to be due to rapid hole transfer to the IrO; giving rise to a charge
separated P100-IrO,™ state (2), which goes on to enables water oxidation at the IrO, catalyst and hy-
drogen evolution via electron transfer to the Pd co-catalyst. We note a good agreement between the
feature present in Figure 4a and the UV/vis spectrum reported of oxidized IrO; obtained through spec-
troelectrochemistry, supporting this assignment.*® Our modelling of the TA data indicates the primary
pathway for formation of the polaronic states of both P10 and P10-IrO; is directly from the initially gen-
erated hot exciton state (0). Relaxation into the lower energy excitonic state (1) represents a loss pathway
with it primarily decaying to the ground state (94%). The yield and rate of formation of the polaron (2) is
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greater with the P10-IrO, sample (Figure 5 e), which rationalizes the decreased lifetime of the photoin-
duced absorption at A > 700 nm (Figure 5c¢,d). It is striking that the lifetime of formation of P10©-1IrO,* is
estimated to be only 1.5 ps allowing it to compete with the kinetics of recombination, which enables water
oxidation using a single polymer photocatalyst.

Besides P10, a number of other linear conjugated polymers are known experimentally to drive both pro-
ton reduction and water oxidation in the presence of sacrificial donors®® and many more should theoret-
ically be able to drive overall water splitting based on their predicted ionization potential and electron
affinity.?° The results presented here for P10 suggest that many of these polymers might be active for
overall water splitting in the presence of suitable co-catalysts and that such polymer photocatalysts can
be relatively stable for this reaction under the right operating conditions.

Conclusions

In summary, iridium-loaded on P10 was found to be a co-catalyst for the decomposition of H,O into Hz
and Og, representing the first successful example of an organic photocatalyst for overall water splitting
based on a linear conjugated polymer. Overall water splitting of P10 loaded with IrO; co-catalyst pro-
ceeded steadily for an extended period of time (>60 hours). The photocatalytic activity was strong de-
pendent on the co-catalysts with only Ir co-catalyst found to drive overall water splitting for the P10 pho-
tocatalyst. Transient absorption UV/vis spectroscopy was used to study the photocatalytic system and
species associated spectra analyzed were generated. The analysis suggest that a charge separated
P10(")-IrO2(*) state is formed rapidly that enables water oxidation at the IrO2 catalyst and hydrogen evo-
lution via electron transfer to the Pd co-catalyst, highlighting the importance of the Ir-cocatalyst. Although
the overall solar-to-hydrogen efficiency of this first system is very low with respect to inorganic semicon-
ductors, as for the first embodiments of polymers for sacrificial hydrogen production,’” it provides proof-
of-concept study that linear polymer photocatalysts can in principle move away from using sacrificial
reagents for hydrogen production.5°

Methods

Synthesis of the polymer photocatalyst: P10 was synthesized as previous report. P10 was co-loaded
with IrO; as oxidation cocatalyst. 0.2 g P10 was dispersed in ethylene glycol (40 mL) followed by the
addition of an appropriate amount of an [NH4IrClg] aqueous solution (2 wt. % IrO,, calculated based on
elemental Ir). The mixture was transferred into a glass vial and heated in a microwave reactor (Monowave
300, Anton Paar Company) at 423 K for 30 minutes.

Photocatalytic water splitting experiments: Water splitting experiments were carried out in gas-closed
circulation and Ar-flow systems. The P10-Ir (0.05-0.001 g) photocatalyst powder was dispersed in dis-
tilled water (120 mL) in a reaction cell made of Pyrex glass. A top-irradiation cell with a Pyrex window
was used after degassing by applying vacuum and purging with argon. The set-up was brought back to
reduced pressure (70 torr) and irradiated with a 300 W Xe arc light source (PerkinElmer; CERMAX
PE300BF) or a solar simulator (Yamashita Denso; YSS-80QA, 100 mW cm2). The measurement of
wavelength dependency was carried out using a 300 W Xe-arc light source with cut-off filters (HOYA).
Amounts of evolved hydrogen and oxygen were determined using an online gas chromatograph (Shi-
madzu; GC-8A, MS-5A column, TCD, Ar carrier).

Transient absorption spectroscopy experiments: Suspensions were prepared with P10 or P10-1rO-
(post photocatalysis, 0.35 wt. % Ir loading) concentration of 0.24 g L' and ultrasonicated in water until
the photocatalyst was dispersed (20 minutes). The suspension was transferred into a quartz cuvette with
a 2 mm pathlength, sealed with a rubber septa cap and degassed by Ar bubbling for 20 minutes. Samples
were not stirred during ultrafast TAS measurements as they were found to be suitably stable during the
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TA experiment (ca. 30 minutes). TA spectra were collected on a Harpia-TA spectrometer (Light Conver-
sion). The pump light was generated using a Pharos-SP-10W (Light conversion, FWHM ~170 fs, 10 kHz,
1030 nm) coupled to a OPA (Orpheus), an internal chopper lowers the pump frequency to 5 kHz. The
white light probe beam was achieved by focusing a portion of the Pharos-SP-10W output on to a sapphire
crystal within the Harpia spectrometer. Samples were excited with a 400 nm pump light with a power of
750 yW. The pump beam (ca. 0.6 mm diameter) and the probe beam (ca. 0.4 mm diameter) were over-
lapped on the sample position. Data was initially collected using the Harpia-TA spectrometer and ana-
lysed using Carpetview software (Light Conversion).

Data availability. All data generated and analysed relevant to the study are included in the article and
the Supplementary Information files.

Supplemental Information includes: Figures S1-S41, Tables S1-S2, hydrogen and oxygen evolution
setup and measurement data, UV-vis spectra, gas sorption data, FT-IR, X-ray powder diffraction, scan-
ning electron microscope, transmission electron microscope, TON/STH calculation, time correlated sin-
gle photon counting, transient absorptions spectra and global analysis of TA data.
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