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Water oxidation (WO) is considered the main bottleneck of artificial photosynthesis. In this scenario, the
development of efficient water oxidation catalysts (WOCs) is essential for optimising artificial solar energy
conversion systems. Herein, we report the synthesis and characterisation of a new Ir-based molecular
catalyst by coordinating IrCp*Cl (Cp* = pentamethylcyclopentadienyl) to a N-chelating heterocyclic
ligand, 3,6-dipyridin-2-ylpyridazine (dppz). Kinetics and water oxidation catalytic activity for the half-
sandwiched iridium(i) pre-catalyst have been evaluated by using cerium ammonium nitrate (CAN) as an
electron acceptor. Heterogenisation of the molecular Ir complex on a previously reported dppz-
functionalised PMO (NdppzPMO) was demonstrated to synthesize a robust and recyclable solid catalyst
(Ir-PMO) with well-defined catalytic sites. This approach stabilises the molecular active site during
catalysis by preventing the diffusion-controlled deactivation pathways observed in the homogeneous
phase. In the presence of CAN, Ir-PMO exhibits a steady evolution of oxygen over multiple catalytic
cycles, producing a total amount of 1349 umol O, (TON,, = 1874) until the system starts to deactivate
due to the deposition of cerium oxide (CeO,) nanoparticles. The hydrophobic nature of Ir-PMO
facilitates diffusion of the oxidising agent towards the catalytic sites, leading to a faster catalytic rate
compared to an analogous silica-based material with a covalently attached Ir-complex.
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1. Introduction 2H,0 — O, + 4H" + de” (1)

The conversion of water into molecular oxygen and hydrogen 4H™ +4e” — 2H; (2)

represents a fundamental process in artificial photosynthesis,
functioning as a critical mechanism for solar fuel production.*
This reaction can be delineated into two principal half-reactions
(eqn (1) and (2)):

Effectively coupling these half-reactions poses substantial
challenges, particularly with regard to the water oxidation step
occurring in photosystem II of natural photosynthesis, which
necessitates the intricate transfer of four electrons.> The
elevated energy barrier associated with this transformation
renders it one of the most challenging processes in water
splitting, underscoring the necessity for robust catalysts to
facilitate the reaction. Addressing the thermodynamic and
kinetic drawbacks inherent to this step has prompted extensive
research into water oxidation catalysts (WOCs).**

In this context, the Mn,CaOs core of photosystem II has
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emerged as a model for understanding the structure and
mechanisms of multimetallic complexes. It is widely accepted
that multinuclear metal centres are particularly effective as
WOCs due to their ability to distribute oxidising equivalents
and stabilise reactive intermediates. Various catalytic systems
have been developed, including molecular complexes based
on tetramanganese, dimanganese, and diruthenium, as well
as heterogeneous catalysts utilising nanostructured metal
oxides such as manganese, cobalt, iron, ruthenium, and
iridium.>®
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Recent studies have also emphasised the potential of single
metal site catalysts for water oxidation, including noble metals
like ruthenium and iridium, alongside earth-abundant alter-
natives such as iron and cobalt.” Single-site WOCs offer several
advantages, including improved atom economy, simpler
synthesis and characterisation, mechanistic investigations, and
the ability to systematically tune their geometric and electronic
structures. This focus on single-site catalysts paves the way for
creating innovative molecular assemblies that integrate cata-
Iytic functionalities with other desirable properties such as
recyclability, robustness, and longevity.*

Particularly, iridium-based complexes have garnered consid-
erable attention due to their superior catalytic activity and
stability under the harsh oxidative conditions required for water
oxidation.®™® Early studies by Crabtree and co-workers demon-
strated the efficiency of homogeneous iridium complexes, espe-
cially those featuring pentamethylcyclopentadienyl (Cp*)
ligands, which provide a robust platform for stabilising high-
valent iridium intermediates necessary for the catalytic
cycle.**** However, despite their high activity, homogeneous
iridium catalysts face limitations related to recyclability and
long-term stability.’® This has prompted a shift toward the
development of heterogeneous systems, where the iridium
catalyst is immobilised on a solid support, offering advantages in
terms of reusability and ease of separation."”

Various supports have been explored for this purpose,
including metal-organic frameworks (MOFs), layered double
hydroxides (LDHs), carbon-based supports, and mesoporous
silicas.’®* MOFs, in particular, have gained considerable
attention due to their highly ordered porous structures and
tunable chemical environments, which make them promising
candidates for immobilising metal complexes such as iridium-
based WOCs.>® In 2011, Lin et al pioneered the successful
immobilisation of iridium complexes on a MOF support,
achieving moderate catalytic performance in water oxidation
reactions.”® The iridium complexes were anchored to the
bipyridine sites of the MOF, which served as coordination
points for the metal centre, thus providing a heterogeneous
catalytic system. However, diffusion limitations due to their
relatively small pore sizes (typically in the range of 0.5-1 nm)
and oxidative degradation of Cp* have been a significant
drawback. These narrow channels can hinder the efficient
transport of reactants and products, leading to reduced catalytic
activity over time, particularly in larger-scale applications where
diffusion becomes a critical factor. Moreover, the stability of
MOFs under the harsh oxidative and acidic conditions required
for water oxidation remains a concern, as many MOFs are prone
to degradation or structural collapse under these conditions.??

In response to these challenges, other porous materials such
as mesoporous silicas have been considered as alternative
supports for iridium catalysts.”® Specifically, periodic meso-
porous organosilicas (PMOs), which are a class of hybrid
materials characterised by tuneable pore sizes ranging from 2 to
50 nm and high surface areas, offering enhanced accessibility to
active sites, have emerged as ideal supports for heterogeneous
catalysis due to their ability to incorporate organic functional-
ities within their framework.> In this context, bipyridine-
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functionalised PMOs have been shown to provide a stable and
effective support for the immobilisation of iridium complexes.
In 2016, Inagaki et al. reported the use of bipyridine-bridged
PMOs as supports for iridium catalysts, achieving enhanced
catalytic activity in the oxidation of water, primarily due to the
increased stability of the catalyst and the improved diffusion of
reactants through the mesoporous structure.>

In this work, we report for the first time the synthesis, crystal
structure, electrochemical characterisation, and cerium
ammonium nitrate (CAN) driven water oxidation catalytic
activity of a half-sandwich iridium(u) complex coordinated to
a dppz ligand. The bidentate nature and electron-deficient
pyridazine ring of the dppz ligand render the unexplored
[IrCp*Cl(dppz)]Cl complex an interesting system to study for
the water oxidation reaction under homogeneous and hetero-
geneous conditions and benchmark its activity against known
iridium catalysts. Investigation of the molecular complex in
solution can provide key mechanistic insights towards under-
standing the catalytic properties of solid materials with a het-
erogenised Ir-complex. Herein, we introduce a facile synthetic
strategy for immobilisation of the [IrCp*Cl(dppz)]" complex on
periodic mesoporous organosilicas (PMOs) to synthesize an
efficient heterogeneous WOC, following our previously reported
methodology.”® To our knowledge, this is the first study that
delves into the use of dppz-functionalised PMO-supported
iridium complex for the oxygen evolution reaction, and the
results indicate significant improvements in both catalytic
performance and stability compared to the homogeneous
system. These findings open new avenues for the design of
highly efficient heterogeneous catalysts for artificial photosyn-
thesis and other energy conversion processes.

2. Results and discussion

The half-sandwich Ir"™" catalyst, [IrCp*Cl(dppz)]Cl, was syn-
thesised by a reaction of 1 equiv. of [IrCp*Cl,], dimer with 1
equiv. of the neutral ligand dipyridylpyridazine (Fig. 1a). The X-
ray crystal structure is shown in Fig. 1b, and the crystallographic
data are summarised in Tables S1-S3.7 The iridium centre
displays a characteristic three-legged piano stool geometry as
expected for a half-sandwich complex. The Cp* ring binds in an
n° mode, and the dppz ligand coordinates in a bidentate
fashion. A chloride ligand occupies the third coordination site.
The two uncoordinated pyridinic N atoms of the dppz ligand are
positioned trans to each other to minimise the electrostatic
repulsion. The Ir-N bond lengths (2.097 and 2.090 A) are
consistent with those reported for an analogous bipyridine
complex.”” The powder X-ray pattern of the complex closely
matched the simulated pattern, confirming the crystalline
nature of the synthesised complex (Fig. S1t). The stability of the
iridium complex was evaluated using optical spectroscopy.
Monitoring of the UV-vis spectrum in organic solvent over 2 h
exhibited unaltered patterns, confirming the stability of the
complex in organic media (Fig. S2at).”® However, significant
changes were observed at 370 nm in acidic aqueous solution
(Fig. S2bt) due to exchange of the chloride ligand with an aquo
ligand to form [IrCp*(OH,)(dppz)]** species.? The lability of the

This journal is © The Royal Society of Chemistry 2025
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(a) Synthesis of the half-sandwich [IrCp*Cl(dppz)]ICl complex. (b) Molecular structure of [IrCp*Cl(dppz)ICl determined by single-crystal X-

ray diffraction (hydrogen atoms and counter ions are omitted for clarity).

chloride ligand in aqueous solution was further confirmed by
high-resolution mass spectrometry (HRMS) (Fig. S37).

The synthesised iridium complex was evaluated as a potential
homogeneous catalyst for CAN-driven water oxidation under
acidic aqueous conditions. Aqueous solutions were acidified
with nitric acid due to faster rates that have been reported in
comparison with other acids commonly employed, such as triflic
acid,**** while CAN was employed as a sacrificial one-electron
oxidant since it is unable to independently catalyse the forma-
tion of dioxygen.** For this purpose, O, evolution was monitored
by differential pressure manometry, while depletion of CAN was
monitored by in situ UV-vis spectroscopy at a fixed wavelength of
390 nm, where the iridium complex shows minimal absorption
after Cl™ ligand exchange (vide infra). Water oxidation reactions
were conducted at different ratios between the electron acceptor
and the catalyst ([CAN]:[Ir] = 100, 400 and 1000) (Fig. S4 and
Table S4t). Although the decay of the oxidant is clearly accom-
panied by the generation of dioxygen, the activity is notably
influenced by the [CAN]:[Ir] ratio. At [CAN]:[Ir] = 100, the
catalytic system exhibited slower oxygen evolution rates (TOF;, =
1.20 min~") over the initial 15 min compared to the rate of CAN
depletion (TOF¢. = 2.50 min ). The turnover frequency for Ce"™
depletion (TOFc,) is defined as the ratio of the number of oxi-
dising equivalents consumed, divided by four, and the moles of
the catalyst, since one catalytic cycle requires the consumption of
4 moles of Ce". This is consistent with previous reports on an
analogous [IrCp*Cl(bpy)]Cl complex that demonstrated faster
CAN consumption than O, evolution at relatively low [CAN]: [Ir]
ratios (80-320 equiv. CAN).** As the [CAN]: [Ir] ratio increased,
the rates of O, evolution and CAN depletion tended to equilibrate
with TOF values of 2.41 and 2.94 min~" at [CAN]: [Ir] = 1000,
respectively. Interestingly, both kinetics converged at approxi-
mately halfway through the catalytic turnovers (TONy, = 118),
indicating similar rates through the course of the reaction
(Fig. S4ct). The yield of O, also increased from ~60% at [CAN] :
[Ir] = 100 to ~82% at [CAN]: [Ir] = 1000. This hints at a potential
oxidative activation of the iridium complex that requires the
consumption of CAN (vide infra). The plateauing of the oxygen
evolution was attributed to the complete consumption of CAN.
The catalysis could indeed be restarted by addition of fresh CAN,

This journal is © The Royal Society of Chemistry 2025

albeit with slightly lower O, yield and TONy, in the second cycle
(Table 1 and Fig. S17%). This confirms that the molecular integ-
rity of the iridium complex was largely maintained. The molec-
ular nature of the homogeneous catalysis was further confirmed
by DLS, which showed no evidence of IrO, nanoparticles in the
post-catalysis mixture. The TOF for O, evolution and the yield of
O, exhibited by [IrCp*Cl(dppz)]Cl at pH 1 are comparable to
those reported for an analogous 2,2'-bipyridine complex (Table
S5t). However, the rate of O, evolution is slower compared to
IrCp*-based WOCs with more electron donating bidentate
ligands.**** We hypothesise that the electron withdrawing nature
of the uncoordinated pyridine renders the central pyridazine ring
of dppz electron deficient. The lower donating capability of dppz
provides limited stabilisation to the high-valent iridium-oxo
intermediate, leading to slower catalysis.

For an in-depth investigation of the kinetics of water oxida-
tion, concentration-dependent experiments were conducted.
Initial rates were calculated by linear regression during the first
60 seconds of the reaction. At a constant Ir catalyst concentra-
tion (10 puM), a fractional order of 0.83 in the oxidant was
determined from the slope of the corresponding double loga-
rithmic plot (Fig. S5a-ct). However, zero-order kinetics was
found with 10 mM CAN (Fig. S6t). A similar finding was also
reported by Crabtree et al.** for an analogous [IrCp*Cl(bpy)]Cl
complex, which displayed kinetics lower than first-order (0.73)
at low oxidant equivalents and zero-order at higher equivalents,
whereas the [IrCp*(OH),]*" catalyst showed zero-order kinetics.
This behaviour emphasises a clear dependence of the rate-
determining step on the concentration of the sacrificial
oxidant, controlled by the generation of high-valent metal-oxo
species at low oxidant concentrations and by O-O bond
formation at higher concentrations.** Analogously, the kinetics
of Ce" depletion was determined to be first order in the catalyst
(Fig. S5d-ff). Therefore, under these conditions, the rate law for
Ce" depletion is defined as r = kfIr][Ce"™]**%.

For a better understanding of the nature of the active species
engaged in catalysis, the spectral changes for [IrCp*Cl(dppz)]
were monitored. The addition of CAN (2 umol, 100 equiv.) into
a solution of [IrCp*Cl(dppz)]" (10 uM, HNO; 0.1 M, pH = 1.0)
led to the appearance of a new band at 600 nm (Fig. S771), which

Sustainable Energy Fuels, 2025, 9, 2961-2972 | 2963
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Table 1 Catalytic activity of Ir-PMO and homogeneous [IrCp*Cl(dppz)]Cl towards water oxidation in the presence of CAN

Catalyst Reaction cycle O, evolution (umol O,) 0, yield* (%) TON TOF? (min~")
Ir-PMO 1%t 210 84 292 0.59

ond 220 88 306 1.00

3t 228 91 317 1.09

qth 235 94 326 1.04

5% 235 94 326 0.50

6m 221 89 307 0.25
[IrCp*Cl(dppz)]Cl 1% 227 91 315 2.36

ond 199 80 276 1.09

“ Calculated in relation to the theoretical maximum amount of 250 umol oxygen evolved.  Calculated in the first 15 min after the addition of the
oxidising agent. Experimental conditions: 100 mM CAN in HNO; (10 mL, 0.1 M, pH = 1) using 0.72 pmol Ir catalyst.

is also characteristic of other half-sandwiched iridium
complexes with bidentate ligands.** The absorbance increased
during CAN depletion and plateaued after ~40 min when the
solution bleached and the formation of oxygen bubbles ceased.
The addition of ethanol (50 pL) gradually quenched this band,
which nearly disappeared after 15 minutes. Since ethanol
cannot reduce iridium oxide nanoparticles,***” we attribute the
new absorption at 600 nm to high valent iridium species formed
during catalysis, which is consistent with the molecular nature
of the water oxidation reaction as indicated by the DLS results.*®
Notably, the reaction solution turned blue after Ce™ depletion
(Fig. S17 insetf), indicating the formation of high-valent
iridium species during catalysis. The absence of IrO, nano-
particles in the reaction mixture is also in line with previous
reports on IrCp* complexes bearing bidentate chelating ligands
such as 2,2'-bipyridine, 2-phenylpyridine, and 2-(2'-pyridyl)-2-

a) [<
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Fig. 2

b) 15
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propanoate,****

with pendant hydroxy groups.”* Here, dppz serves as an N,N-
bidentate ligand to form a robust IrCp* complex and provides
a suitable coordination environment for the stabilisation of
high valent iridium species, similar to the aforementioned
ligands.

The redox behaviour of [IrCp*Cl(dppz)]Cl was examined by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in aqueous and non-aqueous (acetonitrile) electrolytes
under nitrogen. As previously mentioned, the iridium complex
predominantly exists as [IrCp*(OH,)(dppz)]*" under aqueous
conditions. Cyclic voltammograms recorded for [IrCp*Cl(dppz)]
Cl at different pH are shown in Fig. 2a. The cyclic voltammo-
gram at pH 1 showed the onset of an oxidation wave at ~1.66 V
vs. RHE ascribed to electrocatalytic water oxidation. This indi-
cates that CAN-driven water oxidation by [IrCp*Cl(dppz)]Cl is

as well as monodentate N-heterocyclic carbene
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(a) pH-dependent cyclic voltammograms of [IrCp*Cl(dppz)ICl (1 mM) in aqueous solution. The dashed lines show the blank CVs in the

absence of a catalyst. Conditions: glassy carbon working electrode, Ag/AgCl/KCl (3 M) reference electrode, Pt wire counter electrode, 0.1 M

electrolyte, and a scan rate of 100 mV s™%

. (b) Cyclic voltammograms of [IrCp*Cl(dppz)ICL (1.0 mM) in neat MeCN and with increasing water

content (1-5%). Inset shows the linear fit of the shift of the peak potential for the first oxidation step against the concentration of water.
Conditions: glassy carbon working electrode, Pt wire counter electrode, Ag/AgNOs (10 mM) reference electrode, and TBABF, (0.1 M) supporting

electrolyte.
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thermodynamically feasible since the standard redox potential
of the Ce'/Ce™ couple is reported as 1.7 vs. RHE at pH = 1,
which can rise to over 1.81 V vs. RHE at high Ce'" concentra-
tions.*” At neutral pH, the CV exhibited an irreversible oxidation
wave at ~1.82 V vs. RHE (~1.4 V vs. NHE), which overlapped
with the onset of the subsequent electrocatalytic water oxida-
tion wave. This oxidation step was further confirmed by DPV
experiments (Fig. S87), which can be tentatively assigned to an
Ir'V/1ir'™ redox couple.** The absence of this oxidation wave at
acidic pH could be related to the protonation of uncoordinated
pyridinic or pyridazinic nitrogens, which can anodically shift
the oxidation wave. This would have lowered the donating
capability of the dppz ligand, leading to a more electron defi-
cient Ir centre that undergoes oxidation at a higher potential.
Alternatively, pH-dependent speciation of the [IrCp*(OH,)(-
dppz)]** involving deprotonation of the coordinated water
ligand is also a possibility. At pH 12, a prominent catalytic wave
for water oxidation was observed at ~1.87 V (vs. RHE), which is
consistent with previous reports.*® The onset of the catalytic
water oxidation reaction displayed a near-Nernstian depen-
dence on the solution pH (~62 mV pH ') in the pH range of 7-
12 (Fig. S97).

The CV of [IrCp*Cl(dppz)]Cl in acetonitrile (Fig. S10at) dis-
played a partially reversible oxidation peak at 0.64 V (vs. Fc''°),
consistent with an EC process (an electron transfer, E, followed
by a chemical reaction, C), in which the oxidation is followed by
a chemical step. Based on previous reports on an analogous
[IrCp*Cl(bpy)]" complex, this peak can be attributed to oxida-
tion of the metal-bound pentamethylcyclopentadienyl.**>** The
lack of reversibility of the CV response could be caused by
chemical deprotonation of the Cp* methyl group(s) following
the electron transfer. Over ten successive CV scans (Fig. S10a
insett), the oxidation peak displayed a gradual shift to 0.74 V,
suggesting that partial oxidation rendered Cp* harder to oxi-
dise. The return scan showed a much-shifted reduction wave at
0.35 V with a smaller peak current. Interestingly, this oxidation
process was not observed in the voltammograms recorded
under aqueous conditions. The formation of deposits on the
electrode surface was excluded by performing scan rate
dependent CVs, which confirmed that the oxidative and
reductive peaks remained diffusion controlled (Fig. S10b-df).
Upon extending the scanning window to more oxidising
potential (1.5 V vs. Fc¢™), a second irreversible oxidation wave
was observed at 1.4 V and the reduction wave at 0.35 V dis-
appeared during the return scan (Fig. 2b, S10c and dft). This
oxidation is assigned to the Ir'/Ir'"" couple, which promotes the
water oxidation reaction. The reductive scan (Fig. S11t) of
[IrCp*Cl(dppz)]Cl displayed an irreversible reduction at
—1.20 V, which has been reported to be a two-electron reductive
elimination step (d®° — d®) with clearly separated cathodic and
anodic peaks (AE}, ~ 0.23 V).** The tentative mechanism can be
described as an ECE process that involves a metal centred
reduction, followed by rapid loss of Cl~, and then a second
reduction step that requires less energy than the first.

To confirm the origin of the water oxidation activity of
[IrCp*Cl(dppz)]Cl, CVs were recorded in acetonitrile in the
presence of water (1-5%, v/v). As shown in Fig. 2b, incremental

This journal is © The Royal Society of Chemistry 2025
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addition of water led to an increase of peak current in the
second oxidation process, leading to a catalytic water oxidation
peak at 1.30 V. This observation suggests that metal centred
oxidation of Ir'" to Ir'V initiates the water oxidation reaction.
Interestingly, the first oxidation peak underwent an incre-
mental shift to a more positive potential as more water was
added to the system and the peak potential shift exhibited
a linear correlation with the water content (Fig. 2b, inset). We
speculate that this shift is caused by the incremental displace-
ment of inner-sphere chloride ligands with aquo ligands when
water is present in the organic phase.**

Encouraged by the promising water oxidation performance
of the iridium catalyst, we targeted immobilisation of IrCp*Cl
units onto a periodic mesoporous silica scaffold functionalised
with dipyridylpyridazine ligands (NdppzPMO) to synthesize
a hybrid solid catalyst (Ir-PMO).*® The synthetic procedure of the
heterogeneous Ir-PMO WOC is depicted in Scheme 1. Post-
synthetic metalation of the chelating dppz motifs of
NdppzPMO with [IrCp*Cl], resulted in the formation of isolated
[IrCp*Cl(dppz)]Cl sites in Ir-PMO and a concomitant colour
change from pink to pale orange. The iridium content was
estimated by ICP-MS to be 0.24 mmol g~ when [IrCp*Cl], was
added in a 1:1 Ir/dppz molar ratio, leading to ~60% of coor-
dinated dppz units. Interestingly, the loading of iridium
remained largely unchanged even when a higher amount of
[IrCp*Cl], (i.e., 1.5 or 2 Ir/dppz molar ratio) was used for the
metalation reaction (Table S67), suggesting limited accessibility
to the deeply embedded dppz sites within the PMO mesopores.

Consistent with our previous reports,>*** the low-angle
powder X-ray diffraction (PXRD) pattern of NdppzPMO exhibi-
ted an intense reflection plane at ca. 1.9° (d19o = 4.6 nm) as well
as two broad reflection planes at higher incidence angles of ca.
3.3° and 3.8°, characteristic of an ordered mesoporous struc-
ture. The PXRD pattern of Ir-PMO confirmed the preservation of
the two-dimensional hexagonal lattice of the starting material
(Fig. 3a) upon immobilisation of the iridium complex. However,
the metalation process was accompanied by a significant
reduction in the intensity of the diffractions, even leading to the
disappearance of the reflection planes at higher incidence
angles (Fig. 3a, inset), which suggested differences in the scat-
tering contrasts within the pores. The integrity of the ordered
mesoporous structure was also confirmed by transmission
electron microscopy (Fig. S12t). The elemental distribution was
investigated by energy-dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. S137), where Ir species were evenly
distributed throughout the sample. Nitrogen physisorption
experiments revealed type IV isotherms (Fig. 3b), typical of
ordered mesoporous materials. The textural properties of Ir-
PMO decreased as a result of complexation on the inner pore
surface (Table S7t), leading to surface area (Sggr), pore volume
(Py) and pore diameter (Dp) values of 612 m* g%, 0.40 cm® g™ *
and 2.7 nm, respectively.

The formation of heterogenised [IrCp*Cl(dppz)]Cl
complexes was studied by Fourier transform infrared spectros-
copy (FT-IR), UV-vis diffuse reflectance spectroscopy (UV-vis
DRS), solid-state ">C cross polarisation magic-angle spinning
(CP/MAS) NMR and X-ray photoelectron spectroscopy (XPS). FT-
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Scheme 1 Synthesis of Ir-PMO.

IR spectra of the homogeneous and heterogeneous
[IrCp*Cl(dppz)]Cl complexes are shown in Fig. 3c. The homo-
geneous complex exhibited a combination of the characteristic
C=N and C=C skeletal vibrations of the N-heterocyclic ligand
in the range of 1400-1600 cm ™", along with representative Cp*
vibrations. Interestingly, the formation of the Ir complex led to
the appearance of two vibrational modes shifted towards higher
frequencies (1610 and 1652 ¢cm™ '), which evidence different
environments for the pyridazine/pyridine heterocycles
compared to the uncoordinated dppz ligand.*® Furthermore, the
new signal observed at 439 cm ™" has been tentatively assigned
to the Ir-N bond. The Ir-PMO spectrum displayed the same
vibrational modes described for the homogeneous analogue,
along with characteristic Si-O (1101 cm ™) and Si-C (1165 cm ™)
stretching vibrations. The solid-state UV-vis spectrum of Ir-PMO
(Fig. 3d) revealed a slight red shift from 290 to 305 nm in the -
m* transitions due to the interaction between the iridium
centres and the dppz units.** Two new absorption peaks centred
at around 370 and 460 nm, also exhibited by the homogeneous
counterpart, were attributed to metal-ligand charge transfer
(MLCT) transitions.”® Solid-state '*C CP/MAS NMR also sup-
ported the incorporation of IrCp*Cl units on NdppzPMO
(Fig. 3e). In addition to the typical resonances of NdppzPMO,**
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a new signal characteristic of Csp® from the Cp* ligand was

observed at 91 ppm after the complexation of the iridium
centre.” The expected *C chemical shift for the methyl groups
in Cp* (-Cp(CH3)s) is ~9 ppm, which was likely masked by the
intense signal from the ethylene-bridged groups of the PMO
framework. The survey XPS spectrum of Ir-PMO exhibited
binding signals in the Si 2p, O 1s, C 1s, N 1s, Cl 2p and Ir 4f
regions (Fig. S141). The N 1s spectrum was deconvoluted into
two contributions ascribed to non-coordinated pyridine-pyr-
idazine (399.6 eV) and a slightly upshifted Ir-coordinated N
(400.3 eV) (Fig. S14d+t). The Ir 4f spectrum revealed the presence
of Ir 4f,, (62.4 eV) and Ir 4f;,, (65.4 €V) spin-orbit components
(Fig. 3f), which are consistent with those observed for the
[IrCp*Cl(dppz)]Cl model complex, indicating the presence of
the Ir'"" oxidation state.’*

The catalytic performance of Ir-PMO was evaluated at
[CAN]: [Ir] = 1389 (3 mg Ir-PMO). Theoretically, a maximum of
250 umol of oxygen can be evolved based on the stoichiometry
of the reaction (2H,0 + 4Ce" — O, + 4H" + 4Ce™"). Under these
conditions, chemical water oxidation was catalysed by Ir-PMO
with an initial TOF of 0.59 min~" (Fig. 4a). The system evolved
210 umol O, (84% O, yield) before plateauing at 28 h of reac-
tion. At this point, CAN depletion was confirmed by the

This journal is © The Royal Society of Chemistry 2025
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NdppzPMO and Ir-PMO. (c) FT-IR spectra of [IrCp*Cl(dppz)ICl and Ir-PMO. Characteristic vibrational modes of the dppz ligand and IrCp*
moieties are indicated with dashed lines and blue shades, respectively. (d) UV-vis DRS spectra of Ir-PMO and UV-vis absorption spectra of
[IrCp*Cl(dpp2z)ICL (2.5 x 107> M) in MeCN. (e) **C CP/MAS NMR spectra of NdppzPMO and Ir-PMO. (f) High resolution Ir 4f XPS spectra of Ir-PMO

and [IrCp*Cl(dppz)]CL

bleaching of the orange solution. The complete discoloration
of the solution ruled out the presence of any oxidised (Ir"V and
Ir¥) or heterogeneous (IrO,) species derived from the iridium
complex, which would produce a blue-purple solution.****>® To
further check the leaching of iridium species, the supernatant
of the reaction was analysed by ICP, revealing a negligible
concentration of iridium in the solution. Furthermore,
a leaching test was carried out by filtration of the catalyst after
4 h of reaction (Fig. S15t). The filtrate produced a negligible
additional amount of oxygen, demonstrating the heteroge-
neous nature of the catalysis.

To confirm the recyclability of the catalyst, Ir-PMO was
recovered by vacuum filtration as a pale green solid, due to the
presence of oxidised iridium species (Fig. S16b¥). After washing
with water and ethanol, the catalyst returned to its initial
yellowish appearance, indicating the regeneration of the Ir'™
species (Fig. S16a and ct). The catalyst was subsequently reused
for five additional reaction cycles under identical conditions
(Fig. 4a), showing consistent oxygen evolution yield till the 6™
cycle (Table 1). This indicates excellent chemical stability and
reusability of the heterogeneous catalyst. Interestingly, the

This journal is © The Royal Society of Chemistry 2025

oxygen evolution rates increased during the first three cycles,
followed by a gradual drop in the activity during 4-6 cycles
(Table 1). This indicates that the [IrCp*Cl(dppz)]" species acts as
a pre-catalyst and forms a more active catalyst, [IrCp*(OH,)(-
dppz)]**, during the water oxidation process. Similar results
have been reported in the homogeneous phase, where reaction
rates were faster as CAN was consumed, demonstrating the
behaviour of Ir'™ complexes as pre-catalysts.'>5” Furthermore,
the amount of oxygen evolved increased from 210 umol in the
1% cycle to 220 and 228 pmol O, in the 2™ and 3™ catalytic
cycles, respectively. This suggests that during the 1°° cycle
a fraction of CAN was consumed for catalyst activation, and it
did not contribute to evolution of oxygen.*****® However, the
initial TOFs decreased from the fourth run onwards, and
a pronounced drop was observed for the 5™ (0.5 min ') and the
6" cycle (0.25 min '), leading to a prolonged time until reaction
completion. Overall, CAN-driven water oxidation catalysed by Ir-
PMO resulted in evolution of a cumulative amount of 1349 umol
O, (TONy, = 1874) after six consecutive catalytic runs.

In comparison, the homogeneous [IrCp*Cl(dppz)]Cl
complex produced O, with 91% yield and an initial TOF of

Sustainable Energy Fuels, 2025, 9, 2961-2972 | 2967


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00371g

Open Access Article. Published on 21 April 2025. Downloaded on 1/22/2026 10:15:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

a) 2s0
200 i
N
(®)
E
5 150
[ =
.0
=
9 100 -
® — 18tcycle
o — 2" cycle
— 3" cycle
50 — 4% cycle
—— 5" cycle
6" cycle
0

T " | O T L g = T = T L |
8 12 16 20 24 28 32
Time (h)

| N
0 4

Fig. 4

View Article Online

Paper

b) el

H20 cr

4 [IrOHJ2
H,0 ® @ o H

V. 2+
(iv) Ir
2e’, H*

[IrV-OHp?*

(iii)
[IM"-ooHI*

H+
[IrV=0p%* e, H*
H,O (ii)

(a) Time dependence oxygen evolution curves for Ir-PMO over six consecutive catalytic cycles. Experimental conditions: 100 mM CAN in

HNO3 (10 mL, 0.1 M, pH = 1) with Ir-PMO (3 mg, 0.72 pmol Ir). (b) Proposed mechanism for cerium-driven water oxidation by Ir-PMO.

2.36 min~ ' under identical conditions, which is 4-fold higher
than the initial rate observed for the heterogeneous system
(0.59 min~"). The faster rate in solution suggests that the
diffusion of reactants and substrates through the mesopores of
PMO is a limiting factor in the solid catalyst. However, the
reaction rate of the homogeneous catalyst dropped dramatically
to 1.09 min~" during the second cycle, suggesting catalyst
deactivation in solution (Fig. S171). We hypothesise that it can
be caused by dimerisation of the iridium complex once the
bulky Cp* groups are oxidatively degraded, leading to compet-
itive interaction rather than cooperativity for dinuclear iridium
complexes in the WOR, similar to the behaviour observed by
Crabtree et al.®

After the reaction, the Ir-PMO catalyst was characterised by
PXRD, TEM, Raman spectroscopy, UV-vis DRS, and XPS.
Although PXRD diffraction patterns exhibited a large decrease in
the structural order (Fig. S18at), TEM analysis corroborated the
preservation of the initial ordered mesoporous structure even
under the harsh reaction conditions together with the formation
of CeO, nanoparticles on its surface (Fig. S19t). Although EDS
elemental mapping confirmed the homogeneous distribution of
Ir (Fig. S20%), the Fast Fourier Transform (FFT) pattern analysis
of the resulting particles corroborated the deposition of cerium
oxide (CeO,) nanoparticles on the sample. The formation of
surface cerium oxide nanoparticles was further confirmed by
Raman spectroscopy (Fig. S18bt), displaying the triply degen-
erate (F2g) mode of symmetric Ce-O stretching vibration at
454 cm™ " and a small shoulder centred at ~610 cm™ " due to the
presence of oxygen vacancies (D). Since the Ce-O vibration mode
is highly sensitive to oxygen related disorder in the CeO, struc-
ture, the broadness of this peak is further evidence of the
formation of small-sized particles.®® The UV-vis diffuse reflec-
tance spectrum of the heterogeneous catalyst after six catalytic

2968 | Sustainable Energy Fuels, 2025, 9, 2961-2972

cycles showed extended absorption in the UV range due to the
deposition of CeO, nanoparticles and an additional broad band
(600-800 nm) that might be associated with oxidised Ir" species
(Fig. S18ct).**** Furthermore, characteristic MLCT transitions
disappeared after the WOR, which is in line with the reaction
mechanism and the oxidative degradation reported for the Cp*
ligand.'®**** Cp* degradation of the heterogeneous
[IrCp*Cl(dppz)]" sites was confirmed by "H gNMR of the WOR
supernatant (Fig. S217), confirming the appearance of 2 umol
acetic acid, corresponding to 2.7 times the initial Cp* ligands,
along with a residual amount of formic acid (0.1 umol). Inter-
estingly, no downfield signals associated with aromatic protons
from the dppz ligand were observed, indicating strong anchoring
of the Ndppz groups to the PMO scaffold even under strongly
acidic conditions. XPS of the post-catalysis material showed the
presence of surface ammonium (403.4 eV) and nitrate species
(407.2 eV) due to the use of CAN as a sacrificial oxidant (Fig.-
S22at).?>% The activation of the iridium sites through ClI™
substitution was confirmed by the absence of CI 2p electronic
transitions (Fig. S22bt). The Ir 4f XPS spectrum confirmed that
the electronic structure of the Ir'™ catalytic centres remained
largely unaffected after the catalytic run (Fig. S22ct). To avoid
partial reduction of Ce species, short exposure X-ray analysis was
conducted for the Ce 3d region (Fig. S22d¥). Cerium 3d core-level
XPS spectra displayed characteristic Ce" spin-orbit doublets: v-
u (3ds/,-3d;,5, 882.8 and 901.2 eV), v'-u” (888.1 and 907.6 eV),
and v-u” (898.4 and 916.9 eV).**

To demonstrate the impact of the PMO scaffold, the cata-
Iytic performance of Ir-PMO was compared with that of
a [IrCp*Cl(dppz)]Cl complex immobilised on SBA-15 meso-
porous silica (Ir content: 0.142 mmol Ir per g), hereafter
denoted as Ir-SBA.** Although Ir-SBA displays a larger pore size
(7.1 nm), which is approximately 2.6-fold larger than that of

This journal is © The Royal Society of Chemistry 2025
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Ir-PMO, the specific surface area was significantly lower
(383 m> g~ "). Therefore, the surface concentration of active
sites (umol Ir per m?) is comparable for both, being 0.39 and
0.37 umol Ir per m? for Ir-PMO and Ir-SBA, respectively, indi-
cating a similar distribution of iridium complexes per unit
area. Since heterogeneous catalysis in mesoporous supports
largely depends on the efficient diffusion of chemicals within
the pores, the variations in the pore size diameter are deemed
to be important for benchmarking the activity. Time depen-
dent oxygen evolution kinetics over six catalytic cycles for
Ir-SBA are shown in Fig. S23 and S24,} whereas catalyst metrics
are summarised in Table S8.f Additionally, the cumulative
amounts of oxygen evolved by Ir-PMO and Ir-SBA over six cycles
are shown in Fig. S25,f revealing an initial activation period.
Ir-SBA showed a higher initial oxygen evolution rate compared
to Ir-PMO (0.72 vs. 0.59 min ') during the first run. Interest-
ingly, Ir-SBA displayed a steady decrease in TOF over succes-
sive recycling runs, which indicates that all the catalytic sites
were activated during the first water oxidation cycle. Indeed,
this fact is further supported by the lower oxygen yield ob-
tained for Ir-SBA (78 vs. 84%), indicating a higher CAN
consumption for oxidative activation of the pre-catalyst. The
superior TOF value shown by Ir-SBA for the first run can be
attributed to the larger pore size of the SBA scaffold that
allowed greater access to the Ir centres. In contrast, the oxygen
evolution rate for Ir-PMO became faster than that of Ir-SBA in
the subsequent catalytic cycles (2"¢ to 4™). After the initial
activation period during the first cycle, steady oxygen evolution
rates were observed for both catalysts during the next four
cycles (2" to 4™ cycles) with clearly faster reaction kinetics for
Ir-PMO (Fig. S25t). Overall, Ir-PMO produced 1349 pmol
oxygen in 110 hours with a ~90% yield, while Ir-SBA evolved
1315 pmol oxygen in 160 hours with ~88% yield. This data
demonstrate the robustness of both catalysts with >4 days of
operation and a slightly superior performance of Ir-PMO. We
hypothesise that the bridging ethylene groups in PMO renders
its pores hydrophobic, which facilitates the diffusion of
sacrificial oxidant through the channels to the iridium active
sites.®**® Furthermore, the differences in catalytic perfor-
mance for both heterogeneous catalysts, linked to diffusion
limitations, support the hypothesis that water oxidation
catalysis mainly occurs within the pores. Similar to Ir-PMO, the
performance of Ir-SBA in cerium-driven water oxidation
declined substantially after six catalytic cycles. This phenom-
enon could be attributed to a progressive blockage of the pores
due to the deposition of cerium oxide (CeO,), which is partic-
ularly pronounced in Ir-PMO due to the smaller pore dimen-
sions. Similar results have also been reported previously by
Inagaki et al.,” who observed a large decrease in the structural
order and a significant drop in the BET surface area after using
an IrCp*Cl functionalised bipyridine-PMO for three catalytic
cycles.

Based on previous studies,'>?*?***%% we propose a tentative
mechanism for the cerium-driven water oxidation in Fig. 4b.
The proposed mechanism involves the transfer of multiple
electrons for the generation of the key active intermediate for
catalysis and O-O bond formation through the reaction of the

This journal is © The Royal Society of Chemistry 2025
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IrV oxo intermediate. At the outset, an Ir"" aqua complex (i) is
obtained through the replacement of the Cl™ ligand from the
[IrCp*Cl(dppz)]" pre-catalyst with a molecule of H,O. This
catalyst undergoes oxidative activation via two proton-coupled
electron transfer (PCET) processes facilitated by Ce' to form
the transient Ir'=0 species (ii). Considering the isolated nature
of the catalytic centres and their homogeneous distribution
throughout the PMO framework, which ensures a low local
catalyst concentration to prevent the intermolecular coupling
mechanism (I2M), we hypothesise a heterogeneous water
oxidation mechanism based on a water nucleophilic attack
(WNA). Furthermore, this mechanistic pathway is particularly
relevant in the context of IrCp*-catalysed water oxidation.****”°
The Ir'=0 intermediate undergoes a water nucleophilic attack
with the concomitant formation of the O-O bond through
a hydroperoxo intermediate (iii), which is further oxidized to
form a superoxo species (iv). Lastly, oxygen is released through
the reduction of the iridium centre to Ir'"™" and the coordination
of a water molecule (v), thus regenerating the catalyst.

3. Conclusions

We report synthesis and characterisation of a novel
[IrCp*Cl(dppz)]" water oxidation complex and its subsequent
immobilisation on a PMO scaffold to synthesize a heteroge-
neous catalyst. UV-vis and DLS experiments demonstrated the
molecular nature of the catalysis for the half-sandwich Ir™
complex. The iridium complex was immobilised onto a PMO
scaffold via coordination to the surface-bound dppz ligands to
construct a heterogeneous catalyst with molecular active sites,
thus highlighting the versatility of NdppzPMO as a chelating
platform. While the homogeneous catalyst suffers from catalyst
deactivation under strong oxidising conditions, the hetero-
genisation of the active sites provides enhanced stability and
extends the catalyst lifetime, demonstrating efficient perfor-
mance for cerium-driven water oxidation with a cumulative
generation of 1349 pmol O, (TON = 1874 vs. [Ir]). However, the
Cp* ligand remained susceptible to oxidative degradation
pathways. The absence of leached species highlighted the
robustness of Ir-PMO assembly. We speculate that the deacti-
vation of the system is caused by pore blockage from deposition
of cerium oxide nanoparticles. A comparison of the catalytic
activity with an analogous iridium complex grafted onto mes-
oporous silica (SBA-15) showed that Ir-PMO outperforms Ir-SBA-
15 catalyst. We hypothesise that the higher hydrophobicity of
the surface of Ir-PMO facilitates diffusion of the sacrificial
oxidant within the pores. These findings emphasise the
importance of tuning the hydrophobic/hydrophilic ratio to
tailor PMOs for specific applications such as chemical-driven
water oxidation.

4. Experimental section

4.1. Synthesis of materials

Synthesis of [IrCp*Cl(dppz)]Cl. 3,6-Dipyridin-2-ylpyridazine
synthesised as previously reported.”* For the
[IrCp*Cl(dppz)]Cl complex, a solution of dppz (63.5 mg,

was
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0.27 mmol, 2.5 equiv.) in DCM (2.5 mL) was added to a solution
of [IrCp*Cl,], (87 mg, 0.11 mmol, 1 equiv.) in DCM (7.5 mL).
After stirring for 2.5 h at room temperature, 25 mL of diethyl
ether was added to the reaction mixture. The resulting yellow
precipitate was collected by filtration, washed with diethyl ether
and dried under vacuum. The yield was 137.5 mg (79%). Yellow
crystals suitable for X-ray diffraction were obtained by slow
evaporation of an acetonitrile solution of the complex at room
temperature. "H NMR (CD;CN): 6 (ppm) = 9.02 (d, J = 9.0 Hz,
1H, Ar H), 8.98 (ddd, J = 5.6, 1.5, 0.7 Hz, 1H, Ar H), 8.85 (ddd,
J=4.8,1.8,0.9 Hz, 1H, Ar H), 8.82 (d, / = 8.8 Hz, 1H, Ar H), 8.61
(dt, ] = 8.0, 1.0 Hz, 1H, Ar H), 8.58 (d, J = 8.1 Hz, 1H, Ar H), 8.30
(td,J = 7.9, 1.4 Hz, 1H, Ar H), 8.10 (td, J = 7.8, 1.7 Hz, 1H), 7.89
(ddd, j = 7.7, 5.6, 1.4 Hz, 1H, Ar H), 7.64 (ddd, J = 7.6, 4.7,
1.1 Hz, 1H, Ar H), 1.75 (s, 15H, Cp*) (Fig. S261). ">*C NMR
(CD;CN): 6 (ppm) = 162.05, 159.25, 153.61, 152.58, 151.33,
151.02, 140.95, 138.72, 130.42, 130.37, 128.62, 127.05, 126.05,
122.59, 91.32, 8.54 (Fig. S271). UV-vis, Amayx, NM (e, M™' cm™):
306 (27026 M~ cm™'), 370 (shoulder, 4526 M~ " cm™'), 455
(weak shoulder, 601 M™* ecm ™). ESI-MS (positive mode): [M —
1CI " = 597.1384 (597.1397), [M — 2CI ** = 281.0858
(281.0855).

Synthesis of Ir-PMO. NdppzPMO was obtained following the
synthetic procedure described in a previous report (N content:
2.25 wt%, ~0.4 mmol dppz per g).*® The iridium catalyst was
prepared by postsynthetic metalation of the as-synthesised
NdppzPMO. A suspension of NdppzPMO (100 mg) and
[IrCp*Cl,], (0.02 mmol, 17 mg) in dry ethanol (30 mL) was
stirred overnight under reflux. The resulting solid was filtered
and washed with ethanol and dichloromethane to yield Ir-PMO
as a pale orange powder (Ir content: 0.24 mmol Ir per g).

4.2. Water oxidation experiments

In a typical heterogeneous cerium-driven water oxidation reac-
tion, a two-neck round-bottom flask connected to a switchable
three-way valve through a Torion screw was charged with Ir-
PMO (3 mg, 0.72 pmol Ir). The glass reactor was then sealed
with a rubber septum and purged under an inert gas atmo-
sphere by performing three vacuum/nitrogen cycles. In a sepa-
rate vessel, 1.4 g CAN (2.5 mmol) was dissolved in 25 mL of
HNO; solution (0.1 M, pH = 1) and subsequently purged with
a gentle nitrogen flow for 10 min. The degassed CAN solution
(10 mL) was injected into the reactor and maintained at 25 °C
with stirring. For homogeneous catalysis, water oxidation was
initiated by injecting a degassed stock solution of the
[IrCp*Cl(dppz)]Cl complex in HNO; (pH 0.1 M, pH = 1). The
amount of oxygen evolved was measured by using a pressure
transductor (Man on the Moon series X103) through monitoring
the data acquisition at regular 5 min intervals.

Upon completion of the reaction, the suspension was filtered
under reduced pressure and washed with deionised water and
ethanol. The recovered catalyst was vacuum dried before being
reused under identical reaction conditions.

Catalyst metrics are indicated by the initial oxygen evolution
rates in terms of turnover frequency (TOF, mol O, evolved per
mole of active site per unit time) during the first 15 minutes
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following the addition of the sacrificial oxidant and the turnover
number (TON, mol O, evolved per mole of active site).
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The data supporting this article have been included as part of
the ESLt The crystallographic data for [IrCp*Cl(dppz)]Cl have
been deposited at CCDC under deposition number 2404149.
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