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Computationally Probing the Performance of Hybrid,
Heterogeneous, and Homogeneous Iridium-Based

Catalysts for Water Oxidation

Max Garcia-Melchor,*® Laia Vilella,™ < Nuria Lépez,® and Aleksandra Vojvodic*™™

An attractive strategy to improve the performance of water ox-
idation catalysts would be to anchor a homogeneous molecu-
lar catalyst onto a heterogeneous solid surface to create
a hybrid catalyst. The idea of this combined system is to take
advantage of the individual properties of each of the two cata-
lyst components. We use DFT calculations to determine the
stability and activity of a model hybrid water oxidation catalyst

Introduction

With the depletion of fossil fuels and the environmental con-
cerns over their use, there is an increasing need to replace
these energy sources with more sustainable and renewable
ones."? One promising solution would be to use electrical
energy from a renewable source, for example, sunlight and
store it in the form of chemical bonds such as H, and O,
through artificial photosynthesis.®* The bottleneck of this pro-
cess is the oxidation of water to molecular oxygen, also known
as the oxygen evolution reaction (OER).”! This reaction is par-
ticularly energy demanding because of the mechanistic re-
quirements for the removal of four electrons and protons from
two water molecules with the concomitant formation of an O—
0 bond.*” Hence, the search for active OER catalysts that pro-
vide high current densities and operate for substantial periods
of time without degradation has been a quest for decades. To
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that consists of a dimeric Ir complex attached on the IrO,(110)
surface through two oxygen atoms. We find that homogene-
ous catalysts can be anchored to oxide surfaces without a sig-
nificant loss of activity. Hence, the design of hybrid systems
that benefit from both the high tunability of the activity of ho-
mogeneous catalysts and the stability of heterogeneous sys-
tems seems feasible.

date, the best homogeneous and heterogeneous OER catalysts
are based on Ir and Ru,®"" but the scarcity and high cost of
these elements limit the scale-up of the energy conversion
technologies."” In addition, even the most active Ir- and Ru-
based catalysts reported in the literature either require a high
overpotential or are not stable enough for industrial applica-
tion. To overcome these issues, several approaches have been
undertaken such as the synthesis of catalysts inspired by
nature*™ and based on non-precious metals,*'® the addi-
tion of dopants®?! or promoters,?>?*?! or the creation of
confined reaction environments.**%")

Another appealing strategy, which is far from fully exploited
yet, consists of the anchoring of active homogeneous OER cat-
alysts on a solid support (either active or inactive) to create
a hybrid type of catalyst.”®>” The fundamental idea behind
these combined systems is that they might benefit from the
individual properties of their homogeneous and heterogene-
ous constituents, as the limitations of one are usually the main
advantages of the other.®" Homogeneous catalysts typically
exhibit a high tunability of activity but they lack the high sta-
bility and good electron transport often found in heterogene-
ous catalyst systems. Besides the coexistence of these benefits,
a synergistic effect that arises from a combination of the two
catalytic systems might also emerge. To date, a few successful
examples of this strategy have been demonstrated, which in-
clude the recent experimental studies on water oxidation
using an Ir-based HEDTA (HEDTA =monoprotonated ethylene-
diaminetetraacetic acid) catalyst supported on TiO,®? and a di-
meric Ir complex anchored on Sn-doped indium oxide nano-
particles.”™ However, the interplay between the anchored mo-
lecular catalyst and the support is still unknown.

Herein, we present the first DFT study on the OER per-
formance (stability and activity) of a hybrid model Ir-based cat-
alyst (Figure 1a) and compare it to its corresponding homoge-
neous and heterogeneous constituents (Figure 1b-c). Our cal-
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Figure 1. Side view of the atomic structure for the investigated a) hybrid,

b) homogeneous, and c) heterogeneous Ir-based catalysts. Color code: Ir
(dark blue), O (red), and H (white). This color code applies to all subsequent
figures.

culations show that the homogeneous catalyst binds strongly
to the support surface and performs water oxidation without
a significant loss of activity. We also identify the active site
motifs and reaction pathways for each catalytic system, and
based on that, propose that tuning the chemical properties of
the surface can be used as a complementary approach to the
metal-ligand exchange to alter the OER performance. These
results may pave the way to design more efficient and robust
water oxidation catalysts.

Computational Details

The stability and OER activity of the considered Ir-based cata-
lysts were investigated by using DFT calculations in conjunc-
tion with the computational standard hydrogen electrode
(SHE) model.®¥ All the calculations were performed using the
Perdew-Burke-Ernzenhof® (PBE) exchange correlation func-
tional as implemented in the VASP code, version 5.3.2.5¢37
Unless otherwise indicated, the core electrons of the Ir, O, and
H atoms have been replaced by projector-augmented wave
(PAW) pseudopotentials,®® whereas their valence electrons
have been expanded in plane waves with a kinetic energy
cutoff of 450 eV.

The lattice parameters for the bulk rutile IrO, structure have
been optimized using a higher cutoff energy of 600 eV and
a 9%x9x% 13 Monkhorst Pack (MP) k-point grid. The obtained lat-
tice parameters are d..=b..=4.543A and c,.=3.187 A,
which are in very good agreement with previous theoretical
findings®**” and experimental values (de, = b.,, =4.505 A and
Cop=3.159 A)." To model the heterogeneous IrO, catalyst sur-
face, we used a 2x 1 supercell that consisted of a slab of nine
atomic layers of the most stable (110) facet®” separated by at
least 13 A of vacuum. Geometry optimizations for this system
were performed by using a 5x5x1 MP k-point mesh and by
allowing the adsorbed species (0*, HOO*, OO*, H,0*, and HO¥,
in which the asterisk corresponds to an active site on the
oxide) and the five topmost atomic layers to relax, and the rest
of the atoms were kept fixed at their bulk positions.

In the case of the homogeneous catalyst, we simulated the
dimeric complex [Ir,(H,0),(OH),(u-OH),] using a cell of 18x15x

15 A in size and sampling the Brillouin zone at the I'-point.
This charge-neutral compound avoids the complexity of deal-
ing with charged species in periodic calculations. To model the
hybrid catalyst, we anchored this dimeric Ir complex on top of
the 1rO,(110) surface with a 6x2 periodicity through two
oxygen atoms to the coordinatively unsaturated sites (CUS)
sites of the surface. As a result of the considerable size of the
combined system, calculations for this catalyst were performed
at the I'-point. The energy convergence with respect to the k-
point sampling was examined for selected adsorbed species
using a denser 2x3x1 k-point mesh, which obtained energy
differences within 0.02 eV (Table S1). Geometry optimizations
for the hybrid catalyst were performed by relaxing the OER in-
termediates, the atoms in the attached dimer, and the three
topmost surface layers.

For the three model Ir catalysts, total energies were con-
verged to values less than 107 eV in the self-consistent field,
and the geometries were relaxed until the energy threshold of
10~* eV was fulfilled. The nature of all stationary points was
confirmed by calculating the vibrational frequencies of the ad-
sorbed species and metal atoms coordinated directly to them.
Contributions to the Gibbs energies for the adsorbates were
calculated at T=300K and p=1 atm, except for water, for
which the equilibrium vapor pressure at that temperature (p=
0.035 atm) was used (see Supporting Information for details).
The Gibbs energy for the water oxidation reaction was fixed to
the experimentally known value of 4.92 eV to avoid the intro-
duction of the DFT error into the energetics related to molecu-
lar oxygen.B*** Spin-polarized calculations were performed if
needed, relaxing the total magnetic moment during the self-
consistent cycles.

Results and Discussion

In this work, we investigate the viability of a hybrid water oxi-
dation catalyst and the role of the surface in this type of
system by anchoring the Ir complex [Ir,(H,0),(OH),(1-OH),] on
the 1rO,(110) surface through two oxygen atoms as linkers
(Figure 1). We chose this dimeric Ir complex as the homogene-
ous catalyst (I-hom) because it resembles the molecular spe-
cies suggested to be involved in the formation of the purple-
blue solution that catalyzes water oxidation.” Moreover, such
a dimeric complex allows us to compare the two main OER
mechanisms proposed in the literature, namely, the water nu-
cleophilic attack (WNA) and the interaction between two M—O
units (12M)."447 |n addition, we selected IrO, (Ir-het) as the
heterogeneous catalyst because it is one of the most active
pure single transition metal oxides reported to date®*® and it
has been studied computationally in detail.*=>"

Notably, the hybrid catalyst considered in this work (Ir-hyb)
is intended to serve as a model to probe the feasibility and
mechanisms of this type of system and should not be consid-
ered as a potential high-performance OER catalyst. With this
aim, we first examine the stability of Ir-hyb by calculating the
adsorption energy of the dimeric Ir complex to the IrO,(110)
surface as follows [Eq. (1)]:
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AEads = EH; +Elr—hyb_EIr—hom_EIr-het (1)

in which Ey, Ey b Einoms @and Eye; are the potential energies
for molecular hydrogen and the Ir-hyb, Ir-hom, and Ir-het sys-
tems, respectively. Importantly, the obtained adsorption energy
from Equation (1) is exothermic by 2.19 eV, which indicates
that the dimeric Ir complex is indeed attached strongly to the
IrO,(110) surface through the two oxygen linkers. Interestingly,
the optimized Ir—Ir bond distance in the attached Ir dimer
almost matches that of the IrO,(110) surface (3.207 vs.
3.190 A). Hence, this particular hybrid catalyst that contains
only aqua and hydroxo ligands might be conceived as a defect
on the surface, or an extension of the IrO,(110) surface, which
would explain the strong interaction between the homogene-
ous and heterogeneous constituents predicted by calculations,
or even possibly a crude model for amorphous IrO,. Further in-
sight into this interaction can be gained by evaluating the
electronic charge density difference between the molecular
and the surface fragments of the Ir-hyb catalyst (Figure S1).
This analysis reveals that both Ir atoms from the adsorbed
complex and the surface provide electron density to the O
linkers, which makes these bonds rather strong.

We also examine the stability of Ir-hyb by calculating the
energy required to detach the dimeric Ir complex from the sur-
face upon the attack of two solvent water molecules, AE,,,, ac-
cording to Equation (2):

AEdes = Elr—het+20H+Elr—hom*Z*EHZO*Elr—hyb (2)

in which E,,o and E ey004 are the energies for a water gas
molecule and the IrO,(110) surface with two OH groups ad-
sorbed at CUS positions, respectively. In this case, we find that
the deactivation route in Equation (2) is a highly endothermic
process (1.54 eV), which reinforces the stability of the Ir-hyb
system.

Before we evaluated the OER activity for Ir-hyb and its indi-
vidual constituents, it is necessary to determine the resting
state of the catalyst under relevant reaction conditions. To this
end, for each catalytic system we examined a number of po-
tential species that might exist in aqueous solution. More spe-
cifically, for the Ir-het catalyst we considered up to 19 different
H, O, and OH surface coverages (Figure S2) and calculated
their relative Gibbs energies as a function of pH and applied
voltage (U) to construct a surface Pourbaix diagram. According
to the Pourbaix representation (Figure 2a), the resting state for
Ir-het under typical OER conditions corresponds to a surface
with all Ir-CUS sites covered completely by O atoms, in agree-
ment with previous theoretical findings.?”*”

Unlike the heterogeneous system, the assessment of the
resting state for Ir-hom is significantly more complicated given
the vast number of possible protonation states of this com-
plex. However, a thorough analysis of the resting state for this
system is still necessary. Here, we tackle this issue by first ex-
ploring several consecutive dehydrogenation of Ir-hom at
a thermodynamic potential of 1.23V and pHO0 (Figure S3).
Under these conditions, calculations indicate that aqua ligands
are dehydrogenated preferentially until a fully hydroxylated di-

a) r r r T T T

20 [ - n=00v 20H,, i
. o)
2Hy-20He 204 Ovrgge  \°
1Hy-20Hes

U (V vs. SHE)

0.0 1 I I i ! L
0

T
208 - n=00V hom-11H i
hom-14H hom-8H

hom-13H hom-7H
15H hom-12H hom-6H 5] i
=m J

U (V vs. SHE)

U (V vs. SHE)

hyb-10H

hyb-12H hyb-7H
hyb-11H hyb-6H \
00 1 1 L {1 L
0 2 4 6 8 10 12 14

pH

Figure 2. Calculated Pourbaix diagrams for the model a) Ir-het, b) Ir-hom,
and ¢) Ir-hyb catalysts. Insets of the most relevant structures are shown. The
coverages for the Ir-het system are labeled as mH,-nOH_,-kO,,,, in which
mHy, is the number of H atoms at the Oy4qe POsitions, and mOH,,; and kO,
are the number of OH and O groups in CUS positions. Structures for the Ir-
hom and Ir-hyb systems are named as nH, in which n is the total number of
H atoms contained in each system.

meric Ir’ species is obtained (Figure S4). From this complex, we
have further examined all possible isomers with different hy-
drogen contents and formal Ir oxidation states up to +7 (Fig-
ure S5). Notably, the existence of IrO, and [IrO,]* species with
oxidation states of +8 and +9 have been reported,”>*¥ al-
though they have only been characterized in rare-gas matrices.
Therefore, we are only taking into account Ir species with oxi-
dation states up to +7. The Pourbaix diagram constructed if
we consider all the above dimeric Ir complexes (Figure 2b)
shows that Ir-hom under OER overpotentials has a total of six
H atoms and corresponds to a symmetric Ir'/Ir" dimer with
only hydroxo and oxo ligands in the equatorial and axial
planes, respectively.

As a result of the considerable size of the Ir-hyb catalyst and
the large number of possible protonation states of the ad-
sorbed dimeric Ir complex, for this system we assume the
same surface coverage as obtained for Ir-het (Figure 2a); that
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is, a surface with the CUS sites covered fully by O atoms. As far
as the resting state of the anchored Ir dimer is concerned, we
have considered the same consecutive dehydrogenation as in-
vestigated for Ir-hom (Figure S3). Based on all these structures
and several further oxidized species with formal Ir oxidation
states up to +6 (Figure S6), we have constructed the Pourbaix
diagram shown in Figure 2c. We find that there are two Ir-hyb
species that might exist at relevant OER potentials (Figure 2¢,
insets). The first one, stable at lower overpotentials, contains
seven H atoms and corresponds to an Ir species in which the
equatorial plane is fully hydroxylated except for one position
that has an aqua ligand. The second one (denoted hyb-6H) is
stable at slightly higher overpotentials and is analogous to the
resting state found for Ir-hom. Interestingly, the potentials re-
quired to reach the same Ir oxidation states in Ir-hyb are signif-
icantly higher than those needed for Ir-hom, which suggests
that the Ir atoms of Ir-hyb are less prone to be oxidized. We
also find that, in contrast to the Ir-hom catalyst, the aqua li-
gands in the equatorial positions of Ir-hyb are more difficult to
dehydrogenate because of the formation of H bonds between
these ligands and the O, surface atoms.

We next evaluate the OER activity for the Ir-het, Ir-hom, and
Ir-hyb catalysts based on the resting states derived from the
Pourbaix diagrams (Figure 2). To compare the activity of these
three catalytic systems, for each of them we have determined
the potential-limiting step, defined as the onset potential at
which all the OER steps become thermodynamically downhill.
The difference between the limiting and the standard water

oxidation potentials is the theoretical overpotential, 7
[Eq. (3)]:[43,49,34]
7 = max(AG;/e)—1.23V (3)

For rutile oxides, water oxidation in an acidic medium has
been proposed to occur through a WNA mechanism,*
which consists of the following four electrochemical steps
(WNA-1; Figure 3a):

1) H,0(,+0* — HOO*+e ™ +H" (4)
2) HOO* — Oy +*+e +H" (5)
3) *4+H,0) — HO*+e +H* (6)
4) HO* — O*+e +H" 7)

However, one variant of this mechanism would be to replace
step 2) and 3) by the following alternative steps that do not
entail unsaturated octahedral Ir atoms at the surface (WNA-2,
Figure 3a):

2') HOO* — 00*+e +H" (8)
3') 00*+H,0) — Oy +HO* e +H" (9)
In this case, a proton-coupled-electron transfer (PCET) reac-

tion from the HOO* intermediate yields a molecularly adsorbed
OO0* species that subsequently evolves to molecular oxygen
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Figure 3. Gibbs energy diagrams for the OER activity of the a) Ir-het, b) Ir-
hom, and c) Ir-hyb (with six H atoms) catalysts through the conventional
and alternative WNA (green and black lines, respectively) and 12M (blue
lines) mechanisms.

and a HO* group generated by a second PCET. According to
our calculations, the thermodynamically most energy-demand-
ing step in the WNA-1 mechanism corresponds to O, desorp-
tion, whereas in the WNA-2 it is the generation of the HOO*
species (step 1), which involves the formation of the O-O
bond. These reaction steps result in overpotentials of 0.61 and
040V for the conventional WNA-1 and alternative WNA-2
mechanisms, respectively (Figure 3a). Thus, this alternative
pathway is more favorable by 0.21V, and therefore, we will
consider this mechanism to compare the OER performance of
Ir-het with the other model catalysts. Moreover, the calculated
overpotential of 0.40V through the WNA-2 mechanism is in
agreement with the reported experimental value of 0.36 V at
a current density of 10 mAcm 2

For homogeneous water oxidation catalysts, both the WNA
and I2M reaction mechanisms have been shown to operate,
which depends on the nature of the catalyst.”” Thus, for Ir-
hom we have explored these two mechanisms and several var-
iants of thereof (Figure S7). In the case of the WNA mechanism,
we find that the lowest energy pathway is the same as that for
Ir-het (WNA-2; Figure 3a), in which the O*—=HOO* transition is
the potential-limiting step (Figure 3b). Nevertheless, the calcu-
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lated theoretical overpotential for Ir-hom is significantly higher,
that is, 1.02 V, than that of Ir-het.

However, the lowest energy path obtained for the 12M
mechanism consists of the following steps:

1) 0*4+0* — *00* (10)
(1)
(12)
(13)

(14)

2) *00*+H,0 — O0*+HO*+e +H*

3) 00*+HO*+H,0 — 2HO* 0, +e +H"
4) 2HO* — HO*+0%+e +H*

5) HO* — O*4e +H*

This mechanism starts with the coupling between two iridi-
um bis-oxo moieties that lead to a p-1,2-peroxo intermediate
(Figure 3b). From this species, the cleavage of one Ir—O bond
is promoted by the nucleophilic attack of a water molecule to
result in the formation of a superoxide and an OH group gen-
erated by PCET. This superoxide species subsequently evolves
to molecular oxygen with the coordination of a second water
molecule, which gives rise to an OH group through a second
PCET. Finally, the starting bis-oxo species is regenerated after
two consecutive PCET reactions to complete the catalytic
cycle.

The potential at which all the electrochemical steps in the
I2M mechanism become downhill in energy is 1.57V (Fig-
ure 3b). However, a calculation of the transition state for the
I2M mechanism reveals an activation barrier of 0.76 eV. Nota-
bly, this chemical step is not affected by the applied bias. The
surmountable barrier together with the fact that the overpo-
tential for the 12M mechanism is much lower than that of the
WNA-2 (0.34 vs. 1.02 V) suggests that these two mechanisms
are at least competitive at a certain temperature.

For the Ir-hyb catalyst, analysis of the Pourbaix diagram sug-
gests the existence of two different resting states in the range
of typical OER overpotentials (purple and gray regions in Fig-
ure 2¢c). Therefore, we have examined the activity of these two
species by considering both the WNA and 12M mechanisms for
each of them. For the two species, we find the same lowest
energy paths and potential-limiting steps as for the Ir-hom
system (Figure S7). In particular, for the Ir-hyb species that con-
tains seven H atoms, we find that all the electrochemical steps
in the WNA-2 and 12M mechanisms are downhill in energy at
potentials of 2.24 and 1.50 V, respectively (Figure S8). However,
the 12M mechanism is hampered by the high chemical energy
required to form the p-1,2-peroxo intermediate (0.98 eV).

However, for the Ir-hyb species with six H atoms, all the elec-
trochemical steps in the WNA-2 and 12M mechanisms become
downhill at 2.18 and 1.76 V, respectively. In this case, we find
that the formation energy for the p-1,2-peroxo intermediate is
rather low (0.39 eV), and therefore, it may be surpassed even
at room temperature. Based on these thermodynamic data, we
predict that the I2M mechanism for this species may be more
favorable than WNA-2. In other words, the height of the chem-
ical step and the overpotential for the WNA-2 mechanism for
this species are lower than that of the one that contains seven

H atoms, which suggests that Ir-hyb with six H atoms may be
more representative for the OER activity of this catalyst.

Taken together, our results show that the intrinsic OER activi-
ty of the different model Ir-based catalysts through a WNA-2
mechanism increases as follows: Ir-hom = Ir-hyb < Ir-het. With
regards to the I2M mechanism, the comparison between the
Ir-hom and Ir-hyb systems is more complicated because of the
concurrence of electrochemical and chemical reaction steps.
Nevertheless, the fact that Ir-hom requires a slightly lower
overpotential compared to Ir-hyb (0.34 vs. 0.53 V) but a higher
chemical barrier (0.59 vs. 0.39 eV) indicates that these two cat-
alysts might exhibit a comparable OER activity. The comparison
of the overall activity between the three model Ir-based cata-
lysts is also rather complex, as the lowest energy-demanding
pathway for both Ir-hom and Ir-hyb is the I2M mechanism,
which involves a chemical step, whereas for Ir-het it is the
WNA-2 mechanism. If we assume low energy barriers for the
chemical steps for Ir-hom and Ir-hyb, the activity trend is then
dictated by the applied overpotential: Ir-hom > Ir-het > Ir-hyb.
Although this trend is not conclusive, the high OER activity
predicted for Ir-hom would support that this species might be
part of the purple-blue solution as suggested by Crabtree
et al.*' However, the same authors also proposed that this
species eventually forms IrO, nanoparticles, and thus it might
not be very stable in aqueous solution.

Finally, to shed light on the role of the surface in Ir-hyb, we
performed the Bader charge analyses presented in Figure 4.

-0.74 -0.75

a) -0.73 -0.73 b)

-0.60
2.24

Figure 4. Calculated oxygen (red) and iridium (blue) Bader charges for the
resting states of the a) Ir-hyb, b) Ir-hom, and ¢) Ir-het catalysts.

We find that the electronic charge of the O atoms in the rest-
ing states of the different Ir-based catalysts (top axial oxo
groups) increase in the order: |Gy nec| < | Girhyb | = | Girhom| - This
indicates that the oxo moieties in the Ir-hyb and Ir-hom cata-
lysts are less electrophilic than that in Ir-het. Consequently, the
oxo groups in Ir-hom and Ir-hyb are less reactive towards the
nucleophilic attack of a water molecule, which accounts for
the predicted activity trend through the WNA-2 mechanism. In
addition, we find that the charge of the Ir atoms of the active
site varies within the different model catalysts, which points to
an increase in oxidation state as follows: Ir-het <Ir-hyb <Ir-
hom. This trend is tightly coupled to the electronic charge of
the O atoms involved in the reaction. We also observe that the
charge of the O linkers of Ir-hyb and the bottom oxo moieties
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in Ir-hom (Figure 4a and b) are similar, which suggests that the
former behave more similarly to oxo ligands than to hydroxo
groups (Figure S9). This can be ascribed to the additional
charge donation provided by the IrO,(110) surface to the O
linkers in the Ir-hyb catalyst.

Conclusions

In this work, we employed DFT calculations to evaluate the via-
bility of a hybrid water oxidation catalyst generated by attach-
ing a dimeric Ir complex (Ir-hom) to the IrO,(110) surface (Ir-
het). Our results indicate that the interaction between the ad-
sorbed catalyst and the surface is rather strong as a result of
the electron donation from both Ir atoms in the anchored
complex and the surface to the O linkers. The oxygen evolu-
tion reaction (OER) activity of the hybrid catalyst (Ir-hyb) is fur-
ther assessed and compared to its constituent fragments. The
activity trend for the water nucleophilic attack (WNA) mecha-
nism is Ir-hom = Ir-hyb < Ir-het. If we assume that the chemical
barriers in the interaction between two M—O units (I2M) mech-
anism for Ir-hom and Ir-hyb systems are feasible under OER
conditions, the catalytic activity may be governed by the ap-
plied potential to result in the trend: Ir-hom > Ir-het > Ir-hyb.
This is supported by the calculated activation barrier for the
I2M mechanism with Ir-hom, which should be surmountable at
room temperature. The high activity of Ir-hom shown in our
calculations is consistent with the similar structures suggested
to be involved in the formation of the purple-blue solution.”
Importantly, our calculations predict no significant activity loss
if the dimeric Ir complex is anchored on the 1rO,(110) surface
through O atoms. Thus, by attaching the dimeric Ir complex to
an IrO,(110) surface through O linkers, the stability of the ho-
mogeneous catalyst might be enhanced, as calculations show
that this interaction is very strong.

Taken together, the results reported herein are encouraging
as they suggest that hybrid catalysts are not only viable but
they might also benefit from the activity of homogeneous cat-
alysts and the stability of heterogeneous ones. Our findings
are in line with recent experimental findings for a stable and
water-oxidation-active dimeric Ir complex anchored on a metal
oxide surface.’ The here demonstrated phenomena for
a hybrid system based on iridium oxide should be generalized
to more affordable materials. Furthermore, our findings sug-
gest that there is ample room to improve the catalytic per-
formance of hybrid catalysts by fine-tuning the ligands of the
homogeneous constituent and the electrochemical properties
of the heterogeneous constituent.
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