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ABSTRACT

The hybrid materials resulting from the covalent attachment of iridium NHC complexes
bearing 3-methyl-imidazol-2-ylidene and 3-(propyl-3-sulfonate)-imidazol-2-ylidene ligands
to carbon nanotubes through ester functions, efficiently catalyzed water oxidation under
chemical and electrochemical conditions. The hybrid catalyst featuring an NHC ligand with a
propyl-sulfonate wingtip has shown an improved catalytic performance compared to that of
the unfunctionalized material with TOFs, numbers up to 1140 h™ using ammonium
cerium(lV) nitrate (CAN) as electron acceptor at [CAN]/[Ir] ratios higher than 2000. The
positive effect of the presence of a polar sulfonate group in water oxidation has been also
observed in related molecular catalysts with compound [Ir(cod){Melm(CH,);SO3}] being
more active than [IrCl(cod){Melm(CH;)sOH}]. The hybrid catalysts were less active than the
molecular catalysts although their productivity has been improved by allowing successive
additions of CAN or at least three recycling experiments. The electrochemical water
oxidation by CNT-based hybrid materials resulted much more efficient. The positive
influence of a water soluble sulfonate wingtip in the hybrid catalysts has been also identified
allowing with TOF values close to 22000 h™ at 1.4 V. The local structure around iridium
atoms in the heterogeneous catalysts has been determined by means of EXAFS applied
before and after water oxidation reactions. The first coordination shell is similar in both fresh
and post-catalytic catalysts but a slightly increase in the oxidation state of iridium atoms is
observed what can be correlated to the peaks shifts in the XPS spectra for the oxidized

materials.
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INTRODUCTION

Water splitting and CO, reduction are key reactions able to produce such important chemical
fuels as hydrogen, oxygen and hydrocarbons, respectively. In both processes, the bottle neck
relies on the catalytic water oxidation (WO). In fact, the complex process of removing four
electrons and four protons from two water molecules with concomitant formation of an O=0
double bond (2H,0 — O, + 4H" + 4e") has made catalytic WO a major challenge for the later
decades.™* Mimicking the nature to develop efficient and robust photocatalyst materials that
absorb the solar photons to convert solar energy into chemical energy is a major goal

nowadays.*

In addition to heterogeneous photocatalyst materials (metal oxides, (oxy)sulfides,
(oxy)nitrides or metal (oxy)nanoparticles), a large number of transition metal homogeneous
systems based mainly on Ru, Ir, Fe, Mn complexes, polyoxometalates or metallo-organic
frameworks (MOFs) integrated into electrochemical and photoelectrochemical cells, have
attracted considerable attention*>® because of their rapid and high oxygen evolution
efficiency and their more tunable structures comparing to those of the heterogeneous systems.
Although earth-abundant first-row transition metals have been recently described as efficient
water-oxidation catalysts because of their low cost, low toxicity and high natural abundance
of these metals,” remarkably most of the molecular water oxidation catalysts developed to

date are based on ruthenium and iridium transition metals.®°

The employment of N-heterocyclic carbene (NHC) ligands in transition metal complexes has
generated much more active catalysts’® than the first iridium known catalyst
[Ir(ppy)2(OH,)]JOTF containing cyclometalated 2-phenylpyridine (ppy) ligands reported by
Bernhard.™* Thus, a series of efficient iridium water oxidation catalysts featuring powerful

electron donating NHC ligands with improved catalytic activity have been recently



reported,'® but much remains to be explored, especially dealing with the stability.**!* The
assessment of WOCs can be carried out under chemical, electrochemical and photochemical
driven conditions.®> Although, the chemical water oxidation driven by sacrificial oxidants,
such as Ce*", 104, or S,05, has the advantage that it allows a rapid screening and tuning of
the catalysts, it also has serious limitations dealing with the catalyst stability in the presence
of strong chemical oxidants, sometimes working under very acidic conditions what provokes
the oxidative degradation of the ancillary ligands. On the other hand, the electrochemical
approach allows working in milder conditions of pH without sacrificial oxidants, even though

the stability of the material under working conditions becomes critical.*®

In view of their activity and future application as devices for water splitting, it is essential to
immobilize homogeneous catalysts, particularly via covalent attachment, on surfaces of
heterogeneous electrodes what could offer also additional advantages as reducing the amount
of catalyst needed with enhancing efficiency and robustness or as preventing deactivation via
associative intermolecular pathways when grafted.’*"'® Several homogeneous and
heterogeneous WOCs have been immobilized onto electrodes for electrochemical water
oxidation, either by anchoring molecular WOCs to oxide electrodes through carboxylate or

phosphonate functionalities™®?

or by deposition of nanoparticle or polyoxometalate WOCs
onto electrodes.”** Although, MOFs have demonstrated its efficiency as suitable transition
metal support,*? the insulating nature of most of them difficult their application in
electrocatalytic systems. Alternatively, carbon-based materials are one of the most versatile
matrixes for developing WOC heterogeneous catalysts.?**** Multiwalled carbon nanotubes
(CNTSs), as a particular class within this type of carbon nanostructures, are extraordinary

thermal and hydrothermal stable materials,?® with high area and surface adsorption which

facilitates molecule activation®’ along with an interesting confinement effect.?®



We have recently reported the covalent linkage of Ir'-NHC complexes to functionalized
CNTs via ester or acetyl linkers to prepare robust active catalysts in hydrogen transfer
reactions.?**° This strategy required an initial mild oxidation of the CNTs previous to the
functionalization which also increases the polarity of their surfaces. This is of particular
importance for reactions in water as WOC. However, this polarity increase is rather limited as
part of the polar groups will be used to covalently attach the Ir-NHC complex. Bearing that in
mind and knowing the rather limited number of heterogenized iridium WOCs reported so far
in the literature,'? our approach for the design of efficient water oxidation catalysts is the
synthesis of a new hybrid CNT-based Ir'-NHC catalyst containing a water-soluble NHC
ligand. The aim of this study is to investigate the effect that the increment in polarity with
respect to the original materials lacking water soluble ligands has in their suitability as
WOCs. The WOC efficiency for these hybrid catalysts has been evaluated using two
strategies: i) via chemical oxidation using Ce** as sacrificial oxidant and, in consequence,
under strong acidic conditions, and ii) via electrochemical oxidation once the electrodes were
conformed. To the best of our knowledge, this report constitutes the first examples of carbon

nanotube supported Ir'-NHC complexes as water oxidation catalysts.

RESULTS AND DISCUSSION

Synthesis and Characterization of CNT-based Iridium—-NHC Hybrid Catalysts.

The imidazolium salts [MelmH(CH,)3sOH]CI (1) and [HO(CH2)ImH(CH,)3SO3] (2) were
anchored on the CNTs through their -OH functions by reaction with the acid groups of
oxidized CNTs, located at the edges of the walls, previously treated with thionyl chloride
0

following the procedure described by us and detailed in the Experimental Section.®

Operating in such a way, it was possible to obtain the functionalized carbon nanotube



materials named CNT-1 and CNT-2, featuring 3-methyl-1H-imidazolium and 3-(propyl-3-
sulfonate)-1H-imidazolium fragments, respectively, linked to the CNT through ester
functions. The anchoring of the hydroxy-functionalized imidazolium salt to the carbon
nanotube was confirmed by ‘Hpresar NMR¥ of water suspensions of the materials that
showed two resonances in the range 6 7.48-7.59 ppm (H4 and H5) and a resonance at 6 8.72—
8.88 ppm (H2) typical of imidazolium rings. Noteworthy, the highest solubility of CNT-2 in
water, due to the presence of the sulfonate wingtip at the imidazolium fragment, resulted in

improved NMR resolution.
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Scheme 1. General procedure for the covalent functionalization of oxidized carbon nanotube

materials with hydroxyl-functionalized imidazolium salts via ester linkers.

The imidazolium-functionalized CNT materials were analyzed by means of XPS and
elemental analysis (Table S1, Supporting Information). The successful functionalization of
the nanotubes was confirmed by the increment in the atomic percentage of nitrogen from
0.4% in the parent material to 1.5 and 2.6%, for CNT-1 and CNT-2, respectively.
Additionally, CNT-2 exhibits a 1.6 % of sulfur, not detected in the parent material, which is
associated to the presence of sulfonate groups. The increase in the atomic C/O ratio from ~3
in the starting CNTs to ~6/7 in the functionalized materials can be also attributed to the
covalent linkage of the functionalized-imidazolium salts to the nanotube. In accordance with
this, a steady increase in the amount of nitrogen was observed in the elemental analyses

which also support the functionalization of the CNT materials. In contrast to CNT-1, the



differences between the atomic and elemental nitrogen percentage in CNT-2 (calculated by
means of XPS and elemental analysis respectively) suggest that the functionalization on the
external surface of the tubes is higher than in the inner cavity which could be a consequence

of the more hydrophilic of CNT-2 due to the presence of the propyl-sulfonate wingtip.

The analysis of the functional groups by high resolution XPS C1s band of their spectra show
a decrease of carboxylic acid together an increase of its ester COOR moieties comparing with
the oxidized starting material (Table S1, Supporting Information). This could be probably
associated to the transformation of the acids into ester functions due to linkage with the
hydroxyl-functionalized imidazolium salts, but these materials still have a large percentage of
oxygen as a consequence of remaining unreactive hydroxyl, epoxy or ether groups.*®
Additionally, there is an increase of the C-X band at 285.5 eV, which could also be attributed
to the C-N moieties of the imidazolium ring overlapping the C-O of parent CNT after
functionalization. This increment is substantially larger in CNT-2 due to the presence of the

C-S bonds of the propyl-sulfonate wingtip, also overlapping this C-X band.3*

The quantification of bonded imidazolium salt to the carbon nanotube was estimated by
means of thermogravimetric analysis (TGA, Supporting Information). The weight losses at
400 °C, 16 wt.% for CNT-1 and 18 wt.% for CNT-2, correspond to the whole imidazolium
fragment,®® should be related with the elemental analysis of the materials and give
comparative estimation of the molar percentages in nitrogen/carbon in both materials by

taking into account the molecular weight of the imidazolium fragment.

The hybrid materials bearing “Ir(cod)” metal fragments coordinated to imidazol-2-ylidene
ligands anchored to the carbon nanotubes through ester functions, CNT-1-Ir and CNT-2-Ir,
were prepared by deprotonation of the weak acid proton at the C2 of the supported

imidazolium groups by the basic methoxo ligands in the dinuclear complex [Ir(p-



OMe)(cod)], (cod = 1,5-cyclooctadiene) (Scheme 2). Methanol was detected by gas
chromatography what points to the progress of the reaction. However, these materials are
quite insoluble due to the increment in the molecular weight of functionalized carbon
nanomaterials produced after the metal coordination which avoids their characterization by

conventional NMR techniques.

[Ir(n-OMe)(cod)],

THF reflux
48h
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Scheme 2. General procedure for the synthesis of hybrid carbon nanotube-based Ir'-NHC

catalysts.

It was no possible to characterize these Ir-NHC hybrid materials by solid-state *C-CPMAS
NMR spectra because of their very broad resonances produced by the high number of walls
in the materials together their own heterogeneity.>” Anyhow, the coordination sphere for the
iridium complexes is supposed to be formed at least by the diolefine and the NHC ligand, and
it should be completed by the chlorido ligand in CNT-1-Ir or the anionic sulfonate fragment
in CNT-2-1r, or alternatively any coordinating group on the CNTs wall for both. As a matter
of fact, EXAFS analysis has been performed over the known CNT-1-Ir and the study
concludes that the fourth coordination position is occupied by a light element what could be
in accordance with an oxygen from the wall, but not with a chlorido ligand coming from the
imidazolium salt.®® Thus, a similar coordination can be proposed for iridium centers in the

hybrid material CNT-2-1r, with the coordination sphere completed by an oxygen from the



nanotube material, although coordination of an oxygen from the sulfonate group cannot be

ruled out due to its coordinative capacity.

The HRTEM images of CNT-1-Ir and CNT-2-Ir (Figure 1a and 1b, respectively) confirm
the presence of homogeneous distributions of electrondense regions with diameters ranging
0.15-0.30 nm all throughout the outer and inner walls (white circles). The metallic spots are
in the range of the molecular iridium complexes as confirmed by their EDX spectra (see
Supporting Information). Larger iridium particles of 1.2-1.4 nm also detected, mainly in
outer walls, could be the case of clusters®® or nanoparticles™ possibly formed during beam
irradiation inside the microscope chamber.** Similar size distributions were observed for

other supported molecular iridium catalysts®****

or even for graphene-based Ir-NHC hybrid
catalysts.*”® In spite of those larger spots, the Ir-4f core level XPS spectra of both samples
(Figure 1c) show two maxima of binding energies centered at 62.4 and 65.3 eV,

corresponding to Ir-4f;, and Ir-4fs,. Similar values were measured for related Ir' species

29,30,43,44,45

anchored to nanotube or graphene materials.
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Figure 1. HRTEM images of the carbon nanotube-based Ir'-NHC hybrid catalysts CNT-1-Ir

(@) and CNT-2-1Ir (b). XPS Ir4f spectra of CNT-1-1r and CNT-2-Ir (c).

The amount of iridium in the hybrid catalysts determined by means of ICP-MS was 10.1

wt.% for CNT-1-1r and 8.8 wt.% for CNT-2-Ir. Based on the nitrogen introduced into each



nanotube sample (two nitrogen atoms per imidazol-2-ylidene ring), the maximum amount of
iridium that can be loaded can be calculated and allows estimating an almost quantitative

functionalization for CNT-1-Ir and ca. 90% for CNT-2-Ir.

In order to gain an insight into the local structure of the iridium atoms in the hybrid catalysts,
X-ray absorption spectroscopy (XAS) measurements were performed at room temperature.
Figure 2a presents the k’-weighted EXAFS signals for the new CNT-2-Ir compared to the
known CNT-1-Ir hybrid catalyst and [IrCl(cod){Melm(CH,);OH}] as reference compound
whose structures have been already determined.®® The EXAFS signal of the reference
compound shows a characteristic interference at k ~8-10 A™ ascribed to the contribution of
the Ir-Cl path. This interference is lacked for the hybrid materials indicating that the first
coordination shell around Ir atoms is only composed by light elements. As has been said, our
previous study of EXAFS of CNT-1-Ir determined that Cl atom is replaced by an oxygen
atom from oxidized groups of CNT wall and the Ir atom is surrounded by 5 C, 4 olefin
carbons and 1 from the imidazol-2-ylidene ligand, and 1 O. In the case of CNT-2-Ir, the
expected first coordination shell is also composed of 5 C (4 of them from the diolefine and
the fifth from the imidazol-2-ylidene ligand) and 1 O, either from the sulfonate group or from
the CNT wall (Scheme 2). However, CNT-2-Ir and CNT-1-Ir catalysts exhibit alike
oscillations indicating similar environment for Ir atoms beyond the first coordination shell

(Figure 2a).
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Figure 2. (a) k -weighted EXAFS spectra for the fresh hybrid catalysts CNT-1-1r, CNT-2-1r
and the reference [IrCl(cod){Melm(CH,);sOH}] compound. The data are shifted in the
vertical scale to compare. (b) Fits (green lines) and experimental (points) Fourier transform
curves (circles for modulus and squares for the real part) of the k >-weighted EXAFS signal of
the fresh hybrid catalyst CNT-2-Ir. The Hanning window used to filter the signal is also

included.

As there is not crystallographic information available for a related alkyl-sulfonate-iridium(l)
complex, we have followed our previous strategy in order to model the Ir environment. We
have taken the crystal data from X-ray diffraction study of a single crystal of compound
[IrCl(cod){Melm(CH,);0H}]*® and replaced the Cl atom by an oxygen atom located at ~2.03
A from the Ir atom. Thus, phases and amplitudes of the different paths were calculated using
the FEFF6.0 code implemented in the Artemis program.“® This model allows us to fit the first
and second coordination shells. The analysis is limited by the quality of the EXAS spectra, so
the useful ranges were limited to Ak ~2.0-12.5 A™ and AR~1.1-3.9 A. In order to elucidate
the possible coordination of the O-SO,- groups to the metal center, phases and amplitudes for
Ir-O-S paths (single and multiple scattering) were calculated from the X-ray diffraction

crystal data of the fluorosulfate iridium(Ill) compound, mer-[Ir(CO)3(0OSO,F)s].*" The
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addition of these paths does not allow accurate fits for the CNT-2-Ir spectra thereby
suggesting that sulfonate group is not present in the Ir environment in the hybrid catalysts and
that this position is occupied by oxygen groups on the nanomaterial wall as it was previously
observed for CNT-1-lr. Accurate fits (Figure 2b) can be obtained by considering only
contributions from cod and a imidazol-2-ylidene ring as happens for CNT-1-Ir. The full
analysis, including second shell, can be found in the Supporting Information. The first shell
of the two hybrid catalysts can be accounted for by 6 light elements (namely 5 C and 1 O)

with bond lengths ranging between 1.99 and 2.2 A.

Synthesis and Characterization of Iridium(l) Complexes with Related Functionalized-

NHC Ligands.

With the aim to compare the activity/structure of the hybrid catalysts CNT-1-Ir and CNT-2-
I'r with analogous homogeneous catalysts, the molecular compounds containing NHC ligands
derived from hydroxy- or sulfonate-functionalized imidazolium salts [MelmH(CH_);OH]CI
(1)*®  and [MelmH(CH,)3S05] (3)*  were  synthesized. = Complexes
[IrCl(cod){MeIlm(CH2);0H}] (1-1r) and [Ir(cod)(Melm(CH;)3S03)]
[Ir(cod){MeIm(CH,)3SO3}] (3-1r) were prepared, from precursors 1 and 3, respectively,
following the general procedure entailing the reaction of the imidazolium salts with 0.5
equivalents of [Ir(u-OMe)(cod)], in THF at room temperature. In the case of 3-1r the addition
of 1 equiv. of NaH as external base was required (Scheme 3). The new Ir'-NHC complexes
were isolated as yellow solids in good yields and characterized using standard spectroscopic

techniques.
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[Ir(n-OMe)(cod)], \N/\§ OH

Scheme 3. Synthesis of Ir'-NHC complexes 1-Ir and 3-Ir.

The 'H NMR spectra of 1-Ir and 3-Ir confirm the deprotonation of the imidazolium
fragment, and in consequence, the expected coordination of the NHC ligand to the iridium
center what becomes evident in the *C{*H} NMR spectra with the characteristic upfield
resonances for the carbenic carbon atom of the imidazol-2-ylidene ring at 5 180.2 ppm (1-1r)
and 182.5 ppm (3-1r). These chemical shifts lie in the usual range for related Ir'-NHC
complexes.®®*! In accordance with the proposed structure, the NMR spectra of the complexes
showed four resonances for the =CH olefinic protons of the cod ligand, both in the *H and in
the *C{*H} NMR spectra, due to the lack of an effective symmetry plane in the molecules,
probably as a result of the hindered rotation around the carbene-iridium bond in the
unsymmetrical NHC ligands.>® As a consequence, the >CH, protons of the alkyl chain in both
compounds are diastereotopic showing six distinct resonances that have been unequivocally
assigned to their corresponding carbons with the help of the 2-D *H-*C HSQC NMR spectra

(see Supporting Information).

Additionally, molecular mass was guessed by means of mass spectra giving a peak at m/z
ratio of 441.2 for 1-Ir, which corresponds to the molecular ion without the chlorido ligand,
and at m/z ratio of 527.4 for 3-Ir which corresponds to the molecular ion plus a sodium

cation. Both complexes are neutral as was evidenced by the conductivity measurements in
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acetone or methanol and thus, the charge in 1-Ir or 3-1r is compensated by the chlorido
ligand and the sulfonate group, respectively. On the other hand, the solid state IR spectrum of
3-1r shows two strong bands at 1185 and 1042 cm™, which we attribute to the v asymmetric
and symmetric S=O stretching bands, respectively, of the coordinated sulfonate group.*® All
these gathered information allows proposing that the sulfonate group is coordinated to the
metal center which is in contrast with the results in the EXAFS analysis for the related CNT-

2-1r material.
Water Oxidation Catalytic Activity
CAN-driven Water Oxidation Catalysis

The CNT-based Ir'-NHC hybrid catalysts, CNT-1-1r and CNT-2-1r, are active in water
oxidation catalysis. The catalytic reactions were performed on a X102 kit micro-reactor
equipped with a pressure transducer which allows the measurement of O,(g) evolution
following the protocol described in detail in the Experimental section. Briefly, the glass
vessel was charged with the solid hybrid catalyst, and once the pressure was stabilized, 2 mL
of 0.400 M acidic water-solution (0.1 M HNOs, pH = 1) of the sacrificial oxidant
(NH4)2Ce(NO3)s (CAN) was injected under argon atmosphere. The oxygen evolution was

measured until constant pressure.

All the catalytic tests showed immediate oxygen evolution therefore, no induction period was
observed, even at low catalyst loading with higher [CAN]/[Ir] ratios. Table 1 summarizes the
results of CAN-driven water oxidation catalytic experiments including the number of mmol
of produced O(g), TON number expressed as mmol of O,(g)/mmol of iridium in the hybrid
catalyst, TOFs, and average TOF. The reaction yield was estimated relative to the maximum
theoretical amount of produced O(g), 0.2 mmol, based on sacrificial oxidant. Roughly, a

70% yield was achieved with a [CAN]/[Ir] ratio of 250 (entry 1) for catalyst CNT-1-Ir.
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Remarkably, the reaction yield increases by reducing the hybrid catalyst loading reaching to
almost full conversion for [CAN]/[Ir] ratios of 600-1000 (entries 8 and 9), but only for
catalyst CNT-2-1r. Oxygen evolution rates are faster for catalyst CNT-2-1Ir than for CNT-1-
Ir (Figure 3) what could be related to the higher hydrophilicity of the former due to the
presence of the propyl-sulfonate wingtip at the NHC ligand. In fact, the maximum vyield
attained wit catalyst CNT-1-1r was 87 %. The increase of the catalyst loading resulted in
faster reactions although oxygen evolution stops before reaching the maximum conversion as
evidenced by the plateau in the O, evolution plots represented in Figure 4 which has been
attributed by some authors to catalyst deactivation prior to exhausting all of the sacrificial
oxidant (CAN) present in the reaction media.>* However, these solutions showed catalytic
activity after successive additions of CAN once oxygen evolution stops, which points out to a
likely Ir/Ce dinuclear resting state of the catalyst that becomes activated upon addition of an

excess of CAN. ¢

CNT-1-Ir CNT-2-Ir

0.2 0 0.207
0.157

0.107
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Figure 3. Plot of O2(g) evolution vs. time at various [CAN]/[Ir] ratios. The produced oxygen
in all the catalytic tests is consistent with the stoichiometric limit of added CAN (2 mL, 0.40

M; 0.2 mmol of O, horizontal line).

Table 1. Influence of the [CAN]/[Ir] ratio in CAN-driven water oxidation by hybrid catalysts

CNT-1-Ir and CNT-2-1r.2
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Entry  Cat. mgCat. [Ce™]/[Irl° mmol O, TON TOFs, (W) TOF (W) yield (%)

1 CNT-1-Ir 6.13 250 0.142 45 220 90 70
2 CNT-1-Ir 3.38 450 0.156 90 320 110 78
3 CNT-1-Ir 254 600 0.158 115 330 130 79
4 CNT-1-Ir 152 1000 0.174 220 540 190 87
5 CNT-1-Ir 0.78 2000 0.172 420 445 175 86
6 CNT-2-Ir 7.12 250 0.174 55 780 290 87
7 CNT-2-Ir 3.88 450 0.176 100 970 330 88
8 CNT-2-Ir 298 600 0.194 140 720 275 97
9 CNT-2-Ir 1.78 1000 0.198 240 750 250 99
10 CNT-2-Ir 0.88 2000 0.190 470 1140 400 95

? Reactions were carried out in 2.0 mL of a 0.400 M solution of CAN in acid-buffered
degassed water (0.1 M HNOs, pH = 1) in a thermostatic bath at 298.1 K. ® [CAN]/[Ir] ratios
referenced to ICP-based %lr content. ¢ TOFs, values (h'l) were calculated at reaction times
when the number of mmol of produced O(g) reached half of the theoretically calculated. ¢

Average turnover frequency (h™) calculated at reaction time when oxygen evolution stops.

The performance of the hybrid catalysts in water oxidation has been compared with that of
homogeneous iridium(l) complexes having related functionalized-NHC ligands
[IrCl(cod){MeIm(CH;);0H}] (1-1r) and [Ir(cod)(Melm(CH,)3SOs3)] (3-1r). Unfortunately,
we were unable to prepared the corresponding Ir'-NHC complex from the doubly
functionalized imidazolium salt [HO(CH,).ImH(CH,)sSO3] (2) which prevents a
straightforward comparison with CNT-2-1r. Both homogeneous catalysts exhibited a slightly
superior performance than the related hydrid catalysts. Remarkably, catalyst 3-1r bearing a
sulfonate-functionalized NHC ligand is more active than 1-Ir what correlates with the
observed for the related heterogeneous catalysts. Maximum TOFs, (h™) numbers of 1375 and
2300 were reached at [Ce'V]/[Ir] ratios of 500 and 1600 for 1-Ir and 3-Ir, respectively (see
Supporting Information). The plot of O,(g) evolution vs. time for the four catalysts, Figure 4,

evidences the superior catalytic performance of 3-Ir and CNT-2-Ir compared to 1-1r and
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CNT-1-1r, what invokes again to a positive effect of the sulfonate group in the activity of the

catalysts.

0.201
0.154

0.101

mmol O,

0.051

]
0.00=* T T T T T 1
0 10 20 30 40 50 60

time (min)

Figure 4. Plot of O,(g) evolution vs. time for 1-lr, 3-Ir, CNT-1-Ir and CNT-2-Ir at
[CAN]/[Ir] ratio of 1000 except for 3-1r that a ratio of 800 was used (2 mL of CAN 0.400 M,

horizontal line max. Oz, 0.20 mmol).

Recycling studies have been carried out with the heterogeneous catalyst CNT-2-1r using the
optimun [CAN]/[Ir] ratio of 1000 found in the catalytic tests. Two different types of
experiments have been performed: a) multi-step CAN-driven water oxidation by successive
additions of 2 mL of CAN solution (0.400 M) after oxidant consumption, and b) recovering
of the hybrid catalyst at the of the reaction. In this case, the residual black solids obtained
after catalysis were separated by centrifugation, washed with fresh water (2 x 5 mL) and then
subjected to another catalytic cycle by addition of further 2 mL of CAN solution. The
recycling performance of catalyst CNT-2-1r with both procedures is illustrated in Table 2

and Figure 5.

Multi-step water oxidation experiments showed a steady decrease in the catalytic activity
after two successive CAN additions as evidenced by the decrease of TOFs, values (Table 2).

Quantitative reaction yields were attained at increasing reaction times with very similar
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reaction profiles. The decrease in the catalytic activity is clearly evidenced by comparison the
slope of the successive oxygen evolution plots (Figure 5a). On the other hand, recovering of
the hybrid catalyst and recycling gave similar results also with an evident steady decrease in
the catalytic activity (Figure 5b). Interestingly, no induction periods were observed in the
recycling tests with both methods which suggest that the pre-catalyst is fully transformed into

the active species after the first catalytic run.

Table 2. Recyclability and stability studies for the hybrid catalysts CNT-2-1r: a) multi-step

CAN-driven water oxidation, and b) recycling of the hybrid catalyst.?

Entry  Cat. Test  Time® mmol O, TON TOFs (h?)® TOF (h)? yield (%)
al CNT-2-Ir fresh 31 0.196 370 1760 715 98
a2 CNT-2-Ir 1%add. 37 0.194 365 1310 590 97
a3 CNT-2-Ir 2"add. 44 0.194 365 950 500 97
bl CNT-2-Ir fresh 31 0.194 365 1760 705 97
b.2 CNT-2-Ir 1%cycle 39 0.186 350 1200 540 93
b.3 CNT-2-Ir 2™cycle 40 0.184 345 830 515 92

? Reactions were carried out in 2.0 mL of a 0.400 M solution of CAN in acid-buffered
degassed water (0.1 M HNOs, pH = 1) in a thermostatic bath at 298.1 K. ° min. © TOFs,
values (h™) were calculated at reaction times when the number of mmol of produced O(g)
reached half of the theoretically calculated. ¢ Average turnover frequency (h™) calculated at

reaction time when oxygen evolution stops.

The gradual loss of activity observed in the recycling tests might be consequence of the
detaching of the supported Ir-NHC complexes under the reactions conditions due to the
presence of reactive ester linkers. CAN-driven water oxidation is performed at very strong
acidic media (pH = 1) and hydrolysis of the ester linker on the nanotube wall could result in
iridium leaching with loss of catalytic activity. However, the gradual degradation of the
anchored molecular iridium complexes, responsible for the catalytic activity, under strong

oxidizing conditions cannot be ruled out.
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Figure 5. Recyclability and stability studies for the hybrid catalysts CNT-2-1r at [CAN]/[Ir]
ratio of 1000. Plots of O, evolution vs. time: a) multi-step CAN-driven water oxidation, and

b) recycling of the hybrid catalyst.

As can be inferred for the activity data, the molecular catalyst precursors 1-Ir and 3-Ir, and
the hybrid catalysts CNT-1-1r, and CNT-2-Ir show average activities in the range of many
of the iridium complexes so far reported. The activity of our homogeneous systems is
comparable to that shown by the pyridine-dicarboxylate complex, [Cp*IrCI{2,6-
Py(COO)(COOH)},>" or [Cp*IrCI{(Melm),CHCOO}*® (bearing a carboxylate-
functionalized bis(NHC) ligand) with TOFs, values around 1300, but also with that of the
Cp*Ir'-mesoinic  triazolylidene-pyridine complex® or to the solvato complex
[Cp*1r(H20)3](NO3),% with TOFs, values of 960 and 1260 h, respectively; superior to that
of [IrCl(cod)(ppei)] (bpi = (pyridin-2-ylmethyl)(pyridin-2-ylmethylene)amine) with TOFz, of
372 h™** but lower than that shown by [Ir,Cl(cod)(-bpi)]PFs (bpi = PyCH=NCH,Py), with
TOFs, numbers up to 3400 h™.% As far as related heterogeneous systems tested in CAN
driven water oxidation reactions, the activity is also quite similar to that shown by
[Ir(Hedta)CI]Na (Hedta = monoprotonated ethylenediaminetetraacetic acid) supported on
TiO, (rutile)®* and some Cp*Ir-pyridine-carboxylate complexes integrated in MOF

structures.®
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Electrocatalytic Water Oxidation.

Electrochemical water oxidation experiments using carbon nanotube-supported iridium-NHC
materials conformed into electrodes were conducted in a standard three electrode cell using a
Ag/AgCI/3.5M KCI and a graphite rod, as reference and counter electrodes respectively. A
phosphate buffer solution (PBS) at a pH of 7 was selected as supporting electrolyte for the

electrocatalytic tests.

The electrocatalytic water oxidation activity was firstly studied by means of cyclic
voltammetry (CV) measurements (Figure 6a). The CVs were recorded between 0.00-1.40 V
(vs Ag/AQCI/3.5M KCI, i.e., 0.20 V vs NHE) at pH = 7.0. The catalytic currents were
measured at 1.40 V which corresponds to over potential of 0.79 V over the thermodynamic
potential for water oxidation (which is 0.61 V vs Ag/AgCI/3.5 M KCI at pH 7). The catalyst
loadings in the two electrodes tested, CNT-1-Ir-EC and CNT-2-Ir-EC, calculated by
ICP/MS were similar being 0.0026 + 0.0001 and 0.0024 + 0.0001 mmol/cm?, respectively. In
these conditions, a higher oxidation current density was measured on the CNT-2-Ir-EC
electrode (=~ 59 mA/cm?) being almost double than that on CNT-1-1r-EC (= 28 mA/cm?).
The current densities of the neat CNTs and the background were almost negligible at this
potential (=~ 1.5 and 1.1 mA/cm? respectively), demonstrating that the observed
electrocatalytic activity can be mainly attributed to the iridium active material. In any case, a
possible synergistic effect of the carbon surface in the catalytic cycle is not discarded.
Interestingly, the potential at which the current start to increase during the oxidation on CNT-
2-1r-EC is much lower than the observed for CNT-1-1r-EC which suggests that not only the
catalytic reaction is more favored on CNT-2-Ir but this electrode also allows the more

effective utilization of lower potentials.

The turnover frequencies (TOFs) were calculated on the basis of the currents measured at

1.40 V, after subtracting the background and assuming 100% of faradaic efficiency (see
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Supporting Information). Thus, the calculated TOF for CNT-2-1r-EC was 22000 h™ which is
almost double than the value of 10900 h™* calculated for CNT-1-1r-EC. These values are in

2483 \which

the range of those reported for other iridium/carbon-supported hybrid catalysts,
confirms the efficiency of the new Ir-NCH complexes supported onto CNTs as
electrocatalysts for water oxidation. In addition, a positive impact of the water soluble NHC

ligand in the electrocatalytic activity is observed.

As a rough estimation of the catalytic activity under both chemical and electrochemical
conditions, electrocatalytic TOF values were estimated at 0.55 V (that is 1.16 V vs
Ag/AgCl/3.5M KCI) which corresponds to the theoretical overpotential used in the Ce**-
driven water oxidation at pH 1 (since the thermodynamic potentials for Ce** reduction and
H,O oxidation at pH 1 are 1.52 and 0.97 V (vs Ag/AgCl/3.5M KCI), respectively.?* The
calculated values are 13000 and 2500 h™* for CNT-2-Ir-EC and CNT-1-1r-EC, respectively,
what are much larger than those measured in CAN-driven water oxidation catalytic tests for
1 h (Table 1). This demonstrates the improved performance of the conformed supported
catalysts under electrochemical conditions. Moreover, this procedure also allows carrying out
water oxidation catalytic studies under more environmentally friendly conditions of neutral

pH where the molecular complexes are supposed to be more stable.

The stability of the electrodes was tested by means of chronoamperometry measurements
(CA, Figure 6b). The CAs show a slight decay of the current measured on both electrodes,
being more pronounced in the case of the CNT-1-1r-EC after 2000 s of water oxidation. The
evolution of oxygen during the electrocatalytic experiments follows a similar trend as
confirmed by gas chromatography (Figure 6b, inset). These results confirm that the
introduction of water soluble ligands in the coordination sphere of the iridium center in the
hybrid catalysts do not only increases the catalytic efficiency but also its electrochemical

stability.
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Figure 6. (a) CVs and (b) CAs recorded on CNT-1-Ir-EC and CNT-2-Ir-EC electrodes, and
neat CNTs. The CV recorded on the raw graphite disk has been included for comparative
purposes as the background current density. Inset in b shows the evolution of oxygen as a
function of time during the chronoamperimetric measurements for catalysts CNT-1-Ir-EC
and CNT-2-Ir-EC, measured by gas chromatography. CVs were recorded at a scan rate of 20
mV/s at pH 7. CAs were recorded at an applied potential of 1.40 V (vs the reference

electrode) for 1 h.

The catalyst loadings remaining after 1 h of applied potential, determined by ICP/MS, were
0.0015 + 0.0005 and 0.0022 + 0.0007 mmol/cm? for CNT-1-Ir-PEC and CNT-2-Ir-PEC,
respectively. At that time, TOF values of 14800 h™ and 3600 h™ were measured for CNT-2-
Ir-PEC and CNT-1-1r-PEC, respectively. These values, although higher than the obtained
under CAN-driven water oxidation conditions, are in line of a loss of catalytic activity with

time (33% for CNT-2-1r-EC, and 67% for CNT-1-1r-EC) what might be related to a loss of
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iridium catalyst from the CNT-based electrodes. Anyhow, a small portion of carbonaceous
material in suspension was detected after 1 h of electrocatalysis in both tests, although this
effect more pronounced in the case of the CNT-1-Ir electrode. Therefore, we hypothesize
that the loss of current with time might be associated with the instability of the electrode
material itself rather that, or in combination with, the hydrolysis of ester linker of the iridium
complex from the surface of the CNT. As an overall result, a higher stability of the
CNT/iridium linker in this type of catalysis seems to be desirable. It is worth of mention that
a similar behavior was already observed for other types of iridium catalyst as a consequence

of the inhibition of the intermolecular decomposition pathways.?*
Analysis of post-catalysis materials.

With the aim to elucidate the structural differences in the materials after WO catalysis, the
hybrid catalysts after three CAN-driven WO catalytic cycles (CNT-1-1r-PC and CNT-2-1r-
PC) and after 1 h of WO chronoamperometry (CNT-1-1r-PEC and CNT-2-1r-PEC) were
examined by means of XPS and compared with those analyses of the original supported
materials (CNT-1-Ir and CNT-2-Ir). The Irdf XPS profiles and multiple peak fit values are
composed by the expected two peaks due to 4f;,-4fs, doublet separation of ca. 3 eV (Figure
7a for CNT-1-1r, Figure 7b for CNT-2-Ir). In spite of the XPS signal low resolution in the
materials used for water oxidation catalysis driven by CAN, especially in CNT-1-1r-PC what
is probably due to a much lower iridium load, the shift towards higher binding energies of the
two maxima of the Irdf XPS curves of both hybrid catalysts after the two different water

oxidation catalysis treatments becomes evident (Table 3).

In general, small differences of ca. 0.2-0.4 eV can be seen between the fresh samples and
post-catalysis (PC and PEC) materials. Higher energy values were generally observed for
post-catalysis materials, except for the case of CNT-1-1r-PC where almost the same value

was observed for the 4fs, peak. This is not reliable as this measurement has a bit too much of
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background noise. These shifts in the XPS spectra of Ir4f double lines might be indicative of

the presence of higher oxidation iridium species in the recovered WO post-catalysis

materials. In fact, these correlations have already been used as evidences to support the

formation of the high-valent oxo-hydroperoxo and peroxo-species in the WO processes.*
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Figure 7. Irdf XPS curves of the carbon nanotube-based Ir-NHC hybrid catalysts CNT-1-1r

(@ and CNT-2-Ir (b) fresh and post-catalysis:

electrocatalysis (PEC).

CAN-driven catalysis (PC) and

Table 3. Maxima, areas and widths for the two peaks 4f;, and 4fs, from the Ir4f XPS

experiments (see Figure 7).

4f,, peak 4fs), peak
Entry Material Centre  Area Width Centre Area  Width
1. CNT-1-Ir 62.4(1) 508(5) 1.66(2) 65.3(1) 486(6) 2.00(3)
2  CNT-1-1r-PC 62.6(1) 78(11) 1.2(1) 65.4(1) 288(27) 3.50(3)
3 CNT-1-Ir-PEC  62.6(1) 81(2) 1.45(3) 65.7 (1) 59(2) 1.70(1)
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4  CNT-2-Ir 62.4(1) 153(2) 1.53(2) 65.3(1) 150(2) 1.86(3)
5 CNT-2-1r-PC 62.6(1) 35(1)  1.37(4) 65.6(1) 33(1) 1.70(1)
6 CNT-2-Ir-PEC  62.8(1) 25.4(3) 151(2) 65.7(1) 19.2(3) 1.64(1)

The material CNT-2-1r-PC could be also studied by an EXAFS analysis. The k’-weighted
EXAFS signal for this material shows oscillations comparable to those exhibited by the fresh
CNT-2-1r catalyst at low k, but the EXAFS signal decays faster at high k and has a poor
quality above ~11 A suggesting an increase of local structural disorder respect to CNT-2-1r
material (see inset of Figure 8). For this reason, the analysis for these samples was limited up
to k = 11.5 A™. Figure 8 shows the Fourier transform (FT) of the EXAFS spectra for both
materials. In both cases a prominent peak marks the contribution from the first coordination
shell but two features should be noted. First of all, the main peak of CNT-2-1r-PC is less
intense and broader than that of CNT-2-Ir. The decrease of the intensity for the first peak in
the FT of the post-catalysis material can be caused by either a decrease in the iridium
coordination number or an increase of the local disorder around it. The fact that CNT-2-Ir
and CNT-2-1r-PC materials have similar oscillations in their EXAFS spectra but higher
attenuation for the latter sample points to a higher structural disorder for CNT-2-1r-PC
sample in the first coordination shell. Secondly, the peak is shifted to lower R-values for
CNT-2-1r-PC material indicating shorter bond lengths in this compound. Therefore, accurate
fits can be obtained for the first shell of both samples using the same model (Figure 8 and
Table S3). The complete analysis including paths up to 3.75 A can be consulted in the
Supporting Information. Therefore, our fits confirm a higher structural disorder for CNT-2-
Ir-PC reflected in higher Debye-Waller factors for the interatomic distances and shorter Ir-O
and Ir-C bond lengths. This result suggests an increase in the oxidation state of iridium atoms
in CNT-2-1r-PC in agreement with the trend observed in XPS measurements (shift to higher

energies of the peaks of CNT-2-1r-PC spectrum respect to the ones for the fresh compound).
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However, the comparison of the EXAFS spectra of CNT-2-1r-PC with that of IrO, showed
larger differences which indicates that Ir'VO, particles are not present in the CNT-2-1r-PC

material (see Supporting Information).
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Figure 8. Comparison between experimental data (points) and best fits (solid lines) for the
moduli of the FTs of the k% (k) EXAFS signals for CNT-2-Ir (circles) and CNT-2-1r-PC

(squares) in the R-range between 1.0 and 2.1 A, and in the k-range between 2.0 and 11.5 A™.

The dotted line is an eye guide. Inset: k% (k) EXAFS signals for both hybrid catalysts.

According to the similarity of the oxygen evolution profiles of CAN-driven water
oxidation catalysis for both homogeneous and heterogeneous catalysts, and the information
gathered from XPS and EXAFS characterization for the heterogeneous materials, we
tentatively envisage a mechanism involving Ir'"/Ir'V/Ir¥ intermediate species stabilized by the
sulfonate-functionalized NHC ligand similar to the proposed by Crabtree® and Hetterscheid®

for Cp*Ir'"' catalysts. Assuming a Ir''-H,O species as the catalytic active species, two

consecutive proton-coupled electron transfer (PCET) steps should result in the formation of
an oxo [Ir'=0] intermediate which could react with water, through a water nucleophilic

attack mechanism, leading to an hydroperoxo [Ir'"-OOH] species. Two successive PCET
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steps should lead to the key peroxo [Ir¥(n*0,)] intermediate from which an O,(g) molecule

is released with regeneration of the catalytic active species.

CONCLUSIONS

This work demonstrates that hybrid CNT-based materials having Ir'-NHC complexes
anchored to the carbon nanotubes through ester functions are suitable as water oxidation
catalysts under chemical and electrochemical conditions. The study has revealed that both
heterogeneous and homogeneous molecular catalysts featuring a water soluble sulfonate-
functionalized NHC ligand are much more active than related catalysts having
unfunctionalized NHC ligands either in CAN-driven or electrochemical water oxidation

conditions.

Despite the lower catalytic activity of the hybrid catalysts with respect to homogeneous
related systems, the productivity of the heterogeneous catalysts has been improved by
allowing successive CAN additions or, at least, three WOC recycling experiments. The
gradual decrease in the catalytic activity along the recycling tests could be ascribed to the
degradation of the anchored molecular iridium complexes or the hydrolysis of the ester linker
under the hard oxidant and acidic reaction conditions. Noteworthy, the electrochemical water
oxidation of CNT-based hybrid materials resulted much more efficient, with TOF values at

1.4 V up t0 22000 h™* for the hybrid sulfonate-functionalized catalyst.

The local structure of the iridium centers in the hybrid catalysts has been probed by
EXAFS spectroscopy, before and after the chemical and electrochemical WO catalytic
reactions. The first coordination shell around iridium atom is similar in both fresh specimens,
corresponding to five C atoms and one O atom from the CNT wall, losing the coordination of

the chlorido or the sulfonate ligand. The two main differences between fresh and post-
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catalytic materials are on the one hand, an increase of local disorder in the post-catalysis
material which reveals a messier environment around iridium atoms, and on the other, shorter
bond lengths. The latter indicates an increase in the oxidation state of iridium atoms that can
be correlated to the observed peaks shifts in the XPS spectra. Nevertheless, EXAFS

spectroscopy rules out the significant presence of Ir'VO, particles in this particular system.

The enhanced chemical and electrochemical water oxidation catalytic activity of the hybrid
catalyst having iridium complexes based on sulfonate-functionalized NHC ligands covalently
attached to carbon nanotubes is remarkable. These supported materials not only double the
TOF values of the homologous less polar materials lacking a sulfonate moiety but also
increases their long-term electrocatalytic stability providing a useful guide for the

development of new and highly efficient water oxidation catalysts.

EXPERIMENTAL SECTION

General Considerations. The iridium starting material [Ir(u-OMe)(cod)], was prepared
according to the literature method.®® . The imidazolium salts 1-(3-hydroxypropyl)-3-methyl-
1H-imidazol-3-ium chloride, [MelmH(CH,)sOH]CI (1), and 3-(3-methyl-1H-imidazol-3-
ium-1-yl)propane-1-sulfonate, [MelmH(CH,);SOs] (3),* were prepared from 1-
methyimidazole (MelmH) using 3-chloro propanol and 1,3-propane sultone as alkylating
agents. Raw CVD-grown multiwall carbon nanotubes (CNT) were oxidized according to the
previously described procedure.?® Solvents were distilled immediately prior to use from the
appropriate drying agents or obtained from a Solvent Purification System (Innovative
Technologies). CDCl3, CD30D and acetone-dg were purchased from Euriso-top and used as
received. All chemicals, including multiwall carbon nanotubes (MWCNT) were purchased

from Aldrich and used as received except 1-methyimidazole that was distilled prior to use.
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Scientific Equipment. Characterization of supports and hybrid catalysts. NMR spectra
were recorded on a Bruker Advance 300 or a Bruker Advance 400 spectrometers: 'H
(300.1276 MHz, 400.1625 MHz) and *C (75.4792 MHz, 100.6127 MHz). NMR chemical
shifts are reported in ppm relative to tetramethylsilane and referenced to partially deuterated
solvent resonances. Coupling constants (J) are given in Hertz. Spectral assignments were
achieved by combination of *H-'H COSY, **C APT and *H-"*C HSQC experiments. MALDI-
ToF mass spectra were obtained on a Bruker MICROFLEX spectrometer using DCTB (trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene]malononitrile) or DIT (Ditranol) as
matrixes.®” Electrospray mass spectra (ESI-MS) were recorded on a Bruker MicroTof-Q
using sodium formiate as reference. Conductivities were measured in ca. 5 10* M acetone

solutions of the complexes using a Philips PW 9501/01 conductimeter.

Thermogravimetric analyses (TGA) were performed on a TA SDT 2960 analyzer. The
procedure was as follow: 3 mg of sample was heated in the thermobalance to 1000 °C at 10
°C min™ using a nitrogen:air flow (1:1) of 200 mL min™. High-resolution transmission
electron microscopy (HRTEM) images were obtained using a JEOL JEM-2100F transmission
electron microscope, equipped with a field-emission-gun (FEG) and operating at 200 kV.
Energy-dispersive X-ray spectroscopy (EDX) was used to verify the atomic composition of
the hybrid catalyst. Elemental analyses were performed on a LECO-CHNS-932 micro-
analyser and a LECO-VTF-900 furnace coupled to the micro-analyser. X-ray photoemission
spectroscopy (XPS) spectra were performed on a SPECS system operating under a pressure
of 107 Pa with a Mg Ka X-ray source. The spectra did not require charge neutralization and
were subsequently calibrated to the C1s line at 284.5 eV. The type of functional groups in the
carbon nanotubes was quantified by deconvolution of the high resolution C1s XPS peak in

Gaussian and Lorentzian functions.®® The amount of iridium in the hybrid catalysts was
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determined by means of Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in an

Agilent 7700x instrument.®®

Synthesis of 3-(1-(2-hydroxyethyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate,
[HO(CH2)2ImH(CH>)3SO3] (2). 2-(1H-imidazol-1-yl)ethan-1-ol (600 mg, 5.35 mmol) was
reacted with a solution of 1-3-propanesultona (720 mg, 5.89 mmol) in acetonitrile (15 mL)
for 12 h at the reflux temperature. The white solid formed was separated by decantation,
washed with acetonitrile (2x5 mL) and dried in vacuum. Yield: 73%. Anal. Calcd for
CsH14N,0O,4S: C, 41.01; H, 6.02; N, 11.96; S, 13.69. Found: C, 40.78; H, 6.04; N, 12.00; S,
13.78. 'H NMR (298 K, CD30D): & 9.02 (s, 1H, NCHN), 7.70 (t, J= 2.0, 1H, =CH Im), 7.65
(t, 3= 2.0, 1H, =CH Im), 4.45 (t, J= 7.1, 2H, NCH,, SO5 wingtip), 4.31 (m, 2H, NCH,, OH
wingtip), 3.88 (m, 2H, CH,0H), 2.83 (t, J= 7.0, 2H, CH,S03), 2.34 (q, Ju- = 7.0, 2H, CH,).
BC{*H} NMR (298 K, MeOD): & 138.1 (NCHN), 124.2 (=CH Im), 123.7 (=CH Im), 61.0
(CH,OH), 53.4 (NCH,, OH wingtip), 49.6 (NCH,, SOs wingtip), 48.4 (CH,SO3), 27.1

(CH>). MS (ESI+, MeOH) m/z = 257 [M + Na] *.

Preparation of the functionalized nanotubes CNT-1 and CNT-2. The oxidized carbon
nanotubes were functionalized with the imidazolium salts following a two-steps procedure.
First, 0.100 g of oxidized carbon nanotubes (CNT) were refluxed in 40 mL of thionyl
chloride for 24 h under a nitrogen atmosphere. The resultant product was washed three times
with 20 mL of anhydrous tetrahydrofuran (THF) and dried for 2 h under vacuum. Then, the
solids were dispersed in 15 mL of anhydrous THF and 70 mg of imidazolium salt, 1 or 2,
were added under a nitrogen atmosphere. The mixtures were refluxed for 24 h. The solids
were filtered and washed with THF (3 x 20 mL), dichloromethane (3 x 20 mL) and ethanol (3
x 20 mL), and dried at 100 °C in a preheated furnace. The samples obtained were labelled as
CNT-1** and CNT-2 for the imidazolium salts 1 and 2, respectively. CNT-1: 'H-PRESAT

NMR (298K, acetone-dg): 5 8.72 (m, 1H, NCHN), 7.48 (m, 2H, =CH Im), 4.32 (m, 2H, CH,),
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3.89 (m, 3H, CHa), 3.64 (m, 2H, CHy), 2.08 (m, 2H, CH,). CNT-2: 'H-PRESAT NMR
(298K, D,0): & 8.88 (s, 1H, NCHN), 7.59 (m, 1H, =CH Im), 7.56 (m, 1H, =CH Im), 4.40 (t, J
= 7.0, 2H, NCH,, SOz wingtip), 4.34 (t, J= 5.1, 2H, NCH,, OH wingtip), 3.94 (t, J= 5.1, 2H,

CH,0H), 2.94 (t, J= 7.1, 2H, CH,S03), 2.34 (g, J= 7.0, 2H, CH,).

Preparation of hybrid catalysts CNT-1-1r and CNT-2-Ir. Functionalized carbon nanotubes
CNT-1* and CNT-2 were reacted with [Ir(n-OMe)(cod)], (69.6 mg, 0.105 mmol) in 10 mL
of THF under an argon atmosphere. The mixture was refluxed for 2 days and then immersed
into an ultrasonic bath for 30 min. The resultant solid was recovered by centrifugation,

washed with THF (5 x 10 mL) and diethyl ether (2 x 5mL) and dried under vacuum.

Synthesis of [IrCl(cod){Melm(CH;);OH}] (1-Ir). [Ir(u-OMe)(cod)], (189 mg, 0.283 mmol)
and [MelmH(CH,)3;OH]CI (1) (100 mg, 0.567 mmol) were mixed in a schlenk tube under an
argon atmosphere in THF (15 mL). The mixture was stirred at room temperature for 12 h to
give a solution that was concentrated under reduced pressure. The solid formed was
eliminated by filtration and the resulting orange solution brought to dryness under vacuum.
Treatment of the yellow residue with pentane rendered a bright yellow solid which was
separated by decantation, washed with pentane, and dried in vacuum. Yield: 86%. Anal.
Caled for C15H,4ClIrN,O: C, 37.85; H, 5.08; N, 5.88. Found: C, 37.68; H, 5.03; N, 5.86. 'H
NMR (298 K, CDCls): § 6.85, (q, J = 1.9, 2H, =CH Im), 5.22 (dd, J = 11.5, 4.1, 1H, NCH,),
4.61, 454 (m, 1H each, =CH cod), 4.01 (dt, J = 13.8, 4.1, 1H, NCH,), 3.94 (s, 3H, Melm),
3.56, 3.47 (m, 2H, 1H each, OCH,), 3.14 (m, 1H, OH), 2.98, 2.90 (m, 2H, 1H each, =CH
cod), 2.22 (m, 4H, CH, cod), 2.11-1.88 (m, 2H, CH,), 1.80-1.54 (m, 4H, CH, cod). *C{*H}
NMR (298 K, CDCl3): & 180.2 (NCN), 122.5, 119.3 (=CH Im), 85.1, 84.4 (CH cod), 56.7
(CH;0), 52.5, 52.2 (CH cod), 46.1 (NCHy), 37.6 (Melm), 34.0, 33.3 (CH; cod), 32.7 (CH,),

30.0, 29.4 (CH, cod). MS (MALDI-TOF, DCTB matrix, CH,Cl,) m/z = 441.2 [M — CI]".
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Synthesis of [Ir(cod){Melm(CH,)3SOs}] (3-1r). [Ir(u-OMe)(cod)], (100 mg, 0.150 mmol)
and the imidazolium salt [MelmH(CH,)3SOs3] (3) (60.74 mg, 0.300 mmol) were mixed in
THF (10 mL) under an argon atmosphere. . Then, a solution of NaH (7.25 mg, 0.300 mmol)
in a MeOH (10 mL) was slowly added and the mixture stirred at room temperature for 18 h.
The suspension was concentrated until 10 mL to give a white solid that was eliminated by
filtration. The resulting yellow solution was brought to dryness under vacuum and the residue
disaggregated by stirring in Et,O to give a bright yellow solid that was washed with Et,0 (3 x
2 mL) and dried under vacuum. Yield: 66%. Anal. Calcd for Ci5H23IrN,O3S: C, 35.77; H,
4.60; N, 5.56: S, 6.37. Found: C, 35.18; H, 4.75; N, 4.82; S, 6.44. *H NMR (298 K, CD30D):
§7.20,7.17 (d, J = 1.9, 1H each, =CH Im), 4.75, 4.57 (m, 2H, 1:1, NCHy), 4.39, 4.29 (m, 1H
each, =CH cod), 4.05 (s, 3H, NCH3), 2.98 (t, J = 7.4, 2H, CH,S03), 2.72, 2.61 (m, 1H each,
=CH cod), 2.45 (m, 2H, >CH,), 2.36-2.17 (m, 4H, CH, cod), 1.82-1.54 (m, 4H, CH, cod).
BC{*H} NMR (298 K, CD;0D): & 182.5 (NCN), 123.3, 121.7 (=CH Im), 84.5, 83.7 (=CH
cod), 49.3 (NCH,), 49.0 (CH,SOs), 49.6, 48.4 (=CH cod), 37.4 (CHslm), 34.8, 34.0, 30.6,

29.7 (CH, cod), 27.6 (>CH, SOs3). MS (ESI*, MeOH) m/z: 527.4 [M + Na]".

Oxygen Evolution Measurements. O, evolution was dynamically monitored within pressure
transductor equipped reactor (Man on the Moon series X102 kit micro-reactor,
www.manonthemoontech.com). In a typically experiment: a 14.2 mL micro-reactor
isothermal stabilized to 298 K was charged with the supported catalyst or 0.5 mL of an
aqueous solution of the iridium complex under an argon atmosphere, and 2 mL of a 0.400 M
water-solution of CAN (cerium ammonium nitrate) buffered in 1 M HNO3. Oxygen evolution
was measured until constant pressure and the amount of O,(g) (mmol) produced was
calculated by using the Ideal Gas Law. Each value is averaged out form at least three
measurements. Samples obtained after the catalytic cycle were labeled as CNT-1-1r-PC and

CNT-2-1r-PC.
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Electrochemical measurements: Electrodes were prepared as follows: 22.5 mg of CNT-1-
Ir or CNT-2-1r (as active material) were mixed with 7.5 mg of PVFD (as binder) in an agate
mortar and then put into EtOH suspension (5 mg/mL). A certain volume of each one of the
previously prepared suspensions was drop-casted onto a graphite disk current collector (2
cm?) and dried at 80 °C (1 h) in order to remove the solvent. The final amount of CNT-X-Ir
deposited in the electrodes was 5 mg approximately. CV and CA experiments were
performed in a Teflon home-made three-electrode cell (see Supporting Information) at room
temperature and under inert atmosphere. The cell consisted of the previously prepared CNT-
1-Ir and CNT-2-Ir electrodes as the working electrodes (1 cm? of exposed area), Ag/AgClI
(3.5M KCI) as the reference electrode and a graphite rod as the counter electrode. All the
potentials reported in this study were referenced to Ag/AgCl/3.5M KCI (i.e., 0.205 V vs.
NHE). The supporting electrolyte consisted of a 1.0 M phosphate buffer solution (PBS) at pH
7.0. The electrochemical measurements were performed on a BioLogic VMP Multichannel
Potentiostat. Samples obtained after the electrocatalytic tests were labeled as CNT-1-1r-PEC
and CNT-2-1r-PEC. The evolution of oxygen was measured by using a HP 5890 gas

chromatograph.

The TOF Turnover frequencies for the catalysis were calculated from the equation,
TOF = - (I.n)/(n.F.y),” where 1, is the catalytic current density, n is the faraday efficiency, F
is the Faraday’s constant, y is the surface concentration of catalyst and n is the number of
electrons transferred per production of oxygen molecule (n = 4). It was assumed that all

transferred charge is used to catalyze water oxidation (n = 100%).

EXAFS measurements. Room temperature X-ray absorption measurements at the Ir Ls-edge
were carried out using a Si (311) double crystal monochromator at the CLAESS beam line’
of the Alba synchrotron facility (Barcelona, Spain). The energy resolution AE/E was

estimated to be about 8 x 107 at the Ir Ls-edge, a pellet of Ir metal mixed with c’?ellulose
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was simultaneously measured for energy calibration. The Extended X-ray Absorption Fine
structure (EXAFS) spectra were analyzed using the ARTEMIS program,*® which makes use
of theoretical phases and backscattering amplitudes calculated from FEFF6 code.” The fits

were carried out in R space using a Hanning window for filtering purposes.
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