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ABSTRACT: We present a systematic electrochemical and
spectroelectrochemical study of the catalytic activity for water
oxidation of an iridium-N-dimethylimidazolin-2-ylidene (Ir—
NHC—Me,) complex adsorbed on a polycrystalline gold
electrode. The work aims to understand the effect of the
electrolyte properties (anions and acidity) on the activity of the
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molecular catalyst and check its stability toward decomposition. Our results show that the iridium complex displays a very strong
dependence on the electrolyte properties such that large enhancements in catalytic activity may be obtained by adequately
choosing pH and anions in the electrolyte. The stability of the adsorbed compound was investigated in situ by Surface Enhanced
Raman Spectroscopy and Online Electrochemical Mass Spectrometry showing that the catalyst exhibits good stability under

anodic conditions, with no observable evidence for the decomposition to iridium oxide.

B INTRODUCTION

Since the discovery of the ruthenium blue dimer system by
Meyer," many molecular water oxidation catalysts have been
published in literature.”~* Especially ruthenium based systems
have been extensively studied,’™%° but also n1anganese,21_23
iron,**** cobalt,”*"* copper,”® ! and iridium*~* catalysts
have been addressed. The catalytic activity of these systems for
water oxidation is usually studied using sacrificial stoichiometric
reagents.43 Detailed (spectro-)electrochemical studies of
dissolved or immobilized catalytic complexes for water
oxidation are still rare. The use of sacrificial oxidants makes it
difficult to properly define the thermodynamic driving force for
the water oxidation reaction. An unequivocal comparison
between different systems is often hampered by varying
reaction conditions and the associated lack of a clearly defined
oxidation potential. The importance of controlling the
oxidation potential in evaluating charge transfer rates follows
from the Marcus theory for electron transfer reactions, in which
the thermodynamic driving force n features prominently.**
Knowing the reaction rate or Turnover Frequency (TOF) at a
well-specified overpotential is also mandatory for assessing the
suitability and efficiency of the catalyst in relation to its
application in a future device.

In homogeneous catalysis studies of the water oxidation
reaction, Cerium Ammonium Nitrate (CAN) is frequently used
as a chemical oxidant, and its corresponding oxidation potential
follows from the Nernst equation:

4+
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nF

[Ce’] (1)
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where E is the standard redox potential of the couple Ce®"/
Ce*,ie. 1.72 Vvs SHE,45 R the gas constant, T temperature, n
= 1 the number of electrons transferred, F the Faraday
constant, and [Ce**], [Ce*"] are, respectively, the activities of
Ce*" and Ce’" in solution. Experiments are usually performed
by adding solutions of cerium(IV) so that the initial
concentration of cerium(III) is zero, under which conditions
the oxidation potential is poorly defined (theoretically, it is
infinitely high). Moreover, the oxidation potential will actually
change (ie., lower) as the reaction progresses, since Ce*" is
converted into Ce®* so that their concentrations change in time.

An additional complication of using CAN is that, since the
nitrate coordinating to cerium(IV) is partly displaced by water,
the actual structure of CAN is poorly defined and very acidic
conditions are employed as the Ce*" coordinated aqua ligands
readily deprotonate.*® DFT calculations have shown that the
resulting cerium hydroxide is best described as a Ce(III)
complex with a hydroxy radical coordinated.'” This can
possibly lead to undesirable pathways involving transfer of
hydroxyl radicals that are not relevant to water oxidation.
Furthermore, Berlinguette and co-workers showed that part of
the dioxygen evolved during ruthenium mediated water
oxidation with CAN contains oxygen atoms that are derived
from nitrate rather than from water.*® Another popular oxidant
is periodate, which is stable at milder conditions compared to
CAN;* however, it contains atomic oxygen that undergoes a
fast exchange equilibrium with water. For that reason, O atom
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labeling studies cannot confirm whether the dioxygen produced
derives from water or periodate.*” In a recent theoretical study,
we showed that atomic oxygen transfer from periodate to the
iridium catalyst under study is very facile, and by in situ MS
spectroscopy we identified catalytic species that foint to the
occurrence of such nonrelevant elementary steps. 8

In addition to the sometimes poorly understood identity of
the chemical oxidant under reactive conditions, identification of
the active catalyst can be an issue. This has almost exclusively
been carried out using sacrificial reagents. On the basis of
electrochemical experiments, it was claimed by the groups of
De Groot and Lin that iridium complexes bearing cyclo-
pentadienyl ligands may be stable, as no time dependence of
the observed catalytic activity was observed.*”*° On the other
hand, Crabtree and co-workers reported the complete
deterioration of [IrCp*(OH,);]** (Cp* = pentamethylcyclo-
pentadienyl), leading to the formation of an amorphous phase
of iridium oxide on the electrode.”’ > In agreement with the
former studies, our group* as well as others®® showed using
DEFT calculations that iridium catalysts bearing the Cp* ligand
can be active for catalytic water oxidation and those catalysts
would be sufficiently stable. Crabtree and co-workers published
that the Cp* ligand is readily lost and that dinuclear molecular
complexes bearing the remaining organic ligands are the true
active species, using sacrificial periodate as a chemical oxidant.*®
Others have shown that complete deterioration of molecular
systems leading to formation of iridium oxide nanoparticles can
take place,>>*® yet this seems to be a relative sluggish
reaction® which is strongly dependent on the iridium
concentration employed. It was also shown that these
nanoparticles contain significant amounts of cerium. It is not
clear to which extent these phenomena are dependent on the
chemical oxidants used, and whether this chemistry can actually
be translated meaningfully to the electrochemically driven
dioxygen evolution reaction.

In contrast to catalytic oxidation by stoichiometric oxidants,
oxidation by electrochemical techniques allows for better
defined reaction conditions. The relevant oxidation potential
is directly related to the applied electrode potential, leaving no
doubt about the thermodynamic driving force. Provided that
the electrode material used to apply the oxidizing potential is
stable under the conditions of water oxidation, there are no
negative or unknown side effects of chemically unstable
oxidants. Furthermore, if the molecular catalyst is immobilized
on the inert electrode surface, mass transport of the catalyst
may be ignored and the identity and stability of the
immobilized catalyst may be probed by surface sensitive
spectro-electrochemical techniques. Such studies are also
more meaningful in relation to real application of water
oxidation catalysis in the production of solar fuels.

In this work, we perform an electrochemical and spectro-
electrochemical study of the water oxidation reaction using the
recently introduced IrCp*-N-dimethylimidazolin-2-ylidene cat-
alyst, immobilized on polycrystalline gold electrodes. We use
voltammetry to demonstrate the significant influence of the
electrolyte composition in terms of pH and anion identity on
the TOF of the catalyst. We show in situ Surface Enhanced
Raman Spectroscopy (SERS) evidence that the adsorbed
catalyst dimerizes at anodic potentials and the dimer formed
is the active catalytic site for the water oxidation reaction.
However, the dimerization process seems to be reversible with
the applied potential. SERS evidence also shows that there is no
IrO, formed. Moreover, we show by the combination of

electrochemical experiments with online electrochemical mass
spectroscopy (OLEMS) that the adsorbed catalyst produces
only O, under reactive conditions, and no CO,, testifying to the
stability of the organic ligands.

B EXPERIMENTAL SECTION

All glassware was thoroughly cleaned before starting experiments by
boiling in a 1:3 mixture of concentrated HNO;/concentrated H,SO,
to remove organic contaminations after which it was boiled five times
in water. The water used for cleaning glassware and preparing
solutions was demineralized and ultrafiltrated by a Milipore MiliQ
system (resistivity > 18.2 MQ cm and TOC < S ppb). When not in
use, the glassware was stored in an aqueous solution of 0.5 M H,SO,,
and 1 g/L KMnO, To clean the glassware from permanganate
solution, it was rinsed thoroughly with water and then immersed in a
1:1 solution of concentrated H,SO, and 30% H,0O, to remove all
particles of MnO,, after which it was rinsed with water again and
boiled five times in water.

Electrolyte solutions were prepared with high quality chemicals,
HCIO, (VWR, Normatom), H,50, (Merck, Ultrapur), HNO,
(Merck, Suprapur), HyPO, (Merck, Suprapur), NaH,PO, (Merck,
Suprapur), NaClO, (Merck, Emsure) and NaOH (Sigma-Aldrich,
trace metals). Dissolved oxygen in solutions was removed prior to
measurements by purging with argon (purity grade 5.0) for at least 30
min, and the argon was kept flowing above the solution during
experiments. Experiments with '®0 enriched water were performed
with 98% 80 water (GMP standard, from CMR), and experiments in
deuterated media used D,O (Sigma-Aldrich, 99.9 atom % D).

Electrochemical measurements were carried out in a homemade
three-electrode and two-compartment cell with the reference electrode
separated by a Luggin capillary. The working electrode was a
homemade gold rotating disk electrode RDE (¢ = 4.6 mm), a gold
wire was used as the counter electrode, and a reversible hydrogen
electrode (RHE) was used as a reference; a platinum wire was
connected to the reference electrode through a capacitor of 10 yF,
acting as a low-pass filter to reduce the noise in the low current
measurements. All experiments were performed at 1500 rpm, using a
homemade rotator. Electrochemical measurements were performed
with a potentiostat PGSTAT12 (Metrohm-Autolab). Before and
between measurements, the RDE electrode was first polished with 0.3
and 0.0S pm alumina paste (Buehler Limited). Subsequently the
electrode was sonicated for 5 min to remove polishing particles.

The molecular catalyst used in this work is iridium-N-dimethyl-
imidazolin-2-ylidene, which we published earlier,”” with the structure
shown in Figure 1. This compound was dissolved in water to give a
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Figure 1. Structure of the iridium-N-dimethylimidazolin-2-ylidene
complex.>

A\

solution with a nominal concentration of 1 X 107 M (catalyst
solution). A neutral Na-exchanged Nafion solution was prepared by
mixing one part of Nafion (5% wt, 1000 equiv/g, Sigma-Aldrich) with
one part of 0.05 M NaOH.*” The solution to dropcast on the electrode
was prepared by mixing one part of the catalyst solution with one part
of Na-exchanged Nafion; S L of this solution was dropcasted on the
gold working electrodes and dried under vacuum conditions. Currents
in this work will be reported as Iyymaizess Which is the measured
current divided by the amount (in g#mol) of catalyst dropcasted on the
electrode, considering the nominal concentration of solution used and
volume added.

In situ Surface Enhanced Raman Spectroscopy (SERS) was
performed with a confocal Raman microscope (LabRam HR, Horiba
Yobin Yvon) with a SOX objective. A He/Ne laser (633 nm) was used
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as the excitation source. Backscattered light was filtered by a 633 nm
edge filter, directed to the spectrograph and to the detector. Details of
the setup can be found in refs 60 and 61. Electrochemical SERS
experiments were undertaken with an gzAutolab Type III potentiostat/
galvanostat (Metrohm-Autolab), using a2 homemade electrochemical
cell with a small electrolyte volume necessary for the H,*O
experiments. The electrochemical cell has one compartment and
three electrodes, a gold wire as the counter electrode, Ag/AgCl (sat.
KCl) as the reference electrode (potentials were recalculated and
reported versus RHE), and a roughened gold surface as the working
electrode. Prior to each measurement, the working electrode was
mechanically polished to a mirror finish using aqueous diamond pastes
(Buehler Limited) with different grain sizes to 0.25 pm, rinsed with
MiliQ water, and sonicated during S min to remove all residuals of
mechanical polishing. Next the gold electrode was electrochemically
roughened by 25 oxidation—reduction cycles (ORC) in a 0.1 M
solution of KCl. The ORC were performed between —0.30 and 1.20 V
vs SCE, during which the potential was held for 30 s at the negative
limit and for 1.3 s at the positive limit, a method reported to give a
brownish surface that is SERS active.”> SERS measurements were
carried out by dropcasting the iridium complex without Na-exchanged
Nafion, to avoid the appearance of strong signals in the spectrum,
signals related to R—HSO; groups in Nafion.

Online Electrochemical Mass Spectrometry (OLEMS) experiments
were performed using an EvoLution mass spectrometer system
(European Spectrometry systems Ltd.). The setup has a mass detector
(Prisma QMS200, Pfeiffer) which was brought to vacuum using both a
turbo molecular pump (TMH-071P, Pfeiffer, flow rate 60 L s™*) and a
rotary vane pump (Duo 2.5, Pfeiffer; flow rate 2.5 m*® h™"). During
measurements, the pressure inside the mass detector chamber was
around 107 mbar. Volatile reaction products were collected from the
electrode interface by a small inlet tip positioned close (~10 ym) to
the electrode surface using a micrometric screw system and a camera.®®
The inlet tip is made with a porous Teflon cylinder (Porex) mounted
in a Kel-F holder. The inlet is connected to the mass detector through
a PEEK capillary. Before use, the inlet tip was cleaned for 15 min with
a solution 0.2 M K,Cr,0, in 2 M H,SO, and rinsed thoroughly with
water. The electrochemical cell used for these experiments is a two-
compartment cell with three electrodes, using a gold bead electrode
and a gold wire as the working and counter electrode, respectively; the
reference electrode was an RHE separated from the main cell by a
Luggin capillary. Before each measurement, the working electrode was
electrochemically cleaned; the electrode was first oxidized in dilute
sulfuric acid by applying 10 V for 30 s, using a graphite bar as the
counter electrode. Subsequently the gold oxide formed was removed
by dipping the working electrode in a 6 M HCI solution for 30 s.

B RESULTS AND DISCUSSION

Effect of Electrolyte Anions. In a previous communica-
tion we reported®” the catalytic activity toward oxygen
evolution for the Ir=NHC—Me, catalyst in aqueous solution,
using cerium(IV) ammonium nitrate as the chemical oxidant
(EOCe(IV)/Ce(IH) = 1.72 V vs SHE®) and showed that under the
investigated conditions the complex exhibits a a turnover
frequency” of 0.34 mol O, molcamlyst_1 s™!, which was among
the highest catalytic activities reported for an iridium based
water oxidation molecular catalyst at the time. Here, we report
the electrocatalytic activity of the complex immobilized on a
gold surface including the effect of working conditions, such as
electrolyte anions and pH.

Figure 2 shows the current—potential profiles obtained
during water oxidation catalyzed by the iridium-N-dimethyl-
imidazolin-2-ylidene on gold at pH 1 in electrolytes with
different anions. The catalytic activity decreases in the order
HCIO, > H,SO, > H;PO, > HNO;. The same trend as in
Figure 2 was also verified under steady-state conditions by
dropcasting the Ir complex without Nafion. The pH in each

2.5
0.1 M HCIO,
204 ----0.IMHSO,
I R 0.lMHPO,+0.l MHCIO, / ,
g ] ——01MHNO, i
3 /
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5 054
0.0+
1.2 1I3 1I4 115 1I6 1I7 1I8
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Figure 2. Current—potential profile for water oxidation catalyzed by
iridium-N-dimethylimidazolin-2-ylidene immobilized on a gold rotat-
ing disk electrode, obtained under hydrodynamic conditions at pH 1 in
different electrolytes. v = S mV s™', @ = 1500 rpm.

solution was verified with a pH meter, and it was found that it
was 1.0 + 0.1, so that we can exclude any pH effect on the
trend observed in Figure 2.

The trend observed in Figure 2 shows the importance of the
electrolyte anion for the water oxidation catalysis. The varying
strength of the coordination of the anions to the iridium center
of the molecular complex is the most likely explanation for the
trend. It has been reported that metallic iridium binds NO quite
strongly,64 leading to poisoning of the electrode surface during
nitrite reduction. Furthermore, the evidence reported by Ison et
al.% show that nitrate and sulfate actually coordinate to iridium
species bearing N-heterocyclic carbenes and pentamethylcyclo-
pentadienyl ligands. Therefore, we assume that, of the anions
shown in Figure 1, the nitrate anion binds to the iridium
centers the strongest, so that it blocks their access for water
oxidation. This was experimentally verified in aqueous solution
for the iridium catalyst studied in this work with electrospray
ionization mass spectrometry (ESI-MS) in nitrate and sulfate
media (see Figures S1—S2 in the Supporting Information).
Following the same reasoning, perchlorate should coordinate
the weakest and is indeed known to absorb rather weakly on
electrode surfaces®™® so it is expected that catalytic activity
shows its maximum in this medium. The other anions show
intermediate activities which suggest that they can bind to the
iridium sites but not as strongly as nitrate does. It has been
reported that iridium electrodes can reduce nitrate in sulfuric
acid media,”® which suggests bisulfate should adsorb less
strongly than nitrate on iridium surfaces, in agreement with the
higher catalytic activity for oxygen evolution in sulfuric media.
Sulfate anions adsorb more weakly than phosphate species;*®
therefore, it is reasonable that bisulfate (lower charge) adsorbs
more weakly than dihydrogen phosphate, explaining the higher
catalytic activity in sulfuric acid media compared to phosphoric
acid.

The results above show that when studying the catalytic
activity of iridium-based molecular catalysts using nitrate salts
of cerium(IV) as the chemical oxidant, one should be aware of
the inhibitory effect of nitrate. Kinetic parameters such as
turnover frequency or turnover number for water oxidation
measured in that way may therefore be lower than their optimal
values.

dx.doi.org/10.1021/ja504460w | J. Am. Chem. Soc. 2014, 136, 10432—10439
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Turnover frequencies extracted from the electrochemical
experiments with the immobilized catalyst in Figure 1 are
summarized in Table 1 and compared to the value reported in

Table 1. Turnover Frequency for Water Oxidation by
Iridium-N-dimethylimidazolin-2-ylidene in Solution and
Immobilized on the Gold Electrode Surface

turnover frequency (mol O, [mol catalyst] ™' s™")

catalyst in solution* immobilized catalyst pH = 1,

anion pH =08 E = 1.66 V vs RHE
perchlorate - 29 +£02
hydrogen sulfate - 22 +02
dihydrogen - 1.1 +£04
phosphate
nitrate 0.34 0.8 + 0.1

solution.*” The TOFs were taken at the standard equilibrium
potential for the couple Ce*"/Ce*, 1.72 V vs SHE® or 1.66 V
vs RHE at pH 1, as that was the chemical oxidant used for the
homogeneous experiment. We note however that the real
oxidation potential in homogeneous experiments is different,
due to lack of Ce at the beginning of the experiment, as
explained in the Introduction. Electrochemical currents were
converted into turnover frequencies using Faraday’s law, i.e.
TOF = Iyomalizea/4F, assuming 100% faradaic efficiency for the
reaction 1:

2H,0 — O, + 4H" + 4e” (1)

The reported turnover frequency for the molecular complex
in solution” is in reasonable agreement with the value reported
in this work using the immobilized catalyst, but we emphasize
that a quantitative comparison is not meaningful for the reasons
mentioned in the Introduction. Also, one should consider the
difference in concentration of nitrate used in each case; the
results in this work were obtained in a 0.1 M solution of nitric
acid, meaning a nominal concentration of 0.1 M in nitrate,
while the kinetic data reported for the catalyst in solution” were
obtained in 0.09 M of (NH,),Ce(NO;). In the latter case, the
nominal concentration of nitrate in solution will depend on
how labile the nitrate groups in the cerium complex are. The
nitrate concentration may be almost six times higher than that
used in this work, having a corresponding effect on the catalytic
activity.

Turnover frequencies in Table 1 send a clear message in
terms of the conditions that should be used to study the
catalytic activity for oxygen evolution of molecular catalysts in
solution: in selecting the chemical oxidant to drive the reaction,
one should consider the effect of the anions because they may
and actually will affect the kinetic data obtained. The best
option is not to use chemical oxidants at all and drive the
reaction electrochemically at a controlled pH, in which case the
overpotential will be properly defined during the course of the
experiment.

Effect of the pH on the Catalytic Activity of the
Molecular Complex. Figure 3 shows the current—potential
profile for water oxidation in perchlorate solutions at different
pH’s. Interestingly, there is a maximum in activity at a pH close
to or higher than 3, while the activity is almost negligible in
alkaline pH. Figure 3 suggests the existence of a pH for which
the activity reaches a maximum value between pH 3 and 11, but
the intermediate pH was not achievable in perchlorate media
due to the poor buffering capacity of this electrolyte. Additional
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Figure 3. Current—potential profile for water oxidation catalyzed by
by iridium-N-dimethylimidazolin-2-ylidene immobilized on gold,
obtained under hydrodynamic conditions at different pH’s in
perchlorate media. ¥ = 5 mV s™!, @ = 1500 rpm. Insert: Current
(activity) measured at 1.7 V vs RHE.

experiments were performed in phosphate buffer to study the
catalytic activity at the intermediate pH, and the results are
summarized in Figure 4. By combining the pH dependence
observed in Figures 3 and 4, we conclude that there is a
maximum activity at around pH 4, at least in phosphate media.
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454 ---pH20
/-?;;40_- g 104 pH 4.0
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Figure 4. Current—potential profiles for water oxidation catalyzed by
iridium-N-dimethylimidazolin-2-ylidene immobilized on gold, ob-
tained with phosphate buffer at different pH. v = 1 mV s™". Insert:
Current (activity) measured at 1.7 V vs RHE.

Nakagawa et al.”' studied the catalytic activity of mesoporous
iridium oxide as a function of pH, in phosphate buffer; their
results showed that it does not depend on pH. Therefore, the
strong pH dependence of the catalytic activity of the complex
observed in Figures 3 and 4 supports the idea that the
organometallic structure of the catalyst remains intact under the
anodic working conditions, meaning that the active form of the
catalyst is not iridium oxide as it has been reported in the
literature®®”* for similar molecular catalysts. Blakemore et al.*®
have also observed a pH dependence for the water oxidation
activity of their Ir complex, but they studied only neutral and
alkaline media. Moreover, their experiments were carried out in
a nitrate-containing electrolyte, whereas our experiments show
that nitrate inhibits water oxidation, at least in acidic media, and
therefore does not seem to be the most suitable medium.

dx.doi.org/10.1021/ja504460w | J. Am. Chem. Soc. 2014, 136, 10432—10439
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Finally, we note that for a meaningful understanding of pH
effects, we believe that RHE is a more suitable potential
reference scale than NHE, as it takes into account the pH
dependence of the overall reaction. On the RHE scale,
reactivities are automatically compared at the same over-
potential, revealing the real intrinsic pH dependence. As we
showed recently, a pH dependence of the catalytic activity on
the RHE scale suggests the importance of decoupled I;roton—
electron transfer steps in the overall OER mechanism.”

The poor catalytic activity of our complex at a very alkaline
pH might be related to a chemical conversion of the molecular
complex into an inactive species. This statement is supported
by 'H NMR evidence (see Figures S3—S4 in the Supporting
Information) obtained at pH 1 and pH 7. The spectra show
that different species are formed at alkaline pH compared to pH
1.

The above results show that the catalytic activity of a given
molecular compound for water oxidation can be tuned by
carefully controlling the pH and anions. In the specific case
studied here, the activity of the iridium-N-dimethylimidazolin-
2-ylidene complex for oxygen evolution, noted to be among the
highest reported,®” can be enhanced ca. 20 times by working in
perchlorate media at a pH close to 3.

Stability of the Molecular Catalyst: SERS and OLEMS
Experiments. In situ surface enhanced Raman spectra with the
Ir-NHC—Me, complex immobilized on roughened gold were
acquired in 0.1 M HCIO, in a potential region prior to water
oxidation as a function of the applied potential, as summarized
in Figure S.

The spectra in Figure 5a show two peaks located at ca. 300
and 450 cm™ at low potential which remain visible at positive
potentials albeit with lower intensity. These peaks did not show
isotope shifts in deuterated or 'O media (see Figure SS in the
Supporting Information) which suggest that the vibration
modes do not involve protons or oxygen atoms. Raman spectra
were also obtained for the di--chloro-bis[chloro(pentamethyl-
cyclopentadienyl)iridium(IIT)] and the dichloro-N-dimethyl-
imidazolin-2-ylidene-(penthamethylcyclopentadienyl)iridium-
(III) complexes in normal Raman mode (see Figure S6 in the
Supporting Information). The spectra of the first compound
shows two peaks at ca. 450 and 460 cm™', which merge into
one at ca. 450 cm™' for the N-dimethylimidazolin-2-ylidene
compound, which has only one Cp* ligand. Other metal-
cyclopentadienyl complexes such as ruthenocene and osmo-
cene are reported’” to show bending of the cyclopentadienyl
ring in the region around 450 cm™. Comparison of the normal
Raman spectra of di-u-chloro-bis[chloro(pentamethylcyclo-
pentadienyl) iridium(III)], and dichloro-N-dimethyl-
imidazolin-2-ylidene-(penthamethylcyclopentanienyl)iridium-
(II) with the surface enhanced Raman in Figure S in
combination with the evidence reported for the metalocenes,
let us conclude that the peak at 450 cm™" corresponds to the
bending vibration of the iridium—Cp* bond. Neither the di-u-
chloro-bis[ chloro(pentamethylcyclopentadienyl)iridium (I1I)]
compound nor the dichloro-N-dimethylimidazolin-2-ylidene-
(penthamethylcyclopentanienyl)iridium(III) complex showed
Raman peaks at 300 cm ™, suggesting that the observed peak in
Figure 4 does not correspond to vibrational modes of the
absorbed complex, although we cannot make a proper
assignment of the peak at 300 cm™ based on our results.

The peak at 1030 cm™" in Figure Sa has been assigned to C—
N stretching modes of the imidazoline moiety,” suggesting that
the N-dimethylimidazoline ligand remains in the active form of
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Figure S. SERS spectra of iridium-N-dimethylimidazolin-2-ylidene on
gold, acquired under potentiostatic conditions in 0.1 M HCIO,: (a)
Spectra obtained by increasing the potential stepwise from 0.8 to 1.4 V
vs RHE. (b) Spectra acquired after (a) and by decreasing the potential
stepwise back to 0.8 V vs RHE.

the catalyst. Figure Sb shows that the C—N stretching peak
remains when the potential is set back to 0.8 V vs RHE,
showing the stability of the ligand.

Regarding the Cp* moiety, Crabtree et al%¢ reported that,
for an iridium-based molecular catalyst similar to the complex
studied in this work, the Cp* acts a sacrificial placeholder that is
lost in the activation process of the catalyst. The evidence in
that work shows that the activation process involves the
formation of a planar bis-u-oxo di-iridium(IV) compound, and
the computational DFT calculations showed that this activated
form of the catalyst has four Raman active vibrational modes in
the regions 717—722 cm™" and 525—532 cm™". Those modes
are expected to be sensitive to oxygen isotope labeling, showing
a shift between 28 and 41 cm™..

Peaks I and II in Figure Sa agree with the expected vibrations
for the p-oxo dimer proposed by Crabtree et al., and as can be
observed in Figure SS in the Supporting Information, both
peaks show sensitivity to oxygen labeling. The isotopic shifts in
80H,, '°OH,, and D,O are summarized in Table SI in the
Supporting Information. The shift observed in the '*O labeled
water also fits with that predicted for the p-oxo dimer.
Furthermore, the observed lack of an isotope shift in deuterated
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media would imply that the vibrational mode does not involve
any protonated species.

Figure Sb shows that the peak corresponding to the Ir—Cp*
vibration (peak at ca. 450 cm™') is regenerated when the
potential is set back to the original values, suggesting that the
dimerization process is reversible with potential and that the
Cp* is not irreversibly lost during the activation process of the
complex, as stated by Crabtree et al.

SER spectra of chemically synthesized IrO, nanoparticles”"
dropcasted on a gold electrode were also measured and are
shown in the Supporting Information Figure S7, corresponding
well with the spectra reported in the literature.”®”” These
spectra are clearly different from the spectra obtained for the
iridium-N-dimethylimidazolin-2-ylidene compound, suggesting
that the latter is not decomposed to iridium oxide.

The stability of the molecular complex was also confirmed by
OLEMS, monitoring in situ the production of O, and CO,
during the experiment in order to check whether the organic
moieties in the complex oxidize during the catalytic oxygen
evolution. Figure 6 shows the current signal and the mass
signals for O, (m/z 32) and CO, (m/z 44).

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
T T T T T T T
OER onset
T n T n T 1 L 1 L 1 L 1
Iz.suo‘" au
w2
LAty A A
<
. g[) m/z44:CO,
(] 1 1 ! 1 1 ! 1
m -9
% 2.5x10" a.u
m'z 32: O,
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1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
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Figure 6. OLEMS signal acquired during electrochemical water
oxidation in 0.1 M HCIO, and catalyzed by iridium-N-dimethyl-
imidazolin-2-ylidene on gold. v = 1 mV s™".

Figure 6 allows estimating the onset potential for the water
oxidation on the iridium-N-dimethylimidazolin-2-ylidene com-
plex as the potential at which the signal m/z 32 starts rising:
ca.1.55 V vs RHE. The most important feature that can be
observed in Figure 6 is the lack of a potential dependence of the
mass signal of CO,; the signal is almost flat in the potential
region corresponding to water oxidation. These results show
that the iridium-N-dimethylimidazolin-2-ylidene compound
forms negligible amounts of carbon dioxide under oxidizing
conditions, suggesting that the organic moieties are stable (for
instance, any urea-type compound would be rapidly oxidized to
CO, under these conditions). Combined with the results
obtained by SERS and pH dependence, we can conclude that
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the molecular complex studied in this work does not form
iridium oxide during the catalytic reaction.

B CONCLUSIONS

This paper has studied the effect of working conditions on the
activity and stability of an iridium-N-dimethylimidazolin-2-
ylidene molecular catalyst adsorbed on gold by using a variety
of electrochemical and spectro-electrochemical techniques. The
advantage of studying immobilized molecular catalysts lies in
the better defined thermodynamic driving force through the
applied electrode potential, and in the ability to use
spectroelectrochemical techniques to assess catalyst stability
and to obtain molecular-level insight into the reaction
mechanism. The turnover rate toward water oxidation of the
iridium-based organometallic compound, which we define as
the reaction rate per adsorbed catalyst molecule at a predefined
electrode potential, is strongly dependent on the nature of the
electrolyte anions, which may be ascribed to a competition
between the anion and water for coordination, and on the
electrolyte pH, with an optimal pH close to 4 and with hardly
any activity in alkaline media. By suitably tuning the pH and
electrolyte, the TOF for water oxidation can be enhanced by a
factor of 20. In situ SERS experiments showed that the active
state of the molecular catalyst may involve a bis-y-oxo iridium
dimer that is reversibly formed when the potential is scanned to
positive values. The SERS and online electrochemical mass
spectrometry experiments together with the pH dependence
show that the iridium-based molecular complex does not
decompose into iridium oxide during the oxygen evolution
reaction. As a final more general conclusion, it is essential to
clearly define the electrolyte pH, electrolyte anion (or
electrolyte composition in general), and thermodynamic
driving force (electrode potential) in any meaningful
comparison of turnover frequencies between different molec-
ular water splitting catalysts.
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ESI-MS spectra of Ir(OH), and iridium-N-dimethylimidazolin-
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