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ABSTRACT: Here we showcase the synthesis and catalytic response of the anionic
iridium(1I) complex [IrCly(pic)(MeOH)]™ ([1]7, pic =
evolution of oxygen. Online electrochemical mass spectrometry experiments illustrate
that an initial burst of CO, due to catalyst degradation is expelled before the oxygen c
evolution reaction commences. Electrochemical features and XPS analysis illustrate the

presence of iridium oxide, which is the true active species.
KEYWORDS: oxygen evolution reaction

S ince the discovery by Bernhard and co-workers that
cyclometalated iridium aquo complexes are active in the
water oxidation reaction,' various iridium complexes have been
studied in order to convert renewable energy (electricity) into
chemical fuels.””" In particular, complexes bearing pentam-
ethylcyclopentadienyl (Cp*) ligands have received much
attention, as such catalysts have turned out to be very
active.” "> However, the fate of the Cp* ligand is a topic of
debate and the ligand is believed to be heavily modified under
the oxidative conditions applied'® and eventually lost to
generate the true active species.'” When in addition to Cp* a
robust ligand is coordinated to iridium, these catalytic species
are predominantly considered to be of a molecular nature.'”~>°
In the absence of such ancillary ligands an iridium oxide layer is
typically formed on the electrode interface,”’ >’ which is
known to be a very potent heterogeneous catalyst for the water
oxidation reaction.””*®

Ligands based on picolinic acid frameworks are considered to
be much more robust and have been used to generate very
active molecular ruthenium catalysts by the Sun and Llobet
groups using 2,2’-bipyridine-6,6'-dicarboxylate and 2,2":6',2"-
terpyridine-6,6”-dicarboxylate, respectively.””*” Considering
that the picolinate complex [Ir(Cp*)(pic)(NO,)] is the most
active molecular iridium catalyst to date’ and is believed to lose
the Cp* ligand at some point, we anticipated that [Ir"'Cl,(pic)-
(MeOH)]™ ([1]7; Scheme 1) would be an interesting entry
into catalysis as well. Catalytic activity is indeed observed in the
presence of [1]7, albeit with a substantial lag time.

In order to develop new and better catalysts to split water, it
is essential to understand how water oxidation catalysts are
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Scheme 1. Synthesis of (HpicMe)[1] and Molecular
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activated. In this contribution we showcase that online MS in
combination with electrochemical techniques is a very valuable
tool to distinguish between the evolution of dioxygen and
catalyst modification reactions and thereby allows us to obtain
crucial information regarding activation of [1]. Using these
techniques, we demonstrate that [1]™ is not a catalyst for the
water oxidation reaction itself and that catalytic activity only
takes place after decomposition of the organic ligands and
formation of iridium oxide at the electrode interface.

The compound (HpicMe)[IrCly(pic)(MeOH)] ((HpicMe)-
[1]) results straightforwardly from the reaction of IrCly;-H,O
with 2 equiv of picolinic acid (Hpic) in refluxing MeOH
(Scheme 1). Interestingly, the cation in the isolated salt comes
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from a simultaneous esterification reaction of Hpic. Cation
exchange in (HpicMe)[1] by reaction with KOH produced
K[1] along with the methylpicolinate ester (picMe, 'H NMR
evidence). Full characterization and spectroscopic data of the
isolated (HpicMe)[1] and K[1] complexes are provided in the
Supporting Information.

The complex (HpicMe)[1] was drop-casted onto a pyrolytic
graphite (PG) working electrode and evaluated for water
oxidation catalysis at pH 1. A close inspection of a series of
consecutive CVs indicated an oxidative modification of the
catalytic material. Two irreversible oxidation waves observed in
the first scan were not reproduced in the following series of
cyclic voltammetry scans (Figure 1, left). Similar results were
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Figure 1. Voltammograms for water oxidation of (HpicMe)[1] (5 uL
of a 8 mM solution) drop-casted onto the surface of a PG electrode in
acid electrolyte solution 0.1 M HCIO,: scans 1—3 (activation, left);
scans 4—11 (catalytic activity, middle); scans 11—24 (deactivation,
right). The scan rate was S0 mV s". The intensity scale is the same in
both insets.

obtained in the case of K[1] (Figure S8 in the Supporting
Information), in line with decomposition of [1]~. Moreover,
after 3 scans with a potential window from 0 to 2 V (vs RHE) a
further change in the deposited material must occur, since a
great water oxidation activity accompanied by the formation of
oxygen bubbles on the surface of the PG electrode was
observed (Figure 1, middle). The catalytic wave starting at 1.6
V was found to be accompanied by a reduction wave with an
onset at 0.1 V that we assigned to the oxygen reduction
reaction. After 11 scans (0-2 V) the catalytic activity
considerably decreases (Figure 1, right). Additionally, a well-
resolved second reduction wave observed at 0.80 V (scan 4)
shifts to lower potentials upon repetitive scanning and
eventually stabilizes at 0.55 V (scan 24) (inset Figure 1,
middle and right). These observations illustrate that the
catalytic species is gradually changing during potential cycling.
Such a gradual change in electronic properties does point to a
heterogeneous species”® rather than a molecular catalyst that
undergoes electronic modifications. For the latter system one
would expect to find different redox waves and not a shifting
redox couple.

The rates for the induction time were found to be strongly
dependent on the applied potential, as nicely shown in the
chronoamperograms depicted in Figure 2. The catalysis quickly
starts at 2.0 V (after 32 s), while it takes around 82 s at 1.9 V. A
similar trend was observed for the deactivation rates.

The observed current—time profiles are virtually the same for
drop-casted (HpicMe)[1] (Figure 2) and (HpicMe)[1] in
solution (Supporting Information). In contrast to previous
activation processes for molecular iridium complexes'®'® no
deposition of catalytic material on the electrode was recorded
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Figure 2. Chronoamperograms of the complex (HpicMe)[1] at 2, 1.9,
and 1.8 V (vs RHE).

by electrochemical quartz crystal microbalance (EQCM)
studies. Presumably the catalyst activation time is too long
when [1]7 is present in solution to deposit relatively large
amounts of iridium oxide onto the electrode. In order to verify
which gaseous products are formed as a function of applied
potential and time, we rely on online electrochemical mass
spectrometry (OLEMS), which is a qualitative method to
follow the relative formation of gaseous products in time and in
correlation to the current profile.”” In a previous study we
showed in the case of iron cyclam complexes that dioxygen is
evolved immediately, suggesting that the true active species at
least is formed instantaneously and presumably is the molecular
iron complex itself.”” Amperometry experiments in the case of
(HpicMe)[1] show a response of the m/z 32 trace,
corresponding to the molecular mass of O, that has a
considerable lag time. The spikes that can be observed in the
mass trace as a function of time are due to gas bubble formation
(Figure 3). The mass response is in perfect agreement with the
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Figure 3. Chronoamperometry at 1.9 V versus RHE in combination
with OLEMS in the presence of (HpicMe)[1] in 0.1 M HCIO,.
Depicted are the current (black), the m/z 32 trace belonging to O,
(green), and the m/z 44 trace belonging to CO, (red).

current profile during the amperometry experiment and
suggests that the water oxidation reaction is the predominant
oxidative process overall.

Since carbon dioxide is a potential degradation product of
picolinic acid, the m/z 44 trace was also monitored. From the
CO, trace one can conclude that the initial oxidation processes
result in massive destruction of the organic moieties. In this
discussion it is important to note that also the PG electrode
produces CO, under oxidative conditions, yet at 1.9 V versus
RHE these amounts are negligible in comparison to the CO,
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trace in Figure 3 (see the Supporting Information). Apparently,
the iridium complex changes into a new species that in turn is
able to oxidize water. Given the initial oxidative currents in the
cyclic voltammetry (Figure 1), it appears that oxidation of the
organic moieties occurs instantaneously in the very first cyclic
voltammetry scan.

Identification of the species at different stages of the catalyst
lifetime was carried out by means of XPS measurements.
Although the carbon and oxygen signals are not very
informative (Supporting Information), the iridium and nitrogen
signals are enlightening. Figure SS (bottom left) in the
Supporting Information shows the XPS data for the nitrogen
in which the signal at a BE of 400.5 disappears with the reaction
progress. Figure SS (bottom right) shows a BE of 61.4 when no
potential is applied, which is in line with a +III oxidation state
of iridium."” After short-term electrolysis the iridium signal
shifts to a BE of 62.0, which lies below that of molecular
iridium(IV) species (62.4—62.2)"""**° and is in the general
area where one expects to find iridium(III) oxide
(N61.8).19’31’32

In contrast to the cyclic voltammograms at pH 1, no
significant catalytic activity was observed at pH 12 and pH 6
(Figures S6 and S7 in the Supporting Information). Since
iridium oxide is known to be active under these conditions as
well,” the apparent pH effect must be linked to the catalyst
modification reactions taking place under oxidative conditions.
In this discussion, it is important to note that [1]” is stable in
aqueous solutions of pH 1 (Figure S4 in the Supporting
Information). The observed catalyst activation is therefore most
likely not due to a ligand hydrolysis pathway, and the pH effect
is probably related to an oxidation process in the catalyst
activation phase that is not coupled to a proton transfer
reaction, in contrast to the water oxidation reaction and the
RHE reference scale. The oxidative catalyst activation reaction
therefore would occur at much higher potentials on the RHE
reference scale at neutral and alkaline pH. Hence, we did not
observe activity under these latter conditions. In line with these
results, samples that were activated at acidic pH first do retain
catalytic activity when they were moved to an alkaline solution
yet deactivate very quickly, in line with literature results (Figure
S9 in the Supporting Information).”®

Whereas the pyridine- and bipyridinedicarboxylate ligands
turned out to be very robust in ruthenium-mediated water
oxidation catalysis, in the coordination sphere of [1]~ picolinate
is readily lost under the oxidative conditions employed. This
once more proves that the ligand stability in molecular water
oxidation catalysis is highly dependent on the reaction
conditions applied. In contrast to formation of iridium oxide
from [Ir(Cp*)(OH,);]** that instantaneously produces a blue
layer of iridium oxide,”” there appears to be a substantial lag
time between ligand oxidation and evolution of dioxygen.
Apparently, active iridium oxide is not formed instantaneously
in the case of [1]7, even though the only signs of ligand
degradation are observed in the very first cyclic voltammetry
scan, starting barely above the equilibrium potential of water.
This may be the result of slow dissociation of partly oxidized
ligand(s) or chloride, resulting in a delayed catalytic activity.

It is remarkable that no significant activity was observed for
[1]7, as [Ir(Cp*)(pic)(NO;)] was reported to be one of the
most potent iridium water oxidation catalysts reported thus
far.” Clearly both species do not result in the same active
species. This may suggest that the Cp* ligand is still somehow
involved in the chemistry of [Ir(Cp*)(pic)(NO;)] under
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oxidative conditions but could also point to some involvement
of chloride in the chemistry of [1]™.

The reduction signal observed around 0.7 V vs RHE upon
prolon§ed potential cycling is indicative of formation of iridium
oxide,”® although the oxidation wave is hardly visible due to the
large double layer of the graphite. Since [1]™ is drop-casted
onto the electrode, the amount of iridium on the electrode
interface should be more or less constant or slightly decreasing
at best. The persistence of the redox couple at ~0.6 V versus
RHE in cyclic voltammetry suggests that desorption is not very
significant.

Whether O, is observed immediately or is preceded by ligand
degradation is an important research question to answer in
order to understand the water oxidation reaction mediated by
molecular systems, yet this has rarely been addressed in an
electrochemical context. Online MS offers an important tool to
detangle these oxidative decomposition reactions from true
water oxidation catalysis. In the present case we showed that
ligand degradation of [1] occurs prior to evolution of
dioxygen and that iridium oxide is the true active species.
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