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2 | Structure dependence on the activation of molec-
ular iridium precatalysts for the water oxidation re-

action

Water oxidation using Ir-based complexes is a well-established electrochemical reaction. How-
ever, the carbon backbone of the iridium complex is often oxidized under catalytic circumstances
yielding ill-defined active species. In this work, a comparison is made between two similar
pyridyl-triazolylidene iridium complexes for their electrochemical water oxidation behavior.
The proton in the IrL L, is replaced by a methoxy moiety in IrL L ;. The activation behavior
of iridium pyridyl-triazolylidene complexes with a Cp* ligand is highly dependent on the sub-
stituents on the triazolylidene ring. Molecular complexes adsorbed on the working electrode are
responsible for the water oxidation activity, whilst at the same time part of the ligand backbone
is oxidized to carbon dioxide. The active species of both complexes are compared to benchmark
systems. The ligands of the active species are partially oxidized but the catalysts still have a

molecular nature.

J

“Miracles are not contrary to nature but only contrary to what we know about nature. ’

St. Augustine
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Chapter 2. Structure dependence on the activation of molecular iridium precatalysts
for the water oxidation reaction

2.1 Introduction

One of the challenges in the water oxidation reaction mediated by molecular catalysts is the deter-
mination which reaction intermediates are present and involved in the catalytic reaction. Mecha-
nistic studies on water oxidation catalysts are typically carried out using sacrificial reagents such
as sodium periodate or cerium ammonium nitrate. The use of sacrificial reagents to pinpoint the
presence of reaction intermediates in particular has been successful in the case of the relatively

robust ruthenium-based molecular catalysts.[1-5]

Studies with sacrificial reagents to pinpoint which reaction intermediates are present during
catalysis typically have been less successful with iridium-based catalysts equipped with a pen-
tamethylcyclopentadienyl ligand (Cp* ™), in particular since such iridium Cp* complexes typi-
cally are precursors rather than the true active species. While keeping the drawbacks of sacrificial
oxidants discussed above in mind, the use of a chemical oxidant can be very useful in the isolation
of catalytic intermediates, or to detect species that are en route to the catalytically active species.
The group of Macchioni discovered that the Cp* ™ ligand in a [Cp*Ir(bzpy)NO;] complex (bzpy
= 2-benzoylpyridine) is slowly oxidized in presence of sacrificial reagents in a 1:1 mixtures of
acetone and water.[6] They used H,O,, ceritum ammonium nitrate and NalO, as oxidants and
found three different species wherein the Cp* ligand has been partially oxidized. Based on the
structures that Macchioni et al. have observed with NMR spectroscopy (Figure 2.1) it is believed
that the first step in catalyst activation is the epoxidation of a Cp* C-C bond of Cp* via an Ir-oxo
species. This species is further oxidized by addition of water to the epoxide species. The last

intermediate that was detected in this catalyst activation study contains one ketone-moiety on
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Figure 2.1: Oxidation of petnamethylcyclopentadienyl (Cp*) oxidation at a [Cp*Ir(bzpy)NO;]

complex upon treatment by periodate as chemical oxidant. Figure reporduced from [6].

28



2.1. Introduction
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Figure 2.2: The structure of the complexes 1 and 2.

the ring-opened aromatic remnant of Cp*, of which one is presumably coordinated to the Ir™

center. Further oxidation leads to the formation of acetic acid.

The complementary ligands present at iridium appear to be retained during at least the ini-
tial stages of catalysis. In the group of Albrecht, a wide variety of pyridyl-triazolylidene and
other iridium complexes have been investigated for water oxidation using chemical oxidants to
establish a structure-reactivity correlation.[7-13] Two catalysts that are particularly interesting
in terms of activity are shown in Figure 2.2 and contain either an unmodified triazolylidene
(complex 1) or an ethoxy substituted triazolylidene ring (complex 2). Upon treatment of these
complexes with chemical oxidants, the rate of oxygen production increases over time, indicating
that the catalysts need to be activated before water oxidation can take place. The results with
cerium ammonium nitrate show that complex 2 activates more rapidly than complex 1, which
is attributed to the favorable electronic properties of complex 2.[13] Furthermore both the max-
imum turnover number and turnover frequency seems to be limited by the amount of cerium

present in solution and not by the maximum activity of the complexes.

The use of cerium ammonium nitrate as a sacrificial reagent is not ideal as it could inter-
fere in the catalytic cycle. For example it has been reported that oxygen atom transfer can take
place from the coordination sphere of cerium or periodate.[14-16] It has also been observed that
cerium can participate in the catalytic cycle by direct coordination to the M-O bond.[17] More-
over it was shown that cerium can be incorporated in the in situ formed cataytic nanoparticles
during water oxidation catalysis.[18] In light of the possible involvement of sacrificial reagents in

this chapter electrochemical techniques are used to study the water oxidation reaction in pres-
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Chapter 2. Structure dependence on the activation of molecular iridium precatalysts
for the water oxidation reaction

ence of 1 and 2. Such electrochemical tools provide reaction conditions that are much closer to an
actual application in a electrochemical or photoelectrochemical water splitting device. In litera-
ture a few studies regarding iridium-based water oxidation catalysts have been reported wherein
electrochemistry is combined with both in situ and ex situ techniques to investigate the nature of

the catalytic systems. [19-24]

The complex [Ir(Cp*)(OH,);]SO, (3) has been investigated extensively using both chemical
and electrochemical methods. Oxygen evolution starts at the moment that cerium ammonium
nitrate is added to the solution containing 3, indicating that the formation of an active species
is extremely fast. An initial turnover frequency of 10.4 min~"! is observed with a 5 UM solution
of 3 and 78 mM cerium ammonium nitrate at pH 0.89. The turnover frequency increases with

catalyst concentration, indicating higher order reaction kinetics for 3.[19]

Upon electrochemical oxidation of 3 at a graphite electrode in 0.1 M KNO; at pH 2.9, a
catalytic wave is observed starting at 1.27 V versus RHE in the first scan of the cyclic voltammo-
gram.[20] Upon repetitive cycling, a reversible peak redox couple grows at 1.05 V versus RHE,
with a AE of 0.25 mV, which points to an adsorbed redox-active species. This absorbed material
consists of amorphous iridium oxide and is called the blue layer. The increase in peak current
with each consecutive scan is an indication that more material is deposited onto the working
electrode during each scan. With the increase in peak current of the redox couple, the maximum
current of the catalytic wave increases as well. After 10 cycles of cyclic voltammetry, 4.1 nmol
cm~? iridium is adsorbed as determined by the integration of the redox waves. Upon transfer
of the deposited blue layer to a solution deprived of 3, both the reversible redox couple and the
catalytic wave are visible without a decrease in current. By measuring the mass increase using an
electrochemical quartz crystal microbalance (EQCM), a total mass increase of 800 ng is observed
over four consecutive scans. This suggests that in case of the formation of pure IrO,, the total

amount of electroactive iridium is 5.5%, whereas the remainder of the material is dormant.[21]

In contrast to 3, which degrades to heterogeneous iridium oxide, the complex [IrCp*(pyalc)
CF,COQ] (4, pyalc = 2-(2-pyridyl)-2-propanolate) was shown to produce a well-defined molecu-
lar catalyst for the water oxidation reaction.[21] Water oxidation was observed above 1.4 V versus
RHE at pH 7 at a basal plane graphite electrode. The formation of dioxygen was identified using
both RRDE techniques and a Clark electrode, whereas no deposit was observed by EQCM tech-

30



2.2. Experimental

niques. After transferring the used electrode to an electrolyte solution deprived of catalyst, no
catalytic activity was observed, confirming that no surface adsorption of active catalytic material
had taken place.

The complex [IrCp*(Me, NHC)(OH),] (5, Me,NHC = N-dimethylimidazolin-2-ylidene) does
form a surface deposit upon oxidation, which starts at 1.3 V versus RHE at pH 1.[22] The forma-
tion of dioxygen could be detected above 1.55 V versus RHE, while the presence of CO,, a product
of ligand degradation, was not observed.[23] Ex situ X-ray photoelectron spectroscopy showed
the formed surface deposit does not contain large aggregates of iridium oxide and appears to con-
sist of mononuclear molecular Ir centers.[22] In situ Raman spectroscopy illustrated the presence
of a p-oxo dimer in the reaction mixture under oxidative conditions, similar to what has been
reported in the case of 4 by Crabtree and coworkers.[21]

The anionic complex [IrCl;(picolinate)(HOMe)]~ (6) displays a very long incubation time
before it becomes active in the water oxidation reaction.[24] During this activation time, iridium
oxide is formed on the electrode surface which is the true catalytic species during catalysis.

These different studies show that the role of the complementary ligands in iridium com-
plexes have a dramatic effect on the homogeneity, the structure and the potential activity of the
active species. The outstanding activity and longevity of the complexes 1 and 2 in the presence of
sacrificial reagents prompted us to study these systems by electrochemical techniques and com-

pare their results with the benchmark systems above.[13]

2.2 Experimental

2.2.1 Electrochemical methods

All experiments were performed on an Autolab PGSTAT 128N potentiostat. The experiments
were carried out in a 25 ml glass cell in a three-electrode setup, using a gold working electrode
(WE) (99.999%, Alfa Aesar). A gold wire (99.99%, Alfa Aesar) acted as counter electrode and the
experiments were performed versus the reversible hydrogen electrode (RHE). The electrochemi-
cal cell was boiled twice in Millipore MilliQ water (>18.2 MQ) cm resistivity) prior to the exper-
iment. The gold WE consisted of a disc (0.05 cm? geometrical surface area) and was used in a

hanging meniscus configuration. The WE was cleaned by applying 10 V between the WE and a
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Chapter 2. Structure dependence on the activation of molecular iridium precatalysts
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graphite counter electrode for 30 s in a 10% H,SO, (Sigma Aldrich 95%, ACS reagent) solution.
This was followed by dipping the WE in a 6 M HCI (VWR chemicals 37%, Normapur) solution for
20 s. The electrode was flame annealed, followed by electrochemical polishing in 0.1 M HCIO,
(Merck, Suprapur), scanning between 0 and 1.75 V versus RHE for 200 cycles at 1 V s~1. The
electrolyte consisted of 0.1 M HCIO,, (Merck Suprapur, used as received) in Millipore MilliQ wa-
ter (>18.2 MQ) cm resistivity) in which complex 1 or 2 was dissolved to make 0.5 mM solutions.
The complexes were synthesised and characterized in the Albrecht group and made available for
this investigation.[13] The electrochemical cell was purged with argon (Linde, 6.0) for at least 15

minutes prior to experiments.

2.2.2 OLEMS setup

The online electrochemical mass spectrometry (OLEMS) setup consisted of a hydrophobic porous
tip (Kel-F with a Teflon plug), brought in close proximity to the WE. The gaseous products formed
during electrochemistry were transferred through the tip into the mass spectrometer (Pfeiffer
QMS200). An Ivium A06075 potentiostat was used to perform the electrochemical experiments.

A quadrupole mass spectrometer works on the principle of measuring the current of the
ionized products impinging on the detector. The ion current of the mass spectrometer observed

in the OLEMS is dependent on different factors:
+ The rate of gas formation on the electrode surface
+ The distance between the working electrode and the Teflon tip
+ The rate of diffusion of the gas through the electrolyte
+ The diffusion rate through the Teflon tip
+ The ionizability of the gas

The distance between the working electrode and the tip is independent of the gas evolved,
but might differ over different experiments. The gases in a quadrupole mass spectrometer are
detected by means of ionization of the gaseous molecules. The ionizability of the gases differs
between different molecules. The sensitivity for common gases are well-tabulated for use in ion-
izing pressure gauges, relative to nitrogen gas. Dioxygen has a sensitivity factor of 0.9, while

carbon dioxide has a sensitivity factor of 0.7 versus N,.[25] Thus the sensor is 1.25 times more
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2.2. Experimental

sensitive for dioxygen than for carbon dioxide. The diffusion of gases through the electrolyte
solution is similar, 1.67 x 1075 ¢cm2 s~ ! for CO, and 2.01 x 1072 cm?2 s~ for 0,.[26] The
distance between the electrode and the tip is small (10-100 um) and should not influence the
sensitivity for different gases significantly. Since the distance between the tip and the working
electrode will differ over different experiments, the absolute ion current measured between dif-
ferent experiments cannot be compared and therefore all mass spectrometry data are displayed

unitless.

2.2.3 Data processing in OLEMS

In an OLEMS experiment combined with cyclic voltammetry, two different datafiles are pro-
duced: electrochemical data and the mass spectrometer (MS) data. The MS data does not include
the potential applied in a cyclic voltammetry. The potential can be generated manually by noting
the start cycle in the MS data and using the scan rate of the CV. It has been observed that over
very long experiments,the potential can drift due to discrepancies in the scan rate of the poten-
tiostat. A method to generate the potential based on the start- and endtime of the different cycles

is developed and used to couple the applied potential to the MS data.

In the MS data, the scans are separated and the time in each scan normalized. The potential

is then generated using Equation 2.1,

_E—-E, (. @ E, — E Ey — E;
E(t) = - X sin sin { ( )27r><t+2+7rEh_El +E + 5 (2.1)

where F; and Ej, are the lower and upper limits of the CV, Ej is the starting potential and
t is the normalized time. The minus sign between parenthesis is only added if the scan starts in
the negative direction and E; # E; or Eg # Ey,.

The first term (@) changes the amplitude of the sinusoidal wave to the vertex potential

of the cyclic voltammogram. The last part (E; + %) moves the equilibrium to the middle

Es _El
En,—E,

of the two vertices. The central part of Equation 2.1 (§ + 7 ) moves the period of the

sinusoidal wave to the starting potential of the experiment.

33



Chapter 2. Structure dependence on the activation of molecular iridium precatalysts
for the water oxidation reaction

2.2.4 EQCM setup

The electrochemical quartz crystal microbalance consisted of a PEEK cell purchased from Auto-
lab. The cell was deoxygenated with Ar (Linde, 6.0) prior to experiment. A gold working electrode
(0.35 cm ™2 geometric surface area and 0.39 cm? real surface area) on a quartz crystal was used
as received. A gold counter electrode was used and the experiments were measured versus the
reversible hydrogen electrode (RHE). The RHE consisted of a Pt wire embedded in glass. The
gas outlet of the electrode was connected to a bubbler. This enabled the H, gas to remain at the
electrode during experiments without the need to bubble hydrogen. Bubbling hydrogen gas at
the reference electrode during the experiment can result in a high noise in Af during experi-
ments. Cyclic voltammetry were performed between 1.2 and 2.0 V versus RHE at pre-oxidized
electrodes in 0.1 M HCIO,, at 10 mV s~ !, Chronoamperometry was performed at 1.7 and 1.8 V

for 15 minutes.

The sensitivity coefficient of the quartz crystal (c¢) was determined by deposition of Pb(NO;),.
An electrolyte solution containing 10 mM Pb(NO;), and 0.1 M HCIO, was prepared. Cyclic
voltammetry at 100 mV s~ ! gave the relationship between the Af and the amount of Pb deposited
onto the electrode, calculated from the current observed during cyclic voltammetry, assuming
100% faradaic efficiency towards Pb deposition. The sensitivity coefficient was determined to be

1.26 x 1078 gcm~2 Hz ! (Figure 2.3).

2.2.5 XPS

The XPS measurements were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing hemispherical analyzer with
a 128-channel detector. Spectra were obtained using an aluminium anode (Al Kx = 1486.6 V)
operating at 72 W and a spot size of 400pum. Survey scans were measured at a constant pass
energy of 200 eV and region scans at 50 eV. The background pressure was 2 x 10~8 mbar and

during measurement 4 x 107 mbar argon because of charge compensation.

Samples for XPS were prepared by chronoamperometry in 0.1 M HCIO, at pH 1 with 0.5
mM solutions of 1, using EQCM gold working electrodes at 1.8 V versus RHE for 1, 2, 5 and 10

minutes with a gold counter electrode.
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Figure 2.3: Calibration of the EQCM by bulk deposition of PbNO;. a) The bottom panel shows

the cyclic voltammogram of a 10 mM PbNO; solution in 0.1 M HCIO, electrolyte solution at

100mVs~!ona gold electrode (1.5 cm? geometric surface area). The top panel shows the corre-

sponding frequency change measured during the cyclic voltammetry. b) The bottom panel shows

the frequency (dotted line) and mass change (solid line) between 0.1 to -0.3 and back to 0.1 V in

time. The mass change is calculated from the current assuming 100% faradaic efficiency for the

deposition of Pb . The top panel shows the sensitivity coefficient ¢ which is averaged over the

data points highlighted by the box.
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Figure 2.4: Fifth scan of cyclic voltammetry on a Au electrode (0.050 cm? in 0.1 M HCIO,, elec-
trolyte solution) with 0.5 mM of 1 (solid line) and 2 (dotted line) in solution at pH 1 at 100 mV

s~ 1. The oxidative regime of the fifth scan between 1.4 and 2.0 V versus RHE is displayed.

2.2.6 XAS

X-ray absorption spectra were collected at the iridium Lz-edge (11215 eV) on the EXAFS station
(BM26A) of the Dutch-Belgian beamline (DUBBLE)[27] at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. The solid benchmark materials were diluted with boron ni-
tride and measured as pressed pellets in the transmission mode; 2 scans were averaged together to
improve the signal-to-noise ratio. The samples were also recorded in the transmission mode and
6 - 8 scans were averaged. The EXAFS spectra were processed using Viper[28] and simulations
were performed in EXCURVE.[29, 30] Samples were prepared by oxidizing graphite electrodes
at 2.0 V versus RHE for 10 minutes in 1 mM solutions of 5 in 0.1 M HCIO,.

2.3 Results

The redox processes occurring in the presence of complexes 1 and 2 were investigated with cyclic
voltammetry. In this study the working electrode is in a hanging meniscus configuration, mean-
ing the electrode approaches the electrolyte from the top. Any solid material formed in proximity

of the electrode which is not adsorbed will precipitate into the electrolyte and sink to the bottom
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Figure 2.5: Chronoamperometry of 0.5 mM solutions of a) complex 1 and b) complex 1 at a gold
electrode while applying 1.7 V (dotted line) and 1.8 V (solid line) versus RHE in a 0.1 M HCIO,

electrolyte solution. The lower potential region (0.7 to 1.4 V) is omitted for clarity.

of the electrochemical cell. The oxidation of gold, in absence of catalyst observed between 1.2
and 1.6 V, is not visible in the cyclic voltammograms. The reduction of the formed gold oxide is
observed between 1.2 and 1.0 V, which is typical for a gold electrode in HCIO, solution. Cyclic
voltammetry of 0.5 mM solutions of 1 and 2 at a gold working electrode in 0.1 M HCIO, was
performed for 5 scans at 100 mV s ! between 0.7 and 2.0 V versus RHE (fifth scan displayed in
Figure 2.4). In both the cyclic voltammograms of 1 and 2, an oxidative peak is observed at 1.7 V.
This oxidative peak is most likely due to redox events of the complexes, but in part may also be
caused by further oxidation of the gold working electrode.[31-42] Between 1.8 and 2.0 V, both
complexes show a catalytic current which increases with the applied potential. With 220 pA ver-
sus 190 pA at 2 V versus RHE, the maximum current observed with complex 1 present in solution
is higher than with complex 2 in solution. The activity of complex 1 increases from 180 to 220
HA at 2.0 V over 5 consecutive scans, whereas in the cyclic voltammogram with complex 2 in
solution identical currents over 5 scans are observed. The oxidative wave at 1.7 V is present in
all scans for both complexes.

Chronoamperometry was performed at 1.7 V to investigate the nature of the oxidation event
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and at 1.8 V to investigate the activity of the complexes for water oxidation in a hanging meniscus
configuration (Figure 2.5). At an applied potential of 1.7 V versus RHE little current is observed
for both complexes (< 5 nA), indicating that little to no water oxidation activity takes place. At 1.8
V both complexes show an increase in current over time. In chronoamperometry experiments
with complex 1 present in the electrolyte solution a minimum current after 40 seconds of amper-
ometry is observed. Between 40 and 300 seconds the current increases, which is probably due
to the activation of the complex. After 300 seconds the current stabilizes around 120 pA. For
complex 2 the current goes through a minimum after 120 seconds of amperometry. An increase
in current observed, reaching a final current of 14 HA after 900 seconds of amperometry. With
complex 2 in solution, less current is observed than with complex 1 in the time frame of the ex-
periment, which is in agreement with the maximum activity of both complexes at 2.0 V in cyclic
voltammetry. The significant increase in current over time suggests that activation of the catalyst
has taken place, but may also point to formation of a surface deposit. This is further investigated

with EQCM.

In these EQCM experiments, a quartz crystal with a 200 nm layer of Au (0.35 cm? geometric
surface area) is oscillated at 6 MHz. The oscillation frequency of the quartz crystal is directly re-
lated to the mass of the crystal, including the Aulayer. This allows one to accurately determine the
mass changes of the electrode by recording the frequency of oscillation during an electrochem-
istry experiment. It is important to note here that beside small changes in mass, also changes in
the hydrophobicity have a strong effect on the oscillation frequency. Local changes in hydropho-
bicity are to be expected when the solution becomes saturated in dioxygen and gas bubbles start

to form.[43]

In the cyclic voltammogram in the EQCM setup, the working electrode is situated at the
bottom of the electrochemical cell. This is in contrast to the experiments described above, where
the working electrode was used in a hanging meniscus configuration. One of the drawbacks of the
use of gold electrodes in general and specifically in combination with the EQCM is gold oxidation
and reduction chemistry, which may influence the electrochemical behavior of the complexes
under study. In particular the oxidation of gold has a dramatic effect on the frequency of the
quartz crystal. Upon prolonged cycling in HCIO,, electrolyte, this might lead to the destruction of

the EQCM electrode altogether. This can be circumvented by keeping the potential either above
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Figure 2.6: Cyclic voltammograms of 0.5 mM solutions of 1 (a) and 2 (b) in 0.1 M HCIO,, at 10 mV
s~! (bottom) and the potential-dependent mass gain, calculated from the changes of oscillation

frequency of the quartz crystal-working electrode assembly.

or below 1.2 Vversus RHE during an experiment, limiting the potential window for investigation.

There are several examples where EQCM is used to investigate the formation of a surface
deposit. While oxidizing water at a gold electrode using 5, a deposition is formed at the gold
electrode. [22] The oxidation was performed in 0.1 M Na, SO, electrolyte between 1.25 and 2.1

2 was reported over the course

versus RHE at 10 mV s~1. At pH 1 a mass increase of 3 pg cm™
of three scans. This surface deposit is unstable in electrolytes without any complex present. Also
in cyclic voltammetry experiments at low potential, a decrease in mass is observed.[22] Crabtree
et al investigated several iridium-based complexes using EQCM as well.[21, 44] The complex
(Ir(Cp*)(OH,);]1SO, (3) forms the so-called blue layer on the electrode surface, with a total mass
increase on the quartz crystal of 0.75 pg. The blue layer does not desorb from the electrode
surface in absence of [Ir(Cp*)(OH,);]SO,, in the electrolyte solution. In contrast to 3, the complex

[Ir(Cp™*)(pyalc)(CF;COO)] (4) does not show any deposit at all, suggesting that the active species

in the latter is a truly homogeneous catalyst.

The cyclic voltammogram of complex 1 shows an oxidation event between 1.3 and 1.5 with
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a peak current of 15 PA in the first scan in the EQCM configuration at a gold electrode in 0.1
M HCIO, electrolyte at 10 mV s~ 1. A second oxidative peak is observed at 1.65 V, with a peak
current of 21 pA. This is followed by a faradaic wave, starting at 1.75 V and reaching a maximum
current of 185 pLA at 2.0 V. In the backward scan, a reductive wave is observed between 1.3 and 1.2
V, reaching a maximum current of -10 pA at 1.2 V. In the second and third scan, the first oxidation
wave between 1.3 and 1.5 V is no longer observed and the peak current of the oxidation event at
1.65 V decreases in current. The catalytic current increases with each consecutive scan. At 2.0V,
the current is 180 pA in the second scan and 200 pA in the third scan. The QCM data appears to
point to a decrease in mass of the electrode assembly over the course of the experiment, which is

most likely to due hydrophobicity effects by formation of oxygen bubbles.

In the first scan of the cyclic voltammogram of complex 2, an oxidation event is observed
starting at 1.5 V with a peak current of current of 85 pA at 1.65 V. The oxidative peak is followed
by a faradaic wave that increases from 1.75 to 2.0 V to a maximum current of 460 pA. In the
backward scan a reductive wave is observed between 1.25 and 1.2 V. In the second and third scan
the oxidative peak at 1.6 V is no longer visible and the current of the catalytic wave decreases to
roughly 370 pA. The reductive wave between 1.25 and 1.2 V is still visible in the second and third
backward scan. The QCM response corresponding to the cyclic voltammogram in the first scan
shows an increase in mass between 1.6 to 2.0 V, which keeps increasing in the backward scan to
1.5 V leading to a total mass gain of 3.3 pg cm™2. A subsequent decrease in mass of 1.2 ug cm ™2
is observed between 1.5 and 1.2 V and at the start of the second scan up to 1.55 V. At 1.55V the
mass of the electrode starts increasing again and at 1.75 V in the backward scan it stabilizes at a
mass gain of 2.1 ug cm~2. The mass decreases again at 1.35 V in the backward scan until 1.55 V is
reached in the forward scan in the third cycle with a total decrease of 1.2 ug cm™2. Between 1.8

V in the forward scan and 1.7 V in the backward scan, the mass increases another 1.3 ug cm™2.

Finally, between 1.4 and 1.2 V of the third backward scan, a small decrease of 0.2 ug cm 2 is

2

observed, leading to a total mass increase of 3.8 pig cm™“ over three scans.

Both complex 1 and 2 form a deposit on the electrode surface under chronoamperometric
conditions at 1.8 V versus RHE (Figure 2.7). The formation of the surface deposit is accompa-
nied with an increase in current. Accumulation of material on the working electrode starts the

moment 1.8 V is being applied. In case of a 0.5 mM solution of complex 1 the total amount of
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Figure 2.7: Bottom: chronoamperometry at 1.8 V at a Au electrode (0.39 ¢cm?) in a 0.5 mM
solution complex 1 (solid line) or 2 (dotted line) and 0.1 M HCIO,. Top: The corresponding mass
change as calculated from the frequency change recorded by EQCM.

material deposited after 15 minutes of amperometry is 10 ug cm™~2. For an equimolar solution
of complex 2 less deposition is observed: 5.5 g cm 2. The chronoamperometry at 1.8 V of com-
plex 1 shows an increase in current, until after 500 seconds of oxidation, the current stabilizes
at 1 mA. An increase in current is observed upon oxidation of complex 2 as well, but it does not
stabilize and after 15 minutes of oxidation, only 250 UA current is obtained. This suggests that
complex 1 is activated quicker than complex 2 at a gold electrode in 0.1 M HCIO,, at 1.8 V. After
oxidation, the potential is returned to 0.7 V, resulting in an apparent mass loss of approximately
50%, which may be due to changes in the hydrophobicity of the local electrolyte. Another expla-
nation could be the loss of material from the electrode, which was observed previously with very

similar [rCp* complexes including 5.[21, 22]

To investigate whether the complexes or the surface deposits are truly active water oxidation
catalysts, the gaseous products are analyzed by OLEMS. Apart from the formation of dioxygen,
formation of CO, is to be expected in case the ligands (e.g. Cp*, see Figure 2.2) are oxidized
during catalysis. Linear sweep voltammetry in combination with mass spectrometry shows the

formation of both oxygen and carbon dioxide for both complexes, as is displayed in Figure 2.8.
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Figure 2.8: a) Linear sweep voltammogram of a 0.5 mM solution of 1 (bottom panel) in 0.1 M
HCIO, at 1 mV s~ ! while tracking the production of CO, (top panel) and O, (middle panel). The
top panel has been magnified 30 times for clarity. b) Cyclic voltammogram of a 0.5 mM solution
of 2 (bottom panel) in 0.1 M HCIO, at 1 mV s ! while tracking the production of CO, (top panel)
and O, (middle panel) in 0.1 M HCIO,,. The top panel has been magnified 20 times for clarity.
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Figure 2.9: a) Chronoamperometry at 1.8 V versus RHE of complex 1 (bottom panel) while track-
ing the production of CO, (top panel) and O, (middle panel) in 0.1 M HCIO,,. b) Chronoamper-
ometry at 1.8 V versus RHE of complex 2 (bottom panel) while tracking the production of CO,
(top panel) and O, (middle panel) in 0.1 M HCIO,.

With complex 1 in solution, carbon dioxide formation starts at 1.6 V. A maximum in rate of
carbon dioxide formation is observed at 1.85 V, after which it decreases and eventually stabilizes
at 1.95 V. Oxygen formation starts at 1.8 V which is at a significantly higher potential than the
first burst of CO,. At 1.88 V, the oxygen mass trace starts spiking, which points to the formation
of gas bubbles at the surface of the electrode. The observed ion current for oxygen is two orders

of magnitude higher than the ion current of carbon dioxide.

Complex 2 produces carbon dioxide beyond 1.55 V as is observed from the linear sweep
voltammogram (Figure 2.8b). Evolution of oxygen starts at 1.8 V. In the oxygen trace, the spiky
signal associated with bubble formation is observed beyond 1.95 V. The ion current for oxygen
in this case is approximately 40 times higher than the ion current for CO,.

In situ mass spectrometry in combination with chronoamperometry shows that complex
1 produces large amounts of dioxygen at the moment when an oxidizing potential is applied,
whereas the activation of complex 2 to an active species takes a considerable longer reaction time

(see Figure 2.9). The observed current in chronoamperometry with 1 in solution has a minimum
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of 23 1A after 30 s and increases to 94 LA after 700 s of oxidation at 1.8 V where it stabilizes. In
the chronoamperometry of 2, the current goes through a minimum current of 9.9 pA after 120
seconds of oxidation and from there on increases up to 19 pA until the experiment was stopped at
15 minutes. The oxygen traces follow the current profiles of 1 and 2 exactly, apart from the spikes
due to bubble formation in the case of 1. Whereas evolution of dioxygen is sluggish at first in the
case of complex 2, an immediate burst of CO, is detected for both complex 1 and 2 upon applying
a 1.8 V potential. After 70 seconds, the CO, evolution rate stabilizes upon oxidation of complex
1. Complex 2 also evolves CO,, with a peak at 60 seconds. The CO, evolution rate slowly decays
and stabilizes after 400 seconds. The ion current observed for CO, is approximately 40 times
lower than the O, formation, both in case of complex 1 and complex 2.

In order to further investigate the structure of the active surface deposit, X-ray Photoelec-
tron Spectroscopy (XPS) was measured of the gold electrode ex situ after water oxidation in the
presence of complex 1. Water oxidation was performed by amperometry at 1.8 V versus RHE in a
0.1 M HCIO, and 0.5 mM solution of complex 1. The electrode was taken out of the electrolyte
and rinsed carefully with water. Different oxidation times from 1 to 10 minutes were used to
track the evolution of the deposit.

Since XPS is a surface sensitive technique, the intensity of the Au XPS peaks should decrease
as more material is deposited on the electrode surface (Figure 2.10a). The Au 4f peak is observed
at 84.1 eV. This peak indeed decreases in intensity with increasing oxidation time, confirming
that a layer of material has covered the gold electrode during the deposition experiment. The
gold peak decreased to 10 percent of the initial intensity after 1 minute of oxidation.

The binding energy of 4f electrons in iridium is expected between 60.5 and 61 eV for metal-
lic Ir, and expected up to 65 eV for highly oxidized iridium species such as KIrCl;NO.[45] The
binding energy of the 4f electrons in the molecular water oxidation complex 4 is found at 62.4
eV. [46, 47] The XPS spectrum for the gold electrode with the oxidized complex 1 shows a peak
at 62.4 eV (Figure 2.10b. The intensity of the XPS sample correlates well with the oxidation time
and amount of material deposited on the electrode.

In our group, the complex [IrCl;(pic)(MeOH)] ™ (6 - pic = picolinate) was determined to be a
pre-catalyst for water oxidation. [24] The complex was degraded upon oxidation and an activated

process is observed. An XPS analysis of the deposition after water oxidation catalysis shows the
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Figure 2.10: a) X-ray photoelectron spectra in the Au 4f region. From top to bottom the surface
deposit on the gold electrode after 1, 3, 5 and 10 minutes of oxidation at 1.8 V versus RHE is
displayed. b) X-ray photoelectron spectra in the Ir 4f region. The top trace is the powdered form

of 1, the rest from top to bottom is the surface deposit on the gold electrode after 1, 3, 5 and 10

minutes of oxidation at 1.8 V versus RHE.
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Ir 4f electrons have a binding energy of 62.0 V. This is close to the values of benchmark Ir,O;,
which are found at roughly 61.8 eV.

The surface deposit formed when complex 5 is oxidized has also been investigated using
XPS.[22] The XPS spectrum shows the binding energy of the Ir 4f electrons is 62.2 eV, which
is somewhat lower than was observed for activated 1 and activated 4. Verification whether the
deposit of complex 5 contains molecular structures, or is the path to formation of iridium oxide
was obtained by extended X-ray absorption fine structure (EXAFS) analysis.

In EXAFS, among others the distance between the iridium center and the atoms in its di-
rect environment can be investigated. The bond length between the iridium and its neighbors
is indicative of the oxidation state of iridium and the type of atom that is present in the first
coordination sphere. For an Ir-C bond, a longer bond length is expected compared to an Ir-O
bond. In this investigation, the surface deposits of 5 were investigated and compared to the par-
ent complex and benchmark IrO,, as displayed in Figure 2.11 and Table 2.1. Complex 5 (1 mM
in 0.1 M HCIO, electrolyte) was oxidized at graphite foil at a range of potentials: 1.1V, 1.3V, 1.5
V, 1.7V, 1.9 V and 2.0 V versus RHE for 5 minutes. In the parent complex, the measured bond
length between the Ir center and its closest neighbor is 2.08 A. The Ir-O bond length in IrO, is
determined to be 1.96 A. Oxidizing complex 5 at potentials between 1.1 and 1.5 V bond lengths
between 2.04 and 2.11 A are observed. Oxidizing the complex between 1.5 and 2.0 V decreases
the bond length to 2.00-2.04 A. The bond lengths found in case of 5 is still higher than the bond
length found for IrO,. In contrast to IrO,, no signs pointing to short iridium-iridium distances

have been observed in case of oxidized 5.

2.4 Discussion

In contrast to electrochemical oxidation of 4, deposits are formed on the electrode surface upon
oxidation of complexes 1 and 2. Whereas no deposition appears to be formed in case of 1 in cyclic
voltammetry mode (Figure 2.6), a considerable large change in frequency in EQCM is observed
compared to complex 2 in amperometry mode. It is not straightforward to interpret these data.
The changes in frequency appear to be strongly related to the precise reaction conditions as well
as the catalyst structure in ways we do not yet fully understand.[44] Moreover changes in the lo-

cal hydrophobicity caused by bubble formation result in QCM frequency changes as well. This
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Figure 2.11: a) k3 weighted iridium L3 edge EXAFS and b) the modulus of the corresponding
phase-corrected FT of 2 reference compounds and graphite electrodes exposed to different oxi-
dizing potentials. From top to bottom: 5, electrode oxidized at 1.1V, 1.3V, 1.5V, 1.7V, 1.9 Vand
2.0V, and benchmark IrO,. The grey line and dotted grey line in b show the peak position of 5

and IrO, respectively.
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Table 2.1: Single shell simulations with C (carbon) or O (oxygen) for selected reference compounds and carbon electrodes exposed to certain potentials.

The best fit index (C or O) is highlighted in bold.

C O

Threshold Number of atoms@distance (A) Fit index with Threshold Number of atoms@distance (A) Fit index with

energy(eV) and Debye-Waller factor (202, A%) k3 -weighting (X 10%) energy(eV) and Debye-Waller factor (202,A%) k3 -weighting (X 103)

5 -10.5607 5.7@2.147 (0.007) 0.4903 -14.6284 4.1@2.110 (0.009) 0.5555
1.1V -16.8836 6.8@2.139 (0.016) 1.9858 -19.6258 5.0@2.090 (0.019) 2.1008
1.3V -9.1949 5.9@2.146 (0.011) 1.0433 -12.1444 4.5@2.101 (0.014) 1.0929
1.5V  -7.99290 5.0@2.100 (0.010) 1.3133 -10.597 4.0@2.053 (0.015) 1.3161
1.7V -7.3754 5.7@2.068 (0.004) 1.3189 -11.095 4.4@2.031 (0.015) 1.3000
1.9V -11.1800 6.1@2.075 (0.003) 1.2304 -15.147 4.6@2.039 (0.005) 1.1833
20V -9.08911 6.1@2.087 (0.005) 0.5581 -12.6264 4.5@2.049 (0.007) 0.4625
IrO, 7.26908 6.6@2.010 (0.002) 3.2154 -12.1225 4.5@1.976 (0.014) 3.3055
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may also explain the observed currents do not fully correlate with the amount of deposition on
the electrode, albeit Crabtree et al. in case of the blue layer formed by the oxidation of 3 already
showed that only part of the iridium sites in such an arrangement is electrochemically active
in water oxidation catalysis.[44] Over the entire comparison, complex 1 does show a consider-
able higher current compared to complex 2, which is accompanied by oxygen bubble formation
- clearly visible in Figures 2.8 and 2.9 - and saturation effects. The OLEMS experiment in am-
perometry mode clearly suggests that complex 1 forms a highly active species for the oxygen
evolution reaction much more rapidly than complex 2 This may be due to steric effects of the
OEt moiety on the triazolylidene ligand. Possibly a dimeric structure as has been characterized
in case of 4 and observed in the case of complex 5 is the active species. Alternatively one can
imagine that complex 1 is a good catalyst itself, whereas complex 2 is too sterically hindered for

fast turnovers until the Cp* has reacted away.

It is interesting to note that the iridium signals in the ex situ XPS spectra of the ex situ deposit
obtained by oxidation of 1 matches very well with the p-oxo bridged iridium(IV) dimer obtained
in the group of Crabtree upon oxidation of 4. Although the oxidation state of iridium in IrO,
is also +IV, the signal for IrO, is found at a significant lower binding energy, allowing one to
distinguish between molecular iridium(IV) species and iridium(IV) present in iridium oxide. In
light of these binding energies very lengthy incubation times and the presence of redox waves
that are typical for iridium oxide, our group has previously assigned the active species in case of
complex 6 to iridium oxide. In term of XPS spectroscopy, deposits of complex 5 lie somewhat

between those of 6 and 1.

In EXAFS, the short binding distance between iridium and its first coordination shell of 1.96
Arecorded in case of IrO, gives a clear benchmark for the formation of IrO,. The surface deposits
of 5 oxidized at different potentials show clearly that the bond length in all adsorbed complexes
is considerably longer (between 2.0 and 2.08 A). Although the average bond length reduces upon
an increase of the applied potential, this means complex 5 does produce larger aggregates of
IrO, within the time frames wherein the experiments have been carried out. Between 1.1 and
1.5V, the bond length is more in line with an Ir-C bond, whereas between 1.7 and 2.0 V the
bond length decreases and modeling of the complex points more to displacement of carbon for

oxygen in the first coordination sphere. This suggests that the complex does change structurally
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during water oxidation, yet it is unclear what is the exact active species during water oxidation.
No iridium - iridium interactions could be observed, which are very pronounced in the case of
IrO, at higher A~! Most likely the deposit of 5 is a single site molecular iridium species. The
obtained EXAFS results did not allow us to distinguish between different atom-type within the
coordination sphere of iridium, including powders of the precursors,[48] which refrain us from

further X-ray absorption studies of e.g. complex 1.

In general obtaining structure reactivity studies in the electrochemical water oxidation re-
action in the presence of molecular iridium precursors has been very difficult. This study is no
exception herein. It appears that every molecular iridium complex is active, with 6 being an ex-
ception, while the activity throughout an experiment appears to change continuously upon ox-
idation of the sample and appears to be strongly dependent on the applied reaction conditions.
The choice for the Cp* functionality, which role is most likely for that of a placeholder rather
than it being directly present in the active species has not made things much easier. Only in very
few cases catalytic intermediates have been identified in the reaction mixture. The p-O bridged
dimer reported by Crabtree et al. is an unique example,[21] whereas deposited 1 appears to have a
similar electronic structure, based on XPS analysis. The large plethora of iridium catalysts for the
water oxidation reaction have not led to well-defined design principles. This is in contrast to for
example molecular ruthenium catalysts, for which clever proton shuttles to facilitate the water
nucleophilic attack mechanism, and 7t-stacking strategies for binuclear oxygen-oxygen coupling
reactions have been invented.[49] In case of iridium, modification of the ligands employed ap-
pear to be more useful to guide activation of the precatalyst to the true active species. In many
cases this has led to formation of iridium oxide that is formed sooner or later under the catalytic
conditions applied, whereas in other cases ill-defined catalytic species are formed that are cate-
gorized somewhere between a heterogeneous catalyst and a single-site species. In case of 4 this
has led to a well-defined binuclear catalytic system that shows a very low onset for the water
oxidation reaction at remarkable low iridium loadings. In terms of XPS analysis, it appears that
the complexes 1 and 2 are relatively close to such species, albeit the electrochemistry of 1 and 2

is significantly more complex.

In the electrochemical iridium-based water oxidation reaction different types of active species

can be identified (Figure 2.12). One is the formation of a well-defined molecular complex in so-
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ined molecular species

Figure 2.12: Active catalyst formation of various types of active species in the electrochemical

water oxidation reaction.

lution, as was observed for complex 4.[21] On the other side is the formation of iridium oxide as
active catalyst, as was observed with the 3 and 6 precursors. In between these two extremes is
a poorly defined region where the active site is a molecular complex which does form a surface
deposit on the electrode. The complexes 1, 2 and 5 are in this region. The challenge now lies in
finding the prerequisites for complexes to be as much on the molecular side as possible, where
ligand design already plays a large role.

The activation of pre-catalysts using the electrochemical methods presented in this work
shows a different trend compared to a concerted study wherein a family of complexes including
1 an 2 was studied using the sacrificial reagent cerium ammonium nitrate.[7-13] The activation
of complex 1 is faster under electrochemical conditions on all levels, but shows a remarkable
slower reaction rate in the cerium ammonium nitrate driven water oxidation (1500 h—! versus
2500 h~! for complex 2). Also it appears to activate much slower under these conditions. Where
cerium ammonium nitrate and other sacrificial oxidants may be useful for the examination of
intermediates and provide structural information on the catalyst, it does not always agree with
results obtained with electrochemical methods. Therefore, one needs to be careful in designing
catalytic experiments and in drawing conclusions from experiments in complicated reactions

such as the water oxidation reaction.
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2.5 Conclusions

Water oxidation has been achieved using pyridyl-triazolylidene iridium-based pre-catalysts 1 and
2. The activation of these pre-catalysts involves the formation of a deposit on the surface of the
Au working electrode.

Dioxygen and carbon dioxide formation was observed in voltammetric experiments, where
the formation of CO, started at lower potentials than O,. In chronoamperometric experiments,
both O, and CO, formation start instantaneously upon applying an oxidizing potential in case
of complex 1, whereas the formation of O, is initially sluggish in case of complex 2.

Activation of water oxidation catalysts can differ greatly with different means of oxidation.
The observed trend in the cerium ammonium nitrate driven water oxidation reaction showed a
remarkably different trend in activity than the electrochemical data presented here. This strongly
suggests that the method of study in structure-activity relationships or structure-activation re-
lationships do influence the results. Therefore it is best to use complementary techniques or at

least apply a method of oxidation that is as close as possible to the final application.
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