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catalysts
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In operando studies on the electrochemical
oxidation of water mediated by molecular

Homogeneous reactions in general are relatively easy to study with respect to heterogeneous systems
since all catalytic sites are uniform and can be addressed simultaneously. The latter feature is fully out of

the window in an electrochemical context, where only the few catalytic species that are sufficiently

close to the electrode undergo redox reactions. Especially in the water oxidation reaction where harsh
reaction conditions are employed, a clear picture of what is the active species, what products are
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formed, how one can steer this, and how it all depends on the exact reaction conditions is important to
be able to fully unravel the key reaction paths. The combination of electrochemical experiments with
on-line detection of the catalytic species and reaction products is a powerful approach to successfully

address these questions. Recently, a significant progress has been made in on-line studies on molecular
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Introduction

A better fundamental understanding of the oxygen evolution
reaction is crucial to develop more active, more efficient and
more robust catalysts that are necessary for our future energy
infrastructure that ideally is based fully on renewables."

Leiden Institute of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden,
The Netherlands. E-mail: d.g.h.hetterscheid@chem.leidenuniv.nl;
Fax: +31 (0)71 527 4451; Tel: +31 (0)71 527 4545

Dennis Hetterscheid obtained his
PhD from the Radboud University
of Nijmegen under the supervision
of Prof. Bas de Bruin. He then
moved to the Massachusetts
Institute of Technology where he
worked in the lab of Prof. Richard
R. Schrock, and to the University
of Amsterdam where he worked
with Prof. Joost N. H. Reek.
Since 2013 Dennis has been an
assistant professor in physical
chemistry of sustainable energy
at Leiden University. The main
research theme in his group is to understand and mimic
bioinorganic multi-electron processes that are relevant to a future
energy infrastructure.

% e e
Dennis G. H. Hetterscheid

10622 | Chem. Commun., 2017, 53, 10622-10631

water oxidation catalysts during electrochemical experiments. These are reviewed here.

To make such progress a clear understanding of the relation-
ship between the catalyst structure, in terms of both geometry
and electronics, and the catalytic activity is extremely useful.
Since catalyst modification reactions are likely to occur under
the oxidative conditions that are necessary to split water, it is
important to actually verify the structure of the true active
species.>™* Especially experiments where the appearance and
disappearance of transient species are monitored under operando
conditions and are linked to the observed product formation and
reaction kinetics are very insightful.

In operando studies under meaningful conditions

Typically sacrificial reagents, such as cerium(iv) ammonium
nitrate or periodate, are used to study molecular water oxidation
catalysts.? Especially in the area of molecular ruthenium catalysts
valuable and very detailed mechanistic information was gathered
using these sacrificial reagents.”” In the case of first row
transition metals, but also in the case of iridium based water
oxidation catalysts, it is far less clear what pathways are taking
place in the presence of sacrificial reagents. Recent reports
where cerium(v) and periodate appear to react via oxygen atom
transfer rather than electron transfer reactions,®® ambiguity
regarding the actual structure of cerium(v) in aqueous
solutions,"" and observations where cerium(iv) coordinates to
the active species'® or is incorporated into nanoparticle materials
formed from the molecular precatalyst'® suggest that the
observed reactivity may be strongly dependent on the presence
of the sacrificial reagent. Moreover numerous reports illustrate
that the structure of the catalytic species and the observed
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catalytic activity are strongly dependent on the applied reaction
conditions.”**'* This illustrates the sheer importance of deter-
mining the design principles of molecular catalysts under more
meaningful conditions. Considering that sooner or later water
oxidation catalysis must occur at an electrode somehow, either
in an electrolysis reaction or in an artificial leaf type application,
investigation of the water oxidation reaction at the electrode
interface under well-defined conditions appears to be a more
valid approach to study the water oxidation reaction.

In operando studies of homogeneous redox catalysts in
combination with electrochemistry is not straightforward to
carry out, since only catalytic species very close to the electrode
surface become catalytically active, while the bulk of the
material in solution remains inactive. It is therefore important
to sample at the electrode interface using non-standard equipment.
Recently a series of in operando studies and techniques have
appeared in the literature to study molecular catalysts for the water
oxidation reaction in an electrochemical context. These studies have
led to several new insights and are reviewed here. This review is
categorized into in operando studies to (1) identify the homogeneity
of the catalytic species, (2) detect the reaction product and (3) detect
catalytic intermediates.

Distinguishing between homogeneous
and heterogeneous catalysis

For any catalytic reaction mediated by a homogeneous catalyst
it is important to rule out that heterogeneous (nano)particles
are the true active species. This especially holds when very
harsh reaction conditions are applied. Verification that the
structure of the material present after catalysis is identical to
the (pre)catalyst typically is a good first step to establish that
the anticipated catalyst is the true active species. In particular
during electrochemical reactions in the presence of a homo-
geneous catalyst this is not straightforward. In such an electro-
chemical setup the actual catalytic reaction and all related
phenomena will only occur at the electrode interface and not
in the bulk solution. Formation of heterogeneous material
should therefore be established at the electrode interface, and
not just in the bulk solution using e.g. dynamic light scattering.

Examination whether a deposit has formed at the electrode
can be done in an ex situ manner by taking out the electrode
from the solution, carefully rinsing it and observing whether
any catalytic activity is retained when the electrode is placed
into a fresh electrolyte solution devoid of any dissolved (pre)-
catalyst. However, it remains difficult to distinguish whether
the material on the electrode is dip coated or truly deposited
under oxidative conditions and reversible processes can easily
be overlooked (vide infra).

Electrochemical crystal quartz microbalance (EQCM) experi-
ments can be very insightful as this technique allows one to
follow the deposition of electrodeposited material on-line,
allowing one to connect deposition of material to particular
features in the current-potential diagram, time and the precise
reaction conditions.

This journal is © The Royal Society of Chemistry 2017
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Microbalance techniques

EQCM allows one to measure mass changes at the electrode in
the order of nanograms per square centimetre surface area.
This relates to deposition of submonolayer amounts of material*®
and allows for detection of e.g. the coordination of solvent
molecules to deposited complexes.'”

The quartz crystal is wedged between two metal electrodes
and brought to vibration due to an alternating electric field,
causing elastic deformation of the quartz crystal. Since one of
the electrodes serves as the working electrode, deposition of
material at the working electrode results in a frequency change
of the acoustic wave in the quartz electrode according to the
Sauerbrey equation (eqn (1)) where Afis the change in frequency, f;
is the frequency of the quartz crystal prior to the mass change, Am
is the change of mass, A is the piezocatalytic surface area, p is the
density of quartz and y is the shear modulus.'*>"®

Am

Af = —2fy?
VT

1

In practice the relationship between Af and Am can be calibrated
by underpotential deposition of e.g. Pb>" where the amount of
electrons passed through the electrode and the mass gain are
correlated."?° One should be aware that eqn (1) assumes that
the acoustic wave propagates in the same manner in quartz and
the deposited material. Moreover, it has been shown that
also viscosity and hydrophobic effects can result in significant
deviations of Af. Interpretation of EQCM data therefore is not
straightforward.

The use of EQCM was introduced in the field of homogeneous
water oxidation catalysis by the groups of Crabtree, Brudvig and
D’Souza in 2011.%" Electrolysis in the presence of [Ir(Cp*)(OH,);]SO4
(Cp* = pentamethylcyclopentadienyl) results in the formation of a
deposit onto the electrode surface,”* which is clearly visible by
EQCM analysis (Fig. 1).>"** The catalytic activity of the electrode
increases upon repetitive scanning, illustrated by a growing
oxidative current. This is the result of more and more material
depositing on the electrode and the resulting increased surface
area of the heterogeneous catalyst.>® Ex situ analysis of the
deposited materials by X-ray techniques including Extended
X-ray Absorption Fine Structure (EXAFS) spectroscopy and
High-Energy X-ray Scattering (HEXS) revealed that the material
deposited on the electrode is best described as very small
amorphous iridium clusters with a very high surface area.”*
NMR experiments in which iridium Cp* complexes were treated
with sacrificial reagents showed that the Cp* ligand is not stable
under oxidative conditions. It was found that [I'""Cp*(bzpy)NOs]
in the presence of periodate results in stepwise incorporation of
oxygen into the Cp* framework,”>*® and upon treatment of
[Ir™Cp*(pyalc)Cl] with periodate the Cp* ligand was lost altogether
(bzpy = 2-benzoylpyridine, pyalc = 2-(2'-pyridyl)-2-propanolate).>”

The deposition of material on the electrode is typically
triggered by an oxidation reaction and therefore requires a certain
applied potential. Consequently, deposition can be observed as a
continuous growth when the potential is kept constant above this
potential limitation®® and can be observed as a stepped plot when
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Fig. 1 Difference in the EQCM response of a deposition formed from the
precursor [Ir(Cp*)(OH,)3]SO,4 (top) and formation of a homogeneous
catalyst from the precursor [Ir(Cp*)(pyalc)(CFsCOO)] (bottom).i The
currents are depicted in black and the mass trace in blue. Reprinted with
permission from ref. 21. Copyright (2011) American Chemical Society.

the applied potential is cycled back and forth over the deposition
onset potential (Fig. 1).>'

The rate of deposition depends on the applied potential,
time and the concentration of the precursor complex in solution.*?
Also the structure of the precursor has a strong influence on the
amount of material that is being deposited and at present is not
fully understood. Deposition of [Ir(Cp)(OH,)3]SO, (Cp = cyclo-
pentadienyl) is substantially faster at early stages of the water
oxidation reaction compared to equimolar concentrations of
[Ir(Cp*)(OH,);]SOy4, which has a very similar structure.® Even-
tually, the rates of deposition reverse, which is explained by
diffusion limitations of the depositing precursor complexes
and oxygen bubble formation at the electrode interface under
the oxidative conditions applied. These hamper in particular
the deposition rates of the faster process.

Evidently, no mass changes are to be expected in the
absence of a depositing (pre)catalyst, apart from slight changes
that are caused by the surface restructuring of the gold working
electrode, if the potential is scanned over the gold oxidation and
reduction potentials. In the case of both [Ir(Cp*)(pyalc)(CF;COO)]

10624 | Chem. Commun., 2017, 53, 10622-10631
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(Fig. 1, bottom) and [Ru(cymene)(bipyridine)(OH,)](NO3),
deposition of metal oxide on the electrode surface was ruled out
by EQCM methods.*"* This alone does not mean that the catalyst
remains intact. The iridium complex [Ir(Cp*)(pyalc)(CF;COO)]
loses the Cp* ligand in periodate media to produce an active water
oxidation catalyst”” and it is believed to form the same active
species in the electrochemically driven water oxidation.>® Ex situ
EXAFS and HEXS experiments revealed that in this case an
iridium(v) dimer with a single bridged p-O ligand has formed.*

Besides monitoring the deposition of (pre)catalysts at the
electrode surface, illustrated in the previous paragraphs, also
analysis of desorption of material from the electrode can be
insightful. An electrode with deposited iridium oxide, prepared
from the deposition of [Ir(Cp*)(OH,)3]SO,, shows distinct redox
waves of the +III/+IV redox couple of iridium at 1.0 V versus
NHE (pH 2.9),t when it is placed in a blank electrolyte solution
in the absence of further [Ir(Cp*)(OH,);]SO4.>" When the
potential of the electrode is increased above 1.0 V an apparent
increase of mass was recorded by EQCM. The observed increase
in mass is the result of electrolyte and solvent uptake by the
catalytic layer concerted with oxidation of the iridium sites to
the +IV oxidation state. Above the onset for the oxygen evolution
reaction at 1.2 V versus RHE (pH 2.9) the mass of the electrode
appears to decrease (Fig. 2). This effect is most likely caused by
the formation of oxygen bubbles, which increase the hydro-
phobicity of the electrode surface.”" The +III/+IV redox couple
and the catalytic current do not appear to change under these
circumstances, suggesting that desorption of iridium oxide does
not take place. This is in line with the reported excellent stability
of iridium oxide under acidic conditions.**

When a catalytic deposit of [Ir(Cp*)(Me,NHC)(OH),] at a
gold electrode is treated with an electrolyte solution devoid of
any [Ir(Cp*)(Me,NHC)(OH),], an immediate drop of mass is
observed (Fig. 2).>® Simultaneously with the loss of mass the
catalytic current decreased instantaneously, suggesting that in
this case all catalytic material has desorbed from the electrode
surface. In line with the observed reaction kinetics, pH dependence
of the catalytic reaction and the observed electrolyte effects,
a different catalytic species must be formed in the case of
[Ir(Cp*)(Me,NHC)(OH),] rather than the amorphous iridium
oxide layer formed by deposition of [Ir(Cp*)(OH,);]SO,. Deposition
of [Ir(Cp*)(Me,NHC)(OH),] appears to be limited to a maximum
loading varying somewhere between 5 and 100 pug cm™ > probably
depending on the roughness of the electrode. Above these
threshold values no further deposition seems to take place
according to the EQCM studies either in cyclic voltammetry or in
amperometry mode.”® Ex situ analysis of these samples by EXAFS
and X-ray Photoelectron Spectroscopy (XPS) shows that albeit
oxidative modification reactions have occurred upon prolonged
electrolysis and although carbon is displaced for oxygen in the

+ The normal hydrogen electrode (NHE) and the reversible hydrogen electrode
(RHE) are related according to Egyg = Exug + 0.059 x pH. Since not in all cases
sufficient accurate data are available regarding the pH, the redox potentials given
in this review are referenced according to the reference scale in the original
report.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Top: Example of an EQCM experiment in which the formation of
oxygen bubbles appears as a reduction in mass in the case of iridium
deposition from the precursor [Ir(Cp*)(OH,):]SO4 ina 0.1 M KNOz aqueous
solution (pH 5.5).F The currents are depicted in black and the mass trace in
blue. Reprinted with permission from ref. 21. Copyright (2011) American
Chemical Society. Bottom: Example of an EQCM experiment in which
rapid desorption of catalytic material takes place in 0.1 M Na,SO, acidified
to pH 1. The deposit in this case was generated by deposition of
[Ir(Cp*)(Me,NHC)(OH),]. Reproduced from ref. 28 with permission from
the PCCP Owner Societies.

direct coordination sphere of iridium, the iridium sites appear
to be part of a molecular species.”® Moreover the iridium
binding energies recorded by XPS analysis corresponded very
well with those observed for molecular iridium(v) species
rather than that of inorganic iridium(wv) oxide.>”***
Reversible adsorption of catalytic material on the electrode
was observed in the case of [Ir(bpsa-Cy)(Cl),]” in aqueous KNO;
and was clearly visible by EQCM analysis (bpsa-Cy = N,N'-
(18,28-cyclohexane-1,2-diyl)bis(pyridine-2-sulfonamide)).** This
particular catalyst was studied at an ITO coated EQCM electrode,
which resulted in slow electron transfer kinetics. Hence widely
separated +III/+IV oxidation and reduction peaks were observed,
both in acetonitrile and in aqueous media. Whereas in aceto-
nitrile no deposition of material is observed, a clear mass gain
was observed in an aqueous solution, even though very similar
voltammetry behaviour was observed in both media. Apparently,
the neutral oxidation product of anionic [Ir(bpsa-Cy)(Cl),]™ is
well soluble in acetonitrile whereas it is not in aqueous KNOj3.
Upon reduction of the neutral iridium(iv) species to the soluble

This journal is © The Royal Society of Chemistry 2017
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anionic iridium(i) species an immediate mass loss can be observed.
No electrocatalytic water oxidation activity was reported for
[Ir(bpsa-Cy)(Cl),]~, although oxygen evolution has been observed
upon addition of sacrificial reagents.*?

Disentangling product formation from
other oxidative processes

To what extent a recorded current belongs to the oxygen
evolution reaction can be verified by headspace analysis using
GC in a bulk electrolysis configuration. However, when multiple
features are observed in the potential-current diagram, when
changes in the potential-current diagram do occur over time, or
when the faradaic efficiency is not 100% (for molecular complexes
it typically isn’t), on-line monitoring of the formation of the actual
product is essential to grasp the full picture.

Mass spectrometry techniques

The most common method to sample gaseous products for
mass spectrometry analysis during electrochemical experiments
is differential electrochemistry mass spectrometry (DEMS).>*
The electrochemistry experiment is carried out in a flow cell
that via a Teflon membrane and a steel frit, which are both
permeable for gases, is connected to the mass spectrometer.
The working electrode is positioned close to the Teflon
membrane, whereas the reference and counter electrodes are
positioned in the inlet and outlet of the flow system. Since
relatively large amounts of material enter the vacuum system,
the pressure is reduced by differential pumping. Due to the flow
of electrolyte over the electrode, the shape of the current-
potential profile is different than in a typical cyclic voltammogram
and is somewhat similar to RDE experiments. The alternative
technique is on-line electrochemical mass spectrometry (OLEMS)
where the inlet of the mass spectrometer is placed in close position
to a working electrode in a hanging meniscus configuration.* This
approach allows for analysis of various types of electrode materials
including single crystals and electrodes at which molecular water
oxidation catalysts are immobilized.*® The inlet of the mass
spectrometer is equipped with a Teflon membrane that is only
permeable for small amounts of gaseous products that renders
differential pumping unnecessary. Since the mass response
depends on amongst others the exact distance between the
working electrode and the inlet of the mass spectrometer,
OLEMS is more of a qualitative technique rather than being
well suited for quantification of the dioxygen levels. Both DEMS
and OLEMS allow for real time recording of mass traces of
gaseous products such as O, (m/z = 32) and CO, (m/z = 44)
sampled in the liquid phase.

OLEMS experiments were important to establish that cis-iron
cyclam complexes are active in the water oxidation reaction,
whereas the trans complexes are not.”” Electrolysis of water at
1.9 Vversus RHE in the presence of 1.1 mM [cis-Fe(cyclam)(Cl),]Cl
resulted in the immediate formation of dioxygen. Despite the fact
that OLEMS experiments typically show a lag time, the initial rate
of oxygen evolution determined by mass spectrometry clearly

Chem. Commun., 2017, 53, 10622-10631 | 10625
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showed that the turnover frequency is maximal at the very
beginning of the electrolysis experiment. This suggests that
water oxidation catalysis is mediated by the molecular [cis-
Fe(cyclam)(Cl),]Cl complex itself. Moreover cyclic voltammetry
after electrolysis only showed the anticipated Fe"/Fe™ and
Fe"™/Fe"™ redox couples, further illustrating that the iron catalyst
was still intact. In contrast, no evolution of dioxygen was observed
in the case of the ¢rans iron cyclam complex, despite the fact that a
significant oxidative current was observed.>’

Also in the case of [Ru(bpc)(cy)CI]" an immediate evolution
of dioxygen was observed by OLEMS; yet in this particular case
the rate of dioxygen evolution after the initial rise decreases and
stabilizes at a lower level, pointing to either a catalyst modification
reaction or some inhibitory event taking place after several turn-
overs (cy = cymene, bpc = [2,2/-bipyridine]-4,4'-dicarboxylic acid).*®

In contrast to the previous examples, amperometry experiments
in combination with OLEMS in the presence of [IrCls(picolinate)-
(HOMe)|™ did not reveal significant amounts of dioxygen in the
initial stages of the electrolysis experiment. Only after several
minutes significant amounts of dioxygen started to evolve.*
Vigorous evolution of dioxygen resulted in bubble formation,
illustrated by the spikes on the dioxygen trace in Fig. 3. Carbon
dioxide, the product of ligand degradation, on the other hand is
predominantly formed in small quantities at the very early stage
of the electrolysis reaction. Its formation can be traced back to
oxidative events in the first cycle of a voltammetry experiment,
suggesting that in this case complete degradation of the ligands
is compulsory in order to obtain the oxygen evolution reaction.
Ex situ XPS experiments revealed that predominantly iridium
oxide is present at the stages where the highest rates of the
oxygen evolution reaction were recorded. Moreover, the cyclic
voltammogram at this stage in the catalytic reaction matches
well with that of typical voltammograms of iridium oxide.*°

During a potential sweep, one can use DEMS or OLEMS to
determine the actual onset potential of the oxygen evolution
reaction. In such experiments it is important to employ very low
scan rates (typically 1 mV s~ ') in order for the mass spectro-
meter to keep up with the voltammetry. And even then the bulk
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Fig. 3 Chronoamperometry in combination with OLEMS in the presence
of (HpicMe)llrCls(picolinate)(HOMe)] in 0.1 M HCIO4 Depicted are
the current (black), the m/z = 32 trace belonging to O, (green) and the
m/z = 44 trace belonging to CO; (red). Reprinted with permission from
ref. 39. Copyright (2016) American Chemical Society.
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of the dioxygen detected follows several seconds behind the
moment the voltammetry experiment reaches its maximum
potential and measured current. If formation of dioxygen is
the predominant oxidative reaction, the oxygen evolution trace and
the current profile should largely match, and thereby facilitate
assignment of the onset of the oxygen evolution reaction.

In the case of [Ir(Cp*)(Me,-NHC)(OH),] formation of dioxygen
was observed by OLEMS, which matched perfectly with the
current that was recorded (Fig. 4).*° Although catalyst modifi-
cations were observed by ex situ X-ray absorption spectroscopy
experiments,*® no formation of carbon dioxide was detected.
[trans-Fe(cyclam)(Cl),] shows the opposite result;*” no dioxygen
was recorded by OLEMS and all observed current was assigned
to catalyst and/or electrode degradation and formation of CO,.
In the case of [cis-Fe(cyclam)(Cl),]JCl an onset of 1.8 V was
recorded for evolution of dioxygen, yet current and formation
of CO, started to show around 1.6 V versus RHE, directly above
the +III/+IV redox couple of Fe. This suggests that the +V
oxidation state of Fe is necessary to produce dioxygen, yet the
+IV oxidation of Fe is sufficient to trigger oxidation of the
ligand or the carbon electrode. Carbon electrodes produce
significant amounts of background current and carbon dioxide
under oxidative conditions,*" especially at low pH,** which may
be even further enhanced in the presence of an oxidation
catalyst.>” Thus far we were unable to detect any trace of
dioxygen at a bare carbon electrode below 2.0 V versus RHE.
Gold electrodes prove to be a better choice of electrode material
in combination with OLEMS in a hanging meniscus configuration,
due to the absence of carbon and no formation of dioxygen below
2.0 V versus RHE (pH 1).**

DEMS was used successfully to assign the active species in
water oxidation catalysis in the presence of cobalt cubane
complexes. The observed catalytic current of the water oxidation
reaction in the presence of [Co,04(OAc),(Py),] was significantly
lower when [Co,04(OAc),(Py),] was purified prior to the electro-
chemical experiment by column chromatography (py = pyridine).**
Supported by electron paramagnetic resonance line broadening
analysis and the results of electrochemical titrations this points to

Relative O, concentration

F
|
|
T T T T 1 Cl

1.5 16 1.7 18 19 20
Potential (V) versus RHE

Fig. 4 Comparison of the O, traces (m/z = 32) for three Fe cyclam
complexes recorded via OLEMS in cyclic voltammetry mode using a PG
working electrode in 0.1 M NaClO,4. Adapted from ref. 37 with permission
from the Royal Society of Chemistry.
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traces of cobalt(u) impurity in the sample that are responsible for
the observed catalytic activity via formation of a heterogeneous
catalyst.** DEMS analysis of crude and purified [Co,0,4(OAc),(Py),]
samples revealed that very little dioxygen is produced after
purification, whereas substantial amounts of dioxygen were
detected for the crude material. The analysis with DEMS also
showed that a considerable part of the current in the case of
crude [Co40,4(OAc)4(Py),4] and especially in the case of purified
[C0404(0AC)4(Py),] must be assigned to carbon dioxide formation
from the electrode material rather than to evolution of dioxygen.*" It
should be noted that purified [Co,0,4(OAc),(Py),] is still catalytically
active above pH 12,*> and upon displacement of a bridging acetate
by treatment with hydroxide®® or upon aging.*’

Rotating ring disk techniques

Rotating ring disk techniques can be very powerful in on-line
identification of redox active reaction products. Yet for a clear
analysis it is required that the homogeneous catalyst is somehow
attached to the electrode surface. In rotating disk experiments
one can typically determine the equivalents of electrons that are
passed through the electrode upon substrate formation via the
Koutecky-Levich equation. This equation correlates the substrate
flux to the current in a regime where the catalytic reaction is
limited in substrate.®

In the case of water oxidation reaction, it is difficult to
imagine for the reaction to run ever out of substrate. Under
these circumstances the observed current becomes independent
of the rotation speed”’ and the use of a ring electrode becomes
more important for product identification. In such an RRDE
configuration catalytic water oxidation takes place at the disk
electrode. Upon rotation of the disk, the reaction products of
oxidation are passed over a ring electrode due to a lamella flow.
At the ring a potential is applied that allows for reduction of
dioxygen, allowing for quantitative analysis of the amount of
oxygen that is formed at the disk (Fig. 5). In a similar manner
the levels of peroxide and superoxide can be determined by
selecting a ring-potential slightly above the potential where
platinum is capable of reducing O,. To determine the actual
amount of products the collection efficiency of the electrode,
which depends on the ring-disk geometry, must be deter-
mined first using a standard reaction such as the oxidation
of ferrocyanide. One has to be careful in interpreting such
data; due to bubble formation at the disk, the concentration
of dioxygen at the ring may not be linear with dioxygen
formation at the disk. Moreover in such an analysis it is
assumed that dioxygen is reduced by n = 4 electrons at the ring.
This however may vary with the exact reaction conditions and is
best analyzed in separate oxygen reduction experiments.>® Once
the Faradaic efficiency has been determined and the catalyst
loading is known a turnover frequency can be extracted from the
disk-current.

In the case of [Ru(L)(bpy-PO(OH),)(OH,)]** and [Ru(tpy)(bpy-
PO(OH),)(OH,)]** anchored via the standard ~PO(OH), anchoring
groups at ITO nanoparticles that in turn are immobilized onto a
glassy carbon disk, maximum turnover frequencies of 0.09 s~
and 0.015 s~ ' were found at 1.65 V versus NHE (0.1 M HCIO,){

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Rotating
GC|mesolTO|IL“®°"Ru,(COsH)I(PFg), (solid black line) and the blank
GC|mesolTO electrode (solid gray line) in 0.1 M triflic acid. The corresponding
ring currents are shown as red and gray dots respectively. Reprinted with
permission from ref. 50. Copyright (2017) American Chemical Society.

with a 50% and 27% Faradaic efficiency, respectively (L = 2,6-
bis(1-methyl-1H-benzimidazol-2-yl)pyridine, tpy = terpyridine,
bpy-PO(OH), = bipyridine-4,4’-bis(methylenephosphonic acid)).*

Immobilization of [L°°°"'Ru,(CO;H)](PFs), onto a glassy
carbon electrode did not result in a massive increase in current
with respect to the bare electrode (see Fig. 5). Yet the selectively
of the oxygen evolution reaction shifted largely from non-productive
redox reactions to the actual formation of O, (see Fig. 5).°° This
highlights the importance of establishing which products are
formed as the current alone evidently is not sufficient to grasp
the full picture.

RRDE experiments have also been employed to determine
oxygen formation in the case of [Ru(bda)(P,-py)]’* and the
organocatalyst N(5)-ethylflavinium (see Fig. 5, P,-py = (1-(pyridin-
4-yl)ethane-1,2-diyl)bis(phosphonic acid)).>> In the latter example
the catalyst was not attached to the disk electrode. To what extent
the ring current can be attributed to the reduction of dioxygen
or that of partly oxidized catalytic species was in this case not
addressed.

Clark electrode

Similar to RRDE experiments, electrocatalytic oxidation of
water can also be combined with a Clark electrode.”™* An
advantage of this approach is that the Clark electrode is
shielded from the homogeneous catalysts in solution from an
oxygen permeable membrane. Consequently, the reduction of
dioxygen at the Clark electrode can proceed selectively. The
response time of such a system is considerably longer than that
of DEMS, OLEMS and RRDE (depending strongly on the exact
configuration) but with roughly 20 seconds is still reasonable
compared to any headspace analysis technique.>® Analysis of
the water oxidation reaction mediated by [Ir(Cp*)(pyalc)(OTf)]
at a gold working electrode results in an increase of dioxygen
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concentration of 70 pmole at an applied potential of 1.7 V versus
NHE (pH 7), whereas only a 36 umole increase in dioxygen
concentration was observed for the blank gold electrode.>" The
recorded Faradaic efficiency for the [Ir(Cp*)(pyalc)(OTf)] catalyst
is relatively poor with 60-70%, yet since a similar efficiency was
observed for bare gold, it was suggested that this poor faradaic
efficiency is intrinsic to the experimental setup that was used in
that particular study.

Detection of catalytic intermediates

Spectroelectrochemical techniques have been used in various
fields to detect redox intermediates.”® Especially the combination
of the obtained electronic spectra with DFT calculations is
becoming a more and more powerful strategy to identify catalytic
intermediates and to unravel reaction mechanisms. However,
one should be careful in the interpretation of such results as the
species detected spectroscopically may not be necessarily relevant
in the catalytic mechanism. In the oxygen evolution reaction
mediated by molecular catalysts in situ spectroscopy approaches
so far have been limited to UV-vis and Raman spectroscopy.
Examples of both are described below.

UV-vis spectroscopy

Spectroelectrochemistry is in particular insightful when dealing
with a catalytic species that shows several redox couples in the
current-potential diagram.’® By applying a potential between
these redox couples individual species can be obtained selectively
and their spectra recorded by UV-vis spectroscopy. It is important
to realize that the actual electron transfer reactions only occur very
close to the electrode. The distance in which one can detect species
in solution depends on the diffusion constant of the species and
on the rate in which the oxidized species reacts away (e.g via
dissociation of dioxygen).>” A convenient way to analyze catalytic
species is by use of an electrochemical cell, in which the cell
volume is small and the electrode surface is very large.”® In such a
setup, the time required to oxidize a sufficient amount of material
to detect it in the bulk is relatively short. Reversibility of the redox
couple and the accompanied changes in the UV-vis spectrum in
combination with the observation of clear isobestic points are a
good indication that the electrochemically formed species are
stable,>>%%?

In situ UV-vis spectroscopy of the bulk solution has also been
employed to show the stability of the catalytic material. This,
however, can be tricky. In such long term electrolysis experiments,
typically a small decrease in UV absorption is observed,* especially
in cases where ligand(s) partly dissociate.** Albeit the reported
decrease in activity can be small, one has to keep in mind that
decomposition of a small percentage of the molecular water
oxidation catalyst at the electrode interface may be enough to
account for all catalytic activity. An intriguing example is the case
of electrochemical water oxidation in the presence of cobalt
polyoxometallates. It was estimated that 4.3% of free cobalt
leaching from the molecular catalyst would be sufficient to
account for all catalytic activity in that particular electrochemical
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experiment.'® In an electrolysis experiment in which only material
near the electrode surface can undergo redox reactions, the
observed catalytic activity may occur through the buildup of a
heterogeneous species at the electrode surface without any
significant losses in the absorption spectrum of the bulk solution
of the (pre)catalyst. Verification that no deposition has taken place
at the electrode interface is highly recommended.

The interpretation of spectra becomes significantly easier
when the molecular catalysts are attached to a transparent ITO
or FTO electrode. In such a configuration the UV-vis spectrum
exclusively shows spectra of species that can undergo redox
reactions. Nano-ITO can be used to increase the surface area
and allows for attachment of a sufficient amount of material.*’
An illustrated example is depicted in Fig. 6. Stepwise oxidation
of [Ru(bda)(P,-py),] (bda = [2,2'-bipyridine]-6,6’-dicarboxylic
acid, P,-py = (1-(pyridin-4-yl)ethane-1,2-diyl)bis(phosphonic
acid)) was followed by in situ spectroscopy showing isobestic
points for the transitions related to the first two waves in the
cyclic voltammetry (Fig. 6, waves I and II).>! The combination
of UV-vis spectroscopy and TD-DFT calculations allowed
the authors to assign the spectra of the transient species to
Ru™-0-Ru™ and Ru"Y-0O-Ru" species, rather than their mono-
nuclear analogs. Further oxidation of the dinuclear Ru'" species
triggers the oxygen evolution reaction (wave III).

Treatment of nanolTO electrodes with a dinuclear iridium(iv)
precursor obtained from [Ir(Cp*)(pyalc)(CF;COO)] and periodate
results in the immobilization of dinuclear iridium(wv) species
that still carry the organic pyalc ligands.®® UV spectroscopy was
successfully used to show that the attachment of the complex on
nanolTO is rather stable. Only at very alkaline conditions the
disappearance of the UV signal was observed. When a potential
was applied between 0.5 and 1.4 V versus NHE a wave at 580 nm
was observed which is typical for an iridium(wv) species (Fig. 7).
This value corresponds well with the 608 nm that was found for

=382 nm
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-0.20
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Fig. 6 Electrochemistry in combination with UV spectroscopy of
[Ru(bda)(P2-py),] on nanolTO in 0.1 M HCLO4. In pink is given the current
as a function of time, while scanning between 0.2 V (start and finish) and
1.4 V versus NHE (middle) at 10 mV s~ The UV spectra of the catalytic
intermediates are followed at 678 nm (assigned to a Ru™ORu" species),
562 nm (overlaying MCLT transition of the Ru" complex and the RuV-O-Ru"
complex) and 382 nm (MCLT transitions of the Ru" complex). Reproduced from
ref. 51 with permission from the Royal Society of Chemistry.
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Fig. 7 The in situ UV spectrum of a deposited iridium(v) pyalc complex at the
+lIl oxidation state (black), the +IV oxidation state (red) and catalytic conditions
(purple). Adapted from ref. 65 with permission from the Nature Publishing Group.

the parent iridium(v) precursor in solution. Below 0.5 V versus
NHE the iridium sites are reduced to the +III oxidation state.
Above 1.4 V versus NHE the oxygen evolution reaction is triggered,
probably via initial oxidation of iridium to the +V oxidation state.

Vibrational spectroscopy

Thus far on-line vibrational studies of catalytic intermediates in
the electrocatalytic water oxidation reaction have been restricted
to Surface Enhanced Raman Spectroscopy (SERS) studies. SERS
is a non-linear technique that can be extremely sensitive.’® The
main advantage of this Raman approach is that one can use
particular surfaces (e.g. Au, Ag, Pt) both as the working electrode
and for surface enhancement of the Raman signals.®” This
approach has been used frequently to study molecular catalysts
for the oxygen reduction reaction.®®®® In particular partly
reduced dioxygen (and likewise partly oxidized aqua species)
can easily be detected by Raman techniques and identified by
80 and *H labeling experiments.”® Under more oxidative conditions
that are compulsory to study the water oxidation reaction, SERS
analysis of catalytic intermediates is more troublesome as formation
of a metal oxide layer desensitizes the sample for Raman activity.”*
Such phenomena are for example visible in Fig. 8 where the gold

500 550 600 650 1000 1050
i Raman Shift (cm™)
[Ru'-OH,*" '
[RUIH—OH]2+ :
[RUIV=O]2+ E

550 600 650 700

1 L]I | | ] ‘
1050 1100 1550
Frequency (cm™)

1650

Fig. 8 Potential dependent SERS response of dropcast [Ru(cy)(opc)(OH,)1%*

on a roughened gold electrode (above) and calculated spectra using TD-DFT
(below). The potentials vary from —0.4 V to 0.8 V (in steps of 100 mV from the
bottom to the top) versus NHE (pH = 7.0).1 Reprinted with permission from
ref. 38. Copyright (2017) American Chemical Society.
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surface becomes desensitized above 0.8 V versus NHE (pH 7).t
Hence SERS is predominantly useful to detect catalytic inter-
mediates that are formed at milder potentials than the potential
determining step. Detection of catalytic species that are formed
at the potential determining step is difficult nonetheless as
typically these species react away rapidly upon release of dioxygen.
Oxidation of [Ru(cy)(bpc)(OH,)]*" occurs from the ruthenium
+1I oxidation state to the +III and +IV oxidation states at 0.15 V
and 0.55 V versus NHE respectively.>® These transitions from
Ru"(OH,) to Ru™(OH) and Ru™=0 can be observed in the
Raman spectrum of [Ru(cy)(bpc)(C)]** dropcast on a roughened
gold electrode, showing clear domains below 0.1 V, between
0.2 V and 0.5 V, and above 0.6 V (Fig. 8). Whereas the Ru-O
signal of Ru"(OH,) is expected at very low frequencies and
therefore was not detected experimentally, a clear signal was
observed at 570 cm ™' corresponding to the Ru-O stretch of
Ru"(OH). The weak stretch for Ru=0 was expected at 830 on
the basis of TD-DFT calculations and similar to other Ru=—0
species was not detected. The change in the oxidation state
of the ruthenium center is in line with shifts of the Ru-N
(~1050 ecm™ ") and bipyridine C-C signals (~1500 cm™ ') to
higher wavenumbers. Above the onset of gold oxidation at 0.8 V
versus NHE the Raman signals broaden and weaken significantly.
Cycling the potential back to its starting position regenerates the
Raman spectrum of Ru"(OH,) and illustrates that the catalytic
material is stable under the conditions employed.*®
Reversible oxidation of [Ir(Cp*)(Me,-NHC)(OH),]
observed at 1.0 V versus RHE.*® Above 0.9 V a Raman signal
was found at 560 cm ™", which shifts to 520 cm ™" in '®0 labeled
water. Since no changes are observed in deuterated solvent and the
~40 ecm™ ! shift fits well with the formation of a bridging oxide,”
the p-O bridged iridium(v) species [{Ir(Cp*)(Me,NHC)},(1-0),**
was proposed as a catalytic intermediate under electrochemical

was

conditions in analogy with early assignment of a similar p-O
bridged iridium dimer as a catalytic intermediate in the water
oxidation reaction in the presence of [Ir(Cp*)(pyalc)(CF;C00)].>
However, a species bearing a single p1-O ligand as was postulated
more recently in the case of [Ir(Cp*)(pyalc)(CF;COO)] on the
basis of ex situ X-ray absorption spectroscopy’ " would fit with
such Raman observations as well. A further increase of the
potential above 1.5 V versus RHE results in an oxygen evolution
reaction.”®*°

Conclusions

In operando studies combined with electrochemistry allow one
to obtain structural information regarding the “true” catalytic
species under well-defined and meaningful conditions in the
water oxidation reaction. Especially a combination of in operando
techniques with further ex situ studies and density functional
theory can be very powerful for the determination of the “true”
catalytic species, structure-activity relationships and catalytic
mechanisms. Recently, considerable advances have been made
in this area and microbalance, mass spectrometry, Clark electrode,
RRDE electrode, UV-vis spectroscopy and surface enhanced Raman
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spectroscopy all have successfully been used in several illustrative
examples and have led to important new insights. Other techniques
such as IR spectroscopy and various X-ray spectroscopy techniques’
are yet to be explored in an electrochemical oxygen evolution context
employing a molecular catalyst.
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