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ABSTRACT: Polyoxometalates (POMs) have been proposed to be

excellent homogeneous water oxidation catalysts (WOCs) due to their
oxidative stability and activity. However, recent literature indicates that
even these relatively robust compounds can be transformed into hetero-
geneous, metal-oxide WOCs under the oxidizing reaction conditions
needed to drive O, evolution. This review covers the experimental
methodology for distinguishing homogeneous and heterogeneous
WOOCs; it then addresses the “what is the true catalyst?” problem for
POMs used as precatalysts in the oxidation of water to O,. These results
are also compared to the broader WOC literature. The primary findings
in this review are the following: (1) Multiple, complementary experiments
are needed to determine the true catalyst, including determination of
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catalyst stability, speciation, and kinetics under operating conditions. (2) Controls with hypothetical heterogeneous metal-oxide
catalysts are required to determine their kinetic competence in the reaction and support the conclusion of either a homogeneous
or heterogeneous catalyst. (3) Although many studies observe qualitative stability of the starting POM under the reaction
conditions, there is a lack of quantitative stability studies; if one does not know where the (pre)catalyst mass lies, then it is very
difficult to rule out the possibility of an alternative species as the true catalyst. (4) The stability of POMs is dependent on the
polyoxometalate, the metal center, and the reaction conditions. And, (5) as a result of the variable stability of POMs under
different reaction conditions, those different conditions can influence the dominant catalyst identity. Overall, knowledge of which
POMs (or other starting materials) tend to transform into heterogeneous WOCs, and how they do so, is therefore critical to
developing the next generation of higher stability, higher activity, and truly long-lived POM and other water oxidation catalysts.
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1. INTRODUCTION

Catalysis is as important a discipline as any in the chemical
sciences. It is directly involved in the production of numerous
chemicals and materials. Recent estimates indicate catalysis is
involved in producing 90% of industrial chemicals."

Due to the economic and fundamental scientific impact of
catalysis, knowledge of the true catalyst is of utmost importance
in catalysis science. Restated, because all catalytic properties
are derived directly from the identity of the active catalyst—
including activity, selectivity, lifetime, poisoning, isolability, and
catalyst regeneration—one must first identify the active catalyst
in order to optimize and improve that catalyst. A subtopic of the
catalyst identification problem is distinguishing homogeneous
from heterogeneous catalysts. This topic has been reviewed both
generally”® and in a variety of specific areas, including cross
coupling,4 hydrogenation,5 water splitting,6 and water oxidation’
reactions. Recently, the problem of identifying the true catalyst
has come to a head in the water oxidation literature, where a
number of systems which begin with discrete precursors are
transformed into heterogeneous metal-oxide catalysts under the
highly oxidizing environments needed for catalytic water
oxidation. Current interest in water oxidation derives from the
importance this reaction promises to play in sustainable energy
storage schemes such as water splitting® ™" and the reduction of CO,
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to fuels®® > such as methanol. The water oxidation half-reaction is
often cited as a bottleneck in these fuel forming cycles due to the
complexity of this net four electron, four proton transfer reaction
along with the requirements of high activity, long lifetime, and
affordability of the catalyst. Numerous reports of water oxidation and
solar water splitting devices have begun addressing these
challenges and have been reviewed. > ™%’

However, and despite the explosion of research in the area of
water oxidation by discrete precursors, only recently has the
problem of distinguishing homogeneous and heterogeneous
catalysis become a priority. Recent reviews have addressed this
problem in a broad manner for water oxidation catalysis.*” The
first of these provides a general discussion of determining water
oxidation catalysts by focusing on a handful of case studies.”
The second review® discusses water splitting with discussion of
WOCs as well as reduction catalysts—an area which has been
reviewed previously,” although not in the specific area of H,
evolution. The main conclusions of the prior reviews in the area
of distinguishing homogeneous and heterogeneous WOCs are
the following: (i) Conditions are important in determining the
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Figure 1. General methodology for distinguishing homogeneous from heterogeneous catalysts, including water oxidation catalysts. This is an updated
version of the method which has been developed by our group®” for identifying the true catalyst in other reactions.

true catalyst. (i) Organic ligands decompose under the highly
oxidizing conditions. And, (iii) multiple techniques are needed to
characterize the catalysts. Overall, these reviews cover some of
the methods and literature relevant to determining the true
WOC.%7

One primary, current hypothesis for overcoming the instability
of organic ligands under oxidizing conditions is to use non-
oxidizable complexes such as polyoxometalates (POMs).**~*!
This class of compounds, which were first synthesized in 1826,*
possesses many properties desirable in oxidation catalysis,*~*
namely, oxidative stability and the ability to adopt a wide variety
of structures while incorporating single or multimetallic catalytic
centers. The synthetic and structural aspects of this broad class of
compounds has been extensively reviewed by others and will,
therefore, not be addressed directly herein.>*~>* Additionally,
these comﬁpounds can sometimes act as discrete metal-oxide
mimics®>*° and are therefore relevant to the study of both
homogeneous and heterogeneous WOCs.

The scope of the current review is to comprehensively address
the question of distinguishing homogeneous and heterogeneous
water oxidation catalysis when beginning with discrete poly-
oxometalate precursors. This review will address the method-
ology and characterization methods needed to fully answer this
question, describe how this methodology has been applied to the
polyoxometalate WOC literature, and discuss how these results
fit into the broader field of homogeneous WOCs. Note, the terms
“homogeneous” and “heterogeneous” are used throughout to
indicate the type of active site, as first proposed by Schwartz, and
not the phase of the catalyst;*” that is, a homogeneous catalyst
contains a single type of active site, whereas a heterogeneous
catalyst has multiple types of active sites. For example, hetero-
geneous metal-oxide catalysts can either be insoluble or soluble/
colloidal.

An alternative nomenclature of “homotopic” and “hetero-
topic” has been proposed by Crabtree to indicate the type of
active site.” Hence, for the purposes of this review, “homo-
geneous” means “homotopic”, and “heterogeneous” means
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“heterotopic”. Although the present review focuses on
polyoxometalate WOC precursors, the general methodology
for distinguishing homogeneous and heterogeneous catalysis,
which has been developed in our lab for over 20 years,™ is
applicable to all WOCs as well as other catalytic transformations.
That is, the methods and discussions which follow, for determin-
ing the true catalysts, have proved to be broadly applicable.

2. METHODS FOR DISTINGUISHING HOMOGENEOUS
AND HETEROGENEOUS WATER OXIDATION
CATALYSTS

The methodology to distinguish homogeneous and heteroge-
neous catalysts developed previously™ is given in Figure 1.
Rigorous identification of the true catalyst via this method
consists of five basic steps: (1) generation of all possible
hypotheses for the true catalyst, (2) determination of the stability
of the precursor and its speciation ideally in operando (i.e., under
the operating conditions), (3) characterization of all detectable
forms of the (pre)catalyst where possible, (4) measurement of
the kinetics of the reaction including controls with alternative
precatalysts, and (S) conducting additional quantitative mech-
anistic tests, controls, and so on as required. Lastly, one must use
the data in steps 2—S5 to rule out all alternative forms of the
catalyst en route to a final conclusion of either homogeneous or
heterogeneous catalysis. Ultimately, this method is as simple or
as difficult as (i) determining where the mass of the precursor lies
under the reaction conditions (i, in operando) and then (ii)
quantifying the kinetic contribution of those possible catalyst forms to
the observed activity.

2.1. Generation of Hypotheses for the True Catalyst.
The central intellectual tool for identification of the active WOC
is the disproof of multiple alternative hypotheses. This method,
described by Platt®® and which dates back to Chamberlain’s
classic 1890 paper,>” emphasizes the need to consider any and all
reasonable explanations for experimental data. In the present
case of WOCs starting from POMs, the three primary competing
hypotheses are (1) that the catalyst is the starting discrete
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polyoxometalate precursor, (2) that the POM precursor
transforms into a heterogeneous catalyst such as the correspond-
ing metal oxide, or (3) that an unknown, possibly insidious,
material is the catalyst (e.g, insidious Co®" as a countercation in a
cobalt POM, where cobalt(II) should only be within the POM
structure). It is also possible that the true catalyst is some
combination of these three hypotheses—or another, presently
unconceived hypothesis for the true catalyst.

Proper application of Platt’s method requires careful
experimental design of control experiments. These control
experiments are crucial to ruling out alternative hypotheses and/
or determining the limits of particular methods employed. In
particular, control experiments are needed when investigating
the reaction kinetics because different catalysts will, by definition,
have different mechanisms. A caveat here is that one must know
what the alternative catalytic material might be in order to run the
correct control experiment.’ Overall, rigorously distinguishing
homogeneous and heterogeneous WOCs must rely on a method
which directly attempts to disprove any alternative forms of
the catalytic species in each step of the process. The following
sections address these steps and the specific methods which can
be applied to these catalyst identification problems with POM
starting materials. Unfortunately, we will see that too often in the
literature, a disproof-based method is not employed.

2.2. In Operando and In Situ Stability and Speciation
Studies. A first step in identifying the true WOC is determining
the stability and speciation of the precursor under the reac-
tion conditions. Although characterization of the fate of the
(pre)catalyst may seem obvious, it is frequently a challenging task
due to the low precatalyst concentrations (frequently in the low
micromolar range for POMs) and hence, the even lower possible
concentrations of hypothetical alternative catalysts derived from
the precatalyst. Polyoxometalates have the additional complica-
tion of ion-pairing with cations or limited solubility under many
reaction conditions; because these complexes have large anionic
charges, they interact strongly with cations derived from their
precursor salts, the electrolyte/buffer, and especially polycations
which sometimes include the oxidant (e.g, Ru(bpy);**). To
combat these difficulties, a variety of techniques are often needed
to discover the speciation of POMs under the reaction con-
ditions. It should be noted here that although in operando
characterization is best,’*®" in operando spectroscopic methods
have not yet been applied to any POM under the standard
reaction conditions employed. Instead, characterization typically
takes place under conditions which are in situ but take place
either before or after the reaction. Hence, the use of in operando
spectroscopies with POM and other WOC:s is an important area
for future studies.

2.2.1. UV—Vis Spectroscopy. UV—vis spectroscopy can be a
useful initial method for determining the stability of polyoxo-
metalates. Contant has used UV—vis spectroscopy to measure
the association constants for numerous metal-substituted,
lacunary POMs.®>®® Only one example exists in the literature
where UV—vis spectroscopy has been used to characterize a
POM derived catalyst under the presence of excess oxidant.**
Others, ourselves included, have used the visible absorption
bands to measure the solution stability of POMs in situ (but,
again, not precisely nor truly in operando).”~"® For these
experiments, the identity of the incorporated metal largely
determines the utility of this method. For example, most cobalt-
POMs have relatively weak d-d transitions in the visible region,
thereby making this method useful only at high (usually

millimolar) POM concentrations, as done by Galan-Mascards in
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electrochemical studies where the loss in {Cos(H,0)¢(OH)s;-
(HPO,),(PW,03,);}'%~ was determined after bulk electrol-
ysis.”” In comparison, absorption coeflicients of ruthenium
POMs are larger,ég_73 allowing them to be measured accurately
using conditions more relevant to catalysis.

POM:s also have strong absorption bands in the UV region.
These bands are broad and occur in all POMs and, therefore, are
not a definitive characterization method. However, the large
absorption coeflicients for these bands have been useful in
quantifying POMs which have been separated by HPLC (vide
infra),*® as was done to determine the oxidative stability of
[Co,(H,0),(PW,05,),]"" at ~1.25-5.0 uM concentrations.”"

2.2.2. Electrochemistry. Polyoxometalates have a rich electro-
chemistry associated with both reduction of tungsten or
molybdenum and oxidation of heteroatoms (i.e., the incorpo-
rated cobalt, ruthenium, iridium, or nickel heterometal atoms,
metals of special interest for WOCs'>'*!'”). These characteristic
peaks can be used to identify POMs, especially when used in
conjunction with other physical methods. Electrochemical
methods can also be used to characterize possible intermediates
in the water oxidation reaction, as is common for ruthenium-
based POMs.**~* In addition to direct measurements of the
POMs, electrochemical methods have also been used to quantify
decomposition products, including aqueous Co?*, and CoO, or
MnO, films which form under oxidizing conditions. %1878
This ability to electrodeposit metal-oxide films, if present, is
advantageous, because it allows one to easily isolate and then
characterize these films, which are often very active
WOCs, 19667981

Conversely, the electrode can make it difficult to identify
homogeneous catalysts, because electrodeposition of heteroge-
neous metal oxides will concentrate and enhance the effect of any
metal-oxide film over relatively dilute solution species, thereby
obscuring any homogeneous activity. Note, however, that this
concentrating effect can also be observed for any adsorbed,
anionic material, including adsorbed polyoxometalates on a
positively polarized electrode.”®~> This phenomenon has been
followed by electrochemical quartz crystal microbalance studies
for water oxidation studies starting with [(Mn(III)(H,0));-
(SbWy033),1°~.%” In our own studies, we also have electrochem-
ical evidence that [Co,(H,0),(PW,0;,),]'°” may be adsorbing
to glassy carbon electrodes in both pH 5.8 and 8.0 sodium
phosphate solutions.®" One caveat in electrochemical studies is
that sometimes the redox activity of transition-metal-substituted
POM:s is absent, depending on the specific POM, the electrode
material, or the pH, thereby making electrochemical methods
useful in only some cases.

One electrochemical method which has found wide use
in studies of WOCs is the measurement of a current-
overpotential”® relationship. In this method, the log of the
current is plotted versus the log of the overpotential, which
results in a straight line for well-behaved systems; this is also
known as a Tafel plot.”* The slope of the fitted line is ultimately
related to the catalytic mechanism. For example, a slope of
60 mV/decade (i.e, the current changes by an order of mag-
nitude when the overpotential is increased by 60 mV) is
consistent with a reversible one-electron transfer followed by a
chemically turnover-limiting step, whereas a 120 mV/decade
slope could be consistent with a turnover-limiting electron
transfer step. Others have used these plots as a qualitative
method to differentiate between catalysts. Additional discussion
of current—overpotential relationships can be found elsewhere.”*
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In short, electrochemical methods allow one to both measure
catalyst activity as a function of driving force and characterize
redox active reaction intermediates and their stability en route to
identifying the true WOC.

2.2.3. NMR/EPR. Because POM:s typically have no organic
ligands (unless intentionally functionalized), NMR character-
ization typically relies on *'P, "*W, 'V, ® Mo, and '"O nuclei,
the last of which must be intentionally incorporated in most
applications.”>™” A primary benefit of NMR, is that it can
directly follow the stability and speciation of POMs, because the
number and chemical shift of peaks are often definitive
fingerprints for POMs. For example Contant and Zhu et al.
have used NMR (among other methods) to study the pH-
dependent speciation of phosphotungstates.”®” Despite the
utility of NMR spectroscopy, it has been used relatively
infrequently for POM WOC studies since many of the species
are paramagnetic, thereby broadening and shifting peaks while
requiring higher catalyst concentrations for detection.'®
However, Hill and co-workers have successfully used *'P NMR
to qualitatively demonstrate the presence of a [Co,(H,0),-
(PW,03,),]""" species at the end of water oxidation reactions
using a Ru(bpy);** oxidant.® In other, noncatalytic studies,
Ohlin et al. have used '’O NMR to measure the rate of water
ligand exchange on [Co,(H,0),(PW,0,,),]'*" and found a fast
1.5 X 10° s™! water exchange rate constant—a necessary require-
ment for highly active WOCs."”" Overall, NMR is potentially
useful in quantifying POM stability under reaction conditions,
but the technique has found limited application due to low
magnetic receptivity of '*W and **Mo, solubility issues (vide
infra), and the presence of paramagnetic metal centers.

The presence of paramagnetic redox centers open up the
possibility of EPR spectroscopic characterization. Ruthenium
POMs have been characterized by EPR including, [Ru,(¢-O),-
(u-OH),(H,0)4(r-SiW10035)-] " and [RU(HZO)SiWUOw]s_ and
their higher oxidation state analogues.**”® EPR has also been used to
determine the solution stability of [Co,(H,0),(PWy03,),]"°"
and [Co,(H,0),(P,W5054),]'*", where aqueous, leached Co**
is also EPR active.'”" Although this method can illuminate pos-
sible paramagnetic solution species, kinetic studies are needed to
connect the observed species to water oxidation activity.

2.2.4. IR, Raman, and Resonance Raman. Due to the large
number of vibrational bands, IR spectra are often used as
diagnostic fingerprints. In general, IR characterization is used to
either identify a particular compound or to verify the presence of
the hypothesized catalyst after it has been isolated from the
postreaction solution 5562727879102 However, since water
interferes with collection of IR, this method is generally not
applicable to in situ or in operando characterization of water
oxidation catalysts.

Raman and resonance Raman (rRaman) have proven to be
more useful than IR when characterizing POMs under water
oxidation reaction conditions.'*> Resonance Raman is especially
useful since it allows the catalyst/precatalyst to be selectively
excited, thereby enhancing the signal-to-noise ratio and allowing
lower concentrations of catalyst to be investigated. This method
has been used to investigate the reaction intermediates in ruthe-
nium WOCs where the conversion of Ru—OH, into Ru=0
bonds occurs upon oxidation.**”® Regions of particular relevance
to water oxidation catalysis are the M—OH and M—OH,, which
appear from 330 to 550 cm™ for [Ru,(-0),(u-OH),(H,0),(y-
SiW10036),]'"" (and its oxidized products) and the M = O at
~800 cm ™! for [Ru(0)SiW,;03,]°~.°*7® The strength of Raman
spectroscopy ultimately derives from its potential ability to
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characterize WOCs in operando and is a potentially powerful,
underutilized method at present.

2.2.5. EXAFS/XANES. Extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure
(XANES) are valuable techniques to probe both the local
coordination environment and the oxidation state of either
solution or solid-state materials. Despite the potentially powerful
nature of these experiments, characterization of [Ru,(u-O),(u-
OH),(H,0),(7-SiW,054),]'°" reaction intermediates is pres-
ently the only example of EXAFS/XANES in the POM WOC
literature.'®* Unfortunately, in the case of [Ru,(u-O),(u-
OH),(H,0),(y-SiW;;054),]'°", the ruthenium EXAFS/
XANES is nearly identical to a heterogeneous RuO, material,
thereby obfuscating the ability to distinguish a homogeneous
versus heterogeneous catalyst during catalytic water oxidation
(which was not pursued in this example;'** prior evidence is
consistent with a homogeneous POM catalyst’*). In addition, the
optimum use of these X-ray absorption methods requires
accurate models which may or may not be available for
hypothetical heterogeneous MO, WOCs. Pure materials or
knowledge of the catalyst speciation is also needed since EXAFS
is a bulk technique which measures the average absorption.
Therefore, EXAFS/XANES provide strong evidence for the
active catalyst under the reaction conditions but only if the
speciation and kinetics have been measured by other techniques.

2.2.6. Dynamic Light Scattering and Small Angle X-ray
Scattering. This last set of characterization techniques, namely,
dynamic light scattering (DLS) and small-angle X-ray scattering
(SAXS), are aimed at determining whether particles are formed
in solutions and, if present, their size. Of these methods, DLS has
found the broadest usage due to the wide availability and the
ability to measure particles in situ.”®”*”%'>1% Throughout the
POM WOC literature, the putative absence of particles in a
postreaction solution has been used as evidence to rule out
heterogeneous WOCs. However, this conclusion follows only if
the underlying assumption, that all heterogeneous materials can
be detected, is true—a potentially difficult analytical problem
since the sensitivity of DLS decreases with the particle radius and
concentration.'®”*® That is, the lack of observed particles only
guarantees that there are no particles above the detection limit of
the method, not that lower concentrations of potentially very
catalytically active particles are not there. Conversely, the pres-
ence of particles does not guarantee a heterogeneous metal-oxide
material is the catalyst since POMs can also precipitate under the
reaction conditions, especially when cationic oxidants such as
Ru(bpy);** are used.***”° In summary of DLS and SAXS
methodology in the WOC area, these methods can provide
evidence for particles, in which case additional experiments are
needed to characterize these materials and demonstrate the
catalytic kinetic competence (or not) of the particles. Additionally,
when no particles are observed, controls are critical to determining
the detection limit of these methods in order to rule out (or
support) the possibility of highly active, heterogeneous WOCs.

2.3. Catalyst Isolation and Ex Situ Characterization,
Where Possible. Once the speciation of the POM starting
material is known, a third, useful step in distinguishing homo-
geneous and heterogeneous catalysis is isolation and ex situ
characterization of any detected forms of the catalyst. This step is
closely tied to the second since it involves determining where the
catalyst mass lies and its precise composition. However, caution
must be taken when interpreting ex situ characterization results
since isolation processes can alter the material. In addition, ex situ
methods also tend to be more qualitative and overall less definitive
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than in operando methods. IR and NMR are often utilized on the
resultant isolated materials, but these methods have already been
addressed (sections 2.2.3 and 2.2.4, vide supra) and, therefore, will
not be discussed further here. Because isolation of POM or hetero-
geneous MO, materials is required prior to any ex situ character-
ization, isolation methods that have proven useful are provided first
in what follows.

2.3.1. Extraction. Due to the large anionic charge of most
POMs, they interact strongly with a variety of organic solvent
soluble cations such as tetra-alkyl ammoniums. Strong cation™"-
POM"” interactions allow one to extract POMs from aqueous
solutions into organic solvents which contain alkyl-ammonium
cations.'® In addition to isolation of the POM, an extraction can
leave behind cationic decomposition products. Hill and co-
workers elegantly leveraged this technique to determine the
hydrolytic stability of [Co,(H,0),(PWy05,),]'°"; the POM was
extracted from aqueous solution using toluene/tetra-n-hepty-
lammonium nitrate, and then the remaining aqueous Co*" was
quantified by ICP-MS.®” One complicating factor of extraction is
that although the POM has been separated from the aqueous
solution, additional isolation methods, such as recrystallization,
are needed to recover the POM from the organic solvent.

2.3.2. Precipitation/Filtration/Centrifugation. Perhaps the
easiest way to isolate POMs from solution is via precipitation
upon addition of an excess of cations.®>****”>7® For this pur-
pose, large cations such as Cs* or Ru(bpy);*" are most effective
due to size-matching effects resulting in high solid-lattice energies.
Indeed, when chemical/photochemical oxidants are used to drive
the water oxidation reaction, POMs often precipitate prior to or
during the reaction (a factor which also complicates the observed
kinetics as discussed in section 2.4). Once the POM has been
precipitated, it can easily be collected by filtration or
centrifugation. The filtrate or supernatant can also be tested
for residual catalytic activity to help determine the phase of the
catalyst.

2.3.3. HPLC. Separation of multiple POM or other species is
difficult to achieve if the species possess similar solubility, charge,
and/or size characteristics. One of the few methods capable
of this separation is reverse-phase, ion-pair HPLC where the
combination of (alkyl-cation)-POM plus (alkyl-stationary-
phase)-(alkyl-cation) interactions allow POMs to be separated
based primarily on their charge.*® Application of this HPLC
method has allowed the stability of [Co,(H,0),(PW,05,),]"°~
to be quantified using postelectrocatalytic reaction solutions.®!
Controls using pre-established UV—vis extinction coefficients
are also useful to verify whether or not the POM of interest is
soluble in the eluting solvents and is stable on the column.***!
Two limitations of this method are that MO, materials have not
yet been successfully separated by HPLC, and precipitated POM
materials will not be observable. Overall, in favorable cases
HPLC can put a lower limit on the POM stability, but it is an
indirect method where controls plus caution are needed in
interpreting the results, especially since conditions on the HPLC
column are typically far different than the catalytic conditions.
Also, HPLC is, in our experience, not able to identify where any
missing (pre)catalyst mass lies.

2.3.4. Electrodeposition/Electrode Rinsing. When a pos-
itively biased electrode is the oxidant source, the electrode
material can easily be removed from the polyoxometalate solu-
tion and rinsed with water to remove residual electrolyte or
soluble catalyst.°®’*®! The resultant electrode can then be
subjected to a battery of tests to characterize its surface; it can
also be placed in POM-free solution and tested for residual
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catalytic activity. This simple experiment can be very telling if a
heterogeneous metal-oxide catalyst is present on the electrode
surface and especially if that solid oxide is the dominant WOC.
However, caution should be exercised when interpreting these
rinsing experiments since some MO, catalysts are not stable
under the highly oxidizing conditions needed for water
oxidation—CoO,, instability at 1.4 V versus Ag/AgCl in pH 8
sodium phosphate is a case in point.®" A variety of POMs,
including Co or Mo containing POMs, are known to adsorb
strongly to glassy carbon and mercury electrodes.®"*”?°~>
Hence, a significant caveat here is that the absence of a metal-
oxide film cannot rule out heterogeneous catalysis, and residual
activity after rinsing cannot definitively rule out homogeneous
POM catalysis.

2.3.5. Postelectrolysis Surface Characterization (SEM, EDX,
WDS, XPS). To visualize and characterize an electrode used for
electrochemically driven water oxidation, scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDX) (or wavelength dispersive X-ray spectroscopy, WDS)
analysis is a useful first step.66’79’81’110 This technique requires
that a catalytically active material remains on the electrode
surface. When a deposited catalyst is present, EDX or WDS can
provide qualitative identification of, and ratios for, the elemental
components of the material. This information can then be used
to provide evidence for or against the starting POM being
deposited on the electrode, within the detection limit of the
method.""" However, care should be taken in interpreting these
results since the high energy (~S—1S5 keV) incident electron
beam, which ultimately results in the element specific X-ray
emission, penetrates to depths of micrometers and therefore is
relatively surface insensitive.'"'" For nanometer thick films or
monolayer coverage of electrodes, surface-sensitive techniques
are more appropriate.

X-ray photoelectron spectroscopy (XPS) is one technique
which is more surface sensitive than EDX but which provides
similar information on the elemental makeup of a postelectrolysis
electrode.®’ Because this technique relies on the detection
of relatively low-energy (<1 keV) emitted electrons, only the
surface 1—20 nm allows a significant portion of these electrons to
escape.''> XPS has the benefit of providing additional character-
ization data since the measured binding energy (i.e., the energy of
the ejected electrons) depends on the oxidation state and
chemical environment of each element. Controls examining
known materials are therefore powerful in distinguishing
between different materials/compounds, even when the same
elements are present (e.g., distinguishing between Co;0, and
Co00). Overall, ex situ characterization of postreaction electrodes
can lead to critical information when a catalytic material remains
deposited or adsorbed. That said, the lack of a detectable catalytic
material provides little insight into the true WOC.

2.3.6. TEM. Technological advancement and broadening
availability of transmission electron microscopy (TEM) has led
to the widespread use of this primarily ex situ method in
visualizing nanometer and subnanometer particles which can
form during water oxidation reactions.'*® Unlike SEM, which is
primarily for analysis of electrochemically driven reactions, TEM
can be used to analyze the postreaction solution components
regardless of the oxidant source. As noted in our 2003 review on
distinguishing homogeneous from heterogeneous catalysts,’
several limitations of TEM should be considered when using
ex situ microscopy evidence in support of a homogeneous ver-
sus a heterogeneous catalyst hypothesis. First, TEM does not
provide direct evidence for catalysts, but rather indicates the
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presence or absence of materials which might be catalysts; stoi-
chiometry (ie., how much of the starting material is converted
into possible catalytic materials under, ideally, in operando
conditions) and kinetics are needed to provide supporting
evidence for the true catalyst. Second, beam damage can occur
when using electron microscopy, where nanoparticles are formed
within the electron beam.'** Controls are therefore needed to
verify the stability of starting materials under the beam.""* Third,
most water oxidation systems (and POMs in particular) have the
added difficulty of a low concentration of precatalyst in the
presence of a very large excess of nonvolatile buffer (e.g, a
precatalyst:buffer ratio of up to 1:10%).®” That is, finding and
detecting the presence of nanoparticle catalysts (if they are
present) can become exceedingly difficult under such dilute
conditions. Therefore, if TEM is invoked as evidence against a
heterogeneous catalyst, one should also demonstrate that control
experiments can easily detect the amount of heterogeneous material
needed to account for the observed catalytic activity. Due to the
limitations noted above, TEM has been used much less
frequently in identifying heterogeneous WOCs than in
metal(0) nanoparticle literature where reducing conditions are
typically used.”

2.3.7. MS and ICP/MS. Mass spectrometry (MS) is another
characterization method which lends itself to both speciation
(section 2.2) and ex situ characterization (section 2.3) studies;
MS is classified as the latter, ex situ method for the purposes of
this review. To our knowledge, MS has not yet been used to
characterize POMs under catalysis conditions, even though MS
can provide very strong evidence for the presence of specific
species due to the high molecular weights and characteristic
isotopic peak ratios, as reviewed by Cronin and co-workers."'* Of
course, MS has the disadvantage that only species which can be
desorbed/ionized into the gas phase will be observed. Hence,
only with extensive controls on authentic, possible heteroge-
neous and other catalysts can MS accurately report on the
presence, or absence, of catalytic materials.

However, POMs do lend themselves to tandem isolation-ICP/
MS (inductively couple plasma-MS) methods which can be used
to infer the solution speciation. For example, Hill and co-workers
have used POM-extraction plus ICP/MS of the resultant
aqueous solution to quantify the dissociation of Co®* from a
[Co,4(H,0),(PW,0,,),]'"" starting material®” Others have
used HPLC/ICP/MS (in conjunction with *'P NMR) to
determine the speciation of phosphotungstates as a function of
pH (although these POMs were not studied for their catalytic
activity).” Hence, MS and ICP/MS can provide speciation and
characterization data which are complementary to in situ
spectroscopies such as NMR, Raman, X-ray absorption, and
UV—vis. Although isolation and ex situ characterization is, again,
less desirable than in operando characterization due to the
possibility of sample alteration during the experiment, all of the
ex situ methods described in the above section (3.3) can provide
visual and elemental analysis evidence necessary for correct
identification of possible catalytic species.

2.4. Kinetics. Distinguishing homogeneous and heteroge-
neous WOCSs requires kinetic studies since, in the words of Jack
Halpern, “catalysis is, by definition, purely a kinetic phenomen-
on”.!'® Every catalyst has a characteristic mechanism which
determines the observed kinetics. Therefore, understanding the
kinetic dependence of the reaction variables is absolutely
required for unequivocal identification of the true catalyst.

Dioxygen (O,) evolution kinetics are one of the most relevant
metrics, since the desired product of 4e™ water oxidation is O,
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(and 4H"). Oxygen evolution can be measured using several
different methods, including electrochemically (e.g, a Clark-type
electrode), fluorescence quenching probes, gas chromatography,
or a pressure transducer, the latter along with independent veri-
fication that O, is in fact the gaseous product being mea-
sured.”>7#768L17=119 Alternatively, one can measure oxidant
consumption'*° or oxidation current as a proxy for O, evolution,
if the overall efficiency for the reaction is near 100%. However,
one must verify that the oxidant is being quantitatively used for
the O, evolution reaction in order to be able to correlate the rate
of oxidant loss directly to the rate of O, evolution (the latter
divided by the stoichiometric factor of 4, i.e., -d[le” oxidant]/
dt =4 d[0O,]/dt). This point is especially relevant since stoichio-
metric conversion of the oxidant into O, is rarely observed,
because side-reactions are possible, notably 2,2’-bipyridine
ligand oxidation when Ru(bpy);** is used as the oxidant.'*"'**
When a chemical oxidant is used the efficiency is usually referred
to as the “O, yield”, whereas when electrochemical oxidation is
used the term “faradaic efficiency” is most common. In general,
faradaic efficiencies tend to be higher than chemically driven O,
yields conducted under otherwise similar conditions since fewer
side oxidation reactions seem to be observed, at least to date,
when electrochemical oxidation is used.

An additional complicating factor observed in O, evolution
kinetics is the presence of sigmoidal or S-shaped kinetic curves.
Sigmoidal curves and other curves with induction periods have
been observed in the literature when the starting material is
converted into a more active catalytic material (i.e., when the
starting material is not the catalyst and is converted into a
heterogeneous catalyst).’ Increasing catalytic activity with time is
prima facie evidence that the starting material is not the best
catalytic material—and, hence, an indication that additional
characterization (ideally in operando) is needed to determine the
actual catalyst that is being formed.

However, the other possible explanation for sigmoidal kinetics
is that the S-shape is only an artifact and is caused by (1) a slow
response time for the O, quantification method, or (2) slow
solution-to-gas mass transfer when the method samples the
reaction vessel headspace. Both of these complications are likely
prevalent in the WOC literature since solution-based probes
often have response times of 8—30 s (e.g., the widely used FOXY
or commercially available Clark electrodes),®"'"” and since
pressure transducers and GC methods rely on headspace
analysis. Hence, faster, reliable O, quantification methods will
be needed to study and understand the increasingly active
homogeneous and heterogeneous WOCs currently being
developed.

2.4.1. Controls. Kinetic controls are a critical experiment type
for accurate identification of the true WOC. As noted above, the
catalytic mechanism is ultimately played out, and leaves its most
definitive fingerprint, in the kinetics. Therefore, one can provide
strong evidence for or against a homogeneous POM WOC by
comparin_g the kinetics of the POM to the kinetics of heterogeneous
WOCs.S77684123124 B example, Hill and co-workers tested the
activity of RuCly and RuO, en route to concluding that [Ru,(u-
0)4(4#-OH),(H,0),,(7-SiW,0035),]'*” is a WOC.'"” Galan-
Mascards and co-workers have used Co**and Co;0, materials in
efforts to distinguish { Coy(H,0)s(OH);(HPO,),(PW,0,,);}*¢
and CoO, catalysts."”> We used Co** and CoQ, controls to
determine the relative stability and activity of these precursors
compared to [Co,(H,0),(PWy03,),]"*~.%" The caveat to all of
these control studies is that the precise catalyst may not be
known, and it therefore may not be possible to conduct the best,
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most telling control experiments. Also, if a heterogeneous
catalyst is being tested, the number of active sites needs to be
taken into account but is typically not known and often difficult
to determine. In short, the full rate law, plus several controls with
multiple precursors, are necessary to provide compelling kinetic
evidence for (or against) the final conclusion of a homogeneous
(or heterogeneous) WOC.

2.5. Phenomenological Studies: Ligand or Poison
Additions. The last set of experiments for distinguishing
homogeneous and heterogeneous WOC:s involves additional, ideally
quantitative mechanistic tests. These experiments involving the
addition of exogeneous ligands or poisons are often basically kinetic
experiments, although as presently performed they are frequently
more qualitative in nature—despite the fact that quantitative
poisoning studies can be one of the single most powerful means to
distinguish homogeneous from heterogeneous catalysts.'>> For
example, Hill and co-workers® and Goberna-Ferrdn et al.”” removed
excess aqueous Co*" by adding 2,2'-bipyridine (bpy) to their
[C04(H20)2(PW9034)2]10_ and {Coy(H,0)s(OH);(HPO,),-
(PW,0,,);}'¢” solutions, respectively; the authors conclude that
the remaining water oxidation activity is therefore due to the starting
POM since controls with Co®" plus 2,2"-bipyridine show no O,
evolution activity. Although this bpy addition experiment argues
against a Co®* to CoO, catalyst formation pathway, one must also
know the stability of the POM under the reaction conditions to rule
out a POM to CoO, WOC formation pathway. Other
phenomenological tests include addition of different counter cations
and anions, changes in buffer, and changes in oxidant; as with bpy
addition, changing any one of these variables might provide insight
into the active catalyst, or it could potentially change the true catalyst
identity.

As noted above, quantitative poisoning studies can be very
telling—and sometimes the definitive piece of distinguishing
evidence—in studies of homogeneous versus heterogeneous
catalysts.>*'*> The missing piece here at present, however, is a
general water oxidation catalyst poison, one that is both an
effective poison and is also stable to WOC oxidation potentials.

2.6. Summary of the Methodology. The methodology
described herein is meant as a general guide to the reader as well
as a practical guide for the practitioner. As with many areas of
chemical science, the ability to identify the true WOC will
continue to evolve as analytical methods are improved. Overall,
the problem of distinguishing homogeneous and heterogeneous
catalysis is as simple or as complex as (i) identifying any and all
possible catalytic materials, and then (ii) obtaining the catalytic
water oxidation activity (and rate laws) of those observed
materials and comparing and correlating that data with the
observed water oxidation reaction kinetics.

The next section will describe specific studies of water
oxidation catalysis when beginning with POM starting materials
and the experiments reported therein to distinguish homoge-
neous and heterogeneous catalysis.

3. WATER OXIDATION CATALYSIS STUDIES
BEGINNING WITH POLYOXOMETALATES

Presently, there are 38 literature examples of water oxidation
catalysis studies which use 28 different polyoxometalates as the
starting materials. These reports include cobalt-, ruthenium-,
manganese-, molybdenum-, iridium-, and nickel-based POMs, in
order of decreasing prevalence. The following sections are
separated according to the (hypothetically) active metal center.
Each metal is then divided into two subsections: (1) precedent in
terms of examples of non-POM studies with that metal which
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provide evidence for conversion of homogeneous starting
materials into heterogeneous WOCs, and then (2) WOC studies
which start with polyoxometalates containing that same metal.
The first subsection is needed to put the POM studies into
broader perspective within the WOC literature as well as to
suggest metal-specific experiments which have been used
successfully to distinguish homogeneous and heterogeneous
WOCs. The second subsection for each metal then addresses
the specific studies of POMs while critically analyzing the
experimental data relevant to identifying the true catalyst. Note
that the term “precatalyst” is used throughout this section to
indicate the species which is present prior to the reaction,
whereas the term “catalyst” is reserved for the species present in
the catalytic cycle and can, for example, be either homogeneous
or heterogeneous.

3.1. Cobalt. 3.1.1. Non-POM Cobalt Precatalysts. Deter-
mining the true catalyst in cobalt-based water oxidation systems
has been addressed beginning with some of the earliest studies
which used cobalt(II) salts as starting materials. In these cases,
distinguishing homogeneous and heterogeneous catalysis has
proved to be challenging in part due to the possible formation of
potentially low amounts of hard-to-detect, ostensibly high-
activity, colloidal CoO,. Despite these difficulties, Parmon and
co-workers have made significant progress on this problem,
starting back as early as 1981, by studying both homogeneous
cobalt precursors (e.g, CoCl,) and heterogeneous colloidal
cobalt(III) hydroxide in the presence of chemical oxidants (e.g
Ru(bpy);*)."2713 Ultimately, they concluded that the true
catalyst is the same when beginning with either aqueous cobalt
salts or heterogeneous cobalt(III) hydroxide since the catalytic
O, generation rate and yields are identical for both starting
materials, even when the conditions are varied (e.g, the pH, the
catalyst-to-oxidant ratio, and when additional cations are
provided)."*!

More recently, Shevchenko et al. reported in 2011 that
aqueous cobalt [Co(ClO,),] plus methylenediphosphonate
solutions will transform into catalytically active CoO,, colloidal
solutions using photochemical (hv + Ru(bpy);** + Na,$,05) or
chemical (Ru(bpy);**) oxidants.'**'** Interestingly, by includ-
ing or excluding the methylenediphosphonate, the authors were
able to control the size of the CoO, colloids (10—60 nm in the
presence of and 50—2500 nm in the absence of methylene-
diphosphonate), thereby exhibiting some control over the
catalytic activity of the colloids. Shevchenko et al.’s paper is of
additional importance in that it provides evidence consistent with
the existence of anion-stabilized CoO, colloids—a possibility
which is not addressed in the current POM WOC literature.

In a related study, Fukuzumi and co-workers have investigated
CoO, WOC:s derived from homogeneous cobalt precursors such as
[Co(Cp*)(bpy)(OH,)]** and [Co(tris(N,N'-dimethylaminoethyl)-
amine)(OH,) ]**."*® When these precursors were illuminated in the
presence of Ru(bpy);** and Na,$,0y, the formation of 20 + 10 nm
and 200 = 100 nm particles were observed by dynamic light scattering
and TEM. The resultant O, evolution total turnovers (TTO) was
also measured and is higher for the smaller versus larger particles,
420 versus 320 mols O,/mols Co, respectively. The authors
conclude that organic ligands appear to stabilize in situ formed
CoO, particles during photodriven water oxidation, but neither
direct evidence for CoO,-ligand bonds nor the Co/ligand
ratio(s) involved was provided.

Water oxidation catalysis when beginning with cobalt salts and
electrochemical oxidation has been studied as well."*” Although
several papers reported that aqueous Co(II) solutions form a
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heterogeneous cobalt—oxy—hydroxy material, the activity of
these in situ formed oxides was not studied in the presence
of the Co(Il) precursor until Nocera and co-workers began
investigations of these systems in 2008."**"%" Therein, Nocera
and co-workers demonstrate that when aqueous Co(II) is
electrolyzed above 1.05 V versus NHE in neutral to slightly basic
solution, a CoO, material forms which is composed of cobalt,
oxygen, and adventitious electrolyte cations and anions."**'*’
Additional studies of CoO, have shown that these materials are
self-healing, contain cobalt in primarily the Co(III) and Co(IV)
oxidation states, and are composed of cobalt—oxo cubane domains
which are more or less ordered depending on the deposition
conditions. ™%

In a related study, attempts to make a homogeneous Co(1II)F,
water oxidation catalyst by Gerken and Stahl also resulted in
the formation of a heterogeneous CoO, material. Under their
conditions, they observed by EDX a material which consisted of
Co/O/F in aratio of 1:6:0.3."* In addition, by electrodepositing
several different CoO, materials (including the CoPi-type CoO,
of Nocera and co-workers, op. cit.), Gerken and Stahl showed
that all of the CoO,, had similar activity and equilibrated with the
reaction solution to form nearly identical materials after bulk
electrolysis.

A subsequent, pivotal study by Stahl and co-workers
elaborated upon their initial results by investigating aqueous
Co(II) precursors from pH 1—14."*” Therein, it was found that
three pH regimes were found: (i) at pH > S.5, stable CoO,, films
were formed on the electrode; (ii) at 5.5 > pH > 3, a CoO, film
could be formed on the electrode, but it was oxidatively unstable
and would dissolve during electrolysis if excess Co(I) was not
present in the solution; (iii) at pH < 3, no film was observed
on the electrode and the dependence of activity on aqueous
Co(1I) followed an adsorption isotherm—evidence which is
consistent with the active catalyst precursor being the dissolved
cobalt(II) species. This important study demonstrates that the
stability of heterogeneous CoO, catalysts can vary with reac
tion conditions and that CoO, films are unstable at pH < 3.
Restated, the absence of an observed heterogeneous material at
the end of a reaction does not guarantee it was not present and
active during the reaction, depending on the pH and other conditions
to start and at the end of the reaction—H" being a product of the
oxidation of water. Furthermore, by comparing the kinetics and
products of the water oxidation reaction, these authors were able to
differentiate between the homogeneous and heterogeneous catalyst
systems which differ only in the pH employed.

3.1.2. Cobalt POM Precatalysts. Perhaps the most intensely
studied complex in the recent water oxidation literature is the
cobalt polyoxometalate [Co,(H,0),(PW,0;,),]'*" (Co,PLOM)
(Figure 2). This compound was first reported to be a WOC in a

Figure 2. Mixed polyhedral/ball-and-stick model of [Co,(H,0),-
(PW,03,),]'°” where blue polyhedral = WO, orange polyhedral = XO,
(X =P or Si), purple = Co, red = O, white = H.
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2010 Science paper by Hill and co-workers with a high turnover
frequency (TOF = 557, albeit for an unknown rate law"'”) when
using a Ru(II) (bpy);>* oxidant at pH 8.%° Therein, the authors
provided several experiments consistent with their hypothesis
that Co,POM is the true catalyst. First, the Co,POM was
reported to be stable by UV—vis and *'P NMR spectroscopy at
pH 8 over 1 month, consistent with at least some hydrolytic
stability of the complex, although the claimed stability was not
quantitated, nor were error bars given. Second, 2,2’-bipyridine
was added to the solution in order to complex any adventitious
aqueous Co(II), which would form a CoO, catalyst in situ,
if present; this caused the O, yield to decrease from 67% to 48%
for the 3.2 yuM Co,POM solution in the absence and presence
of the 2,2"-bipyridine. In contrast, controls beginning with 13 M
Co(NOs;), showed O, yields of 80% and 0% when 2,2'-
bipyridine was absent or present. These results suggest that at
least CoO, formed solely from aqueous Co(II) is not the
dominant catalyst in the Co,POM system.

Qualitative evidence that the Co,POM is largely (ie., but
again, not quantitatively) stable during the reaction was
demonstrated by observation of the *'P NMR signal for the
polyoxometalate in the postreaction solution which had been
treated with sodium tetraphenylborate to precipitate Ru(II)-
(bpy);**. Additionally, the Co,POM could be precipitated from
the postreaction solution by addition of excess Ru(II)(bpy),**
and showed IR signals consistent with the starting POM. This
precipitated [Co,(H,0),(PWy05,),]' :Ru(1l)(bpy);** ma-
terial was then dissolved and tested for water oxidation activity
by addition of Ru(III) (bpy);** oxidant, resulting in an O, yield
of 49%. Although these results are all consistent with the
authors’ hypothesis/conclusion that the Co,POM is the true
catalyst, they did not rule out the possibility that a portion of the
starting Co,POM is transformed into either a different POM
fragment or a heterogeneous CoO,, catalyst under the reaction
conditions. That is, in order to rule out this possible formation
of a highly active derivative material, additional studies were
required.

Subsequently, Hill, Lian, and co-workers also reported the
Co,POM as a photochemically driven WOC where the oxidizing
equivalents were derived from the common Ru(II)(bpy);**,
Na,SOg, plus hy system with a maximum O, yield of 45%.'%°
Therein, the authors reported that no evidence for particle
formation was observed by dynamic light scattering and Tyndall
effects under conditions of 1 mM Ru(bpy)**, 160 mM NaBi, pH 8,
5 uM Co,LOM, S mM Na,S,04. This is an interesting result
since a prior report® by the same group said that supersaturated
solutions of Co,LOM were formed when as few as 40 equivalents
of Ru(bpy);** were present (ie., which would translate to
200 M Ru(bpy),>" in the photochemical system). Although the
absence of detectable CoO, colloids is a relevant result, one
must also know what concentration and size of CoO, colloids
would account for the observed activity and then determine
whether that amount and size of colloid can be detected via
dynamic light scattering (or any other measurement of
suspended colloids).

Reinvestigation of the photochemically driven Ru(bpy);**
plus Co,POM was conducted by Natali et al.** In this study,
the Co,POM was aged and then subjected to flash photolysis—
an experiment wherein Ru(III)(bpy)*" is photochemically
generated by quenching of the Ru(II)(bpy),*** excited state
by sodium persulfate and then the rate of Ru(II)(bpy),**
recovery is observed as a function of time. In these experiments,
it was found that the amount of Ru(II) (bpy);** recovered during
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the first 100 us increased with increasing Co,POM aging time.
The Ru(II)(bpy);** recovery plateaued for Co,POM solu-
tions aged 90 min or more when the initial conditions were
[Ru(11)(bpy);>*] = [Co,POM] = 50 uM, 5 mM Na,S,04, pH 8,
and 80 mM sodium phosphate. Controls with Co(NO,), were
also reported to quench the Ru(III)(bpy),** more slowly than
the Co,POM solution, although no details for these experiments
were given. The authors claim®® that this evidence shows the
starting Co,LOM cannot be the true WOC and instead favor
a POM fragment or decomposition product as a likely WOC
when Ru(IIT)(bpy);*" is used as an oxidant. Although this flash
photolysis study highlights some potential complexities of
working with Co,POM, a follow-up study by Hill and co-
workers®” shows that under the conditions used for flash photo-
lysis, no measurable O, is generated. The lesson here is that the
proper interpretation of kinetic data requires the reaction
stoichiometry be known—and, ideally, the O, evolution kinetics
also measured, but this can be problematic to nearly impossible
on fast (us) time scales.

Following the initial work of Hill and co-workers, Stracke and
Finke began studies attempting to incorporate the Co,POM into
a hybrid semiconductor-catalyst device for light-driven water
oxidation.'** However, those initial studies of Co,POM, quickly
led, instead, to an electrochemical investigation of whether the
Co,POM is ahomogeneous WOC or whether it is a precursor for
a heterogeneous CoO, material.® In this investigation, it was
found that linear sweep voltammetry of a 500 uM Co,POM
solutions shows an anodic wave at ~1.05 V versus Ag/AgCl
which increases more than 10-fold in magnitude during three
hours of aging in pH 8, sodium phosphate buffer. This increasing
current occurs concomitantly with a 4.3 + 0.6% decrease in the
580 nm absorbance of Co,POM—two results which by
themselves, pretty much demand that the Co,POM is evolving
to a significantly more active, true WOC. Aging of Co,POM also
results in a 58 + 2 yM increase in the apparent aqueous [Co®*],
which was measured by two complementary methods—by
comparing the anodic wave current to Co(NO;), controls and
also by cathodic stripping voltammetry.*® Bulk electrolysis of the
Co,POM solution at 1.1 V versus Ag/AgCl (without aging)
results in an increasing catalytic current with time and the
deposition of a catalytically active film, that proved to be CoO,,.
When this film was removed from the Co,POM solution and
placed into a POM-free solution, the film maintains all of its
water oxidation activity. The elemental makeup of this film is
consistent with other heterogeneous CoO, catalysts, containing
Co, P, Na, and O as determined by XPS. Importantly, no
tungsten was observed in the film, as would be expected if the
[Co,4(H,0),(PW,40,),]'°" was present. Lastly, catalytic con-
trols with a 500 #uM Co,POM solution (aged for 3h) and a S8 uM
Co(NOs), solution (i.e., the amount of aqueous cobalt quantitated
in the aged Co,POM solution) showed quantitatively identical
water oxidation activity during a S min bulk electrolysis at 1.1 V
versus Ag/AgCl, within experimental error (Figure 3). Together,
these results all indicate that when a glassy carbon electrode is used
as the oxidant source in 500 M Co,POM solutions, and under
the specific conditions cited earlier, the dominant WOC is an
in situ formed CoO, and not the starting polyoxometalate to
101 + 12%.%

The observation that Co,POM could be a viable precursor for
heterogeneous CoO, prompted Stracke and Finke to investigate
the interesting Co,POM system under conditions which would
favor homogeneous Co,POM catalysis, if it were present. Their
next study therefore looked at the Co,POM at much lower
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Figure 3. Measured change in dissolved O, during bulk electrolysis of
either a S00 #uM Co,POM which had been aged for 3 h (red circles) or a
58 uM Co(NO,), control (ie., the amount of Co*" determined to
dissociated from the starting Co,POM during the 3 h aging) in pH 8,
0.1 M sodium phosphate buffer. Electrolysis was conducted at 1.1 V vs
Ag/AgCl at a glassy carbon plate, and O, was measured using a
fluorescence-based probe from Ocean Optics. Under these conditions, all
of the O,-producing activity (100 = 12%) in the Co,POM solution is
accounted for by the in situ formed CoO, catalytic film. The O,
concentration was recorded every 15 s; the symbols and error

bars are given at 60 s intervals for clarity. Reproduced with permission
from ref 66.

concentrations and higher electrochemical potentials of 2.5 yM
and >1.3 V versus Ag/AgCl, conditions chosen ostensibly to
favor water oxidation catalysis by the discrete Co,POM.*" Under
those new conditions, an irreversible oxidation wave was observed
above potentials of 1.25 V versus Ag/AgCl, one which saturated
at Co,POM concentrations of ~5 uM. Comparison to
Co(NO;), controls revealed that the anodic wave in Co,POM
solutions occurred at about 200 mV more positive potential than
Co(NOs;), solutions. Furthermore, the Co,POM wave shifts
by —32 mV/pH unit, whereas the Co(NO,), wave has a —66
mV/pH unit dependence. In addition, the aqueous [Co**] in
2.5 uM Co,POM solution was found to be an average 170 nM
during a one hour aging experiment. Controls using 200 nM
Co** (added via Co(NO;),) demonstrated that this amount of
aqueous cobalt(I1) now cannot account for the water oxidation
activity observed in the Co,POM solution during bulk
electrolysis at 1.4 V versus Ag/AgCl (Figure 4). That is, the

204 —=~ 25.MPOM, pH80
s —e— 25.MPOM, pH538
2 154 —— 0.2 M Co(NO5),, pH 8.0
K —— 0.2 1M Co(NO3),, pH5.8
S 104
@
:
5
9(.\1
<
0

T
1.2 13

V vs Ag/AgCI

1.1 14

Figure 4. Quantification of O, produced during a 60s bulk electrolysis
using a glassy carbon electrode at 1.4 V vs Ag/AgCl under the catalyst
and pH conditions indicated in the legend (POM = [Co,(H,0),-
(PW5034),]'°7). The controls using 200 nM Co(NOj3), were chosen
since this is the average [Co**] in Co,POM solutions measured over a
1 h aging period in pH 8, 0.1 M sodium phosphate buffer. These data
contrast with Figure 3 in that a Co® to CoO, WOC is not supported
by the data under the different 2.5 yuM Co,POM, 1.4 V oxidation
conditions. Reproduced with permission from ref 81.

differing electrochemical features for the Co,POM and Co-
(NO,),, plus the controls using the independently measured
amount of Co?*, provide strong evidence that CoO, formed
at least solely from Co®* is not the dominant WOC at these

dx.doi.org/10.1021/cs4011716 | ACS Catal. 2014, 4, 909933



ACS Catalysis

micromolar concentrations of Co,POM—a conclusion which
highlights the importance reaction conditions can play in
determining the true WOC, as others have also stressed.®7¢78!

An additional question, relevant to the electrochemically
driven Co,POM system, is whether the polyoxometalate could
transform into a heterogeneous CoO, catalyst under the
oxidative reaction conditions? To answer this question, Stracke
and Finke started by measuring the Co,POM concentration via
HPLC both before, and after, bulk electrolysis at 1.4 V versus
Ag/AgCl. They found that the Co,POM concentration
decreased by 2.7 + 7.3 and 9.4 + 5.1% during a 60 s electrolysis
in pH 8.0 and 5.8 sodium phosphate solutions.*’ At pH 8,
quantification of the postreaction solution [Co®*] shows an
increase of 50 + 34 nM relative to the prereaction solution.
Meanwhile, controls with predeposited CoO,, catalysts revealed
that if only 3.4 or 8.3% of the Co,POM were converted into a
CoO, catalyst, then that would account for all of the observed
catalytic activity at pH 8.0 and S5.8. That is, the observed
instability of the Co,POM at 1.4 V versus Ag/AgCl and the high
activity of the CoO,, controls do not yet allow one to distinguish
between an authentic Co,POM and a heterogeneous CoO,
catalyst under the reaction conditions of that study designed to
favor Co,POM-based, electrochemically driven water oxidation
catalysis.

In a 2013 study by Hill and co-workers, additional evidence is
provided which is consistent with the Co,POM being an active
WOC when using chemical and photochemical oxidation by
Ru(1I1) (bpy);>*.” First, the stability of Co,POM was measured
under noncatalytic conditions of 2 yuM Co,POM, pH 8, and
80 mM sodium borate, where 70 nM Co?* dissociated from the
parent POM over 3 h. Measurement of the Ru(bpy);** loss
kinetics using either 2 uM Co,POM or 2 uM Co,POM plus
0.1 uM Co(NOs;), in the presence of ~1 mM Ru(bpy),*
resulted in oxidant-loss rates which were within 5% of
one another. Other kinetic controls with 0.5 uM Co(NO,),
showed sigmoidal Ru(bpy);** reduction kinetics and reduction
rates which were comparable, or slower, than 2 yM Co,POM.
Although these results are consistent with a POM catalyst,
one cannot rigorously compare Ru(bpy);** reduction rates
with O, evolution activity since a significant portion of the
reduction rate corresponds to unproductive bpy ligand
oxidation reactions.

More direct evidence for a Co,POM catalyst was provided
by Hill and co-workers in photochemical experiments where
controls using 0.15 yM Co(NO;), produced O, in the same
(negligible) amount as controls with no catalyst.67 Photo-
chemical experiments with 2 yM Co,POM under the same
conditions resulted in 24.2 & 0.1% O, yields. However, multiple
other photochemical controls with Co(NOj;), showed O, yields
which were comparable or greater than Co,POM experiments
when equivalent amounts were used; for example, when 2 yM
Co(NO;), was used, 40.8 + 0.5% O, yields were seen. That is,
the Co,POM stability under the reaction conditions must still be
quantified to rule out the possibility of an in situ formed CoO,,
material contributing to the activity.

Another line of evidence for Co,POM catalysis provided by
the Hill et al. involves a series of extraction experiments and
controls.®’” First, a standard 2 M Co,POM photochemical
reaction was run which produced the expected amount of O,.
Following the reaction, the POM was extracted using a toluene/
tetra-n-heptylammonium nitrate (THpANO;) procedure.
When fresh Ru(bpy);** and $,04>~ were added to the solution,
a subsequent photochemical reaction produced no O,. To ensure
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that the residual toluene and THpANO; do not influence the
reaction, a control was conducted where an aqueous solution of
the sodium borate buffer was subjected to the extraction
procedure, followed by addition of 2 uM Co,POM, Ru(bpy);**
and S,04*7; when this solution was illuminated, it produced the
same amount of O, as a standard (unextracted) reaction. A
photochemical control using a 2 uM Co(NOj), solution which
had undergone extraction showed that this method does not
interfere with Co®" catalyst precursors. The authors also claim
that the extraction procedure does not interfere with a CoO,
catalyst. Overall, the precatalytic Co,POM stability measure-
ment, controls with the measured amount of dissociated Co*,
and extraction experiments are all consistent with a homoge-
neous POM catalyst.

Most recently, Stracke and Finke have conducted a kinetic
and mechanistic analysis of this same Co,POM plus Ru(bpy);**
water oxidation system."'” Under initial conditions of 0.5—2.0
4M Co,POM, 500—1500 uM Ru(bpy);>*, 50—200 uM Ru-
(bpy)s*", pH 6.8—7.8, and 0.3 M sodium phosphate, they
measured both the O, evolution kinetics and Ru(bpy);**
reduction kinetics en route to determining the empirical rate
law in eq 1:

—d[Ru(IIT) (bpy); ]
dt

= (k; +

[Ru(1I1) (bpy)3*][Co,POM]
(H']

soluble

k,) )

Parameters k; and k, correspond to the observed rate
constants for the parallel O, evolution and bpy ligand oxidation
reactions, and [Co,POM] i1 is the amount of soluble POM.
In comparison, Co®" controls showed a first-order dependence
of the O, evolution rate on [Co**], but a zero-order dependence
of the O, evolution rate on [Ru(bpy);**]. That is, the O,
evolution rate law is different for the Co,POM and Co**
precatalysts. Overall, this kinetic contrast argues strongly that
the true catalyst is different in these two systems, although the
precise identity and atomic composition of the true catalyst
remains unknown.

In other cobalt POM studies, Song et al. looked at a variety
of cobalt substituted Keggin type POMs (Figure S) and found

Figure S. General structural model for [XYW,,O5]"" where blue
polyhedral are WOy, red = O, and white = H. For Co(III)Co(II)-
W03, orange = CoOQ,, purple = Co. For ruthenium analogues
[Ru(HZO)SiWuO}g]S_, [Ru(HZO)GeW11039]5_, and [Ru(H,0)-
PW,,05,]*", purple = Ry, and orange = $iO,, GeO,, and PO,.

the Co(IIT) Co(II)W ;05" showed a water oxidation TOF of
0.5 s™" (for an unknown rate law) and a 30% O, yield when using
photochemically generated Ru(III)(bpy);**.°® These authors
provided evidence that the active catalyst is homogeneous,
including the absence of any at least detectable particles by
dynamic light scattering after 10 min of illumination. However,
and curiously, when only 0.1 mol % of Co®* was added to the

Co(III)Co(I)W,,05y”" reaction solution (where [Co®*] +
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[Co(IIT)Co(I)W,,055""] = 15 uM), particles were observable
both before and after photolysis—that is, it is not clear why such a
small amount of Co** plus the Co(III)Co(I[)W,,05,"~ forms
particles prior to irradiation, but 1 mM Ru(II) (bpy),** plus the
polyoxometalate does not. Also, a control with 45 nM Co(NO;),
showed no observable water oxidation activity. UV—vis spectros-
copy and flash photolysis of aged Co(III)Co(II)W ;05 "
solutions further attest to the hydrolytic stability of this POM.
Cyclic voltammetry of the Co(III)Co(I[)W,,05,’" in compar-
ison with Co(NO,), controls is also consistent with Co®" not
being present in the solution before the photolysis reaction.
Interestingly, the Co(II)Co(II)W,,;05,®" oxidation state
of the POM is not hydrolytically stable in solution, but instead,
it forms bulk Co(OH), over a 1 h aging experiment in the pH 9
sodium borate buffer. This result is intriguing, because it is
possible, if not likely, that the Co(III)Co(II)W,,05,’" goes
through this lower oxidation state during water oxidation
catalysis.

Experiments consistent with Co(III) Co(I)W,;05,"" stability
under reaction conditions include precipitation of the POM
from postphotolysis solutions with subsequent characterization
by EDX and IR (Figure 6).%% Also, after precipitation and
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Figure 6. Comparison of fresh Co(III)Co(I[)W,,0,,"~ (top) and the
material isolated from a postphotocatalytic reaction (bottom) via
acetone addition and centrifugation. The similarity between the spectra
indicates the starting POM remains qualitatively intact during the
reaction. Additional controls using authentic CoO,, are needed to help
determine if CoO, can be observed via this isolation/characterization
method. Reproduced with permission from ref 68.

centrifugation, no residual particles were observed in the reac-
tion solution by DLS. Redissolution of the precipitated POM
also showed no observable particles by DLS and subsequent
photocatalytic testing showed similar, ~10% lower, activity
for the redissolved Co(III)Co(II)W;;0;,"~ compared to the
initial Co(III)Co(I[)W,,05,"~ solution. As noted previously,
although these types of phenomenological tests are con-
sistent with the starting material being a WOC, quantitative
knowledge of the speciation during the reaction is needed to
unequivocally identify the active catalyst. Hence, the true catalyst
in the case of the Co(III)Co(II)W,;05"~ precatalyst remains
uncertain.

Another interesting cobalt polyoxometalate system is
{Coy(H,0)4(0OH);(HPO,),(PW40;,)5}'¢ (CogPOM, which
is shown in Figure 7) since it is a trimeric analogue of the
Co,POM dimer. In a study by Galan-Mascards and co-workers,
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Figure 7. Mixed polyhedral/ball-and-stick model of {Coo(H,0),-
(OH),(HPO,),(PW,0,,);}'S™ where white polyhedral = WOy, black =
PO, or P, pink = Co, and red = O. Hydrogen atoms are not shown for
clarity. Reproduced with permission from ref 79.

bulk electrolysis of the Coo)POM at 1.41 V versus NHE resulted
in the formation of a catalytic film on the electrode in pH 7
sodium phosphate buffer.”” This film, which contains cobalt and
phosphorus by EDX, maintains its activity when it is transferred
to a POM-free solution—similar to other in situ formed, hetero-
geneous CoQ, catalysts. In order to help distinguish whether any
of the activity was due to authentic Co,POM water oxida-
tion catalysis, 2,2'-bipyridine was added to the electrolysis
solution which resulted in a 40-fold decrease in the oxidation
current at 1.41 V versus NHE; no CoO,, film was observed post
the 2,2’-bipyridine addition on the postelectrolysis FTO
electrode by SEM or EDX. Concurrent with electrolysis, a
[Co(111)(bpy);]4K,_.Na,[Co,POM] precipitates from the
solution, and the dissolved [Co,POM] decreases by 30%, as
determined by UV-—vis spectroscopy. Cyclic voltammetry
was also used to characterize Co,POM, which shows a peak at
0.75 V and a catalytic wave at 1.10 V; when 2,2'-bipyridine is added,
only a 1.10 V catalytic wave onset is seen—evidence which the
authors claim rules out CoO, when bpy is present. However,
due to the observed instability of the Co,POM under oxidizing
conditions and the similar onset potential for the catalytic
current, it is also possible that the Co,POM is simply being
converted into a transiently stable CoO,, catalyst. Controls with
authentic CoO, are needed to rule out, or support, this
possibility.

Stronger evidence for homogeneous catalysis was found for
CoyPOM when NaClO was used as an oxidant at pH 8.”°
For these NaClO oxidation experiments, no change in the
UV—vis spectrum of the Co,POM was observed, dynamic light
scattering showed the same size particles of ~1 nm before and
after the experiment (i.e., the approximate size of the Co,POM),
and addition of bipyridine does not significantly change the O,
yields or kinetics. The POM can also be recovered from the
solution by addition of excess alkali cation and was the same as
the initial, unreacted Co,POM sample (as judged by IR and
XRD). The only possible evidence that Co)POM transforms
into a more active WOC during the reaction is the slightly
sigmoidal shape of the O, versus time plot when the pH is 7 or
at 15 °C ([Co,POM] = 1.0 mM, [NaClO] = 100 mM).
Alternatively, and as noted in the introduction, a sigmoidal O,
evolution plot could be due to the slow O, solution-to-gas mass
transfer. This remaining question could be resolved by measuring
the O, generation rate in solution with a faster sensor or by
increasing the stirring rate to accelerate the O, solution/gas
equilibration.
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A subsequent study by Galan-Mascarés and co-workers
investigated Co,POM (specifically Cs;sK{Coo(H,0)¢-
(OH);(HPO,),(PW404,);}) when supported in a carbon
paste electrode. When the electrode potential is held at 1.3 V
versus NHE in pH 7 sodium phosphate buffer, the oxidation
current decreases slightly over the first ~30 min and then
maintains its activity over greater than 8 h. Controls consistent
with POM catalysis showed that even 125 umol of Co;0,
were ~2—3 times less active than just 2 ymol of CosPOM,
although the authors acknowledge that catalytic surface areas
were not taken into account in this comparison. Additionally, the
IR, EDX, and XRD characterization of the Co,POM—carbon
electrode appear qualitatively the same before and after an 8 h
electrolysis. However, since these characterization techniques
measure the bulk of the electrode material, more surface-sensitive
techniques such as XPS could assist in determining whether
the true electrocatalyst is the Coo)POM or is a surface CoO,
material.

In 2012, Car et al. studied photochemical water oxidation
with [Co,(H,0),(SiWy05,),]"2~, which is the silicon(IV) core
analogue of [Co,(H,0),(PW,0,,),]'°" (Figure 2).%° Initial
UV—vis stability measurements indicate that up to 25% of the
POM decomposes during a 2.5 h period in pH 5.8 NaSiF buffer.
Despite this decomposition, the authors claim that the catalytic
activity resides in a precipitated [Co,(H,0),(SiW,0;3,),]":
[Ru(bpy);**] material which forms immediately upon combin-
ing the cobalt POM and the photosensitizer. FTIR of the pre-
and postcatalytic precipitate indicate the presence of
[Co,4(H,0),(SiW,05,),]"*; this precipitate can also be reused
with moderate, ~50% loss in O, evolution activity. Preliminary
controls with Co®** were also reported. Additional speciation
data and characterization of the precipitate’s surface may provide
further evidence for the true WOC.

Zhu et al. used [Co,(u-OH)(H,0);(Si,W,4050)]"'~ under
typical Ru(bpy);** plus S,04°" photochemical conditions to
generate O, from water, as shown in Figure 8.7%7! This POM
starting material was found to be even less stable than other
tetra-cobalt POMs, such as [Co,(H,0),(PW,0,,),]'°, under
noncatalytic conditions. UV—vis spectroscopy showed the
[Co,(1-OH)(H,0);(Si,W,50,0) ]~ transforming into other
species over a period of hours to days. From these aged solutions,
Zhu recovered K;,Na[{Co(H,0)}(u-H,0),K{Co(H,0),}-
(Si,W150¢6)] and [Co(H,0)SiW,;04,]%". Stoichiometric analysis
and UV—vis data indicate that aqueous Co®" is also released
during this process. To probe whether the decomposition
products are contributing to catalysis, controls were completed
with both K;;Na[{Co(H,0)}(u-H,0),K{Co(H,0),}-
(Si,W,504)] and [Co(H,0)SiW,,05,]%" under photochemical
conditions where three times less activity, and no O, evolution
activity, were observed, respectively. Aging the [Co,(y-OH)-
(H,0),(Si,W,0,)]**~ solution for 3—4 weeks followed by
catalytic testing results in 20—30% lower O, yields compared to
the fresh POM precursor. Although the authors claim that
[Co,(u-OH)(H,0);(Si;W;9050)1*'~ could be the active WOC,
they acknowledge the possibility that dissociated aqueous Co**
(ie, in situ formed CoO,) contributes to catalysis. Until the
catalytic contribution of heterogeneous CoO, is known, the
claim of a homogeneous POM catalyst remains uncertain for this
case as well.

Another set of Keggin dimers with dicobalt, dibismuth bridges
were studied by Guo et al.*® When 5.6 4M NayH,[Co,Bi,(a-B-
CoW,0,,4),] or NagH,[Co,Bi,(-B-CoW,05,),] were illumi-
nated with a 300 W xenon lamp in the presence of 1.0 mM
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Figure 8. Calculated turnover number (TON = mols O, generated per
mol [Co,(u-OH)(H,0),(Si,W;5050)]''7) for a photocatalytic reaction
containing 1.0 mM Ru(bpy);**, s mM $,04>~, 25 mM buffer, and 10 uM
[Co,(u-OH)(H,0),(Si,W5050)]"'". The buffers used are pH 9
sodium borate (red squares), pH 8 sodium borate (green triangles),
pH 8 equi-molar sodium phosphate/sodium borate (purple circles),
and pH 7.2 sodium phosphate (blue diamonds). Note the slightly
sigmoidal kinetics seen in the bottom two curves; additional in
operando speciation and O, experiments are therefore needed to
determine whether the induction period is due to slow solution-to-
gas transfer of the O, (as suggested by the authors) or whether the
POM is evolving into a faster WOC. Alternatively, one could simply
measure the solution concentration of O, to determine whether the
induction period is real or an artifact. Reproduced with permission
from ref 70.

Ru(bpy);** and 5.0 mM $,04’" in pH 7.4 sodium phosphate
buffer, up to 18 pmol of O, (TON = ~32) was produced.
Stability of these POMs under noncatalytic conditions was
examined by measuring the cyclic voltammetry response over a
3 h aging period. Because no change in the CV was observed, the
authors conclude that the POMs are stable. Unfortunately, no
other data speaks to the speciation or stability of the POMs under
the reaction conditions. Hence, the true catalyst is unknown in
this case.

Others have observed instability of cobalt POMs under elec-
trocatalytic conditions. Lai et al. drop cast cobalt-polyoxotita-
nates, [Ti;;0;5(OPr);,]*[(CoBr)Ti;5s0,4(OPr)5(Br)]~ and
[(CoI)Ti;;0,,(OPr);,], onto FTO electrodes and then biased
the electrodes at 1.35 V versus NHE where catalytic oxidation
was observed.''* Before electrolysis, SEM/EDX of the drop cast
film shows islands which contain cobalt but no phosphorus.
In contrast, the postcatalysis electrode shows islands with a
Co:P of 1:9 plus a new film between the islands which has a
Co/P of 2:1—evidence that POMs can transform into hetero-
geneous CoO, WOCs under oxidizing conditions. Although a
Co0O, material likely contributes to the overall electrocatalytic
activity of the system, following the decomposition of the
[TiIZOIS(QIPr)17]+[(COBr)6Ti15024(01Pr)IS(Br)]_ and [(Col)-
Ti;;014(OPr);,] POMs over time and determining whether this
corresponds to increasing or decreasing activity may help
distinguish whether the starting POM might also be contributing
to the activity.

A final cobalt-based example of electrocatalytic water oxidation
uses a carbon-paste-supported [Hpy],{[Co(4,4-Hbpy),(H,0),]-
[SiCoW,,05,]}.'* The starting POM was characterized by
X-ray crystallography, IR spectroscopy, and elemental analysis.
Although the authors claim catalytic water oxidation by
the POM, the only evidence provided is cyclic voltammetry
showing an irreversible oxidation wave at ~1300 mV versus

Ag/AgCl
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In summary of this section on cobalt POMs, when beginning
with cobalt POMs, a wide variety of characterization techniques
have been used to examine these materials for their qualitative
stability under water oxidation reaction conditions. How-
ever, there is a lack of quantitative stability measurements, with
the exception of electrochemical studies of Co,;JOM and
CogPOM.*"” It seems possible that this dearth of information
may be a result of using Ru(bpy);** as an oxidant and the re-
sulting complications of POM" :Ru(bpy);>*/>* formation and
precipitation, or the need to work at low micromolar
concentrations to minimize such precipitates. Study of cobalt
POMs and determination of the true catalysts therein would
therefore benefit greatly from the development of either a neutral
or anionic terminal oxidant, or continued use of electrochemical
oxidation methods.

3.2. Ruthenium. 3.2.1. Non-POM Ruthenium Precatalysts.
Ruthenium has been reported as a homogeneous WOC active
site more than any other metal.'">'*~'” Despite the widespread
use of ruthenium in homogeneous WOC precursors, we have
found only one literature example which provides substantial
evidence that a homogeneous ruthenium complex (ruthenium
red, [(NH;);RuORu(NH;),ORu(NH,)]%") irreversibly de-
composes into a possibly polymeric ruthenium material upon
oxidation by cerium(IV) ammonium nitrate (Ce(IV))."*® This
study relies primarily on UV—vis spectroscopy to characterize
the transformation and to demonstrate that decomposition
occurs prior to chemically driven water oxidation catalysis.
Studies by Collin and Sauvage also observe the formation
of brown and/or black precipitates when starting with Ce(IV)
and a variety of ruthenium precursors including RuCls,
Ru(bpy),(CO;), or [(bPY)z(Hzo)RUORu(OHz)(bPY)2]4+;
these authors therefore conclude that bulk RuO, (or other
decomposition products) may be contributing to the observed
catalysis in these cases.'>' Liu et al. suggest in their WOC
review that the difficultly in identifying a heterogeneous RuO,
catalyst might have to do with the nondescript visible absorp-
tion spectrum associated with ruthenium oxide. Alternatively,
the relative strength of ruthenium metal—ligand bonds may
account for the observed robustness under water oxidation
conditions. Regardless of whether homogeneous ruthenium
WOC stability is real or perceived, more thorough study of
ruthenium-based precatalysts in water oxidation catalysis should
continue.

3.2.2. Ruthenium POM Precatalysts. In 2008, Hill and
co-workers’®> and Sartorel and co-workers’> independently
reported catalytic water oxidation using a tetra-ruthenium
POM, [Ruy,(p-0),4(4-OH),(H,0),4(7-SiW14055), ] 19~ shown in
Figure 9, in conjunction with either a Ru(bpy);** oxidant (pH
7.2) or a Ce(IV) oxidant (pH 0.6). Evidence for POM stability
was collected by characterizing the different oxidation/
protonation states of the ruthenium POM.**”* These complexes
were generated either electrochemically via bulk electrolysis or
by addition of 1—4 equivalents of oxidant. Characterization was
accomplished by electrochemical methods,®* EPR, resonance
Raman, and EXAFS/XANES.'” The [Ru,(u-O),(u-OH),-
(H,0),(7-SiW034),]"°~ could also be recovered from a reac-
tion solution after 8 equivalents of Ce(IV) were added followed
by a 1 h aging time and precipitation of the POM as the Cs* salt.”*
FTIR and resonance Raman of the precipitate appear
qualitatively the same as the prereaction [Ru,(u-O),(u-OH),-
(H,0),(7-SiWO54),]**—evidence that at least some of the
POM remains intact.”” However, UV—vis spectroscopy indicates
slow decomposition of the starting POM below pH 1.”” When
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Figure 9. Mixed polyhedral/ball-and-stick structure of [Ru,(u-O),(u-
OH),(H,0),(y-SiW,(036),]'*” where gray polyhedra = WOy, blue =
Ru, red = O(H), orange = OH,. Reproduced with permission from
ref 73.

7000 to 2.4 X 10° equivalents of Ce(IV) were used, O, evolution
kinetics are first-order in [Ru,(u-O),(u-OH),(H,0),(y-
SiW,4034),]'%" (initial [POM] = 4.5—145 uM).”* Additional
evidence in support of a homogeneous POM WOC includes
controls using K,Ru,OCly, (i.e., the ruthenium precursor used in
the [Ruy(-0),(4-OH),(H,0),(7-SiW1y036),]'"” synthesis),
which show a significant induction period and an approximately
10-fold slower O, evolution rate compared to [Ru,(u-O),(u-
OH)Z(HZO)4(}/'SiWIOO36)2:|10_'72

Complementary tests and controls done by Hill and co-
workers using RuCl; in the presence and absence of the
[y-SiW,4054]*” POM building block reveal Ru(bpy);** reduc-
tion rates 100 times slower starting with RuCl; than with
[Ru,(4-0)4(4-OH),(H,0) 4(-SiW(035),] '~ and which pro-
duce <11% O, yields.”> Kinetic experiments, using 1—8 M
[Ruy(4-0)4(4-OH),(H,0),4(7-SiW 14034),]'°” plus 0.6—
2.3 mM Ru(bpy),*" at pH 7.2, resulted in an empirical rate
law which is first-order in POM and first-order in the
Ru(bpy);>*/Ru(bpy);>* ratio.”* Additionally, consistent with
the absence of observable heterogeneous catalyst, no particles
were detected by DLS or SAXS techniques in the post reaction
[Ru, (-0),4(u-OH), (H,0),4(r-SiW10034),]'°" solutions,
although particle detection limits for these methods were not
reported.

Subsequently, other studies of the [Ru,(#-O),(u-OH),(H,0),-
(7-SiW14034),]"*" complex have investigated incorporation into
photochemically driven systems including the common hv +
photosensitizer + S,04>~ setup where the photosensitizer can be
Ru(bpy);** or related derivatives such as [Ru(II){(ﬂ—dgg)Ru(H)—
(bpy)}s]** (dpp =2,3-bis(2'-pyridyl)pyrazine).''*~*° Studies
using the 1.0 mM Ru(bpy),>* photosensitizer formed a precipitate
with the starting POM when [Ru,(u-O),(u-OH),(H,0),(r-
SiW;4034),]'%" concentrations were above 5 uM;'"” concom-
itant with this precipitation, O, evolution rates did not increase
when the POM concentration was above 2.5 yM. That is, O,
evolution kinetics appear to scale with the amount of soluble
ruthenium polyoxometalate. Importantly, and consistent with
the Ru(bpy),>* and Ce(IV) oxidant studies, photochemical
RuCl; controls showed no O,, and RuO, controls resulted in O,
evolution rates which were 10—20 times slower than when
starting with the [Ru,(#-0),(u-OH),(H,0),(7-SiW,4054),] """
complex.'"” Although these observations are consistent with a
POM catalyst, the RuO, controls should, if possible, be corrected
for the number of active sites so that a more direct comparison of
the per-site activity can be made. Overall, however, the multiple
studies, extensive characterization of [Ru,(u-O),(u-OH),-
(H,0)4(7-SiW4036),]'*", and multiple kinetic controls suggests
that this complex is a homogeneous WOC when using chem-
ically and photochemically driven oxidation.
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The tetra-ruthenium POM [Ru,(u-O),(u-OH),(H,0),(y-
SiW4034),]'"" has also been studied using electrochemically
driven oxidation. Toma et al. prepared and tested [Ru,(u-O),(u-
OH),(H,0),(7-SiW,034),]*°~ which had been loaded onto
polyamidoamine-functionalized multiwalled carbon nanotubes.®
These functionalized electrodes can be cycled at least nine times up
to 1.6 V versus Ag/AgCl without significant changes in the observed
oxidation current. Although impressive precatalysis characterization
of the electrode via HRTEM, STEM, EDX, SAXS, and Raman
spectroscopy indicate the presence of the intact POM, no
postcatalysis characterization was reported. Without knowledge
of the [Ruy(4-0),(#-OH),(H,0)4(y-SiW,0036),]"~ stability
under the reaction conditions and without catalytic controls (e.g.,
Ru0,), it is difficult to make any firm conclusions about the
active catalyst in this interesting, but complex, electrochemical
water oxidation system.

Another tetra-ruthenium POM, [(y-PW,,Os4),Ru,O;(OH)-
(H,0),])° which incorporates a phosphotungate backbone, was
also reported as a photochemically driven WOC.”® Observation
of two reversible protonation equilibria and seven reversible
cyclic voltammetry waves indicate the initial stability of the
POM in solution. Also, consistent with the [Ru,(u-O),(u-
OH),(H,0),(y-SiW4055),]'°" analogue studies, the O, evolu-
tion rate depends only weakly on the initial [(y-PW,Osq),-
Ru,05(0OH)(H,0),]°~ concentration. That is, the primary
evidence [(y-PW,,054),Ru,05(OH)(H,0),]°” might be homo-
geneous is that it behaves similar to [Ruy(u-O),(u-OH),-
(H,0)4(y-SiW054),]'°", where evidence for homogeneous
catalysis is stronger. Further kinetic and other studies addressing
the true catalyst when beginning with [ (y-PW(O5),Ru,05(OH)-
(H,0),]°~ would be welcome, however.

An interesting triruthenium substituted Keggin silicotungstate,
[{Ru305(H,0)CL}(SiW,03,)]7", was used as a starting material
in a 1.0 mM Ru(bpy);** plus 5.0 mM S,04>" photochemically
driven system (Figure 10).%’ Contrary to most other POM WOC
studies, Car et al. hypothesize that precipitated ([{Ru;05(H,0)-
CL}(SiWy03,)]77):[Ru(bpy);**] is the active catalytic species.
Consistent with this assertion, a precipitate forms upon
combining the triruthenium POM and the Ru(bpy);** photo-
sensitizer. This precipitate contains IR bands characteristic of the
intact POM at approximately 976, 948, and 873 cm™" in both the
initial POM and also after a catalytic run with isolation by
centrifugation. The supernatant of the centrifuged postcatalysis
solution contains no residual activity even when fresh Ru(bpy);>*
and S,04*” were added—evidence that the true catalyst resides
primarily in the solid state.

Stability of the starting [{Ru;05(H,0)CL}(SiW,0;,)]"~
under noncatalytic conditions was investigated by UV—vis
where a 3.5% decrease in the 440 nm absorbance over 3 h is
observed; no additional decomposition is seen for the POM
in the presence of $,04*” and illumination over 2.5 h.%
Photochemical controls with RuCl; under otherwise standard
conditions did not result in O, formation. Further evidence
of the true catalyst could include determining the fate of the
3.5% unstable fraction of the POM and looking into whether
that form of ruthenium possesses any catalytic activity. XPS of
the pre- and postcatalysis ([{Ru;05(H,0)CL}(SiW,0,,)]77):
[Ru(bpy),**] solid could also potentially help determine
whether the surface of the material changes during catalysis
or not.

In a different ruthenium POM dimer, Howells et al. claimed
electrocatalytic water oxidation when starting with what is
believed to be'** [Ru(IIl),Zn,(H,0),(ZnWy05,),]'*" and
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Figure 10. O, evolution kinetics for [{Ru;05(H,0)CL}(SiW,05,)]—
in the presence of 1 mM Ru(bpy);**, 5 mM S,04*7, 20 mM Na,SiF
buffer (pH 5.8), and 465 nm illumination. [POM] = 16 uM (black
squares), 21 uM (red circles), 31 M (blue triangles), and 50 uM
(green inverted triangles). O, was measured by GC of the reaction
headspace. The sigmoidal shape of these kinetic curves indicate the
need for experiments aimed at identifying whether the shape is
determined by solution-to-gas transfer limitations or by changes in the
active catalyst, as discussed in section 2.4. Reproduced with permission
from ref 69.

using a gold electrode in pH 8 phosphate buffer.'** Oxygen
evolution was observed to be potential dependent for the
[Ru(I11),Zn,(H,0),(ZnWy05,),]'*", whereas controls using a
di-Zn POM (whose structure was not specified) or [Ru(H,0)-
PW,,0,,]* showed no O, evolution activity up to 1.05 V versus
NHE. The current—overpotential (Tafel) relationship was
also measured to be 120 mV/decade for [Ru(IIl),Zn,-
(H,0),(ZnW,03,),]"*"; heterogeneous RuO, and perovskite
materials typically exhibit slopes of 60 or 120 mV/decade.
That is, a pure RuO, WOC is most likely not present in this
POM system, but the possibility of a catalytic contribution
from a different, unknown heterogeneous material has not been
ruled out.

If the active catalyst is indeed the starting [Ru(IIl),Zn,-
(H,0),(ZnW403,),]'*, then it is not clear what the active site
might be since the ruthenium atoms are on the inferior of
the complex and are not coordinated to terminal aquo, hydroxo,
or oxo ligands. This problem is further complicated by the
observation that only ~1.24 equivalents of ruthenium are
incorporated into the two central positions according to XRD
refinement, whereas the other 0.76 equivalents correspond to
tungsten; the XRD calculation also contrasts with the elemental
analysis which indicates the presence of ~1.94 equivalents of
ruthenium per POM."*® That is, the authors have not ruled out
the possibility that ruthenium is acting as an outer sphere/
noncoordinated countercation in the isolated “Na,,[Ru-
(II1),Zn, (H,0),(ZnW40,,),]” complex. Also not known is if
adventitious ruthenium could be contributing to the catalytic
activity. Quite possibly relevant here is literature showing that
Ru(IIl) incorporation into a [WZn;(H,0),(ZnW,0,,),]"*~
precursor—as the Howell et al.'*® paper uses—can be prob-
lematic. For example, such syntheses are known to lead, in the
case of what was claimed to be “[WZnRu"™,(H,0)(OH)-
(ZnW,03,),]"' 7, to what is actually a physical mixture of the
Ru(I1)(DMSO),Cl, and WZn;(H,0),(ZnW,0,,)">" starting
materials.'>> Therefore, additional characterization and stability
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Figure 11. (a) UV—vis spectroscopy of 0.3 mM [Ru(H,0)SiW,;0;,]°~ upon addition of 0 to 2.5 equivalents of Ce(IV) (i.e., CAN) oxidant. (b)
Absorbance changes at 380 and 550 nm plotted as a function of added Ce(IV) equivalents. Coupled with the complementary methods of EPR,
resonance Raman, and electrochemical techniques, this example data provides good evidence for a homogeneous POM WOC. Reproduced with

permission from ref 76.

studies are needed to provide stronger evidence for both the
purity and precise nature of the starting complex, as well as for
the true catalyst.

In addition to the multi-Ru POM:s described above, single-site
ruthenium POMs have also been studied as water oxidation
precatalysts. One of the most thorough investigations of a
monoruthenium POM starting materials was completed by
Murakami et al, where 0.3 mM [Ru(H,0)SiW;,05]°" or
[Ru(H,0)GeW,,0,,]° (Figure 5, vide supra for their structure)
was combined with 6.0 mM Ce(IV) oxidant to produce O, in up
to 90% yields.76 Characterization of Ru(III), Ru(IV), and Ru(V)-
POM intermediates included pH-dependent electrochemical
studies, EPR, resonance Raman, and UV—vis spectroscopy
(Figure 11). Significantly, addition of two or more Ce(IV)
equivalents to the starting POM resulted in the formation of a
proposed [Ru(O)GeW,;0,,]° species. Kinetic analyses were
also conducted and indicate that O, evolution kinetics: (i) are
first order in the Ru(V)=0 species (i.e., the proposed catalyst
resting state under oxidizing conditions), (ii) saturate in
[Ce(IV)], and (iii) are nearly zero order in [H*] (although a
slight inverse dependence is observed). Multiple controls also
support the conclusion of a homogeneous POM WOC,
including a lack of O, evolution activity when RuCl,, Ru(acac),
or [SiW,;0;,]®" were tested as precatalysts. Perhaps the only
remaining experiment still needed is to quantify the stability of
[Ru(H,0)SiW,,05,]°" and [Ru(H,0)GeW,;05,]°~ during and
after the catalytic run.

Sadakane and co-workers also investigated [Ru(H,O)-
SiW,,03]°” and [Ru(H,0)GeW,;05,]° as well as [Ru(H,0)-
PW,,050]* ([POM] = 0.3 mM) with 30 mM Ce(IV) oxidation
in 0.1 M HNO;;**"** approximately quantitative conversion of
Ce(IV) into O, was observed over 2 h. These authors did
not observe significant O, production in control experiments
with a variety of precursors, including [Ru(benzene)Cl,],,
[PW,,0;5{Ru(IT) (benzene) (H,0)]°", or [K,PW,,0;] plus
[Ru(benzene)Cl,],. Controls with RuCl,(DMSO),,
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[K,PW,,0;5], or RuCL,(DMSO), plus [K,PW;;05] had O,
evolution induction periods of a half-hour and produced
approximately 3 times less O, than did [Ru(H,0)PW,;;05,]*".
Although the studies of Sadakane did not report any other
experiments directly relevant to identifying the true catalyst in
their ruthenium POM solutions, it seems plausible that the
catalyst is homogeneous since these authors used similar HNO,
electrolyte and Ce(IV) oxidant conditions comparable to the
more extensive studies of Murakami et al.”®

In summary of this section, Ru-POM water oxidation pre-
catalysts have been studied relatively thoroughly compared to
other transition-metal-based POM precursors. Two traits have
contributed to this improved understanding. First, ruthenium
POMs appear to be more stable than first row transition metal
analogues. This increased stability has allowed the ruthenium
POMs to be examined using Ce(IV) oxidation in acidic (pH 1 or
less) solution; Ce(IV) supplied generally as [Ce(NO;)4](NH,),
also appears to cause fewer problems with precipitation
compared to a Ru(bpy),** oxidant as one might expect from
their respective anionic vs cationic charges. This makes in situ
and even in operando characterization of ruthenium POM:s
teasible. The second characteristic which makes ruthenium POMs
easier to study is the rich redox chemistry of the active site. Because
multiple, reversible electron/proton transfers occur prior to the
onset of catalytic activity, these reaction intermediates can be
studied and characterized in detail. Despite these advantages, there
is clearly a shift in the recent literature toward studying catalysts
which incorporate earth-abundant elements—one important trait
which ruthenium does not possess.

3.3. Manganese. 3.3.1. Non-POM Manganese Precata-
lysts. Homogeneous complexes containing manganese have
been studied extensively due to their potential relationship
with the biological water oxidation catalyst of photosystem II,
which contains a Mn, active site. An LgMn,O, complex
(L = diphenylphosphate anion) is one of the few complexes
which has been reported to be both a structural and catalytic
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mimic of the photosystem II active site."*>'** Subsequently,
Hocking et al. used a combination of EXAFS/XANES, multiple
Mn?* starting material controls, and HRTEM to provide
strong evidence that a heterogeneous manganese(III/IV) oxide
catalyst is formed within the Nafion membrane upon oxidation
of the LgMn O, starting material."*® Interestingly, reduction of
the heterogeneous MnO, results in the disappearance of the
nanoparticles that are formed concomitantly with what appears
to be homogeneous [Mn(OH,)4]**. In other words, manganese
WOCs appear to be able to cycle between heterogeneous
catalysts and homogeneous resting states.

Decomposition of homogeneous manganese coordination
complexes, including (bpy),Mn(u-O),Mn(bpy), and Mn-
(phen);*", has also been described when using Ce(IV) oxidation.
When the manganese complexes were combined with Ce(IV) in
aqueous solution, a mixture of soluble Mn(III), soluble MnO,",
and heterogeneous MnO, were formed although no O, was
detected.">° The colloidal MnO, was characterized by XPS, IR,
DLS, TEM, and UV—vis. However, when (bpy),Mn(u-O),Mn-
(bpy), was supported on clay followed by Ce(IV) addition, O,
evolution was observed; postreaction IR, XPS, SEM, and XRD
characterization indicated the formation of heterogeneous MnO,
and MnO materials concomitant with loss of the organic bpy
ligands. These studies indicate the potentially high instability of
manganese complexes to oxidizing conditions, especially in the
presence of support materials such as clays.

3.3.2. Manganese POM Precatalysts. All three of the
manganese polyoxometalate studies which report water
oxidation catalysis are electrochemically driven. It should also
be noted that none of these studies quantify O, production since
this was not the primary focus of these reports; therefore, the
reaction being studied is not known definitively for these Mn-
POMs. Despite this shortcoming, the techniques used in these
studies are relevant to distinguishing between homogeneous and
heterogeneous electrocatalysts and are therefore included in the
present review.

In 2007, Keita et al. reported the synthesis and electrochemical
activity of a [(Mn(IIT) (H,0));(SbW,03;),]°~ complex.*’” Cyclic
voltammetry studies at a glassy carbon electrode show a
reversible Mn(I1I/IV) redox process followed by an irreversible
wave at 1.35 V versus SCE, which is attributed to catalytic water
oxidation by a Mn(V) complex. Scan-rate-dependent voltam-
metry suggests that some of the Mn(III/IV) oxidation is due to
adsorbed [(Mn(IIT) (H,0));(SbW,4033),]°". Multiple scans of
the POM up to 1.5 V results in a continually increasing catalytic
wave, whereas the Mn(III/IV) waves increase only slightly and
stabilize after three scans. Due to the complexity of the electro-
chemical response, the authors used electrochemical quartz
crystal microbalance (EQCM) experiments to gain insights into
the possibility of MnO,, formation under oxidizing conditions.
Consistent with their cyclic voltammetry results, the POM in the
Mn(IV) oxidation state adsorbs to the electrode, and reduction
to the Mn(Il) state results in desorption in the majority, but
not all, of the electrode-bound film. The authors suggest this
residual film may correspond to MnO, and is likely responsible
for the water oxidation activity. Additional surface character-
ization was not conducted, however. Even though the identity of
the true WOC remains unknown in the case of [(Mn(II)-
(H,0));(SbW4035),1°", the use of EQCM should prove
to be a very useful technique for detecting heterogeneous
electrocatalysts.

Two other electrocatalytic water oxidation studies have
been reported when starting with manganese POMs. Cyclic
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voltammetry of [Mn(III);(H,0)s(A-a-PW,0,,),]°~,** which
is structurally similar to [(Mn(III)(H,0));(SbW4043),]°,
shows an apparently catalytic oxidation wave at ~1.1 V versus
SCE, proposed by the authors to be water oxidation, but
was not investigated further. A catalytic oxidation wave is also
observed in [Mn,;o(OH),,(SiW,003,)4)>*™ solutions and exhibits
a current—overpotential slope of 135 mV/decade with as little
as 330 mV of overpotential.*’ Oxidation of [Mn,o(OH),,-
(SiW903,)6)>* also results in the formation of a thin film on the
electrode.

In summary of this section, an important feature of these
Mn POMs is that they operate at moderate to low overpotentials
and they incorporate earth-abundant catalytic centers. Hence,
further characterization of both the POM stability, as well as any
in situ formed films, is of interest for all of these manganese
POM:s.

3.4. Molybdenum. There are no other proposed homoge-
neous (or to our knowledge heterogeneous) molybdenum
WOOC:s. This is not surprising since molybdenum oxide or poly-
oxomolybdates typically contain the metal in its highest
oxidation state (VI) and the (VI/V) reduction potentials are
well below the reversible water oxidation potential. In other
words, there is no obvious mechanism for oxidizing water when
starting with a molybdenum (VI)-oxo species.

Given the lack of (non-POM-based) Mo WOCs, the cases and
claims of molybdenum POM:s acting as water oxidation catalysts
is something of a curiosity. Hence, there is an additional burden
of strong evidence upon researchers claiming Mn POM, or for
that matter any Mo-based WOC, be it potentially homogeneous
or heterogeneous catalysis.

3.4.1. Molybdenum POM Precatalysts. One study which
claims Mo-POM WOCs begins with insoluble POM-Ru-
(phen);*" salts, including [Ru(II) (phen);(CH;0H) (MogsO,)],
[Ru(II) (phen);(C,HN, ) (C;H,NO) (MosS,0,3)], and [(Ru-
(I1) (phen)s),(CH;CN),(MogO,4)].">” In the presence of light
and 10 mM S,04*7, 10 uM POM/photosensitizer suspensions
produce O, for up to 12 h without significant changes in activity.
Powder X-ray diffraction (PXRD) of the materials before and
after photocatalysis provide evidence that no significant changes
to the bulk of the material occur, although this method would not
detect amorphous surface catalysts. To test their hypothesis
of a HO® radical-based reaction mechanism, the authors added
hydroquinone, which is a radical scavenger. In the presence of
hydroquinone, [Ru(II)(phen);(CH;OH)(MogO,y)] produces
no O, under an otherwise standard photochemical reaction.
Although the lack of O, in this experiment is consistent with a
radical mechanism, it is also possible that hydroquinone is simply
easier to oxidize than water and therefore reacts preferentially.
Additionally, if a radical mechanism involving HO® is invoked,
the authors should also rule out the possibility that the sulfate
radical anion (SO,*”)—a byproduct of this particular photo-
chemical system—is not involved directly in the reaction. This
problem could be addressed by using '*O-labeled water to verify
the source of oxygen in the product O,. Due to the un-
precedented nature of molybdenum WOCs, the most likely
WOC in this system involves the Ru(phen);** or its oxidation
products. Lay et al. and Creutz and Sutin have proposed water
oxidation mechanisms when starting solely with ruthenium
polypyridyl complexes to account for O, evolved in the absence
of other WOCs."*®'* Determining the catalyst in this case
should therefore rely on understanding the stability and
speciation of both the POM and photosensitizer materials
under the reaction conditions.
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Another study of water oxidation catalysis beginning with
molybdenum POMs, which arguably could also be classified as
cobalt POMs, uses [Co(IlI)MosO,4Hs]*~ and [Co(III),-
Mo,003H,]"."% These POMs are considered molybdenum
POMs for the purposes of this review, because the cobalt atoms
are internal, core cobalts and contain no terminal aquo, hydroxo,
or oxo ligands. Hence, if these intact POMs are indeed homo-
geneous WOCs, then the oxygen atoms in the O, product should
not have been coordinated to the cobalt. Photochemical water
oxidation with 120 uM [CoMo4O,,H,]>~ and [Co,Mo,;035H,]*
was investigated in the presence of 0.06 mM Ru(bpy);**, 3.0 mM
$,04”, and illumination from a 300 W xenon lamp; yields of up to
25% and 20% conversion of persulfate into O, are observed. As with
other POMs, evidence for POM:Ru(bpy),*" precipitation includes
saturation kinetics in the O, evolution rate beginning at ~10 yM
[CoMogO,,H¢]*™ and § uM [Co,Mo,,05H,]®". DLS also
showed the presence of particles when 40 M [Co,Mo,,05H,]*~
was combined with 60 uM Ru(bpy);*" but not at lower
concentrations. Other DLS experiments did not detect particles
in standard postreaction solutions of [CoMosO,,H]*™ or
[Co,Mo,,035H,]%”, which had been illuminated for 30 s (i..,
~1/20th the length of the normal photochemical reactions
employed). A control using 10 uM Co(NOs,), under otherwise
standard photochemical conditions resulted in the formation
of 10—100 nm particles, which were characterized by DLS after
30 s of illumination. No other characterization of these
nanoparticles was reported, although literature precedent
suggests they are likely CoO, materials.**"** In another control
experiment, 20 uM Co(NO;), evolved 7—8 times less O, than
[CoMog40,,H¢]*™ or [Co,Mo,iO5H,]¢” during a standard
30 min photolysis. It would be interesting to test other, lower
concentrations of Co(NOjy), in this system since others have
observed an O, evolution activity which can depend inversely
on the precursor Co®* concentration."** Determining the correct
Co(NO;), control in this and other systems ultimately relies
on knowing the stability/speciation of the [CoMos0,,H¢]*~ or
[Co,Mo0,0045H,]®” materials in operando, something missing
from the above, intriguing system.

3.5. Iridium. 3.5.1. Non-POM lIridium Precatalysts. The
current iridium WOC literature is divided as to whether
homogeneous iridium complexes are active WOCs or whether
they decompose into heterogeneous IrO,. Initially, a number of
IrCp and IrCp* complexes were reported as homogeneous
WOCs. 607163 Then, in 2010, Grotjahn and co-workers
published a pivotal study which found that many of these
iridium complexes are initially not active WOCs;'** instead,
greater than S equivalents of Ce(IV) are needed to form an active
WOC. In operando UV—vis of the Ir complexes plus Ce(IV)
is also consistent with the evolution of catalytically active
IrO, materials during the reaction. Lastly, ex situ STEM/EDX
revealed the presence of Ir-rich nanoparticles contained in a ceria
matrix. Although the true catalyst continues to be debated in
iridium plus Ce(IV) systems,'®>'% the study of Grotjahn et al.
provides excellent precedent for the in situ formation of active
IrO, nanoparticles in at least certain cases.

Electrochemical studies by Crabtree and co-workers have also
investigated distinguishing homoégeneous and heterogeneous
iridium water oxidation catalysis."®”'%® Investigation of [Cp*Ir-
(H,0),;]** and [Cp*Ir(2-(2’-pyridyl)-2-proponolate)Cl]
using an electrochemical quartz crystal nanobalance (EQCN)
showed that at oxidizing potentials (up to 1.5 V vs NHE) the
[Cp*Ir(H,0);]* complex electrodeposited a catalytically active,
amorphous IrO, film onto the electrode which contains ~9%
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carbon (by EDX); no measurable iridium oxide was deposited
onto the electrode for the other iridium complex.'®”¢®
Therefore, the authors concluded that this EQCN technique
can distinguish homogeneous and heterogeneous iridium
catalysts, a conclusion with which we concur.

3.5.2. [(IrCl)KP,W5,0,,]”~ Precatalyst. The only example
of an iridium polyoxometalate precursor in water oxidation
catalysis was reported by Cao et al. in 2009.”” When 0.02 mM
[(IrCl,)KP,W,,05,]7" is combined with 1.4 mM Ru(bpy);**
oxidant at pH 7.2, O, yields of up to 30% were observed. In
comparison, a control with an equivalent amount of IrCl; yielded 38%
O, under otherwise identical conditions. Instability of the starting
POM was also observed in the pH 7.2 electrolyte by UV—vis
spectroscopy, the iridium dissociating completely from [(IrCl,)-
KP,W,,0,,]"" within 24 h. Stability of the complex under the reac-
tion conditions was not reported, however. The authors conclude that
although the starting POM could be a catalyst, they cannot disprove
the possibility of in situ formation of heterogeneous IrO, nanoparticle
catalysis. Indeed, the combination of [(IrCl,)KP,W,,0,,]"~
instability and kinetic competence of the IrCl; control is most
consistent with an in situ formed IrO, WOC.

3.6. Nickel. 3.6.7. Non-POM Nickel Precatalysts. Oxidative
conversion of aqueous nickel(Il) salts and nickel coordination
complexes into heterogeneous NiO, WOCs has been reported
by Spiccia and co-workers.'®”'7® These studies use a variety of
starting materials including Ni(en);**, Ni(NH;)¢**, Ni(tacn),*,
Ni(tacn)(OH,),**, and Ni(cyclen)(OH,),**, which were
oxidized at FTO electrodes to form the nickel oxide films
when the potential is scanned up to 1.3 V versus Ag/AgCl in pH
9.2 sodium borate buffer. EXAFS/XANES, SEM, Raman, and
EDX characterization of the films indicate the NiO, materials
were similar to other NiOOH catalytic materials. Interestingly, if
the electrode potential is scanned only up to 0.85 V versus NHE
(i.e., past the first oxidation wave, but prior to catalytic water
oxidation) no measurable NiO, is formed for any of the
complexes (except for controls with Ni(OH,)s**). This result
indicates that stability of a complex prior to catalysis does not
guarantee its stability under more oxidizing conditions—a point
which is frequently overlooked in the POM WOC literature.
Another relevant finding in these studies is the observation of
increasing electrocatalytic activity with increasing electroactive
surface area of the NiO, films. Although surface-area-dependent
activity is well-known in heterogeneous catalysis, this result reinforces
the need to consider and account for the effect of solid catalyst’s
surface area and numbers of active sites in control experiments aimed
at ruling out, or supporting, the presence of heterogeneous WOC:s.

3.6.2. [Nis(OH)s(OH,);(Si,W14066)]'>~ Precatalyst. A 2010
report by Zhu et al. describes the synthesis of the penta-nickel
POM, [Nis(OH)s(OH,);(Si,W,304)]"*", and tests it as a
WOC starting material.”® As was observed for several other
POMs, DLS shows the formation of 700—1300 nm particulate
precipitate when [Nis(OH)¢(OH,);(Si,W;304)]"*” and Ru-
(bpy);** are combined. If this POM:Ru(bpy),>" is filtered from
the solution, the filtrate produces no O, when testing under
standard photochemical conditions (455 nm light, 1.0 mM
Ru(bpy);**, and 5.0 mM S,04*"). Controls using Ni(NO;),
showed that filtration followed by standard photochemical
testing did result in O, evolution—evidence against Ni*"
leaching from the Ni-POM prior to catalysis. The precatalytic
stability of [Nig(OH)s(OH,);(Si,W,3046)]**” was also fol-
lowed by UV—vis spectroscopy, DLS, and IR (after crystal-
lization from pH 8 solution) and showed no apparent changes
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upon aging in pH 8 borate buffer in experiments which lasted up
to 12 h or 2 years.

Evidence consistent with the {[Nis(OH)4(OH, );(Si,W;30¢) "> }:
[Ru(bpy);**] precipitate stability under the photochemical
reaction conditions includes three FTIR experiments:78 (1)
characteristic POM IR peaks are present both before and after
photocatalysis; (2) nickel hydroxide controls show IR bands at
525 and 3640 cm™" both as an isolated material and when mixed
with the Ni—POM in a 9:1 molar ratio; (3) the post reaction IR
shows no evidence of the nickel hydroxide bands. Although these
experiments are good initial tests, it is not clear whether the nickel
hydroxide (Ni(OH),) control (which was prepared by precip-
itation of aqueous nickel(II) using KOH) would show the same IR
stretches of oxidatively prepared Ni(III)OOH. The authors also
assumed that if a NiOOH-containing nanoparticle was formed,
that it would be isolated by the centrifugation isolation method
and therefore observable in the FTIR spectrum. An alternative
explanation is that the catalyst remains in the supernatant.

The authors final argument for a homogeneous nickel POM
WOC is that the kinetic traces for photochemical O, evolution and
dark Ru(bpy);** reduction (ie., where the reaction is driven by
addition of the ruthenium(IIT) oxidant in the dark) are similar, and
the O, yields have the same trend for light-driven and dark
reactions.”® Unfortunately, there are at least two possible gaps in this
argument. First, O, evolution and oxidant loss kinetics can only be
rigorously compared when the O, yield is near 100% since one
cannot know what portion of the oxidant loss corresponds to O,
evolution and what portion corresponds to side-oxidation reactions.
Second, an observation of increasing O, yields with increasing [Ni—
POM] for both light and dark reactions only requires that the
amount of catalyst increases for both these systems when more
starting material is used; that is, increasing O, evolution rates do not
indicate the true catalyst unless they can be correlated with a precise
compound/species under the reaction conditions.

4. SUMMARY

Analysis of the WOC literature which uses POM precatalysts
reveals several important insights: (i) The majority of studies
examine the stability of the starting POM prior to catalysis and
then infer the stability of the catalyst under the reaction
conditions. In operando quantitative stability, with error limits,
and speciation studies are badly needed and, therefore, broadly
recommended. (ii) With two exceptions,””®" the studies which
do address whether the POM is present at the end of the
reaction do not quantify the stability; instead these studies rely
on FTIR, *'P NMR, and PXRD to show the qualitative stability
of the POM. Thus, the hypothesized superior stability of POMs
under water oxidation conditions has yet to be supported by
concrete evidence since the two quantitative studies available at
present’”®" actually report POM instability. (iii) Although in
situ tests for particles such as DLS and SAXS are useful, one
should also be aware of and report the detection limit of the
particles one is attempting to detect when these techniques
are used to provide evidence against nanoparticles in the
solution. (iv) Development of faster in operando methods of
real-time O, detection promises to have an important impact
on WOC studies. (v) Control experiments are critical to
distinguishing homogeneous and heterogeneous WOCs and
are greatly underutilized at present. In order to compare a
heterogeneous control to a homogeneous precursor, one
should also know the approximate number of active sites/
surface area of the heterogeneous control catalyst as well as

926

the dependence on that surface area in the observed kinetics. (vi)
Understanding the water oxidation kinetics of all possible forms of
the (pre)catalyst is crucial to determining which catalyst is active is
a particular system. (vii) Reaction conditions can play an
important role in determining the identity of the dominant
WOC especially when working with only quasi-stable POMs.

Electrochemical studies have several advantages over chemical/
photochemical oxidation methods including: (1) Many of the
solubility issues associated with Ru(bpy),** oxidation can be avoided
since the concentration and identity of the electrolyte can be chosen
to maximize POM solubility. (2) Fewer side oxidation reactions are
observed in electrochemical systems relative to the common ligand
oxidation reactions associated with the Ru(bpy);** oxidant. (3) If
heterogeneous materials are deposited onto the electrode during the
reaction, then they can be easily isolated from the starting POM
solution and can be characterized by a variety of methods including
SEM/EDX, XPS, IR. And, (4) the electrochemical potential/driving
force for the reaction can be easily varied in order to determine
kinetic parameters and to compare different catalysts/controls.

Chemical oxidation methods, on the other hand, have the
advantage of interacting with the entire solution instead of only the
portion that reaches the electrode/solution interface. That said, there
is a pressing need for an uncharged or anionic oxidant that yields a
stable, readily quantitated product. In comparison to the broader
WOC literature, knowledge of the true catalyst when beginning
with POMs is lagging and can be quite challenging in part due to
the solubility/stability problems associated with the use of chemical
oxidation methods. Again, either new, noncationic oxidants are
needed, or electrochemical oxidation methods should be utilized.

An important point is that conceptually solving the “is it
homogeneous or heterogeneous catalysis?” question is as simple or
as complex as (i) having complete speciation of the precatalyst
under the reaction conditions, and then (ii) knowing the kinetic
contribution of each species formed. Practically, however, this is
much harder than it sounds, especially when micromolar to
nanomolar amount of leached metal can form competent
catalysts.**”! Finally, “catalysis is..purely a kinetic phenomen-
on”."*® This, in turn, means that rigorous, unequivocal identification
of the true catalyst for any catalytic reaction is impossible without
the requisite kinetic studies. An important corollary here is that a
comparison of TOFs, without knowledge of the underlying rate
laws, will tend to be a comparison of mechanisms, conditions, and
terms in the often different rate laws.'”'”

Due to the challenges associated with determining the homo-
geneity or heterogeneity of water oxidation catalysts, development
of methods aimed at answering this fundamentally important
problem of “who is the true catalyst?” will continue to be highly
relevant. Understanding the fundamental properties that control
catalyst formation, activity, stability, and lifetime will be important
in developing future water oxidation catalysts capable of the
stringent requirements needed for sustainable energy storage.

The expectation is that an improved understanding of the actual
catalysts in a given water oxidation reaction will help focus and
therefore expedite WOC research. Hence, this review of WOCs
starting with POMs and how, in our experience, to best and most
quickly identify the true catalyst is offered as hopefully one valuable
step in the needed focus towards the most active, most long-lived,
and overall best water-oxidation catalysts achievable. Finally, to
further aid the efforts of anyone striving to identify the true catalyst
in their own water oxidation or other catalytic reactions, Table A
which follows is provided as a quick-reference guide to the systems
that have been discussed in the present review.
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