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«St la humanidad no es capaz de pensar como especie, Si
stgue pensando apenas como pais, y como clase social, y

pensando solo en lo nuestro, entonces la civilizacion estd

condenada. s

—José Mujica
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Chapter 1

General Introduction
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1.1. Motivation: Global Energy Consumption and Planetary Boundaries 3

1.1 Motivation: Global Energy Consumption and

Planetary Boundaries

Population growth and living standards are creating an increase on the global energy
consumption projected to be at least 2-fold in the following decades relative to the
present. The world population in 2001 was close to 6.1 billion, with a projected
increase rate of ca. 0.9 %yr~!, what means that the population by 2050 will probably
reach 9.4 billion. Moreover, the world energy consumption rate is projected to grow
by 1.5 %yr~!, from 13.5 terawatt (TW) in 2001 to ca. 27 TW by 2050, and ca.
43 TW by 2100, in other words, at the end of the century the energy consumption
will have been quadrupled. With no doubt meeting this huge demand of energy in
a competitive, reliable, clean, and sustainable manner is so far the most important

scientific and technical challenge that humanity is facing in the 21st century.*

According to European Commission, in 2009 the worldwide gross consumption
of energy was 12140.9 tonnes of oil equivalent (toe), which supposes an increase of
21 % with respect the consumption recorded in 2000. In this period of time China’s
gross inland consumption more than doubled while, on the other hand, the United
States together with Japan were the only (G20 members that recorded a lower gross

inland consumption in 2010 than in 2000.2

As shown in Figure in 2009 the use of coal and ignite as source of energy
supposed the 27.2 % of worldwide gross consumption, a 32.8 % was crude oil and
oil products, and a 20.9 % was gas; so thus combined these three fuels accounted
for the 80.9 % of global energy consumption. On the contrary nuclear energy, and

renewable energies and waste accounted just for a 5.8 % and a 13.3 %, respectively.

Data clearly show the huge dependence of humanity on fossil fuels for energy
production. This dependence does not represent an issue in terms of availability of

fossil reserves and processability of raw materials at some reasonable cost. Based
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Share of Worldwide Energy Consumption

Renewables

and waste,
Nuclear 13,30%
energy,

5,30%

Figure 1.1: Provenance of worldwide energy gross consumption in 2009.2

on 1998 consumption rates, availability of oil reserves (including estimated resource
base) will exist globally for 50-150 years. Reserves of natural gas will be present for
60-160 years, and between 200-590 years of gas resources. Moreover, a 1000-2000
years supply of coal, shales and tar sands is in the estimated resource base. There-
fore, taking into account all the estimated fossil energy resources would support
the high energy consumption of 25-30 TWyr~! for at least several centuries.! Un-
fortunately, consumption of fossil fuels is producing a potentially significant global
issue, since it leads to carbon emissions in the form of CO,. The absence of natural
mechanisms of COy destruction in the atmosphere causes a concentration increase
of this gas, with negative effects not only in human health but also in the resilience
of Holocene-like state of the planet, that has been in equilibrium for the last 12000
years. Such state is the only state that we know for certain can support contempo-
rary human societies. T Therefore, with no active intervention, any environmental
effect caused by atmospheric COy accumulation during the next 40-50 years, will
remain globally for the next 500-2000 years. Scientific evidences indicate that at-
mospheric CO5 concentration during the past 650000 years has kept stable between
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1.1. Motivation: Global Energy Consumption and Planetary Boundaries )

210 and 300 ppm, while has been recorded an evident increase during the last 50
years due to anthropogenic COy emissions from fossil fuels consumption, until an

excess of 380 ppm.

In this scenario, Rockstrom and collaborators proposed in 2009, and revised
later in 2015, a planetary boundaries (PB) framework in order to prevent a devi-
ation from the Holocene-like state that might cause a destabilization of the Earth
system (ES).** The planetary boundaries framework defines a safe operating space
for humanity based on the intrinsic biophysical process that regulate the stability of
the FEarth system. In the PB framework, nine processes that are being modified by
human action are studied: Climate change (atmospheric CO5 concentration, and
energy imbalance at top-of-atmosphere), Biosphere integrity (extinction rate, and
functional diversity), Land-system change (area of forested land), Freshwater use,
Biogeochemical flows (phosphorous and nitrogen flows), Ocean acidification (carbon-
ate ion concentration), Atmospheric aerosol loading, Stratospheric ozone depletion,

and introduction of Novel entities (Figure |1.2]).

Climate change and biosphere integrity are recognized as "core" boundaries due
to their capacity of driving the ES into a new state of uncertainty stability. Figure
shows that some of the boundaries are already transgressed, as in the case of
biogeochemical flows (i.e., phosphorous, and nitrogen cycles), and genetic diversity,
while land-system change and climate change are found in the zone of uncertainty
with an increasing risk of regime shifts. These data should alert the society that it is
time to react to avoid the change to an uncomfortable system much less hospitable

to the development of human societies.

Proposed boundaries on climate change are an atmospheric CO, concentration
of 350 ppm, and an energy imbalance at top-of-atmosphere of +1.0 Wm~? relative
to preindustrial levels. Current values for the control variables show that the atmo-
spheric COq concentration in 2014 was 399 ppm, and in 2011 the energy imbalance
at top-of-atmosphere was +2.3 Wm~2 relative to 1750. Evidence of these high lev-
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Figure 1.2: Current status of the control variables for seven of the planetary boundaries.
The green zone is the safe operating space, the yellow represents the zone of uncertainty

(increasing risk), and the red is a high-risk zone.”

els have been observed in climate change, as there is an obvious global increase in
the intensity, frequency, and duration of heat waves, the number of heavy rainfall
events in many regions, changes in atmospheric circulation patterns, and the rate of

combined mass loss from the Greenland and Antarctic ice sheets.?

Given the problem that humanity is about to deal, it is of imperious importance
the invention, development, and deployment of carbon-neutral energy sources and
technology. The most prominent renewable energies are hydroelectric, geothermal,
wind, tides, ocean thermal energy conversion, and solar. Being the latter the most
exploitable resource, due to it is clean, abundant, economically affordable, and the

only one with sufficient capacity to produce energy for all the planet. 256
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1.2 The Use of Solar Energy

All the energy consumed by humans in an entire year corresponds to the solar energy
that reaches Earth in one hour. This fact makes sunlight the most promising carbon-
neutral energy source for the future, as solar radiation is available at any location
on the surface of the Earth. Regardless of location, the maximum power density of
sunlight on Earth is ca. 1000 watts per square meter. The solar source is commonly
described in terms of insolation, i.e. the energy available per unit of area and per
unit of time, such a kilowatt-hours per square meter a year. Depending on location,
the annual insolation can vary over the Earth by a factor of 3, as an example in
northern Scandinavia and Canada the insolation is about 800 kilowatt-hours per
square meter a year, on the contrary a maximum of 2500 kilowatt-hours per square

meter a year can be reached in some dry desert areas.”

On this regard, it is well documented that solar energy has the sufficient potential
to supply current and projected energy consumption in the next century. The use
of solar energy as primary energy source requires three factors that will determine
the extent to which it is used in the longer run: (i) capture and conversion of the
energy contained in solar photons; (ii) solar energy storage; and (iii) cost-effective
implementation into the global energy markets.”*® Capture and conversion of so-
lar photons is accomplished by photovoltaics, which generally cannot compete with
conventional power plants in grid-connected applications. Photovoltaic electricity
production costs vary between $0.3-1.5 a kilowatt-hour, depending on solar insola-
tion, turnkey costs, depreciation periods, and interest rate. Under favorable condi-
tions and at favorable sites, the lowest cost figure may come down to $0.05-0.06 a

kilowatt-hour.”

It is necessary a robust, and cost-effective storage system to convert solar en-
ergy in the primary energy source for society. There are different technologies and

methods for solar energy storage, distinguished by the time scales on which en-
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ergy is stored and their intrinsic power and energy densities. These methods are
of four forms: (i) chemical energy (batteries or fuels), (ii) thermal energy (con-
centrated solar thermal, geothermal), (iii) potential energy (pumped-hydroelectric,
compressed-air, electric charge in super/ultra capacitors), and (iv) kinetic energy
(flywheels). Among these methods, chemical fuels have the highest energy density
(Figure . This characteristic of chemical fuels is reflected in a rapid adoption of
solar-derived chemical fuels of current prevalent technologies and infrastructures.™®

10

104 Electrochemical
Capacitors

Advanced
Flywheels

Conventional
Flywheels

Methanol
g _ Gasoline
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Figure 1.3: Ragone plot of specific power density versus energy density of various storage

methods.”

A sustainable solution to small-scale distributed energy storage are chemical
fuels, due to their high energy densities through the storage of electrons in the small
volume of a two-electron bond between light elements (i.e., C—H, N—H, and H—H
bonds). At this point, it is important to compare the energy densities offered by these

three (hydrocarbon, nitrogen and hydrogen) fuels as a function of weight and volume,
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so thus: (i) hydrogen (Hs) has the largest energy density by mass (143 MJ kg) but
suffers in volumetric energy density because it is a gas, (ii) nitrogen-based fuels
have modestly high energy content by mass and volume, and (iii) hydrocarbon fuels
provide the optimum energy supply in terms of volumetric energy density. This
latter point, along with the economic availability of fossil fuels, provides the basis
for the choice of hydrocarbon-based fuels as the energy currency of modern society.
Changing the view of chemical fuels from carbon-based energy source to renewable

energy storage, is a challenge that our society is facing nowadays.



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY
Joaquin Soriano Lépez



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

1.3. Natural Photosynthesis 11

1.3 Natural Photosynthesis

Evolution over billions of years from primitive non-oxygenic-evolving photosynthetic
organisms to advanced eukaryotic life forms is one of the key steps in the development
of life on Earth.” The overall equation of oxygenic photosynthesis is given in Eq. [1.1]
where (CH,0) represents carbohydrate.’Y The aim of artificial photosynthesis is to
reproduce at large scale the processes of oxygen-evolving photosynthesis that take
place in higher green plants, cyanobacteria, and algae. Therefore it is of interest
the understanding of the reaction mechanisms present in natural photosynthesis for

developing technologies for fuel production directly powered by solar energy.tt

COy + HyO %5 (CH,0) + 0y (1.1)

Natural photosynthesis process is splitted in two different stages, known as
"light" and "dark" reactions. In the first one, antenna molecules, such a chloro-
phylls placed in the cell membrane (thylakoid), harvest the light energy, which is
driven to the reaction center, where charge separation takes place. At this point
electrochemical reactions start generating two energy-rich compounds: adenosine
triphosphate (ATP), and reduced pyridine nucleotide (NADPH). During this pro-
cess oxygen is produced as byproduct and released to the atmosphere (Eq. .
These firsts steps serve essentially to convert the trapped light energy into electrical
energy stored in cell membranes. In this light reaction two different photosystems
operate in serie to photochemically "charge" the membrane, the so-called photosys-
tem I (PSI), and photosystem IT (PSII).**44 [n the dark reactions, carbon dioxide
is reduced to form carbohydrates (sugars) using the ATP and the NADPH pro-
duced in the light stage. The reaction employs the enzyme Rubisco to catalyze the
carboxilation of ribulose diphosphate. This process is of high importance for the

progressive formation of sugars molecules from carbon dioxide and water.!?
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2H,0 + 2 plastoquinones + 4H, Iy Oy + AH e en + 2 plastoquinols  (1.2)

Therefore, PSI and PSII, together with cytochrome bgsf are involved in the pri-
mary transduction of light energy to electrical energy, and generate an electron flux
and an associated electrochemical gradient across the thylakoid membrane. The
source of the electrons comes from the water oxidation reaction to molecular oxy-

gen, that occurs within the oxygen-evolving complex (OEC) located in PSII (Figure
Ek
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Figure 1.4: Organization of photosystem II and light-harvesting complex II in the thylakoid
membrane. Cp43, Cpd7: internal antenna chlorophyll-protein complexes. D1, D2: main
components of reaction centers with binding sites for electron acceptor quinones (Qg,
Q4). Pgso: chlorophyll special pair. Other cofactors associated with D1/D2: pheophytin
(Phe), non-haem iron (Fe), Mn-cluster. Accessory chlorophylls and [-carotene are not
shown. Chl, chlorophyll; PQH,, plastoquinone pool; cyt bgf, cytochrome bgf complex; Yz,
D1-Tyr161.%5
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The water oxidation process starts when light is harvested by the photosynthetic
pigments (chlorophylls and carotenoids) present in the light-harvesting complex 1T
(LHCII). Light energy is converted then into electric energy and rapidly transferred
to the reaction center (Pggp), resulting in its oxidation to the cation radical P{y, and
the reduction of a pheophytin molecule, producing a charge separation. The Pggg
state is recovered by a rapid electron injection from tyrosine 161, Y, placed on the
D1 peptide, which is an oxidizable protein side-chain intermediate that stabilizes
the charge separation. The ultimate source of electrons comes from the oxidation of

water to molecular oxygen within the OEC.103

The structure of the OEC from cyanobacterial PSII was solved recently employ-
ing crystallographic techniques.*®' It consists in a Mn,CaOj cluster with a cubane-like
structure formed by three manganese, one calcium, and four oxygen atoms placed in
the corners, with the oxygen atoms serving as oxo bridges linking the metal atoms.
The fourth manganese atom is placed outside the cluster, linked to two manganeses
within the cubane by one vertex oxygen and the fifth oxygen via a di-p-oxo bridge
(Fig. [L.5). In addition, four water molecules are associated to the Mn,CaOs clus-
ter, of which two of them are coordinated to the calcium atom, and the other two
are coordinated to the manganese atom placed outside the cubane structure. A
significant structural feature of the cluster is its distorted chair form caused by the
existence of the calcium atom within the cubane-like structure. This distortion may

be important for elucidating the mechanism of the water-splitting reaction.

The water oxidation catalysis performed within the OEC is the most energeti-
cally demanding reaction performed by nature. Working close to the thermodynamic
limit under mild temperature and pH conditions, it requires a redox potential of at
least 0.8 V vs NHE (herein all potentials will be referenced to the normal hydrogen
electrode, unless otherwise noted), with a maximum turnover rate of ca. 103 s7!, for
the reaction 2H,0O — Oy + 4H™' + 4e~. The water oxidation mechanism in PSII,

known as Kok cycle (Fig. , proceeds via four sequential one-electron transfer
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Figure 1.5: Structure of the MnsCaOs. Distances (in angstroms) between metal atoms

and oxo bridges or water molecules.18

driven upon the oxidation of Pggy to the cation radical Pgy, produced thanks to
the successive absorption of four photons. This cation radical Pgg, is the strongest
known biological oxidizing agent with a redox potential of 1.26 V. Four electrons
are sequentially subtracted, together with four protons, process known as proton-
coupled electron transfer (PCET), from the lowest state (Sp) progressively to reach
the Sy state, where oxygen is evolved and the initial Sy state is spontaneously recov-
ered. The protein environment adjusts the proton chemical potential to the OEC
catalytic sites and the resting state of the PSII is the S; state, with one electron
extracted from the OEC, stabilized by proton release. During the S-cycle the re-
lease of protons into the protein environment keeps the charge neutrality during the
electron transfer events.M7 The OEC and surrounding structures are damaged as
a consequence of the highly energetic reactions carried out during the Kok cycle.

These molecules are restored via sophisticated self-repair mechanisms, without them
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the OEC would degrade in about 30 minutes.®

Figure 1.6: The S-state (Kok) cycle showing how the absorption of four photons of light
(hv) by Pgso drives the splitting of two water molecules and formation of Og through a
consecutive series of five intermediates (Sg, S1, S2, S3, and Sy). The S-states represent the
various oxidation states of Mn in PSII-OEC. Electron donation from the PSII-OEC to the

cation radical ngo is mediated by tyrosine, Y 7.1

The understanding of the processes involved in light harvesting and its conversion
into stored energy in chemical bonds, from water to hydrocarbons, performed by
photosynthetic organisms is of high importance on the development of photocatalytic
systems able to capture sunlight and convert it into electric energy by using water
as raw material. Current technology employed for the conversion of solar energy
into electric energy can be improved by mimicking (if not improving) the ability
of natural photosynthetic organisms of storing energy. These systems will not only
capture and convert the solar energy but, in addition, will also store this electric

energy into chemical bonds, producing Hs as green chemical fuel from water splitting.
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1.4 Artificial Photosynthesis and Water Splitting

The pioneer of modern photochemistry is considered to be the italian chemist Pro-
fessor Giacomo Ciamician. He was the first scientist that investigated the photo-
chemical reactions in a systematic way. In his visionary work, presented in 1912, he
suggested to replace “fossil solar energy” (i.e., coal) with sunlight energy, particularly
the production of fuels (dihydrogen) by means of artificial photochemical reactions
(artificial photosynthesis).“%*<! His proposal is still one of the most important goals

of current research of many scientists.

In natural photosynthesis the solar light is used to rearrange the bonds of wa-
ter to oxygen and hydrogen (Eq. . Subsequently the hydrogen is fixed by its
combination with carbon dioxide to produce carbohydrate (Eq. . Thermody-
namic energies of both processes show that it is water splitting and not carbohydrate

production the core reaction in any solar energy storage.

1
Hy0O — Hy + 502 E°=1.23V (1.3)

1
002 + HQO — ECGHHOﬁ + 02 EO =1.24V (14)

Where, based on an electron equivalency, the production of the carbohydrate
stores only 0.01 eV more energy than water splitting. Therefore, water splitting is
used in photosynthesis for solar energy storage, while carbohydrate production is
the method used by nature to store the hydrogen that is released from the water

splitting reaction.™

In artificial photosynthesis, sunlight is converted into spatially separated elec-
tron/hole pairs employing a photovoltaic cell, and charges are captured with cata-
lysts that mediate water splitting. Oxygen is produced by the catalyst at the anode
when it captures four holes, while hydrogen is produced in a separate catalyst at the

cathode when it captures four electrons.?® So thus, solar energy is stored in chemical
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bonds in the form of Hy and O,. On this regard, efficient electrocatalysts for water
splitting must operate close to the Nerstian potentials (E) for both, water oxidation

and proton reduction, semi-reactions involved in water splitting:

2H,0 = Oy + 4H™" + de” Eanodgic = 1.23 = 0.059(pH) V vs NHE ~ (1.5)

AH" + 4e” = 2H, Ecathodgic = 0.00 — 0.059(pH) V vs NHE  (1.6)

Of these two reactions, the water oxidation reaction is considered the bottle-
neck reaction in water splitting, since it requires a four-electron oxidation of two
water molecules coupled to the removal of four protons to form a relatively weak
oxygen-oxygen bond. Moreover, in addition to the thermodynamic demands of water
splitting, additional potential is needed to overcome activation barriers, concentra-
tion effects and voltage drops, due to resistence, to attain a given catalytic activity.
This is known as overpotential. Furthermore, water oxidation catalysts must be sta-
ble under strong oxidizing environments, since, even at the thermodynamic limit,
most chemical functional groups degrade due to the oxidizing power required by the

oxidation of water.2

Nevertheless, solar water splitting is not a strictly scientific problem. Indeed,
there are several large-scale projects working on the combination of renewable energy
sources with commercially available water electrolyzers. But it is needed a financially
attractive green alternative to fossil fuels to make the solar energy storage process
competitive. The main reason for the low commercial impact of water electrolysis
is the lack of a stable and inexpensive water oxidation catalyst able to work under
mild conditions. Most of the existing catalysts are based on noble metals, or require
the use of highly alkaline conditions working at low efficiencies. Therefore, the
main challenge is the search for a robust, efficient, and inexpensive water oxidation

catalyst.?3
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1.5 Water Oxidation Catalysts

A large number of organometallic complexes have been described as homogeneous
water oxidation catalysts since Meyer, in 1982, reported the catalytic oxidation
of water by a p-oxo-bridged ruthenium dimer coordinated by polypyridil ligands,
known as blue dimer.** These complexes have shown high performance in terms

2528 and they are easy to optimize and process. However,

of rates and efficiency,
long-term stability is an important issue, since the organic ligands, which some of
them are adequately stable in photovoltaic devices,?? are unstable toward oxidative
deactivation due to the strong oxidizing conditions during the water splitting pro-

cess. Therefore, organometallic complexes have null options to be implemented into

water-splitting devices.

The state-of-the art in terms of feasible industrial applications is lead by hetero-
geneous noble metal oxides, such as IrO,, and RuQy.1#225058 Probably, the most
remarkable heterogeneous water oxidation catalyst based in abundant metals is the
one reported by Nocera,*? where a phosphate oxide cobalt layer (Co-P;) was elec-
trodeposited onto the anode of a sillicon-based solar cell, yielding a robust, mono-
lithic, photo-assisted anode able to split water by direct irradiation with sunlight
working at neutral pH. This catalyst shows pH-dependent degradation, making it

too costly to compete with other hydrogen production procedures.

1.5.1 Molecular Water Oxidation Catalysts

Ruthenium-based Catalysts

Ruthenium complexes have been subject of research during the last years as water
oxidation catalysts, although they are too expensive to be implemented into a real
water splitting device. As already said, in 1982 Meyer reported the first example

of a well-defined homogeneous water oxidation catalyst, the p-oxo-bridged cis,cis-
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[(bpy)2 (HoO)Ru™ (1-O)RuM (Ho0) (bpy)o]*+ referred as the blue dimer due to its
characteristic color.** As shown in Figure , the two halves of the oxo-bridged
dimer are related by the 2-fold symmetry through the bridging oxygen atom. Both
ruthenium centers are approximately octahedrally coordinated with a cis, cis ar-
rangement with respect to the bpy ligands, allowing the coordinated water to align
in parallel through free-rotation along the bridging oxide.” Due to steric constraints
imposed by the bpy ligands is observed a nearly linear geometry of the Ru atoms
through the p-oxo bridge. Employing cerium(IV) ammonium nitrate (CAN) as
chemical oxidant, in strong acidic conditions the blue dimer performs a turnover fre-

quency (TOF) and a turnover number (TON) of 0.0042 s~* and 13.2, respectively,

t.40

and with a O, yield of 60 % based on the moles of oxidan

Figure 1.7 Structure of the blue dimer, cis,cis-[(bpy)2(HaO)Ru™ (p-
0)Ru'(H,0) (bpy)2]** in the salt [(bpy)2 (H2O)Ru (-
O)RUHI (HQ O) (bpy)g] (ClO4)42HQO

The blue dimer and its structurally related derivatives have been the field of study
during the last three decades to shed some light into the mechanisms of water oxi-

dation catalyzed by this complex.##41"48 Meyer et al. emphasized that PCET could

49150

be the key to catalytic water oxidation by the blue dimer which allow many
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oxidative equivalents to accumulate sequentially at one site without the buildup of
highly charged species.?2 Mechanistic and kinetic studies of the water oxidation
reaction by the blue dimer revealed the high complexity of the reaction mechanism,
since it does involve not only multiple PCET events reaching high oxidation states
of the central Ru-O-Ru core, and cross electron transfer between non-adjacent ox-
idation states but also different intermediate acid-base equilibrium reactions and
some anion exchanges between the surrounding solution and the coordinated water
molecules. As depicted in Figure[1.8] latests mechanistic studies employing CAN as
chemical oxidant in strong acidic conditions, suggest that the ([Ru™—O—Ru™|*")
core is oxidized wvia four successive PCET events, reaching the highest oxidation
state (JO=Ru¥—O—RuY=0]*"). At this point an ancillary water molecule attacks
the core producing a hydroperoxo species, which is oxidized intramolecularly by the
second RuV=0 group, thus releasing 0,.%3 A different study suggests the participa-
tion of the bpy ligands in the Oa-releasing step (Figure .54 In this case a water
molecule oxidizes the bpy ligand by attacking the a-position of the pyridine ring.
Such attack could be relevant for explaining the observed degradation of the bpy
ligands under strong oxidative conditions. After the water nucleophillic addition,
the radical formed in the pyridine ring is neutralized when a second molecule of
water attacks the S-position, so thus leading to O-O bond formation after oxidation
by the Ru-centers. The recovery of the aromaticity of the ligand serves as a driving

force for the release of a molecule of dioxygen.

As a consequence of the low water oxidation activity performed by the blue dimer,
and the instability of the bpy ligands towards oxidative conditions, many researchers
have focused in trying to solve these problems. As an example, Llobet et al. in
2004 reported a new ruthenium dimer, [(Ru'(trpy)(H30))2(u-bpp)]*T (where trpy
= 2,2":6",2"-terpyridine; and bpp = bis(2-pyridyl)-3,5-pyrazolate), which was called
the bpp dimer (Figure .56 The bridging bpp ligand enforces a cis geometry of

the two ruthenium centers with the two bounded aqua ligands facing each other in
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close proximity. Water oxidation experiments with this complex were conduct with

CAN in a pH 1 solution of 0.1 M triflic acid. Contrary to the blue dimer,

the starting

species of the bpp dimer was Ru''—Ru'!, and it reached the highest oxidation state

of Ru!V—Ru!V quickly upon oxidation. Due to the rigid coordination geometry the

oxygen evolution rate increased to 0.014 s~!

, compared with the blue dimer®” A
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TON of 18 was achieved, corresponding to a catalyst efficiency of 70 % according to
the moles of oxidant consumed. Kinetic analysis combined with ®*O-labeling exper-
iments, and DFT and CASPT2 modeling, provided evidences that once the highest
oxidation state is reached, the mechanism follows an “intramolecular O—O bond for-
mation” in preference of a “H,O nucleophillic attack”.?®% Separately DFT studies
reported by Baik et al. concluded that intramolecular O—O coupling, despite of be-
ing affordable, is unproductive toward dioxygen evolution since substitution of the
peroxo group to afford the peroxo/aqua intermediate would demand a prohibitively
high energy, whereas the water nucleophillic attack to one of the RulY =0 moieties
to afford a peroxo intermediate seems to be plausible regarding the energy barrier

found, being the rate-determining step in the reaction mechanism.?”

Figure 1.10: Drawn structure of the bpp dimer.>8

During long time, it was thought that only multinuclear water oxidation catalysts
could carry on oxygen evolution, by dividing the four PCET steps required for the
water oxidation reaction over several metal centers in close proximity. However,
Zong and Thummel® and Meyer et al.®? demonstrated that mononuclear ruthenium
complexes were also active as water oxidation catalysts. These complexes were able
to successively accumulate the four PCET events necessary to oxidize water. Since

then, a huge number of active mononuclear ruthenium complexes toward oxygen
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255561 One of the most remarkable examples

evolution appeared in the literature.
was reported by Sun and Llobet, where they studied the activity of [Ru(bda)(isoq)s]
(where Hobda = 2,2’-bipyridine-6,6’-dicarboxilyc acid; isoq = isoquinoline) (here
noted as Ru(isoq)) (Figure [L.11]).286264 Addition of the catalyst to an aqueous
solution of 0.1 M triflic acid (pH 1) containing an excess of CAN as chemical oxidant,
led to a rapid oxygen evolution with a TOF of 303 s7!, and a maximum TON of
8360. In the same report authors also investigated the activity of a similar complex,

where the aromatic isoquinolines are substituted by a more electrondonating and

less aromatic 4-picolines (pic), [Ru(bda)(pic)s| (herein Ru(pic)) (Figure [1.11]).

~ ~
P P

7 N\ Ve 7 N\ Van
\ \
=N N { =N | N {
0] O/Riu"\o 0 o} O/Riu\o 0
r:q\ EJ\
l Z l 4
[Ru(bda)(isoq),] [Ru(bda)(pic),]

Figure 1.11: Drawn structure of [Ru(bda)(isoq)z] (left) and of [Ru(bda)(pic)s] (right).¢

In this case the catalytic activity decreased one order of magnitude but impor-
tant similarities were found experimentally for the two complexes, under the same
experimental conditions. In both cases the oxygen evolution was second order in
catalyst concentration, suggesting a rate increase within a common reaction mecha-
nism. Therefore, for solubility reasons, it was easier to perform stopped-flow kinetic
measurements with the Ru(pic) complex. In the proposed reaction mechanism, un-

der stoichiometric CAN conditions, the stating species Ru!'—OH, rapidly oxidizes
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to Ru'—OH, when the solution is exposed to air, therefore this first step could
no be investigated. After two PCET events the highly oxidized species Ru"=0
were obtained, which dimerizes (radical coupling) forming a Ru'V-peroxodimer, and
then molecular oxygen evolves. In addition, when the experiment is carried out un-
der excess of oxidant the Ru!V-peroxodimer is further oxidized reaching a formally
Ru!V-superperoxodimer, which is weakly bound and responsible for the subsequent
liberation of Oy (Figure . Spectroscopic, electrochemical and kinetics studies,
suggested a seven-coordinate environment of the ruthenium center towards oxida-
tion, thanks to the properties of the bda?~ ligand. As already said, authors also
observed a second-order reaction kinetics in catalyst for oxygen production, with a
bi-nuclear radical coupling pathway for O—O bond formation. DFT studies support
that stacking of isoquinolines facilitates the formation of the O—O bond in the rad-
ical dimerization of Ru¥=0 active species, thus making Ru(isoq) far superior in

activity than Ru(pic).

RUN
—2H*, —2e~ | x2 <
OH
] " —2H*, —2e~
kery Fast
Ru” _ Rulll
Iﬁu“’ x2 | x2 —p-ze— { | }x2 D —
Fast
v v ©; -
ko Koo +2H,0 +2H,0
=le-
Ruv ™ "Ng—Ru¥ ——————> Ruv ™5 ~Ru"
, Excess Ce" ,
Ru"-peroxo dimer RuV-superoxo dimer

Figure 1.12: Og generation pathways of the [Ru(bda)(pic)2] complex with stoichiometric
and excess amount of CAN at pH 1 (the circular pathway in the middle and further to the

right, respectively).
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Recently, our group in collaboration with K. R. Dunbar, reported the water ox-
idation activity of the first metal-metal bonded diruthenium(IL1II) tetracetate com-
plex, [Ruy(u-O2CCHj)4] (Ruy; Figure[1.13).%% This compound catalyzes water elec-
trolysis over a wide pH range (1-10) and at high catalytic rates with quantitative
efficiencies even in diluted solutions. With an estimated TOF = 77 s~!, the diruthe-
nium compound is one of the fastest Ru-based catalyst reported to date, with the
notable exception being the family of the Ru(isoq), and with the difference that
Ru; does not require strict pH conditions. We detected slow oxidative deactivation
due to the instability of the acetate ligands at high potentials. As shown in Figure
[1.14] DFT calculations were carried out to investigate the intermediates involved in
the plausible mechanism for water oxidation, where the initial PCET event emerges
as the most energetic demanding step, which is in good agreement with the experi-
mental results. The highly oxidized species Ru¥'=0 is prone to nucleophilic attack
of an external water molecule yielding the formation of the O—O bond. In addition,
we found that the Rus, can act as single-site catalyst with the adjacent Ru behaving

as an auxiliary ligand that tunes reactivity providing a remarkably active catalyst.

CHs

O” O cH

3

L R""\\OF'{/"icl)_
—RU=Ru
e
e 6o

3

hd
CHj

Figure 1.13: Schematic representation of the molecular structure of Rus. The acetate
ligands are bound to the Ruy*t core in the equatorial positions; L denotes open axial

positions for solvent or anion binding.%°
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Figure 1.14: Proposed water oxidation mechanism catalyzed by [Rug(p-

02CCH3)4(H20)2]" catalyst based on DFT calculations. The potentials reported
are relative to NHE at pH 0.69

Iridium-based Catalysts

The use of iridium complexes as water oxidation catalysts have been relevant since
2008, when Bernhard and co-workers reported a group of cyclometalated iridium (I1I)
complexes which were suitable catalyst precursors (Figure ) 66 These complexes
contain 2-phenylpyridine-type (ppy) ligands, leaving two cis open sites where two
water molecules are able to coordinate the complex. Stoichiometric consumption of
CAN lead to oxygen evolution, confirmed by gas chromatography, with maximum

TOF and TON of 0.0015 s~ and 2500, respectively.

Afterwards, in 2009 the group of Crabtree published the use of pentamethylcy-
clopentadienyl (Cp*) complexes as molecular precatalysts for water oxidation em-
ploying CAN as chemical oxidant (Figure and ) These type of com-
plexes, [(Cp*)IrLs| (where L = any monodentate ar bidentate ligand), demonstrated

that stronger donating ligands improve the catalytic activity. They are the most ex-
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Figure 1.15: Drawn structure of some representative Ir-based complexes. 0708

tensively studied iridium-based water oxidation catalysts, reaching oxygen-evolution
rates as high as 1.5 s7! and maximum TON of 2000, when employing N-heterocycilc
carbene ligands, [(Cp*)Ir(dmiz)(OH),| (where dmiz = 1,3-dimethylimidazole) (Fig-
ure ), as reported by Hetterscheid and Reek.%8 On the basis of fist-order de-
pendence of oxygen evolution on the concentration of iridium precatalyst, it was
proposed a reaction mechanism for a single-site catalysis by means of DFT calcu-
lations. The mechanism described the electronic structure of an iridium(V) oxo
complex as a possible intermediate (Figure , although this species was not

observed experimentally.©%0?

The molecular nature of these iridium-based complexes under turnover condi-

tions is not obvious, since large amounts of CAN create quite extreme chemical
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Figure 1.16: Reaction mechanism postulated for Ir-catalyzed water oxidation.®
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conditions causing ligand degradation that may lead to metal oxide nanoparticles,

AHES As demonstrated by

which may be responsible of the water oxidation catalysis.
Crabtree et al. with an electrochemical Quartz Crystal Nanobalance, under water
oxidizing conditions a layer of carbon-containing iridium oxide material deposits on
the electrode, which gives a blue color to the electrode and showed excellent catalytic
water oxidation properties.”™ In addition, Grotjahn et al. performed tunneling elec-
tron microscopy, powder X-ray diffraction, and UV-vis spectroscopy experiments

that revealed the presence of IrO, nanoparitcles of ~2-10 nm of diameter when

mixing some reported iridium complexes with large amounts of CAN."™

Manganese-based Catalysts

Manganese plays an essential role in natural photosynthesis since is within the active
site of the OEC in PSII, therefore many researchers have focused in the preparation

of Mn complexes that mimic the structure of the OEC and catalyze water oxida-
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tion.™™ In addition, the use of Mn is attractive because it is Earth abundant and
relatively nontoxic compared with the other more active catalysts. A large number
of manganese complexes have been studied as models of the OEC, however it is not
always clear what the actual catalytic species is or whether they are true molecular
catalysts, as most suffer from poor stability under the experimental conditions. Ad-
ditionally, these complexes require the use of oxygen transfer and/or two-electron
oxidizing agents as oxidants (such as ClO~, and HSO57) to evolve Oy catalytically

in a homogeneous solution.

Binuclear complexes have been reported to catalyze water oxidation in homo-
geneous conditions. Among them, one of the most studied is the dimeric complex
[(terpy) (H,O)Mn™ (1-O)o,Mn!Y (terpy) (HyO)]?+ (where terpy = 2,27:6,2™-terpyridine,
Figure , reported by Crabtree et al. in 1999.7 This complex oxidizes water
employing NaClO as chemical oxidant with a maximum TON of 4 after 6 h, with
an initial TOF of 0.67 s1. Authors postulated that during the catalytic cycle, the
Mn(II1) /(IV) dimer form a Mn"=O species, which is a key intermediate for the
O—0 bond fomation, involving an attack by OH™ to produce a peroxy intermedi-
ate. The Mn(V)/(V) intermediate is reduced to Mn(III)/(III) upon Oy releasing,
which is oxidized by the oxidant to the original Mn(IV)/(IV) dimer (Figure|1.17)), as
demonstrated by electron paramagnetic resonance (EPR), and UV-vis spectroscopy.
However, the complex suffers of dissociation to MnO,~, that was proposed to co-
incide with catalyst deactivation. Later, it was demonstrated that impregnation of
this complex into a clay mineral lead to an increase of the number of turnovers by

nearly 4-fold."™

Tetranuclear manganese complexes have also been studied as water oxidation cat-
alysts, motivated by the structure of the OEC in the PSII. Dismukes et al. reported
these tetranuclear complexes as MnyO4Lg and [MnyO4Lg|" (where L = (Ph)sPO, ™,
(p-MePh)oPOy ™, or (p-MeOPh),PO,~, Figure , that are able to evolve oxygen

when irradiated with UV light.™®Y This cubane structure self-assembles sponta-
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Figure 1.17: Structure of the Mn dimer reported by Crabtree et al. (left), and the proposed

reaction mechanism of the formation of Oy using NaClO as chemical oxidant (right)."©

neously from Mn(II) and permanganate salts in high yield in non-aqueous solvent,
and the oxidized cubane ([MnsO4Lg|") is obtained by oxidation of MnyO4Lg using
electrochemical or chemical methods. Irradiation of MnsO4Lg with UV light leads
to oxygen evolution. Isotope labeling experiments indicate that under UV light
one of the bridging phosphinate ligands dissociates, thus forming the open “butter-
fly” [MnyO4L5|*" and the O—O bond forms through coupling of two corner oxygen
atoms. In addition, [MnsO4Lg|T (where L = (p-MePh),PO,7) was incorporated
into a Nafion-coated electrode, thereby heterogenizing the catalyst.®%4 This elec-
trode was able to oxidize water under UV light irradiation and application of 1.2 V
vs NHE. However, posterior studies from Spiccia et al.,* and from Young et al.,®
separately, demonstrated that the molecular manganese complex in the electrode as-
sembly was not a genuine catalyst, but manganese oxide formed in situ was identify

as the true catalyst.
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11aR=Ph

11b R = p-MePh
11¢ R = p-MeOPh

Figure 1.18: Structure of the MnyO4Lg complex.®*

In general, low stability and low TONs (< 25) are obtained among all reported
Mn complexes acting as water oxidation catalysts due to the labile coordination
of the manganese. Decomposition products beginning from Mn?* ions, normally
permanganate ions or manganese oxide nanoparticles may be catalytically active,

depending on the structure and size.

Iron-based Catalysts

Bernhad and Collins et al. reported in 2010 a series of Fe-macrocyclic complexes,
[Fe'!(taml)]~ (where taml = tetraamido macrocyclic ligand, Figure [1.1%h). Four
of them were able to oxidize water to O, employing CAN as chemical oxidant.*®
Substitution of the ligands either with electron donating or electron withdrawing
groups could modulate the water oxidation activity of the complex. That is, when
employing R; = H, Ry = CHjs, the complex does not have any catalytic activity,
whereas using Ry = Cl, Ry = F, the catalyst exhibited the highest TOF and TON of
the series, being > 1.3 s~ and > 16, respectively. However, the compound is quickly

(within seconds) deactivated, most likely due to oxidation of the ligand. Moreover,

the mechanism of the O, generation remains unclear.

In 2011, Lloret Fillol and Costas et al. reported a series of tetraaza complexes

of Mn, Fe, Co and Ni for water oxidation catalysis employing CAN or NalO, as
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primary oxidants.®? Oxygen evolution was observed when employing Fe, and with
the tetradentate ligands allowing for a cis coordination of two labile sites (Figure
1.19p). On the contrary, when the ligand yields a trans coordination and for pen-
tadentate ligands, again using Fe, complexes did not show any catalytic activity. In
the proposed mechanism high valent Fe(V)—oxo species are responsible for the O—0O
bond formation. The most active complex reached a TON > 1000 when employing

NalOy4 at pH 2.

R, R,
a b ~ |
>
, N
Féf/ R;=F 4’,Pd"- rﬁﬁ-rx
R; = H,0
N/ \N o N
I ~
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Figure 1.19: Structures of: (a) the Fe-macrocyclic complexes,“ and (b) the Fe tetracoor-

dinated active complex.®?

Cobalt-based Catalysts

During the last years researchers have been interested in developing molecular cobalt
catalyst for water oxidation. Cobalt phthalocyanine,®® fluorinated cobalt corrole,®”
and cobalt porphyrins®® have been reported as active water oxidation catalysts.
For example, Nocera et al. reported a series of cobalt hangman corrole complexes, ="
which incorporated into a Nafion membrane were able to catalytically oxidize water.
Paticularly, best oxygen evolution rates were obtained with [-octofluoro Co(III)

xanthene hangman corrole, bearing 5,15-bis(pentafluorophenyl) substituents (Figure

, reaching a TOF of 0.81 s™! at an applied potential of 1.6 V vs NHE in 0.1 M
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potassium phosphate buffer at pH 7.
tBu

F CeFs F

Figure 1.20: Structures of 3-octofluoro Co(III) xanthene hangman corrole.®”

Catalytic activity of polypyridyl complexes of cobalt have also been studied.
Berlinguette et al. reported that under basic conditions the complex
[Co(Py5)(OHy)|*" (where Py5 = 2,6-(bis(bis-2-pyridyl)methoxymethane)pyridine)
evolved oxygen (Figure [L.21]).8%90 Oxygen evolution was measured with a fluores-
cence optical probe immersed in solution at an applied potential of 1.59 V vs NHE
over 10 minutes in basic media. Experiments suggest a TOF of 79 s~!. Beginning
from [Co'—OH,|?* species, the proposed reaction mechanism is initiated with a
PCET event reaching the [Co'™—OH|** species, which is oxidized to [Co'™ —OH[**,
being the responsible species for the O—O bond formation when is nucleophilically
attacked by the base (e.g. OH™, phosphate), as shown in Figure m However, it
was difficult to conclusively rule out the possibility of nanoparticles formation near

the electrode, being the responsible for the catalytic current.

Tetranuclear Co,O4 cubane compounds have recently been proposed as molecu-
lar water oxidation catalysts. Two groups reported, separately, the catalytic activ-
ity of the [Cos04(OAc)4(py)s| complex (where OAc = acetate) (Figure [1.22]).2793
During light-driven water oxidation experiments, employing [Ru(bpy)s]** as photo-
sensitizer, and S;0g2~ as sacrificial electron acceptor, the cubane compound yields a
TON over 40 after 60 minutes of irradiation, with a TOF close to 0.02 s71.%4 At pH 7

the chemical yield reaches a 50%, based on the amount of oxidant.”® However, Britt
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Figure 1.21: Structure of [Co(Py5)(OHy)]?>", and the proposed reaction mechanism. 5%V

et al. found that the same complex did not yield oxygen production when oxidized
electrochemically.?® Recently, Nocera et al. found that catalysis with this complex

arises from impurities of cobalt(II), supported by NMR, EPR, and electrochemistry

experiments.®?
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Figure 1.22: Structure of the [CosO4(OAc)4(py)a]complex. !
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Interestingly, Patzke et al. recently reported the [Co'sLn(hmp),(OAc);Ho0]
(where Ln = Ho—Yb, hmp = 2-(hydroxymethyl)pyridine) cubane series as active
WOCSs under homogeneous light —driven conditions, employing [Ru(bpy)s]** as pho-
tosensitizer, and S;Og~ as sacrificial electron acceptor.”® pH—dependent WOC per-
formance showed maximum TON values at pH 8, whereas maximum TOF values
were obtained at pH 9. Therefore, at pH 8 the Er and Ho derivatives performed a
maximum TON of 221 and 163, respectively. These WOCs also showed the highest
TOF values among the series at pH 9 with 9.6 s and 8.9 s~! for the Ho and Er
derivatives, respectively. Kinetic studies suggested a pseudo first-order oxygen evo-
lution with respect to the catalyst concentration along the cubane series. Stability
tests confirmed the nature of the cubane structure as responsible for the oxygen evo-
lution. Computational studies showed that Ln3* centers are active catalytic promot-
ers with flexible ligand binding modes in close analogy to OEC mechanisms. This
cubane series supposed the first molecular 3d—4f catalysts for key light—induced

processes with tunable Ln3* centers.



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

1.5. Water Oxidation Catalysts 37

1.5.2 Solid-state Water Oxidation Catalysts

Due to their higher stability and the easier implementation in devices, heterogeneous
catalysts have been extensively studied, including metal oxides (particularly spinels,
perovskites, and layered double hydroxides) and more recently prussian blues ana-

S0B2339TU0L Most active metal oxides are based on rare and precious metal

logues.
ions, while first transition metal oxides operate only in highly basic conditions. How-
ever, development of metal oxides based on Earth-abundant materials operating in
mild conditions has been carried out during the last decade.?#1001057L0 Thege metal
oxides have been prooved to catalytically oxidize water employing chemical oxidants,

and in either electrochemical®*1%H2 or photo-electrochemical cells. 1413

Ruthenium Oxides

Gratzel et al. reported in 1979 the use of colloidal RuOs; nanoparticles as water
oxidation catalyst driven by Ce(IV), where the rates of oxygen evolution found were
100 times higher than those obtained with bulk RuO, powder.™** These nanoparticle
were also active under light-driven conditions employing [Ru(bpy)s]*" as photosensi-
tizer and dimethylviologen as sacrificial electron acceptor.™2 Afterwards, the RuO,
nanoparticles were deposited onto Pt-doped TiO5 nanoparticles, obtaining a system
able to perform water oxidation and reduction simultaneously.*%

The catalytic activity was affected by the hydration grade of the RuOs, so thus
the best performances were achieved in the optimal hydration range of 12-14%. 1120
Recently, a simple, novel method for photodeposition of RuO, nanoparticles on
titania surface led to a material able to catalytically oxidize water with a TON of

16 under dark conditions using Ce(IV) as the oxidant.*?

A light-induced oxygen-generating gel system was constructed using the electro-
static interactions of ionic functional groups and steric effects of a polymer network.

By using a graft polymer chain with [Ru(bpy)s]** as photosensitizer to closely ar-
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range RuOs nanoparticles as catalyst, the functional groups transmit multiple elec-

trons cooperatively to generate oxygen (Figure [1.23]).121
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Figure 1.23: Oxygen-generating system formed by using a poly(NIPAAm-co-Ru(bpy)s)-
grafted PNIPAAm gel that contains RuOy nanoparticles. 21

As a part of a Nafion membrane, colloidal RuO, was also deposited on a glassy
carbon electrode, and then dipped in a [Ru(bpy)s]*" solution. Water electrolysis let
to oxygen evolution at an applied potential of 1.14 V vs NHE in acetate buffer at
pH 4.6.722

Iridium Oxides

Iridium Oxide, IrOs, was reported as water oxidation catalyst for the first time in
1978 by Gritzel and co-workers. 23 With a great stability, IrO, is one of the most

efficient catalyst working at low overpotentials.

A citrate-stabilized IrO, colloid was self-assembled onto an ITO electrode form-

ing a monolayer of the colloidal catalyst by dip coating. The self-assembly could be
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achieved by a chemical interaction between carboxylate groups on the citrate stabi-
lizer, and hydroxyl groups on the ITO surface to form ester bonds. Electrocatalysis
performed with these modified electrodes yielded a TOF = (2.3—2.5)210* h™!, based
on the surface concentration of catalyst, when applying 1.24 V vs NHE at pH 5.2.54
Mesoporous films of 2 nm diameter of IrO, nanoparticles were formed on glassy
carbon electrodes. These films catalyze water oxidation achieving 100% current ef-
ficiency, at overpotentials 0.15 and 0.25 V higher, respectively, than the reversible

H,0/0, potential. The overpotentials, measured at 0.5 mA /ecm?, were independent

of the pH.1#

Citrate-stabilized IrO; colloids have also been investigated to yield dioxygen dur-
ing light-driven experiments, in the presence of a photosensitizer such a [Ru(bpy)s]*"
in sodium hexafluosillicate-based (NaySiFg) buffers.*#? For example, turnover num-
bers reached 290 employing a NaySiF¢-NaHCOg3 buffer at pH 5, whereas changing
the buffer to NaySiFg-Nay,B4O7 the turnover number decreased to 100, remarking
the importance of the buffer regarding photosensitizer decomposition. The use of
polymeric ruthenium photosensitizers decreased the turnover numbers due to poly-
mer aggregation. These systems were improved employing [Ru(bpy)s]?" sensitizers
containing malonate and succinate groups in the 4,4’-positions, that stabilize 2 nm
diameter particles of IrO,.12% The quenching of the excited-state of the bound sen-
sitizer molecules was within the 30 ns time scale, most likely by electron transfer
to Ir(IV), indicating a good electronic coupling between the sensitizer and IrOs.
Electron transfer from Ir(IV) to Ru(IIl) occurs with a first-order rate constant of

8x10%s !, and oxygen is evolved.

Later, Mallouk et al. were able to construct an overall water splitting system that
uses visible light to convert water to hydrogen and oxygen, assisted by a small applied
voltage."*" A multi-funtional ruthenium polypyridyl sensitizer was synthesized, with
phosphonates substituents that are chemically selective for TiOs, and with malonate

groups selective for IrO,-nH,0O. Therefore, the photoanode integrates TiO4 (anatase)
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with IrO, hydrated nanoparticles (2 nm) (Figure [1.24). Low quantum efficiency
was observed due to slow electron transfer from the IrO,-nH,O nanoparticle to the
oxidized dye. Hence, this reaction did not compete effectively with back transfer
electron from TiO, to the dye. The performance of the system can be improved

by changing the sensitizer nature, and the electrode material with respect to the

semiconductor nature. 128130
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Figure 1.24: Schematic of the water splitting dye sensitized solar cell. 147

Despite the good performance of IrO5 in terms of rates and efficiencies, Ir is one
of the most rare metals, and therefore it is not suitable for large-scale applications
due to its high price in the market. Ir-based water splitting devices cannot compete

in price with commercially available water electrolyzers.

Manganese Oxides

Identification of the active MnO, forms is particularly difficult. The catalytic ac-

tivity towards water oxidation employing manganese oxides has been attributed to

3041050131 2 133H135 and perovskites.wﬁ’w? How-

layered oxides, rutile phases,*#? spinels,
ever, due to the stable formation of inactive MnOy domains, MnO,, catalysts exhibit
lower activity compared with that obtained with CoO, and NiO,.*?® This deactiva-
tion can be avoided by potential cycling during electrodeposition of MnO,, films, as
reported by Dau and co-workers. The formed MnOs is modified into a mixed-valency

Mn(ITI/1V) oxide during reduction potential sweeping.**¥ This mixed-valency oxide
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remains active even under mildly acidic solutions. However, problems related with
the stability still exists due to the rapid dissolution at neutral pH, which cannot be
avoided.

In order to promote water oxidation, the presence of Mn(III) species is crucial 140

Unfortunately, below pH 9 Mn(III) is unstable due to disproportionation reaction
into Mn(II) and Mn(IV). Therefore, it is necessary additional strategies to improve
the long-term catalytic activity, such the use of electrolytes, for example Li*, to
stabilize the conversion of MnQO, into layered structures.*#¥ Catalytic activity can
also be tuned by interleaving organic molecules in layered MnO,.1? It has been re-
ported that Mn(III) can be stabilized by coordinating amine groups on the surface of
MnQO,, so thus shifting the electrocatalytic activity by approximately 500 mV 143144
Defects in the oxide, arising from oxygen vacancies, also increase the catalytic activ-
ity.*4% Interestingly, birnessite-type MnO, nanostructures have shown photocurrent

1311146

activity, with a strong dependence on the selected precursors.

In acidic media, MnO,, shows a unique self-repairing mechanism, whereby Mn(II)
ions from solution are reoxidized at OER potentials.**” In addition, MnO, electrodes
can even be screen printed.™® Hybrid composites of MnO, catalysts on gold or

35149

CoSe, surfaces, and as Ca’*-doped nanostructures,* also increase the water

oxidation activity.

Iron Oxides

Iron oxide films are very attractive, because they are the cheapest possible cata-
lyst.22Y Doyle et al. studied in detail these catalysts performing kinetic and mecha-
nistic investigations.1*#4 Beyond their catalytic activity, FeO, films can also been
use in the fabrication of photoelectrochemical anodes, since the hematite band gap
should be sufficient to promote water oxidation (2.1 eV).#215% However, the mis-
match between hole diffusion, slow interfacial electron transfer, and optical penetra-

tion leads to poor efficiency. 229158 FeQ,, performs lower catalytic activity compared
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to that obtained with Co or Ni, although Fe content dramatically improves the
activity of NiO,.

In general, photoelectrodes can be improved by nanostructuration.**?% Com-
bined with solid-state supports, such as Nafion, or single-walled carbon nanotube
composites, the activity of FeO, increases, showing a decrease in overpotential of up
to 50 mV. 1% Interestingly, when covering the hematite photoanodes with amorphous
FeOOH, the photocurrent doubles,1%? exhibiting catalytic activity and long-term
stability comparable to that obtained with the best CoO, catalyst.2¢3

Cobalt Oxides

Co30y4 is a typical electrocatalyst with interesting properties and many applica-
tions.™® Electrochemical deposition of CoO, from a buffered solution was first re-
ported in 19021180 The use of CoO, as electrocatalyst for water oxidation was
reported in the 1970s.157 An important breakthrough in cobalt oxide-based WOC
was achieved when Nocera et al. discover a self-reparing mechanism operating at
neutral pH (above pH 6) in a phosphate (P;) electrolyte.“*1%% The robustness of this
catalyst, referred as CoP;, relies in the structural role of the P; anions in stabilizing
the CoO,, catalytic domains to avoid Co leaching.*%? Actually, the catalyst may be
described as layered CoO, with molecular dimensions, stabilized at neutral pH by
the PO, groups,* where the P; electrolyte also plays a role by facilitating rapid

proton transfer,*™ and by improving the kinetics of the process.t™

The growth mechanism of CoP; films depends on many parameters, including
pH, applied voltage, and electrolyte. Moreover, it was claimed that better per-
formances were obtained by growing the films from acetate-buffered solution,*
or when cobaloximes were used as cobalt source.*™ An optimal film thickness of
1.44 mm was defined in high buffer concentration solutions. It reached currents over

100 mA /em? working in buffered natural waters, when deposited on large surface

area electrodes. >
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Dynamic potential-pH diagrams were used to compare the activities of Co30y4
and CoP; catalysts.™™ CoP; performs higher activity, probably due to its higher
hydration, leading to an increase in the number of accessible sites,™™ but a current
drop is observed at high overpotentials, occurring up to pH 12, probably due to the
self-healing process, in which cobalt ions need to be reoxidized from solution to the
electrode. On the contrary, due to a better mechanical strength and better adhesion
to the support, Co30,4 did not show such instability. Therefore, it seems clear that

the method of electrode preparation is a key factor.

The reaction mechanism of oxygen production from CoP; is still unknown. How-
ever, electrochemical studies suggest that the O—O bond formation is a turnover-
limiting chemical step, which is preceded by a PCET equilibrium step (Figure .
Cyclic voltammetry experiments support the operative catalytic intermediate a for-
mal oxidation state of Co(IV), whereas spectroscopic results indicate a resting state

composed of Co(II1/TV) mixed valence clusters. -
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Figure 1.25: Proposed pathway for water splitting by Co-OEC. PCET equilibrium proceeds
the turnover-limiting O—O bond-forming step. Curved lines denote pohosphate or terminal
oxygen (from water or hydroxide). The oxyl radical in the far right structure is shown for
emphasis. If the hole is completely localized on oxygen, then the Co oxidation state is

Co(II) and not Co(IV).*
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Nickel Oxides

The research of nickel oxides has been more limited when compared to CoO,,*™®
probably due to the need for a highly basic medium, and a complex evolution of
the catalyst with aging.™™ Starting from the stable a-NiO(OH), it dehydrates into
B-NiO(OH), and then applying oxidation potential in alkali media it evolves into
a mixture 3 and v-NiO(OH).™ ™ However, the presence of another unknown phase
cannot be discarded.™™ Presumably, the formation of Ni(IV) under turnover condi-
tions in alkali media at high overpotentials deactivates the 5-NiO(OH) phase, which

is commonly accepted as the active phase 2084

Employing a borate electrolyte, NiO, films can be electrodeposited in a con-
trollable maner,2%?182 Jeading to oxygen evolution at pH 9.2, with the requirement
of pre-electrolysis treatment to increase two orders of magnitude their efficiency.%®
This has been initially related to an increase in the oxidation state of Ni enters, from
Ni(I1I) to Ni(IV), at least on the surface of the films, although Ni(IV) was though

to be inactive.

Mixed Oxides

Most studies made on mixed oxides are based on the synergistic effect between
Ni and Fe. A simple procedure to prepare nanostructured mixed metal oxides by
solution casting, was reported by Boettcher and co-workers.’®¥ These optimized
films of NiggFeq10,, led to a 30 mV /decade Tafel slope, and reached 1 mA /cm?
at just 300 mV overpotential at pH 14. Moreover, these films are compatible with

photoanodes. 184185

In 1987 Corrigan reported the enhancement of the water oxidation activity of
NiO, films with the incorporation of Fe impurities from the KOH electrolyte after
several catalytic cycles.'®% Bell et al. also corroborated the positive effect of Fe

upon the features of NiO, .17 Additionally, Kitchin et al. identified the presence
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of a mixed NiO/NiFe;O4 phase at low Fe concentrations as a key component for
enhanced activity.**® In fact, recent studies demonstrate that NiO, is not as active
as it was supposed when water oxidation experiments are performed in Fe-free KOH
solutions.’® The lack of water oxidation activity of NiO, up to very positive poten-
tials in the absence of Fe(III) reveals an electronic contribution. Therefore, Fe has
an electron-withdrawing effect upon Ni centers, giving more oxidizing power to the
Ni(IIT/1V) sites.

Double perovskites have been described as highly active WOCs that are stable

in alkaline solutions, 120203

although the need to include rare earths precludes their
extended use.t?#1% For example, Ba—Sr—Co—Fe perovskite proved to be 10 times
faster than IrO,."% Some of these perovskites exhibited structural changes during
the water oxidation reaction, going from crystalline to amorphous, which could be
due to conversion of the local structure from corner-sharing octahedral to edge-
sharing octahedral, associated with enhanced activity.**™¥ Low-temperature an-
nealing optimizes the performance, promoting lower concentration of charged cations

and increased OH surface coverage.™ It is worth mentioning that perovskite are

bifunctional catalysts that are also active for the oxygen reduction reaction.“®

Prussian Blue Derivatives

The catalytic activity of Prussian blue analogues (PBAs) in redox chemistry has

been well documented for many years.?%

Despite being used intensively as oxidation
catalysts, the activity of PBAs for the OER was not established until 2013, when
Galan-Mascaros et al. reported the electrocatalytic activity of Ko, Co(s—z)[Fe(CN)gls
(CoFePB).* At neutral pH, this PBA exhibited kinetics that are comparable (if not
superior) to those of metal oxides, with unparalleled long-term stability. Electrodes

coated with CoFePB maintained a persistent catalytic activity for weeks at neutral

pH under ambient conditions.

Characterization experiments were conducted to these modified electrodes after
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electrochemical water oxidation, including surface-sensitive techniques such as Ra-
man or X-ray photoelectron spectroscopy, confirming the absence of any trace of
transition metal oxide. Therefore, the participation of metal oxide nanostructures
evolved during the catalysis, that would be responsible for the catalytic activity was
ruled out.“"”' In addition, the materials remained active in acid media, in which MO,,

participation would not be possible.

PBAs appear to be a viable WOC alternative to metal oxides for promoting water
oxidation in artificial photosynthesis devices. They present competitive kinetics, are
obtained from Earth-abundant metals, and can easily be processed as powders,
thin-films or nanoparticles, with classic coordination chemistry tools. Furthermore,
they are active at neutral or acidic pH, without the need for additional electrolytes,
because their stability resides in the strong cyanide bridge in the solid state, with

no participation of oxo or hydroxo groups in their skeleton.
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1.6 Polyoxometalate Chemistry

Oxygen is one of the most abundant elements in the Earth’s Crust. It represents the
55 atom % from which only the 8 atom % is attributed to H,O, silicate-based rocks
(Si02), and clays (AlyO3). The bulk of the chemistry of combined oxygen is either
solid-state and surface chemistry of insoluble metal oxides (e.g. Co304, FesO3), or
nonmetal oxoanions in aqueous solution such a H3PO4 or HySO,4. Moreover, there
is a third aspect of the oxygen chemistry which combines both solution and metal

oxide fields, that are polyoxometalates (POMs). 2"

Polyoxometalates are discrete anionic clusters made of early transition metal
oxides building blocks, that are formed spontaneously in water when either soluble,
molecular monomeric transition metal precursors, or insoluble metal hydroxides or
oxides are adjusted to the appropriate pH. The most common POMs are based
on molybdenum or tungsten, less frequently vanadium, niobium, or tantalum (or

mixtures of these elements), all of them in their highest oxidation state (d®, d!).2V%208

The general formula of POMs is {MO,},, where M stands for the metal (ad-
denda atom) and x = 4-7. Commonly, polyoxometalates are characterized by MOg
octahedra with the ability to form short terminal M=O (dm-p7) bonds, resulting in
discrete structures with such bonds directed outwards. These structures are gov-
erned by electrostatic and radius-ratio principles, also observed for extended ionic
lattices, and are described as assemblages of MO, polyhedra linked wvia shared cor-
ners, edges, and less frequently faces, with the metal displaced towards the exterior

of the polyanion structure (vertex or edge of its own polyhedron).2%

Polyoxometalates have low surface charge densities resulting in weak anion-cation
attractions. This property confers to POMs an extensive solution chemistry in both
aqueous and nonaqueous solvents. Two different types of oxygen atoms can be
found in the surface, terminal (M=O) and bridging (M-O-M). Those placed in a

bridging position carry a greater negative charge, providing a higher basicity and



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY
Joaquin Soriano Lépez

48 General Introduction

the tendency of being protonated in preference to terminal oxygen.

Although polyoxometalates were discovered in 1783 by the spanish Delhuyar

brothers,“? and the first reported structure was in 1826 by Berzelius,*"

it is only
within the last decades that modern experimental techniques and synthetic ap-
proaches have allowed for a more exhaustive study of structure and reactivity. Poly-
oxometalates raised in popularity thanks to a Review by Pope and Miiller in 1991,%
and afterwards when a special issue about POMs in Chemical Reviews organized by
Hill in 1998212 presented the history, developments, and applications of the many ar-
eas covered by POM chemistry. Later in 2010 Cronin presented a “polyoxometalate
periodic table" in a POMs’ review,¥ where it is presented a classification of the
different structures known since the date and the relation to each other. In this table

it is highlighted the huge amount of compounds which fall into the polyoxometalate

category, with different shapes and sizes.

All these structures can be classified, with some limitations and exceptions, in

thee different classes:#13

e Heteropolyanions: Most POMs can incorporate primary (central) and/or sec-
ondary (peripheral) heteroatoms. There is no restriction on the element that
can serve as heteroatom with the exception of the noble gases. Typically
these elements belong to the p or d block (e.g. P(V), Si(IV), or V(V)). Het-
eropoly compounds tend to be stable hydrolitically over a wide pH range.
They also represent the most studied type of POMs, with special emphasis on
the archetypal Keggin [XM;2049]"~ and Wells-Dawson [XoM;30gs|™~ anions
(Figure , where M = W or Mo, and X is a tetrahedral template that
can be most of the elements in the periodic table. In addition, tungsten-based
Keggin and Wells-Dawson anions can allow one, two, or three vacancies, where
the original tungsten atom can be replaced with other p or d block elements,
including those with appended organic groups in a predictable manner. La-

cunary POMs have high negative charge densities and can serve as inorganic
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ligands to stabilize transition metal clusters.

Isopolyanions: These metal-oxide frameworks do not have heteroatoms, which
result in a lower stability than heteropolyanions. Still they have interesting
physical properties such as high charges and strongly basic oxygen surfaces,
which means they can be used as building blocks. In Figure [1.26] are shown
two examples of isopoly compounds, the Lindqvist archetype and the deca-

vanadate.

Molybdenum blue and molybdenum brown reduced POM clusters: Based on
molybdenum-oxide building blocks, these POMs are spherically shaped molec-
ular systems with nanoscale size. They are constructed by intertwining pentag-
onal {(Mo)Mos}-type building blocks with linker entities of different size that
bridge those pentagonal units. Their composition was unknown until Miiller
in 1995 reported the composition of a very-high-nuclearity cluster {Moys4},
which has a ring topology. This highly reduced POMs have many potential
applications in nanoscience. An example of these giant polyoxometalates is
shown in Figure [1.26] where the structure of the {Mois,} clearly shows the
pentagonal {(Mo)Mos} building blocks (in blue) and the linker moieties (in
red) composed by two Mo(V).

1.6.1 The Keggin Archetype

J. F.

Keggin reported for the first time in 1933 the crystal structure of the poly-

oxometalate 12-tungstophosphoric acid employing powder X-ray analysis.“** Nowa-

days,

this structure is known as a-Keggin (Figure [1.27)) and presumably is the most

studied archetype among polyoxometalates, since the majority of the heteropoly-

tungstates are based on that structure or from derived fragments. With general

formula a-[XM;304]"", it has overall T, symmetry with a central XO, tetrahe-

dron, acting as a template, surrounded by twelve MOg octahedra arranged in four
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Decavanadate

Keggin Wells-Dawson

Figure 1.26: Example of some typical archetypes of polyoxometalates. Top left: Lindqvist
[MgO19]?>~; Top center: Decavanadate [V19Oag|®~; Bottom left: Keggin [XMj2040]";
Bottom center: Wells-Dawson [XaM13Og2|""; Right: {Mo132} as [Mo1320372]'2~, with the

pentagonal units in blue [M06V1021], and the linkers in red [M02V04].

edge-shared trimers M303. These trimers are linked to each other and to the central

heteroatom by corner shared bridges.207

Moreover, the Keggin polyoxometalate has five different isomers, the so-called
Baker-Figgis isomers, 219 labeled as a-, 5-, 7-, -, and e-structures as shown in Figure
[I.27] These isomers are obtained by a rotation of 60° of a three edge-shared M3;013
trimers. Therefore, starting from the o isomer, when one of its trimers is rotated 60°
it is obtained the $-Keggin structure, thereby reducing the overall symmetry from Ty
to Cs,. Next, upon rotation of the second trimer it is obtained the y-Keggin isomer
with an overall Cy, symmetry. As a result new corner-shared M—O—M linkages are
formed with a reduction of the M- - - M distance and a more acute M—O—M angles,
which confer a lower stability of the y-isomer due to an increase of the coulombic
repulsions, and less favorable pm-dm interactions. Rotation of the third and the
fourth trimer yields to the -, and e-Keggin structures, respectively. The §-isomer

has a C3, symmetry, whereas the € one has a T; symmetry. These rotations increase
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the number of M- - - M contacts decreasing, hence, the stability of the isomers upon

rotation of the triads.

Theoretical DFT calculations carried out for different Keggin polyanions showed
that a and [ isomers have comparable stabilities, due to the absence of M---M
contacts. On the contrary, for Keggin structures with 2, 3 and 4 rotated triads (i.e.,
7, d, and € isomers, respectively) the number of M---M contacts formed increase,
namely 1, 3 and 6. It was computed a destabilization of 8-9 kcal mol™! per M- -- M
contact, therefore, in general the relative energy of the five isomers follows the trend

a<fB<y<d<ell8

a(Ty) B (Cs) v (Cy)

0 (Csy) e (Ty)

Figure 1.27: Polyhedral representation of the five Baker-Figgis isomers of the Keggin

archetype with their overall symmetry.

Polyoxometalates are known to be stable in a wide range of pH, from acid to
moderate alkaline. However, increasing the pH of an aqueous solution containing the
POM leads to a progressive degradation of the polyanion towards lacunary struc-
tures, where 1, 2 or 3 octahedral units have been removed. These new vacancies can
be filled with [M"*=0]"=2* fragments or organic groups. Hence, lacunary polyox-

ometalates are used as polydentate inorganic ligands since they are independently
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stable and isolable.?Y%210 [ acunary species of the Keggin structure are know for the
«, 3, and v, as shown in Figure[I.28] DFT calculations reveal that in monolacunary
Keggin tungstates, the internal heteroatom has an influence in the relative energies
of the a and S isomers, with a preference for the 8 isomer when decreasing the
oxidation state of the heteroatom. For example, the f-monolacunary Keggin, (-
[XW11039]" ", is more stable when employing Si(IV) than with P(V) as heteroatom.
Moreover, the use of different countercations can favor the formation of one isomer
over the other, as in the case of Na™, which has a preference on the o isomer over

the .21

Figure shows the different lacunary Keggin structures that can be isolated.
The monolacunary {a-XWy; 039} archetype is formed by removal of one of the twelve
octahedra, whereas trilacunary species are formed either by loosing three corner-
shared octahedral {A-a-XWgyOs4}, or by removal of three edge-shared octahedral
{B-a-XWy0O34}. Three different monolacunary structures of the § isomer can be
obtained due to the its Cs, symmetry. Hence, the {8;-XW;,039} is obtained when
one octahedral opposite to the rotated trimer is subtracted. Removal of an octa-
hedral unit located in the central belt yields the {£-XW17039}, whilst loosing one
octahedral of the rotated trimer leads to the {£-XW1;039} lacunary Keggin. As
seen in the case of the « isomer, two trilacunary $-Keggin can be isolated, reaching
the {A-5-XWgyOs4} upon removal of the corner-shared trimer opposite to the rotated
trimer, and the {B-5-XWy0O3,} obtained by subtraction of an edge-shared trimer,
with none of the rotated octahedra involved. Finally, only a divancant species is
found in the case of the v isomer, namely {7-XW;;036}, and it is reached by taking

out two corner-shared octahedral belonging to the two rotated trimers.

As said before, lacunary species can be used as multidentate ligands that can
stabilize small metal oxide frameworks or organic groups. This ability confers the
POMs a huge range of physical and chemical properties, with potential applica-

tions in diverse fields as, magnetism, medicine, analysis, biochemistry, chirality or
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(]'XM11039 A'(]'XM9034 B'(I'XM9034 Y-XM1OO36
— _/ — _
' g
a-XM;20,0 B-XM;2040 v-XM 3049
_A—
B1-XMy; 054 B-XM4O39 P3-XMy;034 A-B-XMgO3, B-p-XM;0,,

Figure 1.28: Lacunary Keggin species obtained from the «, g, and ~ isomers than have

been isolated.

materials science.206-208213216217 Nevertheless, the field in which POMs have been
commonly used is in catalysis, for example: oxidation of aromatic hydrocarbons;
olefin polymerization and epoxidation; and Friedel-Crafts-type alkylation, acylation
and sulfonation of aromatics. Moreover, during the last decade, POMs have also

been identified as good water oxidation catalysts. 218220

1.6.2 Polyoxometalates as Water Oxidation Catalysts

Polyoxometalates are very interesting compounds as water oxidation catalysts, since
they can serve as all-inorganic multidentate ligands to stabilize transition metal ox-
ide clusters, with high stability under strong oxidizing conditions. 200213217 POMs

are also known as strong Breensted acids and as fast reversible multielectron ox-
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idants, stabilizing high-valent intermediates and assisting deprotonation equilibria
on the polyoxygenated surface. 102217223 Moreover, they have the ability of stabilize
adjacent d-electrons centers through multiple-py-hydroxo/oxo bridging units, which
is one of the most important features that natural enzymes posses to effect multiple
electron/cascade transformations."” Hence, polyoxometalates can be employed as
bifunctional (acid and redox) catalysts, with the stability of heterogeneous catalysts

and with the tunability and processing of homogeneous catalysts.

A Tetraruthenium(IV)oxo-core Stabilized by Polyoxometalate Ligands

The first breakthrough in water oxidation catalyzed by POMs was achieved in
2008, when two different groups reported, separately, the synthesis and the activity
of a tetraruthenate core stabilized by two [y-SiW;;036|>~ polyanions as [Ruy(u-
0)4(1-OH)o(Hy0) 4 (7-SiW10036)2]1° (RuySi). 4424 As shown in Figure , the
ruthenium core, [Rus" (p-0)4(u-OH)2(H20)4]%", has an adamantane-like arrage-
ment with the four ruthenium atoms forming a tetrahedron. The core is stabilized
by the two v-SiWy units, where the ruthenium centers are corner-sharing and not
ligated to the central SiO, unit. The +-SiW; archetypes are rotated 90° around
the vertical Cy axis relative to one another, yielding an overall Dyy symmetry to the
POM. Two oxygen atoms of the core are monoprotonated, hence two adjacent Ru
atoms joined to the POM are linked via hydroxo bridges, with a Ru—O—Ru bond
angle of ca. 131.2°. Additionally, they each form a strong three-center H-bond with
two proximal Si—O—W bridges. Finally, four aqua ligands are found in the terminal

oxygen atoms bound to each Ru(IV) center.

The catalytic activity of the polyoxometalate was tested employing different
chemical oxidants. In short, Bonchio evaluated the oxygen evolution with an ex-
cess of Ce(IV) in strong acidic media (pH = 0.6) at 20°C. Under these conditions,
385 pmol of Oy were obtained after 2 hours, reaching an overall 90% on the added

oxidant. Moreover, equivalent activity was obtained upon addition of Ce(IV), what
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Figure 1.29: Polyhedral representation of the polyanion RuySi (left). Top-front views of
the central tetraruthenium-oxo-core (right). The polytungstate fragments are shown as
gray octahedra, Si as brown tetrahedra, Ru as blue octahedra and balls, and O and H as

red and white balls, respectively.

highlights the stability of the catalyst under catalytic conditions. The POM showed
excellent evolution rates, reaching a maximum TOF > 450 h—!.218 A different strat-
egy was employed by Hill, who carried out dark reactions using [Ru(bpy)s]*" as
chemical oxidant at pH 7.224 In this case, due to the instability under oxidizing
conditions of [Ru(bpy)s]**,22% the O, yield was substantially lower (maximum of
75%). Posterior studies revealed that the catalyst is stable under turnover condi-
tions in neutral to mildly acidic pH, whereas it slowly decomposes in strong acid (pH
< 1.5),228 contrary to that observed by Bonchio and co-workers.218 Ru,Si shows
several voltammetric peaks corresponding to the oxidation of the Ru(IV) centers to
Ru(V) centers, followed by a catalytic wave assigned to the oxidation of HyO to

Os. The overall 4-electron reduction potential of the Ru(V),/Ru(IV), couple was
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estimated to be ~0.95 V at neutral pH, whereas, at the same pH the 4-electron
oxidation of water to molecular oxygen is ~0.82 V, hence the reduction potential
obtained with the POM is sufficient to allow water oxidation catalysis. Additionally,
light-driven water oxidation experiments with [Ru(bpy)s]** as photosensitizer, and
sodium persulfate as sacrificial electron acceptor, showed outstanding catalytic per-

Furthermore, flash photolysis experiments were carried out to

formance of RuySi.
study the kinetics of electron transfer from the catalyst to the oxidized photosensi-
tizer [Ru(bpy)s]*>T. The experiments confirmed that hole scavenging between Ru,Si
and |[Ru(bpy)s]** occurs at a very fast rate, so thus limiting side reactions that yield
into decomposition of the photosensitizer; results also showed that Ru,Si is able

to multiply scavenge [Ru(bpy)s|*" within milliseconds, leading to high turnover fre-

quencies for oxygen production, close to those found for the oxygen evolving center

228

into the photosystem II.

u
A
HO—Ru* Ru*-0H
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|
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Figure 1.30: Schematic representation of the studied stepwise mechanism for the water ox-
idation in the oxygen-evolving complex (OEC): [Ru'V4(u-OH)a(H20)4(7-SiW10036)2] 0~

polyoxometalate. It is assumed that from the Sy to the Sy state each Ru moiety undergoes

one electron oxidation and loses one proton.2
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DFT calculations, at the BP86 and OLYP/TZP/COSMO level, were carried out
by Bo to study electronic structures of the intermediate species suggested by electro-
chemical experiments.”* A model of the polyanion was employed as a tetraruthenate
core capped with eight chloride atoms replacing the POM ligands, since calculations
for the entire molecule were not possible. The Ruy core undergoes four stepwise
oxidations, where the starting state involves four Ru(IV) centers (Sy), yielding a
high valent Ru(V), reactive oxygen evolving state (S;). Hence, each RulV-(H,0)
moiety would undergo a PCET event to reach a Ru¥-(OH) state. Calculations for
So, S1, and Sz species, confirm EPR data, where the low-spin state was found to
be the most stable. On the contrary, for the second oxidation (species Sy) calcula-
tions predict a cis conformation of the Ru¥-(OH) moiety in the triplet state as the
most stable, which disagrees with EPR data. Additionally, Musaev also carried out
DFT calculations (at the RI-BP86/TZ/COSMO level) on the RuySi polyoxomet-
alate and the intermediate oxidized species.??V In this case the loss of protons was
not considered. Calculations confirm the high stability of the catalyst during the
four subsequent one-electron oxidations, since the most closely lying HOMOs and
LUMOs of the species Sy are characterized to be bonding and antibonding MOs of

the central tetraruthenium-oxo-core.

Moreover, hybrid Carr-Parrinello/Moleular Dynamics (QM/MM) simulations
with explicit solvation of the Sy species show a solvent-induced structural distortion
of the central tetraruthenium-oxo-core, that brings the calculated average distances

in excellent agreement with the experimental values.?3!

The thermodynamic profile
of the reaction was also examined by means of DFT (B3LYP and HSE06 function-
als), where the computed free energy difference between the Sy and Sz species fairly
reproduces within 0.25 eV with the corresponding experimental value. Although
there is no experimental data for the fourth PCET event (S3 to S4), the computed
free energies values for overall oxidation (3.38 eV and 4.00 eV using B3LYP and

HSEO06 functionals, respectively) are significantly lower than the thermodynamic
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limit for water oxidation (4.92 eV). This might suggest that the Sy/S4 couple is not
the responsible for the catalytic water splitting observed experimentally. Therefore,
one way to promote the water splitting with four PCET events would involve a
catalytic cycle with higher oxidation states than the Ru!V-(HyO)/RuV-(OH) of the

So/S4 couple.

A Tetracobalt(II)oxo-core Weakley Sandwich

The use of water oxidation catalysts based on noble metals should be avoid due to
their high price in the market. The high costs of fabrication of water splitting devices
that incorporate noble metal-based catalysts would lead to hydrogen production
at such high price that would make it impossible to compete with the hydrogen
produced by fossil fuels, that industry is employing nowadays. Therefore, in order
to reduce production costs and make the process competitive, it is easy to assume
that it is required the use of Earth abundant materials for the fabrication of water

oxidation devices for real industrial applications.

Another breakthrough came out in 2010, when Hill reported the catalytic water
oxidation activity of the tetracobalt-oxo-core sandwich-type POM [Co4(H20)o (-
PWy034)2]'% (Co,P).* The structure of this polyanion was already described
by Weakley et al. in 1973,%% which consists in a rhomb-like tetracobalt-oxo-core
build of edge-linked Co'Og octahedra with coplanar cobalt atoms, stabilized by two
trilacunary Keggin units, [B-a-PWyO34|°", as inorganic ligands. Contrary to the
observed in the Ru,Si structure, the disposition of the four cobalt atoms leads to a
conformation where two of them occupy internal positions without terminal Co-O
bonds, whereas the other two cobalt atoms are occupying the external positions

linked each one to a water ligand (Figure [1.31)).

The activity of Co,P was examined using [Ru(bpy)s]>T as chemical oxidant in
30 mM sodium phosphate buffer at pH 8. The oxygen production was monitored
with gas chromatography, obtaining a TOF > 5 s~!, that supposed the highest rate
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Figure 1.31: Polyhedral representation of the polyanion Co4P (left). Top view of the
central tetracobalt-oxo-core with the two external water ligands (right). The polytungstate
fragments are shown as gray octahedra, P as orange tetrahedra, Co as pink octahedra and

balls, and O and H as red and white balls, respectively.

Oxygen evolution yields were found

observed for a molecular WOC at that time.
to be highly pH and buffer dependent. In the same work several cobalt-containing
polyoxometalates were tested as water oxidation catalysts under the same experi-
mental conditions, as for example, the analogue tetracobalt-oxo-core stabilized by
two trilacunary Wells-Dawson units. Surprisingly, none of them showed catalytic
activity but the Co4P, highlighting the importance not only of the nature of the lig-
ands employed to stabilize the core, but also the structure of the active cobalt centers
and synthesis conditions. Later, the same group reported the catalytic activity of
this POM under light-driven conditions, employing [Ru(bpy)s|*" as photosensitizer
and sodium persulfate as sacrificial electron acceptor, in a 80 mM sodium borate
buffer at pH 8. Experiments were also carried out with RuySi for comparison,

demonstrating that Co,P is more efficient under the same conditions.233

During the last years, the molecular nature of the catalyst has been put into ques-

tion, 234237 gince Co?*(aq) cations may exist in solution equilibrium along with the
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cobalt-containing polyoxometalates.?*® Aqueous cobalt ions and cobalt oxide/hydroxide
that form in situ from the former, under certain turnover conditions, are known to
be water oxidation catalysts.**H18225 Therefore, it is important to carefully identify
the nature of the true catalyst and differentiate homogeneous and heterogeneous
738

water oxidation catalysis.**® Hill and co-workers demonstrated with several lines

of evidences that Co4P is an authentic POM WOC, in both [Ru(bpy)s|*" and
[Ru(bpy)s]*T/S20s?~ systems, despite the presence of Co*™(aq) in solution.#}23%
Lower catalytic activity of Co?*(aq) and CoO, compared with that of Co,P was
found under the same experimental conditions, so thus identifying the POM as the
only responsible of the high oxygen evolution rates. This finding was also confirmed
through careful studies by Finke.?3#23% On the contrary, Co4P and cobalt-containing
polyoxometalates in general, used in solution as electrochemical water oxidation cat-
alysts are not stable. Finke provided experimental evidences that a CoO, WOC film
is formed in situ on the working electrode surface under oxidizing conditions, due
to the leaching of Co?*(aq) from the POM.234235 Therefore, the observed catalytic
activity is the result of this released Co®"(aq). Nevertheless, prevention of the CoO,
film formation can be achieved by selective catalyst poisoning, adding stoichiomet-
ric amounts of 2,2-bipyridine (bpy) as an inhibitor.“*¥ Therefore, bpy reacts with
the released Co®"(aq) resulting in the precipitation of the inactive water oxidation

salt of [Co(bpy)s]**.** Under these conditions it has been identify the Co,P as the

actual molecular water oxidation catalyst.

All these experiments highlight the importance, and the challenge of identifying
the nature of the catalyst under working conditions, to avoid drawing erroneous con-
clusions. Determining whether a material acts as a homogeneous or heterogenous
catalyst is particularly complicated when employing POMs under oxidizing condi-
tions, due to the possible formation of metal oxides along the experiment, which are

known as active species for WOC.
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A High Nuclearity Nonacobalt(IT) Polyoxometalate

In 2012 our group reported the water oxidation catalytic activity of a high nuclearity
cobalt-containing polyoxometalate: the nonanuclear
[Cog(Ha0)g(OH)3(HPO4)2(PWoO34)3]*6~ cluster (Cog).?*? The synthesis and struc-
ture of this POM was already described by Weakley et al. in 1984.%4% This polyanion
is composed by three trilacunary B-a-Keggin units, where three Co?* ions occupy
the octahedral vacant positions, in each Keggin fragment, yielding triangular edge-
sharing Co3015 moieties, as seen in Figure The three Keggin fragments are then
connected by three hydroxyl bridges and two HPO,2~ anions forming a triangle of
triangles. Six of the nine Co ions complete their coordination sphere with terminal
water molecules prone to be oxidized. The higher nuclearity of Cog compared with

that of the Co,P allow to draw four main structural differences:

A triangle of triangles versus rhombohedral core structure

Presence of hydroxyl bridges versus only oxo bridges

Available hydrogen phosphate bridges that are not embedded in the POM

structure

Higher percentage of terminal water molecules

The electrochemical water oxidation activity of Cog was tested in homogeneous
conditions carrying out bulk water electrolysis experiments in a two-chamber cell
separated by a glass frit. Fluorine-doped tin oxide (FTO) coated glass was used as
anode, whereas platinum mesh electrodes were employed as cathode. The experi-
ments were performed in 50 mM sodium phosphate buffer at pH 7 with 1 M NaNOg
as the electrolyte. With the absence of catalysts the current densities obtained when
applying 1.41 V vs NHE were negligible. However, with the addition of Cog (1 mM)

to the anode compartment, the current density increased over 1 order of magnitude.
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Figure 1.32: Polyhedral representation of the polyanion Cog (left). Detailed view of the
central cobalt-oxo-core forming the triangle of triangles (right). The polytungstate frag-
ments are shown as gray octahedra, P as orange tetrahedra, Co as pink octahedra and

balls, and O and H as red and white balls, respectively.

During experiments a brown film grew on the anode, characterized as cobalt oxide
with some phosphate traces. The activity of the deposited film was tested under
the same conditions in the absence of Cog. The current density reached in this
case was essentially the same as observed in the previous experiment, indicating
that the deposited cobalt oxide is the main active WOC under these conditions.
The cobalt oxide film deposition arises from the oxidation of free Co?* ions leached
from the POM. The loss of the initial Cog concentration during water electrolysis
was estimated through UV-vis spectroscopy to be about 15 %. Therefore, addition
of chelating ligands, as 2,2’-bipyridyl (bpy), during the experiment, prevented the
formation of the cobalt oxide film since the bpy trapped the Co*" ions to form
[Co(bpy)s|*", which under oxidizing conditions yields the highly inert [Co(bpy)s]**
species. Repeating the experiments upon addition of bpy, the current density also
increased by less than one-third that observed in the absence of bpy. This suggested

that the main catalyst was different in both experiments. No traces of cobalt were
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found on the surface of the FTO electrode. In addition, by repeating the experiment
with the same "as used" electrode in a buffer solution without Cog, the current den-
sity obtained was very close to the original blank. The efficiency of oxygen evolution
under these conditions was determined employing a fluorescence probe, reaching a
90 % for over 1 h. The current not involved in the catalytic process accounts for
the oxidation of the [Co(bpy)s|*" species generated in solution to [Co(bpy)s]**. At
the end of the experiments a highly insoluble pink precipitate appeared that was
confirmed to be a [Co(bpy)s]** salt of the Cog. The kinetics of the reaction was
studied by means of Tafel experiments from steady state current density experi-
ments. Results showed a clear dependence on the concentration of Cog, since for
concentrated solutions (1 mM) the Tafel slope was 130-140 mV /decade, indicat-
ing that the rate-determining step is electrochemical (electron- or mass-transport
issues),*** with an overpotential of 776 mV needed to reach 1 mA/cm?. On the
contrary, in diluted conditions (Cog 0.06 mM) the slope was in the 55-65 mV /decade
range, indicating that a chemical step is the rate-limiting one in this case, "84 with

an overpotential of 695 mV to reach 1 mA /cm?

. These overpotentials are higher
than those observed for the cobalt oxide, but due to the concentration-dependent
current density obtained for Coy, a direct comparison is not fair to the homogeneous
catalyst. Finally, the calculation of the diffusion layer to determine the number of
molecules interacting with the electrode at a given time was not possible due to

the absence of a noncatalytic redox process.““?42 Therefore the TOF could not be

directly calculated from the electrochemical data.

In the same work, the catalytic activity of Cog was tested employing NaClO as
chemical oxidant. Oxygen evolution starts immediately after adding Cog to a solu-
tion of sodium hypochlorite with a 0.9 M sodium phosphate buffer at pH 8. Online
mass spectrometry (MS) confirmed that only oxygen was evolved during the reac-
tion. Additionally, quantitative oxygen evolution was monitored with differential

manometry at different oxidant /catalyst ratios, and confirmed with gas chromatog-
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raphy (GC), showing excellent agreement. In these experiments a maximum TON
of over 400 and an initial TOF of 350 h™! were found when a 3.3x10%:1 oxidant/Cog
ratio was employed. However, low efficiencies were obtained, indicating the pres-
ence of competing reactions, probably disproportionation of hypochlorite to yield
chloride and chlorite (vide infra). Experiments were also carried out at different
temperatures, where the optimum performance was found at 35°C, with 50 % effi-
ciency. An increase of 2-fold on the initial TOF was observed when changing the
pH of the reaction from 7 to 9. After oxidation, no change in the absorbance by
UV-vis was detected, and dynamic light scattering (DLS) analysis also ruled out
the presence of heterogeneous nanoparticles. The Cog was recystallized after the
experiments showing identical IR spectrum and X-ray diffraction compared to that
obtained with fresh Cog. Moreover, Co,P was employed as water oxidation cata-
lyst under the same experimental conditions for comparison. Calculated initial TOF
data indicate that Cog is at least 8 times faster than Co,P, carrying out the exper-
iments with the same POM concentration.Taking into account the molecular weigh
of each POM salt, it was estimated that 250 and 29 mg of Oy can be obtained per
gram of POM with a 1000:1 oxidant/POM ration for Cog and Co,P, respectively.
The latest indicates that Cog is much more efficient, although both catalyst show
similar kinetics, with comparable turns per second. In addition, Cog shows remark-
able stability in solution. The catalyst remains completely active upon addition of
additional equivalents of oxidant after long periods of time and in the presence of a

10-fold excess of bpy, with no sign of fatigue or decomposition.

Recently, in 2015 a deeper study about the stability and solution speciation of
the Cog in both neat water and phosphate buffer, was reported by Goberna-Ferron
and co-workers.*** Small angle X-ray scattering (SAXS) experiments were carried
out reproducing the experimental conditions previously reported,??¥ that is 50 mM
sodium phosphate buffer at pH 7 with 1 M NaNOj3 as the electrolyte, and 0.9 M

sodium phosphate buffer at pH 8. Additionally, experiments were also performed
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in neat water to benchmark the Cog speciation in the simplest of solutions. SAXS
data, together with high energy X-ray scattering (HEXS), and compared with the
simulated data from the crystal structure, confirmed that Cog is maintained intact
in solution, not only in neat water, but also in the buffered conditions, and these so-
lutions are monodisperse. Moreover, SAXS experiments demonstrated that in water
exists an inter-particle repulsion that disappears in the presence of buffer due to a
screening of the electrostatic forces between the cluster.?** The influence of the pH
on the speciation of Cog was also studied, demonstrating that the cluster remains
stable in a wide range of pH, from 5.5 to 11, whereas by decreasing between 4.4 and
4.0 appears a change in speciation. Moreover, at pH 1.5 dimension and shape of
particles correspond to the plenary Keggin ion. Trivacant lacunary Keggin species
are stable at basic pH, meanwhile lowering the pH to acidic conditions yields the
plenary archetype. Additionally, the color of the solution changed from intense pink
at near neutral pH to reddish at pH 1.5, which resembles the color of [Co(Hy0)g]*".
This evidences that Cog dissociates to release [Co(Hy0)g]*" in strong acidic con-
ditions, as reported previously for other cobalt-containing polyoxometalates.*® To
further study the homogeneous species present in solution under chemical reaction,
SAXS data was collected reproducing the conditions mentioned above, by addition
of 0.1 M of NaClO to a 1 mM solution of Cog in 0.9 M sodium phosphate buffer
at pH 8. Results show that Cog remains stable after 3 h reaction, with no evidence
of nanoparticles in solution. On the contrary, under extreme conditions, that is
additions of oxidant equivalents every 2.5 h-cycle reaction, a decrease of Cog con-
centration was observed and/or the presence of smaller species, consistent with the
leaching of Co?* ions from the POM and subsequent precipitation that would be fa-
vored by the large excess of phosphate buffer. However, after 4 additions of oxidant
(10.5 h of reaction), the species in solution is predominantly Cog. Therefore, high
concentrations of phosphate buffer may accelerate the degradation of Cog, since
the precipitation of highly insoluble cobalt oxide phosphate will shift the equilib-

rium towards the release of more Co?* ions into solution. In fact, in the absence



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

66 General Introduction

of phosphate buffer, results show that Cog remains stable cycle after cycle, with no
evidence of any other species present in solution. So thus, it was demonstrated that
the stability of Cog is strongly influenced by pH, buffer and buffer concentration,
due to the solution equilibria and Co?* leaching. However, it has remarkable redox

stability.
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1.7 Thesis Goals and Outline

Meeting the global energetic demands in the future will only be possible with a
good implementation of renewable sources of energy. The most exploitable source
is solar energy. Hence, mimicking photosynthesis, an artificial photosynthesis plat-
form should convert sunlight into spatially separated electron /hole pairs and use the
electric potential to mediate water splitting into Hy (reduction) and O, (oxidation)
at catalytic centers. However, the water oxidation reaction is considered the bot-
tleneck in such water splitting scheme. Therefore, the discovery of water oxidation
catalysts able to work at low overpotentials, with high stability under high oxidizing
conditions, and in a cost-effective manner for the implementation into the market
is mandatory. Moreover, the state-of-the-art in terms of feasible industrials appli-
cations is leaded by heterogeneous catalysis, so these catalysts have to be able to

work in the solid-sate.

In this work we will show how the POM [Cog(H20)(OH)3(HPO,)o(PW¢O34)3]16~
(Coy), which has been already identified that it is active as homogeneous WOC, is
also active in the solid-state. Moreover, by means of DFT calculations we pro-
pose a plausible reaction mechanism for the water oxidation reaction catalyzed by

Co-containing POMs.

e In Chapter 2 we show that precipitation of the POM with Cs™ leads to an
insoluble salt in water at room temperature which, blended with a solid-state
matrix (i.e. carbon paste), and incorporated into an electrode, promote het-
erogeneous electrocatalytic water oxidation in mild conditions without signs

of fatigue or decomposition.

e In Chapter 3 we present the heterogeneous catalytic activity of Cog for light-
driven water oxidation at pH 7. Moreover, the use of chromophore as counter-

cation (RuCoy) yields improved oxygen evolution under the same conditions,
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without the presence of the photosensitizer in a solution containing the elec-

tron acceptor.

e In Chapter 4 we investigate by computational means the full catalytic cycle
of the water oxidation catalyzed by CosP and its vanadium derivative CosV
treated as single-site catalysts. In addition we present some preliminary results

analyzing the effect of POM nuclearity on the water oxidation catalysis.

This Thesis serves as a proof of concept for the use of Co-containing POMs in
solid-state water oxidation catalysis, and shed some light into the unknown water

oxidation mechanism catalyzed by cobalt-substituted POMs.
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Chapter 2

Heterogeneous Water Oxidation

Catalysis with Modified Cog/Carbon
Paste Electrodes
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2.1 Introduction

Electrochemical water splitting, with the goal of molecular hydrogen production,
has become a real clean alternative to replace fossil fuels. This process requires
the oxidation of water, producing molecular oxygen 2.1 and, at the same time, the
reduction of protons to molecular hydrogen On this regard, water oxidation
catalysis, compared with hydrogen production, is a challenging reaction due to its
high energetic demand (it is an endothermic process with AG = 4.92 eV).24 It
is commonly accepted that water oxidation is bottleneck in water splitting. The
state-of-the-art in terms of feasible industrial applications is led by electrochemical
heterogeneous catalysis. Therefore the research for a robust, fast, and inexpensive
heterogeneous water oxidation catalyst (WOC) seems to be mandatory in order to
increase the commercial impact of water electrolysis, which accounts for less than

4% of the total worldwide hydrogen production.

2H,0 — Oy+4H +4¢~ (B =+1.229—0.059(pH) V vs NHE at 25°C) (2.1)
AHY +4e” — 2H,  (E =0.000— 0.059(pH) V vs NHE at 25°C)  (2.2)

Polyoxometalates (POMs) present a formidable opportunity in the research of a
good WOC, since it is demonstrated that they are genuine homogeneous catalysts
thanks to their rich redox chemistry and offering a good processability, optimization,
fast kinetic rates, working in a large range of pH. Their molecular nature also allows
for computational investigations. #2222 Noreover, POMs can also be immobilized
into modified electrodes to be employed as heterogeneous water oxidation catalysts,
with high surface area, allowing for a close contact between the electrode surface and
the POM which increases the rate of electron-transfer, and with more stability than
most homogeneous catalysts. Therefore, it seems clear that immobilization of POM

into a conductive supporting material is the most plausible alternative to advance
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in the research of a good electrolyzer device, since POMs are insulating salts with

low electrical conductivity.

The first example of electrode modification employing a POM supported into a
conductive material was reported by Bonchio and co-workers in 2010.%* They em-
ployed the polyanion Lijg|Ruy(H20)4(u-OH)2(7-SiW19O36)2] (RuySi) to construct
nanostructured oxygen-evolving anodes by electrostatic assembly of this POM to
water-soluble multiwalled carbon nanotubes (MWCNTS) previously decorated with
polyamidoamine (PAMAM) ammonium dendrimers
(RusSi@QMWCNT). They also integrated the (Ru4Si) into amorphous carbon (AC)
functionalized with the PAMAM dendrimers (RuySi@AC) to evaluate the role of
the MWCNTs. Indium tin oxide (ITO) electrodes were then modified by drop-
casting a water solution containing the hybrid composite. These RusSiaMWCNT
modified electrodes showed high surface area, good mechanical properties, and good
thermal stability. ITO electrodes were also modified with a lipophilic salt of Ru,Si
to benchmarking the effect of the MWCNT, and also with MWCNT-PAMAM to
explore the activity of the POM-free modified ITO electrode. Cyclic voltammetries
were carried out to check the oxygen evolving activity of these modified electrodes.
As expected bare ITO electrodes and the POM-free MWCNT-PAMAM modified
electrodes were complete inactive under water oxidation conditions. On the other
hand, modified electrodes with the POM were always active in oxygen production,
showing a strong dependency on the environment with an increase on the activity
as RusSi<RuSi@AC<KRu,SiaAMWCNT, confirming the good synergetic effect
between the POM and the dendrimer decorated MWCNT. Chronoamperometric
experiments were carried out to determine the turnover frequency (TOF) of these
RuSi@MWCNT modified electrodes, in a pH 7 phosphate buffer. The TOF effi-
ciency was 0.01 s~! and 0.085 s~! at overpotentials of 0.35 V and 0.6 V, respectively.
The authors did not evaluated neither the long-term stability of these electrodes in-

cluding the POM electrostatic retention on the MWCNTs.
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Shortly after, in 2011, the same group developed a new strategy to functional-
ize MWCNTs and single-walled CNTs (SWCNTs) with positive charges under mi-
crowave (MW) solvent-free conditions. Moreover, a non-covalent bonding route was
also explored to functionalize the MWCNTs employing an amphiphilic trimethy-
lammonium acetyl pyrene in water, through m-7 stacking interactions. Again, the
Ru,Si was electrostatically assembled to these functionalized CN'Ts in water at pH
5. In the same way as described above, the oxygen evolving anodes were mod-
ified by drop-casting a water solution of the hybrid composite on ITO and disk
screen-printed carbon (SPC) electrodes. The catalytic efficiency of these modified
electrodes yield higher electrocatalytic activity at n > 0.4 V. This was attributed to
an improved stability and reduced ohmic losses of the SPC electrode with respect

to ITO. As pointed before, long-term stability and POM retention were no studied.

Xie et al. reported in 2012, the immobilization in ordered mesoporous carbon ni-
tride (MCN) of the POM [Co4(H20)2(PWgOs34)2|*°~ (Co,P).*** The choice of MCN
was made based on its uniform nanochannels, high surface area, and outstanding
conductivity. All these together with the presence of —NHy and —NH groups on the
mesoporous walls, that can be protonated to positive charged —NHJ groups, where
the Co4P can be electrostatically absorbed. Therefore, the MCN was left under
vacuum to remove air trapped inside the mesopores and impurities. Then the MCN
was immersed in a aqueous solution containing Co,P for 24 h. The POM was well-
dispersed inside the mesopores with no alteration of the shape and diameter of the
MCN nanochannels. ITO electrodes were modified by casting aqueous solutions of
the Co,PQ@QMCN and the catalytic activity was explored. For comparison, ITO elec-
trodes were also modified with POM-free, and with a lipophilic salt of Co4P. Cyclic
voltammetries were carried out in a phosphate buffer solution at pH 7, where, as ex-
pected, bare ITO electrodes were found to be inactive. The Co,PQMCNQITO led
to higher catalytic current compared with the deposited TBACo4P salt. The POM-

free MCNQ@ITO also showed to be active but current densities obtained were much
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lower than in presence of the Co,P. Long-term chronoamperometry over 10000 s was
performed at an applied potential of 1.6 V vs NHE in a phosphate buffer solution at
pH 7, producing 12.1 umol of Oy by passing 5 C of charge during electrolysis, reach-
ing a 95 % of Faradaic efficiency. The TOF during this experiment was estimated
to be 0.3 s~!. Data obtained when carrying out X-ray absorption near edge struc-
ture (XANES) spectroscopy suggest a possible bond formation between the Co,P
and the MCN. The authors suggest such bonds are probably the responsible for
the highly catalytic water oxidation activity. No obvious changes were found in the
Co,P structure when characterizing the hybrid compound after the experiments,

although long-term stability tests were not carried out.

Again, Bonchio and co-workers presented in 2013 a graphene functionalized
nanosheets that integrated the tetra-ruthenium polyoxometalate
Ru,Si.?*¥ Pristine graphene was functionalized with a first generation polyaminoamide
(PAMAM) dendron wia direct 1,3-dipolar cyclo-addition. Therefore, as explained
before, the polyanion RuySi was electrostatically assembled to the positive ammo-
nium groups of the dendrimer at pH 5 (RuySi@d-G). Modification of ITO and SPC
electrodes was carried out by drop-casting an aqueous solution of the Ru,Si@Qd-G.
Cyclic voltammograms and chronoamperometric experiments employing Ru,Si@Qd-
GQSPC, allowed a comparison between this new modified electrodes and the already
reported RusSiaMWCNT@SPC electrodes. These new RuySiQd-GQSPC modi-
fied electrodes led to a decrease on the overpotential with a 2-fold enhancement of
the maximum TOF, compared with the previously reported RusSiaMWCNT@SPC
electrodes. So thus, it was demonstrated that employing graphene nanosheets is
more convenient than using MWCNTSs as supporting material for electrode modifi-
cation. The stability of the Ru,;SiQd-GQSPC electrodes was tested by a sequence
of chronoamperometric experiments, leading to a 1% current loss after 4 h of exper-
iment. The stability and high water oxidation activity of these modified electrodes

is suggested by the author to be due to the noninvasive and highly dispersed sur-
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face modification, which enables for electron transport and accumulation across the

extended m-bond network.

Still in 2013, the group of Hill studied a similar approach of electrode modifi-
cation by RuySi supported on graphene.** First, graphene oxide was reduced and
deposited electrochemically on both ITO and glassy carbon (GC) electrodes. At this
point, two different graphene electrodes were prepared: wet graphene modified elec-
trodes (wG) and dried graphene modified electrode (dG), that were prepared in the
same way but the dG were dried in air prior to use. After that, RusSi was immobi-
lized electrostatically into the graphene by soaking overnight the graphene modified
electrodes into a aqueous solution containing the POM. Both, RusSiQ@wGQGC and
Ru,Si@dG@GC modified electrodes were tested, together with a bare GC elec-
trode with Ruy,Si solution, by cyclic voltammetry employing 0.5 M H5SOy4 as elec-
trolyte. Peak currents obtained with RuySiQ@dGQGC were similar to those obtained
with the bare GC, while the peaks currents observed for the RuySiQ@wGQGC were
much larger. Authors attribute this difference to the highly porous structure of wet
graphene, leading to significant contributions from thin layer and surface-confined
processes to the overall voltametric response. In addition, the higher porosity of
the wet graphene allows for a much higher loading of the POM compared with the
dried graphene, as shown by EDX data. Stability tests with the Ru,Si@wGQGC
were performed by chronoamperometric measurements at pH 7.5 with 0.1 M sodium
borate buffer and 1 M Ca(NOs), as electrolyte, at an applied potential of 1.5 V vs
NHE. During the experiment a decay on the current density was observed as O,
bubbles accumulated on the electrode surface, resulting in a decrease on the surface
area as active sites of the catalyst were blocked. The stability of the Ru,Si@wG
was confirmed after the experiments by EDX spectroscopy. Moreover, in situ for-
mation of RuOy nanoparticles, that could be responsible for the catalysis, was rule
out by using RuO,-graphene modified electrodes, since no catalytic wave is observed

during the voltammetries and no oxygen bubbles were observed. TOF was obtained
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for the RuySi@QwG using rotating ring-disk voltammetry, where it was measured to
be 0.82 s7! at an overpotential of 0.35 V, which is 80 times more active than the
RuSi@MWCNT modified electrodes at the same overpotential. Therefore authors
suggest that the presence of a non-conducting PAMAM dendrimer on the graphene

surface has a negative impact on the activity of the catalyst.

In this chapter we present the incorporation of an insoluble salt of Cog into
carbon paste mixtures to prepare modified electrodes for water oxidation catalysis.
These modified electrodes yield high catalytic activity with no signs of fatigue during
electrolysis in a wide range of pH, and represent a convenient way to explore the

catalytic activity of Cog in the solid state, as required for technological applications.
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2.2 Results and Discussion

The insoluble salt of Cog was obtained by the addition of CsCl to a Cog water
solution.?? The number of water molecules was determined by thermogravimetric
analysis (TGA), showing 41 molecules of water in the unit cell. Metal analysis
was carried out with an inductively coupled plasma optical emission spectrometer
(ICP-OES). Both analysis together allowed us to calculate the molecular formula
as Cs15K[Cog(OH)5(H20)s(HPO4)2(PWg0O34)3]-41H20 (M, = 10341.31) (see Figure
and Table [2.4 in the Experimental Section).

As prepared, scanning electron microscope (SEM) shows that this salt contains
a homogeneous particle size distribution in the 5—10-pm-diameter range, as can
be seen in Figure Whereas in a water suspension, dynamic light scattering

measurements indicate an average particle size of 267.2 nm (Figure [2.2)).

Figure 2.1: SEM image of a typical freshly prepared CsCog sample.
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Figure 2.2: Size distribution by number measured for the CsCog in suspension before

experiments.

This salt is insoluble in water at room temperature or any other common solvents,
and thus it is a good material to test if the WOC activity is retained in the solid state,
or if this POM is only active in homogeneous conditions. Without further treatment,
this polycrystalline solid was blended with carbon paste to prepare POM modified
amorphous carbon (POM-C) electrodes with a POM content between 1 and 60% in
weight. Blends above 60% catalyst became too brittle. Cyclic voltammetry with a
POM-C working electrode, a Pt wire as counter electrode, and a Ag/AgCl (3.5 M)
reference electrode, showed a strong water oxidation wave, indicating participation

of a catalytic process (Figure .

During successive cycles, gas bubbles formed on the electrode, and the typical
oxygen reduction wave below —0.3 V appeared at negative potentials, confirming
oxygen evolution. These preliminary results suggest that Cog can also work as a

WOC in heterogeneous conditions.

2.2.1 Steady-State Water Oxidation Analysis

Controlled potential water electrolysis with these POM-C electrodes was carried

out in a two-compartment cell with a pH 7 sodium phosphate buffer (NaP;, 50
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Figure 2.3: Cyclic voltammogram acquired in a pH 7 NaP; buffer (50 mM) water solutions
with NaNOg3 (1 M) as electrolyte with a 57.1% POM-C working electrode, a Pt wire counter
electrode, and a Ag/AgCl (3.5 M) reference electrode. Scan rate = 100 mV /s.

mM) /water solution with NaNOj3 (1 M) as electrolyte. Steady-state currents were
reached after a few minutes. At these steady-state, the current density (j) follows

a linear Tafel law in the 0.2 < 1 < 0.6 V range, as shown in the Figure 2.4

The Tafel slope decreases very rapidly for a very small catalyst content, indicating
faster kinetics and the appearance of a catalytic process (Table Figure . The
1.5% blend already shows 148 mV /decade, from the 178 mV /decade found for a pure
carbon paste electrode. Above 3% catalyst content, the slope remains essentially
constant in the 90-110 mV /decade range. These values are in between the expected
values for an electron-transfer rate-limited process (60 mV/decade) and a chemical
rate-limited process (120 mV /decade). Our hypothesis is that this intermediate slope
appears from the competition between the catalytic oxidation and from the electron

transfer in the blend. The kinetics of the different blends can also be compared by
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Figure 2.4: Steady-state Tafel data acquired in a pH 7 NaP; buffer (50 mM) water solution
with NaNO3 (1 M) as electrolyte with POM-C anodes at different CsCog/carbon paste

weight ratios. Ohmic drop was compensated using a positive feedback compensation.

POM Coy n (mV) jo (A/em?)  Tafel slope
(weight %) (j = 1 mA/cm?) (mV /decade)
1.7 841 2.01 21076 148
3.4 712 5.56 2107° 86
4.1 725 2.70 21077 110
7.5 600 4.51 £107° 138
14.2 525 3.27 21076 96
279 557 4.66 1076 104
444 537 1.19 2107 109

Table 2.1: Results acquired from the Tafel Plots. The amount of catalyst content in each
modified electrode is shown, as well as the overpotential needed to reach a current density

of 1 mA /em?, the exchange current and, the Tafel slope for each case.
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Figure 2.5: Tafel slope (black) and overpotential needed to reach 1 mA/cm? (red) for
catalytic water electrolysis with a POM-C working electrode as a function of the Cog

content.

the overpotential (1) needed to reach j = 1 mA/cm? The result is analogous to

that observed for the Tafel slope, reaching a minimum value above 14% (525 mV).

2.2.2 Oxygen Evolution

Bulk water electrolysis with a POM-C electrode shows remarkable stability. Af-
ter a induction period of ~30 min, where the intensity decreases, probably due to
capacitance, the current remains constant for the rest of the experiment for over
8 h, as shown in Figure 2.6 This demonstrates the long-term stability of Cog in

heterogeneous conditions.

During these experiments, we monitored oxygen evolution with a fluorescence

probe. The final yield reaches over 90% compared with the theoretical amount
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Figure 2.6: Current density at +1.3 V (vs NHE) with a 44% POM-C modified electrode.

of oxygen expected for a stoichiometric reaction (4e~ per oxygen molecule). The
rest can be assigned to the oxidation of the carbon component, because no other

component can be oxidized at these potentials (up to +1.5 V vs NHE).

Once the bulk water electrolysis finished, the buffer solution was rotaevaporated
and the solid residue obtained was analyzed by EDX analysis to confirm any leaching
from the electrode. The results show that just the electrolyte buffer salts are present
with no signals of cobalt or tungsten, confirming that the POM remains in the blend.
The sensitivity of EDX (> 1000 ppm) cannot rule out minimum traces, but such

leaching is not significant. It does not affect catalytic current.
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Figure 2.7: Og production measured with a fluorescence sensor (blue line) and theoretical
production calculated for a quantitative Faradaic efficiency (red line) for water electrolysis
with a 22% POM-C anode electrode at pH 7, with 50 mM NaP; buffer, and NaNO3 (1M)
as electrolyte applying a potential of 1.5 V vs NHE. The very long lag time arises from the
complex experimental setup. The position of the electrode, perpendicular to the surface,
traps the oxygen bubbles even at high stirring speed. Thus, the oxygen content increases

following a very irregular pattern, as gas bubbles escape randomly from the electrode.
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2.2.3 Recovery of the Catalyst

After bulk water electrolysis experiments the CsCog salt was recovered from the
carbon paste. The POM-C blend was suspended in acetone and sonicated until
CsCoy detached from the carbon paste, appearing as a pink precipitate. The re-
covered catalyst was characterized by infrared spectroscopy (IR), powder X—ray
diffraction (PXRD) , and energy—dispersive X—ray spectroscopy (EDX). Results
were compared with those obtained for the freshly prepared CsCoyg. Figure [2.§
shows a typical IR spectra of the Cog cluster in the 1100—400 cm™~! range (blue
line), in this case that obtained from a powder sample of freshly prepared CsCoy.
The red line shows the IR spectra of the recovered catalyst after the experiment,
which perfectly fits with the freshly prepared CsCogy. Comparison of the collected
PXRD pattern (Figure also supports the integrity of the POM cluster under
catalytic conditions. Finally, EDX analysis (Figure and Table shows similar
elemental abundance for the constituent atoms of the CsCog salt before and after
bulk water electrolysis. These techniques highlight the stability of CsCogy under

turnover conditions.
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Figure 2.8: Comparison between the IR spectra of freshly prepared CsCog and of the salt

recovered after 8 hours of water electrolysis.
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Figure 2.9: Typical PXRD of pristine CsCog salt and of collected compound after 8 hours

of water electrolysis.
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Figure 2.10: Typical EDX histogram of freshly prepared CsCog (top) and of a POM-C

blend after 8 hours of CsCog catalyzed water electrolysis (bottom).
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Before After
Element atomic % stoichiometry atomic % stoichiometry

(found) (estimated) (found) (estimated)

P 2.8 5.4 1.7 4.9
K 0.8 1.6 0.4 1.1
Co 4.9 9.5 3.2 9.2
Cs 7.8 15.2 5.3 15.2
W 13.9 27 9.4 27

Table 2.2: Elemental abundance for the constituent atoms of the CsCog salt estimated
for the EDX analysis before and after 12 hours bulk water electrolysis. Data averaged for

four different samples.
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2.2.4 Comparison with Cobalt Oxide

It has been shown that WOCs can suffer important changes in turnover conditions
to yield highly active WOCs as cobalt oxide.2?¥234 However, our data indicate that
cobalt oxide is not being formed in situ, according to several observations. During
bulk water electrolysis at POM-C electrodes, the current decreases with time. How-
ever, oxide formation should increase the catalytic activity because cobalt oxide is

234

a better catalyst than Cog.“** However, the presence of traces of CoO, cannot be

ruled out.

In order to get additional evidence, we performed analogous experiments with
Co304 carbon paste blends (CoX-C).2517 233 Figyre shows the Tafel plots per-
formed employing CoX-C modified electrodes with different amounts of CozOy4, using
a NaP; buffer (50 mM) water solution with NaNOj (1 M) as electrolyte at pH 7. It
is clearly shown that CoX-C electrodes performs very different than POM-C elec-
trodes, since for higher contents of Co30, the slope of the Tafel plot of current

density increases, opposite to what was observed for Coyg.

The Tafel slope increases very rapidly when increasing the content of oxide in
the electrode. The 7.1% blend already shows 87 mV /decade, while the 40.7% blend
shows a Tafel slope of 346 mV /decade, which is too high for a catalytic process.
(Table 2.3 Figure 2.12)). Looking at the overpotential () needed to reach a j= 1
mA /cm? we also can observe differences from the results found with the POM-C
electrodes. Using the CoX-C electrodes the overpotential decreases from 643 mV to

489 mV for the 7.1% and for the 40.7% blends, respectively.

These experiments compare % weight of POM or Coz0y in the electrode, where
the moles of Co are not the same, since for a same weight of catalyst there are more
Co centers in the oxide than in the POM. Therefore, in order to perform a more
fairly comparison we compared data taking into account the moles of Co that we

were using in each experiment.
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Figure 2.11: Steady-state Tafel data acquired in a pH 7 NaP; buffer (50 mM) water
solution with NaNOs3 (1 M) as electrolyte with CoX-C anodes at different Co304/carbon

paste weight ratios. Ohmic drop was compensated using a positive feedback compensation.

Co30, n (mV) jo (A/cm?)  Tafel slope
(weight %) (j = 1 mA/cm?) (mV /decade)
7.1 643 2.01 107° 87
14.3 580 5.56 £107? 90
28.5 510 2.70 21077 145
40.7 489 4.51 2107° 346

Table 2.3: Results acquired from the Tafel Plots. The amount of Co3O4 content in each
modified electrode is shown, as well as the overpotential needed to reach a current density

of 1 mA /cm?, the exchange current and, the Tafel slope for each case.
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Figure 2.12: Tafel slope (black) and overpotential needed to reach 1 mA /cm? (red) for
catalytic water electrolysis with a CoX-C working electrode as a function of the CozOy4

content.

POM-C electrodes yield 2 orders of magnitude larger current densities than the
corresponding CoX-C blends for equimolar amounts of cobalt content (Figure .
Actually, a huge excess of cobalt oxide is needed to reach similar activity. For exam-
ple, we obtained a much larger current density with just 2 umol of total cobalt as
Coy (20 mg, 0.22 pmol) than with 125 pmol of total cobalt as CozO4 (20 mg, 41.7
pumol of oxide). Although direct correlations are difficult to draw because the for-
mation of cobalt oxide nanoparticles could yield higher activity than the fine cobalt
oxide powder that we used for the blend preparation, our experiments suggest that
most of the POM had to be converted into oxide to reach such a high catalytic
activity. The POM-C blends after 8 h of water oxidation showed features identical
with those of the freshly prepared CsCog This supports that the catalyst remains

essentially intact in turnover conditions for very long periods of time. If very small,
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Figure 2.13: Current density at +1.3 V (vs NHE) with a 44% POM-C electrode (black) and
with CoX-C working electrodes at different Co3O4 contents (color lines). Labels indicate

the total amount of Co in the blends.

undetected amounts of Cog decompose into cobalt oxide during water oxidation,

such small traces cannot justify the high activity exhibited by the POM-C blends.

2.2.5 Effect of the pH on the Catalytic Performance

Catalytic water electrolysis with a POM-C blend electrode shows very small vari-
ations with pH (see Figure . Starting from acid pH j increases up to pH 4
and then remains essentially constant. The catalytic current is over 1 order of mag-
nitude higher than for a carbon paste electrode, and the pH dependence shows a
different trend. In the absence of catalyst, it reaches a maximum above pH 6, and

the variation at low pH is much more pronounced.

The cyclic voltammograms of the POM-C blends as a function of the pH (Fig-
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Figure 2.14: Dependence on pH at +1.5 V for a carbon paste (squares) and a 14% POM-C

electrode (circles).

ure [2.15) show remarkable differences from the pH dependence reported for the
Co0, catalysts.®” Cobalt oxide is inactive at low pH, and the water oxidation wave
increases until pH >8.1™ The POM-C catalytic water oxidation wave shows no sig-
nificant changes in intensity or position. On the contrary, cyclic voltammograms
reported by Gerken et al. showed that the number of redox couples and their po-
sitions are dependent on pH. At pH 8 and above, two different redox processes are
clearly shown, while from pH 3 to 8 just one redox couple is observed at lower po-
tentials than the catalytic wave. Below pH 3 no redox couple appears. The different
behavior of the modified electrodes reported by Gerken et al. in contrast with the
ones reported in this work, confirm that in situ formation of CoO, is not getting

place in our system.

In addition, the difference in the catalytic activity between POM-C and CoX-C

blends is even more remarkable when bulk electrolysis is performed at pH 1, where
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Figure 2.15: Cyclic voltammograms acquired in HoSO4 (0.1 M) as electrolyte at different
pH with a 14.2% POM-C anode, a Pt wire cathode and a Ag/AgCl (3.5 M) reference
electrode. Scan rate = 100 mV /s. The pH was adjusted with NaOH.

cobalt oxide is unstable (Figure. Indeed, the CoX-C blend shows no significant
effect on the current density, yielding j values identical with those of the pure carbon
paste electrodes. In the case of the POM-C electrodes, catalytic water oxidation
proceeds with current densities 100 times higher for just a total cobalt content of 2
pmol. This high activity of the POM-C blends in acidic media is a unique feature
for a metal oxide-based catalyst and additional evidence that no adventitious cobalt
oxide is significantly participating in the catalytic process. Because Co?' can engage

in water oxidation in acidic media via ephemerally absorbed species, we also studied
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water electrolysis at pH 1 with the addition of Co(NOj)s to the electrolyte. In this
case, j increases up to maximum values for a total content of ~18 pmol, just twice
the activity exhibited by the carbon paste itself and far from the rates found for the
POM-C blends. After this maximum, j decreases upon further addition of the cobalt
salt. This also supports that adventitious aqueous Co?* ions cannot be responsible
for the high activity of the POM-C electrodes in acidic media. Moreover, they were
not detected in the leached solutions from the electrodes, taking into account that

the limit of detection of EDX is 1000 ppm.
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Figure 2.16: Bulk water electrolysis at pH 1 (H2SO4 0.1 M) applying a potential of 1.5 V vs
NHE with different anode electrodes: POM-C blend (0.22 pumol CsCoyg); CoX-C blend (3
pumol Coz0y); and with a carbon paste electrode, adding to the solution Co(NO3)y (17.5,

35 and 52.5 pmol). The numbers quoted in the plots indicate the total amount of cobalt

content.
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2.3 Conclusions

In this chapter we show that precipitation of the POM with Cs™ leads to a water
insoluble salt (CsCoy) which, blended with a solid-state conducting matrix (i.e. car-
bon paste), promotes heterogeneous electrocatalytic water oxidation in mild condi-
tions (pH 7). The electrochemical data indicates that a current density of 1 mA /cm?
needs an overpotential of ca. 525 mV in optimum conditions for this catalyst. These
electrodes show a remarkable stability, with no signs of fatigue for at least 8 hours
with Faradaic Os evolution. Interestingly, these modified electrodes are also active
even in strong acidic conditions (pH 1), where cobalt oxide is unstable. Comparison
with Co30,4/Carbon Paste modified electrodes show different electrochemical behav-
ior, than that observed with the POM modified electrode. Multiple experimental
evidences support the stability of the CsCog catalyst under working conditions in-
side the carbon paste matrix, with consistent analytical and structural data obtained

before and after water electrolysis.
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2.4 Experimental

2.4.1 Synthesis

All reagents were commercially available and used without further purification. The
NagKg|Cog(H20)s(OH)3(HPO4)2(PWyO34)3]-43H2O salt was obtained by dissolving
in 100 mL of an aqueous solution NayWO,-2H,0 (33 g, 100 mmol) and Nay,HPO,
(3.3 g, 22 mmol). The pH of that solution was adjusted at 7.1 with acetic acid,
and 30 mL of an aqueous solution of Co(OOC-CHjz)2-4H50 (9 g, 35 mmol) was then
added. The violet solution obtained was refluxed at 100°C for 2 hours, and then hot
filtered. An excess of K(OOC-CHzs), (2 g) was added and the solution was filtered
again. The solution was cooled at room temperature and, after some days, crystals of
the anions [Cos(H20)2(PWgO34)2]' and [Cog(H20)(OH)3(HPO,)o(PWOs4)3] 16~
appeared. The desired anion was extracted with cold water. From the resulting
solution large pink needles were obtained, being these crystals the Cog.%%"

The Cs* salt was prepared by metathesis. An stoichiometric excess of a 0.1 M so-
lution of CsCl was added to a solution of the potassium/sodium salt. The desired

Cs salt precipitated immediately. This precipitate was filtered, washed with water

and air-dried. Typical yield ~ 20%.
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2.4.2 Characterization

e Analysis: The stoichiometry of the Cs salt was determined by metal analysis
and thermogravimetry. Metal analysis was carried out with a Perkin Elmer,
Optima 8300 model, inductively coupled plasma optical emission spectrometer
(ICP-OES). Thermogravimetry analysis was performed with powder samples

using TGA /SDTAS851 Mettler Toledo with MT1 microbalance.

CsCog as prepared

1,04
Step: -7.1017 %
1,02 4 -73.2895e-03 mg
S Left Limit: ~ 33.47 °C
E 7] Right Limit: 491.61 2C
b=
D
(]
Z 098
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Figure 2.17: Thermogravimetric analysis of the pristine CsCog salt.

Element Calculated (%) Found (%)

Cs 19.28 19.30
Co 5.13 5.28
W 48.00 47.52
P 1.50 1.36

Table 2.4: ICP-OES analysis of the pristine CsCog salt.

e Dynamic Light Scattering: The nanoparticle size distribution of CsCog

was measured using a Malvern nanoZS analyzer.

e Infrared Spectroscopy: Infrared spectra were collected in the 3600—400 cm™*
range with a Bruker Optics FTIR Alpha spectrometer equipped with a DTGS
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detector, KBr beamsplitter at 4 cm™! resolution.

e Powder X—Ray Diffraction: Powder X—Ray diffraction patterns of the
CsCoy salt before and after the catalysis were collected with a Bruker 8D
Advance Series equipped with a VANTEC-1PSD detector.

e Scanning Electron Microscopy and Energy—Dispersive X—Ray Spec-
troscopy: Comparison of the metal content of the freshly prepared CsCoqg
and of the collected salt was analyzed with a Scanning Electron Microscope
JEOL—JMS6400 equipped with an Oxford EDX analyzer (Oxford Instru-

ments).
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2.4.3 Electrochemistry

All experiments were performed with a Biologic SP-150 potentiostat. Ohmic drop
was compensated using the positive feedback compensation implemented in the in-
strument. For cyclic voltammetry experiments, an amorphous carbon paste working
electrode (0.07 cm?), a Pt wire counter electrode, and a Ag/AgCl (3.5 M) reference
electrode were placed in a beaker with a sodium phosphate buffer solution (50 mM)
and NaNOj3 (1 M) electrolyte. The carbon paste mixture were prepared in a mortar
by mixing amorphous carbon paste (Biologic Carbon paste oil base) and CsCoy,
or Co30y, in the desired proportion. Bulk water electrolysis was carried out with
stirring in a two-chamber cell, with a porous frit connecting both chambers. In one
chamber we placed a Pt mesh counter electrode, and in the other chamber the mod-
ified carbon paste working electrode (0.07 cm?) and the reference electrode. Typical
electrolysis experiments were carried out in a 50 mM NaP; buffer solutions. For pH
dependent electrolysis, a 0.1 M HySOy4 solution was used as electrolyte, and the pH
was adjusted by addition of NaOH. Oxygen evolution was detected with an Ocean
Optics NeoFOX oxygen sensing system equipped with a FOXY probe inserted into

the anodic compartment.
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Ozxidation Catalysis with Insoluble
Salts of Coqg
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3.1 Introduction

Several polyoxometalates have been reported as active light—driven water oxidation
catalysts during the last years. In all cases ruthenium(II) polypyridine complexes
were employed as photosensitizer, being the tris(bipyridine) ruthenium(II) chloride
([Ru(bpy)s|Clz) the most extensively used. The presence of sacrificial electron ac-
ceptors such NayS,0g was always needed. A schematic representation of the reaction
mechanism of light—driven water oxidation catalysis is shown in Figure The
reaction is initiated with the absorption of one photon by one [Ru(bpy)s]**, produc-
ing an excited state [Ru(bpy)s]*** (Eq. B.1). The last is quenched by a molecule of
S,02~, producing two strong oxidants [Ru(bpy)s|>™ [E°([Ru(bpy)s]** /[Ru(bpy)s]**)
= +1.26 V vs NHE®4] and SO,~* [E° (SO,7*/SO4*") ~ 2.4 V vs NHE?”], and a
molecule of SO4*~ (Eq. . Then the radical specie SO4~* is able to oxidize an
additional molecule of [Ru(bpy)s|** to give [Ru(bpy)s]** (Eq. [3.3). This oxidation
occurs via photoinduced electron transfer from the excited state of the photosen-
sitizer to the sacrificial electron acceptor.??® In addition, flash photolysis experi-
ments carried out to study the kinetics of hole transfer from the oxidized sensitizer
to the catalyst, show that the SO,~* specie is strong enough to oxidize not only
the [Ru(bpy)s]?", but may also compete to oxidize the catalyst.?**7 Finally, four
molecules of [Ru(bpy)s|*" oxidize the catalyst removing four electrons, which in turn
oxidizes one molecule of HyO to Oy, regenerating the [Ru(bpy)s|*t (Eq. [3.4). It is
worthy to mention that during the previously described steps, not only side reactions
can take place due to the low selectivity of the oxidative species, but also oxidative
degradation of the organic ligands of the [Ru(bpy)s|*" is observed, resulting in a

decrease of the final yield of the oxygen production.

Ru(bpy)s™ + hv — Ru(bpy)3™ (3.1)

Ru(bpy)3™ + S,03~ — Ru(bpy)it + SO3~ + SO;* (3.2)
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4H* + 0,

2H,0

3+
4Rulbpy)s] 2[Ru(bpy); ]

450,%* 45,0,>

Figure 3.1: Schematic representation of the Light—Driven Catalytic Water Oxidation using
a Polyoxometalate as catalyst, [Ru(bpy)s]?" as photosensitizer, and persulfate as sacrificial

electron acceptor.
Ru(bpy)st + SO;* — Ru(bpy)st + SO~ (3.3)

4 Ru(bpy)st + Catalyst + 2 H,O — 4 Ru(bpy)s" + Catalyst + Oy + 4 H*
(3.4)

The first active polyoxometalate under light—driven water oxidation conditions
was reported in 2009 by the group of Hill.**" They reported the activity of a
tetraruthenium polytungstate, [RusO4(OH)2(H0)4(7-SiW19036)2]'%~ (RuySi), in
homogeneous conditions. To carry out the experiments they employed a concen-
tration of 5.0 uM of RuySi in a 20 mM sodium phosphate buffer with an initial
pH of 7.2, and [Ru(bpy)s]*T (1.0 mM) as a photosensitizer and SyOg*~ (5.0 mM)
as a sacrificial electron acceptor. Under these conditions they obtained a maxi-
mum turnover number (TON) of 350, with an initial turnover frequency (TOF) and
quantum yield (®(O3)) of 0.08 s™' and 9%, respectively. The authors observed a

decrease in the pH during the reaction from 7.2 to 6.3 and a decomposition of the
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[Ru(bpy)s]*" below the 15%. Moreover, they observed a precipitation of an adduct
between the polyoxometalate and the [Ru(bpy)s]*" when the concentration of the
Ru,Si was increased. The decomposition of the polyoxometalate yielding to RuO,
particles (known as a good WOC) was ruled out by repeating the experiments with
RuClj as a precursor of the oxide. This experiment resulted in a oxygen evolution

rate up to 20-fold lower than employing the Ru,Si.

Later on, in 2010, it was reported by the same group the water oxidation activ-
ity under light—driven conditions of the polyanion [Ruy(u-0O)4(u-OH)2(HoO)4(y-
PW1¢036)2]" (RuyP).*® This polyoxometalate is an isostructural phosphorous
analogue of RuySi, therefore they studied the influence of the heteroatom on the
homogeneous light—driven water oxidation catalysis. The experiments were carried
out employing both RuySi and RuyP in a 20 mM NaySiFg buffer at a pH 5.8.
Under these conditions, both catalysts show oxygen evolution, being the water oxi-
dation activity of RusP a 20% lower than that obtained with Ru,Si. So thus, when
employing RuyP the TON was up to 120, with an initial TOF of 0.13 s7!, and a
chemical yield (CY) close to 25%.

A cobalt—based polyoxometalate was reported to be a WOC under light—driven
conditions, by Hill and co-workers in 2011.23% This polyoxometalate,
[Co4(H20)2(PWoO34)2]'" (CoyP), supposed an important breakthrough since it
was the first POM containing exclusively Earth—abundant metals acting as efficient
water oxidation catalyst known to date. It was demonstrated that CosP was the
true water oxidation catalyst when the homogeneous light—induced experiments
were performed in a 80 mM sodium borate buffer at pH 8.0 with [Ru(bpy)s]**
(1.0 mM) acting as a photosensitizer and S;0g?~ (5.0 mM) as a sacrificial electron
acceptor, yielding a maximum TON up to 224, with a CY of ca. 45%, and a initial
®(03) of 30%.

In an attempt to synthesize the silicon analogue of Co4P, in 2012 the group of
Hill obtained the complex [Coy(u—OH)(H20)3(SigW19O079)|*' ™ (C04SiWg). %> The
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crystallographic shown a 1:1 mixture of two isomers, with a disorder between a Co
and a W atoms, and a occupation factor of 1/2 for each polyanion. The catalytic
activity of CosSiWi9 in homogeneous conditions was tested with four different
25 mM buffer solutions, being sodium phosphate buffer at pH 7.2, a 1:1 mixture of
sodium phosphate and sodium borate buffers at pH 8, a sodium borate buffer at
pH 8, and a sodium borate buffer at pH 9. The use of [Ru(bpy)s]** (1.0 mM) and
S20g?~ (5.0 mM) was needed in order to achieve Oy evolution. The highest rates
were obtained when employing sodium borate buffer at pH 9 with a TON close to
80 and an initial TOF of 0.1 s!. Nevertheless, Co,SiW g has a low stability and

hydrolyzes into other products which are less active as water oxidation catalysts.

Again in 2012, Sakai et al. reported the water oxidation catalytic activity
under homogeneous light—driven conditions of two molybdenum—based polyox-
ometalates with one and two cobalt (IIT) atoms,?¥ [CoMogO94Hg|>~ (CoMo) and
[CoaMo19033Hy|*™ (CoyMo). In this study they used an aqueous borate buffer
0.1 M at pH 8.0, obtaining initial TOF and ®(O3) of 0.11 s~* and 54%, respectively
for CoMo, and 0.16 s~! and 42%, respectively when employing Co,Mo. The use
of these POMs as source of CoO, being the true catalyst was ruled out since ex-
periments performed with [Co(H;0)s]*" did not lead to an increase in the oxygen

yield.

Still in 2012, the group of Patzke synthesized a trivacant triruthenium-substituted
Keggin-type polyoxometalate, [{RuzO3(Hy0)Cly}(SiWg034)]"~ (Ru3Si), and two
sandwich-type analogue to the previously described Co,P,
[M4(H30)2(SiWgO34)2|'°~ being M = Co?T (Co4Si) or Ni*T (Ni,Si).“*! The buffer
of choice was a 20 mM NaySiFy buffer at pH 5.8, so thus when carrying out the
experiments employing 50 uM of the Ru3Si polyoxometalate they obtained a maxi-
mum TON of 23 with an initial TOF of 0.7 s™!. When using Co,Si as catalyst under
the same conditions the highest TON value obtained with only 20 uM of catalyst

was 42, while the highest initial TOF reached was 0.4 s~! for a concentration of
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42 uM of the catalyst. However, the use of NiySi showed no activity as WOC under
the same conditions. After running those experiments POM—photosensitizer com-
plexes were identified, showing slightly shifted bands of the POM in the IR together
with characteristic bands of the [Ru(bpy)s|*" countercation. Therefore the structure
of the POM remains intact within the complex. The recycling of these complexes
yield to comparable oxygen evolution obtained with the pristine catalyst. Control
experiments were performed to rule out the possibility that leaching of ruthenium
or cobalt lead to the formation of the corresponding oxides, acting as true water

oxidation catalysts.

Shortly after, it was reported a new Ni—containing polyoxometalate as active wa-
ter oxidation catalyst under light —driven conditions by Hill and co-workers.“% Con-
trary to NiySi reported by Patzke, this new polyoxometalate,
[Ni5(OH)g(H20)3(SiaW15O0g6)|>~ (NisSi), shows catalytic activity. The authors
identified the POM—photosensitizer complex as the active specie since filtering the
complex before photo—illumination no O, was evolved from the supernatant solu-
tion. The experiments were carried out employing a 80 mM sodium borate buffer

at pH 8.0, yielding to a maximum TON of 60 with a (0O3) of 3.8%.

In 2013 a study of the activity under light—driven conditions upon different
Keggin—type polyoxometalates was published by the group of Ma.%? The six differ-
ent  polyoxometalates  tested  were  [Co'W;5049|%, [Co™MW15040)°,
[Co(Hy0)SiW11030]%~, [Co' (Hy,0)PW11030]°~, [Co'(Hy0)Co"W,;03]3~, and
[Co'(HyO)Co™W 11 039]7, where only the later, with a tetrahedral Co' as het-
eroatom, showed efficient Oy evolution. Experiments were performed in homoge-
neous conditions with a 80 mM sodium borate buffer at pH 9.0, where they reached
a TON as high as 360, and an initial TOF of 0.57!. It is worthy to mention that
initial chemical yields in this work are calculated as (2-np,)/(Nna,s,05) leading to

values four times higher than the real ones.

In 2013 Zhang et al. explored the cluster—size—dependent dye—sensitized poly-
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oxometalate cluster employing three different polyoxometalates with different size
with ruthenium sensitizers acting as charge—balancing cations.“** The polyoxometa-
lates of choice were [MogO19]?~ (Mog) as the smallest one, [MosS2043]*~ (Mos), and
the largest one a—[MogOq|*™ (Mog). As photosensitizer they employed
tris(1,10—phenanthroline) ruthenium (IT) [Ru(phen)s]*T. The results show a clear
cluster—size—dependence for the oxygen production, being the largest complex,
Mosg, the most efficient as water oxidation catalyst, while the Mog leads to the
lowest rates of oxygen production. Authors claim that this result agrees with the
fact that in these POMs the Mo=0; (terminal oxygen) bonds are the active sites
for light—driven catalysis, therefore Mog, which contains 14 bonds of this type is
more active than Mog, which only has 6 bonds. From our point of view it is no
possible that these polyoxometalates can act as water oxidation catalysts. The most
reasonable explanation for the oxygen evolution observed is a decomposition of the
polyoxometalates yielding to molybdenum oxide species which are the responsible
for the catalysis. Therefore, the Mog leads to higher oxygen evolution rates because
it contains more Mo atoms and the decomposition products have more active centers

than the other two polyoxometalates.

Again in 2013 it was published by Patzke and co-workers the water oxidation
activity under light—driven conditions of three new isostructural cobalt-containing
being [{Co(H20)3}2{CoBiaW19Og6(OH),}'*~ (Co3Bi),
[Coa.5(H20)6BiaW1g.5066(OH)4|®~ (Coy5Bi), and [Mny 5(H20)sBiaWag.5068(OH)o |~

tungstobismutates, 26>

(MnBi). Surprisingly, only the Co3Bi showed catalytic activity, demonstrating that
subtile changes into the POM structure can lead to very different behavior in the
water oxidation catalysis activity. When employing the Co3Bi TON can reach a

maximum value of 21 with a CY of 97 % in a 20 mM Na,SiFg buffer at pH 5.8.

In this chapter we investigated in collaboration with Prof. Greta R. Patzke’s
Group (University of Zurich, Switzerland) the water oxidation catalysis under light—

driven conditions of the Cog in the solid state. For that purpose two insoluble salts
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of Cogy were tested as heterogeneous light-driven water oxidation catalysts at a
pH close to neutrality. The employed salts were the CsCoy, already described in
Chapter , and the [Ru(bpy)s]** salt which shows a better performance and stability

than the cesium salt, namely RuCoy.
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3.2 Results and Discussion

3.2.1 Catalytic activity of CsCoy

In Chapter [2it was demonstrated that the CsCoy is active as heterogeneous WOC
as a part of a modified electrode. Therefore, it seem to be worthy to test its activ-
ity under light—driven water oxidation conditions. Light—driven experiments were
carried out with different amounts of the CsCoy salt in a pH 7 KP; buffer (40 mM),
with 5 mM of NayS,0g as sacrificial electron acceptor, and 1 mM of [Ru(bpy)s|Cly
as photosensitizer. Molecular oxygen evolution was monitored upon light irradiation

(A > 400 nm).

Figure and Table show the oxygen evolution for different amounts of
CsCoy. The reaction starts with fast kinetics, and slows down until oxygen evolution
stops. The highest values of TON (nps/ng) and TOF (nps/(ne - time)) are
obtained when using 1 mg of catalyst, being 14.2 and 10.8 h™!, respectively. On the
contrary, when employing higher amounts of CsCog these values decrease until a
TON value of 0.2 and a TOF of 0.2 h~! when carrying out the experiment with 50 mg
of catalyst. These TON and TOF values are not well defined for a heterogeneous
catalysts since only the surface of the catalyst is active to evolve oxygen and the
values are given for total mass. Therefore we are underestimating the characteristic
values as not all the catalytic centers are taking part in the reaction. The final O,

chemical yield (np2/2 - ngsps) is 2.3%, obtained when employing 10 mg of CsCoy.

The CsCog was recovered after performing the experiments. The catalyst was
characterized by infrared spectroscopy (IR), raman spectroscopy and X—ray pho-
toelectron spectroscopy (XPS), showing important changes in the salt. IR spectra
obtained from powder samples of CsCog before and after the experiments are shown
in Figure[3.3] The IR spectrum before the catalysis shows typical Cog bands within
the 1100—400 cm~! range. After the experiments the IR spectrum shows that the
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Figure 3.2: Oxygen evolution obtained employing different quantities of the CsCog, in
KP; buffer 40 mM at pH 7, with [Ru(bpy)s]Cly (1 mM) as photosensitizer, and NasS2Osg

(5 mM) as sacrificial electron acceptor.

CsCoy (mg) TON TOF (h'!) CY (%)

1 14.2 10.8 1.1
5 5.3 4.0 2.1
10 2.9 1.4 2.3
20 0.7 0.3 1.0
50 0.2 0.2 0.9

Table 3.1: Turnover number (TON), Turnover frequency number (TOF), and Chemical
Yield (CY) for heterogeneous light—driven water oxidation catalyzed by CsCog. The
experiment was carried out in KP; buffer 40 mM at pH 7, with [Ru(bpy)3|Clz (1 mM) as

photosensitizer, and NapS20g (5 mM) as sacrificial electron acceptor.
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Coy structure remains stable. Additional bands are found in the region between
1200 and 1600 cm™! which are attributed to [Ru(bpy)s]**. These additional bands
indicate that during the catalysis a cation exchange occurs as some of the Cs™ cations
have been replaced by [Ru(bpy)s]*" cations. Comparison of the raman spectra of
the pristine CsCog salt and of the collected complex after experiments is shown in
Figure Typical »(W=0) bands of freshly CsCoy appear around 960 cm~! and

a band assigned to the PO, moiety appears at 1075 cm™*.

Cation exchange dur-
ing the catalytic experiments is also confirmed since these bands appear shifted to
higher wavelengths, arising from an electrostatic interaction between the POM and
the photosensitizer. In addition characteristic bands of the [Ru(bpy)s|*" are found
in the collected sample. XPS spectra (Figure shows the absence of [Ru(bpy)s|*"
as countercation in the CsCoy salt before running light—driven water oxidation ex-
periments. On the contrary, after performing water oxidation catalysis the XPS

spectra of the collected salt clearly shows the appearance of peaks assigned to Ru

3d, indicating again a cation exchange during turnover cycles.

These techniques confirm that part of the [Ru(bpy)s]** present in solution, acting
as photosensitizer, appears incorporated into the structure of the catalyst. This be-
havior can explain the low chemical yield obtained in the experiments since, although
the concentration of [Ru(bpy)s]** is not directly related with the chemical yield, the
ion-pairing with the CsCoy salt decreases the number of molecules of [Ru(bpy)s]*"
dissolved in the media able to be oxidized by the persulfate. Moreover, in presence of
neutral or alkali media [Ru(bpy)s]** suffer of irreversible decomposition by attack of
nucleophyles such a OH~ %22 For these reason we decided to substitute the use of the
Cs™ salt, and to carry out the light—driven experiments employing the [Ru(bpy)s]|*"
as counter cation of the Cog, without the need of adding photosensitizer into the

solution.
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Figure 3.3: FTIR spectra of the CsCog salt before (blue) and after (red) the light—driven

water oxidation experiments.
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Figure 3.4: Raman spectra of the CsCog salt before (blue) and after (red) the light—driven

water oxidation experiments. Raman spectrum of [Ru(bpy)s|Cly (black) is included for

comparison.
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Figure 3.5: Ru 3d (blue and red) and C 1s (green) XPS spectra of CsCog as prepared and

collected after catalysis.
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3.2.2 Catalytic activity of RuCoy

The RuCoy salt obtained by the addition of [Ru(bpy);|Cly to a Cog water solution.
The determination of the counter cations and water content of the RuCog salt was
made with CHN analysis and thermogravimetry (TGA), respectively. Data allowed
to calculate the molecular formula as
[Ru(bpy)s|sK4|Cog(HoO)s(OH)3(HPO4)2(PWoOs34)3]-40H,O (M, = 11821.24) (see
Table and Figure in the Experimental Section). Dynamic light scattering
measurements of the RuCoyg salt in a water suspension indicate an average particle

size of 373.5 nm (Figure [3.6).
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Figure 3.6: Size distribution by number measured for the RuCog in suspension before

experiments.

Without further treatment this salt was employed as heterogeneous light—driven
water oxidation catalyst. In the experiments we could avoid the use of photosen-
sitizer in solution as it was already present as counteranion of the catalyst. This
ion-pairing allows a closer contact between the catalyst and the photosensitizer, in-
creasing the final oxygen production yield, and preventing somehow the degradation

of the organic ligands of the [Ru(bpy)s]**.

The measured oxygen evolution employing different quantities of RuCoy is
shown in Figure 3.7 The turnover number (TON) decreases from 27.3 to 2.7 as

the amount of catalyst increases, for 1 mg of catalyst and 50 mg, respectively (Ta-
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ble [3.2). The same behavior is found for the turnover frequency since a TOF of
19.1 h™! is obtained when employing 1 mg of catalyst and 4.31 h™! for 50 mg. We
observed a particularity when using 10 mg of RuCoy, since the initial evolution rate
is higher than employing 5 mg. The highest chemical yield (CY) was obtained when
10 mg of catalyst were employed, where we found a yield of 11.9%.

30
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Figure 3.7: Oxygen evolution obtained employing different quantities of the RuCog, in
KP; buffer 40 mM at pH 7, and NayS,0g (5 mM) as sacrificial electron acceptor.

Comparing the RuCoyg versus the CsCoyg salt, we observe higher rates of molec-
ular oxygen conversion obtained for the PS/Catalyst system, as the TON has been
increased from 14.2 to 27.3 when employing 1 mg of catalyst (see Figure . In the
same way the TOF value increased from 10.8 h™! to 19.8 h™!, and the maximum
chemical yield increased one order of magnitude, from 2.3 % until a 11.9 % when

10 mg of catalyst were employed.
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RuCoy (mg) TON TOF (h™!) CY (%)

1 27.3 19.1 1.9
5 20.3 11.9 7.1
10 16.7 17.0 11.9
20 7.2 9.0 10.6
20 2.7 4.3 9.1

Table 3.2: Turnover number (TON), Turnover frequency number (TOF), and Chemical
Yield (CY) for heterogeneous light—driven water oxidation catalyzed by RuCog. The
experiment was carried out in KP; buffer 40 mM at pH 7, with NayS9Og (5 mM) as

sacrificial electron acceptor.
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Figure 3.8: Comparison of Turnover number (TON), Turnover frequency number (TOF),
and Chemical Yield (CY) obtained with RuCog and CsCog. The experiment was carried
out in KP; buffer 40 mM at pH 7, with NasS2Og (5 mM) as sacrificial electron acceptor.

In the case of CsCog [Ru(bpy)s]Cle (1 mM) was employed as photosensitizer, while for

the RuCog the use of photosensitizer un solution was no needed.
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Successive additions of NayS;Og (5 mM) to the reaction vessel after a experiment
carried out with 10 mg of RuCog indicate that the catalyst is being deactivated
in each cycle. As seen in Figure [3.9] and Table [3.3]in a second cycle the RuCoy is
still active, but with lower performance than that obtained with a freshly prepared
catalyst. The activity decreased again when performing a third cycle. This behavior
is explained by the fact that not only part of the [Ru(bpy)s]*" is being oxidized to
[Ru(bpy)s]>T, but also suffering of oxidative degradation of the organic ligands.
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Figure 3.9: Oxygen evolution measured for the successive addition of NasS2Og (5 mM) to

10 mg of RuCoy in in KP; buffer 40 mM at pH 7.

We also carried out pulse experiments to ensure that the oxygen is only being
produced when light is switched on. In these experiments 10 mg of RuCog were
suspended in KP; buffer 40 mM at pH 7 with NayS,05 (5 mM) as sacrificial electron
acceptor. As shown in Figure [3.10] when the light was switched on for three minutes
the oxygen concentration in the gas—space increased during 70 minutes where it

reaches a plateau. Then, the light was switched on again for three more minutes
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RuCoy (10 mg) TON TOF (h7') CY (%)

1st. Cycle 16.7 17.0 11.9
2nd. Cycle 6.4 2.7 4.4
3rd. Cycle 2.1 0.7 1.4

Table 3.3: Turnover number (TON), Turnover frequency number (TOF), and Chemical
Yield (CY) for the successive addition of NayS20g (5 mM) to 10 mg of RuCog in KP;
buffer 40 mM at pH 7.

and the same behavior was observed. This procedure was repeated four times, until
no oxygen production was detected by the oxygen probe. This experiment clearly
shows that the light is the only driving force for oxygen production under these

conditions.

In addition, control experiments were carried out in absence of catalyst where
negligible amounts of molecular oxygen were obtained, indicating that the true cat-

alyst under our conditions is the RuCogq (Figure [3.11])).
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Figure 3.10: Pulse experiments for oxygen evolution employing 10 mg of RuCog in KP;

buffer 40 mM at pH 7 with NapS20g (5 mM) as sacrificial electron acceptor.
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Figure 3.11: Control experiment in absence of catalyst in KP; buffer 40 mM at pH 7,
with [Ru(bpy)s|Clz (1 mM) as photosensitizer, and NagS2Og (5 mM) as sacrificial electron

acceptor, compared with 20 mg of RuCog under the same conditions.
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3.2.3 Comparison with Cobalt Oxide

In order to rule out the possibility of having Co?** leaching from the Coyg structure,
and the subsequent formation of cobalt oxide under catalytic conditions, we com-
pared the oxygen evolution of the RuCoyg salt with that obtained when employing
Co304. To allow a fairly comparison between both catalysts, we carried out the
experiments taking into account the number of mols of Co employed in the exper-
iments. Therefore, both experiment were performed under the same conditions in
KP; buffer 40 mM at pH 7, with [Ru(bpy)s]Cly (1 mM) as photosensitizer, NasS;Og
(5 mM) as sacrificial electron acceptor, and 13.99 pmols of Co in the form of RuCoyq

(20 mg, 1.55 pmols), or CozOy4 (1.13 mg, 4.66 pmols).

04_
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Figure 3.12: Comparison of the oxygen evolution obtained employing the same amount
of mols of Co as RuCog and as CozO4. The experiments were performed in KP; buffer
40 mM at pH 7, with [Ru(bpy)s|Cly (1 mM) as photosensitizer, and NasS2O0g (5 mM) as

sacrificial electron acceptor.
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TON TOF (h~') CY (%)

RuCoy 3.2 2.3 4.3
Co304 0.9 0.3 3.2

Table 3.4: Comparison of Turnover number (TON), Turnover frequency number (TOF),
and Chemical Yield (CY) for heterogeneous light—driven water oxidation catalyzed by
RuCog and by Co304. The experiment was carried out in KP; buffer 40 mM at pH 7,
with [Ru(bpy)s|Cla (1 mM) as photosensitizer, and NagS2Og (5 mM) as sacrificial electron

acceptor.

Figure and Table show the results obtained from the experiments. We
can see a higher activity when using the RuCoyg salt than when the Co304 is em-
ployed as catalyst. The results suggest that in the case of having leaching of Co?*
from the RuCoy salt, it is not responsible for the oxygen evolution observed during
the reaction time, since higher amounts of cobalt are needed to reach the activity

shown by the RuCoy.

3.2.4 Recovery of RuCog After the Experiments

RuCoy was recovered after the experiments. We performed CHN analysis and TGA
to this salt, which showed the molecular formula
[Ru(bpy)s]5Ke[Cog(HoO)s(OH)3(HPO4)2(PWgOs4)3|-25H2O (M, = 11081.58) (see
Table and Figure in the Experimental Section). This salt was also char-
acterized by IR spectroscopy, raman spectroscopy and XPS. Figure [3.13] shows the
IR spectra obtained from the RuCog samples before and after the catalysis. As we
can see, the structure of the Cog is maintained while some decomposition of the
[Ru(bpy)s]*" counter cation is observed. Raman spectra acquired from the RuCog
salt in both fresh and collected after catalysis samples show that the POM structure
is retained during the experiments (Figure . Electrostatic interactions between
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the POM and the photosensitizer lead to a shift to higher wavelengths compared
to that obtained with the CsCog salt. Figure [3.15] shows a comparison of the ra-
man spectrum of the collected RuCoyg after catalytic experiments with that of the
Co30y4. It supports that the POM structure remains unchanged during experiments
with no sign of Co304 formation, discarding the possibility of having cobalt oxide
as the true catalyst under experimental conditions. The presence of [Ru(bpy)s]*"
as countercation was also confirmed by XPS, as shown in Figure 3.16] Figure 3.1

shows the XPS Co(2ps/2) spectra of RuCog as prepared, and after the experiments.
For comparison, the XPS spectra acquired with pristine CozQy is also shown. The
Co304 has a spinel structure and contains magnetic Co?* ions in the tetrahedral
sites and diamagnetic Co®" ions in the octahedral sites. These two sites appear very
close in energy in the XPS spectra. Normally, compounds containing high-spin Co?*
ions have strong satellite peaks in Co 2p spectra, as obtained in both salts of our
catalyst, before and after the experiments. Interestingly, typical Co3O4 XPS spectra
only has weak satellites in this region, which occur about 7—9 eV higher in bind-
ing energy from the main bands.“*®4¢T Therefore, we identify in the XPS spectra of
Co30, one main peak at 779.7 eV attributed to the Co3* ions in the octahedral sites,
whereas the peak of the Co?* ions in the tetrahedral sites lies very close in energy
(781.4 V), appearing as a shoulder of the former peak. Moreover, two weak satellite
peaks appear at higher binding energies, at 785.7 and 789.9 e€V. On the contrary,
XPS spectra of our catalysts show an intense band between 780—781 eV, attributed
to the Co?" ions in octahedral sites of the POM. In addition, strong satellite peaks
typical of high-spin Co?" ions appear at higher binding energies. The differences in
the spectra acquired before and after the catalytic cycles arise from the observed

changes in the countercations, and not from the structure of the POM.
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Figure 3.13: FT-IR spectra of the RuCog salt before (blue) and after (red) the

light—driven water oxidation experiments.
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Figure 3.14: Raman spectra of the RuCog salt before (blue) and after (red) the

light—driven water oxidation experiments. Raman spectrum of [Ru(bpy)s]Cly (black) is

included for comparison.
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Figure 3.15: Comparison of the raman spectra of the collected RuCog salt after the

light—driven water oxidation experiments and of pristine Co30y4.
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Figure 3.16: Ru 3d (blue and red) and C 1s (green) XPS spectra of RuCog as prepared

and collected after catalysis.
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Figure 3.17: Co 2p3/, XPS spectra of RuCoyg as prepared (blue) and collected after catal-

ysis (red), and of pristine CozO4 (black) for comparison.
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3.3 Conclusions

In this chapter we present the heterogeneous catalytic activity of CsCoqg for light-
driven water oxidation at pH 7 employing [Ru(bpy)s|*" as photosensitizer, and
(S205)?™ as sacrificial electron acceptor. This catalyst yields a maximum turnover
number (TON) of 14.2 and an maximum turnover frequency (TOF) of 10.8 per
hour. Characterization of the collected catalyst after running the experiments con-
firms that the structure of the Cog remains stable under experimental conditions,
whereas cation exchange occurs during the experiment. Indeed, a suspension of the
insoluble salt of Cog with the chromophore [Ru(bpy)s]** as countercation (RuCoy)
in a solution containing an electron acceptor, yields improved oxygen evolution un-
der the same conditions. The maximum TON and TOF obtained with the photo-
sensitizer /catalyst solid (RuCoy) increase to 27.3 and 19.1 per hour, respectively.
However, degradation of the organic ligand of the photosensitizer, due to the highly
oxidation environment, leads to its deactivation. RuCog exhibits superior activ-
ity when compared with Co304 under the same working conditions. The later,
combined with the characterization of the catalyst, supports the genuine catalytic

activity of Cog for water oxidation, ruling out the in situ formation of cobalt oxide.
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3.4 Experimental

3.4.1 Synthesis

Tris(2,2’—bipyridyl)dichlororuthenium(II) hexahydrate and sodium persulfate were
purchased from TCI and Sigma-Aldrich (>99% purity) and used without further

purification.

The synthesis of CsCoy was already described in Chapter 2l In the same way,
the [Ru(bpy);]*" salt was also prepared by methatesis. An stoichiometric excess of
|[Ru(bpy)s|Cly was added to a solution containing NagKs|Cog(H20)(OH)3(HPOy4)a—
(PWyO34)3|-43H,0 salt. The desired salt precipitated immediately. This orange

precipitate was filtered, washed with water and acetone, and air—dried.

3.4.2 Characterization

e Analysis: The content of [Ru(bpy)s]*" was determined with a Elemental
Microanalyzer Flash model 1112. Thermogravimetry analysis was performed
with powder samples using TGA/SDTA851 Mettler Toledo with MT1 mi-

crobalance.

Before After
RuCoy atomic % stoichiometry atomic % stoichiometry

(found) (estimated) (found) (estimated)

C 17.75 180 15.92 150
H 1.87 241 1.43 217
N 3.99 36 3.82 30

Table 3.5: CHN analysis of the RuCog salt before and after the light-driven water oxidation

experiments.
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Figure 3.18: Thermogravimetric analysis of the RuCog salt before (top) and after (bottom)

the light-driven water oxidation experiments.

e Dynamic Light Scattering: The nanoparticle size distribution of RuCog

was measured using a Malvern nanoZS analyzer.

e Infrared Spectroscopy: IR spectra were collected in the 3600—400 cm™*
range with a Bruker Optics FTIR Alpha spectrometer equipped with a DTGS

detector, KBr beamsplitter at 4 cm™! resolution.

e Raman: Raman measurements were acquired using a Renishaw inVia Reflex
Raman confocal microscope (Gloucester-Shire, UK) equipped with a diode

laser emitting at 785 nm at a nominal power of 300 mW, and a Peltier-cooled
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CCD detector (-70°C) coupled to a Leica DM-2500 microscope.

e X-Ray Photoelectron Spectroscopy: XPS (K-ALPHA, Thermo Scientific,
SSTTTI at University of Alicante) was used to analyze the sample surfaces. All
spectra were collected using Al-K,, radiation (1486.6 €V), monochromatized by
a twin crystal monochromator, yielding a focused X-ray spot with a diameter
of 400 um, at 3 mA x 12 kV. The alpha hemispherical analyzer was operated in
the constant energy mode with survey scan pass energies of 200 eV to measure
the whole energy band, and 50 €V in a narrow scan to selectively measure the

particular elements.
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3.4.3 Light—Driven Water Oxidation Catalysis Tests

Water oxidation experiments were performed in a 6.7 mL headspace Schlenk tube
sealed with a rubber septum (PFTE). The Schlenk tube was covered with an alu-
minum foil, in order to avoid an early light—induced reaction of the system, and
filled with 1 mM (9.4 mg) |[Ru(bpy)s]|Cls, 5 mM (14.9 mg) NayS,Og, the desired
amount of catalyst, and 12.5 mL of 40 mM KP; buffer solution at pH 7.0, with
a remaining gas—space of 6.7 mL. The experiment employing the RuCoyq as cata-
lyst, did not required the addition of [Ru(bpy)s|Cls to the buffer solution, except
for comparison with Co3O,4 where the same concentration (5 mM) was employed in
both experiments. The solution was completely deaerated by purging with nitrogen.
A baseline of 20 min was recorded to guarantee no oxygen leakage or side reaction
and, then the system was exposed to the light of a blue LED lamp (wavelength at
peak emission = 465 nm; OSRAM Opto Semiconductors) working at 0.20 A and
11.4 V. The concentration of oxygen in the headspace was measured by employing
a Op—sensor probe (Ocean Optics NeoFOX oxygen—sensing system equipped with
a FOXY probe).

The number of mols of O, produced during the experiments were calculated
from the %05 given by the oxygen—sensing probe employing the Dalton’s law of

partial pressures:

%0y = —22.100 (3.5)

Where P, is the partial pressure of the O, in the gas—space, and Py is the total

pressure and equal to 1 atm.

Therefore, substituting Pps into the Ideal gas law we can calculate the number

of mols of Oy produced as:
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%02
100 " 95
= 3.6
no2 RT ( )

Where nps = number of moles of Oy; %0y = percentage of O, present in the
gas—space; Vg5 = gas—space volume (in L); R (gas constant) = 0.082 atmL/molK;
and T = 298K.

The chemical yield (CY, %) and the quantum yield (®(O,), %) were calcu-

lated as:

no2
CY =——"—.100 3.7
2 - ng208 (3.7)
2 no2
(0y) = =% 100 (3.8)

Where nps = number of moles of O, and ngspg = number of moles of NayS,Ox,
and [ is the rate of absorption of incident photons. In both equations the number
two arises because the formation of O, requires four electrons, but the photochemical

act using the [Ru(bpy)s|*" —S;0; assay produces only two electrons.™®

The Turnover number (TON) was calculated as:

no2

TON =

(3.9)

Necat
Where nps = number of moles of O3, and n.,; = number of moles of catalyst.
Finally, the Turnover frequency (TOF, s™!) was calculated by plotting nos/nea:

vs. time. The slope at beginning of the O, evolution follows a linear fit, and it is

equal to the TOF, following the relationship:

TOF = 192 _ slope (3.10)

Neat *
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Chapter 4

Tetracobalt- Polyorometalate: A

Mechanistic Proposal
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4.1 Introduction

Atomistic level understanding of mechanisms and governing factors of water oxi-
dation by transition metal catalysts is expected to advance us on design of more
efficient, stable, fast and cost-effective water oxidation catalysts. The mechanism
of water oxidation catalyzed by Ru-based systems has been subject of extensive
studies.02#23002312687276. However, the mechanism and governing factors of the Co-
containing catalysts still remain elusive, and computational approaches are expected

to play a crucial role in solution of these problems.

Regarding polyoxometalates, Piccinin and Fabris have carried out computational
mechanistic studies of the water oxidation catalyzed by [Ruy(p-O)4(p-OH)o(H2O)4(7-
SiW10036)2]*°~ (RuySi) by means of DFT calculations.**% In a first approxima-
tion, authors studied a reaction cycle involving four consecutive proton-coupled
electron transfer (PCET) events where the four Ru!Y—OH, units (initial state
So) are successively oxidized to four Ru¥—OH centers of the activated interme-
diate (S;).**¥ Among these states the frontiers molecular orbitals are located in
the tetraruthenium-oxo core. This fact highlight not only the stability of the all-
inorganic ligands (two lacunary «-Keggin units in this case) under turnover condi-
tions, but also supports the metal-oxo core as the catalytic site for water oxidation.
The predicted thermodynamics of the reaction is in good agreement with the avail-
able experimental cyclic voltammetry measurements up to Sz, but the calculated
free energy difference between the initial and the activated state (Sp/Sy4) turns out
to be significantly lower than the thermodynamic limit for water oxidation. This
suggests that promoting this reaction would require cycling between higher oxida-
tion states. Following the study, Piccinin and Fabris demonstrated that further
oxidations are needed to form an O—O bond, and posterior Oy evolution (Figure
[4.1]).2™ Therefore, further oxidation of Sy to Sj leads to the formation of one formal

RuY'—0 through a PCET event. However, a net spin polarization appears on the
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oxo ligand, suggesting that the Ru¥'—O group is formally closer to being Ru¥—0O°.
Another PCET event leads to species Sg, with two Ru" —oxyl moieties. The reac-
tion proceeds with the key O—O bond formation via nucleophilic attack of water to
the oxyl ligand reaching a RuY—OOH, with a proton transfer in a concerted man-
ner to the other oxyl ligand leading to a RuY—OH group (S¢*). Two further steps
are needed for oxygen evolution. First, one of the Ru¥—OH is converted back to a
Ru'Y —OH, through the migration of a proton and an electron from the hydroperoxo
ligand. This leads to a O°~ superoxo bound to the Ru(V) center. Then, molecular
oxygen is evolved when an electron transfer from the superoxo to the neighboring
Ru ion, and a water molecule displaces the O,. It is worthy to mention that au-
thors suggest that in reaction pathways from multicenter metal-oxo cores, minimum
overpotentials can also be achieved by single-site catalysis with the remaining metal
centers promoting multielectron processes.

0-0 bond

<~———  Catalyst activation formation

—<—0, evolution-»
C»‘H

Ru
H*e,

HO- Ru Ru -00

cycle C

cycle D

e PCET step L
- = w=PT step

—— e e

Figure 4.1: Free energy diagram for the proposed reaction cycle (C) and an alternative

cycle (D) with a schematic representation of the reaction intermediates. AG(H20) is the

free energy change in the reaction 2HoO — Oy + 2Hs at pH = 0 and room temperature.2%3



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

4.1. Introduction 143

The mechanism of water oxidation catalyzed by single-Ru-substituted Keggin an-
ions ([Ru™(HyO)XW;;030|"; X = Si(1V), Ge(IV)) was investigated through DFT
calculations by Su and co-workers.*™ The reaction mechanism was already proposed
by Fukuzumi et al.,“™ based on kinetic analysis and detection of the catalytic inter-
mediates. As shown in Figure the reaction starts with the oxidation of Ru(III)
to Ru(IV), followed by the loss of two protons and one more oxidation reaching
the highly oxidized species Ru¥=0. Authors analyzed the electronic characteristics
of the RuY —oxo species and found a substantial radical character of the fragment,
which is in agreement with that reported by Piccinin and Fabris.*™ The next step
is the formation of the O—O bond from a water nucleophilic attack to the active
species RuV=0, with a proton transfer from the water molecule to a basic oxy-
gen of the polyoxometalate ligand. The O—O bond formation leads to the species
Ru!'"-OOH, which followed by a PCET event yields Ru'Y —0O. For simplicity, the
proton transferred to the basic oxygen of the POM at the formation of the O—0O
bond was ignored. Molecular oxygen is released upon oxidation of the ruthenium
center to the species Ru¥—0O0 followed by water displacement. Different isomers
were studied for the key intermediates peroxo-species, [Ru'Y (00)SiW;; 039/~ and
[RuY(00)SiW,;039|°~, considering six- or seven-coordinate Ru species. Results in-
dicate that and open terminal geometry (six-coordinate species) is more favorable
than the seven-coordinate species. The effect of changing the heteroatom (from
Si(IV) to Ge(IV)) on the catalytic activity was also explored in the rate determining
step, i.e. O—O bond formation. Employing Ge(IV) as heteroatom leads to a slightly
lower energy barrier for the O—O bond formation, than that obtained with Si(IV).
Authors claim that this difference mainly arises from the different electronegativity
of the heteroatoms. Hence, decreasing the electronegativity from Ge to Si will lead
to a decrease of the charge of the Ru=0 moiety. As a result, increasing the elec-

tronegativity of the heteroatom leads to an improvement of the electrophilic activity

of the Ru¥Y =0 site.
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Figure 4.2: Proposed single-site water oxidation mechanism catalyzed by Ru-substituted

polyoxometalates, X = Si, Ge 201

Recent mechanistic studies on heterogeneous cobalt oxide catalysts have focused
on various model system of the cobalt phosphate WOC (CoP;) 227827 ipcluding the
cluster®? and periodic28! models. In general, these studies have shown that water
oxidation by CoP; were initiated by successive Proton Coupled Electron Trans-
fer (PCET) events (concerted or sequential) leading to the formation of the active

Co'V—oxo or Co'l

—oxyl species, which involved in the formation of the O—O bond.
Two different mechanisms for the O—O formation have been proposed: (i) “water-
assisted” mechanism, involving intermolecular nucleophilic attack of external water

_oxyl species,?™ and (ii) “direct O—O cou-

to the electrophilic Co™—oxo or Co
pling” mechanism proceeding via intramolecular direct coupling of two Co'Y —oxo
sites.Z3023I2T3276 Thege initial discrepancies were later attributed to the structural

differences in the used models.252

In this chapter we investigate by computational means the full catalytic cycle of
the water oxidation catalyzed by Co-containing POMs treated as single-site cata-
lysts. Because of bulkiness and structural stability of Co-POM anions one can elimi-
nate the O—O bond formation mechanism by direct coupling between two Co groups

and we focused on the “water-assisted” mechanism. We propose a reaction mecha-
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nism of the water oxidation catalyzed by the well known [Co"(H50)o(PWgOszy4)s]'0~
(PCo,4) POM, identifying all the intermediate species. Then a comparison with the
recently reported analogous system [Co,™ (HyO)2(VWgO3z4)2]1%~ (VCoy) is done. We
do not analyze the magnetic coupling among the Co atoms because it is beyond the
scope of the present study. In addition we present some preliminary results for water
oxidation catalysis by |Co(Hy0)PW1;030)°~ (PCoy) and
[Cog(H20)6(OH)3(HPO,)o(PW¢O34)3]'%~ (Cog) aiming to analyze the effect of POM

nuclearity.



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY
Joaquin Soriano Lépez



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

4.2. Computational Details 147

4.2 Computational Details

83 at density

All reported calculations were performed with the Gaussian09 package
functional theory (DFT) level by utilizing BSLYP functional 54286 For Co, W, P,
V, and Al atoms, the LANL2DZ effective core potential (ECP) and associated basis
sets were used.**” The 6-31g(d,p) basis set was used for O atoms directly bound
to Co, and the 6-31g basis set for the rest of atoms.“*3 A]] the structures were
optimized in water using IEF-PCM approach to model the solvent effects (¢ = 78.36
and UFF radii).*! Theoretical magnetic analysis of the anion is beyond the scope
of the present study. The nature of all stationary points was verified by vibrational
frequencies, which were also used for calculation of free energy contributions. In

order to investigate the energies required to reach each step in the catalytic cycle

we adopted the energetic scheme proposed by Voorhis: ™

(aq)

1
E° = F(AG‘()Q) + AGaopy — g+ GO — 424V (4.1)

where F is the Faraday constant, AG?Q) is the free energy change associated with
oxidation in vacuum, AGy,y, is the free energy of solvation, G(()g]; is the standard free
energy of a proton in aqueous solution for which we adopted a value of -11.803 eV,
and the negative term references the potentials to the NHE (E.s = -4.24 V with

Fermi-Dirac statistics).

In addition, electrochemical steps that involve a proton transfer the measured
potential at experimental pH conditions is related to standard condition (pH = 0)

by the Nernst equation that a room temperature is in V:

E = E"—0.059 % pH (4.2)

Calculated pK,’s were obtained from the free energy of deprotonation (AG")

using the standard equation:46%/292:293
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-AGY
pKq = —logip e FT (4.3)
where,

AGY = AGY) + MGy — np+GlLY (4.4)
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4.3 Results and Discussion

4.3.1 Electronic and Structural Properties of the PCo, and
VCo, Catalysts

We  selected to  elucidate  mechanism  of the sandwich  species
[Co4(H20)2(PW4O34)2]'% (PCoy) and [Cos(Hy0)o(VW4O34)2]*?~ (VCoy) for which
the water oxidation was extensively studied by experiment.?1#23829 Thege experi-
ments have shown that at the resting stages of PCos and VCo, anions all four Co
atoms are in their 2+ oxidation states with a formal d 7 configuration and three
unpaired electrons. From these three unpaired electrons two occupy and ez-like
and one a t4-like orbitals. As said above, magnetic coupling among the Co centers
is beyond the present study. Therefore, we assume a high-spin configuration and
discuss only the electronic state of PCo, and VCoy with their twelve (three per
Co-center) unpaired electrons. Furthermore, for simplicity of our analysis we fixed
Cap, symmetry in the ground state (Sp) of both anions, in which the water ligand is
linked to the external Co(II) centers with a relatively long bond length (2.24 A), and
adopted an orientation to accentuate the interaction between the hydrogen atoms
and the terminal oxo sites of the POM (with O—H---O=W distance ~2.01 A, as
shown in Figure . The calculated geometry parameters of PCo, and VCoy are

well agreed with their X-ray values.
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POM S, S’ S S, TS S5’ S, S,
d(Co-O;) PCo, 2.240 1.956 1.820 1.760 1.730 1.876 1.832 2.060
VCo, 2220 1.968 1.821 1.761 1.734 1.867 1.833 2.013

d(Co-0.) PCo, 2240 1.969 2.100 2.100 2.070 2.097 2.106 2.164
VCos, 2150 1.938 2.064 2062 2018 2066 2062 2.117

p(Co)  PCo, 273 0.00 000 -0.04 1.5 1.0 0.0l  0.79
VCo, 278 000 -001 -006 135 103 -0.01 0.71

p(O)  PCo, 003 000 -001 1.00 -0.14 -0.06 -0.01 0.0
(-0.10) (-0.01) (0.00) (0.15)

VCo, 0.3 0.00 001 101 -0.26 -0.08 0.00 0.1

(-0.17) (-0.01) (0.00) (0.21)

Table 4.1: Structural (in A) and electronic (in |e|) parameters for the different species (S;)

involved in the water oxidation by the polyanions [Coy(H20)9(XWgO3z4)2]'0~, X = P(V),

V(V). Values in parentheses are for the second oxygen atom after the O—O bond is formed.
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PCo, VCo,

Figure 4.3: Ball and stick representations for PCo,4 and VCoy anions. Some selected bond
distances are given in A. In sandwich POMs water ligands linked to TM ions are stabilized

by hydrogen bonds with terminal oxo ligands.

4.3.2 Water Oxidation by the PCo, anion

A. Initial Steps

Taking as starting point the mechanism proposed for single-site cobalt??297 and
ruthenium®268 272 catalysts, we analyzed each step of the PCoy-catalyzed water
oxidation cycle (Figure . Calculations show that first PCET step of the overall
water oxidation process starts from the resting Co'—OH, (Sy) state of the system
and leads to the Co™—OH species (S;). The following second PCET event leads to
the Co™—Oxyl species (S;). For these two steps of the reaction we computed both
the coupled (or concerted) and uncoupled (or stepwise) pathways. The computed
free energies, shown in Figure [1.5] indicate that the first coupled PCET step, i.e.

Sy—S; transition, requires a potential of 1.98 V vs NHE at pH 0. In contrast, the
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same step of the reaction proceeding via the uncoupled electron-then-proton transfer
mechanism (Sp—S;’) requires only 1.27 V, which is 0.71 V lower as a result of the
relatively high pK, (+12.1) of the deprotonation step (S;’—S;). Thus, at pH 0 the
process starts from Sy with the oxidation of the Co(II) center. However, the equilib-
rium for the deprotonation step is only shifted to the deprotonated form if the pH
is basic enough. Indeed, most of the catalytic processes utilizing cobalt-containing
POMs occur in neutral or basic media (often pH 8). Therefore, elucidating con-
tribution from the pH of solution to the calculated oxidation potentials is rather
important affecting to the coupled events (see Equation and to the equilibrium
of the deprotonation steps. As shown in Figure [£.5] for the first PCET event the

increase of pH from 0 to 8 reduces the potential from 1.98 V to 1.51 V.

Once it reached the S;(Co™—OH) state, the cobalt center is expected to further
oxidized (the second PCET event, i.e. S;—8S5). Following the aforementioned pro-
cedure, we computed again coupled (S1—Ss) and uncoupled (S;—Sy’—S,) events.
We found that the second coupled PCET event requires to apply a potential of
1.95 V, whereas the uncoupled electron-then-proton transfer needs a 2.59 V poten-
tial, both at pH 0. Thus, the second oxidation proceeds via a coupled PCET step,
S1(Co™—OH)—S,(Co™—0*). Change of pH from 0 to 8 reduced the calculated
potential to 1.48 V (Figure [4.5)).

In short, aforementioned discussions show that at the pH in which the reaction
occurs (pH 8) the initial PCET step (from Sy to S;) proceeds via the uncoupled
electron-then-proton transfer (Sy—S;’—S;) pathway and leads to one-electron oxi-
dation of the Co(II) center. However, the following second PCET (i.e. S;—S5) event

111

proceeds via the coupled pathway and leads to the POM-Co™'—QO® active species.
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.
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Figure 4.4: Schematic representation of the water oxidation mechanism for single-site

cobalt-containing polyoxometalates. Energies associated are given in Table @

PCET PCET

1.98
(1.51)

Figure 4.5: Computed potentials (in V vs NHE) of the coupled and uncoupled first and
second PCET events for PCo4. The pH-dependent potentials for the coupled events are

given at pH 0 and pH 8 without and with parenthesis (determined employing equation
, respectively. The pK, were calculated employing equation .
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According to the present calculations, the first and second oxidation steps require
1.27 V and 1.48 V applied potentials, respectively. In electrochemical catalysis
the potentials are not additives as energies are in chemical catalysis. Therefore,
one may conclude that the formation of the active species Sy (Co™—0®) requires
a 1.48 V an applied potential at pH 8. These findings are consistent with the
electrochemical analysis of PCo4. Indeed, cyclic voltammetry experiments show
an onset potential of 1.46 V vs NHE at pH 7.8 for water oxidation using PCoy, as
catalyst.?®® Beyond the difficulty of drawing a straightforward comparison between
the computed energetics in our model and electrochemical experimental data, our
result agrees surprisingly well with the experimental values found for water oxidation
employing PCoy as a catalyst. Even if this agreement arises from errors cancellation
in our calculations, we believe that the approximations made in the computational
model are suitable to propose a plausible reaction mechanism for the PCoy-catalyzed

water oxidation.

Close examination of geometry parameters of various intermediate PCET states
of PCo, shows that the change of external Co—O bond distance (it is established
that in the sandwich POMs the external TM-OH, sites are reactive sites*™) along
the water oxidation cycle is consistent with above presented PCET events. Indeed,
oxidation of the cobalt center (i.e. So(Co'—OH,)—S;’(Co™—OHy,)) shortens the
Co—OH, bond distance from 2.24 A to 1.96 A. The following loss of the proton (i.e.
S1’(Co™—OH,)—S; (Co™—OH)) reduces this distance to 1.82 A(see Figure and

Table .

These geometry changes are also consistent with the nature of the frontiers or-
bitals of these species. In fact, as seen in Figure [£.7] the the contribution of ligand
p(O) orbital to the HOMO becomes significant in S; species, and, consequently, the
next PCET event is expected to occur on the OH-fragment leading to the Co''—Oxyl
species Sy (Co™—0°®), rather than oxidize the metal center. Consistently, in S,

(Co™—0°) the calculated spin population of the Oxyl-center is 1.00 |e| (Figures
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and. One should mention that the oxidation of Co™—QOH leads to the Co™—Q®

species rather than the Co'Y—O unit. Similar result was previously described for

2778 295H297

cobalt oxide cubane models“* and single-site Co-corrole catalysts. More re-
cently, DF'T and CASSCF studies carried out on the Co derivatives of POMs also
revealed that the formation of a Co'" species is energetically unfavorable. To remove
an electron from the oxo ligand is easier than to stabilize a Co'V with a ligand field
created by oxo ligands.2% Similarly, for Ru-containing POMs, it was suggested that

the Ru¥'—oxo groups are formally closer to being Ru¥ —oxyl radicals.2%

HHEIEEH

Coll-OH, Co''-OH, Co'l-OH Co-0- Co'-0--OH,Co"-O0OH(OH) Co"-OOH Co'-00

‘224.0 196: 82?" 176;10 2.0
o‘ &8 o 9“&,

n-«&

o 44
T T TR T T

13 10 10 11 11 11 10 11
2.73 0.00 0.00 -0.04 1.15 1.01 0.01 0.79
0.03 0.00 -0.01 1.00 -0.14 -0.06 -0.01 0.09

Figure 4.6: Structural representation and schematic electronic structure of the active Co
site for the different species involved in the water oxidation mechanism. Values correspond

to the PCoy4 anion.

B. Nucleophilic attack of water to the Co!—oxyl (S;) species: O—O bond

formation

Once the active cobalt-oxyl species (Sq) is formed, the next step of the water oxida-
tion is the O—O bond formation. As already said, in transition metals substituted

POM systems, this process is expected to occur via the “water-assisted” mechanism.

11T

It will be initiated by the nucleophilic attack of water molecule to the Co''—oxyl
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So

Figure 4.7: The HOMOs of species Sg and Sy, and spin density of species Sy of the water

oxidation cycle catalyzed by PCoy.

POM So—S:’ S1—=S; 8-S, S,—»TS S,—-S;° S3’—S; S3—S,
V@) pK,? V% eV © eV © Vv @) Vv
PCo, pHO +127  +121  +1.95 4099  +0.22  +0.73  +0.52
VCoy pHO 158  +134  +209 +0.73  -0.11  +0.89  10.54
PCo, pHS8 +1.27 - +1.48  +0.99 022 1026  +0.05
VCo, pHS8 158 - +1.62  +0.73  -0.11 1042  +0.07

Table 4.2: Computed free energies required to reaching each step (S;) of the water oxidation

cycle by PCo4 and VCoy catalysts. a) For the electrochemical steps the potentials are

given in V vs NHE; b) Value corresponding to the pK, of the deprotonation step; ¢) Energy

values for the chemical steps are given in eV.

intermediate (Sy), proceeds through two more PCET events, and releases a O,

molecule. We ruled out the intramolecular formation of O—0O bond from two Co-

oxyl groups of the same POM because of large distance between the two oxo atoms

in the core (>9.6 A).

As shown in Figures and nucleophilic attack of water to intermediate
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LUMO LUMO+1

Figure 4.8: LUMO and LUMO+1 representation for Sy species, and transition state (TS)
molecular structure of the PCoy system, highlighting the O—O bond formation and the

proton transfer to the basic oxygen of the polyoxometalate in a concerted manner; distances

in A.

S, yields species [Co"(OOH)Cos"(H,0)(PWoOs34)2H|'*~ (S3’), where one of the
protons of coordinated (external) water is transferred to a basic oxygen atom of the
POM in a concerted manner. Since the Co—O—W bridging oxygens are the most
basic ones, they are most likely to be protonated.2280 The free energy barrier for
this HO—H bond activation is calculated to be 0.99 eV at the transition state TS
(see Table and Figure [£.10). We have identified the LUMO+1 of the active
S, (Co'™—0°) species as the acceptor orbital for the nucleophilic attack of water
(Figure . This orbital has a Co—O m-antibonding character, and is significantly
polarized toward the oxyl ligand, fact that clearly favors the nucleophilic attack of
a water molecule at relatively low energy. 0274502 The following PCET event from
species Sz’ forms the species Sz (|Co™(OOH)Cos' (H,0)(PWy034)2]'°7), the ground
state of which has nine unpaired electrons (three electrons on each Co'' centers) and

a Co' ion, which retains its six electrons coupled (Figure . This PCET step

requires a relatively low energy of 0.26 V at pH 8.

The last PCET step leads to the formation of Co'—OO moiety (S4,
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[Co(00)Cos (Hy0) (PWyO34)2]'°7), and requires only 0.05 V at pH=8. The S,
species has ten unpaired electrons, one of them is localized in the reactive cobalt
center, and three electrons in each of the remaining cobalt atoms. Then, the molec-
ular oxygen is released from species S, upon coordination of water molecule, which
also regenerate the catalyst. Thus, based on above presented data, if the Co™—O°
species (S2) had been formed, the O—O bond formation from this species would

occur with less energy demand.

Previous studies have proposed that water molecules of solvation shells can
act as proton acceptor,2%2r32955297 byt here we adopted the bridging oxygen of
the Co—O—W moiety to be proton acceptor, as that was proposed for the Ru-
substituted Keggin anions.*™ However, the selection of the proton acceptor should
not be crucial to get a general picture of the reaction mechanism. Importantly,
the energy required for this chemical event is significantly lower than those for the
previous steps. Thus, if other proton acceptor will participate in the process, the

barrier of this step would be even lower.

Summarizing, in this mechanism, the S;(Co™—OH)—S,(Co™—0*) step deter-
mines the potential required to form the active species, which in turns determines
the overpotential for the water oxidation catalysis. On the other hand, the kinetics
of the reaction is governed by the chemical step corresponding to the O—O bond for-
mation.*®# This latter step requires overcoming a barrier of 0.99 eV (22.8 kcal /mol),
energy that is clearly affordable at room temperature. In an electrochemical driven
process, the formation of the active species Sy (Co™—0®) requires a 1.95 V and
1.48 V apply potential at pH 0 and 8, respectively, which would correspond to an
overpotential of 0.72 V. Note that overpotential () is simply the difference between
AG(S;—S3) and AG(2H,0—09+2H,)/4. It is worth mentioning that often the
WOC reactions are activated photochemically. Formally, the process is rather simi-
lar; but in the energetic balance is necessary to incorporate the oxi-reduction of the

sacrificial electron acceptor.



UNIVERSITAT ROVIRA I VIRGILI
HIGH NUCLEARITY POLYOXOMETALATES AS WATER OXIDATION CATALYSTS: FROM EXPERIMENTS TO THEORY

Joaquin Soriano Lépez

4.3. Results and Discussion 159

Comparison of these findings for PCoy catalyst with those for the Ru(I1I) based
catalysts (both those in organometallic and POM frameworks) show that Ru ox-
idation occurs at lower potentials than Co centers. Indeed, the one-electron ox-
idation potential for |[Ru(H,0)SiW;;039]°~ was reported to be 0.64 V vs SCE
(0.88 V vs NHE),“™" while its computed value was estimated to be 0.45 V.% For
the tetraruthenium-POM, [RuyO4(OH)o(Hy0)4(7-SiW10036)2]'07, first two oxida-
tion events which transform of two Ru'Y —OH, moieties to the Ru¥Y —OH, was found
to require only 0.76 and 0.88 V.22Y Computational studies showed that the PCET
event leading to formation of RuV—O® species require a potential of 1.53 V (pH 0),2%
which is 400 mV lower than the potential we have found for PCo,. For the chemical
step, the activation free energy was reported to be 0.79 eV and 0.96 ¢V depending
on the computational level.“™ These values are somewhat lower than the energy we
have computed for PCoy4, but the two set of energies cannot be directly compared
because of different approaches used. Indeed, experimental TOF values measured

for the tetraruthenium and PCo, anions show a higher catalytic activity of PCoy,

suggesting a lower free energy barrier for the later.0®

4.3.3 Water Oxidation Catalyzed by the VCo, Polyoxometa-

late

As mentioned above, the replacement of P(V) in PCoy by V(V) leads to the forma-
tion of [Coys(Hz0)a(VWoOs34)2|**~ (VCoy) anion, which exhibits a greater stability
than PCo,. Furthermore, VCo,4 demonstrates a significant increase in rate of cat-
alytic water oxidation compared to the parent anion PCo, in processes activated
photochemically.*** Such a dramatic change in stability and reactivity upon going
from PCo,4 to VCoy could closely relate the change of electronic structure of poly-
oxometalate anion, in spite of the fact that both POMs have a same overall charge
and similar geometry.#1#235294 Actually, previously reported UV-vis spectrum has

shown transitions involving orbitals of cobalt and heteroatom for VCoy,, which could
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294 Tn order to

indicate involvement of vanadium d orbitals in its redox chemistry.
elucidate factors causing the difference in stability and reactivity of PCo4 and VCoy
systems, we also computed the water oxidation mechanism for the VCo, POM and

compared the obtained data with that for PCoy.

The calculated geometry and their X-ray values for PCo, and VCoy are well
agreed (see Table[4.1).2%# Meanwhile, there exist several remarkable differences in the
calculated free energies of the analogous steps of the PCos— and VCo,—catalyzed
water oxidation cycles (Table [4.2). The most significant difference are in: (a) the
oxidation of Co"—OH, to Co™—OH, (Sg—S;’), and (b) the reduction upon the
nucleophilic attack of water to the Co™—O¢® active species (S;—TS). Indeed, the
So—S;’ transition for VCo, requires a 1.58 V apply potential, which is 0.31 V larger
than that required for the PCoy. Interestingly, upon going from PCo, to VCo,
the spin density on each heteroatom increase to 0.02 |e| from almost zero. These
findings could be explained by coupling of d orbitals of V and Co atoms in VCo,
that results in stabilization of high-oxidation states, increase of oxidation potential
of Co-center, and renders an additional structural stability of VCo,4 anion upon the

catalysis.

To support this conclusion we analyzed the electronic structure (frontier orbitals
and their energies) of the reactive Co-center in several intermediate states of the
reaction. Unfortunately, the occupied canonical orbitals are difficult to interpret
in such a large molecular systems because they are largely delocalized along the
structure. However, since the unoccupied orbitals are usually more localized, we
discuss the Sg—S;’ oxidation process by mainly concentrating on the unoccupied
(LUMO and LUMO+-1) orbitals of the S’ state, which mostly are the d,; and dyo_z9
orbitals of the Co-center. Interestingly, LUMO and LUMO-1 of the S;’ state are
the HOMO and HOMO-1 of the S state, since the electronic configuration of the

0

cobalt changes from a high spin #,°¢,? to a closed shell #,%¢,° one during the

So—S;’ oxidation. As Figure illustrates, in the S;’ state of VCo,4 the LUMO
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lowers its energy by «0.17 eV respect to the LUMO+1, because of a significant
mixture by vanadium d orbitals and cobalt d., orbital. Similar splitting of the e,
orbitals is expected in the Sy state of VCoy, explaining the increase in the redox
potential. However, these orbitals are nearly degenerated in the S;’ state of PCoy,.
The existence of the relatively large LUMO — LUMO-+1 energy gap in the S;’
state of VCoy, is indicative for presence of some degree of interaction between the

vanadium d orbitals and cobalt d,, orbital.

3 PCo, H

-3.23 eV
LUMO+1

-3.24 eV\
LUMO

S cold 9 —— -3.44 eV
. {7 .

vV

Figure 4.9: Schematic representation of Frontier Molecular Orbitals (FMO) energies and
isodensity plots of LUMO and LUMO+1 orbitals for species S;’ of PCo4 and VCoy

systems.

In addition, although the (Co'/Co™) (i.e. Sy—S;’ step) oxidation potential
increases upon going from PCo, to VCoy, this change is not expected to have
significant influence to the overall catalytic performance of the tetracobal-POM sys-

111

tems, since this associates with the formation of the Co''—0O*® species, i.e. S1—Ss

step, which appears later in the catalytic cycle.
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Once the Co'! species (Sy) is oxidized to the Co'™ species (S;’), the next two
events of the water oxidation cycle do not directly involve the active Co center, and,
consequently, the energy required for these steps are very similar for the PCo, and
VCo, catalysts. For VCoy, the deprotonation (S;’—S;) displays a pK, somewhat
higher than the one computed for PCoy, whereas the second PCET step (S;—S5)
is 0.14 V higher in energy (Table [1.2).

The next event of the reaction is the O—O bond formation initiated by the nu-

M_Q* group. The computed activation

cleophilic attack of external water to the Co
free energy for VCo, is significantly lower (0.73 €V, 16.8 kcal/mol), energy that is
about 6 kcal/mol lower than that found for the PCo, anion, see Figure These
computed values agree very well with the observed kinetic behavior reported by

Hill and co-workers.224

Therefore, the O—O bond formation is significantly faster
for VCo4 than PCoy4. This suggests that the O—O bond formation might be the
turnover-limiting chemical step, similar to that proposed in the mechanistic studies

for cobalt-phosphate catalyst.+

In order to elucidate the reason of the aforementioned reduction of the O—0O
bond formation barrier upon going from PCo,4 to VCoy, we analyzed a set of lowest
unoccupied orbitals of their Sy species, because these orbitals could be the acceptor
orbitals upon the nucleophilic attack of water. For PCo,, we found that LUMO
and LUMO+1 orbitals have -2.88 eV and -2.75 eV energies, respectively. Among
these orbitals, the LUMO+1 has a strong p(Oxyl) contribution and, therefore, is
a best candidate to accept electrons from the coordinated water molecule (Figures
and cods2). However, in the case of VCoy, three unoccupied orbitals, namely
LUMO, LUMO+1, and LUMO-2, have a strong contributions from the oxyl oxygen
(Figure and are good candidates for being an acceptor orbitals. Amazingly,
all these three orbitals are lying lower in energy (at the positions of -2.95 eV, -
2.78 eV, and -2.77 €V, respectively) than LUMO and LUMO-1 orbitals of the S,

species of PCoy, as shown in Figure 4.12] Therefore, due to the orbital coupling
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between the d orbitals of the vanadium and cobalt, the set of acceptor orbitals for
VCo, decrease their energies favoring the nucleophilic attack of water and therefore

increase reactivity of the POM with V(V) as heteroatom.

+0.99 V

+0.22 V

- [
2/0 59 ©
} l' Q: P B ¢ L Q"
I ® t'r ') Py /_"0‘

Figure 4.10: Energy profile corresponding to the nucleophilic attack of water to Co™—O®

Ss species, and subsequent proton transfer to the basic oxygen, S3’ species.
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Figure 4.11: LUMO, LUMO+1, and LUMO+2 representation for Sy species, and transition
state ( TS) molecular structure of the VCoy system, highlighting the O—O bond formation
and the proton transfer to the basic oxygen of the polyoxometalate in a concerted manner;

distances in A.
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Figure 4.12: Schematic representation of Frontier Molecular Orbitals (FMO) energies and
isodensity plots of LUMO, LUMO+1, and LUMO+-2 orbitals for species Se of PCoy4 and

VCo, systems.
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4.3.4 The Effect of the Nuclearity

It has been demonstrated that the effect of the nuclearity of Cobalt-substituted
POMs based on the Keggin archetype is important for the catalyst activity to-
wards water oxidation. Thus, monocobalt-substituted POM (|Co(H,O)PW1;030]°~

219 whereas the

PCo;) has been reported to be inert as water oxidation catalyst,
tetrasubstituted PCo,4 and the nonasubstituted Cog POMs are well known as ac-
tive catalysts, with two and three Keggin units, respectively.21%220 I the study of
the reaction mechanism catalyzed with PCo,, we have identified the formation of

H_Q°, i.e. the S;—S, step, as the step which controls the

the active species Co
overall overpotential of the catalytic cycle. Therefore, we compare the thermody-

namics involved in this step for the three different POMs, PCo;, PCoy4, and Coy,
as shown in Figure

PCo, PCo, Co,

Figure 4.13: Polyhedral representation of PCo; (left), PCoy (center), and Cog (right).

Unfortunately, Cog (|Cog(H20)(OH)3(HPO,)o(PWoO34)3]'%7) is a large POM
with a rather complex electronic structure with 27 unpaired electrons. In order to
get some insight into this cluster, we decided to simplify its electronic structure by re-

placing  eight of the  Co(II) ions by  eight Zn(11) ions,
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[Co(H20)Zng(H20)5(OH)3(HPO,)2(PWO34)3]'%~ (ZnCoy, Figure [4.14). The re-
sulting complex can be regarded as a single-site cobalt catalyst with three unpaired
electrons that requires a significant computational effort, but still affordable with
DFT methods. Moreover, looking into more detail to the structure of ZnCog, we
observe an intramolecular hydrogen—bond between the OH of the phosphate link
and the oxygen atom of the WOC active center. Thus, in state S;, the phosphate
proton is almost transferred to the Co—hydroxo group, the O—H- - - O(H)Co distance
being ~1.60 A. In addition, in the case of the species Si, a second hydrogen—bond
is found between the OH ligand of the active center and a basic oxygen of the closer
Keggin archetype, with a hydrogen—bond distance of ~1.99 A. This might cause an
overstabilization of the species S; of ca. 0.5 eV with respect to the real situation, in
which the explicit water molecules might form a complex net of hydrogen bonding.
In fact, if we turn off these hydrogen bonds just by changing the orientation of the
OH groups, the thermodynamics of the S;—S, step change dramatically. Therefore,
we believe that under experimental conditions an intermediate situation is operative,
and that the two different calculated values can be viewed as the upper and lower
limits. Herein we refer as ZnCoy" to the structures in which the hydrogen—bonds

are formed, and as ZnCog to the structures without the formation of these bonds.

Table summarizes the computed structural and electronic parameters for
PCo;, PCo4, ZnCoy", and ZnCoy. We found similar structural parameters for
the surroundings of the cobalt active center. In general, the Co—O; distance in the
S, species is ~1.82 A, which after the PCET event it is decreased to ~1.76 A in
the S, state. Particularly, these distances are slightly larger (0.02 ﬁ\) in the case
of ZnCoy' in both S; and S, species as a result of the partial H-transfer from
phosphate to the terminal ligand of Co. Regarding the electronic structures, we
found the same results in all the structures. Therefore, as previously discussed for
PCoy, the Co active center of the S; species is a Co(III) ion with a formal d ©

low-spin configuration where the six electrons occupy a tog-like orbital. Moreover,
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ZnCo,H ZnCo,

Figure 4.14: Structure of ZnCog! (top-left), and ZnCoyg (top-right). Detailed view of the
local conformation of the Co-reactive center in both structures showing the hydrogen—bond

formation for ZnCog™ (bottom). Distances in A.

the oxidation of S; species yields the Sy active species (Co—0°®), with a spin
population of the oxyl center of ca. 1.00 e, highlighting the radical character of the
active species, as shown in Figure [£.15] This also supports that the formation of

Co™V'=0 species is not realistic to occur in POMs.

The energetics required to reach de active species (Sy) beginning from the S,
state with the different POMs are shown in Table [{.4l As previously discussed,
PCo, requires to apply 1.48 V at pH 8. Surprisingly, the inactive POM PCo,
needs only a 1.53 V potential for reaching the active species, which is 0.05 V higher
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POM Sl SQ

COIII_OH CoIII_oo

d(Co-0;) PCoy 1.818 1.759
PCoy 1.820 1.760

ZnCoyH 1.859 1.784

ZnCog 1.820 1.760

d(Co-0.) PCoy 2.072 2.078
PCoy 2.100 2.100

ZnCog! 2.084 2.095

ZnCoyg 2.113 2.128

p(Co)  PCoy - 0.00
PCoy 0.00 -0.04

ZnCogt — -0.01

ZnCog — -0.05

p(O) PCo, - 1.02
PCoy -0.01 1.00

ZnCogH — 0.98

ZnCoq — 1.01

Table 4.3: Structural (in A) and electronic (in |e|) parameters for species S1, and Sy for

Mono-, Tetra-, and Nona-substituted POMs.
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ZnCo,H ZnCo,

Figure 4.15: Spin densities of the Sg state found for the four studied structures.
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than the potential found for PCo4. In the case of the model of Cog, we observe
a strong influence of the formed hydrogen—bonds on the energetics. Thus, in the
case of ZnCogy, where the formation of hydrogen—bonds on the surroundings of the
reactive center is avoided, the obtained energy is 0.05 V lower than the obtained
with the PCoy, being 1.43 V at pH 8. On the contrary, upon the formation of the
hydrogen—bonds (ZnCoy'!), the energy increases until 1.69 V, which is the highest
energy found along the four studied structures. The later supports the hypothesis
that the formation of the hydrogen—bonds overstabilizes the species S; of ZnCog",

so thus increasing the energy required to reach the active species.

Sl——)SQ

POM pHO  pHS

PCoy 2.00 1.53
PCoy 1.95 1.48
ZnCog™ 2.16 1.69
ZnCoyg 1.90 1.43

Table 4.4: Computed potentials (in V vs NHE) required to reach the active species So

from S; state.

This overstabilization of the state S; in ZnCoy'! is also evidenced when looking
into detail the HOMO orbital, which is the orbital where the second oxidation takes
place. As expected, the HOMO orbitals for PCo;, PCoy, and ZnCog have a Co—O
m-antibonding character, with the major contribution of the ligand p(O) orbital
(Figure . However, as can be seen in Figure , in the case of ZnCoy! we
have identified this ligand-based m-antibonding orbital as HOMO—15, which has
an energy 0.42 eV lower than the HOMO level. The stabilization of the orbital
is mainly due to the formation of the already mentioned hydrogen-bond in the

structure. Overall, the S; species in ZnCoy' is stabilized respect to that in ZnCoy
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PCo, PCo, ZnCo,

Figure 4.16: HOMO representation for S; species of the structures PCo;, PCoy, and
ZnCog.

-6.48 eV
HOMO  w—
042 eV

et [HOMO-15

Figure 4.17: HOMO and HOMO—15 representation for Sy species of ZnCogH.
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Thermodynamically, we do not observe any substantial difference on the forma-
tion of the active species, beginning from species Si, that may cause the differences
in the water oxidation catalysis activity experimentally observed. Therefore, the
inactivity towards water oxidation observed for PCo; may arise from POM stabil-
ity issues, as decomposition may occur under turnover conditions. Regarding the
differences between PCo, and Cog it has been observed that under the same ex-
perimental conditions both catalysts show similar kinetics, while Cog is much more
efficient than PCo,.??%243 Combining both, our experimental observations, and our
thermodynamic study, we can conclude that the difference between Cog and PCoy
is regarded to the POM stability, being Cog much more stable than PCo,4. There-
fore, these preliminary results indicate that the nuclearity of Co-substituted POMs
has a minor influence on the single-site catalytic cycle, while the POM stability may

be significantly affected, increasing as the nuclearity increases.
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4.4 Conclusions

In this chapter we have computationally studied the reaction mechanism of the wa-
ter oxidation catalyzed by cobalt-containing polyoxometalates. In particular we have
performed a detailed DFT analysis for sandwich polyoxometalates,
[Co4(H20)2(PWoO34)2]'%" (PCoy), and [Cos(Ho0)o(VWoO34)s]'0~ (VCoy). Ex-
periments have shown that at the resting stages of PCo, and VCoy anions all four
Co atoms are in their 2+ oxidation states with a formal d 7 configuration and three
unpaired electrons. From these three unpaired electrons two occupy and ey-like and
one a fys-like orbitals. Therefore, we assume a high-spin configuration and discuss
only the electronic state of PCo, and VCoy with their twelve (three per Co-center)

unpaired electrons for the initial species Sy.

The initial PCET step So(Co'—OHy)—S;(Co™—OH) proceeds via the uncou-
pled electron-then-proton pathway and leads to the one-electron oxidize species S;.
However, the second PCET, which is overall catalysis-determining step, is a coupled
process and does not impact oxidation state of the reactive Co-center, forming the
Co™—0O° active species Sy. The overall Sg—S, transformation requires to apply a
potential of 1.48 V and 1.62 V at pH 8 for PCo, and VCo, anions, respectively.
These potentials determine the overpotential of the overall catalytic reaction since
in PCET events the activation barriers are usually very small and contain large
quantum-mechanical tunneling prefactors.”®? The following O—O bond formation
controls the kinetics of the reaction and occurs via the “water-assisted” mechanism

that is initiated by water nucleophilic attack to the Co'!!

—oxyl intermediate So with
a proton transfer from the water molecule to a basic oxygen of the POM in a con-
certed manner. This process involves a barrier of 0.99 eV (22.8 kcal/mol) for the
HO—H bond activation for PCoy, and is particularly low, 0.73 eV (16.8 kcal/mol),
for VCoy. The following deprotonation and the next two PCET steps are less en-

ergetically demanding. Hence, once the O—O bond is formed the reaction proceeds
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smoothly, and the molecular oxygen is released upon water displacement, so thus

recovering the catalyst Sy.

Comparison of the calculated energetics for the PCo, and VCo, anions shows
that coupling of d orbitals of V a Co atoms in VCo, results in a stabilization of
high-oxidation states, increase of oxidation potential of Co-center, and renders an
additional structural stability of VCo,4 anion upon the catalysis. Orbital coupling
also improve the catalytic activity observed for the V-derivative making VCo, one

of the most active WOC.

The nuclearity of Cobalt-substituted POMs has a minor influence on the S;—S,
step, which controls the overall overpotential of the water oxidation catalytic cycle.
Nevertheless, increasing the nuclearity leads to an increase on the stability of the

POM towards water oxidation catalysis, so thus increasing its efficiency.
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