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General Introduction

The global energy supply and the related environmental issues are the most
important technological challenge because the increasing world population and the
legitimate aspiration of developing countries to reach higher life standards.' Sustainable
policies and actions are demanded to limit our dependence of fossil fuel and develop
alternative energy supplies such as solar, wind, geothermal, wave or biomass power
generation.' An attractive candidate for alternative energy is solar energy, which is
known as a semi-permanent, abundant and clean energy source.” The utilization of solar
energy will enable us to accomplish a sustainable society with a high life standard.

In the current technology, solar energy is directly converted into electric energy by
photovoltaic cells with an energy conversion efficiency of ~25% using a conventional
crystalline Si module.” However, storage and transportation of electric energy is
generally limited by the capacity of batteries.” Thus, generated solar electricity needs to
be converted to useful chemical fuels.* The conversion of electricity to a chemical fuel
can be attained by the electrolysis of water to produce hydrogen and oxygen.’ The

reactions of water electrolysis in an acidic solution are shown in eqs 1 and 2, where

Anode: 2H,0 — O, +4H" +4e (1)
Cathode: 2H" +2e — H, ()

water oxidation and reduction take place in anode and cathode, respectively. Efficient
electrolysis of water with low overpotentials requires highly active electrocatalysts,
especially in anode electrocatalysts for water oxidation because of slower kinetics and
higher overpotentials for water oxidation at anodes than hydrogen evolution at cathods.

Another approach employing direct conversion systems for the production of
chemical fuels from sunlight such as photoelectrochemical cells (PECs) will be much
more advantageous because the use of separated electrolyzers wired to solar cells results
in high costs of fabrication and large energy loss.” Water splitting taking place in PECs
require semiconductor materials, which support rapid charge transfer, exhibit long-term
stability, and harvest a wide range of the solar spectrum.” Photocatalytic water splitting
using a powdered semiconductor is also an attractive system to produce hydrogen using
solar energy.® Many semiconductor photoelectrodes and photocatalysts have been
reported to splitting water into hydrogen and oxygen by irradiation with UV light’ and
visible light.'® However, efficient photocatalysts for water splitting into hydrogen and
oxygen under visible-light irradiation have remained to be challenging."'

In addition, all the systems of electrolysis of water, PECs and photocatalytic water




splitting involve the water oxidation (eq 1) because water is aimed to use as the electron

source for hydrogen production.* !

It is a common subject for all the systems of solar
energy conversion to accelerate the reaction of water oxidation.’

In contrast to hydrogen production systems described above, photosynthesis in
nature succeeds in conversion of solar energy directly to energy-rich compounds of
carbohydrate by reduction of CO, with water in green plants, algae, and
cyanobacteria.'” Photosynthesis takes place in a common process (Figure 1a); The
excitation of a dye pigment called P680 in the central chlorophylls by absorption of
sunlight leads to charge separation followed by energy transfer to a reaction center, the
captured energy is used to oxidize water that catalyzed by the oxygen evolving complex
(OEC) in photosystem IT (PSII), and the resulting electrons at the excited P680 (P680")
are employed for reduction of substrates in photosystem I (PSI).'*"* During this process,
the water oxidation in PSII is catalyzed by the OEC composed of a CaMn4Os cluster,
whose crystal structure has been reported as shown in Figure 2b.'"* Artificial
photosynthesis systems mimicking photosynthetic functions have been aimed to directly
convert solar energy to chemical fuels, mostly hydrogen gas."”'® In addition to
hydrogen production, hydrogen peroxide and formic acid as a result of reduction of
oxygen and carbon dioxide can be produced by incorporating those catalytic reaction
into an artificial photosynthesis.'” The liquid fuels of hydrogen peroxide and formic
acid are more favorable for its storage and transportation. Hydrogen peroxide can also
be served as a fuel with a high energy density for fuel cells."® To accomplish an
artificial photosynthesis system, it is necessary to optimize and combine the several
processes, which consist of light harvesting, charge separation, catalytic reactions of
water oxidation and reduction, as well as CO, fixation."” In these processes, water
oxidation is considered as the critical bottleneck due to involving four-electron transfer

coupled to four-proton removal from water to form O-O bond (eq 1).*° A standard

(a) o (b)
Photosystem |
Photosystem Il P680* %
Reduction

hv
M0 SN T
)OEC

4H* + 0, [CaMn,O.] OEC

Figure 1. (a) Schematic illustration of electron transfer sequence in photosynthesis and (b) Structure of
OEC in PS II.




potential of [EY(H,0/0,) = 1.23 V vs NHE] is also required to drive water reaction.
Thus, the development of efficient water oxidation catalysts (WOCs) is the key for
building up an artificial photosynthesis system.

Both homogeneous and heterogeneous WOCs mimicking functions of the OEC in
PSII have so far been developed for thermal, electrochemical, and light-driven water
oxidation.”'* The use of homogeneous catalysts, which consist of metal complexes
with organic or inorganic ligands, for water oxidation has enabled the identification of
reactive intermediates such as high-valent metal-oxo species and detailed kinetic study
to provide valuable insights into the catalytic mechanisms.”> On the other hand,
heterogeneous catalysts, which generally consist of metal oxides or hydroxides without
organic ligands, are more stable and robust under water oxidation conditions, and they
can be easily separated by filtration for repetitive use in practical applications.”
However, it is quite difficult to identify the reactive intermediates on the surfaces of
heterogeneous catalysts, and therefore, the heterogeneous catalytic mechanisms of water
oxidation have yet to be clarified.

Water oxidation is normally performed in an aqueous or a pH-adjusted buffer
solution with an oxidant and a catalyst to evaluate its catalytic activity and mechanism.
For example, cerium ammonium nitrate (CAN, (NH4),Ce'"(NOs)s) or [Ru(bpy)s]** (bpy
= 2,2’-bipyridine) is used as a conventional oxidant for thermal water oxidation, whose
catalytic cycle is shown in Scheme la. Under acidic conditions (pH = 1), CAN
possesses an oxidation potential [E°(Ce*"/Ce*") = 1.61 V vs NHE],** which is high
enough to oxidize water to evolve oxygen in presence of a WOC with the stoichiometry

of'eq 3. Under basic conditions, however, CAN is not a suitable oxidant for water
4Ce™ + 2H,0 — O, + 4Ce’™ + 4H" (3)
oxidation, because hydrolysis of CAN results in reducing its oxidation power.** In

contrast, [Ru(bpy)s]>" with the oxidation potential [E°(Ru*"/ Ru’") = 1.26 V vs NHE]*

acts as an oxidant even under neutral or basic conditions, although the

Scheme 1. Catalytic Cycles of (a) Thermal Water Oxidation and (b) Light-Driven Water Oxidation
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self-decomposition of [Ru(bpy)s]’" also takes place under neutral or basic conditions by
a nucleophilic attack of OH™ or water on [Ru(bpy)s]’", which competes with electron
transfer from a WOC to [Ru(bpy)s]’".® Furthermore, [Ru(bpy);]*" can be produced by
oxidative quenching of the excited state of [Ru(bpy)s]*" ([Ru(bpy)s]*": * denotes the
excited state) by persulfate (S;Os®) under visible-light irradiation (Scheme 1b).
Photoinduced electron transfer from the [Ru(bpy)s]*" to S,0¢” affords [Ru(bpy)s]*”,
SO4*, and SO4*~. The produced SO4*~ is known as a very strong oxidant [E° (SO4* 7/
SO4*) = 2.6 V]” that can oxidize another molecule of [Ru(bpy)s;]* to produce two
equivalents of [Ru(bpy)s;]’" in the overall photoinduced process. In this case, two
equivalents of persulfate produce one equivalent of oxygen based on the stoichiometry

of light-driven water oxidation as shown in eq 4.
hv + + 2-
2Na,S,05 + 2H,O — O, +4H™ +4Na” + 4SOy (4)

In the case of homogeneous catalysts, ever since Meyer and co-workers reported that
a dinuclear ruthenium complexes ([(bpy)2(H,O)RuORu(H,0)(bpy).]*"), which is called
a blue dimer,™ acts as a catalyst for water oxidation by CAN, there have been extensive
studies on water oxidation with ruthenium?, iridium,*® cobalt,’’ manganese,3 % iron™ and
nickel’* complexes in the thermal and light-driven water oxidation. Most of these metal
complexes have been reported as homogeneous WOCs. However, there is a question
whether metal complexes really act as homogeneous catalysts or only precursors of
more active heterogeneous catalysts under water oxidation conditions. A controversial
example for the identification of catalytically active species was reported with a
tetranuclear cobalt polyoxometalate complex of [Co"4(H20)2(a-PWO34)2]'"
(Co,POM).*® Tt was reported that Co,POM was stable without formation of
nanoparticles under catalytic turnover conditions for the light-driven water oxidation
with [Ru(bpy)s]*” and S,0s>.*> However, it was also reported that Co,POM partially
decomposed at pH 8.0 to release Co®" ions under the conditions for electrochemical
water oxidation, and this resulted in the formation of active cobalt oxide nanoparticles.*
Although no definitive conclusions can be drawn regarding the CosPOM catalyst,
because the photochemical and electrochemical conditions are different, more cautions
would be required to analyze kinetics and to detect reactive intermediates for molecular
metal complexes.

It is important for developing highly efficient and robust WOCs to unveil what is the
true catalyst when degradable metal complexes are employed as a catalyst. Nevertheless,
there is no work on the identification of catalytically active species when homogeneous

metal complexes are employed for the thermal and light-driven water oxidation. It is




also becoming more important for the development of efficient WOCs to understand the
relationship between homogeneous and heterogeneous catalysts as well as the catalytic
mechanism of water oxidation.

The use of homogeneous metal complexes as WOCs merits mechanistic study with
various spectroscopic methods. There are two plausible pathways of O-O bond
formation in the catalytic reaction of water oxidation reported by using a mononuclear
and a dinuclear ruthenium complex as WOCs (Scheme 2).”*° Meyer and co-workers
reported catalytic water oxidation by CAN with the mononuclear ruthenium complexes
[Ru(tpy)(bpm)(OH,)]*" ([(L)Ru"(OH2)]*": tpy = 2,2°:6”2”-terpyridine, bpm =
2,2’-bipyrimidine), and the catalytic reaction occurred with a mechanism involving
Ru(V)-oxo species as shown in Scheme 2a. [(L)Ru"(OH,)]*" is oxidized by 3
equivalents of CAN to produce Ru(V)-oxo species followed by water nucleophilic
attack to form an O-O band. The rate-determined step of water oxidation by CAN with
[(L)Ru"(OH,)]*" was suggested to be the reaction of [(L)Ru'Y(00)]*" with water, which
slowly releases O, to regenerate [(L)Ru"(OH,)]*". However, the intermediate of
[(L)Ru"Y(O0)]*" is suggested by only DFT calculation without any direct detection.

On the other hand, Llobet and co-workers reported that a dinuclear ruthenium
complex, {[Ru"(tpy)(H,0)]2(u-bpp)}*" (bpp = 2,6-bis(pyridyl)pyrazolate), catalyzes
water oxidation by CAN with the mechanism of intramolecular O-O bond formation
(Scheme 2b).* The mechanism of intramolecular O-O bond formation was
demonstrated by kinetic analysis combined with '*OH, labeling experiments. Although
the '"OH, labeling experiments were performed, O-O bond formation by water

nucleophilic attack cannot be excluded in the catalytic mechanism if oxygen exchange

Scheme 2. Proposed Mechanisms of Water Oxidation for the Ruthenium Complexes; O-O Bond
Formed by (a) Water Nucleophilic Attack to Ru-Oxo and (b) Coupling of Two Ru-Oxo0**
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between Ru-oxo species and 'OH, occurs faster than the O-O formation. Thus, the
direct detection of reactive intermediates is required to confirm the catalytic mechanism
of water oxidation by CAN.

In contrast to homogeneous metal complexes, heterogeneous metal oxides using
noble metals such as iridium, ruthenium have been reported as efficient catalysts for
water oxidation.” However, iridium and ruthenium are precious and expensive metals.
Thus, efficient WOCs based on earth-abundant metals, especially the first-row
transition metals such as cobalt, nickel, manganese, and iron, are highly required for
practical applications. Among them, cobalt-based WOCs have attracted much attention
over the years due to their high catalytic activity for water oxidation.** Various methods,
such as structural controls of size, shape, or phase, have been employed to improve the

catalytic activity of cobalt oxide for water oxidation,***

For example, nanosized Co304
loaded on mesoporous silica exhibited higher activity than micrometer-sized Co304
particles.”® A cobalt cluster with a cubic Co404 core modified by organic ligands can act
as a catalyst for the light-driven water oxidation.**

In natural systems, the WOC of a CaMn4Os cluster composed of binary metals,
which are suggested to involve with a core function for water oxidation; The calcium
ion is proposed to play a role in the regulation of the redox properties of the manganese
cluster, as determined by studies on metal-ion coupled electron transfer.*” In light of the
role of calcium ion in CaMn4Os clusters, introduction of other metal ions to metal
oxides based on earth abundant metals may be expected to improve the catalytic activity
of metal oxides for water oxidation.

Water oxidation employing homogeneous metal complexes with organic ligand
request the identification of catalytically active species as well as a mechanistic
understanding to improve the catalytic activity. Efficient heterogeneous WOCs based on
earth-abundant metals have to be developed toward building up an artificial
photosynthesis system.

In this thesis, the author has firstly unraveled the catalytically active species for
water oxidation between homogeneous and heterogeneous catalysts when employing
metal complexes with organic supporting ligands. Secondly, the catalytic mechanism
has been investigated for water oxidation with CAN by using ruthenium complexes
possessing inorganic ligands, which are more robust under acidic and oxidative
conditions. Finally, the author has provided a valuable method inspired by the OEC, for
developing more efficient and robust heterogeneous WOCs based on earth-abundant
metals toward artificial photosynthesis. This thesis consists of seven Chapters as
follows:

In Chapter 1, mononuclear iridium complexes with a Cp ligand and several




derivatives of bipyridyl ligand were employed as catalyst precursors for water oxidation
by CAN. The catalytically active species for water oxidation by CAN was disclosed by
kinetic analysis, O, evolution and characterization of the actual catalyst by various
spectroscopies.

In Chapter 2, light-driven water oxidation was achieved in the presence of
mononuclear cobalt complexes with various organic ligands in basic aqueous solutions
containing [Ru(bpy)s]*" and Na,S,0s. The catalytically active species by using a cobalt
complex was identified by various spectroscopic measurements.

In Chapter 3, water-soluble mononuclear nonheme iron complexes were employed in
thermal and light-driven water oxidation, respectively. The catalytically active species
involved in those catalytic systems was disclosed by kinetic analysis and '*O labeling
experiments in both thermal and light-driven water oxidation.

The catalytic mechanism of water oxidation by CAN using mononuclear ruthenium
complexes with polyoxometalate inorganic ligands employed as WOC:s is elucidated in
Chapter 4, based on identification of reactive intermediates and kinetic studies by
electrochemical and spectroscopic measurements.

In Chapter 5, La’"-ion doped cobalt oxide (LaCoOs) was prepared, and the catalytic
activity was examined in the light-driven oxidation with [Ru(bpy);]*" and S,0s”".

The catalytic activities of Ni*"-ion doped iron oxides (NiFe,Oy4) and Ni**-ion doped
manganese oxides (NiMnOs) were evaluated by electrochemical and light-driven water
oxidation to investigate the composite effect of binary metals in Chapter 6 and 7,

respectively.
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Chapter 1

Efficient Water Oxidation by Cerium Ammonium Nitrate with
[Ir'"'(Cp*)(4,4’-bishydroxy-2,2’-bipyridine)(H.O)]** as a Precatalyst
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Abstract: Water oxidation by cerium(IV) ammonium nitrate, CAN, with
[I'"(Cp*)(4,4>-R»-2,2-bipyridine)(H,0)]*" (R = OH, OMe, Me or COOH) to evolve
oxygen has been investigated together with the possible oxidation of the ligands by
CAN. The apparent catalytic activity is highly dependent on the substituent R and the
highest catalytic activity was obtained when R = OH. The apparent turnover frequency
(TOF) of the catalytic water oxidation by CAN with [Ir'"(Cp’){4,4’-(OH),-2,2’-
bipyridine} (H,0)]*", which acts as a precatalyst, gradually increased during the reaction
to reach the highest value among the Ir complexes. In the second run, the apparent TOF
value was the highest from the beginning of the reaction. 'H NMR and dynamic light
scattering measurements for solutions after the first run indicated formation of insoluble
nanoparticles, which exhibited a much higher catalytic activity as compared with
iridium oxide prepared by a conventional method. The 4,4’-R,-2,2’-bipyridine ligand
was also efficiently oxidized by CAN up to CO; only when R = OH. TG/DTA and XPS
measurements of nanoparticles produced after the water oxidation suggested that the
nanoparticles were composed of iridium hydroxide with a small amount of
carbonaceous residue. Thus, iridium hydroxide nanoparticles act as an excellent catalyst
for the water oxidation by CAN.
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Introduction

In photosynthesis, water is used as an electron source for fixation of carbon dioxide
into carbohydrates such as sugar using solar energy. The water oxidation is catalyzed by
oxygen-evolving complex (OEC) composed of Mn cluster with one Ca ion in
photosystem II."> The OEC is highly active, however, it is not stable enough to be
utilized in artificial photosynthesis systems to generate green chemical fuels such as
hydrogen.®” Thus, development of efficient and robust water oxidation catalysts has
been highly desired to realize artificial photosynthesis. '’

Extensive efforts have so far been devoted to develop water oxidation catalysts using
transition metal complexes.'' > Ever since cis,cis-[(bpy)2(H2O)Ru™(u-O)Ru'"-
(H20)(bpy)2]*" (bpy = 2.2’-bipyridine) was reported as the first molecular catalyst
working as a functional model of OEC,' the catalytic activity of ruthenium complexes
with various ligands for the water oxidation has been extensively studied to elucidate
the catalytic mechanism of water oxidation by spectroscopic methods.”> > Recently
mononuclear ruthenium and iridium complexes have also been shown to act as water

oxidation catalysts.”> "

In particular, a series of mononuclear iridium(IIl) complexes
with 7’-pentamethylcyclopentadienyl ligand (Cp") have been reported as efficient water
oxidation catalysts, which are more active than ruthenium complexes.”®>' The ligand of
Cp’ is expected to provide an electron rich environment useful for stabilizing reaction
intermediates with a high-valent oxidation state in the catalytic water oxidation by
cerium ammonium nitrate, (NHy4)2[Ce(NOs)s], (CAN). Other than the Cp* ligand, the Ir
complexes have additional ligands such as phenyl pyridines, bipyridines or
phenanthrolines.

On the other hand, iridium oxides are known to act as efficient water oxidation

342 Tt was reported that the homogeneous Ir complexes have different

catalysts.
catalytic activity from that of heterogeneous iridium oxide nanoparticles, particularly in
terms of the kinetic isotope effect.’” Under the conditions of the catalytic water
oxidation by CAN, however, the ligands of Ir complexes are likely to be oxidized to
produce Ir containing nanoparticles, which could be actual reactive catalysts.

In Chapter 1, I report the water oxidation by CAN using water-soluble Ir(Cp")
complexes, [Ir''(Cp )(4,4’-R,-2,2>-bpy)(H,0)]*" (R = OH (1), OMe (2), Me (3) and
COOH (4)), in Chart 1. The water oxidation rate is quite sensitive to the
electron-donating and -withdrawing substituents at the bpy ligand and the fastest water
oxidation by CAN was observed using 1, which acts as a precatalyst. The reactivity of
the substituted bpy ligands for the oxidation by CAN has also been examined in

comparison with the water oxidation reactivity of the corresponding complexes (1-3).
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The kinetic analysis and the characterization of the catalytically active species have
revealed that the precatalyst 1 is converted to iridium hydroxide nanoparticles, which
are the actual catalysts for water oxidation, during the catalytic water oxidation by
CAN.

Chart 1. Iridium(IIT) Complexes Used for Water Oxidation by CAN

_|2+
R:

OH,
\Ir/ -OH (3)
/ \N -OMe (4)
- 7\ -Me (5)

-COOH (6)

Experimental Section

Materials. All chemicals commercially available were used without further
purification unless otherwise noted. H,IrCls and IrO, were purchased from Fukuya
Metal Chemical. Pentamethylcyclopentadiene was obtained from Kanto Chemicals.
4,4’-Dimethoxyl-2,2’-bipyridine, 4,4’-dimethyl-2,2’-bipyridine and 2,2’-bipyridine
-4,4’-dicarboxylic acid were supplied from Sigma-Aldrich. Cerium(IV) ammonium
nitrate (CAN) was purchased from Wako Pure Chemical. Purification of water (18.2
MQ cm) was performed with a Milli-Q system (Millipore, Direct-Q 3 UV).
4,4’-Dihydroxy-2,2’-bipyridine,  [Ir'"(Cp’){4,4’-(OH),-2,2’-bpy}(H,0)]SOs (1),
[Ir"(Cp"){4.4°-(OMe)>-2,2-bpy} (H20)]1S04 (2), [Ir"(Cp')(4.4’-Mex-2.2’-bpy)(H:0)]-
SO; (3) and [Ir'(Cp){4,4’-(COOH),-2,2’-bpy}(H,0)]SO4 (4) were synthesized
according to the literature and characterized by '"H NMR and mass spectroscopy.*
[Ir"(Cp")(H,0)3]SO4 was prepared by following the reported method.” Iridium
hydroxide nanoparticles were prepared by hydrolysis of H,IrClg in a basic solution and
successive calcination.*

Synthesis of [I'"(Cp){4,4’-(OH)>-2,2’-bpy}(H20)]SOs (1). An aqueous
solution (30 mL) of [Ir(Cp*)(H20)3]SO4 (400 mg, 0.84 mmol) and
4,4’-dihydroxy-2,2’-bipyridine (158 mg, 0.84 mmol) was stirred at 40 °C for 12 h. The
formed yellow crystals were collected by filtration to yield 1 (400 mg, 75%). 'H NMR
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(300 MHz, D20): 6 = 1.64 ppm (s, 15H), 7.13 (dd, J = 6.4, 2.6 Hz, 2 H), 7.66 (d, J =
2.6 Hz, 2H), 8.70 (d, J = 6.4 Hz, 2H); ESI-MS: m/z = 515 [M—SO4-H20-H]+.

Synthesis of [I"(Cp)){4,4’-(OMe)>-2,2’-bpy}(H20)]SO; (2). An aqueous
solution (30 mL) of [Ir(Cp*)(H20)3]SO4 (192 mg, 0.40 mmol) and
4,4’-dimethoxyl-2,2’-bipyridine (86 mg, 0.40 mmol) was stirred at 40 °C for 12 h. The
formed yellow crystals were collected by filtration to yield 2 (223 mg, 85%). 'H NMR
(300 MHz, D>0O): 6 = 1.67 (s, 15H), 4.11 (s, 6H), 7.41 (dd, J = 6.6, 2.2 Hz, 2H), 7.98 (d,
J=2.2Hz, 2H), 8.90 (d, /= 6.6 Hz, 2H).

Synthesis of [Ir'"'(Cp)(4,4’-Me2-2,2’-bpy)(H20)]SO; (3). An aqueous solution
(30 mL) of [Ir(Cp")(H,0)3]SO4 (192 mg, 0.40 mmol) and 4,4’-dimethyl-2,2’-bipyridine
(74 mg, 0.40 mmol) was stirred at 40 °C for 12 h. The formed yellow crystals were
collected by filtration to yield 3 (202 mg, 81%). 'H NMR (300 MHz, D,0): 6 = 1.67 (s,
15 H), 2.65 (s, 6H), 7.71 (dd, J= 5.9, 1.0 Hz, 2H), 8.36 (br, 2H), 8.93 (d, /= 5.9 Hz,
2H).

Synthesis of [I"(Cp){4,4’-(COOH),-2,2’-bpy}(H20)]SO4 (4). An aqueous
solution (30 mL) of [Ir(Cp)(H,0)]S0s (192 mg, 040 mmol) and
2,2’-bipyridine-4,4’-dicarboxylic acid (98 mg, 0.40 mmol) was stirred at 40 °C for 12 h.
The formed yellow crystals were collected by filtration to yield 4 (205 mg, 75%). 'H
NMR (300 MHz, D,0): 6 = 1.70 (s, 15H), 3.7-3.4 (br, 2H), 8.29 (dd, J = 5.9, 1.7 Hz,
2H), 9.01 (d, J= 1.5 Hz, 2H), 9.27 (d, /= 5.9 Hz, 2H).

Synthesis of Iridium Hydroxide (5) and Iridium Oxide (5°). The pH of an
aqueous solution of H,IrCls was adjusted to ~10 by adding 5.0 M NaOH solution with
vigorous stirring at 100 °C. After 1.0 h stirring, precipitates appeared were collected by
a centrifugation. Then, the precipitates were washed by water three times and dried in
vacuo at room temperature and kept at 65 °C for 10 h (5). Iridium oxide (5°) was
obtained by calcination of iridium hydroxide (5) at 600 °C for 3 h.

Catalytic Oxygen Evolution. An aqueous solution of CAN (10 mM) containing
nitric acid (0.10 M, 2.0 mL) in a glass vial (5.0 mL) was sealed with a rubber septum.
The solution was carefully deaerated by bubbling Ar gas for ~10 min. To the solution,
10 uL. of an aqueous solution of a precatalyst was injected via a syringe piercing
through the rubber septum to start the reaction. A small portion (100 uL) of gas in a
headspace was sampled with use of a gas-tight syringe and used for gas analysis. The
evolved oxygen was separated by passing through a molecular sieve SA column with an
Ar carrier gas and quantified by a TCD detector (Shimadzu GC-17A).

Volumetric gas evolution experiments were also performed by dilatometry in a ~7.0
mL sample vial connected with a Teflon® cannula. An aqueous solution of catalysts

(4.0 umol) containing nitric acid (0.10 M, 1.0 mL) in a vial sealed with a rubber septum
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was deaerated by bubbling Ar gas. To this solution, a deaerated aqueous solution of
CAN (1.0 M, 1.0 mL) was injected to start the reaction. The volume of evolved gas was
monitored by transit of a floating bead on water.

Electrochemical Measurements. Cyclic voltammetry (CV) was performed on
an ALS 630B electrochemical analyzer using a glassy carbon electrode as a working
electrode, a saturated calomel electrode (SCE) as a reference electrode, and Pt wire as
an auxiliary electrode. Cyclic voltammograms were obtained in 0.10 M HNO; aqueous
solutions containing Ir complexes (1.0 mM) at room temperature with scanning rate of
100mV s

Isotope-Labeled Experiments. An aliquot (10 uL) of a deaerated H,'*O solution
(88.3% '*0) of 1 (5.0 mM) containing nitric acid (0.10 M) by bubbling He gas was
injected to 1.0 mL of a deaerated H,'*O solution (88.3% '*0) of CAN (10 mM). After
10 min, 50 uL of the gas in a headspace was sampled by using a gas-tight syringe for
gas analysis. The ratio of '°0'°0, '°0'0 and '"*0'0O was determined based on the
intensity of mass spectra (m/z = 32, 34, and 36) obtained by a Shimadzu GC-17A gas
chromatograph [He carrier, TC-FFAP column (GL Science, 1010-15242) at 40 °C]
equipped with a mass spectrometer (Shimadzu, QP-5000).

Kinetic Measurements. All kinetic experiments were performed in a 2.0 mL
solution in a 1 cm cuvette with a UV-vis spectrometer at 25 °C. UV-vis absorption
spectra were recorded on a Hewlett Packard 8453 diode array spectrophotometer.
Absorbance at A = 420 nm (ex0 = 1.16 x 10° cm ' M) due to CAN in an aqueous
solution of nitric acid (0.10 M) was monitored during the catalytic water oxidation by
CAN and each reaction rate was determined from the decay of absorbance at A = 420
nm due to CAN.

Determination of CO, Produced in Oxidation of Ligands by CAN. A nitric
acid solution (0.10 M, 2.0 mL) of CAN (0.12 M) and another nitric acid solution (0.10
M, 1.0 mL) containing ligands (6.0 mM) were deaerated by bubbling N, gas for ~10
min. To the solution of ligands, 1.0 mL of the CAN solution was injected with use of a
syringe to start the reaction. The amount of CO, produced by the oxidation of ligands
by CAN was determined by a Shimadzu GC-14B gas chromatograph (N: carrier, active
carbon with a particle size of 60—80 mesh at 80 °C) equipped with a TCD detector.

Spectroscopic Measurements in Solution. "H NMR spectra were recorded on
a JEOL INM-AL300 spectrometer in D,O solutions. The chemical shifts and relative
integration of Cp" signals were referenced by an external standard solution of 5.0 mM
3-(trimethylsilyl)propanoate-2,2,3,3-d4 acid sodium salt (TSP) in D,O sealed in a glass
capillary. Dynamic light scattering (DLS) measurements were performed with a

Zetasizer Nano ZS instrument (Malvern Instruments Ltd., USA) for aqueous solutions
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containing nitric acid (0.10 M). The DLS instrument used in this study can detect the
particle sizes ranging from 0.6 to 6000 nm.

Characterization of Particles. Transmission electron microscope (TEM) images
of nanoparticles, which were mounted on a copper microgrid coated with elastic carbon,
were observed by a JEOL JEM 2100 operating at 200 keV. X-ray photoelectron spectra
(XPS) were measured by a Kratos Axis 165x with a 165 mm hemispherical electron
energy analyzer. An incident radiation was Mg Ko X-ray (1253.6 eV) at 200 W and a
charge neutralizer was turned on for acquisition. Each sample was attached on a
stainless stage with a double-sided carbon scotch tape. The binding energy of each
element was corrected by C 1s peak (284.6 eV) from residual carbon. TG/DTA data
were recorded on an SII TG/DTA 7200 instrument. Each sample (~3.0 mg) was heated
from 25 °C to 100 °C (held at 100 °C for 10 min) and from 100 °C to 600 °C with a
ramp rate of 2 °C min!. A certain amount of a-Al,O; was used as a reference for DTA
measurements. Nitrogen adsorption-desorption at —196 °C was performed with a
Belsorp-mini (BEL Japan, Inc.) within a relative pressure range from 0.01 to 101.3 kPa.
A sample mass was used for adsorption analysis after pretreatment at 120 °C for 30 min
under vacuum conditions and kept in N, atmosphere until N,-adsorption measurements.
The sample was exposed to a mixed gas of He and N, with a programmed ratio and
adsorbed amount of N, was calculated from the change of pressure in a cell after

reaching the equilibrium (at least 5 min).

Results and Discussion

Catalytic Water Oxidation by CAN with Ir Complexes as Precatalysts.
The catalytic water oxidation by CAN was examined using a series of mononuclear Ir
complexes, [Ir'"(Cp’)(4,4’-R,-2,2>-bpy)(H,0)]SO4 [R = OH (1), OMe (2), Me (3) and
COOH (4)], which may act as precatalysts in an aqueous solution containing nitric acid
(0.10 M). The time course of the reaction was monitored by the UV-vis absorption
change due to CAN as shown in Figure la. The absorbance change at 420 nm due to
CAN is shown in Figure 1b. The apparent turnover frequency (TOF), which was
determined from the CAN consumption rate (—d[CAN]/d¢) divided by amount of
catalyst and four, (—d[CAN]/d¢)/4[catalyst], based on the stoichiometry of the reaction
(eq 1, vide infra), is plotted in Figure lc, where the CAN consumption rate was
determined by the slope from Figure 1b at 25 s interval. In the cases of 24, the
apparent TOF values decrease with reaction time to reach constant values. The constant

values of apparent TOF are in order of 4 < 3 < 2 with increasing the donor ability of the
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Figure 1. (a) Catalytic water oxidation by CAN with the precatalyst 1 monitored by UV-vis absorption
change recorded every 1 min at room temperature. (b) Time courses of concentration of CAN determined
from absorbance change at 420 nm in the catalytic water oxidation by CAN using Ir complexes (5.0 uM),
[1 (red), 2 (blue), 3 (green), 4 (black)], in an aqueous solution (2.0 mL) of CAN (10 mM) containing
nitric acid (0.10 M). (c¢) Time courses of apparent TOF of oxygen evolution in the catalytic water
oxidation by CAN using Ir complexes, [1 (red circle), 2 (blue square), 3 (green diamond) and 4 (black
triangle)]. (d) Time courses of oxygen evolution and CAN consumption [O, was quantified by GC (red)
and the consumed CAN was calculated from the absorption change at 420 nm (black) in the catalytic
water oxidation by CAN (10 mM) with the precatalyst 1 (5.0 uM) in an aqueous solution (2.0 mL)
containing nitric acid (0.10 M)].

substituents, R = COOH < Me < OMe. In contrast to the cases of 2—4, the apparent TOF
value with 1 increased with reaction time to reach around a maximum value (0.75 s '),
which is much larger than the values for the reaction systems with 2—4 (Figure 1c). At
the end of the reaction, the apparent TOF value decreased because most CAN molecules
were consumed. Such an increase in the reaction rate with reaction time is also observed
for the time dependence of oxygen evolution in Figure 1d, where the rate of oxygen
evolution coincides with the rate of consumption of CAN. This indicates that 1 acts as a
precatalyst to produce catalytically more active species during the catalytic water
oxidation by CAN. The amount of evolved oxygen (4.2 umol) is nearly one-fourth of
the amount of CAN (18.8 umol) to confirm the stoichiometry in eq 1.
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2H,0 +4Ce"Y — 0, + 4H" + 4Ce™ (1)

Table 1 summarizes the apparent TOF values of 1-4 for the catalytic water oxidation
by CAN with those reported in the literature. The apparent TOF values in Table 1 were
calculated on the basis of the number of Ir atoms in a solution, thus, the real TOF
normalized by the number of real active sites is larger than the apparent TOF. The
maximum apparent TOF of the precatalyst 1 (0.75 s ') is larger than the TOF (0.60 s'
per one metal center) reported for the catalytic water oxidation by CAN with a dinuclear
Ru complex ([RuyCl(cpp)(4-MePy)]: cpp = 1,4-bis(6’-COOH-pyrid-2’-yl)-
phthalazine),” and also the TOF (0.24 s™') with [Ir'"(Cp")(bpy)CI]Cl, which afforded
the turnover number (TON) of 320 in 8 h.*® Although [Fe(taml)(H,O)]” (taml =
tetraamidomacrocyclic ligand) exhibits a higher TOF value (1.7 s') than the apparent
TOF value with the precatalyst 1, TON with [Fe(taml)(H,O)]” was only 16 and the
catalyst was deactivated before the oxidant was consumed.’” In contrast, the precatalyst
1 kept the high catalytic reactivity for successive 4 times repetitive uses, which were
examined by the addition of CAN after each run, indicating that the total TON was
more than 1500 (Figure 2).

Additionally, electrocatalytic currents in water oxidation with complexes 1-4 (1.0

mM) were recorded against voltage vs saturated calomel electrode (SCE) in 0.10 M

Table 1. Apparent Turnover Frequency (TOF) for Catalytic Water Oxidation by CAN Using
[Ir'"™(Cp*)(4,4’-Ry-bpy)(H,0)]** Complexes (R = -OH, -OMe, -Me, -COOH) Compared with
Reported TOF Values

compound apparent TOF /s~ ref

1 0.75¢ this work
2 0.27¢ this work
3 0.16° this work
4 0.05¢ this work
[Ru,Cl(cpp)(4-MePy)] ™ 0.6° 21
[1r"(Cp")(bpy)Cl]Cl 0.24 28

[Ir(Cp )(OH),(Me,NHC)]* 0.4¢ 31
[Fe(taml)(H,0)] 1.7% 32

“ Apparent TOF was a maximum value determined from CAN consumption rate divided by amount of
catalyst and four, (—d[CANY/df)/4[catalyst], (Figure 1c). " cpp = 1,4-bis(6’-COOH-pyrid-2’-yl)phthalazine.
“ TOF per one metal center. ¢ Me;NHC = N-dimethylimidazolin-2-ylidene. ¢ Taken from the data for O,

evolution in ref 31.7taml = tetraamidomacrocyclic ligand. ¢ TON was as small as 16 (unstable).
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Figure 2. Time courses of CAN consumption determined from the absorbance change at 420 nm in the
catalytic water oxidation by CAN with the precatalyst 1 for repeated 4 cycles. The reaction solution (2.0
mL) contained 5.0 uM of 1, 10 mM CAN and 0.10 M nitric acid.

nitric acid as shown in Figure 3. The anodic currents with 1 started growing around 1.16
V and reached more than 300 uA at 1.5 V. The anodic currents observed with 2 and 3,
which were less active than 1 in water oxidation by CAN, were smaller (around 160 uA
at 1.5 V) and the onset potential was 1.21 V. The smallest anodic current of 4 as low as
150 uA (at 1.5 V) was achieved with the onset potential of 1.26 V. The orders of 14 in
both onset potentials and anodic currents completely matched the order of catalytic
activity in water oxidation by CAN in Figure 1b. These results demonstrated that the
electrochemical water oxidation also took place in the presence of 1-4. The difference
of the CV reflects the susceptibilities of the Ir complexes to oxidative degradation (vide
infra). The lowest onset potential obtained in the presence of 1, indicates that 1 is most
easily converted to other species. Thus, I examined the catalytic water oxidation by
CAN with the precatalyst 1 in more detail (vide infra).
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Figure 3. Cyclic voltammograms of complex 1 (red line), 2 (blue line), 3 (green line), 4 (black line) and
blank (gray line) with a scan rate of 100 mV s in a 0.10 M HNO; aqueous solution; the concentration of

complexes: 1.0 mM.
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Isotope-labeling experiments using '*O-enriched water (88.3%) instead of H,'°O
were conducted to obtain direct evidence for the catalytic water oxidation by CAN with
the precatalyst 1, in which evolved oxygen comes from water. After the reaction,
evolved oxygen in a headspace of a reaction tube was separated by a gas chromatograph
equipped with a molecular sieve column and analyzed by a mass spectrometer. Figure 4
compares the relative mass intensities of '*O-labeled and unlabeled oxygen with
calculated intensities assuming that all evolved oxygen molecules come from water. If
oxygen evolved from the '*O-enriched water (88.3%), the ratio among '°0'°0: '°0'*0:
3080 should be 1.4:21:78. The observed ratio of '°0'°0: °0"0: "*0"80 was 4.0:17:79,
which is virtually the same as the calculated ratio within experimental errors (the
observed ratio should be 78 + 2 for '*0'®0), indicating that evolved oxygen comes
exclusively from water.

When the concentration of 1 was increased from 5.0 uM to 50 uM, the similar
acceleration behavior with reaction time was observed (1% cycle in Figure 5a). The
maximum apparent TOF value with 50 uM of the precatalyst 1 was determined to be
0.47 s (2™ cycle in Figure 5b), which becomes smaller than the value (0.75 s') with
5.0 uM of the precatalyst 1 (Figure 1c). This is consistent with the catalytically reactive
species not being a homogeneous catalyst.*’ ** When CAN was added to the resulting
solution after the reaction of 1* cycle, the apparent TOF value remained the same as the
maximum value in the 1** cycle from the beginning of the 2™ cycle and the 3™ cycle
(Figure 5b). This confirms that 1 acts as a precatalyst which was converted to more
active species during the 1* cycle of the reaction.

Characterization of Active Species Derived from 1. 'H NMR measurements

100
80}
< 60}
o
& 40t
0 | .
32 34 36
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Figure 4. Comparison of relative abundance of '*O-labeled and unlabeled oxygen evolved during the
catalytic oxidation of H,'®O-enriched water (88.3% H,'*0) by CAN (10 mM) with the precatalyst 1 (50
uM) containing nitric acid (0.10 M) (pink: observed mass intensity, gray: calculated values assuming that

evolved oxygen results exclusively from water).
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Figure 5. (a) Time courses of concentration of CAN determined from absorbance change at 420 nm in
the catalytic water oxidation by CAN (10 mM) with the precatalyst 1 (50 uM) in an aqueous solution (2.0

mL) containing nitric acid (0.10 M) for the 1%, 2" and 3™ cycles. (b) Time courses of apparent TOF for
the 1%, 2" and 3" cycles.

were performed for D,O solutions containing 1 (5.0 mM), CAN (0—50 mM) and DNO;
(0.10 M) to detect soluble species after the catalytic water oxidation by CAN. Figure 6a
(black) indicates the reference spectrum for the solution without CAN where '"H NMR
signals from methyl groups of Cp and bpy groups of 4,4’-(OH),-bpy appear at 1.7, 7.2,
7.8 and 8.7 ppm. In the presence of CAN, all the '"H NMR signals from the ligands
shifted to a lower magnetic field and the intensities decreased significantly as compared
with the signal intensity of an external standard (TSP) with increasing CAN
concentration (Figures 6a and 7). The decrease in the signal intensity of Cp~ with an

increase in [CAN]/[1] (Figure 6b) suggests that 1 decomposed to insoluble species,
which were undetected by '"H NMR measurements.”

t
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§ 80
bpy moiety 9.
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Figure 6. (a) 'H NMR spectra of 1 (5.0 mM) in the absence of CAN (black), and the presence 1.0 (blue),
2.0 (green), 4.0 (red) and 10 (pink) equivalents of CAN using TSP in capillary as internal standard in D,O

solutions containing DNO; (0.10 M). (b) Plots of integration of the 'H NMR signal due to the Cp* moiety
of 1 in reference to TSP vs [CAN]/[1] ratio.
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Figure 7. '"H NMR spectra in bpy region of 1 (5.0 mM) in 0.1 M DNO; with 0 (black), 1 (blue), 2
(green), 4 (red) and 10 (pink) equiv of CAN. TSP sealed in a glass capillary was used as an external

standard.

In order to confirm formation of insoluble particles in the solutions, dynamic light
scattering (DLS) measurements were conducted for aqueous solutions after the water
oxidation by CAN with the precatalyst 1. When the solution contained 50 uM of 1 and
10 mM of CAN, the particles with the average size of 348 nm, which is distributed in
the range of 180—1000 nm, were detected by the DLS measurements as shown in Figure
8 (black). When the concentration of 1 was increased from 50 uM to 250 or 500 uM,
formation of larger particles with the average size of 600 nm distributed from 300 to
1100 nm, was observed (blue: 250uM, red: 500 uM in Figure 8). The formation of
larger particles can explain lower TOF values observed for a solution with higher
concentration of 1 (vide supra).

Change of catalysis from homogeneous to heterogeneous has been often discussed
under harsh reaction conditions.*” > The electrochemical deposition of insoluble

111

species has also been reported using [Ir'"(Cp )(OH,)3]SOs4 as a precursor on an

20

15 +

10 +

Number (%)

0

10 102 103 104
Size, nm

Figure 8. Particles size distribution determined by DLS measurements of aqueous solutions of 1 (black:
50 uM, blue: 250 uM and red: 500 uM) with CAN (10 mM) and nitric acid (0.10 M).
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electrode surface with an applying voltage of 1.4 V vs NHE in potassium nitrate.”> An
IR measurement and an elemental analysis of the deposited species indicated that the
deposits contained 9% of carbon as organic substances derived from Cp .>* When
Ir(Cp") complexes have a chelate ligand, i.e., [Ir(Cp )(x*-2-phenylpyridine)Cl] and
[Ir(Cp )(bpy)Cl], the complexes did not form deposits under the electrochemical
reaction conditions.>® In our experiments, the precatalyst 1 readily decomposed to form
catalytically more active nanoparticles in an aqueous solution of CAN containing nitric
acid (0.10 M), whereas 2-4 showed no acceleration behavior under the same
experimental conditions.

The large catalytic activity observed for the precatalyst 1 as compared with 2—4 due
to formation of nanoparticles in the catalytic water oxidation by CAN suggests that the
ligand of 1 is oxidized by CAN. Thus, the oxidation of the ligands of 1-3 by CAN was
examined to compare the reactivity of the ligands.” Time courses of absorbance change
of CAN in the oxidation of the ligands of 1-3 is shown in Figure 9a, where the ligand of
1 [4,4’-(OH),-bpy] exhibited the much larger reactivity as compared with other ligands,
4,4’-(OMe),-bpy and 4,4’-(Me),-bpy. The initial oxidized products of the ligands were
difficult to be characterized, because the polymeric precipitates were obtained after the
ligand oxidation. In the presence of excess CAN, CO, was detected as a fully oxidized
product of ligands. Time courses of CO, formation are shown in Figure 9b, where CO,
is produced much more rapidly for the ligand of 1 as compared with other ligands, in
agreement with the apparent catalytic activity in the water oxidation by CAN (Figure
1b). Thus, the substitution of bpy from OMe to OH resulted in remarkable difference in
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25} 6 4,4-(OH);-bpy
4,4-(Me),-bpy -
e 51
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w
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Figure 9. (a) Time courses of concentration of CAN in the oxidation of 4,4’-(OH),-bpy (pink: 10 mM),
4,4’-(OMe),-bpy (blue: 10 mM) and 4,4’-(Me),-bpy (black: 10 mM) with CAN (2.0 mM) in aqueous
solutions (2.0 mL) containing nitric acid (0.10 M). (b) Time course of CO, evolution in the oxidation of
4,4’-(OH),-bpy (circle: 3.0 mM), 4,4’-(OMe),-bpy (square: 3.0 mM) and 4,4’-(Me),-bpy (triangle: 3.0
mM) with CAN (60 mM) in an aqueous solution (2.0 mL) containing nitric acid (0.10 M).
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terms of the oxidation reactivity of the bpy ligands, leading to the largest reactivity of
the precatalyst 1 for the catalytic water oxidation by CAN. The easy oxidation of the
phenolic-like OH (to quinoid-type structures) may be the reason why complex 1 is the
most easily oxidized of these complexes.

Nanoparticles Derived from 1 Observed by TEM. 'H NMR and DLS
measurements of the solutions after the catalytic water oxidation by CAN with the
precatalyst 1 and the ligand oxidation by CAN clearly indicate the decomposition of 1
to produce nanoparticles (1°) during the water oxidation.® The nanoparticles formed
after the water oxidation were separated from the reaction solution by centrifugation,
washed with water several times and dried in vacuo at room temperature. The obtained
precipitates were observed by transmission electron microscopy (TEM). TEM images of
1’ are displayed in Figure 10. The particles 1’ formed secondary particles whose sizes
were larger than micron order (Figures 10a and 10b). In the high magnification images
of 1’ in Figures 10c and 10d, some primary nanoparticles with the size in the rage of
100-300 nm were observed. TEM images of iridium hydroxide (5) prepared by
hydrolysis of HyIr' Cls with NaOH and iridium oxide (5°) are displayed in Figures 11
and 12 indicate that the size of 5 and 5’ is in the rage of 50-200 nm with an undefined
shape.

TG/DTA and XPS Measurements of 1°. Thermal behavior of 1° was
investigated by TG/DTA measurements under air-flowing conditions. The particles
formed after addition of 10 equivalents of CAN to 2.0 mM of complex 1 in an aqueous
solution (2.0 mL) containing 0.10 M nitric acid were separated by centrifugation,
washed with water several times and dried in vacuo at room temperature. The total

amount of the particles was around 3 mg obtained from the 5 solutions and this was

(@) (b)

©

Figure 10. TEM images of nanoparticles (1°) formed by the reaction of 1 with CAN at different

magnifications (a—d).
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) . -

Figure 11. TEM images at different magnifications (a—d) of iridium hydroxide (5) prepared by a

conventional method.

(b)

Figure 12. TEM images at different magnifications (a—d) of iridium oxide (5’) prepared by a

conventional method.

used for the TG/DTA measurement. Figure 13 shows TG/DTA curve of 1’ in which the
TG curve can be divided into three consecutive stages with weight loss. The first step of
weight loss with an endothermic peak at 120 °C corresponds to the removal of
physisorbed water. The second step from about 200 °C to 300 °C accompanied by an
exothermic peak was assigned to oxidative removal of carbonaceous residues derived
from the ligand because 1 decomposes around 300 °C, which is slightly higher
temperature than the observed weight-loss temperature for 1’ as shown in Figure 14.
Weight loss observed in this step was ca 5%. The third regular weight loss started at
about 430 °C and continued up to about 500 °C is ascribed to dehydration of iridium
hydroxide to iridium oxides. Formation of iridium hydroxide species even under highly
acidic conditions has been reported previously.”’ The weight loss observed in this step
was nearly 8.0%, which is close to 7.8% weight loss expected at the dehydration
process from Ir(OH); to IrO,.
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Figure 13. TG/DTA data for 1’ (TG curve: black, DTA curve: red). The temperature increased from 25
°C to 600 °C with a ramp rate of 2 °C/min.
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Figure 14. TG/DTA data for (a) the Ir complex 1, (b) iridium hydroxide (5) and (c) iridium oxide (5°);
TG curve (black) and DTA curve (red). The temperature increased from 25 °C to 100 °C (held at 100 °C
for 10 min) and from 100 °C to 600 °C with a ramp rate of 2 °C min .

In order to confirm the weight-loss assignment for each step, TG/DTA measurements
were performed for iridium hydroxide (5). The TG curve of iridium hydroxide in Figure
14b showed only two consecutive steps because of the absence of a step for removal of
contaminated organic species observed in the case of 1°. The weight loss at the second
step of iridium hydroxide starting from 450 °C attributed to dehydration of iridium
hydroxide was observed as the third step for 1’ around 450 °C. Thus, the thermal
analysis of 1’ suggests that 1’ before calcination is mainly composed of Ir(OH); with ca
5 % of carbonaceous residues derived from organic ligands of 1.

To determine surface conditions of the nanoparticles (1”) produced in the catalytic
water oxidation by CAN with the precatalyst 1, X-ray photoelectron spectroscopy
(XPS) measurements of 1” were performed for the energy regions of Ir 4f, O 1s and C
1s with reference to commercially available IrO, and iridium hydroxide (5). As reported
previously, the binding energy of Ir 4fs), reflects the valence of Ir ions sensitively where
the binding energies of Ir 4fs, for I, It and 1" are reported to be 61.0 eV, 62.0 eV
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and 63.7 eV, respectively.”® ® The XPS spectra of Ir 4f and O 1s for 1°, 5 and the IrO,
are shown in Figure 15. The binding energy of Ir 4fs,, of both the IrO, and 5 was 61.9
eV, which is close to the reported binding energy of 62.0 eV for Ir(III) species.’® The Ir
415, peak of 1’ appeared at 62.8 eV, which is shifted to higher binding energy by 1.1 eV
compared with the Ir 4fs5, peak of the IrO,, but still closer to the reported value for
Ir(IIT) rather than Ir(IV). However, the actual oxidation state of the surface of Ir
nanoparticles (1) has yet to be determined because X-ray-induced reduction during
XPS measurements may affect the observed oxidation state.’’ * The O 1s peaks of 1°, 5
and the IrO, appeared at 532.3 eV, 531.3 eV and 530.2 eV, respectively. An increase in
the binding energy of O 1s peak of 1’ and 5 results from formation of hydroxide species
as often reported previously.®® The larger shift observed for O 1s peak of 1° than that
of 5 may be due to the high valence of Ir species. Formation of iridium hydroxide
species in 1’ is also supported by TG/DTA results as described above. Additionally,
XPS measurements for the energy region of N 1s was performed for 1°, however, no
peak was detected, indicating no occlusion of bpy ligand in the nanoparticles. Thus, it
can be concluded that 1’ derived from 1 after the water oxidation by CAN is composed
of Ir(OH); and carbonaceous residues.

Catalytic Activity of Iridium Hydroxide for Water Oxidation by CAN. The

catalytic activity of 1’ derived from 1 for the water oxidation by CAN was compared
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Figure 15. X-ray photoelectron spectra in the binding energy regions of Ir 4f and O 1s for (a and b) 1°, (c

and d) 5 and (e and f) commercially available IrO,.
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with that of [IrCp (OH,)3;]SO4 which contains no organic ligand other than Cp'. Each
catalyst (2.0 mM) was immersed in an aqueous solution containing nitric acid (2.0 mL,
0.10 M). The evolved gas was quantified by dilatometry every minute. As shown in
Figure 16 (blue for 1’ and red for [IGC*(OH2)3]SO4), the TOF in first two minuets
observed with [IrCp (OH);]SO4 was more than four times larger than that of 1°.
Particles were also formed when adding CAN to [IGC*(OH2)3]SO4 in 0.10 M HNO;
(Figure 17). This result clearly indicates that bpy-ligand is not effective for water
oxidation by CAN. Then, the catalytic activity of iridium hydroxide (5) and iridium
oxide (5’), which was obtained by calcination of 5 at 600 °C, were compared with the
reactivity of precatalyst 1, because 5° has been reported as the most active catalyst for

A 42
the water oxidation.*’

The catalytic water oxidation by CAN with the precatalyst 1, 5
and 5’ (2.0 mM Ir-basis) was conducted using a large concentration of CAN (0.50 M) in
an aqueous solution containing nitric acid (0.10 M). The initial (< 2 min) rate of oxygen
evolution with 1° (0.19 umol s™', TOF = 0.048 s ') was similar to that with 5 (0.17
umol s, TOF = 0.043 s), although the TOF value of 1> (0.048 s') at a high
concentration of CAN (0.50 M) is much lower than the value (0.75 s') at a low
concentration of CAN (10 mM) in Table 1. The overall catalytic activity of 1’ at
prolonged reaction time (> 2 min) is significantly higher than that of 5°, which was
deactivated faster as compared with 1’ (Figure 16 blue and black). The difference in
catalysis between 5 and 5° became more obvious when surface-area-corrected TOF
values are compared. The catalytic activity of 5 and 5’ are summarized in Table 2.
Surface-area-corrected TOF (TOF;) of 5 is 1.6 s is significantly higher than that of 5°

(0.23 s™). The TOF; values for 5 and 5' are estimates because ambiguities exist when

— [IrCp*(H0)5]S0,
— precatalyst 1
—5

6
Time, min

0 100 200 300 400 500
Time, min
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Figure 16. Time courses of oxygen evolution by the catalytic water oxidation by CAN (0.50 M) with the
precatalyst 1 (blue: 2.0 mM), [IrCp (H,0);]SO4 (red: 2.0 mM), iridium hydroxide 5 (green: 2.0 mM
Ir-basis) and iridium oxide 5’ (black: 2.0 mM Ir-basis) in an aqueous solution containing nitric acid (0.10

M) measured by dilatometry. The inset shows the initial time courses.
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Figure 17. TEM images at different magnifications (a—d) of the particles from [IGC*(H2O)3]SO4

prepared by adding 10 equivalents of CAN to 2.0 mM of [IrCp (H,0)3]SO, in 0.10 M nitric acid.

Table 2. Oxygen Evolution Rates, TOF, BET Surface Area and Surface-Area-Corrected TOF
Values (TOF;) of Iridium Hydroxide (5) and Iridium Oxide (5°)

iridium hydroxide (5) iridium oxide (5”)
Ro, (umol s™)* 2.1 0.17
TOF (s 'Y’ 0.54 0.043
BET (m* g ) 88 51
TOF, (s ')° 1.6 0.23

“See Figure 16 for experimental conditions. O, evolution rate was obtained from initial rate. ” Turnover
frequency for O, evolution calculated on the basis of the number of Ir atoms in the reaction solution.
Turnover frequency calculated on the basis of the number of Ir atoms on the surfaces of catalytic particles

(see Figure 18, vide infira).

Calculation of the numbers of Ir atoms on the particles surfaces
The numbers of surface Ir atoms were calculated by following equation.

Ny=[Npyx(d/ fw)]Z/3 x (number of Ir atoms in chemical formula) x (catalyst weight) x (SA)

N : number of surface Ir atoms

Ny : the Avogadro’s number

d : density of Ir-based metal oxide (IrO, for 11.7 g cm"3)
f: formula weight of Ir-based metal oxide

SA: BET surface area

number of surface Ir atoms in
the reaction solution

Iridium hydroxide (5) 88 8.1 x 10"

BET surface area (m2 g'l)

Iridium oxide (5%) 51 4.6 x10"

Figure 18. Calculation of the numbers of Ir atoms on the particles surfaces.
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cross-correlating electrochemical active area and BET surface area, particularly for
hydrous oxides.®® Indeed, if there were a slight underestimate of the surface area for the
amorphous material, the TOF; values would be a disparate between 5 and 5'. However,
more than 7 times larger TOF; value of 5 than that of 5> implies that 5 is certainly more
active than 5°. Thus, the higher catalytic activity of 1’ was ascribed to formation of

iridium hydroxide during the reaction.

Conclusion

Catalytically active nanoparticles for water oxidation by cerium(IV) ammonium
nitrate, CAN, were obtained by the reaction of [Ir"(Cp"){4,4’-(OH),-2,2’-
bipyridine} (H,0)]*" (1) with CAN in an aqueous solution containing nitric acid. Such
catalytically active nanoparticles were hardly produced from iridium Cp  complexes
with other substituted-bpy ligands ([I'"(Cp")(4,4°-R,-2,2’- bipyridine)(H,0)]*", R =
OMe, Me and COOH) during the water oxidation. The formation of catalytically active
nanoparticles from 1 may result from the highest oxidation susceptibility of
4,4’-(OH),-bipyridine, which is the ligand of 1, among the substituted-bpy ligands.
TG/DTA and XPS measurements conducted for the nanoparticles produced from 1 after
the water oxidation by CAN indicate that the nanoparticles are composed of iridium
hydroxide with a small amount of carbonaceous residues. However, the actual reactive
species on the surface of iridium hydroxide nanoparticles during the water oxidation has
yet to be clarified. Nevertheless, the present study has demonstrated that the choice of
the precursor for generation of the catalytically active nanoparticles is of primary

importance to achieve the high catalytic activity and stability for the water oxidation.
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Chapter 2

Water-Soluble Mononuclear Cobalt Complexes with Organic Ligands

Acting as Precatalysts for Efficient Photocatalytic Water Oxidation
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Abstract: The photocatalytic water oxidation to evolve O, was performed by
photoirradiation (A > 420 nm) of an aqueous solution containing [Ru(bpy)s]*" (bpy =
2,2’-bipyridine), Na,S,0s and water-soluble cobalt complexes with various organic
ligands as precatalysts in the pH range of 6.0-10. The turnover numbers (TONs) based
on the amount of Co for the photocatalytic O, evolution with [Co"(Mestren)(OH)]*" (1)
and [Co™(Cp")(bpy)(OH2)]** (2) [Megtren = tris(N,N -dimethylaminoethyl)amine, Cp"
= 1 -pentamethylcyclopentadienyl] at pH 9.0 reached 420 and 320, respectively. The
evolved O; yield increased in proportion to concentrations of precatalysts 1 and 2 up to
0.10 mM. However, the O, yield dramatically decreased when the concentration of
precatalysts 1 and 2 exceeded 0.10 mM. When the concentration of Na,S,0Og was
increased from 10 mM to 50 mM, CO, evolution was observed during the
photocatalytic water oxidation. These results indicate that a part of the organic ligands
of 1 and 2 were oxidized to evolve CO, during the photocatalytic reaction. The
degradation of complex 2 under photocatalytic conditions and the oxidation of Mestren
ligand of 1 by [Ru(bpy);]*" were confirmed by '"H NMR measurements. Dynamic light
scattering (DLS) experiments indicate the formation of particles with the diameter of
around 20 + 10 nm and 200 + 100 nm during the photocatalytic water oxidation with 1
and 2, respectively. The particle sizes determined by DLS agreed to those of the
secondary particles observed by TEM. The XPS measurements of the formed particles
suggest that the surface of the particles is covered with cobalt hydroxides, which could
be converted to active species containing high-valent cobalt ions during the
photocatalytic water oxidation. The recovered nanoparticles produced from 1 act as a

robust catalyst for the photocatalytic water oxidation.
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Introduction

Solar energy is used efficiently to produce high-energy chemicals such as sugar by
photosynthesis, in which an oxygen-evolving complex composed of a manganese-0xo
cluster with a calcium ion oxidizes water to extract electrons and protons.'® In order to
mimic the photosynthesis artificially, light-harvesting and charge-separation units as
well as catalytic units for water oxidation and CO, fixation should be developed.”'” To
date, the development of efficient water oxidation catalysts (WOCs) is a bottleneck to
attain the artificial photosynthesis because water oxidation is a challenging process
including multi-electron transfer coupled with multi-proton transfer.'®**

For the past few decades, extensive efforts have been devoted to develop WOCs
using various metal complexes.” > Many multi- or mononuclear ruthenium complexes
with organic ligands have been demonstrated to act WOCs since the finding of a
binuclear ruthenium complex, so-called “blue dimer”, which catalyzes the water
oxidation by an oxidant such as ammonium cerium nitrate.” ® Iridium complexes have
also been demonstrated as effective WOCs in late years, such as mononuclear iridium
complexes with a Cp’ (Cp = n’-pentamethylcyclopentadienyl) ligand.®”’* However,
the drawbacks of these precious metals are high prices and limited stocks for any
practical applications.

Recently, cobalt-based compounds have attracted many researchers, because cobalt
is much more abundant and less expensive than ruthenium and iridium.” ™ For
example, a thin film of cobalt phosphate prepared by electrodeposition exhibits low
overpotential and high catalytic reactivity for the water oxidation.*"* Co30, has also
been reported to act as an active catalyst in the heterogeneous photocatalytic water
oxidation with [Ru(bpy);]*" (bpy = 2,2’-bipyridine) as a photosensitizer and Na,S,05 as
a sacrificial electron acceptor.'®’® Besides the electrochemical and the photocatalytic
water oxidation, the thermal water oxidation can be catalyzed by WOCs containing
Co(Il) ions with a one-electron oxidant such as [Ru(bpy):]’~.”* Thus,
cobalt-containing materials are promising candidates for WOCs in developing the
artificial photosynthesis.

On the perspective of cobalt complexes, mononuclear cobalt complexes with organic
ligands are attractive candidates, because catalytically active cobalt ions can be isolated
in the atomic level and their reactivity can be controlled by changing the chemical
structure of ligands as far as they are stable under highly oxidative conditions. A
tetranuclear cobalt polyoxometalate complex of [Co'4(H20)a(a-PWo034),]'"", which
contains no organic ligand, has been reported to act as an efficient catalyst in the

homogenous photocatalytic system using [Ru(bpy);]*" and Na,S,04.** Although it has
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recently been reported that the tetranuclear cobalt polyoxometalate complex
decomposed at pH 8.0 in the electrochemical water oxidation,* no evidence has shown
that such decomposition undergoes in the homogenous water oxidation. It is important
for developing highly active water oxidation catalysts to unveil what is the true catalyst
when degradable catalytic complexes are employed as a catalyst.

In Chapter 2, I report the photocatalytic water oxidation using [Ru(bpy):]*™ as a
photosensitizer and Na,S,Og as a sacrificial electron acceptor in the presence of a
water-soluble ~ mononuclear cobalt complex with an organic ligand,
[Co"(Megtren)(OH2)]** (1), [Co™Cp (bpy)(OH)*" (2), [Co"(12-TMC)*" (3) or
[CoH(l3-TMC)]2+ (4) (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane
and 13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane) (Chart 1). The
catalytic reactivity in water oxidation using 1-4 as precatalysts was compared with that
using Co(NOs), possessing no organic ligands but reported to catalyze water
oxidation.”” ™ The kinetic analysis and the characterization of the actual reactive
catalyst together with oxidation of the ligands have revealed that both 1 and 2 were
converted to nanoparticles during the photocatalytic water oxidation and that the
nanoparticles composed of Co(OH)y are the active catalysts for the water oxidation

reactions.

Chart 1. Chemical Structures of Mononuclear Water-Soluble Cobalt Complexes Used as
Precatalysts (a) [Co"(Megtren)(OH,)]** (1), (b) [Co™ (Cp ) (bpy)(OH)I* (2), (¢) [Co"(12-TMC)]**
(3) and (d) [Co"(13-TMC)]** (4). (¢) A Scheme Showing the Overall Catalytic Cycle for
Photocatalytic Water Oxidation with [Ru(bpy)3]2+, Na,S,05 and a Cobalt-Containing Catalyst

(a) (b) (c) (d)
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Experimental Section

Materials. All chemicals commercially available were used without further
purification unless otherwise noted. Co(NOs3), and 2,2’-bipyridine were purchased from
Wako Pure Chemical Industries Ltd. Pentamethylcyclopentadiene was obtained from
Kanto Chemical Co., Inc. [Ru(bpy);]Cl, was obtained from Tokyo Chemical Industry
Co., Ltd. Co(ClOs), and tris(2-ethylamino)amine were supplied from Sigma-Aldrich Co.
Purified water (18.2 MQ cm) was obtained using a Milli-Q system (Millipore, Direct-Q
3 UV). [Ru(bpy);](ClO4), was synthesized by adding an aqueous solution of HCIO4 to
an aqueous solution of [Ru(bpy);]CL. [Co"(Mestren)(OH,)](ClO), (1),F" ™
[Co™(Cp")(bpy)(OH2)](PFe), (2),°"°" [Ru(bpy)s](ClO4);™ were synthesized according
to the literature procedures and characterized by electrospray ionization mass
spectroscopy and 'H NMR. Authentic Co3O4 was synthesized according to previous
reports.””> [Co"(12-TMC)](C10,), and [Co"(13-TMC)](ClO,), were synthesized
according to a previous report.”

Synthesis of Tris(N, N’-(dimethylamino)ethyl)amine (Mestren). Mestren
was prepared according the reported procedure (M. Ciampoli, et al. Inorg. Chem. 1966,
5, 41). '"H NMR (300 MHz, CDCl;): § = 2.16 ppm (s, 18H), 2.30 (m, 6 H), 2.54 (m, 6
H).

Synthesis of [Co(Mestren)(OH2)](ClO4). (1). Co(ClO4),-6H,O (1.83 g) was
dissolved in a 30 mL of CH3CN solution containing Megtren (1.15 g). The solution was
stirred for 2 h at room temperature. Et,0O (150 mL) was added to the mixture to yield
pale purple precipitate, which was filtered and dried in vacuo. The purple powder was
recrystallized from CH;CN-Et,0. Yield: 72% (1.89 g). ESI-MS in CH3CN: m/z = 342.2
for [Co(Megtren)C1]" and m/z = 388.1 for [Co(Mestren)(ClO4)]".

Synthesis of [Co(Cp )(bpy)(OH2)1(PF¢)2 (2). Pentamethylcyclopentadiene (Cp”,
25 mL) and tert-butyllithium (~1.7 M in n-pentane, 90 mL) were combined in an
equimolar amount (1:1) in n-pentane at 203 K. The solution was stirred and slowly
allowed to warm up to room temperature. After stirring for further 24 h at room
temperature, a white suspension was filtered as pentamethylcyclopentadienyllithium
(Cp'Li) by an inert gas frit. The anhydrous CoCl, (1.32 g) was added to the solution of
Cp'Li (1.42 g) in 20 mL of tetrahydrofuran. The mixture was stirred for 3 h at room
temperature until the brown solution became green-brown. Afterwards the solution was
concentrated to a smaller volume under reduced pressure and extracted with 100 mL of
n-pentane. The brown extractions were bubbled by CO gas for 30 min through the
solution.  Di-u-chloro-bis[chloro(pentamethylcyclopentadienyl)cobalt]  ([(u-Cl)(Co-
Cp C1)],) was obtained as green powder. The [(u-C1)(CoCp C1)]> (100 mg) in 20 mL of
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water was stirred with the stoichiometric amount of AgPFs (191 mg) for 4 h at the room
temperature. After filtering off AgCl as precipitates, 2,2’-bipyridine (65 mg) was added
to the filtrate. The reaction was completed in 15 min at 313 K. An aqueous solution of
NH,PFs was added to the reaction solution to obtain crystalline product. '"H NMR (300
MHz, D;0O): 6 = 1.27 ppm (s, 15H), 8.04 (t, 2 H), 8.36 (t, 2 H), 8.44 (d, 2 H), 9.78 (d, 2
H).

Photocatalytic Water Oxidation. Photocatalytic water oxidation was performed
as follows. A cobalt complex or Co(NO3), (0.0050-2.5 mM) was added to a buffer
solution (50 mM, pH 7.0 and 8.0 for phosphate buffer and 100 mM, pH 9.0 and 10 for
borate buffer) containing Na,S,0g (10 or 50 mM) and [Ru(bpy);](ClO4), (0.50 mM)
purged with Ar gas for 10 min in a vial (i.d. ~1 cm) sealed with a rubber septum. The
reactions were started by irradiating the solution with a Xe lamp (500 W) through a
transmitting glass filter (A > 420 nm) at room temperature. After each irradiation time,
100 uL of Ar was injected into the vial and then the same volume of the gas in the
headspace of the vial was sampled by a gas tight syringe and used for gas
chromatography (GC) analysis. The O, in the sampled gas was separated by passing
through a molecular sieve SA column with an Ar carrier gas and quantified by a thermal
conductivity detector (TCD, Shimadzu GC-17A). The total amount of evolved O, was
calculated from the concentration of O, in the headspace gas.

Water oxidation with [Ru(bpy)s]>" was performed as follows. A buffer solution (pH
8.0) containing a Co species (50 uM) in a vial sealed with a rubber septum was
carefully deaerated by Ar gas for 10 min. The solution was withdrawn (2.0 mL) by a
syringe and injected to 3.0 umol (1.5 mM) of [Ru(bpy)s;]’" in another vial sealed with a
rubber septum with flowing Ar gas. After the solution was injected completely and Ar
gas was stopped, the solution was stirred vigorously for 10 min. A small portion (100
uL) of the gas in the headspace of the vial was sampled by a gas-tight syringe and used
for gas analysis by GC.

The quantum yields of O, evolution were determined for the photocatalytic water
oxidation under the following conditions. A square quartz cuvette (light path length: 10
mm), which was filled with a buffer solution (50 mM, pH 8.0 phosphate buffer)
containing Na,;S;03 (10 mM), [Ru(bpy);](ClO4), (0.50 mM) and 1 or 2 (50 uM), was
irradiated with monochromatized light of A = 450 + 10 nm from a Shimadzu
RF-5300PC fluorescence spectrophotometer. The total number of incident photons was
measured by a standard method using an actinometer (potassium ferrioxalate,
Ks[Fe'"(C,04)3]) in an aqueous solution at room temperature where photon flux was
determined to be 3.67 x 10°® einstein s . The evolved O, in a headspace of the cuvette

was quantified by GC.

39



Isotope-Labeling Experiments. An H,'°0 (44.9% '*0) solution of phosphate
buffer (25 mM, pH 8.0) containing 1 (50 mM), [Ru(bpy);](ClO4), (0.25 mM) and
NaS:05 (5.0 mM) was irradiated by a Xe lamp (A > 420 nm) in a vial sealed with a
rubber septum after bubbling He gas. After 10 min, a small portion (50 mL) of the gas
in a headspace was sampled by using a gas-tight syringe for gas analysis. The ratio of
190", "*0'0 and "*0'*0 was determined based on the intensity of mass spectra (m/z
= 32, 34, and 36) obtained by a Shimadzu GC-17A gas chromatograph [He carrier,
TC-FFAP column (GL Science, 1010-15242) at 40 °C] equipped with a mass
spectrometer (Shimadzu, QP-5000).

CO, Detection. A buffer solution (pH 9.0, 2.0 mL) containing Na,S,0g (50 mM),
[Ru(bpy)3](ClO4)2 (0.50 mM) and cobalt catalysts (0—2.5 mM) was sealed in a vial with
a rubber septum. The solution was carefully deaerated by bubbling N, gas for 10 min.
After photoirradiation of the solution by a Xe lamp (A > 420 nm), a small portion (50
uL) of the gas in the headspace was extracted by a gas-tight syringe and analyzed by a
Shimadzu GC-14B gas chromatograph (N, carrier, active carbon with a particle size of
60 — 80 mesh at 80 °C) equipped with a TCD.

Spectroscopic Measurements. 'H NMR spectra were recorded on a JEOL
JNM-AL300 spectrometer in CD3CN or D,0 solutions. Dynamic light scattering (DLS)
measurements were performed with a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., USA) for reaction solutions. The DLS instrument used in this study
can detect the particle sizes ranging from 0.6 to 6000 nm. UV-vis absorption spectra
were recorded on a Hewlett Packard 8453 diode array spectrophotometer.

Electrochemical Measurements. Cyclic voltammetry (CV) was performed on
an ALS 630B electrochemical analyzer using a glassy carbon electrode as a working
electrode, a saturated calomel electrode (SCE) as a reference electrode, and a Pt wire as
an auxiliary electrode. Cyclic voltammograms were obtained in buffer solutions (pH 8.0,
2.0 mL) containing ligands (4.0 mM) at room temperature with a scanning rate of 100
mVs .

Characterization of Particles. Transmission electron microscope (TEM) images
of nanoparticles, which were mounted on a copper microgrid coated with elastic carbon,
were observed by a JEOL JEM-2100 operating at 200 keV. X-ray photoelectron spectra
(XPS) were measured by a Kratos Axis 165x with a 165 mm hemispherical electron
energy analyzer. An incident radiation was Mg Ko X-ray (1253.6 eV) at 200 W and a
charge neutralizer was turned on for acquisition. Each sample was attached on a
stainless stage with a double-sided carbon scotch tape. The binding energy of each
element was corrected by C 1s peak (284.6 eV) from residual carbon. TG/DTA data
were recorded on an SII TG/DTA 7200 instrument. Each sample was heated from 25 °C

40



to 100 °C (held at 100 °C for 10 min) and from 100 °C to 300 °C with a ramp rate of
2 °C/min. A certain amount of a-Al,O3; was used as a reference for DTA measurements.
Powder X-ray diffraction (XRD) patterns were recorded by a Rigaku Ultima IV.
Incident X-ray radiation was produced by Cu X-ray tube, operating at 40 kV and 40 mA

with Cu Ko radiation of 1.54 A. A scanning rate was 4° min ' from 10° to 80° in 26.

Results and Discussion

Photocatalytic Water Oxidation with Cobalt Complexes as Precatalysts.
The reaction was executed by photoirradiation (A > 420 nm) of a buffer solution (2.0
mL, initial pH 8.0) containing 0.50 mM [Ru(bpy):]*", 10 mM Na,S,0z and a cobalt
complex, [Co"(Megtren)(OH2)]*" (1), [Co™(Cp")(bpy)(OH2)*" (2), [Co"(12-TMC)]**
(3) or [Co"(13-TMC)]*" (4) (see Chart 1), or Co(NOs), (50 uM) as a precatalyst. The
time courses of O, evolution in the headspace of a vial are shown in Figure 1. No O,
evolution was confirmed from a reaction solution without cobalt species. O, evolution
was observed with all cobalt species, indicating cobalt species are an effective
precatalyst for the photocatalytic water oxidation. As previously reported, Na,S,0s acts

as a two-electron acceptor (eq 1).* In such a case, the stoichiometric amount of O,
2H,0 + 2Na,S,05 — O, + 4H™ + 4Na™ + 4S0,> (1)

evolution should be 10 umol in the present reaction system. Among the reaction
systems with Co species, the largest amount of evolved O, was obtained with
precatalyst 1 (5.4 umol), where the amount of evolved O, increases in the order of 1 ~
Co(NO3),>3>2>4.

Table 1 summarizes the turnover numbers (TONs) in 10 min based on Co in a
solution and O, yields of the reaction systems containing cobalt complexes 1-4 as
precatalysts in the photocatalytic water oxidation together with those of Co(NO3), and
cobalt complexes reported in the literature.*>*® The direct comparison of catalytic
activity reported in the literature is difficult, because catalytic behavior highly depends
on a trivial change in reaction conditions. Additionally, coexisting ions such as counter
anions influenced on the catalytic behavior of Co species. When [Ru(bpy);]Cl, was
employed as a photosensitizer instead of [Ru(bpy);](ClOs4),, the O, yield was suddenly
decreased from 54% to only 9% in the water oxidation with precatalyst 1 (Figure 2a).
However, the TON of 54 obtained with precatalyst 1 is similar to those of Co(NOs3), and
[Co"4(H20)2(PW034),]'"".¥ The TON of 29 obtained with precatalyst 2 is higher than
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Figure 1. Time courses of O, evolution under photoirradiation (Xe lamp, A> 420 nm) of a buffer
solution (2.0 mL, 50 mM phosphate, pH 8.0) containing [Ru(bpy)s]** (0.50 mM), Na,S,05 (10 mM) and a
mononuclear cobalt complex (50 uM), [Co"(Megtren)(OH,)]*" (red), [Com(Cp*)(bpy)(OHz)]2+ (green),
[Co"(12-TMC)T*" (black), [Co"(13-TMC)]*" (yellow) or Co(NOs), (50 uM, blue) as a precatalyst.

Table 1. Turnover Numbers (TONs) and O, Yields for Photocatalytic Water Oxidation with
Cobalt Species (Precatalysts) Compared with Reported TONs and O, Yields under the Condition of
pH 8.0

Co species (precatalysts) TON * yield b (%) ref

1 54¢ 54 (62% this work
2 29¢ 29 (60%) this work
3 16¢ 16 this work
4 41¢ 41 this work
Co"(NO;), 52¢ 52 (229 this work
[Co"4(H,0)2(PWo014),]'" 56° 45 83
Co"™,04(0AC)4(py)i 10 31 86

“TON is defined as the total number of moles of O, per mole of precatalyst. ” Yield is defined as the two
times moles of O, per mole of Na,S,0s. © Catalyst concentration was 50 uM. ¢ At pH 10. ¢ TON per one
metal center and concentration of catalysts was 5.0 uM. "OAc = acetate, py = pyridine. ¢ TON per one

metal center and at pH 7.

that of [Co"404(OAc)4(py)s] (TON: 10).%

The reaction mechanism in the photocatalytic water oxidation depicted in Chart le was
evidenced by the two independent experiments, which confirmed the generation of
[Ru(bpy)s]’" by photoirradiation of the solution containing [Ru(bpy);]*~ and Na,S,0s
and the thermal water oxidation by [Ru(bpy);]*" in the presence of precatalyst 1 or 2.
Among the Co complexes of 14, only complex 2 contains Co(IIl) species, which

allows to observe 'H NMR spectra of the ligands owing to the diamagnetic property of
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Figure 2. Time courses of O, evolution by using [Ru(bpy);](ClO4), (black, 0.50 mM) or [Ru(bpy);]Cl,
(red, 0.50 mM) in 2.0 mL of phosphate buffer containing 1 (50 uM) and Na,S,0g (10 mM) at initial pH

8.0 to clarify the coexistence effect of Cl” ion on O, evolution.

Co(III). Thus, we examined the photocatalytic water oxidation in detail with precatalyst
1 exhibiting the highest activity, precatalyst 2 containing Co(III) species and Co(NOs3),

possessing no organic ligand. As shown in Chart le and eq 2, photoexcitation of
2[Ru'(bpy)s]*" + Na»$:05 % 2[Ru"(bpy)s]** + 2Na* + 2S0,> )

[Ru(bpy)s]*" results in generation of [Ru(bpy):]’” by the oxidative quenching of the
photoexcited state ([Ru(bpy)s]*": *denote the excited state) with Na,S,Os. The
generation of [Ru(bpy)s]’” was monitored by the absorption band at 670 nm assigned to
[Ru(bpy)s]’". The time course of [Ru(bpy)s]’" generation by photoirradiation in the

presence of Na,S,0s is shown in Figure 3. The efficiency of [Ru(bpy)s]’" generation
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Figure 3. (a) UV-vis spectral changes of [Ru(bpy);]*" (0.50 mM) to produce [Ru(bpy);]*" in 2.0 mL of
phosphate buffer (50 mM, pH 8) containing with Na,S,0g (10 mM) by photoirradiation with a Xe lamp
using a band pass filter (440-460 nm). (b) Time course of [Ru(bpy);]’" concentration under the

photoirradiation determined from the absorbance change at 670 nm under the conditions of (a).
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calculated from the absorbance change was around 60% at pH 8.0. The efficiency lower
than 100% may result from the low oxidation efficiency of [Ru"(bpy):]*" by one
9296 or the ligand oxidation of [Ru(bpy):]>™ (vide infra).

The thermal water oxidation by [Ru(bpy)s]’" (1.5 mM) in eq 3 was examined in the

electron reduced Na,S,0g

4[Ru™(bpy)s]*" + 2H,0 — 4[Ru"(bpy)s]*" + O, + 4H" (3)

presence of precatalyst 1 or 2 (50 uM) in 2.0 mL of a phosphate buffer (pH 8.0). When
a buffer solution of 1 or 2 was added to [Ru(bpy);]’" at room temperature, the color of
the solution was changed from green to orange within 5 min. Evolved O; in the
headspace was analyzed and quantified by GC after 10 min for each reaction system,
where the O, yields with precatalysts 1 and 2 were 52 + 5% and 36 + 5%, respectively.
Thus, the thermal water oxidation by [Ru(bpy)s]’” was achieved by precatalyst 1 or 2.
Isotope-labeling experiments using '*O-enriched water (44.9%) instead of H,'°0 were
conducted with precatalyst 1 to obtain direct evidence for the water oxidation in which
the source of evolved O, was water (eq 1). After the reaction, evolved O; in a headspace
of a reaction vial was separated by a gas chromatograph equipped with a molecular
sieve column and quantified by a mass spectrometer. Figure 4 compares the relative
mass intensities of '®O-labelled and unlabeled O, with calculated intensities assuming
that all evolved O, molecules derive from water. If O, was derived from the
0-enriched water (44.9%), the ratio of '°0'°0: '°0"*0: "*0"*0 should be 30:50:20.
The observed ratio of '°0'°0: '°0'*0: "*0'*0 was indeed 26:51:23, which is virtually

the same as the calculated ratio within experimental errors, indicating that evolved O,
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Figure 4. Comparison of relative abundance of '®O-labeled and unlabeled O, evolved in the
photocatalytic oxidation of a buffer solution (1.0 mL) prepared with '®O-enriched water (44.9% H,'*0)
containing precatalyst 1 (50 uM), [Ru(bpy)s]** (0.50 mM) and Na,S,05 (10 mM) (pink, observed mass

intensity; grey, calculated values assuming that evolved O, results exclusively from water).
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comes exclusively from water. These experimental results support the stepwise process
of the photocatalytic water oxidation depicted in Chart lc.

The quantum yields for the photocatalytic water oxidation with precatalysts 1 and 2
at pH 8.0 were determined to be 32% and 30%, respectively (see Experimental Section).
These quantum yields were determined by dividing the net values for precatalysts 1
(19%) and 2 (18%) by the efficiency of [Ru(bpy)s]’" generation (60% at pH 8.0) by
photoirradiation in the presence of Na,S,0s (eq 2). The quantum yields normalized by
the efficiency of [Ru(bpy);]’" generation were as high as that of [Co"4(H,0).-
(PW034)2]'" (30%) at pH 8.0. TONs, O, yields and quantum yields of precatalysts 1
and 2 in the photocatalytic water oxidation were similar to those of cobalt catalysts
previously reported.®*™

Effect of pH on Photocatalytic Water Oxidation. The photocatalytic water
oxidation was examined under various pH conditions ranging from 6.0 to 10.0. High pH
is thermodynamically favorable for the water oxidation. However, a spontaneous
reduction of [Ru(bpy)s]’" to [Ru(bpy)s]*" accompanied with the oxidation of bpy ligand
has also been reported at high pH, leading to degradation of the photosensitizer.”*" In
order to investigate the effect of pH on the O, yield of the photocatalytic water
oxidation in the presence of 1, 2 or Co(NOs), as a precatalyst, the initial pH of the
reaction solution was set to be between 6.0 and 10 by employing two buffers, phosphate
buffer (pH 6.0-8.0) and borate buffer (pH 9.0-10). Figure 5 shows the time courses of
O, evolution by photoirradiation (A > 420 nm) of a buffer solution (2.0 mL) containing
[Ru(bpy)s]*" (0.50 mM), Na,S,0s (10 mM) and precatalyst 1, 2 or Co(NO3); (50 uM)
under various pH conditions. The O, yield monotonously increased with increasing the
pH from 6.0 to 9.0 in the presence of precatalyst 1. The O, yield obtained under the
condition of pH 10 (61%) was comparable to that obtained under the condition of pH
9.0 (62%). Similarly, the higher O, yield was obtained at higher pH in the presence of
precatalyst 2. The catalytic activity observed with precatalyst 2 was low compared to
that with precatalyst 1 under the condition of pH 8.0. However, the difference in the
catalytic activity became smaller at pH 9.0. The O, yield increased under the conditions
of higher pH, although O, evolution ceased in 15 min of photoirradiation at any pHs.

When the photocatalytic water oxidation was conducted with Co(NO;), as a
precatalyst under various pH conditions, the O, yield reached the maximum value of
52% at pH 8.0 and dramatically decreased to 22% at pH 10 as shown in Figure 5c. This
pH-dependent catalytic behavior of Co(NOs), under the conditions of pH higher than
9.0 exhibits sharp contrast to the catalytic behavior observed for precatalysts 1 and 2
where they maintained high catalytic activity under the conditions of pH higher than
9.0.
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Figure 5. Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer
solution (2.0 mL) containing [Ru(bpy)s;]*" (0.50 mM) and Na,S,05 (10 mM) with a precatalyst (a)
[Co"(Megtren)(OH)T*" (1, 50 uM), (b) [Co™(Cp )(bpy)(OH)T*" (2, 50 uM) or (¢) Co(NO3), at an initial
pH value of 6.0 (black triangle), 7.0 (green diamond), 8.0 (yellow triangle), 9.0 (red cycle) or 10 (blue
square). (d) Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer
solution (pH 10, 2.0 mL) containing [Ru(bpy)s]** (0.50 mM) and Na,S,05 (10 mM) with a precatalyst (i
and ii) 1 (50 uM) and (iii and iv) Co(NOs), (50 uM). 2" run was performed by adding Na,S,0g (5.0
umol) to the solutions after 1* run.

The robustness of the reaction system with precatalyst 1 in comparison with that with
Co(NOs), was examined by the further addition of Na,S,0s, which is the sacrificial
electron acceptor, to the solution after reactions at pH 10. The catalytic activity of
Co(NOs3), becomes the maximum at pH 8.0. However, the decrease of pH to 67 after
1* run precluded the repetitive examination (Figure 6a). When Na,S,0s (5.0 umol) was
added to the solutions after the reactions at pH 10 for 30 min, successive O, evolution
was observed from both solutions with precatalysts 1 and Co(NO3); as shown in Figure
5d. However, the O, yield of the reaction with Co(NOs), in the 2™ run was only 10%,
which is significantly lower than the O, yield of 22% in the 1% run, whereas the O, yield
of the reaction with precatalyst 1 in the 2™ run was 54%, which is similar to that of 1%
run (61 %). In the reaction solution used for the 2™ run, the concentration of
[Ru(bpy);]*" and pH of the solution decreased to ~0.4 mM and ~9.5, respectively,
however, these changes do not affect the catalytic behavior significantly (Figures 5, 6b
and 6c¢). These results clearly indicate that the reaction system with precatalyst 1 is more
durable than that with Co(NOs),. The robustness of the reaction system with precatalyst
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Figure 6. (a) Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer
solution (pH 8.0, 2.0 mL) containing [Ru(bpy);]*" (0.50 mM) and Na,S,05 (10 mM) with a precatalyst (i
and ii) 1 (50 uM) and (iii and iv) Co(NOs3), (50 uM). 2" runs were performed by adding Na,S,05 (5.0
umol) to the solutions after 1* run and adjusted pH to 8.0 by NaOH (1M, 40 uL). (b) Time courses of O,
evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer solution (pH 8.0, 2.0 mL) containing
precatalyst 1 (50 uM), Na,S,05 (10 mM) and [Ru(bpy);](ClO4), [0.10 mM (black cycle), 0.20 mM (red
square), 0.50 mM (blue diamond), 0.90 mM (green triangle)]. (c) Dependence of O, evolution on
concentrations of [Ru(bpy);](C10,), after 20 min photoirradiation (Xe lamp, A > 420 nm) of the solution
(pH 8.0).

1 can be ascribed to the presence of organic residues (vide infra).

Concentration Effect of Cobalt Complexes on Photocatalytic Water
Oxidation. The concentration effect of precatalysts 1 and 2 on the O, yields at pH 9.0
was compared with Co(NOs;),. The time courses of O, evolution with different
concentrations of the cobalt complexes and Co(NOs), are shown in Figure 7, where O,
was evolved even when the concentration of cobalt species was as low as 5.0 uM. The
maximum TON values based on Co were 420 for the reaction system with precatalyst 1,
320 for that with precatalyst 2 and 315 for that with Co(NOs3); at the concentration of
5.0 uM, indicating that 1 provides the most efficient catalyst for the photocatalytic
water oxidation. These TON values were much higher than those at pH 8.0 with high
concentration of Co species (50 uM) (Table 1). The amount of evolved O, increased
with an increase of the concentration of precatalyst 1 up to 50 uM with maximum O,
yield of 62% (Figure 7a). The O, yield was gradually decreased by a further increase in
concentration of precatalyst 1. When the concentration of precatalyst 1 was increased to
2.5 mM, no O, evolution was observed even at the initial stage of photoirradiation. As
compared with precatalyst 1, similar trend of O, evolution was observed with
precatalyst 2 (Figure 7b). The O, yield was reached to the highest value of 65% when
the concentration of precatalyst 2 was 50 uM. On the other hand, the O, yield gradually
increased by increase in concentration of Co(NOs), as shown in Figure 7c. The highest
O, yield with Co(NOs3), was obtained at the concentration of 0.50 and 2.5 mM. The O,
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Figure 7. Time courses of O, evolution under irradiation with visible light (Xe lamp, A > 420 nm) at
different concentrations of precatalyst (a) 1, (b) 2 and (c) Co(NO3), [5.0 uM (black circle), 20 uM (green
square), 50 uM (pink diamond) and 0.10 mM (blue diamond), 0.50 mM (blown triangle) and 2.5 mM
(grey triangle)] in the solution containing [Ru(bpy)s;]*" (0.50 mM) and Na,S,05 (10 mM) in 2.0 mL of
borate buffer (100 mM, pH 9.0). (d) Dependence of O, evolution on concentrations of precatalysts, 1 (red
circles), 2 (green triangles) and Co(NOs), (blue square) after 20 min photoirradiation (Xe lamp, A > 420
nm) of the solution (pH 9.0).

evolution ceased within 15 min from the reaction solution with precatalyst 1, 2 or
Co(NOs3), at any concentrations because of degradation of bpy ligand of [Ru(bpy)s;]**
under the present reaction conditions (vide infra).

The concentration effects of precatalysts 1 and 2 compared with Co(NOs), on the O,
evolution at pH 9.0 are summarized in Figure 7d, where the O, yields of the
photocatalytic water oxidation by photoirradiation of a buffer solution (pH 9.0)
containing [Ru(bpy)s]*", Na;S;0s and various concentrations of precatalysts 1 (red
circles), 2 (green triangles) and Co(NOs3), (blue squares) are shown. In the presence of
Co(NO3),, the O, yield increased with an increase in concentration of Co(NOs), up to
0.50 mM. The highest O, yield obtained with 0.50 mM of Co(NOs), was maintained
with higher concentration (2.5 mM) of Co(NOs3),. On the other hand, peculiar behavior
of O, yields was observed depending on concentrations of precatalysts 1 and 2. The O,
yields were the highest when the concentration of precatalysts 1 and 2 was around 50
uM, and then decreased with an increase in concentrations of precatalysts 1 and 2.

Finally, no O, evolution was observed when the concentrations of precatalysts 1 and 2
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were 2.5 mM. These results indicate that cobalt complexes 1 and 2 were converted to
different species at the concentration > 2.5 mM. Actually, formation of
precipitates/particles in the solution was observed after the photocatalytic water
oxidation with 2.5 mM of precatalyst 1.

Photocatalytic Water Oxidation by Particles Derived from Complex 1.
The particles/precipitates were used to examine the activity in photocatalytic water
oxidation to confirm that the particles are indeed the actual catalysts for the
photocatalytic water oxidation. As shown in Figure 8a, no O, was evolved with
complex 1 (2.5 mM) in the buffer solution containing Na,S,0s and [Ru(bpy)s]*" under
photoirradiation (1* run). The reason for no O, evolution at the 1 run may be that the
oxidation of the organic ligands of 1 proceeds prior to water oxidation. Particles formed
at the 1* run were separated from the reaction solution by centrifugation, washed with
water and ethanol successively and dried in vacuo at room temperature.

When the particles (~0.12 mg) were employed as a catalyst at the 2™ run, efficient
O, evolution (yield: 61%) was observed as shown in Figure 8b. The yield obtained with
the particles was as high as that obtained with low concentration of precatalyst 1 (50
uM) as shown in Figure 7. The robustness of the collected nanoparticles was confirmed
by using them at further reaction cycle. A slightly lower, however, significant amount
of O, evolution (yield: 47%) was obtained in the 3™ run with the particles collected
from the reaction solution of 2™ run as shown in Figure 8c. The lower O, yield at 3™
run was due to the recovery loss of catalytic particles. These results clearly
demonstrated that the actual catalyst for the photocatalytic water oxidation was the

particles derived from 1. Thus, the transformation of 1 and 2 into true catalysts during
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Figure 8. Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer
solution (2.0 mL, 100 mM borate, pH 9.0) containing [Ru(bpy);]*" (0.50 mM) and Na,S,05 (10 mM) (a)
with complex 1 (2.5 mM) (1* run), (b) with nanoparticles (~0.12 mg) derived from 1 in a fresh solution

(2rld run) and (c) with the nanoparticles collected after 2" run with another fresh solution (3ml run).
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the photocatalytic water oxidation were investigated in detail by 'H NMR
measurements (vide infra).

Oxidative Decomposition of Cobalt Complexes. Figure 9 shows the 'H
NMR spectra of complex 2 (1.0 mM) in a buffer solution (D,O, pD 10) containing
[Ru(bpy)3](ClO4); (0.20 mM) and Na,S,0g (10 mM). The lower magnetic fields of the
NMR spectra are magnified in Figure 10. Before photoirradiation, two sets of bpy
ligands of 2 (black circles) and [Ru(bpy)s]*" (pink triangles) were observed in the lower
magnetic field (7-10 ppm), and only one sharp peak appeared at 1.3 ppm assigned to
methyl groups of Cp" as shown in Figure 9a. When the solution was photoirradiated for
30 min, the NMR peak assigned to the Cp’ ligand of 2 diminished, and small peaks in
the range of 1-2.5 ppm and four peaks, which are in the range of 7-9 ppm, assigned to
free bpy appeared (Figure 9b). This NMR spectral changes suggested oxidative
decomposition of Cp’ ligand and dissociation of bpy ligand from the cobalt ion or the
oxidation of the cobalt ion from Co(III) to Co(IV). In order to confirm the possibility of
the cobalt ion oxidation, a reducing reagent of dihydronicotineamide adenine
dinucleotide (NADH) was added to the solution after photoirradiation to reduce Co(IV)
species, which might be formed during the photocatalytic oxidation. As shown in Figure
9c¢, no significant change in the NMR spectrum was observed. Additionally, the solution
was exposed to air for oxidizing Co(II) species, which might be formed by
over-reduction of Co(IV) species. However, no NMR spectral change was observed as
shown in Figure 9d. Thus, the spectral change caused by photoirradiation resulted from

the oxidation of Cp” ligand and dissociation of bpy ligand from the cobalt ion. The
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Figure 9. "H NMR spectra of (a) 2 (2.0 mM) with [Ru(bpy);]*" (0.20 mM) and Na,S,05 (10 mM), (b)
after photoirradiation of the aqueous solution for 30 min, (c) adding 1.0 mM of NADH to the
photoirradiated solution and (d) solution containing NADH exposed to air for 1 h (black circles, bpy of 2;
pink triangles, bpy from [Ru(bpy);]*"; yellow squares, free bpy) in a D,O borate buffer (pD 10). Lower

magnetic fields of the spectra are magnified in Figure 10.
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Figure 10. Lower magnetic fields of the "H NMR spectra of Figure 9.

oxidation of Cp" ligand has been reported previously for the [Ir(Cp )(H>0)s]*" complex
during the water oxidation by cerium ammonium nitrate.” During the reaction, Cp~ was
oxidized to acetic acid and formic acid. Similar oxidation may occur on the Cp~ ligand
of 2 during the water oxidation by [Ru(bpy)s]*".

Because 1 contains a paramagnetic Co(II) ion, 'H NMR measurements were
performed on the ligand of 1 (Mestren, 5.0 mM) in CD3;CN solution after the oxidation
with [Ru(bpy)s]** (5.0 mM) to examine the ligand oxidation. Figure 11a indicates the
reference spectrum of the solution without [Ru(bpy)s]’", where "H NMR signals from
methyl and methylene groups of Megtren appeared at 2.3 and 2.8 and 3.2 ppm. When 1
equiv. of [Ru(bpy):]’" was added to the solution, these NMR peaks became broadened
and shifted to the lower magnetic field (2.5-3.0 ppm). The new peaks that appeared in
the region of 7-9 ppm were assigned to [Ru(bpy)s]* and no peaks assigned to free bpy
ligand were observed. No significant spectral change was observed after 1 or 2 h of the

addition of [Ru(bpy)s]*" to the solution at room temperature as shown in Figures 11c

H,0

Megtren: 5 mM CH4CN
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J
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Figure 11. 'H NMR spectra of (a) Megtren (5.0 mM) and Megtren (5.0 mM) after reaction with
[Ru(bpy)s]** (5.0 mM) for (b) 5 min, (c) I h and (d) 2 h in CD;CN at 298 K.
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and 11d, respectively. The '"H NMR spectral change indicates that the oxidation of
Mestren with [Ru(bpy)s]’" readily occurred in CD;CN. These results suggest that the
ligand of 1 is oxidized during the photocatalytic water oxidation.

The electrochemical oxidation of the organic ligands of complexes 1-4 was
performed to compare the reactivity of the ligands. Figure 12 shows the cyclic
voltammograms of the ligands (4.0 mM) in a pH 8.0 buffer solution. The anodic current
with Megtren ligand of 1 started growing around 0.36 V vs. saturated calomel electrode
(SCE) and reached more than 300 uA at 1.2 V as compared with the smaller anodic
currents observed for Cp H (~50 uA), 12-TMC and 13-TMC (~180 uA), with which
precatalyst 2—4 were less active than precatalyst 1 in photocatalytic water oxidation.
Almost no anodic current was observed for the bpy ligand, while the bpy ligand easily
dissociated from complex 2 during the photocatalytic water oxidation (Figure 10). The
oxidation of 12-TMC is similar to that of 13-TMC, however, the coordination length of
13-TMC to cobalt ion (Co—N) is longer that that of 12-TMC.”* The weaker coordination
of 13-TMC to cobalt ion may result easy dissociation of 13-TMC from complex 4 as
compared with that of 12-TMC. These results indicate that the ligands oxidation and
dissociation from complexes result in the susceptibilities of the cobalt complexes to
decomposition. Thus, the easier oxidation of Megtren ligand is most likely to lead to the
higher activity of the formed nanoparticles. Additionally, the oxidation of the organic
ligands of complexes 1-4 by [Ru"(bpy)s]’" in a CH3CN solution was examined as
shown in Figure 13, where the Mestren, Cp*H, 12-TMC and 13-TMC ligands exhibited
much larger reactivity than the bpy ligand in CH3CN. The bpy ligand was also gradually
oxidized by [Ru™(bpy);]’" at prolonged reaction time. The ligands oxidation by

[Ru(bpy)s]>" also matched the order of reactivity in photocatalytic water oxidation.
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Figure 12. Cyclic voltammograms of a buffer solution (pH 8.0, 50 mM; black line) containing ligands of
1-4 (4.0 mM); bpy (purple line), Cp*H (blue line), 13-TMC (yellow line), 12-TMC (green line) and

Megtren (red line) at a scan rate of 100 mV s
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Figure 13. (a) Time courses of absorbance decay at 670 nm of a CH;CN solution containing
[Ru™(bpy)s]** (2.0 mM) (black line) with addition of the ligands of complexes 1-4 (2.0 mM); bpy (purple
line), Cp*H (2.0 mM) (blue line), 13-TMC (yellow line), 12-TMC (green line) and Megtren (red line). (b)

Prolonged reaction time for (a).

The final products of the ligand oxidation during the photocatalytic water oxidation
were examined in more detail (vide infra).

CO, Formation with High Concentration of Na»S;0g. The complete
oxidation of Mestren provides water, NOx and CO, as products. Among them, CO, can
be easily detected and quantified by gas chromatography. The photocatalytic water
oxidation was performed with a high concentration of Na,S,0g to fully oxidize the
ligand. Figure 14 shows the time courses of CO, formation by the photoirradiation of a
buffer solution (pH 9.0) containing Na,S,0s (50 mM), [Ru(bpy)s]*" (0.50 mM) and
various concentrations of precatalyst 1 or Co(NOs), (0-2.5 mM). Even without
precatalysts 1 and Co(NOs),, CO, formation was observed after 20 min of the
photoirradiation, because the ligand of [Ru(bpy)s]*" was oxidized to CO, after 20 min in
the reaction solution (Figure 14a). The rapid degradation of [Ru(bpy)s;]*" can explain the
ceasing of the O, evolution in 15 min as observed in all the experiments in Figures 1
and 5. The photoirradiation of a buffer solution containing Na,S,0s and [Ru(bpy);]*
for 2 h led to evolve 3.2 umol of CO, (Figure 14a). If all bpy ligand of [Ru(bpy)s]*" in
the solution was oxidized to CO,, 30 umol of CO, should be formed. The amount of 3.2
umol of CO; corresponds to 11%, indicating that all the bpy ligand was not fully
oxidized under current reaction conditions. In the presence of Co(NO;), (0.05 mM) in
the reaction solution, 8.4 umol of CO, (28%) was formed (Figure 14a), indicating that
cobalt species act as a catalyst for the complete oxidation of bpy ligand. The increase in
Co(NOs), concentration from 0.050 mM to 2.5 mM resulted in a increase in O,
evolution as shown in Figure 7.

The presence of precatalyst 1 (0.050 mM) in place of Co(NO3); also resulted in an

increase in the amount of evolved CO; (7.8 umol) by photoirradiation for 2 h (Figure
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Figure 14. Time courses of CO, evolution under photoirradiation (Xe lamp, A > 420 nm) of a buffer
solution (2.0 mL, 100 mM borate, pH 9.0) containing [Ru(bpy)s;]** (0.50 mM), Na,S,05 (50 mM) and a
cobalt precatalyst of (a) Co(NOs), or (b) 1 at concentrations of 0 mM (black circle), 0.050 mM (blue
square), 0.50 mM (green diamond) and 2.5 mM (red triangle).

14b). The CO, formation may be derived mainly from the bpy oxidation, because only
1.2 umol of carbon atoms was included in Megtren ligand of 1 (0.050 mM). When the
concentration of precatalyst 1 increased to 2.5 mM, precipitates were formed in the
solution and no O, evolution but instead the largest amount of CO, evolution (10.9
umol) was observed as shown in Figure 14b. These results demonstrated that the ligand
oxidation occurred prior to the water oxidation. The oxidation of the ligand resulted in
the formation of Co cluster species, which are insoluble to water.

Characterization of nanoparticles formed from cobalt complexes by
DLS, TEM, XPS and TG/DTA. In order to confirm formation of insoluble
nanoparticles during the photocatalytic water oxidation, dynamic light scattering (DLS)
measurements were conducted for aqueous solutions containing 1, 2 or Co(NOs3),.
When a buffer solution (pH 9.0) containing 1 (50 uM), [Ru(bpy):]*" (0.50 mM) and
NaS;03 (10 mM) was photoirradiated (A > 420 nm) for 3 min, particles with the
average size of 20 nm were detected as shown in Figure 15a. The size distribution of the
particles was 15-60 nm. No further significant change in the particle size was observed
by prolonging the photoirradiation time to 30 min. In the reaction solution containing 2,
the size of formed particles ranged from 100 nm to 500 nm with photoirradiation for 3
min (black line) as shown in Figure 15b. When the reaction time was elongated to 10
min, the particle size became a little larger (blue broken line, 150 nm to 500 nm).
However, the size became smaller (red dotted line, 80 nm to 200 nm) when the
photoirradiation time was further elongated to 30 min. The decrease in the size of
nanoparticles resulted from a decrease in pH by generation of protons associated with
the water oxidation (eq 1), leading to the partial dissolution of the particles.

The size of particles derived from Co(NOs), (50 uM) increased to an average size of
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Figure 15. Particles size and their distribution determined by DLS measurements of particles derived
from (a) 1, (b) 2 and (c) Co(NO;),. Particles formed by photoirradiation (Xe lamp, A > 420 nm) of a
buffer solution (2.0 mL, 100 mM borate, pH 9.0) containing 1, 2 or Co(NOs), (50 uM), [Ru(bpy);]*"
(0.50 mM) and Na,S,05 (10 mM) for 3 min (black line), 10 min (blue broken line) and 30 min (red dotted

line).

500 nm from 50 — 100 nm by prolonging the photoirradiation time to 30 min as shown
in Figure 15c¢ in contrast to the case of 2. The size increase of particles leading to the
decrease in the effective surface area can explain why the O, yield with Co(NOs3), (50
uM) was lower as compared with 1 and 2 (Figure 7). The formed particles were
postulated as cobalt hydroxides, which formed due to the high pH. These results
revealed that particles derived from 1, 2 and Co(NOs3), were formed even at the initial
stage of the photoirradiation.

Judging from the results of '"H NMR, DLS measurements and the ligand oxidation by
[Ru(bpy)s]’" described above, the decomposition of 1 and 2 resulted in the formation of
nanoparticles as soon as the photocatalytic water oxidation was started. The particles
formed after the photocatalytic water oxidation of a buffer solution (pH 9.0) containing
Na,$,05 (10 mM), [Ru(bpy):]*" (0.50 mM) with 1, 2 or Co(NO3), (2.5 mM) were
separated from the reaction solution by centrifugation, washed with water several times
and dried in vacuo at room temperature. The precipitates obtained were then analyzed
by transmission electron microscopy (TEM). TEM measurements were performed on
the particles derived from 1, 2 and Co(NOs),.

TEM images of the particles derived from 1 are displayed in Figures 16a and 16b. From
the low magnification image (Figure 16a), the size of particles ranged from 10 to 50 nm,
which is nearly identical to the particles sizes determined by DLS (15-60 nm). From
high magnification image of Figure 16b, smaller particles in the size of few nanometers
were also formed, indicating that the particles observed in Figure 16a are secondary
particles. Figures 16c and 16d show the TEM images of nanoparticles derived from 2.
Judging from these images, the particles are composed of large needle-like-shaped
particles and small spherical particles. The size determined for the particles derived

from 2 by the DLS measurements ranged from 100 to 300 nm, which agreed to the
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Figure 16. TEM images of nanoparticles formed during the photocatalytic water oxidation with (a and b)
1, (c and d) 2 and (e and f) Co(NOs;), in a buffer solution (pH 9) containing [Ru(bpy);]*" (0.50 mM) and
NaszOS (10 IIlM)

length of needle-like particles. The size decrease after 30 min observed by DLS resulted
from the dissociation of stacking needle-like-shaped particles. The TEM images of
particles derived from Co(NOs3), indicated that the size of primary particles is around 10
nm as shown in Figure 16f. The particles aggregated to form secondary particles in the
size of 100 to 800 nm as shown in Figures 16e and 16f. Thus, the sizes of secondary
particles derived from 1, 2 and Co(NOs), were quite consistent with those determined
by DLS. Powder X-ray diffraction measurements were also performed on these particles,
however, no peak was observed, suggesting that the particles are amorphous (Figure
17).

In order to determine the surface conditions of the nanoparticles formed in the

photocatalytic water oxidation with 1, X-ray photoelectron spectroscopy (XPS)

Authentic Co30,

Intensity

Particles derived from Co(NO3),

Particles derived from complex 1
1 1 1 1 1

20 30 40 50 60 70
20, degree

Figure 17. Powder XRD patterns of authentic Co;04 (black), particles derived from Co(NOs), (green)

and particles derived from complex 1 (blue).
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measurements of the nanoparticles were performed for the energy regions of Co 2p, O
Is, Ru 3d and C l1s, although no peak was observed in the Ru 3d region. Figure 18a
displays the XPS spectrum for Co 2p of the nanoparticles derived from 1 together with
an authentic sample of Co304. Co 2p;/; and Co 2p3/, peaks of the nanoparticles appeared
at 780.0 eV and 795.3 eV with weak satellite peaks. Similarly, Co3;O4 shows two intense
peaks at 779.8 eV for Co 2ps;, and at 795.1 eV for Co 2p;, with weak satellite peaks.
The presence of satellite peaks has been reported to support the presence of Co(II)
species.””?™® Slightly intense satellite peaks observed with the nanoparticles are
ascribed to the higher ratio of Co(II) species compared with the authentic Co3O4 sample,
because 1 exclusively contained Co(Il) species before the photocatalytic water

oxidation.
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Figure 18. X-ray photoelectron spectra of particles derived from 1 (red) and Co;04 (black) as a reference
compound in the energy regions of (a) Co 2p and (b) O Is. The binding energy of each element was
corrected by C 1s peak (284.6 eV).

In Figure 18b, the O 1s peak of the nanoparticles appeared at 531.5 eV, which is in
higher binding energy region compared with the O 1s peak of C0304 (530.3 eV) by 1.2
eV. An increase in the binding energy of the O 1s peak of the nanoparticles has often
been observed for metal hydroxide species.” Thus, it can be concluded that the surface
of the nanoparticles derived from 1 under the photocatalytic water oxidation is mainly
composed of Co(OH)y, which can act as the actual catalyst for the photocatalytic water
oxidation.

TG/DTA measurements have been preformed to confirm the occlusion of
carbonaceous residues in the particles derived from 1. Figure 19 shows the TG/DTA

curve of nanoparticles derived from 1 in which the TG curve can be divided into two
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consecutive stages with weight loss. The first step of weight loss around 110 °C
corresponds to the removal of physisorbed water. The second step of the weight loss
staring from 150 °C to 220 °C accompanied by an exothermic peak was assigned to
oxidative removal of carbonaceous residues derived from the ligand, because
precatalyst 1 thermally decomposes around 250 °C, which is slightly higher temperature
than the observed weight-loss temperature for nanoparticles derived from 1 as shown in
Figure 20. The steep weight loss observed in this step was ca 14%. The results indicated
that the carbonaceous residues occluded in 1 could prevent particles from aggregation
and act as a modifier of catalytic particles. Thus, the easily oxidized ligand may be
converted to carbonaceous residues, which can be occluded in the nanoparticles. The
carbonaceous residues prevent the aggregation of the nanoparticles during the
photocatalytic water oxidation (Figure 15). As compared to the Mestren ligand of 1, it
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Figure 19. TG/DTA data for nanoparticles derived from complex 1 (TG curve: black, DTA curve: red).

The temperature increased from 25 °C to 300 °C with a ramp rate of 2 °C min "
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Figure 20. TG/DTA data for (a) complex 1 and (b) nanoparticles derived from Co(NO;), (TG curve:
black, DTA curve: red). The temperature increased from 25 °C to 600 °C with a ramp rate of 2 °C min .
Comments: The particles derived from Co(NOs3), contains carbonaceous residue less than 8.7%, which is

originated from the ligand of [Ru(bpy);]*" in the reaction solution.
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was more difficult to oxidize the ligand of 2 (Figure 9). The carbonaceous residues were
hardly formed on the surface of nanoparticles derived from 2, because the stable ligands
can dissociate from cobalt metal ions before the ligand oxidation. As shown in Figure 9,

free bpy ligands were released during the oxidation reaction.

Conclusions

0, evolution by the photocatalytic water oxidation was examined with [Ru(bpy)s;]*
as a photosensitizer and Na,S,0s as an electron acceptor in the presence of
water-soluble cobalt complexes, [Co"(Meegtren)(OH,)]*" (1), [Co™(Cp )(bpy) (OH2)]**
(2) [Co"(12-TMC)]* (3), [Co"(13-TMC)]*" (4) and Co(NOs), as precatalysts to evolve
O, with the yield in order of 1 ~ Co(NOs), > 3 > 2 > 4. Isotope labeling experiments
with H,'*O clearly indicate that evolved O, derived from water. The O, yield in the
photocatalytic water oxidation increased with increasing concentrations of precatalysts
1 and 2, but dramatically decreased when the concentrations of the precatalysts were
larger than 0.10 mM. CO, was evolved instead of O, with increase in Na,S,0s
concentration. The observation of the CO, formation indicates that the organic ligand
oxidation occurred during the photocatalytic water oxidation. Formation of
nanoparticles by the decomposition of cobalt complexes was evidenced by the DLS and
TEM measurements. The XPS measurements of the nanoparticle products suggest that
the surface of the particles is composed of Co(Il), Co(Ill) and OH species. Thus, the
present results led us to conclude that the mononuclear cobalt complexes with organic
ligands 1 and 2 act as efficient precatalysts, which are oxidized during the
photocatalytic water oxidation to produce actual reactive catalysts, i.e., nanoparticles
composed of Co(OH)x. Although the organic ligands would not be in their original
forms in the catalytic particles, the carbonaceous residues derived from them act as a
modifier or capping agent of the nanoparticles. Thus, the choice of the ligand of cobalt
complexes is important to obtain an efficient and robust catalytic material for the water

oxidation.
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Chapter 3

Water Oxidation Catalysis with Nonheme Iron Complexes under

Acidic and Basic Conditions: Homogeneous or Heterogeneous?

160H,
1
V=16
;ve 0. H0 o,
180H
v .
o+ Ce W i Iron ions
Fe! CelV C
‘f}OH Ligand Free ligands
N Dissociation
V=18 |
Fel'=10 . 2H+ 40,
160!;‘2 ) H
FeV=0 complex 2H,0
K o\ Iron ions [Ru(bpy)3]2*
s Free ligands Na,S;0g
Iron hydroxides
Y 4H* + O,

Abstract: Thermal water oxidation by cerium(IV) ammonium nitrate (CAN) was
catalyzed by nonheme iron complexes, such as Fe(BQEN)(OTf), (1) and
Fe(BQCN)(OTf), (2) (BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyl)ethane-1,2-diamine,
BQCN = N,N’-dimethyl-N,N’-bis(8-quinolyl)cyclohexanediamine, OTf = CF3SO3") in a
non-buffered aqueous solution; turnover numbers of 80 = 10 and 20 + 5 were obtained
in the O, evolution reaction by 1 and 2, respectively. The ligand dissociation of the iron
complexes was observed under acidic conditions, and the dissociated ligands were
oxidized by CAN to yield CO,. We also observed that 1 was converted to an
iron(IV)-oxo complex during the water oxidation in competition with the ligand
oxidation. In addition, oxygen exchange between the iron(IV)-oxo complex and H,'*0
was found to occur at a much faster rate than the oxygen evolution. These results
indicate that the iron complexes act as the true homogeneous catalyst for water
oxidation by CAN at low pHs. In contrast, light-driven water oxidation using
[Ru(bpy)s]*" (bpy = 2,2’-bipyridine) as a photosensitizer and S,Os> as a sacrificial
electron acceptor was catalyzed by iron hydroxide nanoparticles derived from the iron
complexes under basic conditions as the result of the ligand dissociation. In a buffer
solution (initial pH 9.0), formation the iron hydroxide nanoparticles with a size of
around 100 nm at the end of the reaction was monitored by DLS ir situ and
characterized by XPS and TEM measurements. We thus conclude that the water
oxidation by CAN was catalyzed by short-lived homogenous iron complexes under
acidic conditions, whereas iron hydroxide nanoparticles derived from iron complexes
act as a heterogeneous catalyst in the light-driven water oxidation reaction under basic

conditions.
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Introduction

One of the most promising candidates for a sustainable energy cycle is artificial
photosynthesis that directly converts solar energy into chemical energy.'* Artificial
photosynthetic systems are composed of three functional parts, such as light-harvesting
and charge-separation,’ water oxidation,” and water reduction.® In these three parts,
water oxidation is considered as the most challenging part because the process is an
uphill energy transformation involving transfer of four electrons and four protons
(2H,0 — O, + 4H" + 4e).”® Thus, extensive efforts have so far been devoted to

developing homogeneous and heterogeneous water oxidation catalysts (WOCs).>"

11-16 17-20

Many WOCs containing precious metals, such as ruthenium and iridium,
have been reported to exhibit high activity in two major systems, such as thermal water
oxidation by cerium(IV) ammonium nitrate (CAN) under acidic conditions and
light-driven water oxidation under basic conditions using [Ru(bpy)s]*" (bpy =
2,2’-bipyridine) and persulfate (S;Os>) as a photosensitizer and a sacrificial electron
acceptor, respectively. For practical applications, the use of precious metals should be
avoided because of its high cost and limited stock. Thus, much attention has been paid

21-24

to the development of WOCs with earth-abundant metals such as cobalt, copper,”

26-2 . 2 . .
manganese,”® >® and iron.”” Among these metals, iron is the most earth-abundant and

environmentally benign metal often used as a catalyst in various oxidation reactions.’**!
It has been reported recently that a series of homogeneous iron complexes with water
coordination sites exhibit high catalytic activity for water oxidation by CAN with a
maximum turnover value of 360.>> Iron complexes have also been employed for
light-driven water oxidation under basic conditions using [Ru(bpy)s]*" and S,0s> as a
photosensitizer and a sacrificial electron acceptor, respectively.” In the light-driven
water oxidation, iron complexes were converted to Fe,O; as the true catalysts that
conduct the water oxidation.”® It has been suggested recently that the active iron
catalysts for water oxidation at low and high pHs are different.”> The oxidative
degradation of ligands of metal complexes has been reported to produce metal oxide
nanoparticles, which act as the true catalysts for water oxidation.”’***® However,
conditions to distinguish homogeneous iron complex catalysts versus heterogeneous
iron catalysts derived from the iron complexes for the catalytic water oxidation have yet
to be scrutinized.’* The degradation of homogeneous iron complex catalysts due to the
ligand oxidation during the catalytic water oxidation has also remained elusive. These
issues on the homogeneous versus heterogeneous catalysis of iron-based materials as
well as the water oxidation catalytic mechanism should be certainly much more

clarified judging from the importance of the potential use of earth-abundant iron
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catalysts in water oxidation.

In Chapter 3, I report thermal and light-driven water oxidation reactions by
employing two water-soluble mononuclear nonheme iron complexes, Fe(BQEN)(OTf),
(1) and Fe(BQCN)(OTf), (2) (BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyl)ethane-
1,2-diamine, BQCN = N,N’-dimethyl-N,N’-bis(8-quinolyl)cyclohexanediamine, OTf =
CF3S0s") (Chart 1), to disclose the true catalysts involved in those catalytic systems.
Under acidic conditions, water oxidation by CAN was catalyzed by 1 and 2 in
competition with the ligand oxidation. Under basic conditions, light-driven water
oxidation by 1 showed the formation of iron hydroxide nanoparticles as the true catalyst.
Thus, the true catalysts in the thermal and light-driven water oxidation reactions are

shown to be different depending on pH conditions.

Chart 1. Iron Complexes Used in Thermal and Light-Driven Water Oxidation Reactions

o 6o

Nn, WOTf N/,,, WOTf

"'N/ \OTf "'N/ \OTf
e | e
Fe(BQEN)(OTf), (1) Fe(BQCN)(OTf), (2)

Experimental Section

Materials. All chemicals obtained from Aldrich Chemical Co. were the best
available purity and used without further purification unless otherwise noted.
Cerium(I'V) ammonium nitrate (CAN), Na,S,0s, and iron(II) sulphate were purchased
from Wako Pure Chemical Industries Ltd. H>'*O (98% '*O-enriched) was purchased
from Taiyo Nippon Sanso Co. [Ru(bpy);]Cl, was obtained from Tokyo Chemical
Industry Co., Ltd. [Ru(bpy);]SO4 was synthesized by adding one equiv of Ag,SO,4 to an
aqueous solution of [Ru(bpy);]ClL,. Purification of water (18.2 MQ cm) was performed
with a Milli-Q system (Millipore, Direct-Q 3 UV). Fe(OTf), 2CH;CN,
Fe(BQEN)(OTY), (1), and Fe(BQCN)(OTY), (2) were synthesized according to the
literature procedures.>°

Oxygen Evolution Quantified by Manometry. On-line manometric
measurements were carried out on a Testo 521 differential pressure manometer with an

operating range of 0.1-10 kPa and accuracy within 0.5% of the measurements. The
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manometer was coupled to thermostatic reaction vessels for dynamic monitoring of the
headspace pressure above each reaction solution. The manometer’s secondary ports
were connected to thermostatic reaction vessels containing the same solvents and
headspace volumes as the sample vials. Each measurement for a reaction solution (2.0
mL) was performed at 298 K.

Oxygen Evolution Quantified by GC. A vial (5.0 mL) containing an aqueous
solution of an iron complex (1.0 mM or 12.5 uM, 2.0 mL) and another vial containing
CAN (0.20 mmol or 0.25 mmol) were sealed with a rubber septum. The two vials were
carefully deaerated by bubbling Ar gas for 10 min. The aqueous solution of the iron
complex (2.0 mL) in the vial was taken and injected into the vial containing CAN via a
syringe piercing through the rubber septum to start the reaction with vigorous stirring.
After each reaction time, 100 uL of Ar gas was injected into the vial, and then the same
volume of gas in the headspace of the vial was sampled by a gas tight syringe and
quantified by a Shimadzu GC-17A gas chromatograph (GC) [Ar carrier, a capillary
column with molecular sieves (Agilent Technologies, 19095PMS0, 30 m % 0.53 mm) at
313 K] equipped with a thermal conductivity detector (TCD).

The stoichiometric and repetitive experiments were performed as follows: An
aqueous solution of CAN (0.20 M, 1.0 mL) containing HNO;3 (0.10 M) was prepared.
An aliquot (40 uL) of the CAN solution (8.0 umol) was injected to a non-buffered
aqueous solution of 1 (1.0 mM, 2.0 mL) in a vial deaerated by bubbling Ar gas to start
the reaction (first run). Evolved oxygen gas in the headspace of the vial was quantified
by GC. After 30 min, another aliquot (40 uL) of the CAN solution was injected to the
solution of first run deaerated again by bubbling Ar gas (second run), and the same
procedure was applied for the third run.

Light-driven water oxidation was performed as follows: An iron complex (5.0 uM)
was added to a borate buffer solution (100 mM, pH 8.0, 8.5 or 9.0, 2.0 mL) containing
NaS03 (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM) deaerated by bubbling Ar gas. The
solution was then irradiated with a xenon lamp (Ushio Optical, Model X SX-UID 500X
AMQ) through a color filter glass (Asahi Spectra Co., Ltd.) transmitting A > 420 nm at
room temperature. Evolved oxygen gas in the headspace of the reaction vial was
quantified by GC.

CO, Detection. Samples were prepared with the same procedures for the O,
evolution measurements except for bubbling N, gas. After each reaction time, 50 uL of
gas in the headspace was sampled and quantified by a Shimadzu GC-14B gas
chromatograph (N, carrier, active carbon with a particle size of 60—80 mesh at 353 K)
equipped with a TCD.

ESI-MS Measurements. Electrospray ionization mass spectra (ESI-MS) were
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collected on a Thermo Finnigan (San Jose, CA, USA) LCQTM Advantage MAX
quadrupole ion trap instrument, by infusing samples directly into the source at 20 uL
min ' using a syringe pump. The spray voltage was set at 4.7 kV and the capillary
temperature at 353 K.

80-labeling Experiments. A volume of an aqueous solution (20 uL, H,'°0)
containing CAN (0.20 M) and HNO; (0.10 M) was injected into an aqueous solution
(0.46 mL, H,'°0) of 1 (2.0 umol) in a vial (2.0 mL) deaerated by bubbling He gas for
20 min. A deaerated H,'*O solution (0.50 mL) was then added to the H,'°O solution
followed by the additional injection of the CAN solution (20 uL, 4.0 umol). After 10
min, 100 uL of gas in the headspace of the vial was sampled for gas analysis. The ratio
of '°0'°0, °0'0 and '®0'®0 was determined based on the intensities of mass peaks
(m/z =32, 34, and 36) obtained by a Shimadzu GC-17A gas chromatograph [He carrier,
a capillary column with molecular sieves (Agilent Technologies, 19095PMSO0, 30 m x
0.53 mm) at 313 K] equipped with a Shimadzu QP-5000 mass spectrometer.

Spectroscopic Measurements. UV-vis absorption spectra were recorded on a
Hewlett Packard 8453 diode array spectrophotometer. Dynamic light scattering (DLS)
measurements were performed with a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., USA). The DLS instrument used in this study can detect the particle
sizes ranging from 0.6 to 6000 nm.

Electrochemical Measurements. Cyclic voltammetry (CV) and Differential
pulse voltammetry (DPV) measurements were performed on a CH Instruments 630B
potentiostat using a glassy carbon electrode (3.0 mm diameter) as a working electrode, a
saturated calomel electrode (SCE) as a reference electrode, and a Pt wire as an auxiliary
electrode. Analyte concentrations (iron complexes or ligands) were 0.50 mM in water
containing 0.10 M NaNOs. The pH of a solution was adjusted using aqueous HNO; or
NaOH solutions. All electrochemical measurements were carried out under nitrogen at
room temperature with the scan rate of 100 mV s ' for CV and amplitude of 50 mV and
the pulse period of 0.2 s for DPV.

Characterization of Particles. Transmission electron microscope (TEM) images
of nanoparticles, which were mounted on a copper micro grid coated with elastic carbon,
were observed by a JEOL JEM 2100 operating at 200 keV. X-ray photoelectron spectra
(XPS) were measured by a Kratos Axis 165x with a hemispherical electron energy
analyzer. An incident radiation was Mg Ko X-ray (1253.6 eV) at 200 W, and a charge
neutralizer was turned on for acquisition. Each sample was attached on a stainless stage
with a double-sided carbon scotch tape. The binding energy of each element was
corrected by the C 1s peak (284.6 eV) from the residual carbon.
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Results and Discussion

Water Oxidation by CAN Catalyzed by Iron Complexes. The catalytic water
oxidation by CAN was investigated by adding an iron complex (12.5 uM) to an aqueous
solution (2.0 mL) containing CAN (125 mM). The time courses of O, evolution
quantified by gas chromatography (GC) are shown in Figure 1 (see GC charts in Figure
S1 in Supporting Information (SI)). When 1 and 2 were used as catalysts, O, evolution
was observed with turnover numbers (TONs) of 80 £ 10 and 20 += 5 at 60 min
determined by GC. No O, evolution was observed in the absence of the iron complexes,
indicating that the iron complexes catalyzed water oxidation. However, the O, yield in

the reaction by 1 was less than 3.2% based on the stoichiometry of the reaction eq 1,
2H,0 + 4Ce" — 0, + 4Ce'" + 4H" (1)

in which one molecule of O, evolves from 4 equiv of CAN. The O, evolution was also
quantified by manometry (Figure 2), however, a slight amount of CO, was also evolved
under the catalytic conditions (Figure 1b and see CG charts in Figure S2 in SI). Thus,
TONSs of O, evolution should be determined based on the direct detection of O, by GC
together with the manometry.*

CAN is a strong oxidant (E;, = 1.61 V vs NHE),”” and it has been reported to
oxidize ligands of metal complexes and also to evolve CO, during the water oxidation
reaction.'“****** For this reason we analyzed the integrity of the BQEN ligand at the

end of the water oxidation by CAN. "H NMR spectroscopy clearly demonstrated that
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Figure 1. (a) Time courses of O, evolution in the catalytic water oxidation by CAN (125 mM) with 1
and 2 (12.5 uM) in a non-buffered aqueous solution (2.0 mL). O, was quantified by GC. TON is defined
as the total number of mole of O, per mole of the complex. (b) Time courses of CO, evolution with 1

(green cycles) and 2 (blue squares) in the reaction.
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Figure 2. Time courses of O, evolution quantified by manometry in the catalytic water oxidation by
CAN (125 mM) with 1 and 2 (12.5 uM) in a non-buffered aqueous solution (2.0 mL). (a) Addition of
CAN into iron complexes; CAN (250 umol) was dissolved in 0.20 mL water and added into 1.8 mL of
iron complex solution (b) Addition of iron complexes into CAN; CAN (250 umol) was dissolved in 1.95
mL water in the reaction vial. The reaction was started by adding 50 uL of iron complex solution into
CAN solution.

the BQEN ligand was completely oxidized in the water oxidation reaction (Figure 3). I
also carried out CO, analysis by GC under the same conditions using a high
concentration of iron complexes (1.0 mM). Figure 4 shows the time courses of CO, and
O, evolution with 1, 2, and FeSO, performed in a non-buffered aqueous solution and in

an aqueous solution containing 0.10 M HNOs. CO; evolution was observed with both 1

[1e8]

24 Recovered organic material (blue)

Recovered organic material (blue)

BQEN (red)
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Figure 3. 'H NMR spectra (in CDCl3) of BQEN ligand (red line) and the organic material (blue line)
obtained from the water oxidation reaction by CAN (0.10 M) with 1 (1.0 mM) in a non-buffered aqueous
solution after 1 h. The organic compounds were collected as follows: H,SO4 was added to the resulting
solution to remove the precipitates (cerium sulphate) formed in the solution by centrifugation, and a
yellow-brown solution was obtained. Addition of excess KCN into the yellow-brown solution (to remove
iron ions) generated brown precipitates along with a red solution. The precipitates were separated from
the red solution by centrifugation. The precipitates and the red solution were washed separately with
CH,Cl,. Then the combined CH,Cl, solutions were washed with water and dried over Na,SQO,. Finally,

the yellow oily residue was obtained by removal of CH,Cl,.
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Figure 4. Time courses of (a) CO, evolution and (b) O, evolution in the catalytic water oxidation by
CAN (0.10 M) with 1, 2 and FeSO,4 (1.0 mM) in a non-buffered aqueous solution and in an aqueous
solution containing 0.10 M HNO; (2.0 mL). The product yields were determined using GC.

and 2 even at the initial reaction stage either in the non-buffered solution or in the 0.10
M HNOs; aqueous solution (Figure 4a, see GC charts in Figure S3 in SI). This result
clearly demonstrates that the ligands of 1 and 2 are completely degraded to CO, by
CAN. The amount of CO, evolution observed with 2 (4.1 umol) after 60 min is ~3
times larger than that observed with 1 (1.4 umol), indicating BQCN ligand is more
easily oxidized by CAN. The CO; evolution in the ligand oxidation of 1 and 2 competes
with the O, evolution in the water oxidation by CAN. As shown in Figure 4b, O,
evolution was also observed with 1 and 2 at the high concentration in the non-buffered
solution. The O, evolution with 1 was stopped at 20 min with a small TON of 5 and
with an O, yield of 20% in the non-buffered solution. The total amounts of O, and CO,
evolution obtained with 1 agreed with the amount of evolved gas quantified by
manometry (Figure 5). The smaller amount of O, evolution with 2 could be ascribed to

the larger amount of CO; evolution resulted from the ligand oxidation. The CO,

O,, umol
(o))
T

0 I I | 1
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Figure 5. Time courses of O, evolution monitored by manometry in the catalytic water oxidation by
CAN (0.10 M) with 1 (1.0 mM) in a non-buffered aqueous solution (2.0 mL).
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evolution continued even after the O, evolution ceased in 20 min suggests that the
deactivation of the water oxidation catalyst resulted from the ligand oxidation of the
iron complexes by CAN.

When the reaction of 1 with CAN was performed in an aqueous solution in the
presence of 0.10 M HNOs, the amount of CO, evolution was twice larger than that in an
aqueous solution without HNOs (Figure 4a). On the other hand, no O, evolution was
observed with 1 and 2 in the presence of 0.10 M HNOs in water (Figure 4b). The ligand
oxidation of 1 and 2 was accelerated, whereas the water oxidation was decelerated
under highly acidic conditions. The ligands may be dissociated from iron complexes at
low pHs to generate free iron ions, which have no catalytic activity for the water
oxidation as no O, evolution was observed from the reaction solution containing FeSO4
(Figure 4b).

The ligand dissociation of 1 was examined with various concentrations of HNOjs in
an aqueous solution containing 1.0 mM of 1 as shown in Figure 6, where the absorption
band at 450 nm due to 1 decreased with increasing concentration of HNOs,
accompanied by an increase in the absorption band at 365 nm due to free BQEN ligand
(Figure 7a). The addition of NaOH to the resulting solution resulted in no recovery of
the absorption band at 450 nm (Figure 7b). Thus, the ligand dissociation by HNOj is an
irreversible process. The absorbance at 365 nm was plotted against the pH values
together with the absorbance change at 450 nm as shown in Figure 6b. The BQEN
ligand was started to dissociate from 1 around pH 3.5 and completely dissociated at pH
1.5. This result explains why no O, was evolved with 1 in the presence of 0.10 M HNO;
(Figure 4b).

The ligand dissociation of 1 at different pHs was also examined by differential pulse

voltammetry in an aqueous solution containing 1 (0.50 mM) as shown in Figure 8 and
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Figure 6. (a) UV-vis spectral changes by titration of nitric acid to a non-buffered solution (2.0 mL)

containing 1 (1.0 mM). (b) The absorbance changes at 450 nm and 365 nm observed with the titration.
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Figure 7. (a) UV-vis spectra of an aqueous solution (2.0 mL) containing BQEN (1.0 mM) and HNO;
(0.10 M). (b) UV-vis spectral changes observed for the titration of an aqueous solution (2.0 mL) of 1 (1.0
mM) in HNOj; (0.10 M) with NaOH.

Figure S4 in SI. Under the acidic conditions (e.g., pH 2.4), the oxidation peaks due to
both 1 and free BQEN ligand were observed (Figure 8a). The pH dependence of the
ratio on the oxidation peaks due to 1 (~0.5 V vs SCE) and free BQEN ligand (~0.75 V
vs SCE) is shown in Figure 8b, which agrees with the absorbance changes depending on
pH in Figure 3b. A cyclic voltammogram of 1 at pH 3.4, where the BQEN ligand is not
dissociated significantly, exhibits the catalytic current for O, evolution in addition to the
small oxidation peaks due to 1 and free BQEN ligand (Figure 9).
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Figure 8. (a) Differential pulse voltammetry (DPV) of 1 (0.50 mM, dotted line) or free BQEN ligand
(0.50 mM, red line) in an aqueous solution (pH 2.4, 0.10 M NaNOj3). (b) pH dependence of distribution of
1 (black circles) and dissociated BQEN ligand (red square) determined by DPV measurements. The
speciation curves were calculated by considering an equilibrium in aqueous medium: Fe(BQEN)(OTY),
~—— “Fe(OTf),” + “BQEN” [% complex = {area of Fe""/Fe" curve/(area of Fe'/Fe" curve + area of
first-step ligand oxidation curve)} x 100]. The areas of DPV curves were calculated by using software
built in a CHI630b Electrochemical Analyzer. See Figure S4 in SI for DPV data obtained under different

pH conditions.
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Figure 9. CVs of glassy carbon background (black dashed) and complex 1 (0.50 mM, black solid) in an
aqueous solution (pH 3.4, 0.10 M NaNOs) with scan rate of 100 mV s'. Inset shows the CV of 1 up to
potential 1.3 V with a reversible Fe'! couple at £, = 0.47 V followed by two dissociated BQEN ligand

centered irreversible oxidation waves.

The pH of a 0.10 M CAN aqueous solution was 0.80, which enabled the BQEN
ligand to dissociate completely from 1 as shown in Figures 3b and 4b. However, O, was
evolved in water oxidation by 0.10 M CAN with 1 in a non-buffered aqueous solution
(Figure 4b). This indicates that the catalytic water oxidation by CAN with 1 occurs in
competition with the ligand dissociation of 1. Indeed, the ligand dissociation by an acid
was observed to occur within several seconds (Figure 10), however, high-valent iron
complexes formed in the presence of CAN prohibited the ligand dissociation because of
the strong binding of the ligands to the high-valent metal center, which resulted from
the strongly electron-withdrawing ability of the high-valent iron. The oxidation of 1 by
CAN resulted in rapid production of a high-valent iron complex, which is continuously
formed by excess CAN during the water oxidation (vide infra). The O, evolution was

stopped at 20 min, since the ligand was completely dissociated from 1. Thus, the use

2.0
—0
365 nm ggs
S
15 } 70s
©
[$]
c
3
5107 450 nm
(7]
< \
0.5 | \\
O 1 = 1 1

300 400 500 600 700 800
Wavelength, nm

Figure 10. UV-vis spectral changes observed by adding HNO; (70 wt%, 20 uL) to 1 (1.0 mM) in a

non-buffered aqueous solution (2.0 mL).
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of a non-buffered aqueous solution is important to achieve the catalytic water oxidation
with 1 to evolve O, because the ligand was dissociated in a buffered acid solution
before the addition of CAN.

DLS measurements were performed to examine the formation of nanoparticles
during the O, evolution as shown in Figure 11; no formation of nanoparticles was
observed. Generally, particles of iron oxides are rarely derived from iron ions under

acidic conditions at ambient temperature.*®
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Figure 11. Particle size distribution determined by dynamic light scattering (DLS) measurements of
non-buffered aqueous solutions of (a) 1 (1.0 mM) plus CAN (0.10 M), (b) 2 (1.0 mM) plus CAN (0.10
M), and (c) only CAN (0.10 M) at reaction times of 5.0 min (black line), 10 min (red line), 15 min (green

line), 20 min (blue line), and 25 min (orange line).

Intermediates for Water Oxidation by 1 and CAN. The stoichiometric
oxidation of 1 by CAN was investigated in a non-buffered aqueous solution to detect
the intermediate(s) formed in the catalytic water oxidation. When 2 equiv of CAN were
added to the solution, an absorption band at 760 nm appeared (Figure 12a). The same
absorption band was observed when excess CAN (0.10 M) was used (Figure 13). The
absorption band at 760 nm can be assigned to [Fe''(BQEN)(O)]*" (Fe'Y=0) by
comparison with that of [Fe'(BQEN)(O)]*" prepared independently by the reported
method, in which 1 was reacted with peracetic acid in MeCN.***' The ESI-MS peak
due to [Fe"(BQEN)(‘°0O)(OTf)]", which was produced by the reaction of 1 with
peracetic acid in MeCN in the presence of H,'®0, was observed at m/z = 563.0, which
was shifted to m/z = 565.0 when the reaction was performed in MeCN in the presence
of H,'®*O (Figure 12b). The latter result is in line with our recent result that an
intermediate containing oxygen atom exchanges its oxygen with H,'®O to produce
[Fe"V(BQEN)("*O)OTN]"*° The absorption band observed at 740 nm due to
[Fe"Y(BQEN)(O)]*" in MeCN was shifted to 760 nm upon addition of H,O (Figure 12c),
probably because of the coordination of H,O or protonation, in agreement with the
absorption band observed in the oxidation of 1 by two equiv of CAN (Figure 12a).
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Figure 12. (a) UV-vis spectral changes observed in the stoichiometric water oxidation by 1 (1.0 mM)
upon addition of different amounts of CAN (1.0-4.0 mM) in a non-buffered aqueous solution (2.0 mL).
(b) ESI-MS spectra of [Fe'V(BQEN)(O)(OTf)]" formed in the reaction of 1 (1.0 mM) with peracetic acid
(1.2 mM) in the presence of H,'°0 (20 uL, black dots) and H,'*0 (20 uL, red line) in MeCN (2.0 mL).
The peaks at m/z 563.0 and 565.0 correspond to [Fe' (BQEN)('°O)(OTf)]" and [Fe" (BQEN)(**0)(OTf)]"
(caled m/z = 563.1 and 565.1, respectively). (c) UV-vis spectral changes of Fe'V=0 (1.0 mM, red line)
upon addition of various amounts of H,O (grey lines: 0.20 mL, 0.60 mL, 1.0 mL, 1.4 mL, and orange
line: 2.0 mL) into an MeCN solution (2.0 mL) of Fe'V=0 at 273 K. Fe''=0 intermediate was generated in
the reaction of 1 (1.0 mM) with peracetic acid (4.0 mM) in MeCN at 273 K.

@ 15 (b) 0.27
760 nm
[0] [0
g 1.0 8018
I} &
2 2
<} S
[%2] n
ke 9 o
<< 05 | < 0.09 [
% 760 nm
"'-,‘ e /”ﬁ‘\xw
0 1 &Eo— ] ) 0 4= 1 1 I -
400 600 800 1000 0 200 400 600 800 1000
Wavelength, nm Time, s

Figure 13. (a) UV-vis spectral changes observed in the water oxidation by CAN (0.10 M) in the presence
of 1 (1.0 mM) in a non-buffered aqueous solution. (b) Time courses of the decay of absorption band at
760 nm due to [Fe''(BQEN)(0)]*" in the water oxidation by CAN (0.10 M) in the presence of 1 (1.0
mM).
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To understand the role of Fe'=0 in the catalytic water oxidation by CAN, the
relation between O, evolution and the formation and decay of Fe'=0 was investigated
by comparing the time courses of the absorbance at 760 nm due to Fe''=0 and O,
evolution as shown in Figure 14. When 4 equiv of CAN were added to a non-buffered
aqueous solution of 1, the absorption band at 760 nm assigned to Fe''=0 immediately
appeared, and decreased gradually as the O, evolution occurred and then ceased. The O,
yield was determined to be 24% in the first run. Upon second and third addition of 4
equiv of CAN, the absorption band at 760 nm due to Fe''=O increased again
immediately (Figure 14a), but each at initial absorbance was lower than that of previous
run because of the ligand dissociation due to the gradual pH decrease in each time. The
initial pH was 5.4 and decreased to 2.1, to 1.8, and then to 1.7 at the end of the first,
second, and third runs, respectively. The yields of O, evolved at the second and third
runs were 28% and 18%, respectively, which may be caused by two opposite factors,
such as the higher oxidizing ability of CAN and increasing ligand dissociation at lower
pH (Figures 6 and 8). The prohibition of the ligand dissociation from the iron complex
was confirmed by the rapid formation of the Fe''=0 complex, because the decay of
absorbance at 760 nm due to Fe''=0 was much slower than the ligand dissociation by

the addition of an acid (Figure 10). The formation of Fe''=0 prevented ligand
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Figure 14. (a) Time courses of the absorbance at 760 nm in the water oxidation by addition of 4 equiv of
CAN (4.0 mM) to 1 (1.0 mM) in a non-buffered aqueous solution (2.0 mL, first run, black line), and
further additions of CAN (4.0 mM) to the resulting solution for the second run (blue line), and the third

run (red line). (b) Time courses of O, evolution quantified by GC in those reactions.
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dissociation, however, the Fe''=0 decomposed during the reaction in a similar way to
the decomposition of Fe" complexes under acidic conditions.

When the stoichiometric reaction of CAN with 1 was performed in the presence of
0.10 M HNOj; in water (pH 1.2), neither O, evolution nor the absorption band at 760 nm
due to Fe'V=0 was observed because of the complete ligand dissociation from 1 (Figure
15). These results indicate that the catalytic water oxidation by CAN with 1 occurs via
formation of Fe''=0.

Mechanistic Insight into Water Oxidation by 1 and CAN. In order to gain
mechanistic insight into the O-O bond formation in the catalytic water oxidation by
CAN with 1, the oxygen exchange in [Fe''(BQEN)('°0)]*" with H,'*O (98%
80-enriched) was further examined by GC-MS (Figure 16). First the reaction of 1 with
two equiv of CAN was performed in H,'°O to produce Fe'V='°0 and then two equiv of

CAN in H,"®O were added to the resulting solution to detect the isotopes of evolved O».
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Figure 15. UV-vis spectral changes of an aqueous solution containing CAN (0.10 M), 1 (1.0 mM) and
HNO; (0.10 M).
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Figure 16. Comparison of relative abundance of '*O-labeled and unlabeled oxygen evolved during the
stoichiometric oxidation of H,'®O-enriched water (48.5% H,'®0) by addition of 2 equiv of CAN to 1 (2.0
umol) in H,'®0 followed by the addition of H,'®O and additional 2 equiv of CAN.
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The evolved O, was detected by GC-MS, which revealed that the isotope ratio of
%00 : *0'"%0 : 0™0 was 27.3 : 47.7 : 25.0 (Figure 16), which agrees with the
theoretical ratio (26.5 : 50.0 : 23.5) calculated by assuming that the oxygen exchange
between [Fe'V(BQEN)('°0)]*" and H,'®O is much faster than the oxygen evolution
under the reaction conditions. If the oxygen exchange between [Fe''(BQEN)(‘°0)]*
and H,'®0 is much slower than the oxygen evolution, no "*0'*0 would be evolved.
Thus, the oxygen exchange between [Fe' (BQEN)('°0)]*" and H,'*O (48.5%) occurs
rapidly via [Fe" (BQEN)('°OH)('*0H)] following coordination of H>'*O to produce the
same amount of [Fe'V(BQEN)('°0)]*" and [Fe'V(BQEN)('*0)]*" as indicated in Figure
5b (Scheme 1b and c). Both [Fe'Y(BQEN)('°0)]*" and [Fe' (BQEN)('*0)]*" are further
oxidized with CAN in H,'°0 (51.5%) and H,'®0 (48.5%) as solvent to produce O, with
the theoretical isotope ratio of '°0'°0 : '*0'°0 : *0'"*0 = 26.5 : 50.0 : 23.5 (Scheme
la—d).

Scheme 1. Proposed Mechanism of Oxygen Exchange in Fe'V('°0) with H,'®0 in Relation with the
Mechanism of the O-O Bond Formation in the Catalytic Water Oxidation by CAN with 1
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The formation of O-O bond in [Fe" (BQEN)(O)(OH)]*" may be a key step, though it
would be difficult to distinguish whether O-O bond is formed by intramolecular
interaction between the Fe'Y=0 and Fe'"—OH groups or the nucleophilic attack by water
to Fe'Y=0 from the labeling experiments. If H,O, is produced from the O-O bond
formation, it will be oxidized by 2 equiv of CAN to evolve O,. Thus, we have
investigated the H,O, oxidation by CAN to confirm the rate-determining step in the
water oxidation by CAN. When 2 equiv of CAN were added to H,O; in an aqueous
solution containing HNO; (0.10 M), the absorbance at 420 nm assigned to CAN
completely disappeared within 20 s accompanied by O, evolution (Figure 17). The O,
yield for the H>O, oxidation reached 55% at 60 s and 90% at 300 s according to the
stoichiometric reaction of eq 2. This result suggests that O, was evolved rapidly

v 111 +
H,O, +2Ce " — O, +2Ce" +2H (2)
0.4 4
(8) 04 s (b)
20

g 03 | 15 S 3t
o ° €
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Figure 17. (a) Time course of the decay of CAN monitored at 420 nm in the reaction of H,O, (2.0 mM)
with CAN (4.0 mM) in the presence of HNO; (0.10 M) in an aqueous solution (2.0 mL). Insert shows the
UV-vis spectral changes of the reaction solution. (b) Time course of O, evolution for H,O, oxidation
quantified by GC during the reaction of H,O, (2.0 mM) with CAN (4.0 mM) in the presence of HNOj;
(0.10 M) in a non-buffered aqueous solution (2.0 mL).

when H,O, was oxidized by 2 equiv of CAN. The subsequent oxidation of HO, would
also be taken place in the iron metal center during the catalytic water oxidation. Thus,
H,0, cannot be involved in the rate-determining step for the four-electron oxidation of
H,0. The rate-determining step of the water oxidation by CAN may be the O-O bond
formation in the oxidation of [Fe''(BQEN)(O)(OH,)]*" by CAN (see Scheme 1). The
oxidation of [Fe" (BQEN)(O)(OH.)]*" by CAN may produce the Fe' species as
suggested by Costas, Fillol and coworkers®> In this study, only
[Fe"'(BQEN)(O)(OH,)]*" was observed during the water oxidation, although the
formation of the Fe" species cannot be excluded in the mechanism of water oxidation.
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Light-Driven Water Oxidation by Iron Hydroxides Derived from 1. Under
basic conditions, CAN is not a suitable oxidant for water oxidation, because hydrolysis
of CAN occurs and reduces its oxidation power.”” Thus, we examined the light-driven
water oxidation under basic conditions using [Ru(bpy)s]*" and S,0¢* as a
photosensitizer and a sacrificial electron accepter, respectively. The catalytic cycle of
the light-driven water oxidation is shown in Scheme 2. Photoinduced electron transfer
from [Ru(bpy)s]*™* (where * denotes the excited state) to S,0g> occurs to produce
[Ru(bpy)s]>", which can oxidize water in the presence of a water oxidation catalyst to
evolve O,. The light-driven water oxidation was performed in a borate buffer solution
(0.10 M, 2.0 mL, initial pH 8.0, 8.5, or 9.0) containing 1 (5.0 uM), Na,S,0s (5.0 mM),
and [Ru(bpy);]SO4 (0.25 mM). The light-driven water oxidation reaction was started by
irradiating the solution with a Xe lamp (500 W) through a transmitting glass filter (1 >
420 nm) with vigorous stirring at room temperature. Time courses of O, evolution at
different initial pHs are shown in Figure 18a. The evolution of O, was not observed in
the absence of 1 under the reaction conditions. The amount of O, obtained after 20 min
photoirradiation at initial pH 9.0 (2.6 umol, TON = 259) was larger than those at initial
pH 8.5 (2.4 umol, TON = 238) and 8.0 (0.67 umol, TON = 67). The stoichiometric
amount of O, evolution is 5.0 umol in the present reaction systems based on the

stoichiometry of eq 3, where Na,S,0s acts as a two-electron acceptor.” A high O, yield
2H,0 + 2Na,S,05 — O, + 4H™ + 4Na™ + 4S0,> (3)

(52%) was obtained at initial pH 9.0. DLS measurements were performed to investigate
the formation of nanoparticles in the reaction solution, since it has been reported that
iron oxides formed during the reaction catalyze light-driven water oxidation by
S,05”".* Nanoparticles were detected by the DLS measurements as shown in Figure 19.
Figure 18b shows the time courses of average size of particles formed in the solution.

Formation of nanoparticles even at the initial stage of photoirradiation indicates that

Scheme 2. Catalytic Cycle of Light-Driven Water Oxidation with Na,S,0g and [Ru(bpy)3]2+ Using
an Iron-Based Catalyst

4 [Ru(bpy)s]?**
2Na,S,0g fhv
4 [Ru(bpy)g]2* 2H,0
4Na* + 4S0,4% @
4 [Ru(bpy)3]>* 4H* + Oy
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Figure 18. Time courses of O, evolution under photoirradiation (A > 420 nm) of a borate buffer solution
(0.10 M, 2.0 mL) containing Na,S,05 (5.0 mM), [Ru(bpy);]SOy4 (0.25 mM), and 1 (5.0 uM) at different
initial pH conditions (green circles: pH 8.0, blue squares: pH 8.5, red rhombi: pH 9.0). (b) Time courses
of average particle size formed in the photocatalytic reaction. See Figure 19 for particle size distribution

determined by dynamic light scattering (DLS) measurements.

nanoparticles derived from 1 act as a true catalyst in the light-driven water oxidation. In
fact, the titration of sodium hydroxide to 1 monitored by UV-vis spectra demonstrated
that the ligand of 1 was dissociated to release Fe** ions under basic condition (Figure
20a). As a result, nanoparticles derived from Fe’" ions released from 1 by the ligand
dissociation under the basic conditions act as the true catalyst in the light-driven water
oxidation. When the concentration of 1 was increased to 1.0 mM, the ligand oxidation
to CO, was also observed under the basic conditions (Figure 20b). Nanoparticles also
formed during the light-driven water oxidation with 2 at initial pH 9.0 (Figure 21).
When the initial pH was 9.0, the final pH after the reaction slightly decreased to 8.6
(red line in Figure 18a) and the size of nanoparticles increased with the photoirradiation
time to reach the size of 100 nm but slightly decreased as the pH decreased (red line in
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Figure 19. Particle size distribution determined by DLS measurements at initial pH (a) 8.0, (b) 8.5, and
(c) 9.0 in borate buffer solutions containing 1 (5.0 uM), Na,S,0s (5.0 mM) and [Ru(bpy);]SO4 (0.25mM)
at the irradiation times of 2.0 min (blue line), 5.0 min (orange line), 10 min (green line), and 20 min

(purple line). The black line shows the particle size distribution in the absence of 1 at 0 min.
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Figure 18b). When the initial pH was 8.5, the final pH decreased to 7.6 (blue line in
Figure 18a) and the size of nanoparticles increased with the photoirradiation time. In the
case of the initial pH 8.0, the final pH decreased significantly to 1.3 (green line in
Figure 18a) and the nanoparticles formed initially disappeared at pH 1.3 (green line in
Figure 18b). Under such an acidic condition, the O, yield decreased significantly as
compared with those obtained under basic conditions.

When a phosphate buffer solution (50 mM, pH 8.0) was employed for the
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Figure 20. (a) UV-vis spectral changes observed for the titration of a non-buffered aqueous solution (2.0
mL) containing 1 (1.0 mM) with NaOH. (b) Time courses of CO, evolution under photoirradiation (A >
420 nm) of a borate buffer solution (0.10 M, 2.0 mL) containing Na,S,0g (25 mM) and [Ru(bpy);]SO,4
(0.25 mM) in the absence (black squares) and presence of 1 (1.0 mM, red cycles). The CO, evolution was
quantified by GC.
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Figure 21. (a) Time course of O, evolution under photoirradiation (4 > 420 nm) of a borate buffer
solution (0.10 M, 2.0 mL, initial pH 9.0) containing Na,S,0g (5.0 mM), [Ru(bpy);]SO4 (0.25 mM), and 2
(5.0 uM). (b) Particle size distribution determined by DLS measurements at initial pH 9.0 in a borate
buffer solution containing 2 (5.0 uM), Na,S,05g (5.0 mM) and [Ru(bpy);]SO4 (0.25mM) at the irradiation
times of 2.0 min (blue line), 5.0 min (orange line), 10 min (green line), and 20 min (purple line). The

black line shows the particle size distribution in the absence of 2 at 0 min.
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Chapter 3

light-driven water oxidation, no O, evolution was observed by GC. In the phosphate
buffer solution, dissolved Fe*" ions were precipitated by phosphate anions.” The
nanoparticles formed after the light-driven water oxidation by S;0s> with 1 at the initial
pH 9.0 were isolated and they were found to be iron hydroxides by X-ray photoelectron
spectroscopy (XPS) measurements (Figure 22) and transmission electron microscopy
(TEM) measurements (Figure 23), because higher binding energy of O 1s observed in
Figure 22 indicates formation of hydroxide species rather than the oxide species.* Thus,
the true catalyst in the light-driven water oxidation by S,0g” is iron hydroxide

nanoparticles derived from 1 at the initial stage of the reaction.
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Figure 22. X-ray photoelectron spectra in the energy regions of (a) Fe 2p and (b) O 1s of the isolated
particles formed in a borate buffer solution (100 mM, 2.0 mL) containing Na,S,0g (5.0 mM),
[Ru(bpy);]SO4 (0.25 mM), and 1 (1.0 mM). The binding energy of each element was corrected by the C
1s peak (284.6 eV) from the residual carbon.

Figure 23. TEM images of the isolated particles formed in a borate buffer solution (0.10 M, 2.0 mL)
containing Na,S,0s (5.0 mM), [Ru(bpy);]SO4 (0.25 mM) and 1 (1.0 mM).
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Conclusion

I have shown that the true catalysts that affect the water oxidation by iron complexes,
1 and 2, are different in acidic and basic conditions, as shown in Scheme 3. The iron
complexes act as homogeneous catalysts in the water oxidation by CAN under acidic
conditions. The Fe''=0 species formed by the two-electron oxidation of 1 and 2 by
CAN in competition with the ligand dissociation under acidic conditions are involved in
the catalytic water oxidation. The O-O bond formation may occur by the reaction of
Fe'Y=0 species with H,O in the presence of two equiv of CAN or by the coupling of
two Fe'Y=0 species. The dissociated ligands are oxidized by CAN to yield CO,,
resulting in the decrease in the O, yield. In contrast to the homogeneous catalysis under
acidic conditions, light-driven water oxidation using [Ru(bpy);]*" as a photosensitizer
and S,0g” as a sacrificial electron acceptor occurs under basic conditions, where 1 and
2 are converted to iron hydroxide nanoparticles that act as the true catalyst for the water
oxidation. The iron complexes used here cannot act as efficient WOCs in their original
forms, however, they provided an important mechanistic insight into actual form of
molecular iron complexes in water oxidation. Although the intermediate on the surface
of iron hydroxides in the photocatalytic system has yet to be identified, the present
study provides valuable insights into the development of efficient water oxidation

catalysts using earth-abundant iron at different pHs.

Scheme 3. Iron catalysts derived from a nonheme iron complex in catalytic water oxidation at

different pHs
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Supporting Information for Chapter 3
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Figure S1. GC charts of (a) a base line and the gas evolved at 60 min in the catalytic water oxidation
with (b) 1 (12.5 uM) and (c) 2 (12.5 uM) by CAN (125 mM) in a non-buffered aqueous solution (2.0
mL).
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Figure S2. GC charts of CO, evolution in the catalytic water oxidation with (a) 1 (12.5 uM) and (b) 2
(12.5 uM) by CAN (125 mM) in a non-buffered aqueous solution (2.0 mL).

91



15 min 25 min

77

7
0.77

™

= o i~

35 min 60 min

u 5 FeBQEN
(b)
5 min 15 min 25 min
o 0, [\coz % 2 © &
35 min 60 min
£ 2
2 N 2 v FeBQCN

Figure S3. GC charts of CO, evolution observed with (a) 1 (1.0 mM) and (b) 2 (1.0 mM) in the catalytic
reactions by CAN (0.10 M) in a non-buffered aqueous solution (2.0 mL).
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Figure S4. Differential pulse voltammetry (DPV) of an aqueous solution containing 1 (0.50 mM) and
NaNOj; (0.10 M) in different pH ranges: (a) from 2.0 to 4.0 and (b) from 4.5 to 8.1 (conditions: amplitude
=50 mV; pulse period = 0.2 s).
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Figure S5. ESI-MS spectra of the solutions obtained in the reaction of 1 (1.0 mM) with CAN (2.0 mM)
in H,'°0/MeCN [1:4 (v/v), black dots] and H,'*0/MeCN [1:4 (v/v), red line]. The peaks at m/z 564.0 and
566.0 correspond to [Fe"(BQEN)('*OH)(OTf)]" and [Fe"(BQEN)("*OH)(OTf)]" (caled m/z = 564.1 and
566.1, respectively).
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Chapter 4

Catalytic Mechanism of Water Oxidation with Single-Site

Ruthenium-Heteropolytungstate Complexes

Ce'V Cell CelV Cell + 2H*
[(L)Ru"'—0H2]5-LZ> [(L)Ru'V—OH,]4 A [(L)RuV=0]5-

.
tas 0, + 4Ce" + 4H* H,0 H,0

O +4Ce" “+> l

[(L)RuVOOH]4 — [(L)Ru'VOOH]5- — [(L)Ru"OOH]s-

Abstract: Catalytic water oxidation to generate oxygen was achieved using
all-inorganic mononuclear ruthenium complexes bearing Keggin-type lacunary
heteropolytungstate, [Ru'"(H,0)SiW,,039]°" (1) and [Ru™(H,0)GeW,,030]> (2) as
catalysts with (NHy)2[Ce'V(NO3)s] (CAN) as a one-electron oxidant in water. The
oxygen atoms of evolved oxygen come from water as confirmed by isotope-labeled
experiments. Cyclic voltammetric measurements of 1 and 2 at various pHs indicate that
both complexes 1 and 2 exhibit three one-electron redox couples based on ruthenium
center. The Pourbaix diagrams (plots of £, vs pH) support that the Ru(IIl) complexes
are oxidized to the Ru(V)-oxo complexes with CAN. The Ru(V)-oxo complex derived
from 1 was detected by UV-visible absorption, EPR, and resonance Raman
measurements in situ as an active species during the water oxidation reaction. This
indicates that the Ru(V)-oxo complex is involved in the rate-determining step of the
catalytic cycle of water oxidation. The overall catalytic mechanism of water oxidation
was revealed based on the kinetic analysis and detection of the catalytic intermediates.
The complex 2 exhibited the higher catalytic activity for the water oxidation with CAN

than complex 1.
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Introduction

Effective and sustained catalysts for water oxidation are absolutely imperative to
achieve the conversion of sunlight into clean and accumulable chemical energy by
artificial photosynthesis as typified by sunlight-driven water splitting into hydrogen and
oxygen (eqs 1, 2)."! Thus, extensive efforts have so far been devoted to the development

of water oxidation catalysts (WOCs) over the past three decades.”™

2H,0 — O, + 4H" + 4e (1)
4H +4e — H, )

WOCs can be classified into heterogeneous’ and homogeneous® * types.
Heterogeneous WOCs are generally robust and easy to fabricate, providing potential
applications. However, the difficulty to identify the catalytically active species of
heterogeneous catalysts has precluded to clarify the catalytic mechanism of water
oxidation.” In contrast to heterogeneous catalysts, homogeneous catalysts provide the
better opportunity to study the catalytic mechanism of water oxidation, which has yet to
be clarified though.

The first homogeneous WOC reported by Meyer et al®® s
cis,cis-[(bpy)2(HO)Ru™ORu" (H,0)(bpy)2]*" (bpy = 2,2’-bipyridine), so-called “blue
dimer”. To date, several bimetallic Ru”™"° and Mn***' WOCs have been documented,
and the multinuclear structure similar to that in the oxygen evolving complex (OEC) in
Photosystem I1”> was regarded to be essential for mediating four-electron process of

23-34
334 and 15536

water oxidation. However, a number of mononuclear Ru complexes have
also been reported as efficient WOCs. Although the catalytic mechanisms of
multinuclear WOCs as the functional model of OEC have attracted considerable
attention, there are a few detailed mechanistic studies on binuclear Ru complexes due
presumably to the complexity of multinuclear catalysis.”'""'**” Mononuclear WOCs
may be more suitable to elucidate the catalytic mechanism of water oxidation because
of their simple structure. However, all the single-site Ru complexes reported so far

. . . 23-34
contain organic ligands,”

and oxidation of the organic ligands under the water
oxidation conditions would make it difficult to obtain mechanistic insight into the
catalytic water oxidation. In order to avoid the oxidative damage of WOCs, the adoption
of inorganic ligands, which is stable under water oxidation conditions, is suitable as
demonstrated by a  tetraruthenium  complex  with  silicodecatungstate
[{Rus04(OH)2(H20)4} (7-SiW10036)2]'"", which acts a robust water oxidation catalyst

with  one-electron oxidants such as diammonium cerium (IV) nitrate,
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(NHy)12[Ce""(NOs)s] (CAN) and [Ru(bpy)s]*" (bpy = 2,2’-bipyridine).”* *' A tetracobalt
complex with phosphononatungstate [Co4(H20)2(PW034),]'" was also reported to be
capable of oxidizing water with [Ru" (bpy)s]*".*** However, the catalytic mechanism
of water oxidation with those all-inorganic tetranuclear complexes has yet to be
clarified, and there has so far been no report on all-inorganic single-site WOCs.

In Chapter 4, 1 report that single-site ruthenium complexes with
heteroundecatungstate, [Ru" (H,0)SiW,03]> (1)* and [Ru"(H,0)GeW 03]’ (2)
(Chart 1) act as robust water oxidation catalysts with CAN. The catalytic mechanism of
water oxidation with 1 and 2 was revealed by electrochemical and spectroscopic
measurements as well as by the kinetic analysis. The comparison of the catalytic
activity between 1 and 2 for water oxidation with CAN provides a valuable insight into

the further improvement of the catalytic activity for water oxidation.

Chart 1. Structure of Polyanions 1 and 2 (Ru: Light Green; W: Purple; O: Red; H: White; Si:
Light Blue; Ge: Deep Blue)

[Ru'(H,0)SiW,,034]5~ (1) [Ru'l(H,0)GeW,,030]% (2)

Experimental Section

Materials. Css[Ru"'(H,0)SiW;,030] (Csse1) and Css[Ru''(H,0)GeW,030] (Css*2)
were prepared according to the literature procedures and characterized by IR,
UV-visible spectroscopic and electrochemical measurements.”* Commercially available
reagents: sodium sulfate (Na,SOjs), phosphoric acid (H;PO,), boric acid (H;BOs), acetic
acid (CH3COOH), nitric acid (HNOs), diluted nitric acid (1.0 M and 0.1 M HNO3),
diammonium cerium (IV) nitrate ((NHy),[Ce" ' (NO;3)s], CAN), diammonium cerium
(ITT) nitrate (NH,),[Ce" (NO3)s]) (Wako Pure Chemical Industries.), DO (99.9% D),
H."*0 (97% '*0) (Cambridge Isotope Laboratories) were used without further

purification.
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General Methods. Purification of water (18.2 MQ cm) was performed with a
Milli-Q system (Millipore, Direct-Q 3 UV). UV-visible absorption spectra were
recorded using a Hewlett Packard 8453 diode array spectrophotometer with a quartz
cuvette (the light path length = 1 cm). The pH values of a solution were determined by a
pH meter (TOA, HM-20J) equipped with a pH combination electrode (TOA,
GST-5725C). The pH meter was calibrated relative to standard phthalate (pH 4.0) and
phosphate (pH 6.9) buffer solutions prior to each use.

TGA Analysis. The number of crystal water in 1 and 2 were determined to be 6 and
8, respectively, based on the results of TGA analysis recorded on an SII TG/DTA 7200
instrument. The samples (~5 mg) were heated from 25 to 300 °C with a ramp rate of
2 °C min"'. The number of crystal water contained in the sample was evaluated from the
weight loss by heating the sample.

Catalytic Oxygen Evolution. The yield of oxygen was determined with a
Shimadzu GC-17A gas chromatograph {Ar carrier, a capillary column with molecular
sieves (Agilent Technologies, 19095P-MS0, 30 m % 0.53 mm) at 313 K} equipped with
a thermal conductivity detector. An aliquot (100 uL) of a deaerated 0.1 M HNO;
aqueous solution containing 1 (6.0 x 107’ mol) was injected into a deaerated 0.1 M
HNO; aqueous solution (2 mL) containing CAN (1.2 x 10~ mol) in the reaction vessel
(4.9 mL) with a magnetic stirrer. At every 10 minutes, 100 uL of gas in headspace of
the reaction vessel was taken using a gas-tight syringe and analyzed by GC. The total
amount of evolved oxygen was determined based on the calibration curve prepared for
various concentrations of oxygen in argon gas.

Isotope-Labeled Experiment. The ratio of '°0, '°0'0, and '*0, was
determined based on the intensity of mass spectrum (m/z = 32, 34, and 36) obtained on a
Shimadzu GC-17A gas chromatograph {He carrier, TC-FFAP column (GL Science,
1010-15242) at 313 K} equipped with a mass spectrometer (Shimadzu, QP-5000). An
aliquot (100 uL) of a deaerated H,'®O solution (83.8% '*0) containing 1 (3.0 x 10~
mol) and HNOjs (0.1 M) was injected to into 1 mL of a deaerated H,'*O solution (83.8%
'80) containing CAN (6.0 x 10°° mol) and HNO; (0.1 M) in the reaction vessel (2 mL).
The air in the headspace of sealed reaction vessel was replaced by He before the
reaction by bubbling He gas through syringe. After 1 hour, 50 uL of gas in headspace of
the reaction vessel was taken using a gas-tight syringe and analyzed by GC-MS.

Determination of pK, Values. The spectroscopic titrations were performed to
determine the pK, values of 1 and 2 in a 0.1 M Britton-Robinson buffer ((CH;COOH] =
0.1 M, [H3PO4] = 0.1 M, [H3BO4] = 0.1 M) at 298 K. A small amount of 0.36-3.6 M
NaOH aqueous solutions was added to a 0.1 M Britton-Robinson buffer solution
containing 1 (5.0 x 10* M) or 2 (5.0 x 10~* M). The absorption spectra of 1 and 2 were
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changed with an increase in pH and the plot of absorbance at particular wavelengths (A
=440 nm for 1, A= 430 nm for 2) vs pH was fitted by eq 3, where A4 is the absorbance

A=A+ Ko(Ao — A)/(K, + 10771 (3)

of the aqua complex, and A, is the absorbance of the hydroxo complex. The pK, value
was determined from the fitting curve as the pH value when the absorbance was the
average value of 4y and A4... Derivation of eq 3 is described in Supporting Information.

Spectral Titration. The UV-visible spectroscopic titration was performed with a
spectrophotometer. UV-visible spectra were taken after every addition of a 0.1 M HNOs
aqueous solution (20 uL) containing CAN (6.0 x 10~ M) to a 0.1 M HNOj; aqueous
solution (2 mL) containing 1 (3.0 x 10™* M). The absorbances at A = 380 and 550 nm
were plotted against the ratio of [CAN] to [1].

Electrochemical Measurements. Cyclic voltammetry (CV) was performed on
an ALS 630B electrochemical analyzer using a glassy carbon electrode as a working
electrode, a saturated calomel electrode (SCE) as a reference electrode, and Pt wire as
an auxiliary electrode. Cyclic voltammograms and differential pulse voltammograms of
1 (2.0 x 10° M) and 2 (2.0 x 10 M) were obtained in 0.1 M Britton-Robinson buffer
solutions in the range of 1.5 < pH < 8.0 and in 0.1 M Na,SO4 aqueous solutions in the
range of 0 < pH < 1.5. The pH of a solution was changed by using 0.36~3.6 M NaOH
aqueous solutions and HNO; (69 %).

Electron Paramagnetic Resonance (EPR) Measurements. The EPR cell
(3.0 mm i.d.) containing a deaerated 0.1 M HNO; aqueous solution (0.5 mL) of 1 (1.0 x
102 M) or 2 (1.0 x 10~ M) was maintained at 77 K in a liquid-nitrogen dewar. The
remaining gas in headspace of the EPR cell was removed under vacuum, then the EPR
cell was cooled to 4 K with use of liquid helium in the EPR cavity and EPR spectrum
was taken on a JEOL JEX-REIXE spectrometer under nonsaturating microwave power
conditions. The magnitude of the modulation was chosen to optimize the resolution and
the signal-to-noise (S/N) ratio of the observed spectra. The g values were calibrated
using Mn>" marker. The EPR spectrum of oxidized 1 was obtained as follows. A
deacrated 0.1 M HNO; aqueous solution (0.5 mL) of 1 (1.0 x 10~ M) and a deacrated
0.1 M HNOj aqueous solution (10 uL) of CAN were mixed in an EPR cell. After a few
seconds, the EPR cell was cooled to 77 K in a liquid-nitrogen Dewar and the remaining
gas in headspace of the EPR cell was removed under vacuum. The EPR spectrum of the
mixture was measured after cooling the EPR cell down at 4 K or 77 K. The EPR
spectrum of oxidized 2 was measured in the same manner as 1.

Resonance Raman (rR) Measurements. rR spectra were measured using a A =
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442 nm line of a HeCd laser (Kinmon, IK4401R-D). The laser power at the sample
point was 10 mW. The sample solution was in an NMR tube and spun with a spinning
cell device designed to minimize off-center deviation during rotation. Raman scattered
light was collected at 135° with a pair of fused quartz lenses, f~matched to a 1.0 m
spectrograph (Ritsu Oyo Kogaku, MC-1000DG) which was equipped with a
holographic grating (2400 grooves mm ') and a liquid nitrogen-cooled CCD detector. A
depolarizer was used to scramble the polarization of collected light and thus eliminate
intensity artifacts created by polarization-dependent grating reflectivity. The spectra
were calibrated using the standard Raman spectra of acetone and indene. An aliquot (10
uL) of an H,'°0 or H,"O solution of CAN (1.5 x 10°® mol) was added to a 500 uL
H,'°0 or H,'*0 solution of 1 (5.0 x 10~ mol) and 2 (5.0 x 10"’ mol). Formation of a
precipitate was observed immediately after mixing two solutions of 1 (or 2) and CAN.
The precipitate was removed with a membrane filter and the filtrate was transferred to a
quartz NMR tube, then the NMR tube was supplied for rR measurement.

Kinetic Measurements. All kinetic experiments were performed using a
spectrophotometer with 1 cm cell at 298 K. The absorbance at A =420 nm assignable to
CAN was monitored during water-oxidation reaction under various conditions. Each of
initial reaction rate was obtained on the basis of the decay rate of absorbance at A = 420

nm.

Results and Discussion

Catalytic Water Oxidation. The catalytic water oxidation was investigated by an
addition of 20 equiv of Ce'" to aqueous solution containing 1 (3.0 x 10~* M) and 0.1 M
HNOs, and the evolution of oxygen was confirmed by gas-chromatographic analysis
(see Experimental Section and Figure 1). The loss of Ce' was monitored by photodiode
array UV-visible spectrophotometer (A = 400 nm) and the amount of evolved O, was
determined by gas chromatography. The result of a typical experiment is shown as the
time profiles of the decay of Ce'" and the evolution of O, in Figure 2a. The decrease in
the concentration of CAN in the solution virtually coincides with the O, evolution
(Figure 2b), and 2.7 umol of oxygen was finally produced from 12 umol of CAN. The
efficiency of oxygen evolution is approximately 90 % based on the initial amount of
oxidant, indicating that nearly stoichiometric water oxidation by Ce'" occurred with 1,
i.e., 4 equivalents of Ce' is consumed for 1 equivalent of O, evolution based on eq
1.TONSs of oxygen evolution catalyzed by 1 and 2 reaches up to 20 and 50, respectively.

The oxygen evolution was not observed upon additions of RuCl;*3H,0, Ru(acac)s,
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Figure 1. GC chart of the gas in the headspace of sealed reaction vessel (4.9 mL) taken at 50 min after
mixing 1 (3.0 x 10 M) and CAN (6.0 x 10~ M) in an aqueous solution containing 0.10 M HNO; at 298
K.
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Figure 2. (a) UV-vis spectral changes in the course of the reaction of 1 (3.0 x 10~* M) with CAN (6.0 x
107 M) in 0.1 M HNO; at 298 K. (b) Time course of the amount of evolved oxygen (red circle) and CAN
(black line) in the reaction of 1 (3.0 x 10~* M) with CAN (6.0 x 10~ M) in 0.1 M HNO; at 298 K.

and Kg[SiW;;039] instead of 1 to an aqueous solution containing CAN and 0.1 M HNOs.
The addition of 2 to the same aqueous solution led to more efficient oxygen evolution
as compared with 1. Thus, it should be noted that only 1 and 2 were able to act as a
water oxidation catalyst with CAN, and the ruthenium sources and the ruthenium-free
ligand of 1 had no effect on the catalysis.

I conducted GC-MS analysis of oxygen evolved during water oxidation using H,'*O
to clarify the oxygen source of evolved oxygen. The evolved oxygen in the oxidation of
water with CAN in H,'*O-enriched aqueous solution (83.8% '*0) containing 1 and 0.1
M HNOs; was analyzed by GC-MS (Figure 3). In the mass spectrum, the molecular ion
peak at m/z = 36 assignable to '*O, exhibited the largest intensity among the molecular
ion peaks at m/z = 32, 34, and 36 (Table 1). The relative abundance of oxygen isotopes,

which were determined from the intensities of those three molecular ion peaks, is listed
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in Table 2. The theoretical ratio of oxygen isotopes in Table 2 was calculated by
assuming that both oxygen atoms of oxygen come only from water. The observed ratios
agree well with the calculated ratios, indicating that evolved oxygen comes exclusively
from water.

Redox Properties of 1 and 2. In order to get insight into the catalytically active
species for water oxidation with CAN, I have examined the comprehensive redox and

acid-base properties of 1 and 2 by electrochemical and pK, measurements. The

m/z= 36
m/z=34
m/z=32

Intensity (a.u.)

10 11 12 13 14 15
Retention Time, min

Figure 3. GC-MS charts of the gas in the headspace of sealed reaction vessel taken at 60 min after
mixing 1 (3.0 x 10~* M) and CAN (6.0 x 10~ M) in an aqueous solution containing 0.10 M HNOs (85%
H,"0) at 298 K.

Table 1. Intensity of Molecular Ion Peaks at m/z = 32, 34, and 36 and Relative Abundance of
Oxygen Isotopes

mlz intensity relative abundance, %
32 6469 3.4
34 49864 26.7
36 130771 69.9

Table 2. Observed and Theoretical Relative Abundances of '*0-Labeled and Unlabeled Oxygen
Evolved during the Oxidation of H,"*O-Enriched Water (83.8% H,'®0) Catalyzed by 1 (3.0 x 10™*
M) with CAN (6.0 x 10~ M) in 0.1 M HNOj; at 298 K

relative abundance, %

150, 160130 130,
observed 34 26.7 69.9
theoretical® 2.6 27.2 70.2

“ Theoretical values were calculated by assuming that evolved oxygen comes only from water.
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electrochemical behavior and the pK, values of 1 and 2 were studied in a broad pH
range. The aqua complexes 1 and 2 are converted to the corresponding hydroxo
complexes, i.e., (L)Ru™-OH (L = [SiW,103]* for 1 or [GeW;03]" for 2) by
increasing pH as shown in Figure 2. The pK, values of the aqua complexes of 1 and 2
are determined by fitting eq 3 (Experimental Section) to the data of UV-visible

spectroscopic titration in Figure 4 to be 6.4 and 6.2, respectively.
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Figure 4. Absorption spectral changes in the course of titration of (a) 1 (5.0 x 10* M) and (b) 2 (5.0 x
10* M) with NaOH aqueous solution in 0.1 M Britton-Robinson buffer at 298 K. Inset: Plot of the
absorbance at A =440 nm for 1 and A =430 nm for 2) vs pH.

Cyclic voltammograms of 1 and 2 depending on pH were measured in the range of 0
< pH < 8 (Figure 5).* Both 1 and 2 undergo three one-electron oxidation processes,
each of which exhibited ca 90 mV of a peak separation at a sweep rate of 0.1 V s,
indicating that three one-electron redox couples are chemically reversible. The first
one-electron reduction process starting from the Ru(IIl) complexes is ascribed to the
Ru(IIT)/Ru(Il) redox couple, whereas the first and second one-electron oxidation
processes are ascribed to the Ru(IV)/Ru(Ill) and Ru(V)/Ru(IV) redox couples,
respectively. The three one-electron redox potentials are shifted to a positive direction
with decreasing pH (Figure 5).*

Figure 6 illustrates the Pourbaix diagrams (£, vs pH)* for 1 and 2 in the range of 0
< pH < 8 in water. When E;; is independent of pH, no proton is coupled in the
one-electron redox process.***** On the other hand, when E), decreases with increasing
pH with a slope of 59 and 118 mV, one and two protons are coupled with the
one-electron redox process, respectively.*’ Thus, all the species depending on the )
and pH values can be identified as shown in Figure 4. For example, the (L)Ru'"-OH, (L
= [SiW,,039]* for 1 or [GeW,,039]* for 2) complex is oxidized to the (L)Ru''-OH,
complex at pH 1 at an applied potential between 0.62 and 0.90 V (vs SCE) without
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Figure 5. Cyclic voltammograms of (a) [Ru™SiW;03]>" (1, 2.0 x 10~ M), and (b) [Ru"'GeW,035]> (2,
2.0 x 10~ M) depending on pH with a scan rate of 0.1 V s™' in 0.1 M Britton-Robinson buffer at 298 K.
The pH of the solution was adjusted by NaOH aqueous solution.
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Figure 6. Pourbaix diagrams for (a) 1 and (b) 2. The blue, green, and red points correspond to the
Ru(IIT)/Ru(Il), Ru(IV)/Ru(Ill), and Ru(V)/Ru(IV) redox potentials, respectively. All the four pK, values
are shown by the vertical dashed lines. L1 and L2 denote the ligand of 1 and 2, respectively.

losing proton when the Ej/; value remains constant with the change in pH around 1. In
contrast, the (L)Ru''-OH, complex is oxidized to the (L)Ru"=0 complex at pH 1 at an
applied potential above 0.90 V with removal of two protons, when the Ej, value
decreases with increasing pH from 1 with a slope of 118 mV. Thus, 1 and 2 are
expected to be oxidized by CAN (Ey» = 1.21 V vs SCE at pH 1.0,*** and E;, = 1.61 V
vs NHE (= 1.34 V vs SCE) at lower pH with 0.5-5 M HNO3)** to the (L)Ru'=0
complexes of 1 and 2, respectively. The complexes 1 and 2 are not stable at pH higher
than 8.
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All the four pK, values of 2 (6.2 for [Ru"(H,0)GeW,,039]*", 1.7 for [Ru"(H,0)H-
GeW,,039]”, 2.7 for [Ru"Y(H,0)GeW,039]"", and 1.7 for [Ru'Y(OH)GeW,,039]”) are
smaller than the corresponding values of 1 (6.4 for [Ru"(H,0)SiW,,03]”, 2.5 for
[Ru'(H,O)HSiW 03], 3.4 for [Ru'"(H,0)SiW,,030]", and 2.6 for [Ru'Y(OH)Si-
W11030]). This indicates that the ruthenium site and the ligand of 2 are more difficult
to be protonated due to the electron-withdrawing effect of germanium, core-atom of the
ligand, because of the larger electronegativity of germanium (2.01) than silicon (1.90).*
The more electronegative Ge than Si withdraws electron at higher degree from the
framework of polytungstate anion, which causes the lower basicity of the
heteropolytungstate anion. The weaker coordination of the heteropolytungstate anion
resulted in the higher acidity of the Ru metal center, which induces the higher acidity of
the coordinated aqua ligand with lower pK,.

Spectroscopic Redox Titrations. The UV-visible spectral titration of 1 with
CAN in an acidic medium showed that the oxidation of 1 led to the formation of
corresponding Ru(IV) and Ru(V) complexes as shown in Figure 7. The formation of
respective Ru(IV) and Ru(V) species were observed with the isosbestic points (A = 500
nm for first one-electron oxidation, A = 358, 500 nm for second one-electron oxidation)
by adding stoichiometric equivalents of CAN to aqueous solution containing 1 (3.0 x
10* M) and 0.1 M HNOs. According to the Pourbaix diagram for 1 in Figure 6a, the
respective Ru(IV) and Ru(V) species in the range of 0 < pH < 2.6 can be assigned to
[Ru"(H,0)SiW,,030]* and [Ru"(0)SiW,;039]*". The first and second electron-transfer
processes between 1 and CAN are thermodynamically favorable due to the high
reduction potential of Ce(IV)/Ce(IIl), which is 1.61 V vs NHE (1.34 V vs SCE).**

CelV Cell Celv Cell + 2H*
(LURuMOH, >~ " _ (LRuVOH, _ " _ (L)Ru'=0
Ru(lll) Aqua Ru(lV) Aqua Ru(V) Oxo
(a) 2.0 (b)1.2
Absggg
[CAN] /[1] [CAN] /[1] 10}
15 1.0
o 0081
o (%]
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Figure 7. (a) UV—visible spectral changes of 1 upon addition of CAN in 0.1 M HNOj; at 298 K. The
initial concentration of 1, [1], was 3.0 x 10~ M. Each spectrum was monitored after every addition of 0.2
equivalent of CAN. (b) Plots of the absorbance at A = 380 (circles) and 550 nm (squares) relative to the
ratio of [CAN] to [1],.
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Because the oxidation potentials of [Ru'"(H,0)SiW,039]’ and [Ru"V(H,0)SiW,,030]*"
at pH 1.0 were determined to be 0.64 and 0.91 V, respectively, the reduction potential
of CAN is high enough to oxidize these complexes under the catalytic conditions. The
driving forces of the first and second electron-transfer processes are estimated to be
0.57 and 0.30 eV, respectively. Thus, the first and second electron-transfer oxidation
processes are expected to proceed at the diffusion-limited rate. Actually, the rates of
electron-transfer oxidation of 1 and 2 with CAN were too fast to be determined even by
using a stopped-flow method. This indicates that the electron-transfer rate constant is
larger than 10° M ' 7' >°

In cryogenic EPR measurements at 4 K, 1 exhibited a two-axis anisotropic signal
with g.= 2.4 and g, = 2.0 (Figure 8a). The spin state of 1 can be assigned to S = 1/2 and
the oxidation number of ruthenium in 1 is III judging from the g. value higher than
2.3.°" The addition of 2 equivalents of CAN to the solution of 1 resulted in a sharp
two-axis anisotropic signal at g, = 2.1 and g, = 1.9 (Figure 8b) at 77 K. This indicates
that the spin state of 1 under catalytic conditions is also S = 1/2. The anisotropic EPR
signal at g. = 2.1 and gy = 1.9~2.0 is not characteristic of the Ru'"
Ru"=0 species as reported in the literature.”'”> On the other hand, the EPR signal due
to Ce''

spin—orbit coupling and the short relaxation time of the 4f' state above 30 K.>* Thus,

species but the
ion observable at 4 K (Figure 9) was not observed at 77 K due to the strong

these EPR results together with rR spectral data (vide infra) rationalize the steady state
formation of [(L)Ru'=0]"" of 1 in the catalytic cycle. In the case of 2, the EPR spectra

of 2 and its oxidized species showed similar tendency as those of complex 1 (Figure
10).

The characterization of the catalytically active species derived from 1 for water
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Figure 8. (a) X-band EPR spectrum of 1 (1.0 mM) measured at 4 K in a frozen 0.1 M HNOj; solution. (b)
X-band EPR spectrum of 1 (1.0 mM) observed upon addition of 2 equivalents of CAN to a 0.10 M HNO;

solution measured at 77 K. The scale in longitudinal axis of (b) is 15 times larger than that of (a).
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Figure 9. X-band EPR spectrum of (NH,),[Ce™(NO;)s] (5.0 x 107 M) in a frozen aqueous solution
containing 0.10 M HNO; at 4 K.

(@) (b)

g =21

/

—

~
g,=19

~—gy=20

0 100 200 300 400 500 O 100 200 300 400 500
Magnetic Field, mT Magnetic Field, mT

Figure 10. (a) X-band EPR spectrum of 2 (1.0 x 10 M) in a frozen aqueous solution containing 0.10 M
HNO; at 4 K. (b) X-band EPR spectrum of 2 (1.0 x 10~ M) upon addition of CAN (2.0 x 10~ M) in a
frozen aqueous solution containing 0.10 M HNO; at 77 K.

oxidation was also performed by the resonance Raman (rR) measurements. Figure 11
shows the result of the rR measurements of oxidized 1 produced by the addition of
CAN (3 equiv, 3.0 x 10° M) in water with excitation at A = 442 nm. The Raman
scattering at 800 cm ' was observed and this was shifted to 785 cm™' when H,'*O was
employed as a solvent. Similar Raman bands were observed for oxidized 2 with CAN
(Figure 12). The rR band appearing at 800 cm ' is assignable to the typical Ru'=0
species as identified in the previous papers.”*””> In comparison with other Ru=O
complexes together with the results of the redox titration and the EPR spectrum, this
band is assigned to the stretching of Ru(V)-oxo double bond (Ru'=0) of
[Ru¥(0)SiW,,039]’". The smaller isotopic shift (15 cm™) than the theoretical value for
the '*O substitution in a Ru=0 harmonic oscillator (Av = 40 cm ') may result from the
binding of Ce(IV) to the oxo complex as suggested by the literature.>
The UV-visible spectrum of 1 observed during the catalytic oxidation with CAN in
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Figure 11. (a) Resonance Raman spectrum of [Ru'('°0)SiW,,03]° generated in the reaction of
[Rum(HZMO)SiWI 1039]5’ with CAN in Hzl(’O solution at room temperature with an excitation wavelength
of A = 442 nm. (b) Resonance Raman spectrum of [Ru"(*0)SiW 03]’ generated in the reaction of
[RuIII(Hzlgo)SiWI 1039]5’ with CAN in Hz“‘o solution at room temperature with an excitation wavelength

of A =442 nm. (c¢) Difference spectrum between (a) and (b).
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Figure 12. (a) Resonance Raman spectrum of [Ru'('°0)GeW, 03]’ generated in the reaction of
[Rum(HZIGO)GeW”Ow]S’ with CAN in an H216O solution at room temperature with an excitation

wavelength of A = 442 nm. (b) Resonance Raman spectrum of [Ru"("*0)GeW 03]’ generated in the

reaction of [Rum(HzlgO)GeWHOw]sf with CAN in an HZISO solution at room temperature with an

excitation wavelength of A =442 nm.

an aqueous solution containing 0.1 M HNOs (Figure 13) agrees well with the spectrum
of [Ru"(0)SiW ;03] in Figure 7a. Because the formation of [Ru"(0)SiW,,039]’ by
the electron-transfer oxidation of 1 with CAN is very fast (vide supra), the Ru'=0
complex remains the catalytically active species for the water oxidation. The more
detailed mechanistic insight is provided by the kinetic analysis (vide infra).

Kinetics and Catalytic Mechanism. Kinetic studies on the catalytic oxidation of
water by CAN with 1 and 2 were conducted with an excess amount of CAN in acidic
media to clarify the catalytic mechanism. The rates of water oxidation were determined

from the decay rates of CAN, which agree with the rates of oxygen evolution (see
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Figure 13. UV-vis absorption spectrum of 1 (3.0 x 10" M) during water oxidation (black) and that of
[Ru¥(0)SiW,030]’ (3.0 x 10~ M) obtained by the titration with CAN as shown in Figure 7a (red).

Figure 2b). The decay rate of CAN was determined by monitoring the decay of
absorbance at A = 400 and 420 nm due to CAN using a photodiode array UV-visible
spectrophotometer (see Experimental Section). The initial rates of water oxidation (R;)
were used to analyze the kinetics under catalytic turnover conditions to avoid the effect
of decomposition of 1 and 2 under strongly acidic conditions.

The initial rates of water oxidation were investigated with various concentrations of
1 and 2 in an aqueous solution containing 100 equivalents of CAN and 0.55 M HNO3.*®
The relatively high concentration of HNOs, i.e., 0.55 M was employed because the
solubility of catalyst 2 was limited in the presence of CAN at higher pH in the presence
of 0.1 M HNOj; due to the counter cation exchange. The rate law is determined to be
first order with respect to the concentrations of 1 and 2 as shown in Figure 14a and 14b,
respectively. If two Ru'=0 molecules, i.e., two [Ru"(0)SiW;03]” for 1 or two
[RuV(O)GeWnOgg]S’ for 2, are involved for O-O bond formation in O, evolution, the
rate law would be second order with respect to the catalyst concentration. Thus, the
most likely reaction pathway for the O-O bond formation may be the reaction of the
Ru"=0 complex with water to produce the Ru™-OOH complex.”** The water
oxidation rate slightly increases with increasing pH (Figure 14c) and it also increases
with increasing concentration of CAN to approach a constant value (Figure 14d). If the
reaction of the Ru'=0 complex with water is solely the rate-determining step for the
water oxidation, the water oxidation rate would be constant with change in pH or
concentrations of CAN, because the formation of the Ru'=0 complex by the
electron-transfer oxidation of 1 with CAN occurs at the diffusion-limited rate (vide
supra). The saturation behaviors of the water oxidation rate with increasing pH and
concentration of CAN indicate that the subsequent oxidation of the Ru"'-OOH complex
by CAN competes with the back reaction from the Ru''-OOH complex, which
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Figure 14. (a) Dependence of the initial rate (R;) on [1] in the water oxidation catalyzed by 1 with CAN
(100 equivalents, (2.0-6.0) x 10~ M) in 0.55 M HNO; at 298 K. (b) Dependence of R; on [2] in the water
oxidation catalyzed by 2 with CAN (100 equivalents, (2.0-6.0) x 10~ M) in 0.55 M HNO; at 298 K. (c)
Dependence of logR; on pH in the water oxidation catalyzed by 1 (5.0 x 10~ M) with CAN ((0.10-1.0) x
102 M) in 0.10 ~ 0.55 M HNO; at 298 K. (d) Dependence of R; on [CAN] in the water oxidation
catalyzed by 1 (5.0 x 10 M) with CAN ((0.10-1.0) x 10> M) in 0.10 ~ 0.55 M HNO; at 298 K.

undergoes the O-O bond cleavage to regenerate the Ru'=0 complex as shown in
Scheme 1. The driving force of dissociation of H and O, from [(L)Ru"-OOH]* could
be attributed to the deprotonation coupled with the oxidation of the peroxo ligand (O,*)
with high valent Ru". This may be the reason why the deprotonation occurs in such a
highly acidic medium.

According to Scheme 1, the water oxidation rate (R;) is given by eq 4, where k,, is

Ri = kyko[Ru'=0][H20][CAN]/(k_y[H'] + ko [CAN]) @)
the rate constant of the reaction of the Ru'=0 complex with H,O to produce the
Ru-OOH complex, ke is the rate constant of electron transfer from the Ru-OOH

complex to CAN and k , is the rate constant of the back reaction from the Ru-OOH
complex with H' to regenerate the Ru'=0 complex. Equation 4 agrees with
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Scheme 1. Proposed Catalytic Mechanism of Water Oxidation by CAN with the Ru Complexes

[(L)Ru"—OH,]5- M[(L)RUW—OHZ]“_ LL‘» [(L)RuV=0]5-
M ini H,0 H,0
H,0 Rate-Determining Step ___ ) C 2
02 + H+ H+ H+

[(L)RuVOOH]4- — [(L)RuVOOH]5- -~ [(L)Ru''OOH]e-

experimental observations in Figure 14: the first order dependence on the catalyst
concentration that corresponds to [Ru'=0], the saturation dependence on pH and the
CAN concentration. Thus, the catalytic water oxidation by CAN with the Ru""-OH,
complex (1 and 2) proceeds via the Ru'=0 complex, which is immediately formed by
the fast two-electron oxidation of the Ru™

The reaction of the Ru"=0 complex with H,O to produce the Ru-OOH complex is the

-OH, complex coupled with deprotonation.

rate-determining step, but the electron transfer oxidation of the Ru™-OOH by CAN
leading to the oxygen evolution competes with the back reaction from the Ru™-OOH
complex with H to regenerate the Ru'=0 complex. Because the further oxidation of
the Ru"'OOH complex may be fast (not the rate-determining step), the Ru'YOOH
intermediate in Scheme 1 is putative.

It should be noted that the rate of 2 (Figure 14b) is 1.5 times higher than that of 1
(Figure 14a). The higher -catalytic activity of 2 may result from the
electron-withdrawing effect of germanium (core atom of the ligand), which are reflected
by the smaller pK, values of 2 as compared with 1 (vide supra).’’ Thus, the present
study provides a valuable insight into the further improvement of the catalytic activity

for water oxidation.

Conclusions

In this study, catalytic water oxidation was demonstrated using two types of
all-inorganic mononuclear ruthenium complexes, 1 and 2. TONs of oxygen evolution
catalyzed 1 and 2 reaches up to 20 and 50, respectively. The origin of evolved oxygen
was revealed to be water by '*O isotope-labeling experiments in H,'*O, where '*0'*0

was mainly obtained by measuring GC-MS. The intermediate Ru"=0 complex of 1 was

110



detected by a characteristic anisotropic EPR signal atg, =2.1 and gy =1.9 at 77 K and a
resonance Raman peaks which show the significant isotopic shift when the
measurement has been done in H,'*O. The (L)Ru"=0 complex is the two-electron
oxidized species of 1 and 2 assignable to an active intermediate for oxidizing water in
the rate-determining step of whole catalytic cycle to give (L)Ru'OOH via the O-O
bond formation step, where the reverse O—-O bond cleavage process might be in
competition with the follow-up two electron oxidation processes to generate oxygen.
Actually the rate-determining equilibrium between (L)Ru'=0 and (L)Ru'OOH was
confirmed by the observation of saturated dependence of the oxygen evolution rate on
pH and the concentration of CAN. When the catalytic activity of 1 was compared with
that of 2, the improvement of the catalytic activity was made possible by changing

core-atom of the heteropolytungstate ligand from Si to Ge.
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The more electronegative Ge withdraws electron at higher degree than Si from the
framework of polytungstate anion, which causes the lower basicity of the
heteropolytungstate anion. The weaker coordination of the heteropolytungstate anion
resulted in the higher acidity of the Ru metal center, which induces the higher acidity of
the coordinated aqua ligand with lower pK, as well as the higher electrophilicity of the Ru
metal center appropriate for the rate-determining nucleophilic attack of a water molecule

to the Ru center.
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Supporting Information for Chapter 3

Derivation of eq 3:

In the acid dissociation equilibrium:

B-H— B +H" (B-H: (L)Ru""-OH,, B: (L)Ru""-OH)

The eq 3 was derived according to the following procedure, where A: Observed
absorbance, A4y: Initial absorbance of B-H at A = 440 nm for 1 and A = 430 nm for 2, A.:
Final absorbance of B~ at A = 440 nm for 1 and A = 430 nm for 2, K,: Acid dissociation
constant, [B-H]o: Initial concentration of B-H, c: Ratio of [B"] to [B-H]o.

[B-H]o = [B-H] + [B']
[B']= a[B-H]o (1)
- [B-H] = (1 - a)[B-H]o 2)

A=(1— o)A+ ad,

s A=Ap+ a4, — Ay) (3)
K, = [B][H')/[B-H] 4)
pH =—log[H']

s [H]=10" (5)

(D, (2), @) ... Ka=coH(1 -a)

. a=KJ/(K,+[H]) (6)
(5), (6) ... a=KJ(K,+ 107 (7)
(3), (7) ... A=Ay + Ku(As — Ag)/(Ko+ 1077 eq3
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Marcaccio, M.; Scorrano, G.; Scoles, G.; Paolucci, F.; Prato, M.; Bonchio, M. Nat.
Chem. 2010, 2, 826.
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Figure S1. Cyclic voltammograms measured in the absence (black line) and presence of
[Ru™SiW,,03]” [1: 5.0 x 10* M (blue line) and 1.0 x 10 M (red line)] at a sweep rate of 50 mV s ' in
a 0.1 M HNOj solution at 298 K.
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Chapter 5

LaCoO; Acting as an Efficient and Robust Catalyst for Photocatalytic
Water Oxidation with Persulfate
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Abstract: Cobalt-containing metal oxides [perovskite (LaCoO3;, NdCoOs, YCoO;3,
Lag 7Sr3C003), spinel (Co3;04) and wolframite (CoWO,)] have been examined as

\
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catalysts for photocatalytic water oxidation with Na;S,0g and [Ru(bpy):]*™ as an
electron acceptor and a photosensitizer, respectively. Catalysts with perovskite structure
exhibited higher catalytic activity as compared with the catalysts with spinel and
wolframite structure. LaCoOs;, which stabilizes Co(Ill) species in the perovskite
structure, exhibited the highest catalytic activity in the photocatalytic water oxidation
compared with CoWOs, Co304 and Lag;Sro3C00s3, which contain Co(II) or Co(IV)
species in the matrixes. The high catalytic reactivity of LaCoOj; possessing perovskite
structure was maintained in NdCoOs and YCoOs, which exclusively contain Co(III)
species. Thus, the catalytic activity of Co ions can be controlled by the additional metal
ions, which leads to develop highly reactive and robust catalysts for the photocatalytic

water oxidation.
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Introduction

Artificial photosynthesis is a chemical process producing fuels directly by utilizing

"1 For realizing the artificial photosynthesis,

solar energy for sustainable development.
an efficient catalyst oxidizing water to extract electrons is strongly demanded.'>*
Extensive efforts have been devoted to catalysts development in water oxidation with
various types of materials including metal complexes and metal oxides.">2® In metal
complexes, the first successful example was the blue dimer, which contains binuclear
ruthenium ions connected with two water molecules.”” ** Additionally, manganese and
iridium-containing complexes and metal oxides have been also reported as active
catalysts.”

So far, cobalt-based catalysts have been also regarded as promising candidates,
because of the highest oxidation potential of cobalt ions among naturally abundant
metal ions.” ™’ For example, oxygen evolution by thermal or photocatalytic water
oxidation has been observed from an aqueous buffer solution containing a tetranuclear
cobalt-based polyoxometalate complex of [Co'4(H20)2(a-PWoO34)2]'"".*** Such a
homogeneous catalyst, however, has recently been reported to be converted to a more
reactive heterogencous CoO,.”" In fact, Co3;0,4 and Co phosphate (CoPi) have been
reported as active catalysts in electrocatalytic and photocatalytic water oxidation.”>°
During the electrodeposition of CoPi on a substrate, the formation of high valent Co'"
species from Co" species has been recently confirmed by EPR.”’ These
cobalt-containing catalysts are more active compared with those composed of other
first-row transition metals,”' however, further improvement in the catalytic activity and
stability is certainly necessary for realizing the artificial photosynthesis.

In natural systems, a manganese oxide cluster together with a calcium ion acts as the
water oxidation catalyst.”®* As a role of the calcium ion, regulation of the redox
properties of the manganese cluster has been proposed from studies on metal
ion-coupled electron-transfer reactions.’’ ®’ Introduction of non-redox active metal ions
to cobalt oxides may improve the catalytic activity of cobalt oxides for water oxidation.
However, the effects of addition of non-redox active metal ions to cobalt oxides on the
activity of the photocatalytic water oxidation have yet to be examined.

In Chapter 5, I report the catalytic activity of a series of metal oxides containing
cobalt with various valences and non-redox active metal ions in the photocatalytic
oxidation of water with persulfate (Na,S,04) and [Ru(bpy)s]*" (bpy = 2,2’-bipyridine)
as an oxidant and a photosensitizer, respectively. First, the catalytic activities were
compared among perovskite LaCoQO; that contains Co"' and La**, wolframite CoWOy,

1T

that composed of Co" and W' and spinel Co304 consisting of two Co'™ and one Co"
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ions. The catalytic activity of perovskite Lag;Sro3CoOs, in which La*" is partially
replaced by Sr**, was also investigated to clarify the effect of valence of ions in A-site
of perovskite on the catalytic property of LaCoOs. Then, La’" of perovskite LaCoOs
was fully replaced by other trivalent metal ions (Nd*" and Y*") to compare the catalytic

activity.

Experimental Section

Materials. All chemicals used for synthesizing Co-containing catalysts were
obtained from a chemical company and used without further purification. Purified water
was provided by a Millipore Milli-Q water purification system where the electronic
conductance was 18.2 MQ cm. LaCoQOs;, Lag7Srg3C003, CoWOs, Co304, YC00O3 and
SrCoOs were synthesized by following reported methods.®” !

Synthesis of LaC00s.%” To an aqueous solution (0.40 mL) containing lanthanum
nitrate hexahydrate (1.0 mmol, 0.43 g) and cobalt nitrate hexahydrate (1.0 mmol, 0.29
g) was added acetic acid (1.0 mmol, 0.058 mL) with magnetic stirring at 333 K for 5
min. Then, citric acid (1.0 mmol, 0.19 g) was slowly added to the solution at the
temperature and the solution was heated to 373 K with maintaining the temperature for
2 h to form gel. The obtained gel was calcined in air at 873 K for 4 h.

Synthesis of Lag7Sro3C00:.°® To an aqueous solution (2.0 mL) containing
lanthanum nitrate hexahydrate (0.35 mmol, 0.15 g), strontium nitrate (0.15 mmol, 32
mg) and cobalt nitrate hexahydrate (0.50 mmol, 0.15 g) was added urea (4.5 mmol, 270
mg) with magnetically stirring at 358 K. After 2 h stirring, the solution changed into
viscous slurry. The slurry was further dried in an oven at 393 K for 8 h. At last, the
resulting solid was calcined in air at 973 K for 5 h.

Synthesis of CoW0,.%” Sodium tungstate 2-hydrate (7.0 mmol, 2.1 g) was
dissolved to water (60 mL) and sodium dodecyl sulphate (14 mmol, 4.0 g) was added
slowly to it with vigorous stirring. When the solution clarified, an aqueous solution (30
mL) of cobalt nitrate hexahydrate (7.0 mmol, 1.7 g) was added to the above solution
under continuous stirring. The obtained suspension transferred to a Teflon cup with
inner volume of 100 mL. The Teflon cup was sealed in a stainless steal jacket and
heated to 453 K for 12 h. The obtained particles were collected by filtration and washed
with pure water three times and dried at 338 K for several hours.

Synthesis of C0304.”° An aqueous ammonia solution (25%, 7.3 mL) was slowly
added to an aqueous solution of cobalt acetate (80 mM, 73 mL) with vigorous stirring

by a magnetic stirrer. After 20 min of stirring, the obtained pale pink slurry was
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transferred to a Teflon cup with an inner volume of 140 mL. The Teflon cup was sealed
in a stainless steel jacket and heated to 423 K in an oven for 3 h. The obtained particles
were collected by filtration and washed with pure water three times and dried at 338 K
for several hours.

Synthesis of NdCoOs. To an aqueous solution (0.40 mL) containing neodymium
nitrate hexahydrate (1.0 mmol, 0.44 g) and cobalt nitrate hexahydrate (1.0 mmol, 0.29
g) was added acetic acid (1.0 mmol, 0.058 mL) with magnetically stirring at 333 K for 5
min. Then, citric acid (1.0 mmol, 0.19 g) was slowly added to the solution at the
temperature and the solution was heated to 373 K with maintaining the temperature for
2 h to form gel. The obtained gel was calcined in air at 873 K for 4 h.

Synthesis of YC00s.”' To an aqueous solution (10 mL) of yttrium nitrate
hexahydrate (1.0 mmol, 380 mg) and cobalt nitrate hexahydrate (1.0 mmol, 0.29 g) was
added an aqueous solution (10 mL) of citric acid (1.0 mmol, 0.19 g) with magnetically
stirring. The mixtures were slowly heated up to dryness at 363 K for 6 h. The products
were annealed in air at 573 K, and a black powder was obtained. After grinding and
compressing into pellets, these were calcined in air at 1173 K (a heating rate of 100 K
h™).

Synthesis of SrCo0;. To an aqueous solution (2.0 mL) of strontium nitrate (1.0
mmol, 0.21 g) and cobalt nitrate hexahydrate (1.0 mmol, 0.29 g) was added citric acid
(4.0 mmol, 0.77 g) with magnetically stirring. The mixtures were evaporated at 333 K
for 8 h. Then the obtained viscous material was subsequently dried at 353 K for 8 h.
The resulting pink spongy and friable material was powdered and was kept at 423 k for
8 h. The obtained solid was calcined in air at 1173 K for 5 h. (a heating rate of 10 K
minﬁl). (ref: Khazaei, M.; Malekzadeh, A.; Amimi, F.; Mortazavi, Y.; Khodadadi, A.
Cryst. Res. Technol. 2010, 45, 1064.)

Catalyst Characterization. Transmission electron microscope images of
nanoparticles, which were mounted on a copper microgrid coated with elastic carbon,
were observed by a JEOL JEM 2100 operating at 200 keV. Powder X-ray diffraction
patterns were recorded by a Rigaku Ultima IV. Incident X-ray radiation was produced
by a Cu X-ray tube, operating at 40 kV and 40 mA with Cu Ko radiation of 1.54 A. The
scanning rate was 2 °/min from 20° to 80° in 26. X-ray photoelectron spectra were
measured by a Kratos Axis 165x with a 165 mm hemispherical electron energy analyzer.
The incident radiation was Mg Ko X-rays (1253.6 eV) at 200 W. Each sample was
attached on a stainless stage with a double-sided carbon scotch tape. The binding energy
of each element was corrected by C 1s peak (248.6 eV) from residual carbon. Nitrogen
adsorption-desorption at 77 K was performed with a Belsorp-mini (BEL Japan, Inc.)
within a relative pressure range from 0.01 to 101.3 kPa. A sample mass of about 100
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mg was used for adsorption analysis after pretreatment at 473 K for 30 min under
vacuum conditions and kept in N, atmosphere until N,-adsorption measurements. The
sample was exposed to a mixed gas of He and N, with a programmed ratio and
adsorbed amount of N, was calculated from the change of pressure in a cell after
reaching the equilibrium (at least 5 min). EPR spectra were measured at 77K with a
JEOL X-band spectrometer (JES-RE1XE). A certain amount of each sample was
introduced to a quartz tube (1 mm, i.d.) in a solid state. The EPR spectra were recorded
under non-saturating microwave power conditions. The magnitude of the modulation
was chosen to optimize the resolution and the signal-to-noise (S/N) ratio of the observed
spectra. The g values were calibrated with an Mn®" marker.

Catalysis measurements and quantum yield determination. Photocatalytic
oxygen evolution was performed as follows. A Co-containing catalyst (0.025-0.50 g
L") was added to a phosphate buffer solution (pH 7.0, 2.0 mL) containing Na,S,0s (5.0
mM) and [Ru(bpy);](ClO4), (0.25 mM) flushed with Ar gas. The solution was then
irradiated with a xenon lamp (Ushio Optical, Model X SX-UID 500X AMQ) through a
color filter glass (Asahi Techno Glass) transmitting A > 420 nm at room temperature.
Evolved oxygen gas in a headspace was quantified by a Shimadzu GC-17A gas
chromatograph [Ar carrier, a capillary column with molecular sieves (Agilent
Technologies, 19095PMS0, 30 mx0.53 mm) at 313 K] equipped with a thermal
conductivity detector.

A quantum yield of photon to O, evolution was determined for the reaction system
with LaCoOs under the conditions. A square quartz cuvette (10 mm 1i.d.), which
contained a phosphate buffer solution (50 mM, pH 7.0, 2.0 mL) of LaCoO; (0.025 g
L"), Na,S;05 (5 mM) and [Ru(bpy);](ClOs), (0.25 mM), was irradiated with
monochromatized light of A = 450 nm from a Shimadzu RF-5300PC fluorescence
spectrophotometer. The total number of incident photons were measured by a standard

method using an actinometer (potassium ferrioxalate, K3[Fe'"

(C,04)]3) in an aqueous
solution at room temperature where photon flux was determined to be 3.67 x 107
einstein s '. The evolved oxygen in a headspace of the cuvette was quantified by gas

chromatography.

Results and Discussion

Characterization of Co-Containing Metal Oxides. LaCoO;, CoWOQ,, Co30;4
and Lag;Sro3Co0; were prepared by reported methods with modifications.®”””" The
obtained nanoparticles were characterized by TEM, XPS, EPR, XRD and N, adsorption
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measurements. Figure 1 shows the TEM images and X-ray diffraction spectra of the
nanoparticles. The sizes of LaCoOs, CoWO,, Co3;04 and Lay 7Srp3C0o03; were about 60
nm, 20 nm, 15 nm and 70 nm, respectively. The BET surface areas determined by N,
adsorption measurements at 77 K were 13 m* g~ for LaCoOs, 44 m” g for CoWO,, 37
m’ g1 for Co3;04 and 13 m? g’1 for Lag 7Sro3Co00s. The perovskite structure of LaCoQOs
and Lag 7Sr3C00s3, spinel structure of Co3;04 and wolframite-type structure of CoWOQO4
were confirmed by their XRD patterns as shown in Figure le to lh. The spectrum
pattern of each catalyst agreed with the pattern in the literature.”>” The valences of Co
species in LaCoO3;, CoWO4 and Co304 were confirmed by XPS measurements for the
energy region of Co 2p as shown in Fig. 2a. Strong satellite peaks, which are
characteristic for Co>" species, appeared around 787 eV and 804 eV for CoWO, (Figure
2a, blue).” Very weak satellite peaks for Co30, indicated the presence of cobalt(II)

ions in Co304 as shown in Figure 2a (black). No satellite peak for LaCoO; assures that

20 30 40 50 60 70 80
26, degree

Figure 1. TEM images and powder X-ray diffraction patterns of (a), (¢) LaCoO;3, (b), (f) CoWO,, (¢), (g)
C0304 and (d), (h) La0,7Sr0,3C003.

(a) (b)

SrCo0,

Lay ;Sr4C00,

Intensity (a. u.)
dx"/dB
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Figure 2. (a) X-ray photoelectron spectra in the region of Co 2ps;, and Co 2p,, peaks of LaCoOs
(brown), CoWOy, (blue) and Co;04 (black). (b) EPR spectrum of Lag 7Sr3C00; (green) measured at 77 K
compared with that of StCoOj; (blue).
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1 - . . v . .
ions. The inclusion of Co' ions in Lag 7Srg3C00;5

LaCoO; exclusively contains Co
was confirmed by the comparison of EPR spectrum with SrCoOs, which contains
cobalt(IV) species exclusively, as shown in Figure 2b (blue). A characteristic peak
derived from cobalt(IV) species at g = 2.209 was observed for Lag 7Sty 3CoO; (Figure 2b,
green).”*

Catalytic Behaviors of Co-Containing Metal Oxides for Photocatalytic
Water Oxidation. The photocatalytic cycle of water oxidation with a two-electron
oxidant (Na,S,0s) and a photosensitizer ([Ru(bpy)s;]*") using Co-containing metal oxide
catalysts is shown in Scheme 1. Photoinduced electron transfer from the excited state of
[Ru(bpy)s]*" ([Ru(bpy)s]*": " denotes the excited state) to S,0s” affords [Ru(bpy)s]*",
S04 and SO4 . The produced SO,  is known to be a very strong oxidant
[E°(SO4/S04*) = 2.6 V],” which can oxidize another [Ru(bpy);]*" to produce two
equiv of [Ru(bpy):]’” in the overall photoinduced process. [Ru(bpy)s]*" can oxidized
water to evolve O, with Co-containing metal oxide catalysts.”®

Scheme 1. Photocatalytic cycle of water oxidation with Na,S,05 and [Ru(bpy)3]2+

4 [Ru(bpy)s***
2 Na,S,04 Thv
4 [Ru(bpy)s]?* 2H,0
4 Na* + 450,42 @
4 [Ru(bpy)s]®* 4H* + O,

The catalytic activity of Co-containing metal oxide catalysts was examined in the
thermal oxidation of water with [Ru(bpy)s;]’" prior to photocatalytic reaction. To a
phosphate buffer solution (50 mM, pH 7.0) of [Ru(bpy):]*" (0.20 mM, 2.0 mL) in a
quartz cuvette (1.0 cm path length), a small aliquot (50 uL) of an aqueous buffer
solution (pH 7.0) containing a catalyst (LaCoOs or Lag7Sr;3Co0s, 63 mg L’l) was
added at 298 K. As indicated in Figure 3a (black), the concentration of [Ru(bpy);]*"
decreased even in the absence of catalyst, however, the absorption decay was much
faster in the presence of LaCoOs (brown) and Lag;Sry3Co0O; (red). The faster decay
observed for LaCoOs and Lag 7Sty 3Co0; compared with no catalyst conditions indicates
that LaCoOs3 and Lay 7Sr;3C00; can act as water oxidation catalyst.

Figure 3b depicts time courses of evolved O, with each Co-containing metal oxide
catalyst under photocatalytic reaction conditions. A Co-containing metal oxide catalyst
(0.50 mg) was added to a phosphate buffer solution (50 mM, pH 7.0, 2.0 mL)
containing Na,;S,0s (5.0 mM) and [Ru(bpy);](ClO4), (0.25 mM) with vigorous
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Figure 3. (a) Time courses of absorbance decay at 670 nm due to [Ru(bpy)s]*" (pH 7.0, 0.20 mM) in the
absence and presence of water oxidation catalysts (63 mg L’l, black, none; blue, Lag;Srg3Co0s3; red,
LaCoOs) at 298 K. (b) Time courses of O, evolution under visible light irradiation (Xe lamp, A > 420 nm)
of a phosphate buffer solution (50 mM, 2 mL, pH 7.0) containing [Ru(bpy)s]*" (0.25 mM), Na,S,05 (5
mM) with a Co-containing catalyst [0.25 g L’l, Co;04 (black), LaCoOs (brown), Laj 7S5 3C00; (red) and
CoWOy (blue)].

magnetic stirring at room temperature. Then, the water oxidation reaction was started by
photoirradiation of the reaction solution (A > 420 nm). The evolved oxygen in a
headspace of a reaction vial was quantified by a gas chromatograph at each reaction
time. When no catalyst was added to the reaction solution, no oxygen evolution was
observed in 30 min. When a catalyst was added to the reaction solution, oxygen
evolution was observed and the catalyst amount of 0.25 g L™ is the optimum conditions
to provide the highest oxygen yield for the Co-containing metal oxide catalysts (Figure
4a—c and Table 1). As described above, Na,S,0g acts as a two-electron oxidant, thus,
two moles of Na,S,05 are consumed for evolving 1 mole of 0,."® In the present reaction
system, the stoichiometric amount of evolved oxygen would be 5 umol.

The photocatalytic water oxidation with LaCoQO3s, CoWQ4, Co304 and Lag 7Sr3C003
afforded the oxygen yields of 74%, 19%, 59% and 47%, respectively. The obtained
oxygen yields were always lower than 100%, because of competitive oxidation of the
bpy ligand of [Ru(bpy)s]*".”” The highest oxygen yield obtained with LaCoOs (74%) is
higher than the reported value for the photocatalytic oxidation of water with Na,S,0s
and [Ru(bpy)s]*" using a tetracobalt polyoxometalate, [Cos(H,0)s(a-PWoO34)2]'",
(45%) at pH 8.0.**

An apparent turnover frequency normalized by a catalyst surface area of O:evolution
was calculated from the slope of the time course in the first 6 min after photoirradiation.
The BET surface area, oxygen evolution rate (Roz), the apparent TOF and O; yield in
the photocatalytic water oxidation with various Co-containing metal oxides are listed in

Table 2. The catalytic activity of heterogeneous catalysts is usually compared in terms
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Figure 4. Time courses of oxygen evolution in the photocatalytic water oxidation with
[Ru(bpy)s](Cl104), (0.25 mM), Na,S,05 (5.0 mM) and different concentrations (0.13 g L™, 0.25 g L' and
0.50 g L’l) of cobalt-based oxides (a) Co304, (b) Lay;Srg3C00;3 and (¢) CoWO,. [photoirradiation (A >
420 nm) of a phosphate buffer solution (2.0 mL) at pH 7]. The apparent TOF values are tabulated in
Table 1.

of the specific activity normalized by the surface area. The largest apparent TOF value
of 0.89 umol s' m > was obtained with LaCoOs. The other apparent TOF values were
0.67 umol s m? with Lag 7Sr93C003, 0.27 umol s m? with Co;04 and 0.056 umol
s m* with CoWO4. These results clearly indicate that perovskite LaCoOs containing
La’" and Co" ions is more active in the photocatalytic water oxidation than wolframite
CoWOy containing solely W and Co" ions, spinel Co304 and Lag7Sry3Co0; which
contains Sr*" and Co'” species in perovskite structure.

Electrocatalytic water oxidation has been previously reported with perovskite
catalysts LaCoOs and LaSro4CoOs under pH 14 conditions where Lag¢Sro4CoO;
provided smaller Arrhenius activation energy (18.1 kcal mol™") than LaCoOs for oxygen
evolution (19.5 kcal mol™").”® Direct comparison of water oxidation activities under
different reaction conditions is difficult, however, the difference in the catalytic
behavior may be ascribed to mainly the different pH conditions. The oxidation of
hydroxide anion instead of water oxidation proceeded at pH 14.7%7°

A quantum yield of photon to O, evolution was determined for the reaction system
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with LaCoOj3 under the conditions of pH 7.0 by visible light irradiation (A = 450 nm).
All of the incident photons are captured by [Ru(bpy)s]*" in the reaction solution due to
the large extinction coefficient (450 = 1.4 x 10* M™' ¢cm™) and high concentration of
[Ru(bpy)s]*" (0.25 mM). Because one photon absorption by [Ru(bpy):]*" in the
presence of S,0¢> produces two equiv. of [Ru(bpy);]*",* the quantum yield (¢) was

determined by eq 1. By using eq 1, the quantum yield of O, evolution with LaCoO3 was

Table 1. BET Surface Area, Oxygen Evolution Rate (Rp;), Apparent Turnover Frequency (TOF)
and O; Yield in the Photocatalytic Water Oxidation with Various Cobalt-Containing Metal Oxide

Catalysts in Different Concentrations

catalyst concentf?tion BZE"I:1 Roy?! | Rozj . Apparen}FOjc 0, yield”

(gL”) (m'g) (umols’) (umols g')  (umols m") (%)
LaCoO; 0.13 13 0.0032 13 0.66 31
LaCoO; 0.25 13 0.0056 11 0.89 74
LaCoO; 0.50 13 0.0064 6.4 1.37 78
CoWO, 0.13 44 0.00086 3.5 0.079 10
CoWO, 0.25 44 0.0012 2.5 0.056 19
CoWO, 0.50 44 0.0017 1.7 0.039 17
Co304 0.13 37 0.0015 6.1 0.16 14
C0304 0.25 37 0.0051 10 0.27 59
Co304 0.50 37 0.0036 3.6 0.10 45
Lag7Srp3Co05;  0.13 13 0.00049 1.9 0.15 8
Lag7Srp3Co05;  0.25 13 0.0035 7.1 0.55 47
Lag7Srp3Co0;  0.50 13 0.0034 34 0.27 30
NdCoO; 0.13 11 0.0018 7.1 0.67 17
NdCoO; 0.25 11 0.0046 9.2 0.87 59
NdCoO; 0.50 11 0.0033 33 0.31 30
YCoO; 0.13 4.5 0.00069 2.8 0.62 6
YCoO; 0.25 4.5 0.0018 3.6 0.80 24
YCoO; 0.50 4.5 0.00053 0.5 0.12 7

“ O, Evolution rate in the first 6 min after photoirradiation (4> 420 nm) of an aqueous buffer solution
(pH 7.0, 2.0 mL) containing Co-based oxide, Na,S,05 (5.0 mM) and [Ru(bpy);]*" (0.20 mM). * O,
Evolution rate normalized by catalyst weight. © apparent TOF values normalized by the catalyst surface

area.  Two times of amount of evolved O, divided by the initial amount of Na2S20s.
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Table 2. BET Surface Area, Oxygen Evolution Rate (Ro;), Apparent Turnover Frequency (TOF)
and O; Yield Obtained with Cobalt-Containing Catalysts in the Photocatalytic Water Oxidation

catalyst (H]lnggT,l) (Mmﬁc;z“l ) ?ilﬁgff;tfn?l;; O (?,Zildc
LaCoO3 13 11 0.89 74
CoWO, 44 2.5 0.056 19
Co;30,4 37 10 0.27 59
Lag ;S1ry3C00;5 13 7.1 0.67 47
NdCoO; 11 9.2 0.87 59
YCoOs 4.5 3.6 0.80 24

“ 0, evolution rate normalized by catalyst weight in the first 6 min after photoirradiation (A > 420 nm) of
an aqueous buffer solution (pH 7.0, 2 mL) containing a Co-containing metal oxide catalyst (0.25 g L),
Na,S,05 (5.0 mM) and [Ru(bpy);]*" (0.20 mM). ” Turnover frequency normalized by a catalyst surface

area for O, evolution. ¢ Two times of amount of evolved O, divided by the initial amount of Na,S,0s.

¢ =2 x (No. of evolved O2)/(No. of absorbed photons) (1)

determined to be 0.16.

In general, an advantage of heterogeneous catalysts can be found in robustness
compared with homogeneous catalysts. After 1 reaction, catalytic powder of LaCoOs
(0.25 g L") was separated by centrifugation and added to a phosphate buffer solution
(pH 7.0, 2.0 mL) containing Na,S,0s (5.0 mM) and [Ru(bpy);](ClO4), (0.25 mM) with
photoirradiation (A > 420 nm). Figure 5a shows time courses of oxygen evolution with
LaCoO; for repetitive uses. The apparent TOF for O, evolution were determined to be
0.89 umol s m >, 0.93 umol s' m > and 0.97 umol s m > with oxygen yields of 74%,
78% and 64% for 1%, 2™ and 3™ cycles, respectively. Even though it looks that the
catalyst was deactivated at 3" cycle, it may be ascribed to loss of the catalyst particles
during the recovering process, because the apparent TOF value was maintained to be
the same for the 3™ cycle as the 1* and 2™ cycles.

The catalytic activity of LaCoOs in the photocatalytic water oxidation with Na,S,0g
was also examined under various pH conditions. Figure 5b shows time courses of O,
evolution by photoirradiation (A > 420 nm) of a phosphate buffer solution (2.0 mL, pH
6.0, 7.0 or 8.0) containing Na,S,0g (5.0 mM) and [Ru(bpy);](ClOs4), (0.25 mM) with
LaCoO; (0.25 g L'"). When the pH was decreased from 7 to 6, the oxygen yield
dropped to 52% with the smaller apparent TOF value of 0.61 umol s m > When pH

was increased from 7 to 8, both oxygen yield and the apparent TOF are improved to
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Figure 5. (a) Time courses of O, evolution normalized by a catalyst surface area in repetitive
examinations of LaCoO; (0.25 g L) for the photocatalytic water oxidation [Na,S;05 (5.0 mM) and
[Ru(bpy);]1(Cl04), (0.25 mM) under photoirradiation (A > 420 nm) of a phosphate buffer solution (pH 7.0,
2.0 mL) at 298 K]. (b) Time courses of O, evolution normalized by a catalyst surface area in the

photocatalytic water oxidation with LaCoO; under various pH conditions (pH 6.0, 7.0 and 8.0) at 298 K.

78% and 1.08 umol s m 7, respectively. Even though the reactions were performed in
buffer solutions, pH values of the solutions have changed from 6.0 to 3.7, 7.0 to 6.8 and
8.0 to 7.3. The water oxidation is thermodynamically favorable under the conditions of
higher pH, therefore, the lower O, yield obtained at pH 6.0 may be resulted from the
lowering pH during the reaction.

In order to optimize the reaction conditions for LaCoOs3, the concentration effect of
each component on O, evolution rates has been investigated as shown in Figure 6.
When the concentration of [Ru(bpy)s]*" was increased from 0.25 mM to 0.50 mM (Fig.
6a, black to blue), the apparent TOF of O, evolution determined from the slope for the
first 6 min increased from 0.89 umol s m > to 1.37 umol s m > with similar O, yields
of 74% and 76%. On the other hand, a decrease in the concentration of [Ru(bpy)s]*" to
0.13 mM (Figure 6a, red) resulted in a decrease in the apparent TOF value to 0.66 umol
s m* with a lower O, yield of 59%. When the concentration of Na,S,0g was increased
from 5.0 mM to 10 mM (Figure 6b), the apparent TOF value increased to 1.43 umol s'
m 2 with the O, yield of 70%. A decrease in Na,S,0s concentration to 2.5 mM also
resulted in a decrease in the apparent TOF to 0.63 umol s ' m > with a slightly higher O,
yield of 79%.

On the contrary, the concentration of LaCoO; has quite different influence as
compared with those of [Ru(bpy)s;]*" and Na,S,0s. Even when the amount of LaCoOs
was doubled from 0.25 g L' to 0.50 g L™, no obvious difference was observed in the
O, evolution rate (Figure 6¢). Because the apparent TOF values were calculated based
on the surface area of a used catalyst, the apparent TOF for the system using a large
amount of LaCoO3 (0.50 g L") became smaller value (0.55 umol s ' m %). When the
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Figure 6. Time courses of oxygen evolution in the photocatalytic water oxidation with different
concentrations of [Ru(bpy);](Cl0,),, Na,S,05 and LaCoOs. (a) [Ru(bpy);](ClO4), (0.125 mM, red; 0.25
mM, black and 0.50 mM, blue), Na,S,05 (5.0 mM) and LaCoO5 (0.25 g L™), (b) Na,S,05 (2.5 mM, red;
5.0 mM, black and 10 mM, blue), [Ru(bpy)s](Cl0,), (0.25 mM) and LaCoO5 (0.25 g L") and (c) LaCoO;
(0.13 g L', red; 0.25 g L™, black and 0.50 g L™, blue), [Ru(bpy)s](Cl0,), (0.25 mM) and Na,S,05 (5.0
mM) [photoirradiation (A > 420 nm) of a phosphate buffer solution (2.0 mL) at pH 7]. The apparent TOF

values are tabulated in Table 1.

amount of LaCoO;3 was reduced to 0.13 g L', the apparent TOF slightly increased to
1.02 umol s m™ (Figure 6¢ and Table 2). Thus, these experiments suggest that high
concentrations of [Ru(bpy);]*" and Na,S,0s with a small amount of LaCoOj5 catalyst
provide a high apparent TOF for the photocatalytic O, evolution. The photocatalytic
water oxidation using high concentrations of [Ru(bpy):]* and Na,S,0s with smaller
amounts of the LaCoOs catalyst has been examined to maximize the apparent TOF
value for O, evolution (Figure 7). When the concentrations of [Ru(bpy)s]*" and Na,S,0s
were increased to 0.5 mM and 10 mM and the catalyst amount was reduced to 0.050 g
L', the apparent TOF value becomes as high as 3.1 umol s ' m* with a lower O, yield
of 22%. The further reduction of the catalyst concentration to 0.025 g L' resulted in the
apparent TOF value of 4.1 yumol s' m* with the O, yield of 14%. The apparent TOF
value of 4.1 umol s m? is more than 5 times higher than the highest apparent TOF

value of 0.74 umol s' m* ever reported for photocatalytic water oxidation with
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Figure 7. Time courses of oxygen evolution normalized by a catalyst surface area in the photocatalytic
water oxidation with different concentrations of LaCoO;. (LaCoO; (0.050 g L', red and 0.025 g L,
green), [Ru(bpy);](ClOy), (0.25 mM) and Na,S,0g (5.0 mM) [photoirradiation (A > 420 nm) of a
phosphate buffer solution (2.0 mL) at pH 7]).

C0304.% In addition, the apparent TOF value of 4.1 umol s m™ was beyond the
highest apparent TOF value of 0.97 umol s m > reported for Mn,O3 among oxides with
first-row transition metal ions under non-basic conditions.*

Co304 nanoparticles encapsulated in mesoporous silica have previously been
reported to have TOF values for the photocatalytic water oxidation between 6.0 x 10~
and 1.0 x 107 s under conditions of around pH 5.8.*° Under the electrocatalytic
conditions at room temperature, Co3;O4 has been reported to exhibit TOF values in the
range between 8 x 10" and 6 x 10° s at pH 14.* In more basic solutions of pH 14.7,
much higher TOF value of 0.12 s has also been reported for 5.9 nm Co03;0,.%" When
the number of Co ions on the surface of Co304 was estimated from the BET surface
area, the Co3;0y4 particles employed herein showed slightly higher but a comparable TOF
of 1.3 x 10* s under the conditions of pH 7.

In order to confirm the importance of additional ions, a series of perovskite catalysts
were prepared by isomorphous substitution of the trivalent cation of La’* in LaCoOs
with Nd®" and Y’". The perovskite structures of synthesized NdCoO; and YCoO; were
confirmed by XRD as shown in Figure 8. BET surface areas of NdCoO3; and YCo0Os3
were 11 and 4.5 m” g, respectively. The photocatalytic water oxidation was conducted
with NdCoO; or YCoOs (0.25 g L") for an aqueous buffer solution (pH 7.0, 2.0 mL)
containing Na,S,0z (5.0 mM) and [Ru(bpy);](ClO4), (0.25 mM). The optimum
concentrations of NdCoO; and YCoOs; for high TOF values and O, yields were also
0.25 g L' as indicated in Figure 9.

Figure 10 shows time profiles of O, evolution normalized by catalyst surface area in
the photocatalytic water oxidation with LaCoO3;, NdCoO; and YCo00O;. The O, yields
with NdCoOj; and YCo0O3 were 59% and 24%, which are lower than the yield of 74%
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Figure 8. Powder X-ray diffraction patterns of (a) NdCoO; and (b) YCo0Os;.
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Figure 9. Time courses of oxygen evolution in the photocatalytic water oxidation with
[Ru(bpy)s](Cl104), (0.25 mM), Na,S,05 (5.0 mM) and different concentrations (0.13 g L™, 0.25 g L' and
0.50 g L™, green) of a cobalt-based catalyst (a) NdCoO; and (b) YCoOs. [photoirradiation (A > 420 nm)
of a phosphate buffer solution (2.0 mL) at pH 7]).
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Figure 10. Time courses of oxygen evolution normalized by a catalyst surface area in the photocatalytic
water oxidation with Na,S,05 (5.0 mM) and [Ru(bpy);](C1O4), (0.25 mM) using perovskites (0.25 g L™,
LaCoQj;, brown; NdCoO;, green and YCoO3;, pink) under photoirradiation (A > 420 nm) of a phosphate
buffer solution (2.0 mL) at pH 7.0.
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with LaCoOs. However, the apparent TOF values of LaCoOs;, NdCoO; and YCoOs;
were quite similar to each other: 0.89 umol s m ™, 0.87 umol s ' m * and 0.80 umol s'
m * as summarized in Table 2. Thus, perovskite containing non-redox active trivalent
ions and Co ions act as highly active starting catalysts in the photocatalytic water

oxidation.

Conclusions

In conclusion, we have shown that the catalytic activity of Co-containing metal
oxides depends on the additional metal ions, which are not redox active, in the
photocatalytic water oxidation with Na,S,0z and [Ru(bpy)s]*". LaCoO; exhibited the
highest catalytic activity compared with other Co-containing catalysts of CoWO, and
Co0304. The partial replacement of La®" with Sr*" allowing the formation of Co'" species
in Co-containing perovskite led to decrease in catalytic activity. On the other hand, the
high catalytic activity of LaCoOs was maintained by the replacement of La®* with Nd**
or Y**, NdCoO; and YCo0O;. The trivalent metal ions enhance the oxidation activity of
Co" species, which should be formed during the water oxidation, by stabilizing Co™
state. Thus, the property of the additional metal ions affects the catalytic activity of
Co-containing catalyst and is important for developing highly reactive and robust

catalysts for the photocatalytic water oxidation.
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Chapter 6

Catalysis of Nickel Ferrite for Photocatalytic Water Oxidation Using
[Ru(bpy)s]** and S,04"
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Abstract: Single or mixed oxides of iron and nickel have been examined as
catalysts in photocatalytic water oxidation using [Ru(bpy):]*" and S,Os* as a
photosensitizer and a sacrificial oxidant, respectively. The catalytic activity of nickel
ferrite (NiFe;O4) is comparable to that of a catalyst containing Ir, Ru or Co in terms of
O, yield and O, evolution rate under ambient reaction conditions. NiFe,O4 also
possesses robustness and ferromagnetic properties, which are beneficial for easy
recovery from the solution after reaction. Water oxidation catalysis achieved by a
composite of earth-abundant elements will contribute to a new approach to the design
catalysts for artificial photosynthesis.
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Introduction

Artificial photosynthesis directly converting solar energy into chemical energy is one
of the most promising systems to realize a sustainable energy cycle.'’ The
artificial-photosynthesis systems are composed of at least three functional units; a
catalyst for water oxidation (2H,O — O, + 4H" + 4¢) to extract electrons and protons,
a catalyst for reduction of protons or other chemicals to produce fuels, and
light-harvesting and charge-separation molecules for solar energy harvesting and
utilization.” In order to construct truly sustainable systems, the use of noble or minor
metals should be avoided from each unit. Recently photocatalytic hydrogen evolution
has been achieved with Ni nanoparticles instead of Pt nanoparticles® and a long-lived
charge-separated state can be established with a donor-acceptor linked dyad including
no metal ions.” On the other hand, developing efficient water oxidation catalysts
(WOCs) with earth abundant elements still remains as the most challenging for artificial
photosynthesis. "

Most of WOC:s reported previously contain precious metals of iridium and ruthenium
as active species.'' 2® Previous screening of various metal oxides suggested that cobalt
oxides showed relatively high activity among non-precious metals.”** Thus, much
effort has been devoted to improve catalytic activity of cobalt oxide by various methods.
A distinguished example is the use of cobalt phosphate, which exhibits high catalytic
activity in the electrocatalytic water oxidation.” Homogeneous cobalt complexes have
also been used as a precursor for providing WOCs, which include organic residues
derived from organic ligands during the photocatalytic water oxidation reaction.”
Additionally, doping of trivalent metal ions such as La’" to cobalt oxides has been
reported to improve catalytic activity of cobalt oxides for photocatalytic water oxidation
using [Ru(bpy)s]*" (bpy = 2,2’-bipyridine) and S,Os* as a photosensitizer and a
sacrificial oxidant, respectively.”* However, doping of foreign metal ions to iron oxides,
which are much more earth-abundant than cobalt oxides, has yet to be reported in the
photocatalytic water oxidation.

In Chapter 6, I report a highly active and robust catalyst composed of iron-based
oxide doped with foreign elements for the photocatalytic water oxidation. Before
doping foreign metal ions to iron oxide, catalysis of Fe;O4 containing Fe*" and Fe’* ions
was compared with that of Fe,Os, which is known as the most stable form under
ambient conditions,2 ! because Fe;0, is isostructural to Co;04 which shows high activity
in the photocatalytic water oxidation.” Then, Fe*" ion of Fe;O4 was replaced by another
divalent metal ion of Ni, Mg or Mn to improve the activity and robustness of the

catalyst under water-oxidation conditions. From the catalysis comparisons of MFe;O4
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(M = Mg, Mn, Fe or Ni) in terms of an O, evolution rate and an O; yield, nickel ferrite
(NiFe;04), which has been often used for organic oxidation reactions,”’” has exhibited
the highest activity for the photocatalytic water oxidation. The O, yields obtained with
NiFe,O4 are comparable to those of Co304. Additionally, ferromagnetic properties of
NiFe,O4 are quite beneficial to be recovered by a magnet without any loss from a
solution after reaction. The superior catalysis of NiFe,O4 shown in the photocatalytic
water oxidation was also found in electrochemical water oxidation. The surface
conditions of NiFe,O4 after the photocatalytic water oxidation were investigated by
X-ray photoelectron spectroscopy. A highly active and robust WOC in the
photocatalytic system composed of only earth abundant elements of Fe and Ni has been

disclosed in this study for the first time.

Experimental Section

Materials. All chemicals used for synthesis were obtained from a chemical
company and used without further purification. Nickel(Il) acetate tetrahydrate,
nickel(I) chloride hexahydrate, cobalt(Il) acetate tetrahydrate, iron(IIl) chloride
hexahydrate, iron(I) sulfate heptahydrate, Na,S,0s and ethylene glycol (EG) were
purchased from Wako Pure chemicals. Polyacrylamide (PAM) and Ag,SO4 were
obtained from Sigma-Aldrich Co. [Ru(bpy);]Cl, was obtained from Tokyo Chemical
Industry Co., Ltd. [Ru(bpy);]SO4 was synthesized by adding one equivalent of Ag,SO4
to an aqueous solution of [Ru(bpy);]Cl,. Purified water was provided by a Millipore
Milli-Q water purification system where the electronic conductance was 18.2 MQ cm.
NiFe;O4, NiO, Fey0;, Fes04, Co304, MnFe,O4 and MgFe,0O4 were synthesized by
following reported methods.

Synthesis of NiFe,04. To an aqueous solution (24 mL) containing NiCl,-6H,0O
(2.0 mmol, 0.46 g) and Fe(NO3);-9H,0 (4.0 mmol, 1.62 g) was added KOH solution
(2.0 M, 24 mL) with magnetic stirring in room temperature (RT). The mixture was then
transferred into a Teflon-lined stainless-steel autoclave of 140 mL capacity. The sealed
tank was heated to and maintained at 160 °C for 10 h in an oven and cooled to RT. The
resulting brown precipitates were collected by filtration and washed with water and
ethanol for more than 3 times, and finally dried in an oven at 60 °C for 10 h.

Synthesis of NiO. To an aqueous solution (24 mL) containing
Ni(CH3COO),-4H,0 (5.0 mmol, 1.24 g) was added ethylene glycol (EG) (24 mL) with
magnetic stirring to form a homogeneous in RT. The mixture was then transferred into a

Teflon-lined stainless-steel autoclave of 140 mL capacity. The sealed tank was heated to
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and maintained at 200 °C for 3.0 h in an oven and cooled to RT. The resulting emerald
green precipitates [Ni(OH),] were collected by filtration and washed with water and
ethanol for several times, and dried in a vacuum. NiO was prepared by calcination of
the obtained Ni(OH); in an oven at 300 °C in air for 3.0 h. (ref: Yang, L.-X.; Zhu, Y.-J,;
Tong, H.; Liang, Z.-H.; Li, L.; Zhang, L. J. Solid State Chem. 2007, 180, 2095.)

Synthesis of Fe,0s. To an aqueous solution (30 mL) containing FeSO4-7H,0 (1.0
M) was added NaOH (6.0 M) drop wisely to pH ~11 with magnetic stirring in RT. The
mixtures were stirred vigorously for 1.5 h with bubbling air. The products were
collected by filtration and washed with water several times, dried at 65 °C.

Synthesis of Fe304. To an aqueous solution (40 mL) containing FeCl;-6H,0 (2.0
mmol, 0.54 g) and sodium citrate (4.0 mmol, 1.176 g) was added ammonia (25%, 0.50
mL) and polyacrylamide (PAM) (0.30 g) with vigorous magnetic stirring in RT. The
mixtures were stirred vigorously for 0.50 h and then transferred into a Teflon-lined
stainless-steel autoclave of 140 mL capacity. The sealed tank was heated to and
maintained at 200 °C for 12 h and cooled to RT. The solid product was collected by
magnetic filtration and washed several times with deionized water and ethanol. The
final product was dried in an oven at 100 °C for 10 h.

Synthesis of Co304. An aqueous solution of cobalt acetate (80 mM, 73 mL) was
slowly added to an aqueous ammonia solution (25%, 7.3 mL) with vigorous stirring by
a magnetic stirrer. After 20 min stirring, the obtained pale pink slurry was transferred to
a Teflon-lined stainless-steel autoclave of 140 mL capacity. The sealed tank was heated
to and maintained at 350 °C for 3.0 h in an oven and cooled to RT. The obtained
particles were collected by filtration and washed with water for several times and dried
at 65 °C for several hours.

Synthesis of MnFe20,4. NaOH (3.0 g) was slowly added to an aqueous solution
(40 mL) containing FeSO4-7H,0 (5.0 mmol, 1.11 g) and MnCl,-4H,0 (2.5 mmol, 0.40
g) at RT with magnetic stirring. The mixture was stirred vigorously for 30 min and then
transferred into a Teflon-lined stainless-steel autoclave of 140 mL capacity. The sealed
tank was heated to and maintained at 200 °C for 5 h and cooled to RT. The solid
product was collected by a magnet and washed several times with deionized water and
ethanol respectively. The final product was dried at 100 °C for 6 h.

Synthesis of MgFe;0,. FeCl;-6H,0 (5.0 mmol, 1.25 g) and MgSO4 (2.5 mmol,
0.30 g) were dissolved in ethylene glycol (40 ml), then CH3COONa (3.6 g) and
polyethylene glycol (1.0 g) were added to the solution. The mixture was stirred
vigorously for 0.50 h and then transferred into a Teflon-lined stainless-steel autoclave of
140 mL capacity. The sealed tank was heated to and maintained at 200 °C for 12 h and

cooled to RT. The puce product was separated by centrifugation, washed several times
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with ethanol and finally dried at 60 °C for 6 h.

X-Ray Diffraction. X-ray diffraction patterns were recorded by a Rigaku Ultima IV.
Incident X-ray radiation was produced by Cu X-ray tube, operating at 40 kV and 40 mA
with Cu Ko radiation of 1.54 A. The scanning rate was 2 ® min ' from 10° to 80° in 26.

N> Adsorption for BET Surface Area Determination. Nitrogen
adsorption-desorption at 77 K was performed with a Belsorp-mini (BEL Japan, Inc.)
within a relative pressure range from 0.01 to 101.3 kPa. A sample mass of ~100 mg was
used for adsorption analysis after pretreatment at 120 °C for ~1.0 h under vacuum
conditions and kept in N, atmosphere until N>-adsorption measurements. The sample
was exposed to a mixed gas of He and N, with a programmed ratio and adsorbed
amount of N, was calculated from the change of pressure in a cell after reaching the
equilibrium (at least 5 min).

X-ray Photoelectron Spectra. X-ray photoelectron spectra (XPS) were
measured by a ULVAC-PHI ESCA5600. The incident radiation was Mg Ko X-ray
(1253.6 eV) at 400 W and a charge neutralizer was turned on for acquisition. NiFe,O4
used for 1* run were collected by magnetic centrifugation and dried in vacuo. Iron and
nickel oxides foil were prepared by calcinating each metal foils at 400 °C for 2 h. The
particles of NiFe,O4 before and after reaction were pressed on each copper foil and
fixed on a stainless stage together with iron and nickel metals/oxides foil. The binding
energy of each element was corrected by C 1s peak (284.8 eV) from residual carbon.

Transmission Electron Microscope (TEM). Transmission electron microscope
(TEM) images of nanoparticles, which were mounted on a copper microgrid coated with
elastic carbon, were observed by a JEOL JEM-2100 operating at 200 keV.

Photocatalytic Water Oxidation. Photocatalytic oxygen evolution was
performed as follows. A iron- or nickel-based catalyst (0.050-1.0 g L") was added to a
phosphate buffer solution (50 mM, pH 8.0, 2.0 mL) containing Na,S,0s (5.0 mM) and
[Ru(bpy);]SO4 (0.25 mM) flushed with Ar gas. The solution was then irradiated with a
xenon lamp (Ushio Optical, Model X SX-UID 500X AMQ) through a color filter glass
(Asahi Techno Glass) transmitting A > 420 nm at room temperature. Evolved oxygen
gas in a headspace was quantified by a Shimadzu GC-17A gas chromatograph [Ar
carrier, a capillary column with molecular sieves (Agilent Technologies, 19095PMS0,
30 m x 0.53 mm) at 40 °C] equipped with a thermal conductivity detector.

Electrochemical Water Oxidation. Electrochemical water oxidation was
performed on an ALS 630B electrochemical analyzer using a carbon paste electrode
modified with 5% of a metal oxide catalyst as a working electrode, a saturated calomel
reference electrode (SCE) and a Pt wire as a counter electrode. Linear sweep

voltammograms were recorded by applying the voltage from 0 V to 1.5 V to the
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working electrode in a phosphate buffer (50 mM, pH 8.0) at room temperature with a

scanning rate of 100 mV s ™.

Results and Discussion

The photocatalytic water oxidation was performed in a phosphate buffer solution (50
mM, pH 8.0, 2.0 mL) containing a metal-oxide catalyst, Na,S,0z (5.0 mM) as a
two-electron oxidant and [Ru(bpy);]SO4 (0.25 mM) as a photosensitizer purged with Ar
gas for 10 min in a vial (i.d. ~1 cm) sealed with a rubber septum. The reaction was
started by irradiating the solution with a Xe lamp (500 W) through a transmitting glass
filter (A > 420 nm) with vigorous magnetic stirring at room temperature. The overall
photocatalytic cycle of water oxidation with Na,S,0s, [Ru(bpy);]SO4 and a WOC is
depicted in Scheme 1. Photoinduced electron transfer from the excited state of
[Ru(bpy)s]*" ([Ru(bpy)s]*"; * denotes the excited state) to S,0s” affords [Ru(bpy)s]*",
S04 and SO4 . The produced SO,  is known to be a very strong oxidant
[E°(SO4/SO4*) = 2.6 V vs NHE], which can oxidize another [Ru(bpy)s;]*" to produce
two equivalent of [Ru(bpy);]’" in the overall photoinduced process.” Finally
[Ru(bpy)s]’" can oxidized water to evolve O, with WOCs. However, the photosensitizer
will be decomposed by nucleophilic attack of OH or water on [Ru(bpy):]’~ under
neutral or basic conditions in competition with electron transfer from WOCs to
[Ru(bpy)s]*", leading to low O, evolution yields.”® Thus, highly active WOCs will
improve the lifetime of the photosensitizer and O, yield. In order to confirm the effect
of the crystal phase of iron oxides on catalytic activity for the photocatalytic water

2 .
930 and characterized

oxidation, Fe,Os3 and Fe;O4 were synthesized by reported methods
by powder X-ray diffraction (XRD) measurements as shown in Figure 1a. Co304, which
is known as an active WOC, was also synthesized and characterized by XRD to be used

as a reference.”* All XRD peaks were clearly indexed as the spinel structure for Fe;0,

Scheme 1. Cycle of Photocatalytic Water Oxidation with Na,S,0g and [Ru(bpy)3]2+ Using a Water
Oxidation Catalyst

4 [Ru(bpy)3]?**

2N328208 %hv
4 [Ru(bpy)s]?* 2H0
4Na* + 4802 @
4 [Ru(bpy)s]3* 4H* + O,
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Figure 1. (a) Powder-XRD patterns of Fe,O3, Fe;04 and Co;04 catalysts. The number indicated in each
peak is Akl index. (b) Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a
phosphate buffer solution (pH 8.0, 2.0 mL) containing Na,S,05 (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM)
with Fe,0;, Fe;0,4 or Cos04 (0.50 g L") at room temperature in three repetitive examinations. (c)
Powder-XRD patterns of NiFe,O,4, MgFe,O, and MnFe,0, catalysts. (d) Time courses of O, evolution
with NiFe,04, MgFe,0,4 and MnFe,0, catalysts in the same conditions with (b).

(magnetite) and Co3O4 or the corundum structure for Fe,O3 (hematite).

The time courses of O, evolution with metal oxides are shown in Figure 1b. Table 1
tabulates O, evolution rates (Roz) and O, yields obtained with various metal oxides. No
O, evolution was confirmed from a reaction solution without a catalyst. Because
NayS,0s is a two-electron accepter as described above, the stoichiometric amount of O,
evolution is 5.0 wmol in the present reaction systems. A comparison between the
reaction systems with iron oxides indicates that the amount of O, evolution obtained
with Fe;O4 (1.5 wmol in 30 min photoirradiation) was larger than that of Fe,O; (1.0
umol in 30 min). Even when the concentration of Fe;O4 was reduced to half in the
reaction solution, the same amount of O, evolution (1.5 umol in 30 min) was achieved
with a similar O, evolution rate (Figure 2). After the 1st run of the photocatalytic
reaction, Fe;O3; was recovered from a reaction solution by centrifugation for further
experiment and Fe;O4 was collected by a magnet due to its ferromagnetic properties. A
fresh buffer solution containing Na,S,0s (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM) was
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Table 1. O, Evolution Rates (R,) and O, Yields of WOC:s in the Photocatalytic Water Oxidation

catalyst Roy” (umols ™' g ™) 0, yield’ (%)
NiFe,O4 5.3+0.2 74 £4
NiO 3.0+£0.1 38+2
Fe 03 1.3+0.1 21+2
Fe;04 1.9+0.2 29+£3
Co304 48+0.1 64+3

“ 0, evolution rates are the average values of the repetitive examinations (3 times), which normalized by
the catalyst weight in 10 min after photoirradiation (A > 420 nm) of an aqueous buffer solution (pH 8.0,
2mL) containing a catalyst (0.50 g L"), Na,S,05 (5.0 mM) and [Ru(bpy)s;]** (0.25 mM). * O, yield is the
average value of three times repetitive examinations, which defined as twice the number of moles of O,

per moles of Na,S,0s.
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Figure 2. Time course of O, evolution under photoirradiation (Xe lamp, A > 420 nm) with various
concentrations of Fe;0, [0.50 g L™ (black, closed triangles), and 0.25 g L' (green, open triangles)] in an
aqueous buffer solution (2.0 mL, pH 8.0) containing [Ru(bpy);]*" (0.25 mM) and Na,S,05 (5.0 mM).

added to the collected particles for the repetitive examination under photoirradiation.
No significant changes of the total amount of O, evolution were observed at 2" and 3"
run from the reaction solutions with these three catalysts. These results indicated that
Fe;04 acts as better WOC than Fe;Os; in the photocatalytic system. However, the
catalysis of Fe;Oy is inferior to Co304 in terms of an O, evolution rate and an O, yield
(i.e., O, evolution of 3.2 umol with Co304 is more than double of that with Fe;Oy).

In order to improve catalytic activity and robustness of iron-based oxides for
photocatalytic water oxidation, Fe*" ions, which are easily oxidized to Fe’" under highly
oxidizing conditions, in Fe;04 were substituted to Ni*", Mg®" and Mn*" where the spinel

structure is maintained. A series of spinel MFe;,O4 (M = Ni, Mg and Mn) were
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synthesized by reported methods®'

and characterized by powder XRD measurements
as shown in Figure 1c. The powder XRD measurements have evidenced that these three
metal oxides have spinel structure. Figure 1d shows the time courses of O, evolution
with NiFe,O4, MgFe,O4 and MnFe,O4 in the photocatalytic water oxidation. While the
amounts of evolved O, from reaction solutions with MgFe,O4 (0.95 wmol) and
MnFe,;04 (0.42 umol) were smaller than that with Fe;O4 (1.5 umol), the amount of O,
evolution (3.7 umol) from the reaction solution with NiFe,O4 was higher than that with
Co0304 (3.2 umol). NiFe,O4 can be easily collected from a solution after the reaction
because of its ferromagnetic properties (Figure 3). The high O, yield with NiFe,O4 was
maintained even after 10" run in 5 h (Figure 4). The NiFe,O4 catalysts before and after
the reaction were investigated by powder XRD and TEM measurements. No significant
changes in both powder XRD pattern and morphology were observed on the NiFe,O4
catalysts (Figure 5 and 6). A small amount of Fe,O3; was contaminated in NiFe;O4,
however, the highest catalytic activity of NiFe,Os among the spinel MFe,O4 can be
ascribed to the pure NiFe,O4, because the addition of Fe;Os to NiO or Fe;04 showed no
significant improvement in the O, yields (Figure 7). The catalytic activity of a series of
MFe,04 was increased in the order of M = Ni*" > Fe’" > Mg*™ > Mn®". Catalytic
activity of NiO for the photocatalytic water oxidation has been examined (Figure 8),
however, the amount of O, evolution was around 1.9 umol, which is only half of that
with NiFe,O4. These results clearly indicate that NiFe,O4 is a highly active and robust
catalyst for the photocatalytic water oxidation.

As the catalytic activity of heterogeneous catalysts is usually compared in terms of
the activity normalized by the specific surface area, the apparent TOF was normalized
by surface area. BET surface areas determined by N, adsorption measurements at 77 K
were 48 m”® g for NiFe,04, 45 m* g for Fe;04 and 34 m* g ' for Co304 and 150 m?

g for NiO. The Ro, values calculated from the initial slope (10 min) of time courses

(a) (b)
| — | o—

e

Figure 3. (a) NiFe,O, is dispersed in a reaction solution. (b) NiFe,0O, is attracted to a magnet in the

reaction solution.
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Figure 4. Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a phosphate
buffer solution (pH 8.0, 2.0 mL) containing Na,S,0g (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM) with

NiFe,0,(0.50 g L") at room temperature in 10 repetitive examinations.
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Figure 5. X-ray diffraction pattern of (a) NiFe,O, after the catalytic reaction and (b) NiFe,O, before the
reaction. (¢) Subtraction from spectrum (a) to spectrum (b). No peaks assignable to NiO or Fe,O; were

observed.

(b)

\2/< 0.24 nm

Figure 6. TEM images of (a, b) NiFe,O,4 before the catalytic reaction and (c, d) NiFe,O, after the

reaction. No changes in morphology and lattice parameters were observed after the reaction.
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Figure 7. Time courses of O, evolution under photoirradiation (Xe lamp, A > 420 nm) of a phosphate
buffer solution (pH 8.0, 2.0 mL) containing Na,S,;0g (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM) with the
addition of Fe,05 (0.25 g L") to NiO (0.25 g L™) or Fe;04 (0.25 g L") at room temperature.
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Figure 8. (a) Powder-XRD spectra of NiO catalysts. (b) Time courses of O, evolution under
photoirradiation (Xe lamp, A > 420 nm) of a phosphate buffer solution (pH 8.0, 2.0 mL) containing
Na,$,05 (5.0 mM) and [Ru(bpy)s;]SO4 (0.25 mM) with NiO (0.50 g L™") at room temperature in three

repetitive examinations.

were divided by surface areas of catalysts in the reaction solution to determine the
apparent TOF values. The apparent TOF value of 0.11 umols' m™ obtained with
NiFe,04 was higher than those of Fe;04 (0.042 umols™ m ™) and NiO (0.020 umol s
m %). These results support that the high activity of NiFe,O, is contributed by the
composite effect of nickel and iron oxides. The apparent TOF value with NiFe,O,4 is
slightly smaller than that with Co3O4 (0.14 umol s' m?). However, the O, yield
obtained with NiFe,O4 (74%) was higher than that of Co304 (64%) by 10%. The O,
yield with NiFe,Oy is also higher than those reported with catalysts containing precious
metals such as IrO, particles (69%, pH 5.0)*' and RuO, particles (22%, pH 5.0)*!, and
abundant metals such as Mn,Oy particles (55%, pH 5 .8)* and comparable to that with
LaCoOs particles (74%, pH 7.0).>* Thus, NiFe,O4 composed of earth abundant metal
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ions is one of most active catalysts for the photocatalytic water oxidation.

Superior catalysis of NiFe,O4 for the photocatalytic water oxidation was scrutinized
under electrocatalytic conditions. The electrochemical deposition of nickel or cobalt ion
on the surface of hematite Fe,O3 has been previously reported to improve the catalysis
of Fe,0; for the electrochemical water oxidation.*** Figure 9 shows cyclic
voltammetry of water using a working electrode modified with a metal oxide catalyst in
a buffer solution of pH 8.0. The anodic currents with NiFe,O,4 started growing around
0.8 V (vs saturated calomel electrode: SCE) and reached more than 650 nA at 1.5 V,
which is larger compared with those with iron-based oxides. The overpotential of
NiFe,O4 (n = 0.43 V) for the electrochemical water oxidation is comparable to the
reported overpotential of catalysts such as Co phosphate,’ CoO,’® and Ni borate®’(Table
2). Around 0.8 V, a small redox couple assignable to the redox of Ni*" species appears.
A similar redox couple has been assigned to Ni**/Ni** for Ni oxide electrode formed on
Ni metal in alkaline solution.”® Recently, the oxidized nickel species under anodic
potential is assigned to Ni*" in nickel borate by X-ray absorption near edge structure
spectra.”” Further investigation is necessary to clarify the valence of active nickel
species of NiFe,O4, however, the growing of oxidation peak started just after the
oxidation peak assures that high valent nickel species is an active species for the water
oxidation. The onset potentials for water oxidation with both Fe,O3; and Fe;O4 were
observed around 1.1 V. The anodic currents with Fe,Oz and Fe;O4 at 1.5 V were as
small as 190 uA and 290 uA. These results suggest that Ni*" ions incorporated into iron
oxide enhances the water oxidation ability of iron oxides, which is able to exhibit high

activity for the photocatalytic water oxidation.
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Figure 9. Cyclic voltammograms (CV) in a buffer solution (pH 8.0) with a carbon-paste working
electrode (gray, 4 = 0.071 c¢m?) containing 5% of NiFe,0, (orange), Fe;0, (black) or Fe,05 (red), a Pt
wire (counter electrode) and a standard calomel electrode (scan rate of 100 mV s™'). Inset shows the

initial range of the electrocatalytic current.
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Table 2. Overpotential of Various Catalysts for Electrochemical Water Oxidation

onset potential standard potential overpotential
catalyst V (vs SCE) pH (V vs SCE) V) ik
NiFe,04 0.95 8.0 0.52 0.43 this work
Co phosphate 0.99 7.0 0.58 0.41 3
CoOy 1.01 8.0 0.52 0.49 36
Ni borate 0.89 9.2 0.45 0.44 37

A critical issue of a series of spinel compound under highly oxidizing conditions is
oxidation of divalent metal species. The oxidation may lead to micro-phase separation
and deactivation of catalysts. Magnetite of Fe;O4 has been reported to be oxidized to
form Fe,Os; under highly oxidizing conditions.” NiO is rather stable, however,
transformation to nonstoichiometric nickel oxide has been reported under highly
oxidizing conditions.* Thus, confirmation of surface conditions of each component
after water oxidation is necessary. The change in the surface conditions of NiFe,O4
before and after the photocatalytic reaction was observed by X-ray photoelectron
spectroscopy (XPS). The XPS measurements were performed for the energy regions of
Fe 2p3s, Ni 2p3pn, O 1s, Ru 3d and C 1s, although no peak was observed in the Ru 3d
region. The binding energy of each element was corrected by C 1s peak (284.8 eV)
from residual carbon. Figure 10a displays the XPS spectra for Ni 2ps;, peaks appeared
at 854.8 eV with a weak satellite peak around 861 eV for NiFe,O4 samples before and
after the reaction. The binding energies of these peaks indicate the Ni species in the
samples are Ni*" by comparison with peak positions of Ni 2ps;, peaks of pure Ni metal
and NiO peaks (Figure 11a). The similar ratio of peak strength between Ni 2ps,» main
peak and satellite peak for both samples supports that the surface conditions are the
same even after the photocatalytic water oxidation performed under highly oxidizing
conditions. Figure 10b displays the XPS spectrum for Fe 2p;/, peaks appeared at 710.2
eV with a weak satellite peak at 723.7 eV for NiFe,O4 before the reaction and 710.6 eV
with a weak satellite peak at 724.1 eV after the reaction. These peaks are assigned to
Fe’* by comparing with the Fe 2ps» peaks of Fe;O; and Fe metal (Figure 11b).
Although the main peak of Fe 2p;;, from the sample after the reaction was slightly
shifted to the direction of higher binding energy, the same separation between main
peak and satellite peak in both samples and similarity of peak shapes including satellite
peaks in the whole energy region between 700 an 730 eV strongly support no change in
the valence state of Fe*". The absence of changes in the surface conditions of NiFe,Oy4

before and after the reaction was also supported by no shift of O 1s peak (Figure 10c).
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Thus, NiFe,Oy is highly robust even during the photocatalytic water oxidation.
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Figure 10. X-ray photoelectron spectra of NiFe,O, before and after the reaction in the energy regions of

(a) Ni 2p35, (b) Fe 2p and (c) O 1s of NiFe,O,4 before and after the reaction.
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Figure 11. X-ray photoelectron spectra in the energy regions of (a) Ni 2p;,, of a Ni metal foil (black) and
NiO foil (blue) and (b) Fe 2p of Fe metal foil (black) and Fe,O; foil (blue).

Conclusions

In summary, we have demonstrated the superior catalysis of NiFe,O4 composed of
only earth-abundant metal ions toward the photocatalytic water oxidation for the first
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time. This catalyst possesses high catalytic activity as well as durability for the
photocatalytic water oxidation with Na;S,0g and [Ru(bpy):]*" as evidenced by the
maintenance of high O, yield after 10 times repetitive uses. The cyclic voltammetry for
electrocatalytic water oxidation with NiFe,O4 suggests that high valent nickel species is
the active species for the photocatalytic water oxidation. This indicates important
implications for exploitation of efficient WOCs to expand widespread use of iron-based

oxides for water oxidation.
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Chapter 7

Catalytic Activity of NiMnO; for Visible Light-Driven and

Electrochemical Water Oxidation
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Abstract: NiMnO; was found to be an efficient catalyst for light-driven water
oxidation using [Ru(bpy):]*" and S,Og* as a photosensitiser and a sacrificial oxidant,
respectively. NiMnO; exhibited remarkably high catalytic activity in comparison with
manganese oxides and nickel oxide. For electrochemical water oxidation, the highest

catalytic current was also obtained with NiMnOs among the manganese oxides.
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Introduction

On the urgent demand of developing a sustainable energy cycle, artificial
photosynthesis is a promising system, in which solar energy is directly converted to
chemical energy.' ™ Efficient water oxidation catalysts (WOCs) are essential to achieve

artificial photosynthesis.” '

In nature, water oxidation is catalyzed by the
manganese-oxo-calcium cluster (MnsCaOs) in oxygen evolving center (OEC) of
Photosystem IL."> Thus, much attention has been paid to the development of
homogeneous and heterogeneous WOCs containing manganese, which is an
earth-abundant and environmentally-friendly element.'*>® Heterogeneous manganese
oxides, which are more robust than homogeneous catalysts under water oxidation
conditions, have a significant merit for practical applications.

Manganese oxides prepared by a conventional method have been reported to exhibit
lower activity than noble metal oxides such as iridium or ruthenium oxides.” To
improve the catalytic activity of manganese oxides, various methods, such as structural
controls of size, shape or phase, have been studied.”' ** For examples, manganese oxide
nanoparticles supported on mesoporous silica,”’ nanostructured @-MnO,” and
A-MnO,” have been reported to act as efficient catalysts for visible light-driven water
oxidation using [Ru(bpy)s]*" (bpy = 2,2’-bipyridine) as a photosensitiser and S,05> as a
sacrificial oxidant. Similarly, manganese oxide nanoparticles dispersed in faujasite
zeolite® and nano-sized manganese oxides™ have been reported as efficient catalysts
for thermal water oxidation by cerium(IV) ammonium nitrate (CAN).

Doping Ca®" ions in manganese oxides is another method to improve catalytic
activity of manganese oxides as observed in the manganese cluster in OEC. Ca*" ion
doped manganese oxides (CaMn,O4, CaMnOs and Ca,Mn,0g) have been reported to
enhance the catalytic activity of manganese oxides for water oxidation by CAN,***® in
which the Ca®" ions have been proposed to activate H,O molecules by polarization.
Similarly, introduction of foreign metal ions to metal-oxide WOCs can also improve the
catalytic activity for water oxidation. Indeed, doping of La’" ion to cobalt oxides has
improved the catalysis of cobalt oxide in the visible light-driven water oxidation.*” Ni*"
ion doped iron oxides (NiFe,O4) has been reported to be a highly active and robust
catalyst for the visible light-driven water oxidation despite the low activity of iron
oxides for water oxidation.”® However, doping effect of Ni*" ion to manganese oxides
has yet to be reported for the visible light-driven catalytic water oxidation.

In Chapter 7, I report a highly active and robust WOC catalysis of Ni*" ion doped
manganese oxide (NiMnO;) for the visible light-driven water oxidation with

[Ru(bpy)s]*" as a photosensitiser and S;Os> as a sacrificial oxidant. The catalytic
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activity of NiMnO3; was compared with those of a-MnO,, Mn,O; and Mn3;Oy; the
highest activity was obtained with NiMnOs. Additionally, the ferromagnetic properties
of NiMnOj are quite beneficial, enabling the catalyst to be recovered from the solution
after the reaction using a magnet without any loss. The superior catalysis of NiMnO;
shown in the visible light-driven water oxidation was also found in electrochemical
water oxidation. The effective doping of Ni*" ion was demonstrated in improving the

catalytic reactivity of manganese oxides.

Experimental Section

Materials. All chemicals used for synthesis were obtained from a chemical
company and used without further purification. Manganese(Il) nitrate hexahydrate,
Mn,03 (mesh 325) and Mn3;O4 (mesh 325) were purchased from Sigma-Aldrich Co.
Nickel(IT) nitrate hexahydrate, nickel(I) acetate tetrahydrate, cobalt(Il) acetate,
NaS;03, NaHCOs, ethylene glycol (EG), phosphate buffer powder (pH 7.0) and
Ag,SO4 were obtained from Wako Pure Chemical Industries, Ltd. [Ru(bpy);]Cl, was
obtained from Tokyo Chemical Industry Co., Ltd. [Ru(bpy);]SO4 was synthesized by
adding one equivalent of Ag;SO4 to an aqueous solution of [Ru(bpy);]Cl,. Purified
water was provided by a Millipore Milli-Q water purification system where the
electronic conductance was 18.2 MQ cm. NiMnOj;, a-MnQO,, NiO and Co3;04 were
synthesized by following reported methods.

Synthesis of NiMnO; and a-MnO,. An aqueous solution (10 mL) containing
nickel(IT) nitrate hexahydrate (2.5 mmol, 0.73 g) and manganese(II) nitrate hexahydrate
(2.5 mmol, 0.72 g) was slowly added to NaHCO3 aqueous solution (1.0 M, 50 mL) with
magnetic stirring at room temperature (RT). The resulting precipitates were collected by
centrifugation and washed with water and ethanol for several times, and finally dried in
vacuo. The precursor was heated with a rate of 10 °C/min up to 450 °C in air,
maintaining the temperature for 5 h, and finally rapid cooling to RT. a-MnO, was
prepared by addition of an aqueous solution (10 mL) containing manganese(Il) nitrate
hexahydrate (5.0 mmol, 1.4 g) to NaHCO; aqueous solution (1.0 M, 50 mL) and
followed by the same procedure of NiMnOj;.

Synthesis of NiO. Ethylene glycol (EG) (24 mL) was added to an aqueous
solution (24 mL) containing nickel(Il) acetate tetrahydrate (5.0 mmol, 1.24 g) with
magnetic stirring at RT. The solution was then transferred into a Teflon-lined
stainless-steel autoclave of 140 mL capacity. The sealed autoclave was heated to and

maintained at 200 °C for 3.0 h in an oven and cooled to RT. The resulting emerald green
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precipitates [Ni(OH),] were collected by filtration and washed with water and ethanol
for several times, and dried in vacuo. NiO was prepared by calcination of the obtained
Ni(OH); in an oven at 300 °C in air for 3.0 h.

Synthesis of C0304. An aqueous solution of cobalt(Il) acetate (80 mM, 73 mL)
was slowly added to an aqueous ammonia solution (25%, 7.3 mL) with vigorous stirring
by a magnetic stirrer. After 20 min stirring, the obtained pale pink slurry was transferred
to a Teflon-lined stainless-steel autoclave of 140 mL capacity. The sealed autoclave was
heated to and maintained at 150 °C for 3.0 h in an oven and cooled to RT. The obtained
particles were collected by filtration and washed with water for several times and dried
at 65 °C for several hours.

Characterization of Catalysts. X-ray diffraction patterns were recorded by a
Rigaku Ultima IV. Incident X-ray radiation was produced by Cu X-ray tube, operating
at 40 kV and 40 mA with Cu Ko radiation of 1.54 A. The scanning rate was 2 °/min
from 10° to 70° in 26. Scanning electron microscope images of metal oxides were
observed by a FE-SEM (JSM-6701F) operating at 3.0 kV. X-ray fluorescence analysis
was performed with a ZSX-100e (Rigaku). Nitrogen adsorption-desorption at 77 K was
performed with a Belsorp-mini (BEL Japan, Inc.) within a relative pressure range from
0.01 to 101.3 kPa. A sample mass of ~200 mg was used for adsorption analysis after
pretreatment at 150 °C for ~3.0 h under vacuum conditions and kept in N, atmosphere
until N,-adsorption measurements. The sample was exposed to a gas mixture of He and
N, with a programmed ratio and adsorbed amount of N, was calculated from the change
of pressure in a cell after reaching the equilibrium (at least 5 min).

Light-Driven Water Oxidation. Light-driven water oxidation was performed as
follows. A catalyst (0.10 or 0.50 g L") was added to a phosphate buffer solution (50
mM, pH 7.0, 2.0 mL) containing Na;S,0g (5.0 mM) and [Ru(bpy);]SO4 (0.25 mM)
flushed with Ar gas. The solution was then irradiated with a xenon lamp (Ushio Optical,
Model X SX-UID 500X AMQ) through a color filter glass (Asahi Techno Glass)
transmitting A > 420 nm at room temperature. Evolved oxygen gas in a headspace was
quantified by a Shimadzu GC-17A gas chromatograph [Ar carrier, a capillary column
with molecular sieves (Agilent Technologies, 19095PMS0, 30 m x 0.53 mm) at 313 K]
equipped with a thermal conductivity detector.

Electrochemical Water Oxidation. Electrochemical water oxidation was
performed on an ALS 630B electrochemical analyzer using a carbon paste electrode
modified with 5% of a metal oxide catalyst as a working electrode, a saturated calomel
reference electrode (SCE) and a Pt wire as a counter electrode. Cyclic voltammograms
were recorded by applying the voltage from 0 V to 1.5 V to the working electrode in a
phosphate buffer (50 mM, pH 7.0) at RT. with a scanning rate of 0.10 V s
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Results and Discussions

NiMnOj; was synthesized by a reported method®' and characterized by powder X-ray
diffraction (PXRD) measurements (Figure 1). Experimental details and the PXRD
peaks with Millar indexes are described in Experimental Section and Figure 2 in
Supporting Information, respectively. The same procedure was performed without a
nickel ion source for synthesis of manganese oxides, which characterized to be -MnO;
by PXRD. Other manganese oxides (Mn,0O3; and Mn3;04) were purchased from Aldrich.
All the PXRD peaks were clearly indexed as the ilmenite structure for NiMnOs, a
hollandite structure for a-MnO,, a bixbyite structure for Mn,Os and a hausmannite
structure for Mn304. Although the PXRD pattern of NiMnOj; shows that a small amount
of NiO was contaminated in NiMnOs3, X-ray fluorescence analysis of NiMnOj revealed
that the molar ratio of Ni:Mn was 0.91:1.0. For comparison of the catalytic activity in
the visible light-driven water oxidation, NiO and Co3;O4 were synthesized by the
reported methods,**” because Co3O4 has been reported as the most active WOC among
non-precious metal oxides. The structures of NiO and Co304 were confirmed by PXRD
measurements as the rock-salt and spinel structures, respectively (Figure 3). The
morphology of the metal oxides observed by scanning electron microscope (SEM) was
shown in Figure 4 and Figure 5. NiMnO; and a-MnO; are spherical particles with a
diameter of 1-2 um as shown in Figure 4. Mn,O3 and Mn3O4 have an undefined shape
with micron size (Figure 5). NiO exhibited architecture with flower-like morphology
and Co3;04 was obtained as nanoparticles with a size around 20 nm.

The catalytic activity of the manganese oxides was examined in the visible
light-driven water oxidation. The reaction was performed by the photoirradiation (A >

420 nm) of a buffer solution containing a manganese oxide catalyst, Na,S,0s as a

oNiO
Mn30,

Mn,04

A a-MnO,
A . NiMnO;

10 20 30 40 50 60 70
20, degree

Figure 1. Powder XRD patterns of NiMnO;, a-MnO,, Mn,03 and Mn;0, (e denotes NiO pattern). The
PXRD peaks with Millar indexes are shown in Figure 2.
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Figure 2. Powder XRD patterns of (a) Mn;Oy4, (b) Mn,O; (c) NiMnO; and (d) a-MnO,. The sizes of
crystallites determined by using the Scherrer’s equation were 33 nm for Mn;04, 26 nm for Mn,03, 8.8 nm

for NiMnO; and 21 nm for a-MnOQO..
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Figure 3. Powder XRD patterns of (a) Co;04 and (b) NiO. The sizes of crystallites determined by using

the Scherrer’s equation were 15 nm for Co;04 and 5.0 nm for NiO.

Figure 4. SEM images of (a and b) NiMnO; and (¢ and d) a-MnO,
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Figure 5. SEM images of (a and b) Mn,0s3, (c and d) Mn;0,, (¢) Co304 and (f) NiO.

two-electron oxidant, and [Ru(bpy);]SOs as a photosensitiser. The catalytic cycle of the
visible light-driven water oxidation is shown in Scheme 1. Photoinduced electron
transfer from [Ru(bpy)s]*™* (where * denotes the excited state) to S,0s> occurs to
produce [Ru(bpy)s]>", which can oxidize water in the presence of a WOC to evolve Os.
However, self-quench and decomposition of the photosensitiser by a nucleophilic attack
of OH™ or water on [Ru(bpy)s;]*", which competes with electron transfer from the WOC

Scheme 1. Catalytic Cycle of Visible Light-Driven Water Oxidation with Na,S,03 and [Ru(bpy)g,]2+
Using Manganese Oxide Catalysts

4 [Ru(bpy);]***
2Na,S,04 fhv
4 [Ru(bpy);]?, 2H,0
4Na* + 4S0,% @
4 [Ru(bpy)3]3+ 4H* + O,
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to [Ru(bpy)s]’", can result in low O, evolution yields under neutral or basic
conditions.*® For increasing the O, evolution yield as well as improving the stability of
the photosensitiser, highly active WOCs which can efficiently oxidize water and reduce
[Ru(bpy)s]*" should be developed.

The time courses of O, evolution with these manganese oxides are shown in Figure 6.
The amount of O, evolution was quantified by gas chromatography. No O, evolution
was observed from a reaction solution either without a catalyst or visible-light
irradiation. The amount of O, evolution with NiMnQO; obtained after 30 min
photoirradiation was 2.6 umol, which was remarkably larger than those obtained with
a-MnO; (1.2 umol), Mn,03 (0.9 umol) and Mn304 (0.2 umol). Spinel Co3;04 known as
an active WOC was also examined as a reference in the visible light-driven water
oxidation as shown in Fig. 3. The amount of O, evolution with Co3;04 was 2.5 umol,
which was slightly lower than that of NiMnOs. The amount of O, evolution with NiO
was found to be 0.8 wmol, which is only one third of that with NiMnOs. The
stoichiometric amount of O, evolution is 5.0 umol in the present reaction systems,
because Na,S,0s is a two-electron acceptor. The O, yield with NiMnOs; obtained after
30 min reached to 52%. A similar O, yield was also achieved under acidic conditions
(pH 5.7). Non-stoichiometric amount of O, evolution may result from the self-quench
and decomposition of photosensitiser. The O, evolution was gradually decreased as the
time passes because of the consumption of Na,S,0s and partial decomposition of the
photosensitizer. However, the O, evolution was recovered in repetitive experiments by
adding fresh solutions to the collected catalyst as shown in Figure 7. After the first run

of the photocatalytic reaction, NiMnO; was recovered from the reaction solution by

3.5

3.0 - NiMnO4

O, amount, umol
=N
(6)] o [6)}

-
o

Mn30,

o
6]
—T
\

0O 5 10 15 20 25 30
Time, min

Figure 6. Time courses of O, evolution under visible light irradiation of (Xe lamp, A > 420 nm) of a
buffer solution (50 mM phosphate, 2.0 mL, pH 7.0) containing [Ru(bpy)s]** (0.25 mM), Na,S,05 (5.0
mM) and a catalyst (0.10 g L™") [NiMnOs (red cycles), a-MnO, (blue squares), Mn;O, (green triangles),
Mn,0j; (black diamonds), NiO (gray dots) or Co;O4 (yellow blank triangles)].
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centrifugation for further experiments. A fresh buffer solution containing Na,S,0s (5.0
mM) and [Ru(bpy);]SOs (0.25 mM) was added to the collected particles for the
repetitive examination under photoirradiation. The high catalytic activity of NiMnOs
was maintained even after the 3" run (Figure 7). These results clearly indicate that
NiMnOs is a highly active and robust catalyst for the visible light-driven water

oxidation.

1 strun 2nd run 3rd run
°

O, amount, umol

(0] 1 1 & 1 1 & 1 1
0 10 20 30 40 50 60 70 80 90
Time, min

Figure 7. Time courses of O, evolution under visible light irradiation of (Xe lamp, A > 420 nm) of a
buffer solution (50 mM phosphate, 2.0 mL, pH 7.0) containing [Ru(bpy)s]** (0.25 mM), Na,S,0s (5.0
mM) and NiMnO; (0.50 g L™") in 3 repetitive examinations.

Table 1 summarizes catalytic reactivity obtained with the metal oxides. The O,
evolution rate of NiMnOj3; was higher than those of manganese oxides and comparable
to that of Co304. The catalytic activity of heterogeneous catalysts was also compared in
terms of the activity normalized by a specific surface area. The apparent turnover
frequencies (TOFs) were normalized by BET surface areas determined by N, adsorption
measurements at 77 K (70 m* g~' for NiMnOs, 62 m”> g ' for -MnO,, 83 m* g ' for
Mn,Os;, 76 m> g_1 for Mn304, 150 m> g_1 for NiO, and 34 m’ g_1 for Co304). The
apparent TOF of 0.27 umol s m* obtained with NiMnO; was obviously higher than
those with @-MnO, (0.16 umol s m %), Mn,0; (0.059 umol s ' m?) and Mn;O4 (0.026
"'m?) and NiO (0.043 umol s m™?). These results suggest that the

improvement of catalytic activity of NiMnOj results from the composite effect of nickel

umol s

and manganese oxides. The apparent TOF with NiMnO; was smaller than that with
C0304 (0.56 umol s™' m ). However, the O, yield obtained with NiMnO; was slightly
higher than that with Co304. The catalytic activity of NiMnO; was also compared with
those of Mn-based catalysts. Among those Mn-based catalysts, NiMnO; exhibits the
highest O, evolution rate, and the apparent TOF with NiMnOs is also comparable to the
reported nanocrystalline Mn,0;'".
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Table 1. O, Evolution Rates, BET Surface Area and Apparent TOFs of WOCs in the Visible
Light-Driven Water Oxidation

0, evolution rate *  BET surface area ” apparent TOF ¢

catalysts (il ! g’l) (mz g’l) T ¢! m’z) ref
NiMnOs 19.2 70 0.27 this work
a-MnO, 10.0 62 0.16 this work
Mn,0;5 4.9 83 0.059 this work
Mn;0, 2.0 76 0.026 this work
Co30, 19.0 34 0.56 this work
NiO 6.5 150 0.043 this work
ﬁln‘())cry“a“me 4.7 16.3 0.29 17

23
Mn d
oxide/KIT-6 4.86 ) ) 21
I‘i‘axr\;?;e 0.58" 473 0.012 22
A-MnO, 0.38%¢ 20.07 0.19 23

“ 0, evolution rates were normalized by the catalyst weight in 5 min after photoirradiation (A > 420 nm)
of an aqueous buffer solution (pH 8.0, 2 mL) containing a catalyst (0.10 g L™), Na,S,05 (5.0 mM) and
[Ru(bpy)s]** (0.25 mM). * BET surface areas were determined by N, adsorption measurements at 77 K. ©
Apparent TOFs were normalized by BET surface area. ¢ The values were calculated from the reported O,
evolved rates based on the catalyst concentrations of 0.25 g L™ for nanocrystalline Mn,Os (pH 7), 0.30 g
L' for Mn oxide/KIT-6 (pH 5.8), 1.2 g L' for a-MnO, nanowire (pH 7). ¢ No description of catalyst

concentration used for reactions (pH 5.8) in ref 23. / The value was reported in ref 22.

The catalysis of NiMnOs for the light-driven water oxidation was also scrutinized
under electrocatalytic conditions. Figure 8 shows cyclic voltammograms (CVs) of water
using a carbon paste electrode modified with a manganese oxide catalyst as a working
electrode in a buffer solution (pH 7.0). The anodic currents with NiMnOs started
growing at ~1.0 V (vs. SCE) and reached more than 200 uA at 1.5 V (vs. SCE), which
is larger than those with manganese oxides. The onset potentials for water oxidation
with both Mn,03; and Mn3;04 were observed at ~1.1 V. The anodic currents with Mn,O;
and Mn3;O4 at 1.5 V were as small as 60 and 70 uA, respectively. As a-MnQO; has been
reported to act as an electrostatic capacitor,” the current observed with a-MnO, at
potentials lower than 1.0 V was not ascribed to water oxidation reactions. The anodic
currents with a-MnQO, at 1.5 V were still lower than that with NiMnOs;. The
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overpotential of NiMnO; for the electrochemical water oxidation (n = 0.42 V) is
comparable to the reported overpotential of the catalysts such as cobalt phosphate,
nickel borate’” and nickel ferrite® (Table 2). These results suggest that incorporation of
Ni*" ions enhances the electrocatalytic water oxidation reactivity of manganese oxides
as the case of the visible light-driven catalytic water oxidation. The incorporation of
Ni*" ion to manganese oxides may enhance the oxidation power of a high valent Mn
species, which are suggested as intermediates for water oxidation, resulting in the
improvement of catalytic activity of NiMnOs, although further mechanistic studies are
required.

0 L —
50 F Mn,03
<§: Mn304
gor Mo,
5_150 i NiMnO5
-200
1.6 1.2 0.8 0.4 0

Potential, V (vs SCE)
Figure 8. CVs in a buffer solution (pH 7.0) with a carbon paste-working electrode (A = 0.071 cm?)
containing no metal oxide (gray) and 5% of a catalyst [NiMnO3 (red), &-MnO, (blue), Mn;0O, (green) or

Mn,O; (black)] (standard calomel electrode; Pt wire counter electrode; scan rate 100 mV s ).

Table 2. Overpotential of Various Catalysts for Electrochemical Water Oxidation

onset potential, standard potential, overpotential,

catalyst (Vvs. SCE)  PH (V vs. SCE) V) ref
NiMnO; 1.0 7.0 0.58 0.42 this work
Co phosphate 0.99 7.0 0.58 0.41 36
Ni borate 0.89 9.2 0.45 0.44 37
Nickel ferrite 0.95 8.0 0.52 0.43 30
Conclusions

In summary, we have demonstrated excellent catalysis of visible light-driven and
electrochemical water oxidation by Ni*" ion doped manganese oxides, NiMnOs. The
high catalytic activity of NiMnOs can be ascribed to the composite effect of nickel and
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manganese oxides. This has important implications for the exploitation of efficient

WOCs with bimetallic metal oxides of earth-abundant metals.
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Concluding Remarks

In the thesis, the author has revealed the catalytically active catalysts for water
oxidation using homogeneous metal complexes with organic ligands in both thermal
and light-driven water oxidation systems. The catalytic mechanism of water oxidation
was investigated by using ruthenium complexes with inorganic ligands. The author has
also developed efficient and robust heterogeneous WOCs based on earth-abundant

metals. The results and finding in this work are summarized as follows (Chart 1):

Chart 1. Summary of this Thesis

Catalytically active species in water oxidation Catalytic

QO o - mechanism

o Mm)‘ @ Ligand oxidation

Homogeneous metal complexes Heterogeneous
with organic ligands Catalysts

Ir, Co, Fe complexes Ir, Co, Fe hydroxides Ruthenium complexes

N K with inorganic ligands
Heterogeneous catalysts for water oxidation

2CeV 2Ce!l + 2H*

i\( > [(L)Ru-OH,J5- M4 [(L)RuV=0]5
Ha0- Y
H:0 H,0
0, +H* H C"‘
W

LaCoO, NiFe,0, NiMnO, | | [WFRuooHt o KbRutoonr-

2Ce! 2ceV

1. Noble metals — Earth-abundant metals

2. Composite effect — Improvement of catalytic activity

In Chapters 1 and 2, the author proved that the catalytically active species for water
oxidation were not homogeneous molecular complexes but nanoparticles derived from
mononuclear iridium and cobalt complexes with organic ligands in thermal and
light-driven catalytic water oxidation systems, respectively.

In Chapter 3, catalytically active species for water oxidation in the presence of iron
complexes possessing organic ligands were demonstrated to be changed depending on
the pH conditions The iron complexes acted as homogeneous catalysts in the water
oxidation by CAN under acidic conditions. In contrast to the homogeneous catalysis
under acidic conditions, the iron complexes were converted to iron hydroxide
nanoparticles that act as the actual catalyst for the light-driven water oxidation with
[Ru(bpy)s]*" and S,05> .

Through Chapter 1-3, the author provides a valuable insight into how to choose the

168



organic ligands of metal complexes for efficient and robust WOCs in the heterogeneous
water oxidation systems using metal complexes as the catalyst precursors.

In Chapter 4, water oxidation by CAN was demonstrated with two types of
all-inorganic mononuclear ruthenium complexes, which are suitable to elucidate the
catalytic mechanism of water oxidation because of robust inorganic ligands against
acidic and oxidative conditions. The rate-determining step involves in O-O bond
formation by water nucleophilic attack to the Ru'=0 complex. The intermediate Ru"=0
complex was detected by a characteristic EPR signal and a resonance Raman peak.

In Chapter 5-7, the author has developed efficient and robust heterogeneous WOCs
based on earth-abundant metals by introducing different metal ions into single metal
oxides as observed in the CaMn4Os cluster in OEC.

Throughout this study, valuable insights were given for the development of efficient
WOC:s. In particular, the identification of catalytically active species for water oxidation
and the discovery of heterogeneous WOCs based on earth-abundant metals are
important findings for development of artificial photosynthesis systems. In fact, an
artificial photosynthesis system, in which hydrogen peroxide is produced from oxygen
and water under photoirradiation, has been achieved by incorporating a heterogeneous
WOC in this study (Chart 2). Despite low efficiency of hydrogen peroxides production,
it may be expected to improve the efficiency in combination with semiconductor
photocatalysts. Thus, this study provides valuable insights into both mechanism and

application of catalytic water oxidation to realize artificial photosynthesis.

Chart 2. An Artificial Photosynthetic Cycle for Hydrogen Peroxide Production

Overall reaction:
0, + 2H,0 — H,0, + 2H* 2RUII*

hy 0, + 2H*

2Rull
2H,0 Ryl

Ru': [Ru(bpy);]?* (Photosensitizer)
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