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Coupling carbon dioxide reduction with water
oxidation in nanoscale photocatalytic assemblies

Wooyul Kim,{ Beth Anne McClure,i Eran Edri and Heinz Frei*

The reduction of carbon dioxide by water with sunlight in an artificial system offers an opportunity for
utilizing non-arable land for generating renewable transportation fuels to replace fossil resources. Because
of the very large scale required for the impact on fuel consumption, the scalability of artificial photosystems
is of key importance. Closing the photosynthetic cycle of carbon dioxide reduction and water oxidation on
the nanoscale addresses major barriers for scalability as well as high efficiency, such as resistance losses
inherent to ion transport over macroscale distances, loss of charge and other efficiency degrading
processes, or excessive need for the balance of system components, to mention a few. For the conversion
of carbon dioxide to six-electron or even more highly reduced liquid fuel products, introduction of a
proton conducting, gas impermeable separation membrane is critical. This article reviews recent progress
in the development of light absorber—catalyst assemblies for the reduction and oxidation half reactions with
focus on well defined polynuclear structures, and on novel approaches for optimizing electron transfer
among the molecular or nanoparticulate components. Studies by time-resolved optical and infrared
spectroscopy for the understanding of charge transfer processes between the chromophore and the
catalyst, and of the mechanism of water oxidation at metal oxide nanocatalysts through direct observation
of surface reaction intermediates are discussed. All-inorganic polynuclear units for reducing carbon dioxide
by water at the nanoscale are introduced, and progress towards core-shell nanotube assemblies for
completing the photosynthetic cycle under membrane separation is described.
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1. Introduction

Conversion of carbon dioxide and water with sunlight in
a single integrated system, which is the goal of artificial
photosynthesis, enables the utilization of non-arable land for
generating a renewable transportation fuel. Single integrated
systems are attractive from the standpoint of minimizing the
balance of system components, which is essential for very large
scale use. A challenging requirement is that all components
from light absorber to catalyst to separation membrane operate
efficiently under one and the same, preferably benign, environ-
mental conditions. Harsh conditions, especially regarding pH,
are likely to limit the durability of components, while benign
environments open up a broader range of materials to choose
from, in particular earth abundant materials. Yet existing
membrane materials require either strong acid or base for
working properly."”* Here, Nature’s design of closing the photo-
synthetic redox cycle of oxidizing water and generating the
initial stable reduction intermediates on the nanoscale provides
inspiration for an artificial photosystem that avoids extreme
conditions or the need for additional reagents to maintain
efficient performance in a mild environment. Completing redox
cycles on the shortest possible length scale - the nanometer
scale - minimizes major side reactions and efficiency degrading
processes, in particular large resistance (ohmic) losses caused
by charge transport over macroscale distances in mild pH
environments. Artificial photosystems that close redox cycles
on the nanoscale have emerged only very recently. Inclusion of
a proton conducting membrane in such a system will be
critical for preventing cross and back reactions, especially when
coupling H,0O oxidation with CO, conversion to form highly
reduced products. An equally important challenge in developing
artificial solar fuel systems is the use of robust component
materials, which at the same time allows for tuning of their
electronic properties. Fine tuning of electronic properties is
required for the precise redox matching of the components of
the assembly in order to convert a maximum fraction of the
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solar photon energy to chemical energy while maintaining
sufficient catalytic rates for keeping up with the photon flux at
maximum solar intensity.

In order to address these requirements, we have pursued an
approach that uses as light absorbers all-inorganic molecular
units in the form of oxo-bridged heterobinuclear groups
covalently anchored on an insulating solid oxide such as silica.
The metal-to-metal charge transfer transitions (MMCTs) of
these units exhibit absorption deep into the visible region
and allow us to combine robustness with the electronic tun-
ability of a molecularly defined chromophore. Based on this
approach, and by introducing a photodeposition method for
the spatially directed assembly of metal oxide nanocatalysts, it
recently became possible to close the cycle of carbon dioxide
reduction by water on the nanoscale. While this is a useful step
for advancing complete photosynthetic cycles in an artificial
system, a critical ingredient not yet present in such a system is a
proton conducting membrane for separating the incompatible
oxidation and reduction chemistries, thus avoiding back and
cross reactions. Towards this end, we are developing nanoscale
assemblies in the form of Co oxide-silica core-shell nanotubes
with molecular wires embedded in the silica shell that separate
the water oxidation catalysis on the inside from the light
absorber and carbon dioxide reduction chemistry on the out-
side of the tube. Macroscale arrays of such nanotubes would
constitute a system that completes the redox cycle on the
nanoscale while achieving product separation on all length
scales. A critical enabling factor for developing such systems
is the manipulation of inorganic matter on the nanoscale.

In this review article, we will describe progress towards CO,
reduction by H,O, which means the coupling of all-inorganic
light absorber-catalyst subsystems for CO, reduction

CO, +2e~ — CO + 1/20,
with subsystems for H,O oxidation

H,O +2h" — 1/20, + 2H"
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that affords closing of the complete photosynthetic cycle on the
nanoscale. The ultimate goal is the reduction of CO, beyond CO
to liquid products such as CH;0H or even CC-bond containing
fuels. The work is discussed in the broader context of recent
progress in the field of molecular light absorber-catalyst sub-
systems and the development of complete photocatalytic cycles
based on them. The crucial role of nanostructured metal oxides
in developing Earth abundant catalysts for water oxidation is
discussed and details of the water oxidation mechanism based
on dynamic infrared spectroscopy under photocatalytic conditions
are described. The challenge in improving the efficiency and
scalability of photosystems by separating the half reactions by a
proton conducting nanoscale membrane is addressed by the
introduction of ultrathin dense phase silica layers with embedded
molecular wires. The novel Co oxide-silica core-shell nanotubes
serve as a starting point for the development of nanostructured
assemblies in the form of macroscale arrays for efficient CO,
reduction by H,O under product separation by a membrane.

2. An all-inorganic binuclear light
absorber coupled to a CO, reduction
catalyst

Oxo-bridged heterobinuclear units like TiOMn"™ or ZrOCo"
anchored covalently on silica surfaces shown in Fig. 1-3 possess

Ti K-edge
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Fig. 1 Structure of the TiOMn heterobinuclear light absorber by EXAFS
analysis. Fit of Ti K-edge (left panel) and Mn K-edge EXAFS (right panel) for
TiOMn" units anchored in SBA-15 silica pores. The insets show the K-edge
fits in k-space. Reproduced from ref. 8 with permission from the American
Chemical Society.
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Fig. 2 Optical transmission spectra of the binuclear oxo-bridged TiOMn unit
anchored on silica nanoparticles (12 nm) (black trace). Monometallic Ti—-SiO,
(red) and Mn—-SiO5 (blue) samples are shown for comparison. The inset shows
the MMCT absorption calculated as the difference of the spectra of the TiMn
sample and the Ti and Mn only samples. Cartoon illustrating the MMCT
transition from the TiVOMn'" ground state (1) to the Ti"OMn" excited state
(2) and orbital occupancy for high spin configuration. Adapted from ref. 18
with permission from the American Chemical Society.
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Fig. 3 Diffuse reflectance optical absorption of Zr'VOCo" - zr"ocCo"
metal-to-metal charge-transfer transition. The trace is the difference of
the ZrCo-SBA-15 sample and the monometallic Co"'-SBA-15 material.
The wave-like behavior in the 500-600 nm region is due to a frequency
shift of the Co" spin orbit components to higher energy upon formation of
an oxo bridge to Zr as shown in the inset: trace 2, ZrCo—-SBA-15; trace 1,
Co-SBA-15. The cartoon depicts the binuclear unit on the SBA-15 nano-
pore surface. Adapted from ref. 7 with permission from the American
Chemical Society.

a continuous optical absorption extending from the UV deep
into the visible region. Absorption of a photon results in the
transfer of an electron from the highest occupied orbital of the
donor (e.g. Mn or Co) to the lowest unoccupied orbital of the
acceptor center (e.g. Ti or Zr). The origin of the metal-to-metal
charge transfer transition e.g.

Ti"V-0-Co"™ — Ti™-0-Co™

is the sigma bonding overlap of the d orbitals of the Ti and Co
centers. Importantly, the excitation process itself results in
the separation of charges, a step that is essential for driving
oxidation and reduction catalysis with the energy of the
absorbed photon.

2.1 Synthesis and spectroscopic characterization of binuclear
light absorber units

34 solution

First demonstrated for TiOCu' and ZrOCu' units,
reactions under very mild conditions using metal precursors
with weakly bound ligands allowed us, and subsequently the
Hashimoto group, to assemble over a dozen heterobinuclear
units on silica surfaces with good selectivity. Concave surfaces
of mesoporous silica such as SBA-15 or MCM-41 as well as the
convex surface of silica nanoparticles are suitable supports.
Donor centers represent most of the upper row transition
metals as well as some group B metals, while acceptors are
the d° elements, Ti or Zr.>*® The flexibility in the choice of the
donor metal provides a means of matching the redox potential
of the light absorber with that of the multi-electron catalyst. In
our most recent example, ZrOCo" units were assembled on the
nanopore surface of mesoporous silica SBA-15 (1-dimensional
system of 8 nm channels separated by 2 nm walls®) by anchoring
tripodal Zr-OH groups using an established method® followed
by the exposure of the resulting powder of Zr-SBA-15 particles to
Co"(NCCHj,),Cl, in acetonitrile at room temperature. Due to the
higher reactivity of the more acidic Zr-OH groups compared
to the much more abundant Si-OH groups on the silica nanopore

Chem. Soc. Rev., 2016, 45, 3221-3243 | 3223
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surface, the Co complex preferentially reacts with ZrOH, resulting
in binuclear ZrOCo" units (Zr:Co = 1:1, Zr:Si approx. 1:100).”

Characterization of the geometrical and electronic structure
combined with knowledge of the excited state electron transfer
properties provides critical information for utilizing the binuclear
units as MMCT light absorbers to drive catalysts for CO, reduction
and H,O oxidation. Specifically, curve fitting analysis of Extended
X-ray Absorption Fine Structure (EXAFS) spectra of K-edges of
ZrOCo™ and TiOMn" units revealed important insights into the
geometrical structure of such systems. For TiOMn"" anchored on
SBA-15 silica nanopore surfaces, an oxo bridge holds the Ti and
Mn centers at a distance of 3.3 A, from which a TiOMn angle of
111° was derived.® The Ti-Mn distance was found to be identical
for fits of K-edge EXAFS measurements of Ti and Mn (Fig. 1).
Comparison of the EXAFS results for the Ti and Mn centers of
the binuclear unit with those for the isolated Ti or Mn centers
on the silica surface of monometallic Zr-SBA-15 and Mn-SBA-15
showed that the structure of the first coordination sphere does
not change appreciably upon binuclear site formation. The Ti
remains tetrahedrally coordinated with a Ti-O distance that
varies by just 0.01 A between isolated and binuclear units. Mn
has distorted octahedral geometry both in isolated form and
when part of a TiOMn unit.® Coordination geometries derived
from K-edge curve fitting were confirmed by the characteristic
L-edge spectra of tetrahedral Ti"¥ with an additional coordinated
water molecule, and of octahedral Mn™.° Similar observations
were made for ZrOCo" units, for which the ZrCo distance was
found to be 3.4 A and a ZrOCo angle of 114° was inferred, with
good agreement between second shell fitting results for Zr and
Co K-edge measurements.” The majority (80 percent) of Co
centers are part of ZrOCo units with the remainder anchored
as isolated centers, indicating high selectivity of the mild
synthesis procedure for assembling the binuclear units. Here,
too, the Co™ center showed the same tetrahedral coordination
when anchored as an isolated center in monometallic Co-SBA-15
or part of a binuclear ZrOCo™ (or TiOCo") group, with the Co-O
distance essentially unchanged. The finding that metal centers on
silica surfaces closely preserve coordination geometries when part
of heterobinuclear units suggests that these MMCT units form
naturally and do not constitute strained structures. This may
explain why a variety of different units can be prepared on silica
nanoparticle surfaces by mild synthetic methods.**” '8

The onset of MMCT optical absorption lies typically in the
green-red spectral region (500-700 nm) and depends on the
nature and the oxidation state of acceptor and donor metals.
For the TiOMn" and ZrOCo" systems, the spectra shown in
Fig. 2 and 3 indicate onsets at around 650 and 550 nm,
respectively. While the relative order of the absorption onsets
is as one anticipates based on ionization potentials and electron
affinities of donors Mn" and Co", and acceptors Ti and Zr,
respectively,'® the small separation of 100 nm (8 kcal mol ") for
ZrOCo™ and TiOMn" seems surprising.”'*'" However, because
the extinction coefficient of MMCT transitions is determined by
the sigma bonding overlap of the d orbitals of the oxo-bridged
metals,?® the only modestly higher onset energy for the ZrOCo™
unit compared to the TiOCo™ unit can be rationalized by the
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larger size of the Zr 4d orbitals compared to the Ti 3d orbitals. In
addition to revealing the MMCT transition, the green-red range
of the spectrum confirms the tetrahedral, high spin structure of
Co" by the spin orbit triplet of the Co *A,(F) — *Ty(P) ligand
field transition, which was further corroborated by a characteristic
EPR signal.”*’

Among other known metal-to-metal charge-transfer systems
most closely related to heterobinuclear charge transfer units on
silica surfaces are solid mixed oxides investigated in the field of
mineralogy."®>® For example, minerals featuring edge sharing
Ti"Os and Fe'Og octahedra possess MMCT transitions with
maxima in the 400-900 nm range and Fe-Ti bond distances in
the range of 2.7-3.6 A, e.g. 3.2 A for the TiFe mixed oxide humite
mineral.>*?® For these mixed oxides, observed MMCT extinction
coefficients are similar to those of heterobinuclear groups on
silica, which reflects the common electronic origin of the
transition and the similar geometry. Among heterobinuclear
organometallic complexes, a p-oxo bridged TiOCr™ system?”
features a Ti-Cr separation of 3.13 A and optical absorption
parameters similar to the TiOCr™ group on the mesoporous
silica surface.’® Of a series of five heterobimetallic O-bridged
complexes featuring a V'V donor and Mn", Fe", Co", Ni", and
Cu" acceptor centers reported recently, the Fe system exhibits
an optical V'VOFe" — VYOFe' MMCT absorption centered at
502 nm with an extinction coefficient of 1700 M cm ™" (Fig. 4A).>®
This spectral assignment is confirmed by the association of the
optical transition with a vibrational mode of the oxide bridge
observed in resonance Raman measurements. Because all five
metal acceptor centers are high spin except for Fe, only the
VVOFe" MMCT transition is spin allowed and therefore

A)

20x10°1 4

15x10* ¢

em”)

<2 1.0x104

(M

5.0x10'

004 - - - - - -
400 450 500 S50
Wavelength (nm)

Fig. 4 Metal-to-metal charge-transfer absorptions of oxo-bridged hetero-
bimetallic molecules. (A) VVOFe! — VYOFe' MMCT absorption of complex
(TMTAAVVOFe'"PysMe,]?* (TMTAA = 7,16-dihydro-6,8,15,17-tetramethyl-
dibenzolb,i][1,4,8,11]tetraazacyclo-tetradecine; PysMe, = 2,6-bis(1,1-bis(2-
pyridylethyl)pyridine). The red-circled section of the shaded area, with
deconvolution shown in the inset, is assigned to the MMCT absorption.
Reproduced from ref. 28 with permission from the American Chemical
Society. (B) Co"OWY!' - Co"OWY metal-to-polyoxometalate absorption of
complex [CoWlZO4o]6’. Reproduced from ref. 29 with permission from
John Wiley and Sons.
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possesses a large extinction coefficient while the transition is
not observed for the other systems. A related charge transfer
process in polyoxometalate [Co"W'',040]°", a molecularly
defined all-inorganic structure, involves a Co™ to W' metal-to-
polyoxometalate charge-transfer transition in the blue spectral
region (Fig. 4B).”°

2.2 Back electron transfer kinetics

For engaging heterobinuclear units as light absorbers to drive
CO, reduction or H,O oxidation, electron (or hole) transfer
from the excited MMCT state to the catalyst, or directly to a
reactant, needs to compete successfully with back electron
transfer of the light absorber. Early photocatalytic observations
such as CO, splitting to CO at ZrOCu" units,® H,O oxidation at a
polynuclear unit consisting of the TiOCr™ light absorber
coupled to the IrO, nanocluster catalyst,"> oxidation of 2-propanol
at TiOCe™ ' or methanol at TiOMn" sites,'® and very recently
CO, reduction at ZrOCo" units” showed that lifetimes of the
excited MMCT state are sufficiently long for electron transfer to
the reactant or the multi-electron catalyst to proceed quite
efficiently. Transient optical absorption studies of the TiOMn
system allowed us to monitor back electron transfer directly and
propose a detailed pathway.”'® For the spectroscopic study, the
TiOMn unit was chosen because Mn™ possesses a spin and
orbital forbidden ligand field absorption in the visible (°A;g — “Ty)
that is weak and unstructured thereby simplifying interpretation of
transient optical spectra associated with MMCT excitation.
Excitation of the Ti"VOMn" — Ti"'OMn™ transition with 8
nanosecond (ns) laser pulses in the spectral region 425-535 nm
spectral region revealed a bleach of the MMCT band that
recovered with an average rate constant of 1.8 & 0.3 ps (Albery
model, y = 2 + 0.2).° Hence, the room temperature back
electron transfer is remarkably slow for such a small charge
transfer chromophore. These first transient absorption experiments
were conducted with TiMn-SBA-15 powders suspended in an
index matching liquid in order to allow probing in transmission
mode (powders or pressed wafers of mesoporous silica particles,
which are typically approx. 1 micron sized, strongly scatter
visible light). To understand the origin of the slow back electron
transfer rate, the temperature-dependence of the rate needs to
be determined. Reliable temperature dependent measurements
are only feasible with samples held in a vacuum or a gas atmo-
sphere, which requires optical transparency for spectroscopy in
transmission mode. By anchoring TiOMn units on spherical silica
nanoparticles (12 nm diameter, TiOMn loading approx. 0.5 mol%
relative to Si) and pressing them into wafers, optically translucent
samples were obtained. These preparations not only opened up
transient absorption spectroscopic studies in vacuum, but also
afforded a tenfold higher spectral sensitivity compared to
experiments with index matching liquids. As a result, the weak
Ti™ (°E — °T) absorption with a maximum at 580 nm formed
upon excitation of the MMCT transition could be detected, as
shown in Fig. 5A."® The pump wavelength dependence of the
Ti"™ absorption (Fig. 5C) mirrored the MMCT absorption profile,
which confirms that the observed Ti™ signal is formed by the
excitation of the TiVOMn" — Ti™OMn™ charge transfer transition.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Transient optical spectroscopy of the excited MMCT state of the
TiOMn unit anchored on SiO, nanoparticles. (A) Transient absorption of
the Ti" center of the excited MMCT state. (B) Decay of Ti"" absorption at
580 nm upon excitation of MMCT with a 420 nm laser pulse of 8 ns
duration (trace 1). The signal is not observed in the absence of MMCT as
shown for SiO, particles with anchored Ti (trace 2) or Mn only (trace 3). (C)
Laser pump wavelength dependence of the Ti" absorption signal at
580 nm. (D) Temperature dependence of the decay kinetics of Ti"
transient absorption at 580 nm in the range of 10-40 °C. Plots of In(k)
(top) and In(k/T) (bottom) as a function of inverse temperature. Reproduced
from ref. 18 with permission from the American Chemical Society.

The decay constant of the signal of 2.43 £ 0.20 ps at 295 K shown in
Fig. 5B agreed with the long lifetime observed for the MMCT bleach.

The optical coupling constant of 4200 cm ™" derived from a
Gaussian fit of the MMCT absorption profile based on Hush
theory implies a strong coupling of the initially excited MMCT
state with the ground state.'® The large value agrees well
with those observed for a wide range of mineral oxide based
MMCT chromophores'®® as well as synthetic Prussian blue
and related binuclear systems as discussed in more detail
below, implying that there is an ultrafast back electron transfer
pathway for the initially excited MMCT state. By contrast, a
weak temperature dependence of the back electron transfer
constant, shown in Fig. 5D, revealed a moderate activation
energy of 1.67 + 0.36 kcal mol " and a small pre-exponential
factor of (7.3 & 4.4) x 107° s7', from which an activation
enthalpy of 1.07 + 0.36 kcal mol™ ' and an activation entropy
of —29.2 4 1.2 cal K ' mol " are derived. These values mean
that the slow back electron transfer is not caused by a large
activation barrier.

Determination of the electronic coupling constant from
the temperature dependence of the back electron transfer rate
by semi-classical Marcus theory gave a very small coupling
constant H = 0.64 cal mol™" (0.22 cm™*)."® The several orders
of magnitude lower value of the coupling constant determined
from the kinetic measurements compared with the coupling
constant from the optical spectrum implies that back electron
transfer occurs from a different electronic state than the
initially prepared Frank-Condon state. This strongly indicates
fast spin conversion following excitation of the initial MMCT

Chem. Soc. Rev., 2016, 45, 3221-3243 | 3225
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state prior to back electron transfer to the ground state and
suggests the mechanism proposed in Fig. 6. Photon absorption
by the TiOMn" ground state (S = 5/2 according to EPR measure-
ments)"® results in a high spin S = 5/2 excited MMCT state. Spin
conserved back electron transfer from this initial excited state
to the ground state (rate constant kggrq) competes with inter-
system crossing to a low spin Ti""OMn™ state (kisc). Spin flip
could either take place on Ti or on Mn (d*S=2 — d*S=1), or
on both simultaneously. Our experimental finding that most of
the dozen heterobinuclear MMCT units reported to date are
photocatalytically active points to slow back electron transfer as
a common property for these chromophores. Because spin flip
on Ti or Zr is accessible to any unit featuring these acceptor
centers, fast spin flip on the group 4 metal is the most probable
intersystem crossing mechanism. The quantum efficiency of
20 percent or higher estimated for the fraction of excited
TiOMn MMCT units with a lifetime of 2 ps means that the
initially excited S = 5/2 high spin state branches on the ultrafast
timescale between spin allowed back electron transfer to the
ground state and intersystem crossing to a low spin S = 3/2 or
1/2 MMCT state. A unique property of all-inorganic binuclear
units anchored on silica surfaces that may favor intersystem
crossing over ultrafast spin conserved back electron transfer is
the very strong polarization of the local silica environment
induced by MMCT excitation (charge changes by a full unit
on both metal centers, with no electron rich organic ligands
available to partially compensate for the large electrostatic
effect). Such polarization likely results in local restructuring
of the silica ligand environment and therefore would slow
down back electron transfer (kpgr;), thus enhancing the
branching in favor of intersystem crossing. Once thermally
relaxed in the low spin Ti"™OMn™ state, the required spin flip
for back electron transfer to the high spin Ti"OMn" ground
state slows down the process (kggrp) and explains the observed
microsecond time constant. This renders charge transfer to a
catalyst competitive with back electron transfer.

The slow back electron transfer of the excited TiOMn unit
may seem unusual, yet there are precedents among molecular

Tis*Mn3*

oty o |
£+~|},T|
+ |
lﬁ—lEnergy

Fig. 6 Proposed mechanism of back electron transfer of the TiOMn
metal-to-metal charge-transfer unit. Symbols are explained in the text.
Adapted from ref. 18 with permission from the American Chemical Society.
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as well as solid state heterobinuclear MMCT systems, all traced
back to ultrafast intersystem crossing following optical excitation
of the initial charge transfer state. For molecular spin cross-
over complexes of first row transition metals like Fe", inter-
system crossing rates of 10'>-10" s~ have been measured by
transient optical absorption and femtosecond soft X-ray spectro-
scopy.’®®* Ultrafast intersystem crossing of the Cr center of
molecular RuCr MMCT complexes [(NH;)s;Ru(CN)Cr(CN);] and
trans-[(ms-Meg[14]JaneN,)Cr((CN)Ru(NH;)s),]>* to a different spin
state for which transition to the ground state is spin forbidden
was considered responsible for the slow, microsecond back
electron transfer time constant.**** For RuCo MMCT complexes
[(bpy).Ru(bb)Co(bpy),]** (bb is 1,2-bis(2,2-bipyridyl-4-yl)ethane)*®
and CoFe or CoRu MMCT complexes [LCo*" (NC)M>*"(CN)s]~
(M = Fe, Ry, L = pentadentate macrocyclic pentaamine ligand),*®
relatively slow nanosecond back electron transfer originates
from ultrafast intersystem crossing at the Co center. The initially
excited MMCT state produces a low spin Co" that converts to the
more stable high spin Co™ on the ultrafast timescale, resulting in
slow spin forbidden back electron transfer to the MMCT ground
state, which has low spin Co™. For the latter process, a back
electron transfer constant of 25 ns was observed and a small
coupling constant of 8 ecm™" was calculated.”® Likewise, the
Prussian blue analogues exhibit metastable spin states upon
excitation of the MMCT absorption band. At low temperatures
the material K, ,Co; 4[Fe(CN)]-6.9H,0 was found to exhibit a
low spin state Fe**(S = 0)-CN-Co’"(S = 0) which converts to the
high spin state Fe**(S = 1/2)-CN-Co”"(S = 3/2) upon excitation of
the Fe**-Co** MMCT transition.>”*® Activation parameters for
these systems are E, ~ 2000-3000 cm ' and pre-exponential
factors of ~8 x 10° — 3 x 10° s~ *,***2 similar to those observed
for TiOMn.

The long lifetime of the excited TiOMn charge transfer
state makes these heterobinuclear light absorbers suitable
for driving multi-electron catalysts for CO, reduction and
H,O oxidation.

2.3 Coupling of the binuclear light absorber to the
nanocluster catalyst for CO, reduction

Two heterobinuclear units have thus far been found to reduce
CO, to CO at the gas-solid interface upon photoexcitation
of the MMCT state, namely ZrOCu' and ZrOCo™.>”'” For the
ZrOCu' unit supported on mesoporous silica used in half
reaction mode, the Cu center was stoichiometrically oxidized
to Cu™ and no sacrificial donor was required. However, the CO
product was trapped by strong binding to remaining Cu'
centers inside the silica pores, and no free CO was obtained.
By contrast, MMCT driven reduction of CO, gas exposed to
ZrOCo" units (Fig. 3) using 420 nm and shorter wavelength
light produced gas phase CO, as expected based on the much
weaker interaction of CO with Co™ centers. We have found by
time-resolved FT-IR spectroscopic monitoring that CO escapes
from the silica mesopores in 300 ps at room temperature.*?
However, unlike ZrOCu', the photo-reduction with ZrOCo"
units required the presence of a sacrificial donor such as di-
or triethylamine. Apparently, for this binuclear chromophore,
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" back to Co" by a sacrificial donor
upon Zr"V-0-Co" — Zr"™-0-Co™ excitation is necessary in
order for transient Zr'™" to be sufficiently long lived for activating
adsorbed CO,. A consequence of using the alkylamine donor is

reduction of transient Co

that formate is generated along with CO, which is due to the
reactivity of the oxidized amine species that is formed upon
electron donation.”

While photoexcited ZrOCu' and ZrOCo" units afford the
direct splitting of CO, to CO, the chemistry is limited to 2-electron
reduction products. However, an important goal of artificial
photosynthesis is to accomplish the reduction of CO, by 4 or
more electrons for the generation of energy dense products
including liquid fuels like methanol. Because of their robustness,
multi-electron catalysts in the form of inorganic particles are of
particular interest. Metallic Cu has long been known from electro-
chemical studies to afford more highly reduced C; products like
methanol or methane, and even species with 2 or more CC
bonds.***® Intense recent efforts in a growing number of labs to
lower the overpotentials and improve product selectivity have
revealed insights into how the nanostructure, morphology, or
oxidation/reduction pretreatment of Cu catalysts can boost
electrocatalytic efficiency.*”>*
overpotentials and extending the degree of multi-electron reduction
of CO, are Cu oxide nanoparticle catalysts, for which formalde-
hyde and methanol have been reported under photocatalytic
conditions.”>>°

We have developed a photodeposition method for the directed

Particularly promising for decreasing

assembly of the ZrOCo" group and a cuprous oxide nanocluster
that results in proper coupling of the catalyst to the Zr acceptor
center of the light absorber. This single photon/single electron
light absorber-multielectron catalyst assembly enables the
exploration of higher reduction products of CO, by well defined
all-inorganic units.

The synthetic step that enables the proper coupling of the
cuprous oxide nanocluster to the acceptor metal of the light
absorber is photo-driven deposition of Cu centers at the Zr
terminus of the ZrOCo unit, as shown in Fig. 7. When loading
the channels of mesoporous silica SBA-15 with the Cu"(NCCH3),
precursor with its weakly bound ligands and illuminating the
ZrOCo™ MMCT transition with visible light in the presence of
triethylamine as a sacrificial electron donor, the photoexcitation
introduces spatial directionality by exclusively reducing Cu"
centers in the electron transfer distance (in a vacuum) from
transient Zr'"'. Monitoring of the photoreduction by optical
spectroscopy shows that Cu" is converted to Cu' (Fig. 7) while
FT-IR spectroscopy indicates the concurrent loss of CH3;CN
ligands.”” Upon subsequent heating of the sample in the
presence of oxygen gas, Cu oxide nanoclusters of 3 nm size
are formed as can be seen by TEM imaging and energy dispersive
X-ray (EDX) analysis (Fig. 7). While the spatial arrangement of the
clusters with respect to the ZrOCo unit cannot be evaluated by
spectroscopic measurements, photocatalytic results confirmed
that ZrOCo chromophores are electronically coupled to Cu oxide
clusters. The critical step that results in the assembly of the Cu
oxide nanocluster adjacent to the acceptor center is most
probably the detachment of CH;CN ligands from the Cu center
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Fig. 7 Spatially directed assembly of the Cu oxide nanocluster catalyst
coupled to the ZrOCo light absorber. UV-vis diffuse reflectance spectra
show the reduction of the [Cu"(NCCHs)4?" precursor loaded in
ZrOCo SBA-15 (black trace) upon photoexcitation of the ZrOCo charge
transfer state to Cu' (red trace). High angle annular dark field (HAADF)
image of the sample after calcination reveals the formation of 3 nm
sized Cu oxide clusters (bright spots). The white strips are the 2 nm
thick walls of the 8 nm diameter channels of SBA-15. Energy dispersive
X-ray spectra (EDX) of bright spots confirm the presence of Cu oxide
clusters. Adapted from ref. 57 with permission from the American
Chemical Society.

upon electron transfer from transient Zr'"" observed by FT-IR
spectroscopy. Cu"(NCCHj3), complexes in the vicinity interact
preferentially with the ligand-deficient Cu' so formed, which
serves as a nucleus for cluster growth upon calcination to form
a cupric oxide cluster adjacent to the Zr site of the ZrOCo
chromophore.””

Proper electronic coupling of the light absorber and the
catalyst was confirmed by the observed reduction of surface Cu
centers upon photoexcitation of the ZrOCo unit. By exploiting
the distinct infrared frequency dependence of adsorbed CO
probe molecules on the Cu oxidation state to monitor the
electronic state of surface Cu sites (**CO mode at 2095 cm ™"
for Cu™ and 2056 cm ™! for Cu®), illumination of ZrOCo was
found to efficiently convert Cu", the predominant oxidation
state of surface centers upon calcination, to Cu®.”” Furthermore,
CO, photoreduction rates upon loading of the Cu,0,~ZrOCo
containing mesoporous silica with CO, gas were found to be
controlled by the oxidation state of surface Cu centers. Catalyst
clusters with Cu® sites exhibit three times higher initial rates of
CO evolution from CO, compared to clusters with predominantly
Cu" surface centers, as shown by the growth of gas phase CO
infrared bands (Fig. 8A and B) along with the adsorbed CO
product. The reactive CO, species was directly observed and
identified as weakly adsorbed CO, on Cu® in the form of a
carboxylate, with a band at 1682 cm™* (**CO,, 1656 cm™ ') as
shown in Fig. 8C and D. The strong dependence of the CO,
photoreduction yield on the oxidation state of the surface
Cu centers constitutes direct proof that the ZrOCo group
absorbs light under separation of charge, driving the catalysis
on the Cu oxide multielectron catalyst by sequential transfer
of electrons via transient Zr'™" as illustrated in Fig. 9. The
mechanism is further supported by the strong dependence
of the CO, photoreduction efficiency on the redox potential of
the acceptor (Zr versus Ti) and the photolysis wavelength used
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Fig. 8 Photoreduction of CO, gas by the Cu,O,~ZrOCo unit. (A) Difference
FT-IR spectra of gas phase CO growth upon 355 nm irradiation
(100 MW cm™2) in the presence of the 0.5 Torr diethylamine donor.
(B) Growth kinetics of *CO (2065.9 cm™ band) for Cu,O,~ZrOCo units
with predominantly surface Cu® (red) and surface Cu" (black). (C) Infrared
mode of 2CO, and *CO, adsorbed on the Cu® surface. (D) Consumption
of surface CO, species upon photoreduction of CO, to CO. Blue,
adsorbed 2CO, after loading of gas. Subsequent traces show reactant
depletion during photocatalysis. Reproduced from ref. 57 with permission
from the American Chemical Society.
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Fig. 9 Heterobinuclear ZrOCo" light absorber coupled to the cuprous
oxide nanocluster catalyst on the mesoporous silica surface. Separated
charges generated by light absorbed by the MMCT unit result in the
sequential transfer of electrons to the catalyst cluster where surface CO,
is reduced. Reproduced from ref. 57 with permission from the American
Chemical Society.

for MMCT excitation.’” The search for more reduced products
of CO, is in progress.

2.4 Coupling of the light absorber to the CO, reduction
catalyst in other hetero-polynuclear assemblies

Coupling of molecular light absorbers with multi-electron
catalysts for fuel generation under minimal loss of energy or
charge while transferring electrons at rates that keep up with
the solar flux is particularly challenging in the case of CO,
reduction. The reason is the large discrepancy between the
generally slow rate of CO, reduction catalysts and the much
higher rate of photons at maximum solar intensity, with the
catalytic turnover lagging behind the rate at which electrons are
delivered. For the case of molecular light absorbers coupled to
nanoparticle catalysts, the problem is mitigated by the very
large number of available catalytic surface sites. While absorption
of photons and flow of electrons to the catalyst particle far outpace
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the catalytic turnover at any given surface site, the large abundance
of sites ready to start a new turnover compensates for the slow
catalytic rate per site.

Reports in the literature on the coupling of molecular light
absorber-CO, reduction catalysts focus primarily on covalent
linkages between organometallic moieties for light absorption
and catalysis. Ishitani has developed architectures for hetero-
multinuclear assemblies consisting of Ru based bipyridyl
complexes for visible light absorption linked to Re diamine
catalysts for the selective photoreduction of CO, to CO, such as
the complex shown in Fig. 10A.°*% A key finding regarding the
design of the covalent linkage was that high efficiency requires
non-n-conjugated bridges because n-conjugated linkage of the
diimine ligands of the metal centers through the bridge
results in too strong coupling with the catalyst, which
diminishes its reducing power. The highest photocatalytic
efficiencies for CO, reduction were observed for the —CH,—
CH,- bridge or the -CH,-O-CH,- bridge, which provide weak
yet adequate electronic coupling between light absorbing and
catalytic moieties.®®®!

Attachment of the molecular light absorber and the CO,
reduction catalyst to a semiconductor particle surface offers
both architecture for the half reaction unit and proper electronic
coupling by through-particle electron transfer if the conduction
band is situated energetically between the excited electron energy
of the light absorber and the potential of the catalyst. The
conduction band may offer an extended lifetime of injected
electrons and accumulation of multiple charges as observed for
the case of TiO,, which could be essential for certain multi-
electron catalysts to work efficiently.**®” In practice, a visible
light sensitizer and a catalyst are randomly anchored on the
semiconductor surface. Highly efficient and completely selective
visible light driven reduction of CO, to CO was demonstrated
using this approach for coupling the Ru(bpy); light absorber
via the TiO, particle to carbon monoxide dehydrogenase
(Fig. 10B).**7° Similarly, an organic sensitizer-TiO,~Re" catalyst
assembly proved as an efficient visible light photosystem for
CO, splitting to CO.”*

Active site I
[Ni4Fe-4S]

Ru-Re

Fig. 10 Heteropolynuclear light absorber—-CO, catalyst assemblies. (A)
Heterobinuclear organometallic Ru"—Re' unit for visible light CO, reduction
featuring an ethane bridge for optimal electronic coupling. Reproduced
from ref. 63 with permission from the Royal Society of Chemistry.
(B) Coupling of visible light sensitizer Ru(bpy)s phosphonate with two-electron
CO; reduction catalyst Ch CODH | (enzyme) mediated by the TiO; particle
that serves as an electron mediator and as an anchoring unit. Reproduced
from ref. 68 with permission from the American Chemical Society.
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3. Closing the photosynthetic cycle on
the nanoscale

3.1 Photo-induced CO, reduction by H,O at the ZrOCo
chromophore coupled to the Ir oxide nanocluster catalyst

From an energetic standpoint, transient Co™ generated by

Zr'VOCo" — Zr™OCo™ excitation should have sufficient
potential for driving a water oxidation catalyst, thus allowing
for the desired replacement of the sacrificial donor by H,O as
an electron source. By using the photodeposition approach
demonstrated for the directed assembly of the Cu,O,~ZrOCo
unit discussed above, we explored the spatially controlled
assembly of the Ir oxide nanocluster coupled to the Co donor
site of the ZrOCo group. Ir oxide nanoclusters are known as very
efficient O, evolving catalysts.””””* If proper coupling can be
achieved, such a ZrOCo-IrO, construct would allow closing of
the photosynthetic cycle on the nanoscale by an all-inorganic, oxide-
based assembly featuring a molecularly defined light absorber.
The approach for photodeposition of Ir oxide nanoclusters
was inspired by our previous observation that an IrO, cluster
coupled to the Cr donor center of a TiOCr unit could be
assembled by exposing the Ir(acac); (acac = acetylacetonate)
precursor in toluene solution in the dark to TiOCrY units in
mesoporous silica. The Ir'™(acac); underwent spontaneous
electron transfer with the strongly oxidizing Cr" center, forming
[Ir'V(acac),]”" under the loss of the acac ligand (the same
process was also observed upon spontaneous reaction of Ir'™-
(acac); with Cr'" centers).">"® Subsequent mild calcination led
to cluster formation around the ligand-deficient IV centers
that served as the nucleus for growth, producing IrO, nanoclusters
of 2 nm diameter. The resulting TiOCr™'-IrO, subsystems afforded
visible light induced water oxidation to O, in neutral aqueous
solution when run as half reaction with persulfate as a sacrificial
acceptor.'> While the Co™ center of ZrOCo™ does not have
sufficient positive potential to spontaneously oxidize Ir"(acac)s,
transient Co™ generated by visible or UV light excitation of the
ZrVoCo™ — zr™OCo™ transition (Fig. 3) might undergo electron
transfer with the Ir precursor. As shown in Fig. 11A and B, optical
and FT-IR spectroscopy revealed photo-induced oxidation of
the Ir™ to Ir"Y under elimination of the acac ligand at room
temperature. Heating in an oxygen atmosphere led to the
formation of 2 nm sized Ir oxide nanoclusters as observed by
HAADF (high angle annular dark field) imaging, while the
structural integrity of the ZrOCo chromophore was preserved.”
Photo-excitation of ZrOCo-IrO, units (Fig. 12A) upon loading
of a gas mixture of 760 Torr **CO, and 100 mTorr H,O into the
SBA-15 sample (pressed wafer) at 355 nm resulted in the
formation of ®*CO and O,. Carbon monoxide was detected in
the gas phase, as shown by the ro-vibrational spectrum of
Fig. 12B. Mass spectrometric measurements confirmed the
formation of oxygen gas, including isotopically labeled '®0,
when using pure H,"®0. Concurrent production of *°0, is due
to the split-off O of *C*®0, (Fig. 12C and D). No CO or O, was
produced in the absence of water, further confirming that it is
the electron source. Moreover, synthesis of IrO, nanoclusters in
ZrOCo functionalized SBA-15 without the photodeposition step
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Fig. 11 FT-infrared and UV-vis spectra show the oxidation of the
Ir''(acac)s complex under the loss of the acac ligand upon photodeposition
in ZrOCo-SBA-15 loaded with Ir'(acac)s. (A) Difference FT-IR spectra
recorded before and after photodeposition (355 nm) for 10 min (trace 1),
30 min (trace 2), and 60 min (trace 3). (B) Difference UV-vis spectrum
before and after photodeposition (355 nm) for 60 min. Growth of
lIV(acac),®* is denoted by Ir'V, while acac denotes the formation of
a detached free acetyl acetone ligand. Reproduced from ref. 75 with
permission from the American Chemical Society.
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the growing gas phase *CO product upon irradiation at 355 nm in the
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monitoring of the O, product after irradiation of ZrOCo-IrO, SBA-15
loaded with 3CO, and H,O. (D) Oxygen monitoring of ZrOCo—-IrO, SBA-15
loaded with *C*®0, and H,™®0. Control spectra (sample without illumination
and sample illuminated in the absence of H,O) are also shown. Reproduced
from ref. 75 with permission from the American Chemical Society.
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did not result in CO, reduction by H,O, demonstrating that the
random formation of oxide clusters in the mesoporous silica does
not lead to proper coupling of Co donor centers with the catalyst
clusters. The result constitutes the first system for closing the
photosynthetic cycle of CO, reduction by H,O with an all-inorganic
polynuclear cluster featuring a molecularly defined light absorber.

The quantum efficiency at 355 nm was estimated to be
17 percent, which indicates that hole transfer from the transient
Co™ donor to the IrO, cluster competes remarkably well with
Zr™0Co™ — Zr™OCo™ back electron transfer of the light absorber
(Fig. 12A). In the case of the TIOMn" unit discussed in Section 2.2,
the observed long lifetime of the excited Ti™OMn™ state of 2.4 us
at room temperature was explained by ultrafast intersystem cross-
ing upon photo-excitation, resulting in slow back electron transfer
due to the required spin-flip to regenerate the light absorber
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ground state.”'® For the ZrOCo" unit, intersystem crossing from
the initial high spin Zr™0Co™ § = 3/2 state to the low spin S = 1/2
excited MMCT surface would result in slow back electron transfer
to ground state Zr'YOCo™ rendering hole transfer from Co™ to IrO,
competitive. With the electron of Zr™ blocked from transfer back
to Co, the reduced Zr is rendered sufficiently long lived for electron
transfer to adsorbed CO, to occur.

Available experimental data on the mechanism of water
oxidation at the Ir oxide nanocluster surface are the observation
of the O-O stretch mode of the IrOOH intermediate by rapid-
scan FT-IR spectroscopy upon visible light sensitized water
oxidation catalysis in aqueous solution (band at 830 cm ™" with
appropriate '*0 and D isotopic shifts of a hydroperoxy group),”®
and the detection of Ir¥ upon steady state electrocatalytic water
oxidation at IrO, by ambient pressure XPS.”” Taken together,
the results suggest that the mechanism for O-O bond formation
involves Ir"V centers on the IrO, nanocluster surface being
oxidized by the first arriving hole to oxo Ir¥ (Ir*=0) followed
by nucleophilic attack of H,O on the oxo site to yield the
I'"™OOH hydroperoxide intermediate. A surface IrOOH inter-
mediate on IrO,(110) has been predicted by quantum chemical
calculations.”® A similar mechanism was proposed for mono-
nuclear organo Ir catalysts for water oxidation.”**°

While no single electron catalytic intermediate has yet been
observed for CO, reduction at transient Zr'", the energetically
most accessible species is the HOCO radical (hydroxycarbonyl,
sometimes also termed hydrocarboxyl).** We propose the formation
of HOCO followed by spontaneous dissociation into CO (which
escapes rapidly from the silica mesopores into the gas phase) and
OH radicals. The fate of OH depends on the specific reaction
conditions.>”"®* For the ZrOCo-IrO, system, mass spectroscopic
monitoring of photocatalytic conversion of *C'®0, and H,'®0
shows that the departing "°O upon reduction of carbon dioxide
forms '°0, (Fig. 12D).

To absorb a sufficient fraction of the solar spectrum, use of
2-photon absorber systems is required. Hence, the ZrOCo"
single light absorber needs to be replaced by two heterobinuclear
units operating in tandem, e.g. ZrOFe"-TiOCo". With the synthesis
of the individual units already established,""> our approach for
the spatially directed assembly of the ZrOFe" unit with the Fe
donor coupled to the Ti acceptor of the TiOCo™ group will employ
the photodeposition method introduced in Section 2.3.

3.2 Complete photosynthetic cycles with other systems

Development of complete, bias-free integrated systems for
visible light driven photoreduction by water has gained increasing
emphasis in the past several years, with most systems reducing
protons to hydrogen (overall water splitting) using semiconductor
components as light absorbers. Monolithic systems include visible
light water splitting at triple junction amorphous silicon,***
tandem cells made of III-V semiconducting materials,®>*® WO,
or Fe,0; photoanode/dye sensitized®” or BiVO,/a-Si tandem cells,*®
and 2-photon TiO,/Si nanowire or n-WOz/np'Si microwire
arrays.®*°' Recent solar water splitters include a Fe,0O3/a-Si photo-
electrochemical cell’” and a perovskite photovoltaic-biased electro-
synthetic system that operates at 12 percent power efficiency®
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(power efficiency is defined as the power stored in the photo-
synthetic products divided by the power of the incident solar
light. For water splitting, this can be expressed as (1.23 V)(J)/P,
where J is the operational photocurrent density in A cm ™2 and P
is the incident irradiance in W em™?).2* These visible light
water splitting systems close the photosynthetic cycle on the
macroscale. Among them, only one features a membrane
for separating the evolving hydrogen from oxygen.®® Colloidal
semiconductor nanoparticles in aqueous solution functionalized
by cocatalysts, either single or dual bandgap, complete the photo-
catalytic cycle on the nanoscale.”*°® These systems are promising
although they currently lack the hierarchical arrangement of
components needed for product separation, which also holds
for biomolecular-semiconductor hybrid assemblies operating
in 2-photon mode.*

For CO, photoreduction by H,O, early single integrated
systems were large bandgap metal oxide particles absorbing
UV light,'°"% which was followed by considerable effort
to functionalize these materials with metal or metal oxide
cocatalysts and explore various particle morphologies.'®*%”
Coupling of two semiconductor materials in tandem (Z-scheme)
mode extends the light response into the visible region, and a
SITiO;/InP monolith functionalized with a molecular CO,
reduction catalyst was recently reported to generate formate at
0.1 percent efficiency.'®® Using a triple junction semiconductor
as a visible light absorber similar to the case of water splitting
discussed above coupled to noble metal co-catalysts for CO,
reduction and H,O oxidation, 4.6 percent power efficiency for
CO, to formate conversion was achieved'® (in photovoltaic-
electrochemical cell configuration using triple junction perovs-
kite PV elements and noble metal electrodes for CO, reduction
and H,O oxidation, a power efficiency of 6.5 percent for the
reduction of CO, to CO was achieved).''® Demonstration of UV
light driven CO, reduction by H,O at isolated tetrahedral
Ti centers in mesoporous silica®''* gave us the inspiration
to replace the Ti-O ligand to metal charge transfer (LMCT)
chromophore with visible light absorbing MMCT chromophores
in which an electron is donated by a second metal rather than
an O ligand, which was the starting point of the development of
heterobinuclear units as all-inorganic molecularly defined light
absorbers.**

Integrated photo-driven systems of entirely molecular nature
for the direct reduction of CO, by H,O have not yet been
demonstrated, but exciting new developments on molecular
subsystems for the H,O oxidation or CO, reduction half reactions
have been reported. These molecular subsystems are integrated
with semiconductor components in visible light driven photo-
electrochemical cells.®%'*215 On the water oxidation side,
recent approaches by several groups for addressing the challenge
of efficiently coupling a molecular light absorber with a multi-
electron water oxidation catalyst are guided by the tyrosine
mediator design of Nature’s Photosystem IL''® In a series of
studies by the Mallouk group in collaboration with the groups
of Moore, Moore and Gust, an Ir oxide nanocluster was coupled
to a [Ru(bpy);]>* or a porphyrin visible light absorber through a
benzimidazole-phenol redox relay with both components
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covalently anchored on a TiO, surface, as shown in Fig. 13A.
The assembly mimics the tyrosine-histidine bridge between the
Mn,O, catalyst and the Pgg, chromophore of Photosystem II.
Detailed insights into the competing charge transfer processes
were obtained by transient optical spectroscopy.’”’**° Upon
absorption of a visible photon by the Ru chromophore and
ultrafast injection of an electron into TiO,, transfer of an
electron from the benzimidazole-phenol mediator to the
oxidized Ru complex reduces the oxidized chromophore on a
short timescale compared to the catalytic turnover of O, at the
IrO, particle. As a result, the competition between undesired
transfer of electrons injected into TiO, back to the oxidized
light absorber and hole injection into the IrO, catalyst is shifted
in favor of catalysis, thus improving the quantum efficiency of
water oxidation by a factor of three. The approach offers
substantial room for further efficiency improvement because
the relative position of the light absorber and the catalyst with
the attached mediator is not yet molecularly defined in the
present system.'’” A first example of a covalent linkage of
the benzimidazole-phenol relay to a porphyrin light absorber
shown in Fig. 13B has been demonstrated, although not yet
coupled to a water oxidation catalyst."*® Transient optical and
pulsed EPR spectroscopy confirmed proton-coupled electron
transfer of the link upon hole injection from the sensitizer
yielding a benzimidazolium-phenoxyl radical species. Concerted
proton transfer accompanying the arrival of the hole from the
light absorber situates the redox potential of the relay between
the potential of the catalyst and the chromophore, an essential
requirement for efficient photocatalysis."*°

The important role of redox mediators in molecular light
absorber-oxygen evolving molecular catalyst assemblies was
investigated for tyrosine-type constructs by the groups of
Hammarstroem and Styring.'*" The detailed dynamics of proton-
coupled electron transfer and hydrogen bond adjustment within
the relay unit uncovered by this study led to an understanding of
how the processes assist in accomplishing a minimum energy
pathway for charge transport between the light absorber and the
catalyst. For an assembly consisting of a [Ru(bpy);]>* light absorber
covalently linked to a tyrosine-histidine mediator/organo di-
manganese unit shown in Fig. 14, up to three sequential photon
absorption-charge separation steps allowed the model catalyst to
advance from the Mn",Mn" state to the Mn™ Mn" state although
no water oxidation activity has been reported so far.'*?

The rapidly expanding variety of molecular light absorber—
catalyst assemblies for water oxidation with visible light is
reflected in systems like [Ru(bpy);]** coupled to a mononuclear
Ru catalyst embedded in a layer of Nafion'** or a porphyrin
chromophore driving a molecular Ir'™ catalyst co-anchored on a
TiO, surface (Fig. 15A).">* The [Ru(bpy);]*" light absorber was
used for driving a Ru polyoxotungstate catalyst with the components
coupled through strong electrostatic interactions, which gave very
fast hole transfer times of 1 ns.'””'?® The advantage of a
saturated alkane spacer for optimal electronic coupling between
the molecular chromophore and the catalyst, already noted for
the coupling of a CO, reduction catalyst (Section 2.4), was
realized in the water oxidation subsystem shown in Fig. 15B
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Fig. 13 Efficiency of molecular light absorber—catalyst assemblies for
water oxidation boosted by the redox mediator. (A) Benzimidazole-
phenol redox relay for increasing the quenching rate of the oxidized Ru
light absorber. Reproduced from ref. 117 with permission from the National
Academy of Sciences of the United States of America. (B) The same type of
mediator linked to a porphyrin light absorber. Benzimidazolium-phenoxy
radical species formed upon proton-coupled electron transfer temporarily
stores positive charge generated on the porphyrin light absorber that
otherwise would back react with electron injected into TiO,. Reproduced
from ref. 120 with permission from the Nature Publishing Group.

Fig. 14 Biomimetic tyrosine-histidene mediator enabling three sequential
photo-induced electron transfer steps for oxidizing the organo-dimanganese
catalyst from Mn"Mn" to Mn",Mn" states. Reproduced from ref. 122 with
permission from the American Chemical Society.

(methylene bridge in this case).’**"?” A different type of molecular

assembly for water oxidation reported recently features a perylene
dicarboximide chromophore linked to an organometallic Ir
catalyst (Fig. 15C)."*® Recent progress in the efficient coupling
of a molecular light absorber with a multi-electron catalyst on
the CO, reduction side is discussed in Section 2.4.

4. Earth abundant inorganic oxide
catalysts for water oxidation

4.1 Enhancing activity by nanostructuring of transition metal
oxides

Ir oxide nanoclusters as efficient catalysts for water oxidation
allowed us to assemble in a spatially directed fashion the
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Fig. 15 Heteropolynuclear light absorber—H,O oxidation catalyst assemblies:
strategies for optimizing the coupling of molecular light absorbers to the water
oxidation catalyst. (A) Co-anchoring of the Zn porphyrin chromophore and
the Ir catalyst on the solid oxide surface. Reproduced from ref. 124 with
permission from the Royal Society of Chemistry. (B) Methylene bridge for
optimal electronic coupling of the Ru based light absorber—catalyst unit.
Reproduced from ref. 127 with permission from the American Chemical
Society. (C) System featuring the direct attachment of the organic light
absorber to the catalyst without saturated linkage: perylene dicarboximide
directly coupled to the Ir catalyst. Reproduced from ref. 128 with permission
from the National Academy of Sciences of the United States of America.

ZrOCo-IrO, unit for closing the photosynthetic cycle on the
nanoscale,” yet Ir oxide is not a viable component for a
scalable artificial photosystem because of the scarcity of this
element."® Earth abundant metal oxides, in particular those of
first row transition metals, offer robust alternatives. Estimates
based on early reports of electro- or light-driven Co and Mn
oxide catalysts'**™*> showed turnover frequencies (TOFs) per
metal center in the range 10~ to 1072 O, s~ ' at overpotentials
in the 300-400 mV range depending on the structure, pH and
temperature conditions,'***? which are at least two orders
of magnitude lower than TOF of IrO, clusters at similar over-
potential.”*”*"%% Intense efforts in the past several years to
enhance the TOF per projected area of the catalyst (footprint) by
nanostructuring of the metal oxide, particularly those of Co,
Mn and Ni, have led to a dramatic increase of the TOF per
projected catalyst area due to very large enhancements of the
surface area and, in some cases, the increase of the intrinsic
rate per surface metal center. Examples for crystalline Co and
Mn oxides include nanostructuring by using mesoporous silica
as a scaffold.""** TOF enhancements for oxygen evolution
per projected area of over 1000 at comparable overpotentials
were achieved under close to neutral pH conditions. This large
factor includes a 16 fold increase of the TOF per surface Co
site in the case of crystalline Co;0, nanorod bundles over
micrometer sized Co;0,."*® Expansion of the mesoporous
silica scaffold approach using materials such as SBA-15 and
KIT-6 structures led to further improvements of the activity of
Co3;0, or Mn oxide nanocatalysts when left incorporated in the
scaffold">™"'>? or in the form of free nanoparticles."”* Cubic or
spherical Co;04 nanocrystals supported on Ni foam,"* in the
form of colloids synthesized by novel methods such as pulsed
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laser ablation in liquids,*>® in situ phase transformation of
layered Co alkoxy precursors,"*® or with nanochain morphology
showed record activities especially in alkaline solution.**” High
surface area mesoporous Coz;0, electrocatalysts with high
catalytic activity were obtained by hard templating with meso-
porous silica followed by the removal of the template.'>®**°

Introduction of novel methods for the preparation of high
surface area amorphous electrodeposits, in particular of
Co oxide of type CoPi, on various electrodes has dramatically
expanded the availability of this abundant metal oxide as
a co-catalyst for a variety of different photosystems.'®%'!
Nanostructured Mn oxide electrodeposits led to similar advance-
ment of the use of this Earth abundant catalyst as both water
oxidation and oxygen reduction catalysts.'®® Clearly, nano-
structured first row transition metal oxides in a variety of
morphologies have emerged as very promising water oxidation
catalysts for incorporation into hierarchical structures for developing
integrated artificial photosystems.

As will be discussed below (Section 5), we are developing a
hierarchical nanostructured assembly for closing the photo-
synthetic cycle of CO, reduction by H,O under membrane
separation that utilizes high surface area Coz;O, in the form
of nanotubes as water oxidation catalysts. The assembly consists
of a macroscale array of separated, functionalized Co oxide-
silica core-shell nanotubes, with each tube operating as an
independent photosynthetic unit. For quantifying the catalytic
activity of crystalline Co;O, nanotubes, we initially prepared
surfactant-free CoO nanotubes utilizing a modified solvothermal
synthesis method.'®*'®* Fig. 16A shows an Angstrom resolution
TEAM (transmission electron aberration-corrected microscopy)
image of a 12 nm diameter CoO nanotube. Calcination under
low O, pressure resulted in the conversion to crystalline CozO,
nanotubes as evidenced by the XRD data shown in Fig. 16B. Visible
light induced water oxidation catalysis was evaluated using
[Ru(bpy);]** in combination with the S,04>" sacrificial acceptor,
a widely used aqueous photosensitization system.'®® Upon
collision of the photo-generated mild oxidant [Ru(bpy)s]** of
well-defined potential (+1.26 V) with a Co;z0, nanotube in close
to neutral aqueous solution, a hole is transferred to the catalyst.
Sequential transfer of four holes from [Ru(bpy)s]** to a particle

B)
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T

30 40 50 60 70 80
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Fig. 16 Crystalline CosO,4 nanotube as a water oxidation catalyst. (A) TEAM
image of the CoO nanotube with Fourier Transform showing a single
crystal structure. (B) X-ray diffraction pattern of the CosO4 nanotube after
calcination. Reproduced from ref. 164 with permission from the Royal
Society of Chemistry.
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[Ru(bpy)s?* + 8,062 > [Ru(bpy)sP** + SO + SO,
[Ru(bpy)s?* + 8O4 - > [Ru(bpy)s]** + SO

Fig. 17 Time-resolved ATR FT-IR spectroscopy of visible light driven
water oxidation at CosO4 nanoparticles. (A) Visible light sensitized charge
injection method for driving the catalysis. TEAM images of single crystal
Co304 particles (4 nm) are shown. (B) Measurement set-up. A suspension
of Coz04 particles containing a sensitizer is placed on a diamond ATR
plate. Geometry of the visible light photolysis beam and the infrared probe
beam is shown. Adapted from ref. 167 with permission from Elsevier
Science Ltd.

converts two H,O molecules to O, and 4H" (Fig. 17A). Mass
spectrometric analysis of O, evolving in the head space and
electrochemical probing of dissolved O, (Clark electrode) gave a
TOF of 0.018 O, s~ per surface Co center, which was found
within uncertainty to be the same as for 4 nm sized spherical
Co;0, nanocrystals shown in Fig. 17A."%*'°>'%” Given a foot-
print of 1.13 nm? for a 12 nm diameter vertical nanotube, a tube
of 700 nm length will be able to keep up with O, production
even at maximum solar intensity."*” Hence, the catalytic efficiency
of the Co;0, nanotube is of appropriate magnitude for use in an
artificial photosynthetic assembly.

4.2 Mechanism of water oxidation at the Co;0, catalyst
surface

For guiding further improvement of the efficiency of the Co
oxide catalyst and expanding the design space for catalyst
structures and morphologies, we need to find out whether
the TOF of 0.02 s~ per surface Co center implies that all
surface centers operate at a similar rate, or whether the value
merely represents an average of widely different rates. Are there
sites operating at much higher rates while others are slower or
even inactive, and if so, what is the structure of the fastest sites?
We seek to gain knowledge of the structure and kinetics of
surface intermediates to learn about the nature of the rate
limiting step, which may provide guidance for improving the
catalytic efficiency through synthetic modification or catalyst
pretreatment. To address these questions, we have utilized
time-resolved FT-IR spectroscopy of aqueous suspensions of
Co;0, crystalline nanoparticles in the attenuated total reflection
configuration (ATR), starting with the rapid-scan method.
Time-resolved spectroscopic monitoring of catalysis requires
pulsed initiation of the reaction. The [Ru(bpy);]**~S,05>" visible
light sensitization system in pulsed version offers a wide
temporal window from steady state to ultrafast.

4.2.1 Spectroscopic observations. When illuminating an
aqueous suspension (pH 7.5) of surfactant-free Co3;0, nano-
crystals (4 nm) containing [Ru(bpy);]** and the persulfate
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electron acceptor with a 476 nm laser pulse of 300 ms duration,
two surface intermediates with distinct kinetic behavior were
detected.’®® A superoxide species absorbing at 1013 cm ™’
exhibits an O-O stretch mode that is characteristic for inter-
action with two surface metal centers.'®® Isotopically shifted
bands at 995 and 966 cm~ ' observed when conducting the
experiment with unlabeled Co,'®0, nanoparticles suspended in
pure H,'®0 (Fig. 184, trace b) show a 1:1 ratio of superoxide
80'°0 (995 cm ™) and fully labeled **0"®0 (966 cm ™) after a
single 300 ms light pulse. The superoxide **0'®0/**0'®0 ratio
changes monotonously, from 1:1 to 1:8, for the subsequent
four light pulses (total of 1500 ms visible light sensitization,
inset of Fig. 18Ab). This directly reveals the stepwise exchange
of surface hydroxyl groups by the coordination of H,'*0O
molecules upon photocatalytic cycling (there is no competing
spontaneous (dark) exchange of surface OH groups of Co3;0,4
with bulk water, which is confirmed by the high (50 percent)
yield of partially labeled "*0'®0O superoxide during the initial
300 ms photolysis period).'®® No unlabeled '°0'°O superoxide
is observed. A modest D isotope shift of the superoxide stretch
when conducting the experiment in pure D,O signals hydrogen
bonding interaction with a neighboring hydroxyl group
(Fig. 18A, trace c). Most of the rise of the superoxide inter-
mediate occurs during the 300 ms illumination pulse, with
continued growth after termination of the pulse until all hole-
injecting [Ru(bpy)s]’* species are consumed, as shown in
Fig. 18B. The concentration of the superoxide so produced
does not change appreciably in the subsequent dark period
even on the several second timescale, which is to be expected
given the known stability of superoxide species on metal
surfaces. This 3-electron oxidation intermediate requires the
delivery of one additional hole by continued illumination for
liberating O, and restarting the catalytic cycle.
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Fig. 18 Superoxide surface intermediate of water oxidation on the CozO4
catalyst in aqueous solution observed by rapid-scan FT-IR spectroscopy.
(A) Infrared absorption of O—O mode in (a) H,*0, (b) H,*20, (c) D,0, and
(d) control run without the catalyst at 5850 ms after the onset of 300 ms
duration laser photolysis pulse. The inset of (b) shows the change of the
superoxide 60®0-180, ratio after 1500 ms of illumination. (B) Kinetics
of the superoxide surface intermediate (1013 cm™, black trace). The
concurrent consumption of [Rulbpy)sl** (1496 cm™, red trace) by hole
injection into CozO,4 particles is also shown. The grey area corresponds to
the illumination period. Reproduced from ref. 168 with permission from

the Nature Publishing Group.
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A substantial fraction of the catalytic sites completes the
cycle after a 300 ms pulse as indicated by O, detected electro-
chemically using a Clark electrode, shown in Fig. 19A. Mass
spectrometric analysis of the isotopic composition of the
oxygen gas accumulating in the head space in experiments
with pure H,"'®0 on the several minute timescale gave a ratio of
8:1 of fully labeled *®0, versus partially labeled "*0"°0 (and no
unlabeled *°0,, Fig. 19B). The agreement between the isotopic
composition of the O, product and the superoxide intermediate
after 5 light pulses (inset of Fig. 18Ab) constitutes compelling
evidence that the surface superoxide is a kinetically relevant
intermediate of the catalytic cycle for water oxidation by Co30,.

The second transient infrared band observed at 840 cm™"
does not exhibit any isotopic shift when conducting the photo-
catalysis in H,'®0 or D,O (Fig. 20A), which points strongly to
a Co™Y=O0 oxo intermediate’®® (resonant with oxyl Co™-O°,
which may more accurately reflect the electronic structure of
the group)."””®"”" In contrast to superoxide, the oxo species
decreases spontaneously in the dark with a rate constant of
1 s~ (Fig. 20B). Because the decay kinetics are slow compared
to the rise of the superoxide species, the 840 ecm™' Co™V=0
intermediate cannot be the precursor of the observed super-
oxide at 1013 cm ™~ ". The 840 cm ™" oxo group therefore belongs
to a much less active site that closes the O,-producing catalytic
cycle on at least a 150 times slower timescale.'®®

4.2.2 Proposed mechanism. Cyclic voltammetry analyses of
various Co oxide films including electrocatalytic deposits on a
range of anodes agree well with Pourbaix analyses of layered
Co double hydroxides whose key structural motif is adjacent
to oxo-bridged Co-OH groups, ie. Co(OH)-O-CoOH. This
catalytically most active structural phase is formed under
electrocatalytic conditions at applied potentials required for
0, evolution.'”? Oxo-linked octahedral Co™-OH centers are
prevalent on any crystallographic surface of Co;0, terminated
by hydroxyl groups.'”>*”* Therefore, this is the most likely
structural motif of the fast catalytic sites (it should be noted
that water oxidation driven by a short 300 ms light pulse
delivers a far too small number of charges for any restructuring
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Fig. 19 Measurement of O, evolution. (A) Electrochemical monitoring of
O, in solution in response to a single 476 nm light pulse. 300 ms duration
pulse: red trace. 1 s duration pulse: black trace. The shaded section
indicates the missing O, in the 300 ms experiment due to incomplete
catalytic cycles arrested at an intermediate stage. (B) Isotopic composition
of O, gas accumulated in the headspace of H,*®0 solution measured by
mass spectroscopy. Reproduced from ref. 168 with permission from the
Nature Publishing Group.
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Fig. 20 Transient intermediate at 840 cm™ attributed to the surface

CoV=0 site. (A) Infrared band at 450 ms after the onset of 300 ms laser
photolysis pulse in (a) H»'°0, (b) H,*¥0, and (c) D,O. (B) Decay kinetics of
the intermediate assigned to the nucleophilic attack of H,O. The grey area
corresponds to the illumination period. Reproduced from ref. 168 with
permission from the Nature Publishing Group.

of the crystalline Co;0, surface to occur. Restructuring near
the surface is a phenomenon associated with an applied
potential sufficient for driving water oxidation catalysis electro-
chemically,'”> as will be discussed further in Section 4.3). Tafel
plot analysis of cobalt oxide films has been interpreted in terms
of a fast pre-equilibrium preceding the OO bond-forming
reaction in which a Co"(=0)-0-Co™-OH resting state
converts to Co"(=0)-0-Co™=0."7® This step is supported by
a computational study on the Co,04 cubane model cluster."””
Hence, the most plausible mechanism of the fast catalytic cycle
on Co;0, surfaces features in its initial phase a Co™(OH)-O-
Co"™OH moiety converted by two sequentially arriving holes
to the Co"™(=0)-0-Co™=0 intermediate accompanied by
deprotonation. This site is expected to undergo facile spontaneous
(dark) nucleophilic attack by H,O to form the O-O bond of a
hydroperoxide surface species, as shown in the mechanistic
scheme of Fig. 21. Because Co" and Co™ are both low spin and
pseudooctahedral, the O-O bond forming step is spin-allowed
and essentially preserves the coordination geometry. Additional
favorable factors are the absence of water deprotonation and the
extra oxidation power available from adjacent, electronically
coupled Co" centers. Co"™(=0)-0-Co™=0 moieties were
found to be sites with the highest TOF at moderate overpotential
in a recent DFT study of water oxidation on Coz0, crystal surfaces
by Plaisance and van Santen that included for the first time
calculation of activation barriers.'””® The reaction at the
Co"(=0)-0-Co™=O0 site involves nucleophilic attack by a water
molecule as proposed in our mechanism although preferentially
on the bridging O rather than a terminal oxo as shown in Fig. 21.
The subsequent arrival of another hole leads to the formation of
the observed superoxide intermediate absorbing at 1013 ecm ™.
Elimination of O, requires an additional hole, opening a
coordination site for a H,O molecule to regenerate the
Co™-OH center.

By contrast, for Co " -OH sites on the Co;0, surface that may
lack an adjacent Co™-OH group (illustrated by the Co™OH site
in the left corner of the Co;0,4(111) facet depicted in the cartoon
of Fig. 21B), the Co™=O0 intermediate generated upon hole
transfer is unable to couple to another Co™Y—O0. Nucleophilic
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Fig. 21 Proposed reaction mechanism of water oxidation on the CozO4
surface. (A) Mechanism of the fast site (top) and the slow site (bottom).
Reproduced from ref. 168 with permission from the Nature Publishing
Group. (B) Partially OH terminated Cos04(111) surface illustrates the
octahedral Co"-OH surface centers with and without adjacent Co"'—
OH groups. Co'": blue; Co": purple; O: red.

attack of an H,0 molecule on such isolated oxo Co" groups
faces barriers not present for the Co"™(=0)-0-Co™ =0 sites,
especially reduction to Co" that likely requires spin flip and
substantial coordination geometry changes, in addition to
the need for the deprotonation of H,O and the absence of
additional oxidation power of an adjacent Co' center. Hence,
the O-O bond forming step of an isolated Co site is expected to
be a slow spontaneous reaction, and we attribute the 840 cm ™"
species and its slow decay of 1 s™' to this site (Fig. 20). In
the recent theoretical work, isolated Co surface centers were
calculated to exhibit high TOF only under large overpotential
conditions especially on the (001) facet of Co;0, although this
was calculated for a highly oxidized Co" surface center.'”®
The fast site with a TOF of approx. 3 s~' discovered by the
time-resolved FT-IR study exceeds the average value of 0.02 s~
derived from steady state measurements by over 2 orders
of magnitude. Hence, our study reveals that even for single
crystal Co;0, nanoparticles, surface sites with widely different
catalytic activities exist. The structural origin of the activity
differences is attributed to the ability (or lack) of an oxo Co"™
site to couple via the O bridge to another Co™=0 group. Such
Co™(=0)-0-Co™=O0 intermediates might not originate from a
static set of Co™(OH)-0-Co™OH sites on the crystal surface,
however. The remarkably long period for the formation of
partially oxidized '®0"°0 superoxide surface intermediates for
experiments with parent catalyst Co,;'°0, in pure H,'®0 (the
change of the ratio of partially labeled "*0"°0 to fully labeled
8080 superoxide from 1:1 to 1: 8 requires a photolysis period
of 1500 ms, and partially labeled '*0'°0 gas is observed even
after 20 min (Fig. 18Ab and 19B)) points to a large reservoir of
fast catalytic sites formed randomly on the surface in a dynamic
process. We propose that each sequential hole injected into a
Co;0, particle generates a Co™'—O site at a random location on
"_OH groups are by far
the most abundant surface sites on any CozO, nanoparticle

the surface because octahedral Co

by orders of magnitude even at maximum catalytic activity.
Therefore, this is the most probable, and only, step of the entire
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catalytic cycle directly initiated by charge transfer from the
visible light sensitizer. Random surface hole hopping through
fast, proton coupled exchange of the type

Co"(=0)-0-Co™-OH — Co™(OH)-0-Co"™"=0

results in the formation of Co™(=0)-0-Co"'=0 intermediates
at any location on the crystal surface that is part of a contiguous
network of neighboring Co™-OH sites, which may or may not
involve Co centers that participated in a previous catalytic
event. In this way, the entire network of adjacent Co™-OH sites
on the particle surface constitutes a pool of sites able to react
with H,O to form a surface hydroperoxide intermediate. Rate
and spatial reach of surface hole hopping may significantly
affect the water oxidation activity of a given Co oxide catalyst.
Therefore, differences in surface OH termination of various Co
oxide catalysts may influence catalytic activity by virtue of the
dynamics by which sequential charges drive catalytic cycles, in
addition to energetics and activation barriers of surface inter-
mediates formed along the catalytic path.

4.3 Mechanism of electrochemically driven Co oxide catalysts

The main feature of the proposed water oxidation mechanism
of the fast site, which is the formation of the Co™(=0)-O-
Co™=0 moiety (with pronounced oxyl electronic character
of the CoO groups),"””" has commonality with the reaction
path proposed for amorphous Co oxide electrodeposits like
Co-Pi.'oH17b176179 por  this electrocatalyst, Co™ =0 was
detected ex situ by low temperature EPR spectroscopy,'®® while
in situ X-ray absorption spectroscopy under applied potential
confirmed that the average Co oxidation state rises above Co™,
as shown in Fig. 22."®" Also, a distinct XAS pre-edge peak
of Co" was observed by high energy resolution fluorescence
detection of a Co oxy hydroxide structural phase on the Au(111)
substrate under O, evolution conditions.'®* Transient monitoring
of water oxidation using surface interrogation scanning electro-
chemical microscopy (time resolution 10 ms) which allows
selective titration of Co™ centers revealed a reaction rate constant
of >2 s ' (TOF =3.2 s per surface Co"™),"**'* which is the same
as the TOF of the fast catalytic site of Co;0, determined by rapid-
scan FT-IR measurements discussed above.'®®

It is not known at present whether similarities between the
water oxidation mechanism on Coz;O, and Co-Pi or other
amorphous Co oxide electrocatalysts extend further, in part
because the starting point for Co-Pi electrocatalysis is
Col161171,176,179,185,186 whereas for Co;0, experimental evidence
shows that the starting points for water oxidation catalysis are
octahedral Co™ centers; tetrahedral Co" centers of the spinel
structure do not participate in the catalytic cycle. A particularly
interesting question is whether O-O bond formation in the case of
amorphous Co oxide electrocatalysts occurs by the nucleophilic
attack of H,0 on a Co™(—=0)-0-Co™—=O0 site to give the hydro-
peroxide intermediate as is the case for Co;0,4, or whether the O-O
bond emerges from coupling of adjacent Co™=0 surface sites.
The latter mechanism was inferred from *®0 labelling isotope-ratio
membrane inlet mass spectroscopy for the case of amorphous Co
oxide nanoparticles prepared by oxidation of Co®" in the presence
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Fig. 22 Detection of Co'V sites of the electrodeposited Co—Pi catalytic
film for water oxidation. (A) EPR signal (4 degree K) of Co'" measured
ex situ after the oxygen evolution experiment. Reproduced from
ref. 180 with permission from the American Chemical Society. (B) In situ
X-ray absorption spectra of the Co-Pi film recorded in situ during
electrocatalytic for water oxidation. Open circuit potential (magenta),
1.25 V (red). As reference, bulk Co oxide films at open circuit potential
(cyan) and 1.25 V (blue) are shown. The inset shows the open circuit
potential as a function of time. Reproduced from ref. 181 with permission
from the American Chemical Society.

of methylenediphosphonic acid.'®” Direct observation of

elementary catalytic steps on the surface of Co oxide electro-
catalysts under operating conditions using structure specific
vibrational spectroscopy would add important insights, but it
awaits the development of appropriate triggering methods for
time resolved monitoring under applied electrical bias.
Possibly the most important performance differences among
various Co oxide catalysts are differences in the bulk and/or
surface structure that give rise to different pathways and rates at
which sequential charges driving the water oxidation cycle are
delivered to the catalytic sites. Co™ mobility resulting in encounters
that lead to O-O bond formation has been recognized as a
critical factor of efficient water oxidation in electrochemically
driven Co oxide deposits as well.'®"'*%'39 The probability of
such encounters is expected to be very sensitive to the specific
patterns by which adjacent octahedral Co-OH sites are arranged
on the surface as mentioned above, as well as other molecular
level details of the catalyst surface. Regarding charge delivery
through the bulk, a spectroscopically well supported case of how
motifs can enhance O, evolution activity is delithiated LiCoO,
(spinel or layered type) in which 3-dimensional Co-O-Co net-
works provide efficient hole transport pathways not available in
the catalytically much less active structure prior to the removal
of Li."®° In this context, it is important to point out that the
electrical bias applied during electrocatalytic O, evolution alters
the geometrical structure of Co oxide catalysts according to the
Pourbaix diagram, which typically results in an oxyhydroxide
(layered double hydroxide) structure.’**™°® As mentioned in
Section 4.2, such electrical bias-induced restructuring is absent
in photosensitized catalysis over short periods of time, e.g. in
transient spectroscopic studies where a single light pulse of
millisecond duration or shorter is employed per sample for
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elucidating mechanisms. It is to be expected that for metal
oxide surfaces where multiple catalytic pathways for water
oxidation are accessible, the dominant pathway might change
depending on operating conditions. For example, increase or
decrease of the rate at which charges are delivered to the
catalytic sites, which is controlled by the applied potential
(electrochemical) or light intensity (photochemical), might alter
the relative rate at which different catalytic sites receive, and are
activated, by charge.

5. Assembly for closing of the
photosynthetic cycle on the nanoscale
under product separation

The availability of Co;O, nanoparticles with nanotube morphology
as water oxidation catalysts opens up the development of an
integrated photosystem for CO, reduction by H,O that accomplishes
the complete catalytic cycle on the nanoscale under membrane
separation. At the same time the system extends the product
separation to the macroscale, as shown in the cartoon of Fig. 23.
In this core-shell nanotube array, each nanotube functions as
an independent photosynthetic unit. The inside of the tube and
the surrounding environment (both ends of the nanotube are
open) contain a vapor mixture of H,O and O, in the form of
moist air, with water oxidation taking place on the inner surface
of the Co;0, nanotube. CO, is loaded into the space between
the separated core-shell nanotubes where photoreduction to
fuel occurs. The spaces for CO, reduction and water oxidation
and the fluids they contain are separated once sheets at the top
and bottom are installed (Fig. 23, featuring openings on the
tube ends). This core-shell nanotube array design addresses
several major challenges of artificial photosystems: minimizing
ohmic resistance losses inherent to ion transport over macro-
scale distances, avoiding large amounts of electrolyte, blocking
cross-over of redox products, and offering vapor phase opera-
tion which bypasses low CO, solubility in liquid water. Meeting
these challenges is essential for scalability of artificial photo-
systems on an appropriate scale (terawatts) for practical impacts
on replacing fossil by solar transportation fuels.

Fig. 23 Co0304-SiO, core-shell nanotube array design for artificial
photosynthesis.

This journal is © The Royal Society of Chemistry 2016
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Key requirements for the nanoscale membrane that separates
the water oxidation catalysis on the inside of the Co;O, nanotube
from the light absorber and the CO, reduction sites on the outside
are the complete blocking of O, and other small molecules from
crossing while providing adequate transport of protons from the
water oxidation side to the opposing side. Particularly important is
efficient, tightly controlled transfer of charges (holes) across the
membrane. Our concept is to use nanometer thick dense phase
silica as a proton conducting membrane'**'®” with embedded
molecular wires for charge transport, as illustrated in the cartoon
Fig. 24A. The electronic properties of embedded molecular wires
are selected for efficient hole transport from the light absorbed
donor metal to the Co;0, catalyst while blocking transfer of the
excited electron on the light absorber acceptor metal to Co;0,.
P-Oligo(phenylenevinylene) molecules, specifically the one
featuring 3 aryl units (1,3-di((E)-styryl)benzene, abbreviated
PV3), possess HOMO (1.4 V vs. NHE) and LUMO (—1.8 V)
potentials’®® properly positioned between the redox potential
of the excited ZrOCo unit (~1.7 V) and the HOMO of Co0;0,
(1.2 V)."*° According to these potentials of the components, fast
incoherent hopping of holes from the light absorber to the
catalyst is expected while the transfer of the excited chromo-
phore electron across the wire is minimized. That is, the
appropriately positioned HOMO and LUMO of the molecular
wire result in the rectifying behavior of the light absorber-wire
assembly as shown in Fig. 24B, which prevents the loss of
photocatalytic efficiency by misdirected electron transfer.
Impermeability for O, of the silica protects the organic wire
molecules from oxidative damage.'®*

5.1 Embedded molecular wires for controlled charge transport

In order to develop synthetic methods for casting organic
molecular wires into silica and apply spectroscopic and electro-
chemical probes for detecting and quantifying charge transport
across the membrane, we have used spherical Co;0,-SiO, core
shell nanoparticles as well as cm” sized planar Co;0,-SiO,
constructs.'**?° For covalent anchoring of the 2 nm long PV3
molecules on Cos0, surfaces, wire molecules were synthesized
that feature a tripodal anchor on one end (the tridentate
polyalcohol amide (1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl)-
carbamoyl) and one or two sulfonate groups on the other end

A) molecular wire B)
") )-so0s
w3 AP
LR
e [0) BV ) Zr0Co'  OPPV-SiO, Co,0,
€0, "
s MMCT HO
hv
CO+H,0 [14 _H‘_U °9<
18 %
\) \J

Fig. 24 Molecular wires for controlled charge transport embedded in the
nanometer thick silica membrane. (A) Schematic of the Cos04-SiO;
core—shell nanotube with the ZrOCo light absorber coupled to p-oligo-
(phenylenevinylene) wire cast into the silica shell. (B) Energetics of the
HOMO and the LUMO of the light absorber, molecular wire, and catalyst.
Adapted from ref. 164 with permission from the Royal Society of Chemistry.
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(Fig. 24A).>°" The tripodal anchor is known to impose the vertical
(radial) arrangement of organics on the oxide surface.”’’> To
enforce the radial arrangement, the opposite end of the wire
molecule was functionalized by one or two sulfonate groups
that are repelled by the negatively charged Co;0, surface. For
casting of the wire molecules into silica, we employed different
methods for spherical and planar constructs. In the case of 4 nm
Coz0, particles, a modified solvothermal method originally
reported by Stoeber was used.'®**** The method gives uniform
silica shells of 2 nm thickness around 4 nm Coz;0, particles both
in the absence and the presence or molecular wires as shown in
Fig. 25A and B. FT-Raman spectra, presented in Fig. 25C, confirm
the integrity of the PV3 wire molecules after silica casting.'®®
Transient absorption spectroscopy revealed hole transfer
from a visible light sensitizer, [Ru(bpy(CO,Me),);]**, to Co;0,4~
PV;-SiO, nanoparticles in aqueous suspension. As illustrated by
the schematic of Fig. 264, excitation of the MLCT transition of
the sensitizer at 450 nm with an 8 ns laser pulse in the presence
of electron acceptor Co(NH;)sCl; formed [Ru(bpy(CO,Me),);]*".
Upon encounter of the oxidized sensitizer with a C0o3;0,~-PV3-
SiO, particle, a hole is injected into the particle as can be seen
by the recovery of the MLCT bleach of [Ru(bpy(CO,Me),);]**
with a time constant of 294 ps in Fig. 26B. The decay corre-
sponds to a diffusion controlled rate of k=8 x 10*° L mol *s ™7,
indicating very efficient hole transfer to the embedded molecular
wires. No hole injection was observed in the absence of embedded
wires. The hole on the free wire molecule, or on the wire molecule
anchored on silica has a spectral signature by an absorption
band at 600 nm, shown in Fig. 26C.>°" When the PV3 wire
molecules are anchored on Coz;0, as they are in Co;0,~PV3-
SiO, particles, no 600 nm signal is detected (Fig. 26D). This is
expected because of the efficient transfer of the hole to Co;0,.
Silica on the other hand has no properly positioned acceptor
state for the hole, and the charge remains on the wire molecule
for hundreds of ps. The kinetic data of Fig. 26 allowed us to
estimate an upper limit of at most a few microseconds for hole
transfer from the embedded molecular wire to the Co;0, catalyst.

(2]
-
O

*

*

(b)

Raman Intensity (arbitrary units)
P a—
fi:.

1600 1200 800 400

Wavenumber (cm)

Fig. 25 Co0304-SiO, core-shell nanoparticles (A) without and (B) with
embedded PV3 wire molecules. (C) Trace (a): FT-Raman spectra of
Co304—-PV3-SiO, core-shell particles. Trace (b): free PV3 molecules
(powder). From ref. 166, with permission.
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Fig. 26 Transient optical spectroscopy of hole transfer to silica
embedded molecular wire. (A) Schematic of the visible light induced hole
transfer process from the sensitizer on the outside to the CozO,4 particle
on the inside of the core—shell particle. (B) Black trace: recovery of the
bleach of the Ru sensitizer complex (470 nm) upon hole injection into
embedded wire molecules. Grey trace: Co0sz04-SiO, particles with
no wires. (C) Transient absorption spectra of PV3 wire anchored on the
silica surface (time slices at 40, 200, and 800 ps after hole injection).
(D) Transient absorption measurement at 600 nm of the Coz04—-PV3-SiO,
particle. Reproduced from ref. 166 and 201 with permission from the
American Chemical Society.

Using the [Ru(bpy);]>" sensitizer, photo-electrochemical
measurements of hole transfer through embedded PV3 in
planar Co;0,-PV3-SiO, constructs allowed us to demonstrate
that holes injected into the wire molecules are transferred
to Coz04, and to quantify the charge flow.>*° Square cm sized
electrodes were prepared consisting of 100 nm Pt on crystalline
Si covered by Co;0, and anchored PV3 wires embedded in a
2 nm layer of SiO,. The Co oxide and silica were deposited by
mild temperature (plasma enhanced) atomic layer deposition
(ALD) methods. As shown in the scanning transmission electron
microscopy/energy dispersive X-ray images (STEM EDX) of
Fig. 27A, ALD yields uniform Co;0, layers onto which molecular
wires anchor covalently in a well dispersed fashion. Subsequent
ALD of tris-dimethylaminosilane precursor results in conformal
silica coverage (2.3 nm thickness for the sample shown). The
sulfur image in Fig. 27A originates from the sulfonate group of
the anchored PV3 molecules after casting of silica. Analysis
indicates an average loading of 1 wire molecule nm >, which
corresponds to 0.2 monolayer coverage of the Co;0, layer.>*°
The presence of embedded wire molecules is confirmed by X-ray
photoelectron spectroscopy (XPS) of S (originating from the
sulfonate group) and N (amide linkage of tripod), as shown in
Fig. 27B. Comparison of XPS spectra before (blue traces) and
after (green) confirms that the wire molecules are preserved
after casting of silica by the ALD method, and their structural
integrity is further indicated by ATR FT-IR spectra recorded at a
grazing angle.**

Electrochemical measurements of visible light induced
charge injection into the Pt-Co;0,-PV;-SiO, electrode in short
circuit configuration as schematically described in Fig. 28A
allowed us to determine charge flow across the membrane. The
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Fig. 27 Spectroscopic characterization of planar CozO4—SiO, constructs with
embedded PV3 wires. (A) EDX maps of Co, top left; Si, bottom left; S, top right;
dark field image, bottom right. (B) XPS of the planar CozO4—PV3 sample before
(blue) and after deposition of 2.3 nm of silica (green). Sulfur S(2p) XPS of the
SO3~ substituent of wire molecules (top). Nitrogen N(1s) XPS of the amide group
of wire (bottom). The small peak at 402 eV is due to the residual HTCU reagent.
Smooth traces show spectral deconvolutions. Reproduced from ref. 200
with permission from the American Chemical Society.

]2+_

observed current upon 476 nm illumination of the [Ru(bpy);
persulfate system corresponded to 27 £ 3 electron per s~
per molecular wire on average, which is substantially below
the known capacity of electron flux for OPPV wires.>®* There-
fore, charge transport across the nanoscale silica membrane
will not be a rate limiting factor in an integrated system even at
maximum solar intensity. No current was observed for Co;0,4-
SiO, electrodes without embedded molecular wires (Fig. 28B),
or when a sensitizer was used with electronic properties that did not
match the HOMO or LUMO energetics of PV3. For the latter
experiment, Sn porphyrin (Sn(P)) was excited in the presence of
the trimethylamine donor, which yields the Sn(P) radical anion that
has insufficient potential to inject an electron into the LUMO of
PV3.2°%2%¢ Hence, the electronic properties of the embedded
molecular wire tightly control charge transport across the silica
membrane. Furthermore, the experiment confirms that the
membrane is free of pinholes (photocurrent is observed when
conducting the Sn(P) photosensitization with bare C0;0,).>%
The pinhole free nature of the SiO,-PV3 membrane was further
demonstrated by cyclic voltammetry (CV) scans using the ferro-
cene/ferrocenium couple as a probe. As shown in Fig. 28C, the
ferrocene CV wave is readily observed for bare Co;0, electrodes,
but not when the Co oxide film is coated with the silica membrane
with an embedded wire molecule. This is in agreement with the
fact that the ferrocene redox potential is situated in the HOMO-
LUMO gap of the wire molecule.

1

5.2 Proton conduction and gas blocking properties of the
nanoscale silica membrane

In addition to controlled electron transport, the insulating
silica membrane needs to transmit H" but block O, and other
small molecules. Protons generated on the water oxidation side
are needed on the reduction side for the formation of hydro-
carbon fuel from CO,, in addition to providing charge balance
during operation. For characterizing proton transport and O,

This journal is © The Royal Society of Chemistry 2016
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Fig. 28 Photoelectrochemical and CV measurements of charge transport
across the silica membrane with embedded wires. (A) Schematic of visible
light sensitized short circuit photocurrent measurements using Ru(bpy)s—
persulfate and Sn porphyrin (Sn(P))-triethylamine systems. (B) Photocurrent
observed for hole injection into bare Co oxide, Co oxide coated with
the SiO,—PV3 membrane, and Co oxide coated with silica only. (C) CV of
ferrocene (in acetonitrile containing 0.1 M tert-butylammonium perchlorate)
using bare CozO4 on the Pt electrode (red curve, offset for clarity), CozO4—
PV3-SiO, (blue curve), and Coz04-SiO, (green curve). Reproduced from
ref. 200 with permission from the American Chemical Society.

permeability by electrochemical measurements, we prepared Pt
electrodes on the Si crystal onto which SiO, layers of precise
thickness were grown by plasma-enhanced ALD. Fig. 29A shows
a cross-sectional high resolution TEM image of a 3.8 + 0.3 nm
thick, extremely smooth silica layer on Pt (root-mean-square
surface roughness 1.93 A by AFM).*®* The construct was used as
a working electrode in a 3-electrode cell depicted in Fig. 29B.
Cathodic CV sweeps in pH 4 solution showed a peak at 0.23 V
RHE, which is characteristic of the reduction of protons on the
Pt surface that diffused through the silica layer, forming Pt-H.
Analysis of the CV curve indicates a flux of 2.5 protons s~ nm >
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Fig. 29 Electrochemical measurement of the proton and oxygen permeability
properties of nanoscale silica layers. (A) Cross-sectional high resolution TEM of
the 3.8 nm SiO; layer deposited by ALD on the 100 nm Pt electrode, which
was e-beam evaporated on the crystalline Si wafer. (B) Cyclic voltammetry
of the SiO, coated Pt electrode (sample shown in A) at 298 KatpH 4 (0.5 M
Na»SO,). The scan rate is 50 mV s%. (C) CV of air saturated aqueous
solution of the bare Pt electrode (top) and the Pt electrode coated with the
3.8 nm SiO;, layer (bottom). Adapted from ref. 164 with permission from the
Royal Society of Chemistry.
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which was sustained over several hours of continuous cycling
(Fig. 29B, bottom). Phosphorous or transition metal doping
of the silica during the ALD process can be used to enhance
the proton flux if needed.’®®'®” The same electrode was used
to assess O, permeability. No O, reduction was observed for
silica layer thickness above 2 nm when conducting the CV
experiments in O, saturated solution (Fig. 29C).

With their proton conducting and O, blocking properties
and tightly controlled charge transfer, the nanoscale silica
layers with embedded molecular wires offer a novel membrane
for nanoscale artificial photosystems.

6. Outlook

With silica layers with embedded molecular wires now at hand
as nanoscale membranes for artificial photosynthesis, and
Co30, nanoparticles found to be sufficiently efficient as water
oxidation catalysts, integrated systems for visible light induced
reduction of CO, by H,O based on these materials can be
explored. The mild temperature ALD method with its precise
control of layer thickness for the preparation of catalyst nano-
structures and nanoscale silica membranes with embedded
wire molecules can be adapted to many different morphologies
and therefore enables the hierarchical assembly of artificial
photosystems in a variety of geometries. Macroscale arrays in
the form of Co oxide-silica nanotubes offer one such arrangement
for separating water oxidation catalysis from the light absorber and
carbon dioxide reduction to fuel while closing the photocatalytic
cycle on the nanoscale, and one can envision others. By using Earth
abundant materials, scalable synthetic methods, and by focusing on
robust inorganic oxide structures, the nanotube array approach
provides opportunities for developing viable artificial photosystems
for visible light CO, reduction by H,O. The nanotube array geometry
offers flexibility for maximizing photocatalytic efficiency by adjusting
structural parameters such as nanotube size, their spacing, and
electronic properties of molecular wires and light absorbers. The
pursuit of a diversity of ideas for structures is needed to converge
towards the most efficient integrated system for the direct solar light
driven reduction of carbon dioxide by water.
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