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1 INTRODUCTION

The development of cheap, robust, and efficient
photocatalytic cells for water oxidation would allow the
sustainable production of fuel from renewable resources.'™
An example of such a cell is shown in Figure 1, where
hydrogen evolution at the cathode

4H' + 4e7 —— 2H,(g) (1)

is thermodynamically driven by photoanodic water oxidation:

2H,0(1) + hew —= O, (g) + 4HT + 4e” 2)

The underlying photocatalytic process generates fuel
(e.g., hydrogen) from water by using solar light to extract
cheap electrons and protons from a renewable resource
(e.g., water). The generated fuel is environmentally benign
since, upon combustion, it generates only heat and water as
follows:

4Hz(g) + 02(g) — 2H,0() + A 3

The development of such type of photocatalytic solar
cells based on inexpensive (e.g., earth-abundant) materials
has been a long-standing challenge in photoelectrochemistry
research,’ and significant effort has been invested since the
discovery of ultraviolet (UV) water oxidation on n-TiO,
electrodes.® However, for many years, progress in the field has

been hindered by the lack of efficient catalytic materials as well
as by the lack of fundamental understanding of the processes
that limit the efficiency of the conversion mechanisms.

The main challenge has been to identify catalysts
able to carry out the necessary multielectron transformations
at energies and rates consistent with solar irradiance. This
implies designing surface-bound complexes for catalyst
turnover where solar irradiance is rate limiting, activating
these catalysts by multiple single-electron injection events,
designing cells with redox potentials sufficiently high as to
drive the desired half-reactions, and designing and assembling
robust molecular components. Such a design problem
requires fundamental understanding of the factors affecting
the elementary steps (numbered in Figure 1), including
(1) photoexcitation; (2) interfacial electron transfer (IET) and
surface charge separation; (3) charge transport; (4) storage of
oxidizing equivalents for catalysis; and (5) irreversible carrier
collection by sacrificial acceptors, or fuel-forming reactions at
the cathode. The characterization of all these processes clearly
surpasses the limits of traditional disciplines and therefore
calls upon researchers to establish collaborative research
programs combining synthesis, computational modeling,
electrochemistry, and spectroscopy.

In recent years, we have witnessed a flurry of
interest in the development of catalysts for water oxidation’2
as well as on the development of fundamental studies of
photocatalysis based on semiconductor surfaces.?3?* Current
efforts are focused on the development of more efficient
catalysts based on earth-abundant materials and on molecular
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Figure 1 Photocatalytic cell for water oxidation and hydrogen
evolution with schematic of elementary photoanodic processes

assemblies to efficiently couple multielectron photoanodic
processes to fuel production cathodic processes. This article
reviews recent advances in the field, with emphasis on
computational work for the development and characterization
of catalytic surfaces based on nanoporous TiO; thin films
sensitized with manganese catalysts. The reviewed studies
have been integrated with synthesis, electrochemistry, and
spectroscopy in an interdisciplinary effort to advance our
understanding of structure/function relationships in catalytic
materials. The main aim has been to provide understanding
of the fundamental processes that limit the efficiency of the
reaction mechanisms and to develop guidelines for the design
of novel photocatalytic materials for fuel production.

2 FUNCTIONALIZATION OF SEMICONDUCTOR
SURFACES

Surface functionalization of nanoporous TiO; thin
films is used in dye-sensitized solar cells (DSSCs) to
maximize light harvesting.?® Dye molecules on TiO, shift
the absorption spectrum of the semiconductor to the visible
region, leading to the efficient injection of electrons into
the TiO, conduction band upon visible light absorption. The
holes ht left behind usually have limited redox potentials
since they are localized in the oxidized adsorbate molecule,
rather than in the semiconductor valence band. Therefore,
while efficient for light harvesting, such an approach has not
led to photocatalysis.

Achieving photocatalysis with maximal light harvest-
ing, requires sophisticated surface catalysts for IET. Recent
studies have focused on the functionalization of TiO, surfaces
by covalent attachment of biomimetic high-valent oxo-Mn
complexes (Figure 2). These are known to be efficient catalysts

TiO,

Anchor

Figure 2 TiO, NP functionalized with Mn dimers by using various
linkers including catechol (a) and siloxane-based (b and c) linkers

for selective C—H oxygenation,?® and water splitting to O, 1
Manganese catalysts are inspired by Nature, where only oxo-
Mn complexes achieve redox potentials high enough to form
0O, at the oxygen-evolving complex (OEC) of photosystem II,
as follows:27-3¢

2H,0 — Oy + 4H™" +4de™ 4

The following mechanism illustrates the underlying
catalytic process of water oxidation by formation of high-
valent Mn'YMn'V-O" species, as illustrated for the complex
[H,O(terpy)Mn"'(0),Mn"Y (terpy)H,O]** (terpy, 2,2:6,2"-
terpyridine):

Step0 : H,O-Mn"!(terpy),Mn'"-OH,

— H,0-Mn"'(terpy),Mn""-OH, + ¢~ 5)
Step1 : H,O-Mn"!(terpy), Mn'"-OH,

— H,0-Mn" (terpy),Mn"-OH, + ¢~ (6)
Step2 : H,0-Mn'Y (terpy)zMnm—OHz

— HO-Mn"V (terpy),Mn'V-OH, + H* 4+ ¢~ 7
Step3 : HO-Mn"" (terpy),Mn'V-OH,

— O=Mn" (terpy),Mn'V-OH, + H" + ¢~ (8)
Step4 : “O-Mn'Y (terpy),Mn'Y-OH, + 2H,0

— H,0-Mn"'(terpy),Mn""-OH, + O, + 2H* )

The Mn'VMn!V-O" species is thought to be the
activated form of the catalyst, normally formed by reaction of
the Mn dimer with a primary oxidant (e.g., oxone), storing the
four oxidizing equivalents that are necessary to oxidize water.
In the photocatalytic case (Figure 1), however, such a species
is formed through multiple one-electron injection processes
and electron collection by the TiO, anode. The activation
process thus avoids the use of a primary oxidant, yielding
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Figure 3 (a) DFT QM/MM configuration of Mn-L-TiO,. (b) attenuated total reflection infrared (ATR-IR) spectra of (A) Mn-L-P25;
(B) Mn"-L-P25; and (C) shows the difference between spectra (A) and (B). (c) Resonances of organic radicals and TiO, lattice-trapped
electrons (Ti**) are labeled. (d,e) EPR difference spectra of (A) Mn-L-P25 and (B) Mn-L-D70. (d) Light-minus-dark EPR spectra.

(e) Postillumination dark minus preillumination dark EPR spectra. (Reproduced from Ref. 31. © American Chemical Society.)

a general approach for green oxidation chemistry driven by
solar light.

Recent work has been focused on the direct
deposition® as well as on the covalent attachment3! of the
Mn dimer [H,O(terpy)Mn'"!(u-O),Mn'"Y (terpy)H,O](NO3)s,
(terpy, 2,2' : 6/, 2"-terpyridine) onto nanoporous semiconduc-
tor surfaces by using a robust chromophoric linker L, a
phenylterpy ligand attached to a 3-phenyl-acetylacetonate
anchoring moiety via an amide bond (Figure 3). The resulting
covalent binding to the semiconductor surface has been char-
acterized by using quantum mechanics/molecular mechanics
(QM/MM) hybrid methods in conjunction with UV —visible,
IR (infrared), and EPR (electron paramagnetic resonance)
spectroscopy. In addition, these studies have shown that
L absorbs visible light, leading to photoinduced interfacial
electron transfer into the semiconductor conduction band,
reversibly advancing the Mn complex to the Mn(IV,IV) state.
The reported work also showed that, in the absence of electron
scavengers, the injected electron recombines back to form the
Mn(IILIV) state in the dark.

2.1 Simulations of Interfacial Electron Transfer

Ab initio DFT (density functional theory) molecular
dynamics simulations have been combined with quantum
dynamics calculations of electronic relaxation to investigate
IET in sensitized semiconductor nanostructures, providing
fundamental understanding of IET at the detailed molecular
level.>3173% The characteristic times for the excited-state IET
from adsorbate complexes have been shown to be consistent
with terahertz experiments and with ultrafast measurements
in TiO, sensitized by small organic molecules, including
biisonicotinic acid on rutile and alizarin on Ti0,.404!

2.2 Interfacial Electron Transfer

Quantum dynamics simulations have provided
valuable insights on the nature of interfacial electron transfer
processes leading to the activation of Mn catalysts anchored
onto TiO; surfaces. For example, Figure 4 shows a series of
snapshots for the distribution of electron density as it evolves
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Figure 4 Snapshots, at 15-fs intervals, of the electronic charge
distribution corresponding to IET after visible excitation (508 nm)
of the catalyst surface complex depicted in Figure 2(a). Only the
center semiconductor block is shown to allow a detailed view of the
time-dependent charge distribution

during the early time dynamics of interfacial electron injection
following photoexcitation of Mn dimer adsorbate. These
simulations indicate that the interfacial electron injection
is typically complete within an ultrafast, subpicosecond
timescale when the initially populated electronic state
localized in the adsorbate chromophore has suitable energy
match with electronic states in the conduction band of the
semiconductor surface.

Quantum dynamics simulations of interfacial elec-
tron transfer solve the time-dependent Schrodinger equation,
yielding a detailed description of the time-dependent charge
distribution after photoexcitation of the adsorbate. The result-
ing charge distribution provides information on the electronic
orbitals responsible for hosting the injected electron in the
semiconductor host substrate as well as the evolution of the
spatial distribution of electronic population as it relaxes in the
semiconductor conduction band. This type of atomistic sim-
ulations have also provided a description of the influence of
thermal fluctuations on the underlying relaxation pathways.3?
Simulation studies beyond the low-temperature analysis have
analyzed room-temperature conditions typical of photocat-
alytic cells, showing that thermal nuclear fluctuations can
speed up the underlying interfacial electron transfer dynamics.
The molecular/electronic origin of such effects has been traced
to fluctuations that break the symmetry of otherwise orthog-
onal electronic states, creating additional relaxation pathways
for carrier diffusion. Analogous computer simulations have
also allowed the detailed analysis of the relaxation dynamics
of holes, localized the monolayer of adsorbate molecules,
created upon photoexcitation and interfacial electron trans-
fer of sensitized TiO, nanoparticles (NPs) under cryogenic
temperature conditions. 3442

3 PROTON-COUPLED ELECTRON TRANSFER

Proton-coupled electron transfer (PCET) is often
essential to achieve high catalytic turnovers of multielectron
redox processes. Protonation/deprotonation processes can
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Figure 5 Catalytic cycle proposed by Joliot and Kok for water
splitting into dioxygen, protons, and electrons at the OEC in PSII
[1,2]. Dashed arrows indicate spontaneous interconversion processes
in the dark. The steps for substrate water attachment and proton
release are only tentatively proposed and might change with pH

facilitate reduction/oxidation state transitions, preventing
charge buildup during the accumulation of multiple reducing
(or oxidizing) equivalents. For example, PCET is thought to
play an important role in keeping all of the redox steps in
the Kok’s catalytic cycle of water oxidation (Figure 5),%3#4
over a narrow range of potential at ~1V. The resulting
“‘redox-leveling’’ effect prevents the accumulation of charge
in the catalytic complex, allowing for the accumulation of
four oxidizing equivalents in the OEC, embedded in the low
dielectric environment of photosystem II (PSII).

The design of efficient catalysts for water oxidation
often aims to develop molecular frameworks where the
reactivity mimics the catalytic functionality of the OEC,
leading to reaction pathways where the redox-leveling effect
is induced by PCET. However, general design principles for
efficient PCET mechanisms are still lacking. Computational
modeling can play an important role in understanding catalytic
processes of natural systems (e.g., photosystem IT),11:12:45-51
as well as on the design and characterization of catalysts
with similar functionality, by guiding the selection of suitable
ligands for transition metal complexes that lead to redox-
leveling mechanisms based on PCET. Recent studies of
biomimetic oxomanganese complexes have been based on
rigorous quantum chemistry calculations of redox potentials
and pK, values and direct comparisons with electrochemical
measurements. >

Figure 6 shows results of calculations of free energy
changes associated with the oxidation state transition (IILIII)
— (IILIV) in the mixed-valent Mn complex [(bpy),Mn"(u-
0),Mn"V (bpy),1** (bpy, 2,2-bipyridyl), as obtained at the
DFT B3LYP/cc-pVTZ(-f) level by using the standard
thermodynamic cycle formalism applied in conjunction with
continuum solvation models.3? It is shown that the pK, values
of the oxo-ligands depend strongly on the oxidation states of
the complex, changing by approximately 10 pH units (i.e.,
from pH ~ 2 to pH ~ 12) upon LIV — IILII reduction
of the Mn complex. These results are in good agreement
with the experimental pK, values determined by solution
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Figure 6 (a) Thermodynamic energy diagram of PCET for complex 1 in aqueous solutions at pH = 0, as described by DFT
B3LYP/cc-pVTZ(-f) free energy calculations of redox potentials and pK, values based on the Haber-Born cycle method applied in
conjunction with a continuum solvation model. Formal oxidation numbers are indicated as superscripts in Roman numbers and the spin
populations obtained according to the Mulliken population analysis are indicated as subscripts in red. (b) Pourbaix diagram for complex 1
in aqueous solutions, obtained (b) from free energy calculations of redox potentials at the DFT B3LYP/cc-pVTZ(-f) level of theory, and
(c) experimental data (the circles). (Reproduced from Ref. 54. © American Chemical Society.)

magnetic susceptibility and near-IR spectroscopy,™ as well as
with the pH dependence of the redox potential previously
reported by cyclic voltammogram (CV) measurements,>*
and provide fundamental understanding of the underlying
changes in protonation and oxidation states leading to the pH
dependence of redox potentials.

Figure 6(a) shows that the protonated reduced species
1rea [(bpy):Mn!(u-0)(u-OH)Mn" (bpy), > can be oxidized
via two possible pathways, including oxidation by a direct
ionization process requiring a rather high free energy change
of 0.88 eV (red arrow), or oxidation by the concerted removal
of an electron from the complex and a proton from the -
hydroxo bridge (green arrow). These results indicate that the
underlying oxidation is strongly coupled to deprotonation
of the u-OH bridge for a wide range of values of pH
(i.e., pH = 2.0—11.7). For 1,4, the oxidation free energy is
constant (~0.88 V) at pH < 2.0 (oxidation takes the red path).
Within the 2.0 < pH < 11.7 range, the overall free energy
requirement consists of two parts, including 0.69—-0.059*pH
eV for the deprotonation step and an extra 0.31eV for the
oxidation of the deprotonated species. Finally, at pH > 11.7,
the oxidation free energy becomes constant since the green
path dominates with spontaneous deprotonation.

Figure 6(b,c) shows the comparison of Pourbaix
diagrams, illustrating the pH dependence of E /,, as computed
at the DFT B3LYP/cc-pVTZ(-f) level of theory and directly

compared to CV measurements.>* The agreement shows that
theory can provide accurate descriptions of the regulatory
effect of reduction state transitions on the pK, values of the
ligands and the effect of protonation of oxo-ligands on the
redox potentials of metal centers. Therefore, it is natural to
expect that analogous calculations and direct comparisons to
experimental data will allow the study of PCET along the
catalytic cycle of multielectron reactions catalyzed by other
transition metal complexes.

4 RECTIFICATION OF INTERFACIAL ELECTRON
TRANSFER

A common problem to any scheme where photoex-
citation creates an electron-hole pair state is electron-hole pair
recombination. In PSII, recombination is suppressed by an
arrangement of redox cofactors that induce directionality of
electron transfer after the initial charge separation. Molecular
diodes can also induce directionality of electron transfer™ and
have been recently explored in the design of semiconductor
materials where the covalent attachment of molecular linkers
induces rectification of interfacial electron transfer (Figure 7).
The electronic rectification properties of molecular linkers
that covalently bind Mn catalysts to TiO, surfaces, including
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Figure 7 (a) Schematic diagram of a TiO, NP functionalized with
[Mn'"(H,0)3]%*, where the Mn complex is covalently attached to the
TiO, surface by the phenyl-acac anchor. (b) Density of electronic
states and arrows indicating the electron transfer pathway, induced
by photoexcitation and electron injection, leading to Mn oxidation.
Favorable directionality of electron transfer is due to the positioning
of electronic energy levels in the electron donor and acceptor parts
of the ligand-linker chromophore. (Reproduced from Ref. 36. ©
American Chemical Society.)

Mn-complexes with phenylterpyridine ligands attached to 3-
phenyl-acetylacetonate anchors via amide bonds, have been
characterized by calculations of current—voltage characteris-
tics at metallic junctions.5® It was found that a suitable choice
of the amide linkage can induce directionality of interfacial
electron transfer. These findings were consistent with EPR
measurements, confirming an asymmetry of electron transfer
rates for linkers with significant rectification.® These studies
are particularly relevant for the development of photovoltaic or
photocatalytic devices based on functionalized TiO; thin films
where the overall performance is often affected by recombi-
nation processes competing with interfacial electron injection.
Calculations of current—voltage (/- V) characteristics
were performed with the software package SMEAGOL,57-58
integrating the nonequilibrium Green’s function (NEGF)
method>®® with DFT®! as implemented in the SIESTA
package for electronic structure calculations.> The systems
were modeled in the usual three-subsystem segmentation
with the molecular diode of interest in between metallic
electrodes.>® The surface Green’s functions, describing the
current—voltage probes, were obtained as a direct summation
of both open and closed scattering channels together with a
regularization procedure of the Hamiltonian that provides a
significant improvement over standard recursive methods.

Working N\ Counter

*e_ Rﬂ/ +9_

TiO,/ ITO
T "
.’{ H2
Light ®
A>425 nm
60 mW cm2 | Pt

(CH3),CHOH —> (CH3),C=0 +2H"+2e~
()

2H*+2e"—>H,

Net redox reaction:

hv
(CH3)2CHOH —_— (CH3)20=O + H2
TiO/

Photoactivation of the catalyst:

Figure 8 Photocatalytic cell for visible-light-driven oxidation
chemistry and H, evolution (a), based on TiO; thin-film
photoanodes functionalized with Mn catalysts covalently attached
via chromophoric linkers (b)

5 FUEL FORMATION

Recent work on photocatalytic cells based on TiO,
thin-film photoanodes functionalized with Mn-complexes has
focused on coupling H, evolution driven to photoanodic
oxidation reactions. Figure 8 shows a schematic diagram
of a specific photocatalytic cell based on TiO, electrodes
functionalized with Mn-terpy catalysts that can couple
hydrogen evolution with oxidation of isopropanol to acetone.
The reaction is catalyzed by the Mn-terpy complex adsorbate,
activated by interfacial electron injection into the TiO, host
substrate, upon absorption of visible light (A > 425nm).%
The activation process induces the oxidation-state transition
Mn(II) — Mn(III) in the metal center, generating Mn(III)
with sufficient oxidizing power to transform isopropanol in
acetone. The injected electrons are combined with protons
in the counter-electrode to produce hydrogen. It has been
shown that such a mechanism, involving photoexcitation,
interfacial electron injection, charge carrier collection, and
irreversible hydrogen evolution, can be accomplished when
the Mn-terpy catalysts are covalently attached to the TiO,
surface by using robust chromophoric linkers that are stable
in aqueous solutions under oxidative conditions.
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Similar results have been reported for other ‘“proof-
of-concept’’ visible-light-driven photocatalytic cells, includ-
ing cells based on other (although more expensive) transition
metal catalysts,'»** indicating that the functionalization of
semiconductor surfaces by covalent attachment of transition
metal complexes yields a general approach for the develop-
ment of photocatalytic solar cells.

6 CONCLUSIONS

The emergence of photocatalytic solar cells based on
semiconductor materials functionalized with earth-abundant
transition metal complexes represent a promising development
for the sustainable production of fuel from renewable
resources (e.g., water). Recent advances in the study of
fundamental aspects that affect the overall efficiency of
the underlying catalytic mechanisms suggest that control
over photoabsorption, PCET, and IET can be achieved
by implementing the ligand design methodology that has
been so successful for many years in the development
of homogeneous catalysts. When fundamentally informed
by structural and mechanistic characterization based on
computational modeling, high-resolution spectroscopy, and
electrochemistry, in conjunction with the comparative analysis
of analogous catalytic processes in nature, the resulting
methodology constitutes a powerful ‘‘bottom-up’’ synthetic
tool for the development of new catalytic materials.
These emerging methods are thus expected to continue
making significant contributions in the development of novel
semiconductor materials for photocatalytic solar cells.

7 RELATED ARTICLES
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8 ABBREVIATIONS AND ACRONYMS

CV = cyclic voltammogram; DFT = density func-
tional theory; DSSC = dye-sensitized solar cells; EPR =
electron paramagnetic resonance; IET = interfacial elec-
tron transfer; IR = infrared; NEGF = nonequilibrium green’s

function; NP = nanoparticle; OEC = oxygen-evolving com-
plex; PCET = proton coupled to electron transfer; QM/MM
= quantum mechanics/molecular mechanics; UV = ultra-
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