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ABSTRACT: The dye-sensitized photoelectrosynthesis
cell (DSPEC) integrates high bandgap, nanoparticle
oxide semiconductors with the light-absorbing and
catalytic properties of designed chromophore—catalyst
assemblies. The goals are photoelectrochemical water
splitting into hydrogen and oxygen and reduction of CO,
by water to give oxygen and carbon-based fuels. Solar-
driven water oxidation occurs at a photoanode and water
or CO, reduction at a cathode or photocathode initiated
by molecular-level light absorption. Light absorption is
followed by electron or hole injection, catalyst activation,
and catalytic water oxidation or water/CO, reduction. The
DSPEC is of recent origin but significant progress has been
made. It has the potential to play an important role in our
energy future.

1. INTRODUCTION

The sun may be the ultimate energy source, but it comes with
strings attached. The energy input from the sun is 3 X 10**
joules per year, 10 000 times current global consumption, but it
is diffuse and requires large collection areas. To meet current
U.S. energy needs with a 10% device would require a collection
area of ~60000 square miles, roughly the size of the state of
North Carolina. The sun is also an intermittent light source
providing, on the average globally, only 6 h of useful input per
day. If it is to become a primary energy source, it will have to be
integrated with energy storage on unprecedented scales, well
beyond those available with current battery technologies, for
example.'

Energy conversion and storage occur during natural
photosynthesis, the solar-driven reduction of CO, by water.
As shown in eq 1, in green plants, the products are
carbohydrates and oxygen.

6H,O + 6CO, + 48hy — C(H,,0, + 60, 1)

Photosynthesis takes place on a massive scale with ~10'' tons
of carbon stored annually as plant biomass. With oxygen as a
co-product and the use of respiration to produce ATP,
photosynthesis is the fundamental solar energy conversion
process supporting higher life forms on the planet. Nonethe-
less, as a way to keep pace with increasing energy demands,
natural photosynthesis is an inspiration, not a model. It is far
too complex to duplicate, and its ~1% efficiency” for biomass
production is too low to power the world’s large urban centers.
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Artificial photosynthesis has the same goal as natural
photosynthesis: conversion of solar energy by driving high-
energy chemical reactions that convert and store energy. Water
splitting is shown as the example in eq 2, and CO, reduction to
the carbon-based fuel methane is shown in eq 3.

2H,0 + 4w — 2H, + O,
AG®° = 4.92 eV, 123 eV/hv )

2H,0 + CO, + 8w — CH, + 20,
AG®° =103eV, 129eV/hv €)

In artificial photosynthesis, the goal is to transform the Earth’s
energy future by producing “solar fuels”, hydrogen from water
splitting or reduced forms of carbon. As fuels, they are fully
compatible with existing technologies for energy utilization and
storage.

2. CHEMICAL APPROACHES TO ARTIFICIAL
PHOTOSYNTHESIS

In the 1970s, Honda and Fujishima reported water splitting by

ultraviolet bandgap excitation of anatase TiO, in a photo-

electrochemical cell with a Pt cathode and a small pH gradient,
3

eq 4.’

TiO
2H,0 + 4w — 2H, + O, (4)

Since then, significant progress has been made by using
semiconductors and photoelectrochemical cells to carry out
water splitting, although practical devices have yet to
emerge.”"" There are significant challenges in this approach,
including photocorrosion in water and ralpid electron—hole
recombination which reduce efficiencies.'””"°

A hybrid molecular—semiconductor approach to water
splitting is shown in the next section in Figure 1. The
underlying chemistry also emerged in the 1970s. It was based
on visible light excitation of the dz° Ru(II) polypyridyl complex
Ru(bpy);>*, with bpy = 2,2"-bipyridine, to give its '(dz7*)
metal-to-ligand charge-transfer (MLCT) excited-state
Ru"(bpy™*)(bpy),>"*."”'® In solutions containing both Ru
complex and methyl viologen (MV) dication, added as an
oxidative quencher, diffusional excited-state electron-transfer
quenching occurred, Scheme 1. Electron-transfer quenching of
the excited state resulted in conversion of the ~2.1 eV of
transiently stored energy in the excited state into redox energy
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Scheme 1. Oxidative Quenching of Ru(bpy);>**

Ru'(bpy)s* (d) > Ru(bpy ) (bpy)=* (dn) (") (a)
Ru"(bpy )(bpy)-** + MV>* — Ru(bpy)s" + MV (b)
Ru'(bpy)s* + MV* — Rull(bpy)s®* + MV* ()
— — 2+
[Me-NC/>—<\://\N-Me]
(MV*)

as Ru(bpy);** and MV*®. The potentials of the Ru(bpy);>*/**
(1.26 V vs NHE) and MV**/** (—0.4 V vs NHE) couples were
sufficient to carry out water oxidation and proton reduction at
separate catalysts or at separate electrodes in acidic
solution.'”™** Yet without an architecture to separate the
redox equivalents as they form and use them to drive physically
separated half-reactions for water oxidation and reduction, the
transiently stored energy is given off as heat to the surroundings
as back electron transfer occurs, eq ¢ in Scheme 1.

3. THE DYE-SENSITIZED PHOTOELECTROSYNTHESIS
CELL

The dye-sensitized photoelectrosynthesis cell (DSPEC)
provides an architecture to overcome the limitations of the
solution-based example of Scheme 1. The DSPEC is based on
the well-developed dye-sensitized solar cell (DSSC).>*™>* Like
the DSSC, a DSPEC combines the properties of n- or p-type
semiconductor oxides with molecular-level light absorption and
catalysis by surface-bound molecular assemblies. The assembly
absorbs light and carries out the solar fuel half-reactions.
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Figure 1. Schematic diagram for a dye-sensitized photoelectro-
synthesis cell (DSPEC) for solar-driven water oxidation at an
assembly-derivatized TiO, photoanode with water or proton reduction
to H, at a Pt cathode. Reproduced with permission from ref 33.
Copyright 2015 American Chemical Society.

Figure 1 illustrates the elements of a photoanode in a
DSPEC for water splitting. Solar-driven water oxidation occurs
at the photoanode and proton or water reduction at the
cathode. A sequence of events occurs at the photoanode: (1)
light absorption to give an excited state or states; (2) electron
injection from the excited state(s) into the conduction band of
an n-type oxide; (3) electron transport to a transparent

conducting oxide (TCO) electrode for ohmic delivery to a
cathode or photocathode; (4) electron-transfer activation of a
catalyst for water oxidation; and (5) repetition of the activation
sequence four times with O, evolution, returning the catalyst to
its initial state.

The first DSPEC was reported in 1999 for dehydrogenation
of iso-propanol to acetone, eq S, and was based on a Ru(Il)
polypyridyl chromophore-catalyst assembly.”®

(CH,),CHOH + 2w — (CH,),C = O + O, (s)

A water-splitting DSPEC with nanoparticle IrO, as the water
oxidation catalyst was reported by Mallouk and coworkers in
2009.”” The DSPEC is far less developed than semiconductor-
based water splitting, but significant progress has been made in
recent years at laboratories worldwide.””*%~%*
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Figure 2. (a) Transmission electron micrograph of SnO,/TiO, core/
shell nanostructure. Reproduced with permission from ref 65. (b)
Depiction of core/shell nanoparticle along with a surface-stabilizing
overlayer of TiO, or AL,O; added by atomic layer deposition (ALD).
The drawing is based on a 20 nm diameter nanoparticle as the “core”
(black/brown speckled pattern), a S nm shell (light blue), and a 1.5
nm overlayer (semitransparent tan). A subset of molecular assemblies
bound directly to the shell are also depicted with blue circles as
chromophores and green, notched circles as catalysts. (c) Zoomed-in
view highlighting the structure of assembly 1 on the core/shell surface
stabilized by an ALD oxide overlayer. DSPEC photoanodes for solar-
driven water oxidation were produced by ALD of a TiO, shell, 3—5
nm thick, on the exposed surfaces of a mesoporous SnO,
nanocrystalline film, S—15 um thick, on FTO to give FTOISnO,/
TiO,—[Ru,"—Ru,"~OH,]*, see text. Adapted with permission from
ref 65. Copyright 2015 Proceedings of the National Academy of
Sciences, USA.

Figure 2 illustrates a DSPEC photoanode based on the
chromophore—catalyst assembly, [(4,4'-PO;H,),bpy),Ru(4-
Mebpy-4’-bimpy)Ru(tpy)(OH,)]*, 1, (4-Mebpy-4'-bimpy =
4-(methylbipyridin-4'-yl)-N-benzimid-N'-pyridine; tpy =
2,2":6',2"-terpyridine). It is attached by phosphonate-surface
binding to a thin, 3—5 nm, layer of TiO, which has been
conformally deposited onto the exposed surfaces of a
mesoscopic nanoparticle film of SnO,. Typically, the films
consist of ~20—40 nm diameter nanoparticles deposited and
annealed as mesoporous, 5—15 um thin films on the
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transparent conducting oxide (TCO) fluorine-doped tin oxide
(FTO). The molecular assembly is linked to the shell on the
outside of the nanoparticles by a simple solution soaking
procedure. In a final step, surface binding is stabilized by adding
an inert oxide overlayer of TiO, or Al,O; by atomic layer
deposition (ALD).%®

Photocurrent and gas detection measurements of O, in the
photoanode compartment and H, in the cathode compartment
were made for DSPECs incorporating the photoanode
illustrated in Figure 2. The cell was operated at pH 7 at
room temperature in 0.5 M NaClO,, 0.1 M phosphate buffer,
with an applied bias of 600 mV vs NHE to maximize the
photocurrent with reduction of the buffer component H,PO,~
to H, at a Pt cathode. With monochromatic 445 nm light, the
absorbed photocurrent efficiency (APCE) for the assembly in
Figure 2 reached ~20% for the cell, less than 1% of that for
solar production of H,, but a beginning nonetheless.”®

4. DSPEC COMPONENTS

4.1. Chromophore—Catalyst Assembly. Assembly 1 is a
typical covalently bonded chromophore—catalyst assembly, one
of many that have been investigated which differ in linking
strategies. Other strategies that have been explored used
derivatized polymers® and polyproline oligomers.””*® The
latter are 65Erepared by stepwise peptide synthesis;’” an

example,67’ 2, is illustrated below in Figure 3.
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Figure 3. Assembly 2, an oligoproline functionalized with both a
Ru(1I) chromophore and catalyst.***® Adapted with permission from
ref 33. Copyright 2015 American Chemical Society.

Preformed, covalently linked assemblies have been useful in
fundamental studies but require tedious, multistep procedures
and complex chromatographic separations which often result in
low yields. With the motto “keep it simple”, much of our
current effort is on assemblies prepared directly on oxide
surfaces. In the simplest “co-loaded” strategy, with an example
shown in Figure 4a, chromophore and catalyst are added
directly to the oxide surface by sequential or co-loading
procedures. In the “layer-by-layer” strategy shown in Figure 4b,

Figure 4. (a) Co-loaded assembly on TiO,. (b) Bilayer assembly with
Zr(IV) bridging on TiO,. Adapted with permission from ref 33.
Copyright 2015 American Chemical Society.

based on earlier work by Mallouk and Haga and their co-
workers,”’~"* Zr(IV) or another metal cation is used as a bridge
to link phosphonate- or phosphate-derivatized substitu-
ents.”> ™%

Examples of electro-assembly structures are illustrated in

Figure 5.°' 7% They are prepared by vinyl-bpy-based reduction
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Figure 5. (a) Formation of an assembly by electropolymerization of
the vinyl-derivatized, surface-bound phosphonate chromophore [Ru-
(dvb),((PO3H,),bpy)]** (blue spheres) by C—C coupling with the
water oxidation catalyst Ru(bda)(vpy), (green spheres) in the external
solution. Reprinted with permission from ref 85. Copyright 2015
Wiley-VCH Verlag. (b) Structures of the two chromophore building
blocks along with a depiction of the resulting 7-member chromophore
assembly in a cavity of a TiO, nanoparticle film prepared by prior
surface binding of [Ru(4,4'-(PO;H,),bpy),(4-CH,Br-4"-Mebpy]** (4-
CH,Br-4'-Mebpy = 4-(bromomethyl)-4'-methyl-2,2"-bipyridine) and
stepwise reductive C—C bond coupling with [Ru(bpy),(4-Me-4'-
vinylbpy)]** (4-Me-4’-vinylbpy = 4-methyl-4'-vinyl-2,2’-bipyridine) in
the external solution. Reprinted with permission from ref 86.

Copyright 2014 Wiley-VCH Verlag.

of Ru(II)—polypyridyl complexes with both vinyl- and
phosphonate-functionalized 2,2'-bipyridine ligands, e.g, [Ru-
(dvb),(4,4'-(PO;H,),bpy)]**, where dvb = 4,4'-divinyl-2,2'-
bipyridine. Reduction at ligand-based #* levels induces C—C
coupling with the vinyl-derivatized water oxidation catalyst in
the external solution. In the example shown in Figure Sa, the
water oxidation catalyst is [Ru(bda)(vpy),] (bda = 6,6'-
dicarboxylato-2,2-bipyridine dianion; vpy = 4-vinylpyridine).
Water oxidation by this class of catalysts is discussed in section
S5.4. Figure 5b illustrates the structure of a multichromophore
assembly prepared within the cavities of a TiO, nanoparticle
film. It was prepared by a stepwise procedure with initial surface
binding of Ru(4,4’-(PO;H,),bpy),(4-CH,Br-4'-Mebpy)]** (4-
CH,Br-4'-Mebpy = 4-(bromomethyl)-4’-methyl-2,2’-bipyri-
dine) followed by electrochemical reduction and Br~ loss
with [Ru(bpy),(4-Me-4'-vinylbpy)]** (4-Me-4'-vinylbpy = 4-
methyl-4'-vinyl-2,2"-bipyridine) in the external solution.*®
4.2. Semiconductor Oxide. To be useful, a DSPEC
semiconductor oxide has to be stable in aqueous solutions over
an extended pH range and optically transparent in the visible
with a bandgap >3.2 eV, and it is to have conduction or valence
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band potentials, Ecp or Eyy, that are accessible for excited-state
electron or hole injection.”> Mesoporous nanocrystalline films,
typically S—15 pym thick, are used with sufficient surface areas
for chromophore binding to maximize light absorption. Thin
films are advantageous in minimizing the distance to the inner
electrode by decreasing competition from back electron transfer
following injection.

TiO, and SnO, have dominated as photoanode materials
because of their low conduction band potentials, ease of
synthesis, and stability in water. For TiO,, Ecy = —0.1 V vs
NHE at pH 0, with Ecy decreasing by 59 mV/ }B)H unit, and for
SnO,, Ecy ~ 028 V vs NHE at pH 0.°>*** A growing
number of p-type oxides have been investigated as photo-
cathodes,””™ but their performance characteristics remain far
inferior to their n-type counterparts. NiO has been the most
commonly studied p-type oxide.”'*™""* Its marginal perform-
ance has been attributed to slow hole transport and unfavorable
interfacial electron-transfer kinetics.”"' %" #712°

The lack of appropriate p-type oxides has greatly hindered
the development of photocathodes for CO, or water/acid
reduction in tandem cell configurations.”” " Progress has been
made by chemically modifying NiO''*'*7"*® and by using
more elaborate chromophore structures to help control
interfacial dynamics.10%101104105,107,116-120,129,130 "o e
gration of bandgap excitation with molecular catalysis for other
p-type semiconductors has also been reported, including Cu,O
derivatized with a Re(bpz)-based catalyst for CO, reduction by
Gritzel and co-workers,"”""** and TiO,-protected p-GaInP, for
water reduction to H, by Turner and co-workers.'*?

4.3. Surface Binding and Stabilization. A variety of
linkage strategies have been used to bind molecules and
molecular assemblies to oxide surfaces.'**™'*® Carboxylic acid
(—COOH) derivatives have dominated DSSC studies in
nonaqueous solvents, but carboxylates typically hydrolyze
from the surface in water. Phosphonate-surface binding by
phosghonic acid derivatives (—PO;H,) is more ro-
bust'*'*~"* but still suffers from long-term instability."*’
Hydrolysis is catalyzed by added buffer bases such as HPO,*~
and as the pH and concentration of OH™ increase,'**"*/~1#%51
Surface instability with added buffer is most unfortunate
because water oxidation rates typically increase with buffer base
concentration, see section 5.4.

Stabilization of the attachment between molecule and oxide
surface has been %reatly improved by using hydrophobic
polymer overlayers, *” electro-assembly®*~*>'>* (Figure 5),
siloxane surface bindings,l49’154 silatrane surface bind-
ings,">”"*® and hydrophobic environments.">” The most
effective stabilization, though, has been achieved by using
ALD of oxide overlayers, such as AL,O; or TiO,, after surface
binding has occurred. 1071 In the ALD technique, a
reactive gas-phase precursor—e.g., Al(CH;); for AL,O;, TiCl,
for TiO,—is exposed to a pre-derivatized oxide surface.
Reaction of the ALD precursor with the surface followed by
hydrolysis yields an atomic layer or sublayer of the oxide.
Multilayers of the oxide are then used to “glue” the catalyst or
assembly to the surface.

Figure 6a compares the surface stability of the water
oxidation catalyst [Ru(Mebimpy)(4,4’-(PO;H,CH,),bpy)-
(OH,)]** (Mebimpy = 2,6-bis(1-methyl-1H-benzo[d]-
imidazol-2-yl)pyridine) with and without ALD stabilization
on an ITO electrode.'®” For the stabilized electrode at pH 11
with 12 mM added PO,*, sustained water oxidation catalysis
occurs for >2.8 h at a turnover rate of ~10* s™".
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Figure 6. (a) Current—time profiles for water oxidation catalysis by
[Ru(Mebimpy)(4,4'-(PO;H,CH,),bpy) (OH,)]** surface-bound to
ITO with and without a 1 nm TiO, overlayer at pH 11 in 12 mM
PO,*" and 0.25 M LiClO, following a potential step to 1.40 V vs
NHE. Adapted with permission from ref 162. Copyright 2013
Proceedings of the National Academy of Sciences, USA. (b)
Calculated overlayer structure of ALD-deposited TiO, (0.76 nm) on
surface-bound [Ru(4,4'-(PO;H,),(bpy),]** (—RuP*). (c) Calculated
structure of a “mummy” chromophore—catalyst assembly constructed
as shown in (d) by (1) ALD overlayer deposition (labeled “ALD 1”)
following surface binding of —RuP**, (2) addition of [Ru(Mebimpy)-
(4,4'-(PO,H,CH,),bpy)(OH,)]*, and (3) ALD stabilization (labeled
“ALD 2”). Panel (c) is adapted with permission from ref 170.
Copyright 2015 Royal Society of Chemistry.

ALD has also been extended as a synthesis tool for the direct
preparation of stabilized chromophore—catalyst assemblies
encased in the oxide by a “mummy” strategy.'” Figure 6b,c
illustrates calculated ALD overlayer structures for surface-
bound —RuP?*" and the corresponding “mummy” chromo-
phore—catalyst assembly, with the stepwise “mummy” synthesis
protocol outlined in Figure 6d.

DOI: 10.1021/jacs.6b06466
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5. DSPEC PROCESSES

5.1. Light Absorption. The sun is a relatively low-intensity,
wavelength-dependent light source. In a standard AM 1.5G
solar flux, a 1 nm dye molecule with a molar absorptivity of 2 X
10* M™' cm™ can absorb only ~2 photons per second in the
visible and near-IR regions and only ~0.3 photon per second in
the UV.>»*®7"'7% The maximum efficiency for solar water
splitting with an absorption cutoff of 500 nm is ~12%, rising to
~18% by 600 nm.

High light absorption by the chromophore is obviously
desirable to minimize oxide film thickness and, with it,
competition from back electron transfer following injection.
For [Ru(bpy);]*" in CH;CN with A, = 449 nm and & = 1.4 X
10* M~ ecm™, the molar absorptivity decreases to 5.1 X 10*
M cm™ by 550 nm. In a nanoparticle oxide film of the
phosphonate derivative [Ru(4,4’-(PO;H,),bpy)(bpy),]**
(RuP*, Figure 6b) with a per-micron surface coverage of I
=2 X 107 mol/(cm*um), the film thickness required for an
absorbance of 2 OD at 450 nm is ~7 ym.

The usefulness of a dye is limited not only by its absorption
spectrum but also by free energy constraints. Once an excited
state is formed, it must be capable of undergoing electron or
hole injection. In addition, the oxidized or reduced forms of the
chromophore that result must be capable of driving water
oxidation or water/CO, reduction to completion.*>*>*"%

An extensive and growing list of chromophores has been
investigated for applications in DSSC devices.”?>>'7371%*
Ru(Il) polypyridyl chromophores have dominated DSPEC
investigations to date, but 3,4:9,10-substituted perylenes,'*>'**
porphyrins,'7#!7¢!7 18IS 50 amine-thiophene-based
donor—acceptor dyes'’>'”* have also been used.

Antenna Effect: The Multichromophore Advantage. In the
absence of a solar concentrator, the output of a dye-sensitized
solar device is limited by the slow, 1—2 s7', rate of solar
insolation, which poses a major challenge to achieving high
DSPEC efficiencies.””*®'”"'”* In a DSSC, redox equivalents
appear and are used one photon at a time. In a DSPEC,
multiple redox equivalents have to be accumulated and stored for
seconds.

In natural photosynthesis, an antenna effect overcomes the
slow solar input. In photosystem II, a multichromophore—
antenna array absorbs light and rapidly and efficiently transmits
excited-state energy to a single terminal acceptor, chlorophyll
Pggo- Oxidative electron-transfer quenching of 'Pgg* and a
sequence of five electron-transfer steps deliver oxidative
equivalents to the Mn,Ca cluster in the oxygen-evolving
complex separated from photoproduced reductive equivalents,
initially in quinone Q,, by ~50 A. The antenna enhances the
rate of solar insolation from (seconds)™ to (milliseconds)™,
thereby greatly reducing the time scale required for storage of
the oxidative equivalents as they appear.'*>~'"" Related antenna
strategies may be available for DSPEC applications by
integration with independent solar concentrators or by using
derivatized, polychromophoric polymers. The latter approach is
currently under investigation by Kirk Schanze and John
Reynolds in the University of North Carolina Energy Frontier
Research Center.

5.2. Excited-State Injection. Following light absorption by
the chromophore, excited-state injection initiates the series of
redox events that ultimately lead to water oxidation or water/
CO, reduction. Electron or hole injection depends on an
overlap between the energy of the excited state, acting as an

electron or hole donor, and a distribution of unfilled acceptor
levels on an n-type oxide, e.g,, TiO,, or filled donor levels at a
p-type oxide, e.g., NiO. Injection is in competition with other
excited-state processes: non-radiative decay, emission, and non-
productive energy or electron transfer. To be useful, electron or
hole injection must occur with high efficiency, with the
resulting oxidized or reduced chromophore capable of driving
water oxidation or water/CO, reduction through complete
multi-electron, multi-proton catalytic cycles.

With the MLCT excited state of [Ru(bpy);]** as the
example, the formal potential for the excited-state couple,
[Ru(bpy);]**/[Ru(bpy),]***, with the excited state acting as a
reducing agent, E°'(Ru®*/?**), is given by eq 6, with F being
Faraday’s constant. E°’(Ru**/?*) (= 1.26 V vs NHE in water) is
the potential of the ground-state couple. AGgg (~2.1 V) is the
free energy of the excited state above the ground state, which is
obtained by a Franck—Condon analysis of the emission spectral
profile in CH;CN.>"*'?271% For the excited state acting as an
oxidizing agent, E°'(Ru®**/*) for the [Ru(bpy);]*"*/[Ru-
(bpy)s]* couple is given by eq 7.

EOI(Ru3+/2+*) — Eol(Ru3+/2+) _ AGES/F (6)

Eoz(Ru2+*/+) — EO/(Ru2+/+) + AGES/F (7)

Electron injection into TiO,, extensively stud-
jed, 21397141143, 171,196-238 kinetically complex, a character-
istic commonly attributed to heterogeneities in the
oxide.””'”!7>?3% Electron injection can occur by direct light-
driven electron transfer from a donor level on the chromophore
to an acceptor level in the semiconductor'******** or, more
commonly, from an excited state or states following light
absorption,7>196197:200,202,207,228,231,235-238 241246 Brom  the
experimental data for —RuP** and its analogues on TiO,, the
initial electron injection process or processes occur on the
hundreds of femtoseconds to hundreds of picoseconds time
scale from the initially formed singlet MLCT state(s),
TiO,l-'{[(4,4'-(PO;H,),bpy )Ru(bpy),]***}, before
'MLCT — *MLCT internal conversion can occur. Electron
injection can also take place from non-thermally equilibrated
SMLCT states before they undergo vibrational relaxation. The
remaining injection events occur from lowest-lyin(g, thermally
equilibrated *MLCT states.'®'?7199211222223240 11y acidic
solution with injection thermodynamically favorable, electron
injection into TiO, by the MLCT excited states of phosphonate
derivatives like —RuP?** is typically complete in <1 ns and
highly efficient. These excited states undergo electron injection
with low reorganizational barriers into a relatively high density
of acceptor levels in the oxide.

In a comprehensive recent study by Zigler and co-workers,
based on an extensive series of Ru(II) polypyridyl complexes,
electron injection into TiO, was found to occur with biphasic
kinetics with time constants in the ranges 3—30 and 30—500
ps.”*" The results for the slow component were interpreted by
use of the classical Gerischer theory for interfacial electron
transfer. On the basis of this analysis, it was concluded that
kinetic heterogeneity on longer time scales arises from a
competition between excited-state relaxation and injection as
the photoexcited dye relaxes through the lower *MLCT
manifold to the thermally equilibrated excited state.”*’~*>*

Although not yet explored in detail, medium effects and
variations in pH play a significant role in electron injection. For
example, from the Nernstian pH dependence of Ecp for
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Ti0,,*%*>°7>? the driving force for electron injection
decreases by ~420 mV from pH 0 to 7.

Hole injection at a photocathode is significantly less well-
studied, with NiO the only oxide investigated in detail. In
transient absorption measurements, spectral features for the
appearance of reduced chromophores on NiO, an expected
product upon successful hole injection, are often not observed.
Evaluation of hole injection is typically based on indirect
observations, such as loss of stimulated emission features, and
not the appearance of reduced chromophores.''” Interpretation
of transient absorption results is even more challenging for
chromophores with elaborate donor—acceptor structures, such
as those used in the most successful p-type DSSC
applications.'*»'*> Nevertheless, time constants for hole
injection into NiO that vary from hundreds of femtoseconds'"”
to hundreds of picoseconds'”’ have been reported. As an
example, ultrafast transient spectra of [Ru(dceb);]*" (dceb =
4,4’ -bis(ethylcarboxy)-2,2'-bipyridine) on NiO show that the
appearance of the reduced complex occurs with 7 & 20 ps, but
the extent of hole injection is minimal.'"®

5.3. Assembly Injection and Catalyst Activation. Figure
7 summarizes the results of fs—ms transient absorption
measurements on a series of Ru(II) polypyridyl assemblies on
TiO,. The processes observed are illustrated in the figure for
chromophore—catalyst assembly 3, [(4,4’-gPO H,CH,)bpy),-
Ru, (bpy-NH-CO-tpy)Ruy, (bpy) (OH,) ]*.*°7>°* Visible-light
absorption by the chromophore leads to rapid, sub-nanosecond
electron injection followed by intra-assembly electron-transfer
activation of the catalyst with 7,,,,, = 145 ps in 0.1 M HCIO, at
room temperature.262

In assembly 3, the catalyst is a competitive, nonproductive
light absorber which decreases per-photon-absorbed injection
efficiencies for the first injection.”®> Competitive light
absorption by the catalyst is not a factor after the catalyst is
oxidized past Ru(Il) as the higher oxidation states of the
ruthenium catalyst are only weak light absorbers in the visible.

5.4. Water Oxidation. Semiconductor-based photoelectro-
chemical cells and commercial water electrolyzers use metal
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oxide catalysts RuO,, NiO, and CoOx.%s_271 In a DSPEC,
water oxidation occurs at a molecular catalyst. Although less
robust than oxides, molecular catalysts have at least two
advantages: (1) chemical synthesis can be used to modify
structure to affect rates and reactivity, and (2) mechanisms can
be evaluated in detail by standard electrochemical and
spectroscopic techniques.

Water oxidation catalysis has been regorted for molecular
complexes™”” of Ru(Il),””*7*"% Ir(III),*** 7% Co(111),**" >
Cu(I1),””'7** and Fe(11),””*~*"” with polypyridyl comglexes of
Ru(Il) dominating research in this area. 276,278,298=305 The
underlying synthetic chemistry for these complexes is well
developed,”®***%~3!5 and they offer access to coordinatively
stable oxidation states from Ru(II) to Ru(VI), with the higher
oxidation states stabilized by oxo and nitrido li-
gands 29311-313315-317

Demands on water oxidation catalysts are high. The catalyst
must be integrated with a chromophore or chromophores on a
semiconductor oxide surface. Rates of water oxidation need to
exceed the 1—2 s™' rate of solar insolation by 10 or greater,
even higher with solar concentration. Long-term performance is
also essential. A figure of merit for commercialization of >10°
turnovers per year has been cited,”***>* with turnovers of
10 000s reported for existing catalysts,'*>>"%*"*'% a5 well as
one example of >100 000 turnovers for a molecular Ir catalyst.

The mechanism of water oxidation by Ru(II) polypyridyl
complexes has been investigated by voltammetric techniques
and by Ce(IV) oxidation with spectrophotometric monitoring.
A general mechanism is shown for [Ru(Mebimpy)(bpy)-
(OH,)]** in Scheme 2.77%%°"*% The sequence of reactions in
the cycle shown in Scheme 2 add up to meet the 4e~/4H"
demands of the half-reaction. Mechanisms involving initial le™
oxidation through the hydroxyl radical are not viable because of
the hl%h potential of the OH®/H,O couple, with E° =2.32 V at
pH 7.51°

Depending on conditions and catalyst, the rate-limiting step
in water oxidation cycles can occur at the step for oxidative
activation of Ru"—OH?* or Ru™—OH,>*" to RuV"=0%", from
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Scheme 2. Mechanism of Water Oxidation by
[Ru(Mebimpy)(bpy) (OH,)]**
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loss of O, from the Ru'V(OO)*" peroxide intermediate, and,
most commonly, from O---O bond formation.**° Evidence has
been found for related mechanisms using first-row transition
metal complexes of Cu(II)**>*****'73*3 and Fe(II).**

In water oxidation cycles, in addition to being the substrate,
coordinated water plays a key role mechanistically. Oxidation
and proton loss by proton-coupled electron transfer (PCET),

- +
I 2+ —¢,H 1 2
Ru"-OH,** —— Ru"'-OH*",

(8)

is important in avoiding charge buildup, allowing multiple
oxidative equivalents to accumulate at single sites or clusters
over a narrow potential range.””****~*® The intermediate oxo
complexes have a well-established and extensive reactivity
chemistry based on concerted electron—proton transfer (EPT),
H-atom transfer, C—H insertion, hydride transfer, and O-atom
transfer mechanisms.'85273279,299,501,305,311,329,330 The atter,
with O-atom transfer to a water molecule, is the rate-limiting
step for the catalyst in Scheme 2.

O---O bond formation occurs by concerted atom proton
transfer (APT) in which O-atom transfer occurs in concert with
loss of a proton to an external base, B. As shown in eq 9, B can

- +
1 2+ —¢H v 2
Ru"'-OH** —— Ru"'=0**

o
VO H APT
Ru'=0%-0_ .. Ru"-O0H?* + *HB ()
VERY
H--B
o

-~ H
RuV=0% + OH" —> Ru'=03%*--0"~

Ru"-O0H?* + *HB  (10)

be a water molecule or water cluster, or an added proton
acceptor base.”’”?0V30432033L332 Although microscopically
complex, APT has the advantage of giving the hydroperoxide
intermediate Ru'(OOH)** directly while avoiding the higher
energy hydrogen peroxide intermediate, Ru"'(OOH,)*", by
direct reaction with H,0.”" At even higher pH, with the
concentration of OH™ kinetically significant, direct reaction
between Ru"(0)* and OH™ plays an increasingly important
role, eq 9, dominating reactivity in highly basic solutions.'®>

13091

By exploiting APT with added buffer bases, even catalysts
that are slow in acidic solution can approach and exceed the 1—
2 s7! threshold rate for solar insolation. For surface-bound
[Ru(Mebimpy) (4,4'-(PO,H,CH,),bpy) (OH,)]*" in Figure 6a,
the rate of water oxidation is enhanced by ~10° on going from
pH 1 to pH 12, reaching a turnover rate of ~10* s™' with 12
mM added PO,>."*

Impressive catalytic rates and turnover numbers have been
reported for a family of catalysts based on Ru(bda)(L), (L =
neutral donor ligand), complexes introduced by Sun and co-
workers.>¥?7¢3337338 Evidence has been found, from kinetic
measurements with Ce(IV) as the oxidant in acidic solution, for
a facile mechanism involvin% seven-coordinate Ru¥(0)* and
bimolecular O---O coupling.””® For Ru'(bda)(isoq),, 5 (Figure
8, isoq = isoquinoline), oxidation and chelate ring opening give

Figure 8. Structure of water oxidation catalyst [Ru"(bda)(isoq),], 5.

Ru"=0, and further le~ oxidation gives Ru'(O)*. As in the
cycle in Scheme 2, Ru¥(O)* appears to undergo O-atom
transfer to water to give an intermediate hydroperoxide.**’

5.5. CO, Reduction. Electrocatalytic reduction of
CO,**7** is well advanced at metallic, alloy, and nanoparticle
electrodes,”**~*>* by pyridine/ p%yr'dinium catalysts as described
by Bocarsly and co-workers,””*™*®* and by a variety of
transition metal complexes.’**">’® For the latter, CO,
reduction in water is typically in competition with proton
reduction to H, and limited to the 2e” products HCOO™/
HCOOH or CO. In a DSPEC with water as the solvent, under
conditions appropriate for both DSPEC water oxidation and
CO, reduction, the limited solubility of CO,, 0.034 M at 1 atm
pressure and 298 K, is a factor limiting reactivity, as is pH. CO,
is the reactive form, and with pK, = 6.3 for the equilibrium
H,CO;(CO,(aq)) = HCO;~ + H" (298 K, I = 0), the
concentration of CO, falls rapidly as the pH is increased above
6.3.

The Ir(IlI) pincer catalyst [(POCOP)Ir(CH,CN),(H)]*
(POCOP = 2,6-(OPBu,),C¢H;)) is a selective electrocatalyst
for CO, reduction to HCOO™ in CH;CN with added water.
The mechanism is shown in Scheme 3. In this mechanism, the
rate-limiting step is CO, insertion into the Ir—H bond with k =
20(2) M~!s7! in CO,-saturated solutions.””" Catalysis has been
extended to water as the solvent with a high selectivity toward
formate by using the soluble aminium catalyst,””” shown in
Scheme 3, and to a pyrene derivative for CO, reduction on high
surface area carbon nanotube electrodes.”””

Fischer—Tropsch synthesis converts H,:CO (syngas)
mixtures into methanol or hydrocarbons, with the product
depending on the H,:CO ratio.””*™**" In aqueous, CO,-
saturated solutions with the added weak acid H,PO,”,
[Ru(tpy)(bpy)(OH,)]** has been shown to act as an
electrocatalyst for syngas formation with the H,:CO ratio
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Scheme 3. (a) Catalytic Cycle for CO, Reduction to HCOO™
by [(POCOP)Ir(CH;CN),(H)]* and (b) Structure of a
Water-Soluble Aminium Derivative

a) H,0 OH- + CO; == HCO;3~ b)
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HCOO NCCH3
3I

Overall: 2CO, + H,0 + 22— HCOO~ + HCO;~

“Adapted with permission from refs 372 and 373. Copyright 2013
Royal Society of Chemistry and 2014 Wiley-VCH Verlag, respectively.

controlled by varying the concentration of added acid. In the
mechanism in Scheme 4, reduction at the polypyridyl ligands

Scheme 4. Electrocatalytic Reduction of CO, to H,:CO
Mixtures by [Ru(tpy)(bpy)S]** (S is solvent) with the Added
Weak Acid H,PO, as the Proton Source
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Ru'(H)*

S+
H,O0/H*

H,

triggers solvent loss to give the S-coordinate intermediate,
[Ru(tpy)(bpy)]°, which then reacts with CO, to give the
metallocarboxylate intermediate, [Ru(tpy)(bpy)(CO,)]°. For-
mation of the metallocarboxylate is in competition with
reaction with water to give the hydride, [Ru(tpy)(bpy)H]".
The two intermediates react further under reducing conditions
to give CO and H,, respectively.’***

The carbene water oxidation catalyst in assembly 1,
[Ru(tpy) (Mebimpy) (H,0)]**, is also a catalyst for CO,
reduction to syngas in aqueous HCO; /CO, solutions.
Remarkably the same complex, in aqueous HCO;~/CO,, has
been used as the sole catalyst for both electrocatalytic water
oxidation at the anode and CO,/HCOj;" reduction to syngas at the
cathode in an electrolysis cell. In these experiments, the syngas
ratio was quantified and ranged from ~4:1 to ~1:3 by varying
the electrolysis potential at a fixed concentration of HCO;™ or,
at E,,, = —12 V, from ~4:1 to ~1:2 by varying the

w - 384
concentration of HCO;™.”

6. DSPEC PHOTOANODES FOR WATER OXIDATION

An assembly oxide interface lies at the heart of a DSPEC
photoanode for water oxidation. Many factors interplay to meet

the energetic, time scale, and mechanistic demands for carrying
out the overall light-driven reaction:

44 Hh

FTOISnO, /TiO, —[ Ru,"—Ru,"~OH,*" —

FTO(e")ISn0,/TiO, —[ Ru,"~Ru,"~OH,**  (11a)

FTO(e”)ISn0, /TiO, —[ Ru,"~Ru,"—OH, ]+~

FTOISnO, /TiO, —[ Ru,"~Ru,""~OH, **
(11b)

54 Fhy,—e”,—2H"
—_—

FTOISnO, /TiO, —[ Ru,"—Ru,""~OH, ]

FTOISnO, /TiO, —[ Ru,"—Ru,V=0]**
(11¢)

hv,—e”

FTOISnO,/TiO, —[ Ru,"—Ru, V=07 12",
FTOISnO, /TiO, —[ Ru,""—Ru,V=07"" (11d)

6.1. Energetics. For assembly 1 in the DSPEC photoanode
in Figure 2, water oxidation at the carbene catalyst occurs by a
mechanism closely related to the single-site mechanism in
Scheme 2, including the requirement of oxidation to Ru'(0)**

at 1.6—1.7 V.>® For assembly 1 on a SnO,/TiO, core/shell
photoanode, the initial electron injection event gives —[Ru,"™—
Ru,"~OH, %", eq 11a. With E°'(Ru™") = 1.36 V vs NHE for
the —Ru,"™" couple, it is capable of oxidizing the catalyst from
—Ru,"-OH,** to —Ru,—OH,*, eq 11b, and then to
—Ru,V=07%, eq 1lc, with E° = 1.15 and 0.90 V for the
catalyst Ru(III/1I) and Ru(IV/III) couples, respectively, at pH
1. Injection and loss of a third electron gives the 3e™/2H*-
activated assembly —[Ru,"'—Ru,V=0]*", eq 11d. At this stage,
access to Ru'(O)** by intra-assembly electron transfer,
—[Ry,"-Ru,V=0]** - —[Ru,"—Ru,"(0)]*", is uphill by
~300 mV. Even with the chromophore oxidized to Ru(IIl),
there is no basis for further photoactivation, and assembly 1
should be incapable of DSPEC water oxidation. Despite this,
water oxidation does occur thanks to a previously unknown,
assembly-based pathway for O---O bond formation involving
concerted electron/O-atom/proton transfer, with both oxidized
sites in the assembly acting as electron acceptors, eq 12.%*°

.
P

s H 12

-RU'"a-Rub'V=0i+:§)<H S -Ru,"Ru,,"-OOH** + *HB (12)

6.2. Dynamics. With the slow rate of solar input of 1-2 57",
and the requirement for storing oxidative equivalents for
seconds, time scale poses another significant challenge for
DSPEC water oxidation.

Figure 7 provides a time scale summary for the first of the
four light-driven activation steps for a typical assembly.
Injection and electron-transfer activation of the catalyst are
rapid, but a competition exists for the injected electron between
back electron transfer to the assembly and electron diffusion
through the nanoparticle film to the FTO electrode. On TiO,,
back electron transfer occurs on the microsecond to milli-
second time scale, with highly non-exponential kinetics
attributed to electron diffusion dynamics within and across
the oxide. The diffusion rate varies with applied bias, light
intensity, and other factors but typically occurs on the
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millisecond time scale. Distance-dependent, chemically rate-
limiting, back electron transfer has been observed for
assemblies with molecular spacers between chromophore and
catalyst.””~">”7"® In an ongoing study on the assembly [(4,4'-
PO,H,),bpy),Ru(4,4'-CH;bpyCH,CH,bpy-4,4’-CH;)Ru(Me-
bimpy)(OH,)]*, 4 (Figure 9), with a —CH,—CH,— spacer,

PO(OH),

Figure 9. Chromophore—catalyst assembly [(4,4'-PO;H,),bpy),Ru-
(4,4'-CH3bpyCH,CH,bpy-4,4'-CH;)Ru(Mebimpy) (OH,)]*, 4.

back electron transfer was decreased in rate by a factor of ~6
compared to that with —RuP?*. With the data fit to the
Williams—Watts—Kohlrausch stretched exponential function,
the average rate constant for back electron transfer was k = 3.3
X 10° s71.*% Because back electron transfer occurs on the
microsecond to millisecond time scale, there is a significant and
deleterious mismatch in rates, even for the first photoactivation
step. From the dynamics of diffusion and back electron transfer,
the efficiency for building up multiple oxidative equivalents at
the catalyst should be negligible.

Core/Shell Advantage. In a DSSC, an ensemble of single
excitation events is sufficient to produce a photopotential and
photocurrent. Nevertheless, in both DSSCs and DSPECs, back
electron transfer is a major rate-limiting pathway to be
overcome, and many strategies have been investigated to slow
it,'0#10071083877398 1y DSPEC photoanodes, core/shell oxide
structures have proven to be sufficiently effective in controlling
back electron transfer,’>*¥0>237387399740% They are produced
by ALD of conformal oxide shells on exposed nanoparticle
surfaces. A transmission electron micrograph (TEM) of a
nanolTO/TiO, core/shell structure is shown in Figure 10.
Typically, they consist of thin, 3—5 nm, shells of TiO, on
nanoparticle films of either SnO, or a TCQ.*>%>3%73997402 oy
a TCO core, photoinjection is followed by rapid transfer to and
through the core to the FTO electrode for transmission to a
cathode or photocathode for water/acid reduction to H,. With
the SnO,/TiO, core/shell in Figure 2, the per-photon-absorbed
efficiency is further increased above that observed for TCO
core/shells by a factor of 3—S5. The increase is attributed to the
~0.4 V potential offset between the conduction band edge
potentials for the two oxides, which creates a barrier to back
electron transfer from core to shell.”**’

6.3. DSPEC Photoanodes. The DSPEC concept is
relatively new and still evolving, with a growing literature
from a number of research groups world-
wide 2026—6491,237,272,277,279,311,405—410

As an example from our own work, sustained DSPEC water
splitting was demonstrated for covalently linked assembly 1 in
Figure 2 on nanolTO/TiO, and SnO,/TiO, core/shell
electrodes. In an initial set of experiments on nanoITO/TiO,,
an absorbed-photon-to-current efficiency (APCE) of 4.4% with
44S nm irradiation was obtained in a pH 4.6 acetate buffer with
an applied bias of 200 mV vs NHE. The photocurrent
decreased from 185 yA/cm?® to 20 pA/cm?® over an extended

Figure 10. Transmission electron micrograph of a nanoITO/TiO,
core/shell with a 3.6 nm thick outer shell of TiO,. Adapted with
permission from ref 387. Copyright 2013 Proceedings of the National
Academy of Sciences, USA.

photolysis period because of desorption of the assembly and
decomposition of the chromophore.”®” For assembly 1 on
Sn0,/TiO, with ALD overlayer stabilization of assembly
binding to the surface, the APCE for water splitting increased
to ~20%, with maximum photocurrents of 1.97 mA/ cm?. There
was still long-term loss of photocurrent caused by decom-
position of the chromophore."*

For the vinyl-linked assembly in Figure 11 on a SnO,/TiO,
core/shell electrode, 1 sun (100 mW/cm?) illumination in 0.1

Figure 11. Vinyl-linked electro-assembly on a SnO,/TiO, core/shell
electrode. Reproduced with permission from ref 402. Copyright 2015
American Chemical Society.

M H,PO, /HPO,*” with an applied bias of 0.4 V vs SCE led to
sustained water splitting, with O, produced with a Faradaic
efficiency of 22%, as measured by a collector-generator
method.”"" With 450 nm (14 mW/cm?) LED illumination,
the solar efficiency for hydrogen production was ~0.3%.*"
The phosphonate-derivatized donor—acceptor dye, P-A-7z-D
in Figure 12, undergoes rapid, eflicient injection on SnO,/TiO,
core/shell electrodes.*”" With 1 sun excitation in a phosphate
buffer at pH 7 and with 20 mM hydroquinone (H,Q) added as
a reductive scavenger, sustained photocurrents of ~2.5 mA/ cm?
were observed for >15 min, with a DSPEC solar efliciency for
dehydrogenation of H,Q, H,Q + 2hv — Q + H,, of ~6%. On
surfaces co-loaded with [P-A-z-D] and the water oxidation
catalyst Ru(bda)(pyP), (pyP = pyridin-4-methylphosphonic
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Figure 12. Co-loaded donor—acceptor/catalyst assembly [P-A-z-D]/
[Ru(bda)(pyP),] (5:1 ratio) on a DSPEC photoanode in a collector-
generator configuration for in situ O, measurements."”" Upper plot:
current—time trace with 1 sun illumination (100 mW/ cm?; 400 nm
long-pass filter; 60—600 s) on FTOITiO, (black line) and FTOISnO,/
TiO,(3 nm) core/shell (red line) electrodes in 0.1 M phosphate buffer
at pH 7 with an applied bias of 0.2 V vs SCE. Lower plot: current—
time traces at the FTO collector electrode of a collector-generator cell
for monitoring O, at —0.85 V vs SCE. Reproduced with permission
from ref 401. Copyright 2016 Royal Society of Chemistry.

acid), maximum photocurrents of 1.4 mA/cm” were obtained
which decreased with time to 0.1 mA/cm” because of
decomposition of the dye, giving a Faradaic efficiency for O,
of only 8.2%."'

7. DSPEC PHOTOCATHODES AND THE TANDEM
DSPEC

Our ultimate DSPEC goals are efficient bias-free water splitting
and reduction of CO, to carbon-based fuels. Our research focus
to date has been on photoanodes for water oxidation. However,
a significant research effort is focused on DSPEC photo-
cathodes, bias-free water splitting, and integration of photo-
anodes and photocathodes in tandem cells for CO, reduction.

An extended version of Figure 1, showing a DSPEC for CO,
splitting into CO and O,, is presented in Figure 13. It combines
two photoelectrodes—the photoanode in Figure 1 and a
photocathode for light-driven reduction of CO, to CO—both
integrated into a single device.

The sequence of events shown at the photocathode in Figure
13 is as follows:"***'* (1) light absorption; (2) electron transfer
from the conduction band of a p-type oxide to the excited state
or states (hole transfer from the excited state(s) to the
electrode); (3) hole diffusion through the oxide to an inner
TCO electrode; (4) le™ activation of a catalyst for CO,
reduction; and (S) repetition of the cycle for reduction of
CO, to CO.

In a tandem cell for water splitting, there are two
photoreactions, which requires twice as many photons as
water splitting at a single photoelectrode. However, properly
designed tandem cells offer much broader coverage of the solar
spectrum and higher solar efficiencies. They are also advanta-
geous energetically. As an example, at a single TiO,
photoanode with [Ru(4,4’-(PO;H,),bpy)(bpy),]** (—RuP**)
as the light absorber, excitation and electron injection give
—RuP** with E® = 1.3 V for the —RuP*"/?* couple, but the
injected electron in the conduction band of TiO, is weakly
reducing, with Ecy ~ —0.1 V vs NHE at pH 0.”%*°7>" It is
insufficiently reducing to convert CO, to CO or HCOOH, with
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Figure 13. Schematic diagram of a tandem DSPEC for solar-driven
CO, splitting into CO and O, by the net reaction, 2CO, + 4hv —
2CO + O,. Reproduced with permission from ref 33. Copyright 2015
American Chemical Society.

E® = =02 V for the CO,/HCOOH couple under the same
conditions.”>*"*~*'® By contrast, reduction of RuP*** by hole
injection at a p-type oxide photocathode gives —RuP”*, which is
a powerful reducing agent, with E°" = —1.2 V for the RuP**/*
couple. In this example, a tandem cell configuration could
provide a boost of more than 1 V in reducing power compared
to that produced by a single electrode.

A tandem cell for water splitting based on an organic dye on
NiO with a transition metal catalyst for H, evolution at the
photocathode has been reported by Sun and co-workers."” We
are currently exploring other approaches based on bias-free
electrodes and other electrode configurations. An important
issue in these cells is maximizing efficiencies by balancing

current—potential output and wavelength of light between the
35,408,409,417,418
electrodes.

8. LOOKING AHEAD: CHALLENGES FOR THE FUTURE

The DSPEC offers one approach to artificial photosynthesis
and solar energy conversion. Key elements and principles are
emerging, and the concept has been substantiated by early
experimental results. Progress has been made in integrating
light absorption and interfacial electron-transfer dynamics with
multi-electron, multi-proton catalysis of water oxidation and
CO, reduction. Much has been learned about interfacial
dynamics and the role of surface structure, with the twin goals
of achieving higher solar efficiencies and long-term stabilities.
However, the DSPEC is still an ongoing research project.
Basic research challenges remain, and additional challenges are
waiting in device design and evaluation, engineering, and scale-
up.
8.1. Research Challenges. The stage is set for future
research in this area with significant challenges to be met:

e Enhancing catalytic activity and long-term catalyst
stability for key solar fuels half-reactions

o Integrating catalysts in photocathode assemblies for
water/acid or CO, reduction

e Extending light absorption further into the visible and
near-IR regions while maintaining excited-state ener-
getics for injection and catalyst activation

e Stabilizing or avoiding decomposition of oxidized or
reduced chromophores and other components

DOI: 10.1021/jacs.6b06466
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e Improving interfacial electron-transfer dynamics by
modifying interfacial oxide and assembly structures

e Uncovering and implementing efficient designs for bias-
free water splitting, photocathodes for CO, reduction,
and tandem cells for the integration of water oxidation
and CO, reduction

e Exploring cell design and scale-up including proton
exchange membranes, zero gap configurations, gas
collection designs, and application of full cell modeling

e Achieving long-term stability under DSPEC operating
conditions

8.2. Target Metrics. It is also useful to summarize long-
term target metrics for a working DSPEC device:

e Converting solar photons into redox equivalents in
chromophore—catalyst assembly photoelectrodes with
>90% efliciency

o Accumulating multiple redox equivalents at catalyst sites
for water oxidation or CO, reduction with efficiencies
>95% on the time scale of the light source, seconds for
ambient sunlight, less with solar concentration

e Achieving catalytic rates of >10 s~ for the target half-
reactions, higher with solar concentration

e Achieving overall device efficiencies of 15% with 107
cycles/year and a 95% retention in photoreactivity
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