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C O N S P E C T U S

Mastering the production of solar fuels by artificial photosynthesis would
be a considerable feat, either by water splitting into hydrogen and oxy-

gen or reduction of CO2 to methanol or hydrocarbons: 2H2O + 4hν f O2 +
2H2; 2H2O + CO2 + 8hν f 2O2 + CH4. It is notable that water oxidation to
dioxygen is a key half-reaction in both.

In principle, these solar fuel reactions can be coupled to light absorption in
molecular assemblies, nanostructured arrays, or photoelectrochemical cells (PECs) by
a modular approach. The modular approach uses light absorption, electron trans-
fer in excited states, directed long range electron transfer and proton transfer, both
driven by free energy gradients, combined with proton coupled electron transfer
(PCET) and single electron activation of multielectron catalysis. Until recently, a lack
of molecular catalysts, especially for water oxidation, has limited progress in this
area. Analysis of water oxidation mechanism for the “blue” Ru dimer cis,cis-
[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+ (bpy is 2,2′-bipyridine) has opened a new, general approach to single site catalysts both in
solution and on electrode surfaces. As a catalyst, the blue dimer is limited by competitive side reactions involving anation, but we
have shown that its rate of water oxidation can be greatly enhanced by electron transfer mediators such as Ru(bpy)2(bpz)2+ (bpz
is 2,2′-bipyrazine) in solution or Ru(4,4′-((HO)2P(O)CH2)2bpy)2(bpy)2+ on ITO (ITO/Sn) or FTO (SnO2/F) electrodes.

In this Account, we describe a general reactivity toward water oxidation in a class of molecules whose properties can
be “tuned” systematically by synthetic variations based on mechanistic insight. These molecules catalyze water oxidation driven
either electrochemically or by Ce(IV). The first two were in the series Ru(tpy)(bpm)(OH2)2+ and Ru(tpy)(bpz)(OH2)2+ (bpm is
2,2′- bipyrimidine; tpy is 2,2′:6′,2′′-terpyridine), which undergo hundreds of turnovers without decomposition with Ce(IV)
as oxidant. Detailed mechanistic studies and DFT calculations have revealed a stepwise mechanism: initial 2e-/2H+ oxida-
tion, to RuIVdO2+, 1e- oxidation to RuVdO3+, nucleophilic H2O attack to give RuIII-OOH2+, further oxidation to RuIV(O2)2+,
and, finally, oxygen loss, which is in competition with further oxidation of RuIV(O2)2+ to RuV(O2)3+, which loses O2 rapidly.
An extended family of 10-15 catalysts based on Mebimpy (Mebimpy is 2,6-bis(1-methylbenzimidazol-2-yl)pyridine), tpy,
and heterocyclic carbene ligands all appear to share a common mechanism. The osmium complex Os(tpy)(bpy)(OH2)2+ also
functions as a water oxidation catalyst. Mechanistic experiments have revealed additional pathways for water oxidation one
involving Cl- catalysis and another, rate enhancement of OsO bond formation by concerted atom-proton transfer (APT).

Surface-bound [(4,4′-((HO)2P(O)CH2)2bpy)2RuII(bpm)RuII(Mebimpy)(OH2)]4+ and its tpy analog are impressive electrocata-
lysts for water oxidation, undergoing thousands of turnovers without loss of catalytic activity. These catalysts were designed
for use in dye-sensitized solar cell configurations on TiO2 to provide oxidative equivalents by molecular excitation and excited-
state electron injection. Transient absorption measurements on TiO2-[(4,4′((HO)2P(O)CH2)2bpy)2RuII(bpm)RuII(Mebimpy)(OH2)]4+,
(TiO2-RuII-RuIIOH2) and its tpy analog have provided direct insight into the interfacial and intramolecular electron trans-
fer events that occur following excitation. With added hydroquinone in a PEC configuration, APCE (absorbed-photon-to-
current-efficiency) values of 4-5% are obtained for dehydrogenation of hydroquinone, H2Q + 2hνf Q + H2. In more recent
experiments, we are using the same PEC configuration to investigate water splitting.
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Introduction
It has been said that we will have to invent our way to a sus-

tainable energy future. A prime example is using sunlight to

make solar fuels by artificial photosynthesis, water splitting

into hydrogen and oxygen or water reduction of CO2 to meth-

anol or hydrocarbons, eqs 1 and 2.1,2 Solar fuels would help

meet future demands for transportation fuels and are an

essential element if solar energy is to become a primary

energy source as a way to store energy when the sun is down.

Green plants discovered how to make oxygen and carbo-

hydrates, eq 3, by photosynthesis after 2-3 billion years of

evolution.3-6 A key half reaction in both photosynthesis and

artificial photosynthesis is water oxidation to dioxygen,

2H2O98
-4e-, -4H+

O2

(E° ) -1.23 V at pH ) 0, -0.82 V at pH ) 7). Finding cata-

lysts to carry out this reaction at high rates for sustained peri-

ods has been problematic given the mechanistic requirements

imposed in removing four electrons and protons from two

water molecules with formation of an OsO bond.7-10 Meet-

ing the challenge of catalytic water oxidation is the basis for

this Account.

Artificial Photosynthesis. Energy
Conversion from Sunlight to Solar Fuels
Producing solar fuels by artificial photosynthesis requires inte-

gration of a number of molecular or nanoscale events: (i) light

absorption, (ii) excited-state electron transfer, (iii) directional

long-range electron transfer and proton transfer driven by free

energy gradients, and (iv) single electron activation of multi-

electron catalysis.1,2,11

Multiple requirements introduce complexity but applica-

tion of a “modular” approach allows individual elements for

each function to be investigated separately and integrated

in molecular assemblies or nanoscale arrays.1,11 A generic

photoelectrochemical (PEC) design is shown in Figure 1. In

this “dye-sensitized solar cell” configuration, molecular exci-

tation and excited-state formation are followed by electron

transfer injection into the conduction band of a

semiconductor.12-14 This provides a straightforward con-

ceptual basis for water splitting or CO2 reduction.1,11 An

essential feature provided by the semiconductor is the

absence of energy levels between the conduction and

valence bands. This inhibits back electron transfer once

redox equivalents are delivered to the cathode. It is

required for multielectron reactions where multiple redox

equivalents must be concentrated at a single site or clus-

ter in order for water oxidation to occur. An additional

advantage is that the redox products, O2 and H2 in Figure

1, are physically separated avoiding direct or surface-cata-

lyzed back reaction between them.

The PEC device in Figure 1 is the solar-driven reverse of a

H2/O2 fuel cell with solar energy used to create a photopoten-

tial for water splitting. The design is impressively straightfor-

ward compared with natural photosynthesis.3-6

Rules for Water Oxidation. Proton-Coupled
Electron Transfer (PCET)
The challenge in water oxidation is in mechanism. The 1e-

potential for water oxidation to hydroxyl radicals,

H2O98
-e-, -H+

•OH

is -2.4 V at pH ) 7. A mechanism requiring 1e- transfer is

too slow to be of interest because of the high barrier that

would be required. Water oxidation at reasonable rates

requires the buildup of multiple oxidative equivalents at lower

potentials at single catalyst sites or clusters.10

This poses challenges of its own. Potentials between adja-

cent 1e- couples typically increase by ∆E°′ ≈ 0.5-1.5 V. The

increase is largely due to an increase in charge in the higher

oxidation state couple. By contrast, oxidation of cis-

RuII(bpy)2(py)(H2O)2+ (bpy is 2,2′-bipyridine; py is pyridine) to

RuIII(bpy)2(py)(OH)2+ and then to RuIV(bpy)2(py)(O)2+, eq 4,

occurs with only ∆E°′ ) 0.11 V, largely because there is no

charge build up between couples.15

2H2O + 4hνf O2 + 2H2 (1)

2H2O + CO2 + 8hνf 2O2 + CH4 (2)

6H2O + 6CO2f C6H12O6 + 6O2

∆G° ) 29.1 eV(675 kcal ⁄ mol) (3)

FIGURE 1. A photoelectrochemical cell (PEC) for water splitting: C is
a chromophore, and Catox and CatRed are catalysts for water
oxidation and reduction.

Making Oxygen with Ruthenium Complexes Concepcion et al.

Vol. 42, No. 12 December 2009 1954-1965 ACCOUNTS OF CHEMICAL RESEARCH 1955



The overall loss of 2e-/2H+

RuII-OH2
2+98

-2e-, -2H+

RuIVdO2+

is also key in meeting half of the 4e-/4H+ requirement for

water oxidation. Proton loss in the Ru(III/II) couple is triggered

by increased acidity of the coordinated water in Ru(III). In

Ru(IV), stabilization of Ru(IV) by RudO multiple bonding also

plays a role.10

Oxidative activation has a PCET kinetic component. In oxi-

dation of Ru(III) to Ru(IV) in Scheme 1,

RuIIIsOH2+98
-e-, -H+

RuIVdO2+

a proton is lost, but how? Initial electron transfer,

RuIIIsOH2+98
-e-

RuIVdOH3+

followed by proton transfer from RuIVdOH3+ is mechanisti-

cally viable but electron transfer occurs at E°′ > 1.6 V. This

leads to slow oxidation in solution or at electrodes,17 a bar-

rier that can be circumvented by concerted e-/H+ transfer

(EPT) with both electron and proton transferred on the subvi-

brational time scale with no intermediate state.

This reactivity was first identified in the comproportionation

reaction between cis-RuII(bpy)2(py)(H2O)2+ and cis-RuIV(bpy)2-

(py)(O)2+ in eq 5. Comproportionation occurs with a H2O/D2O

kinetic isotope effect of 16.1. In the EPT pathway in Scheme

2, electron transfer occurs between dπ orbitals largely Ru in

character and proton transfer from a σOH orbital on the aqua

ligand to a lone pair on the oxo group.17,18

The combination of PCET and EPT provides an essential

key to water oxidation and a mechanistic basis for single elec-

tron activation of multielectron catalysis.

Water Oxidation by the Blue Dimer
Initial experiments demonstrating reversible aqua-oxo inter-

conversion in eq 5 were an attempt at water oxidation, but

water oxidation by cis-RuIV(bpy)2(py)(H2O)2+ is uphill by E°′ )
0.03 V. A second iteration led to the blue Ru dimer, cis,cis-
[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+, Figure 2. It was the first

successfully designed molecular catalyst for water

oxidation.7-10,19

The blue dimer was the first molecular water oxidation cat-

alyst catalyzing water oxidation by Ce(IV), eq 6. Many others

have been reported in the recent literature.20-22 Electrochem-

ical and chemical mixing experiments have revealed the

mechanism in Scheme 3, which features oxidative activation

by sequential 4e-/4H+ loss to give {[(bpy)2(O)RuVORuV(O)-

SCHEME 1. pKa-Potential Diagram for Oxidation of
RuIII(bpy)2(py)(OH)2+ to RuIV(bpy)2(py)(O)2+ at pH ) 7 vs NHE16

SCHEME 2. Concerted Electron Proton Transfer (EPT)17,18

SCHEME 3. Mechanism of Water Oxidation by cis,cis-[(bpy)2(H2O)-
RuIIIORuIII(OH2)(bpy)2]4+ at 22 ( 2 °C10a

a Additional anated intermediates, which inhibit catalytic water oxidation, are
omitted to simplify the scheme. Note ref 10.

[RuIV(bpy)2(py)(O)]2+98
0.78 vs NHE

[RuIII(bpy)2(py)(OH)]2+98
0.67 vs NHE

[RuII(bpy)2(py)(H2O]2+ (4)

FIGURE 2. Molecular structure of cis,cis-[(bpy)2(H2O)RuIIIORuIII(OH2)-
(bpy)2]4+.8
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(bpy)2]4+} as a kinetic intermediate. It undergoes water attack

on one of the RuVdO sites to give a peroxido intermediate,

[(HOO)RuIVORuIV(OH)]4+, which is in acid-base equilibrium

with [(HOO)RuIIIORuV(O)]3+. The intermediate decomposes by

second-order kinetics on a time-scale of minutes and is char-

acterized by λmax ) 482 nm (ε ) 13 200 M-1 cm-1) at pH )
1.10 In cyclic voltammograms (CVs) in 0.1 M trifluoromethane-

sulfonic acid, waves for a (HOO)RuIIIORuV/(HOO)RuIIIORuIV cou-

ple at E1/2 ) 1.05 V, a (HOO)RuIVORuV/(HOO)RuIIIORuV couple

at 1.7 V, and an irreversible oxidation at 2.04 V all appear.

The latter triggers rapid oxygen release.23

One Site Is Enough
As a catalyst, the blue dimer has limitations due to oxidatively

induced coordination of anions, not shown in Scheme 3. They

are a nuisance in slowing down catalytic cycles and a new

approach to catalysis was needed. The mechanism in Scheme

3 was revealing in suggesting that the key OsO bond-form-

ing step occurred at a single site as suggested by earlier DFT

calculations by Baik et al.24,25 This observation led us to rein-

vestigate single-site oxo complexes as potential catalysts and

the discovery that both Ru(tpy)(bpm)(OH2)2+ and Ru(tpy)(bpz)-

(OH2)2+ (bpm is 2,2′-bipyrimidine; bpz is 2,2′-bipyrazine) were

effective with Ce(IV) as oxidant undergoing hundreds of turn-

overs without decomposition.26 Other single-site catalysts

have been reported recently.27

The potential-pH diagram for the bpm complex in Figure

3 and its comparison with Ru(tpy)(bpy)(OH2)2+ are revealing.

For the bpm complex, a pH-dependent 2e-/2H+ wave for the

RuIVdO2+/RuIIsOH2
2+ couple appears with Ru(III) a “missing”

oxidation state because Ru(III) is thermodynamically unsta-

ble toward disproportionation into Ru(IV) and Ru(II). This is due

to PCET avoiding charge buildup and to electronic effects.

E°′(RuIII/II) for these complexes is increased relative to that of

Ru(tpy)(bpy)(OH2)2+ by metal-ligand backbonding to bpm or

bpz in Ru(II). E°′(RuIV/III) is decreased by RudO multiple bond

stabilization of Ru(IV).

The potential-pH diagram shows that the Ru(IV/II) couple

is just past the potential needed for water oxidation. More

importantly, an additional pH-independent 1e- wave appears

for oxidation to RuVdO3+at 1.65 V, which triggers water oxi-

dation. Detailed mechanistic insight has been gained by

kinetic studies with spectrophotometric monitoring and DFT

calculations of intermediate structures, Scheme 4 and Table 1.

Based on the DFT results, the initial intermediate shown in

Scheme 4 is best described as a terminal peroxide coordi-

nated to Ru(III) with electronic structure and redox properties

similar to the analogous RuIII-OH2+ complex. The second

intermediate is a 7-coordinate Ru(IV) complex with a chelat-

ing O2
2-. From calculated spin distributions, the third is best

described as a Ru(III)-O2 complex.27

Water oxidation by single-site polypyridyl Ru aqua com-

plexes is a general phenomenon as illustrated by the exam-

ples in Figure 4. All have been shown to function as water

oxidation catalysts in acidic solution with added Ce(IV). The

goal of this study was to exploit the highly developed back-

ground synthetic chemistry and ligand electronic effects to

maximize rates and minimize overvoltages for water

oxidation.28-31

4Ce(IV) + 2H2Of 4Ce(III) + O2 + 4H+ (6)

FIGURE 3. Plots of E1/2 (V vs NHE) vs pH for the Ru(V/IV) and
Ru(IV/II) redox couples of [Ru(tpy)(bpm)(OH2)]2+ and for the Ru(IV/III)
and Ru(III/II) redox couples of [Ru(tpy)(bpy)(OH2)]2+ in aqueous
solution (I ) 0.1 M; T ) 298 K; glassy carbon working electrode).26

SCHEME 4. Mechanism of Ce(IV) Water Oxidation Catalyzed by
[Ru(tpy)(bpm)(OH2)]2+ in 1.0 M HNO3 at 25 °C with Structures of
Peroxidic Intermediates Illustrated
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A series of cyclic voltammograms for the Mebimpy series

is shown in Figure 5. The pattern of successive oxidations

from RuII-OH2 to RuVdO followed by electrocatalytic water

oxidation is observed in all cases. The potentials respond sys-

tematically to ligand variations in a more-or-less predictable

way and provide valuable clues into how to maximize rates

and minimize overvoltage. Influence on rates can be seen in

E°′ values for the RuVdO3+/RuIIIsOH2+couples, from 1.47 V for

Ru(Mebimpy)(bpz)(OH2)2+ to 1.61 V for Ru(Mebimpy)-

(bpy)(OH2)2+. Although E°′ for the RuVdO3+/RuIVdO2+ couple

is 1.69 V in both cases, with both having the same overvolt-

age, Ru(Mebimpy)(bpy)(O)3+ is a stronger 2e- oxidant by 0.14

V and is more reactive toward H2O addition in the critical

OsO bond-forming step in Scheme 4.

Recent results reveal a potentially important role for anal-

ogous Os polypyridyl complexes such as Os(tpy)(bpy)(OH2)2+.

Redox potentials for Os(III/II) and higher oxidation state cou-

ples are generally lower by 0.3-0.4 V relative to their Ru

analogs.31,32 Given the overvoltage limitations arising from

the pH-independent MV/IVdO3+/2+ couples, this enables access

to OsVdO3+ at relatively low potentials. Initial results on elec-

trocatalyzed water oxidation by the Os complex are very

promising. There is experimental evidence for an indirect

pathway and Cl- catalysis by oxidation first to HOCl and then

its further oxidation to O2. We have also found evidence for

a buffer concentration dependence and rate enhancement for

the OsO bond-forming step by O atom transfer coupled

with proton transfer to an added buffer base, OsVdO3+,

O(H)-H · · · OAc- f OsIII-O-O-H2+, HOAc.33

Single-site catalysts can be incorporated into molecular

assemblies with light absorption and catalytic functions in the

same molecule. By addition of phosphonate-derivatized

ligands like 4,4′-((HO)2P(O)CH2)2bpy (Figure 4), there is a basis

for surface binding to oxide substrates. Both features in the

same molecule lead to assemblies for electrocatalytic and

photoelectrocatalytic water oxidation as discussed in the sec-

tions below.

Electron Transfer Mediation
In the sequence of reactions for catalytic water oxidation in

Scheme 3, electron transfer oxidation by Ce(IV) is rate-limit-

ing, either oxidation of [(O)RuVORuIV(O)]3+ to [(O)RuVORuV(O)]4+

or oxidation of the peroxido intermediate [(HOO)RuIV-

ORuIV(OH)]4+. This is due to slow Ce(IV) electron transfer kinet-

ics. The Ce(IV/III) self-exchange rate constant is only ∼1 M-1

s-1 at 298 K.34

Rate-limiting electron transfer can be mitigated with added

electron transfer mediators, Ru(bpy)2(L-L)2+ [L-L is bpy, 2,2′-
bipyrimidine (bpm), or 2,2′-bipyrazine (bpz)] and [Ru(bpm)3]2+.

The mediators undergo rapid electron transfer self-exchange;

k ) 2.0 × 108 M-1 s-1 at 298 K in 1.0 M HClO4 for

Ru(bpy)33+/2+.35

The mediated mechanism is illustrated in Figure 6 for rate-

limiting oxidation of the peroxidic intermediate. By use of

appropriately chosen mediators, catalytic rate enhancements

of up to 30 were achieved.36

A next step in catalyst design led to ligand-bridged com-

plexes and dendrimers containing combined electron trans-

fer mediator-catalyst functions in the same molecule.

Examples are shown in Figure 7. A detailed kinetic study of

Ce(IV)-catalyzed water oxidation catalysis by [(bpy)2RuII(bpm)-

RuII(tpy)(OH2)]4+ demonstrated a stepwise mechanism analo-

gous to the one in Scheme 4 with notable rate enhancements

for the key electron transfer steps as found for added diffu-

sional mediators.

We have also demonstrated that electron transfer media-

tion can be used to enhance electrocatalytic water oxidation

by the blue dimer at ITO and FTO electrodes modified by sur-

face-bound phosphonated Ru(bpy)32+ derivatives. In Figure 8

are shown CVs for the blue dimer, the surface-bound com-

plex [Ru(4,4′-((HO)2P(O)CH2)2bpy)2(bpy)]2+, and blue dimer at

an ITO electrode with and without surface-bound media-

tor.23

TABLE 1. Rate Constants in Scheme 4 at 298 K in 0.1 M HNO3

(k1-k4) and 1.0 M HNO3 (k5) for [Ru(tpy)(bpm)(OH2)]2+ with added
Ce(IV)

rate constant value reaction

k1 2.4 × 102 M-1 s-1 RuIIsOH2
2+98

-2e, -2H+

RuIVdO2+

k2 5.0 M-1 s-1 RuIVdO2+98
-e-

RuVdO3+

kO-O 9.6 × 10-3 s-1 RuVdO3+ + H2O98
-H+

RuIIIsOOH2+

k3 RuIIIsOOH2+98
-e-, -H+

RuIV(OO)2+

k4 7.4 × 10-4 s-1 RuIV(OO)2+98
+H2O, -O2

RuIIsOH2
2+

k5 10 M-1 s-1 RuIV(OO)2+98
-e-

RuV(OO)3+
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The impact of surface mediation is dramatic. There is no

indication of the 3e-/3H+ blue dimer oxidation wave,

(OH)RuIVORuIII(OH2)
4+98

-3e-, -3H+

{(ORuVORuV(O)}4+

at the oxide electrode itself. This wave appears at the modi-

fied electrode and extension of the oxidative scan reveals a

further irreversible oxidation wave at Ep,a ) 2.04 V. The irre-

versible wave arises from oxidation of the peroxidic interme-

diate shown in Scheme 3, [(HOO)RuIIIORuV(O)]4+ at pH ) 1.

The modified electrodes are electrocatalytic toward water oxi-

dation with blue dimer in solution, but there is a further com-

plication due to adsorption of salts of [(O)RuVORuV(O)]4+, which

causes loss of surface-bound catalyst.23

The combination of phosphonate surface binding and

mediator-catalyst assembly has been exploited for surface

electrocatalytic water oxidation by the phosphonated deriva-

tive shown in Figure 9 and its Mebimpy analog, [(4,4′-
((HO)2P(O)CH2)2bpy)2RuII(bpm)RuII(Mebimpy)(OH2)]4+; see Figure

4 for the ligand structures. CVs show the same sequence of

waves as for the solution analogs. For the tpy complex in 1.0

FIGURE 4. Structures of monoaqua water oxidation catalysts. Mebimpy is (2,6-bis(1-methylbenzimidazol-2-yl)pyridine; tpy is 2,2′:6′,2′′-terpyridine.

FIGURE 5. CVs for the series Ru(Mebimpy)(L-L)(OH2)2+ in 0.1 M
HNO3 at 10 mV/s at a glassy carbon working electrode.

FIGURE 6. Electron transfer mediation of water oxidation by Ce(IV)
through the peroxidic intermediate [(HOO)RuIVORuIV(OH)]4+.36
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M HClO4, a pH-dependent two-electron wave appears at

E1/2(RuIVdO/RuIIsOH2) ) 1.24 V, followed by waves at 1.47

V (RuIII/RuII-redox mediator) and 1.69 V (RuVdO/RuIVdO). The

latter appears at the onset of a catalytic water oxidation

wave.37

FIGURE 7. Structures of electron transfer mediator-catalyst assemblies.

FIGURE 8. Cyclic voltammograms of (A) 1 mM blue dimer in 0.1 M
HNO3 at an ITO electrode (1.2 cm2) at 5 and 1000 mV/s and of
surface-adsorbed [Ru(4,4′-((HO)2P(O)CH2)2bpy)2(bpy)]2+ (blue) on ITO
at 1000 mV/s (Γ ) 1.0 × 10-10 mol/cm2, 1.5 cm2) and (B) 1 mM
blue dimer in 0.1 M HOTf (triflic acid) at an ITO electrode (1.6 cm2)
with surface-adsorbed [Ru(4,4′-((HO)2P(O)CH2)2bpy)2(bpy)]2+ at a
variety of scan rates.23

FIGURE 9. Electrolysis of [(4,4′-((HO)2P(O)CH2)2bpy)2RuII(bpm)-
RuII(tpy)(OH2)]4+ on FTO at 1.8 V in 1.0 M HClO4: turnovers > 8900;
rate ) 0.3 s-1; current density ≈ 6.7 µA/cm2; Γ ≈ 7 × 10-11 mol/
cm2; A ) 1.95 cm2. For [(4,4′-((HO)2P(O)CH2)2bpy)2RuII(bpm)RuII-
(Mebimpy)(OH2)]4+ on FTO at 1.8 V in 1.0 M HClO4: turnovers >
28 000; rate ) 0.6 s-1; current density ≈ 14 µA/cm2; Γ ≈ 7 × 10-11

mol/cm2; A ) 1.95 cm2.
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As shown in Figure 9, controlled potential electrolysis past

the RuVdO/RuIVdO wave results in sustained electrolysis in

1.0 M HClO4 with constant catalytic currents for more than

20 h and no sign of decrease in catalytic activity. In the exper-

iment illustrated in Figure 9, the surface-bound tpy complex

underwent 8900 turnovers with a turnover frequency (TOF) of

0.3 s-1. Under similar conditions, the Mebimpy derivative

underwent more than 28 000 turnovers over a 13 h period

with a turnover rate of 0.6 s-1 with no sign of decrease in cat-

alytic activity.37

This reactivity is impressive and is being studied in further

detail in later versions of the surface-bound mediator/

chromophore-catalyst assemblies and on high surface area

conducting oxide substrates. The goal is to design surface

electrocatalysts that operate at maximum rates and minimum

overvoltage while providing long-term stability and a maxi-

mum number of turnovers.

Photoelectrochemical Water Splitting
The electrocatalytic ability of the surface-bound mediator/

chromophore-catalyst assemblies is impressive. However,

they were designed to utilize the surface-bound chromophore

in a dye-sensitized solar cell configuration as a way to pro-

vide oxidative equivalents photochemically with Figure 1 as

a guide. There was precedence in an earlier experiment with

the molecular assembly [(4,4′-(HO2C)2bpy)2Rua
II(dpp)Rub

II(tpy)-

(OH2)]4+ (dpp is 2,3-bis-(2-pyridyl)pyrazine). When bound to

TiO2, Figure 10, visible photolysis of the surface-bound car-

boxylate derivative in isopropanol triggered the sequence of

events in Scheme 5.38

In this configuration, oxidative equivalents are provided by

visible excitation of the chromophore followed by excited-

state injection into the conduction band. Hydrogen is formed

at the cathode by electron transfer and catalysis of H+ reduc-

tion by using a platinum electrode. The net photochemical

reaction is dehydrogenation of isopropanol rather than dehy-

drogenation of water in eq 1, but it does serve as a proto-

type. More interesting reactions could be envisaged in related

assemblies such as photoelectrochemical epoxidation of ole-

fins with water as the oxidant, eq 7.1

In applying this idea to water splitting, the results on water

oxidation by mediator-catalyst assemblies with Ru(bpy) medi-

ators provided the chromophore-catalyst assembly. A differ-

ent approach to surface attachment was required because the

carboxylates used in Scheme 5 and Figure 10 are unstable

toward hydrolysis from the surface in water. In order to over-

come this limitation, we turned to the phosphonated-bpy

derivatives used in the earlier electrocatalytic study, Figure 9.

The anticipated events leading to water splitting are sum-

marized in Scheme 6. It gives insight into the underlying chal-

lenges that arise from (i) maximizing light absorption in the

visible and near-IR, (ii) rapid, efficient excited-state quench-

ing by electron transfer to the conduction band of the semi-

conductor, (iii) intramolecular electron transfer in the

chromophore-catalyst assembly to activate the catalyst, (iv)

avoiding back electron transfer by injected electrons, TiO2(e-),

(v) single photon-single electron accumulation of three oxi-

dative equivalents to give RuVdO, (vi) O · · · O coupling by

water attack on RuVdO to give RuIIIsOOH, and (vii) further 2e-

oxidation of RuIIIsOOH liberating O2. The last step returns the

remote catalyst site to RuIIIsOH for use in further catalytic

cycles. Related schemes have been investigated in Rubpy-Mn

complex assemblies39 and in a Rubpy-hybrid structure with

IrO2 nanoparticles.40

Multiple techniques have been applied to investigate the

steps that occur following MLCT excitation of surface-bound

[Ru(4,4′-((HO)2P(O)CH2)2bpy)2(bpy)]2+ and the bpm chromo-

phore-catalyst assemblies. Extensive data are already avail-

able for excited-state injection and interfacial dynamics for

FIGURE 10. Structure of [(4,4′-(CO2H)2bpy)2Rua
II(dpp)Rub

II(tpy)(OH2)]4+

on TiO2.

SCHEME 5. Photoelectrochemical Mechanism for Dehydrogenation
of Isopropanol to Acetone38
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dye-sensitized solar cells but mainly in nonaqueous solvents

with the I3-/I- electron transfer carrier.41-45

We have investigated local electron transfer dynamics fol-

lowing nanosecond excitation by laser flash photolysis. These

dynamics are important given the requirement to accumu-

late multiple oxidative equivalents in competition with back

electron transfer through the series of oxidation state changes

from RuIII-OH to RuIV(OO) in Scheme 6. In semiconductors,

back electron transfer between electrodes is inhibited by the

absence of redox levels between the valence and conduction

bands. In dye-sensitized solar cells based on the I3-/I- elec-

tron transfer carrier, back electron transfer from the conduc-

tion band electron, TiO2(e-), I3- is a potential complicating

feature but inhibited by slow electron transfer at the oxide

interface.46 This type of back electron transfer is not an issue

in photoelectrochemical water oxidation because there is no

redox carrier couple. Oxidative equivalents produce O2 at a

photoanode, which is physically separated from the cathode

where reduction occurs.

Transient absorption measurements on TiO2-[(4,4′-
((HO)2P(O)CH2)2bpy)2RuII(bpm)RuII(Mebimpy)(OH2)]4+ (TiO2-

(RuII-RuII-OH2)4+) as a function of pH have provided direct

insight into the initial stages in Scheme 6. Following MLCT

excitation, rapid (sub nanosecond) excited-state quenching

and injection occur,

TiO2-(RuII-Ru-OH2)
4+98

hν
TiO2(e

-)-(RuIII-RuII-OH2)
5+

Injection and oxidation giving surface-bound Ru(III) are fol-

lowed by intramolecular electron transfer on the ∼10 ns time

scale, TiO2(e-)-(RuIII-RuII-OH2)5+f TiO2(e-)-(RuII-RuIII-OH)4+

+ H+. In the absence of a completed circuit to the cathode,

back electron transfer, TiO2(e-)-(RuII-RuIII-OH)4+ + H+f TiO2-

(RuII-RuII-OH2)5+, follows on two time scales, 1-10 µs and

1-10 ms, with different kinetics.

We have also investigated the photoelectrochemical char-

acteristics of this electrode with added hydroquinone, Scheme

7. At high hydroquinone concentrations, APCE (absorbed-pho-

ton-to-current-efficiency)47 values of 4-5% are obtained with

APCE calculated from IPCE (incident-photon-to-current-effi-

ciency) measurements by normalizing the IPCE by the frac-

tion of light absorbed at each wavelength. The kinetics of

hydroquinone oxidation by the related solution Ru(III) com-

plex RuIII(bpy)2(py)(OH)2+ had been studied earlier and shown

to be rapid.48

The reactions that occur in the PEC cell under these condi-

tions are shown in Scheme 7.49 A combination of IPCE and

transient absorbance experiments has revealed the limitations

of the current generation of chromophore-catalyst assem-

blies. As seen in the comparison of absorbance and APCE

spectra in Figure 11, the external catalyst is a significant vis-

ible light absorber but does not contribute meaningfully to the

observed photocurrent. Excitation at the remote site is wasted,

and it acts as a deleterious internal light filter. The lowest

energy MLCT excited state in the assembly is localized on the

bpm bridging ligand. MLCT excitation to give [(4,4′-
((HO)2P(O)CH2)2bpy)2RuII(bpm-•)RuIII(Mebimpy)(OH2)]4+ results in

rapid nonradiative decay without significant photoinjection.

This deficiency is being designed out of assemblies currently

under investigation.

The most interesting results are currently under investiga-

tion. They involve the same PEC configuration but with no

added hydroquinone. Initial results show that sustained pho-

tocurrents are obtained under these conditions with APCE val-

SCHEME 6. Proposed Photoelectrochemical Mechanism for Water Oxidation

SCHEME 7. PEC Cell for Dehydrogenation of Hydroquinone
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ues in the range 1-2%. We are currently investigating this

configuration by a combination of transient absorption, IPCE,

and gas evolution measurements to verify that these cells are

splitting water into hydrogen and oxygen, eq 1.

Conclusions and Final Comments
The evolution of metal complex catalyzed water oxidation has

entered a new stage. Recent results provide both mechanis-

tic insight and identification of a general reactivity toward

water oxidation in a class of molecules whose properties can

be “tuned” systematically by synthetic variations. There are

important lessons learned in this rapidly evolving area: (1) The

ability to make routine changes as a way to manipulate reac-

tivity is a significant advantage of chemical catalysis over het-

erogeneous catalysis. (2) Detailed mechanistic insight at the

molecular level provides a powerful guide to synthesis of next

generation assemblies that maximize rates, minimize over-

voltage, and maximize catalyst stability. (3) Synthetic manip-

ulation is straightforward and rapid compared with the 2-3

billion years of evolution required to reach the reaction cen-

ter in photosystem II, the oxygen evolving system in natural

photosynthesis. (4) By enabling catalysis at the molecular

scale, water oxidation can be routinely incorporated at inter-

faces, in molecular assemblies, or in nanostructured arrays.

Ultimate stability in a variety of environments remains to

be established. In this regard, it is interesting to note that in

PSII, the reaction center is resynthesized every 30 min due to

degradation from singlet oxygen produced by antenna sen-

sitization of the O2 product.

The essential elements for visible light driven PEC water

splitting are available, but achieving working devices will be

demanding: (i) Turnover rates as rapid as or more rapid than

the solar flux of ∼10 mA/cm2 are required. In ambient light,

PSII turns over on the millisecond time scale. Rapid rates are

needed to maximize the solar source with the goal of mak-

ing the rate of solar insolation rate limiting. Even more rapid

rates would enable the use of concentrator technologies. (ii)

Maximum use of the incident solar spectrum throughout the

visible into the near-IR is needed to maximize solar efficien-

cies. Manipulation of Ru polypyridyl complexes is highly

evolved with good models available for “black” MLCT absorb-

ers that maximize light absorption into the near-IR.50,51 Even

so, the thermodynamic demands for the water oxidation must

be met following photoinjection. (iii) Long-term stability

remains an unknown. It is encouraging that experimental sim-

ulations point to operational stabilities of up to ∼20 years for

dye-sensitized solar cells.

Although the initial focus here is on water oxidation cou-

pled to hydrogen production, the PEC approach is general. It

may be immediately transferrable to solar-driven reduction of

CO2 by H2O, for example, eq 2, if low overvoltage, aqueous

CO2 reduction catalysts can be developed. Initial experiments

in this area based on electroactive thin polymeric films are

highly promising in this regard. The PEC approach may also

be useful in “green chemistry” applications either in making

chemicals, note the epoxidation reaction in eq 7, or in water

purification and decontamination.
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