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This review focuses on electron transfer at the interfaces between metal oxides and dye molecules within

the context of the chemical nature of the anchoring functional groups, the structure of the dye

molecules and the morphology of the metal oxides. In dye-sensitized metal oxides, the efficiency of

interfacial charge separation and hence photon-to-current conversion may be sensitively manipulated

by the interfacial bonding interactions whereby the dye molecules are adsorbed onto the oxide surface,

as well as by the oxide surface morphologies. In these studies, it has been found that upon

photoirradiation, the electron injection from the excited dye molecules into the conduction band of

metal oxides and electron transport in the metal oxide are two of the most important steps. Therefore, a

fundamental understanding of how the interfacial electron transfer dynamics is impacted by these

structural parameters is critical for the design and optimization of dye-sensitized photocatalysis and

photovoltaics.
1 Introduction

In the unremitting pursuit of efficient utilization of solar energy,

scientists have devoted great efforts to the development of new
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functional materials. Among these, metal oxides with a wide

band gap have been found to be an important and useful material

that may realize the efficient separation and fast transport of

photogenerated electrons. Furthermore, the transfer rate and

concentration of charge carriers may be enhanced when the

metal oxide is sensitized with dye molecules.

In these dye-sensitized oxide systems, there are at least five

main electron transfer processes, as shown in Fig. 1.1 It is

important to control the dynamics of photogenerated electrons

in each process. According to the Marcus theory, efficient charge

separation requires the rate of electron injection (kinj) to be faster

than that of the decay from the dye excited state to the ground
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Fig. 1 Schematic diagram showing the different interfacial electron

transfer processes: injection from dye excited state into the conduction

band of metal oxide semiconductor (kinj); regeneration of the dye cation

by electron transfer from the redox couple (kRR); recombination of

electron with the dye cation (kcr1); electron recombination to the redox

couple (kcr2) and excited state decay to ground (k0). Reproduced by

permission from ref. 1, copyright (2002) Elsevier Science B.V.
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state (k0).
2 Meanwhile, the dye cation re-reduction by the redox

couple in the electrolyte solution (kRR) should also be faster than

recombination between the injected electrons and photo-

produced dye cations (kcr1). Furthermore, charge recombination

between the injected electrons and oxidized redox species (kcr2)

should be slower than the transport of these charges.3 Therefore,

one can see that charge transfer at the metal oxide interface is

influenced by the physicochemical properties of the metal oxide

and the dye molecule, in particular, the ground and excited

electronic states of the dye molecule. As metal oxide semi-

conductors with different morphologies and wide band gaps are

usually used as substrates for dye sensitization,4–7 the review will

highlight some of the recent progress in these areas.

In this review article, we will summarize research in the

chemical modification of metal oxides by dye molecules with
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different anchoring groups which chemically link the ligands to

the metal oxide surfaces and examine their impacts on the

interfacial electron transfer dynamics. The effects of the surface

morphologies of metal oxides will also be discussed.
2 Effects of anchoring groups

Interfacial electron transfer between adsorbed dye molecules

and metal oxide substrates is considered to be the key process of

dye-sensitized metal oxide systems in photoelectrochemistry,8

solar energy conversion,9–11 and artificial photosynthesis.12 The

dye molecules can be physically adsorbed onto the metal oxide

surface, or form covalent bonds. Compared to physisorption,

the formation of covalent bonds not only increases the stability

and even distribution of the dyes on the metal oxide surfaces,

but also increases the strength of the electronic coupling and

thus may lead to enhanced electron injection.13 There are a

variety of functional moieties that have been used to bridge dye

molecules to metal oxides, including carboxylate,14–17 phos-

phonate,18–22 siloxane,23,24 acetylacetonate,25–27 salicylate,28

catechol,29–31 and so on. The attachments of chromophoric or

non-chromophoric ligands onto the surface of oxide semi-

conductors by these anchoring moieties offer various unique

advantages such as the extended absorption of visible light, long

lifetimes of the excited states, stable oxidized and reduced

forms, etc., which are critical for the enhancement of the effi-

ciency of photoenergy conversion.
2.1 Carboxyl groups

In dye-sensitized photocatalysis and photovoltaics, dye mole-

cules grafted on the surface of metal oxides are excited and

subsequently inject electrons into the conduction band of metal

oxides to generate a photocurrent by interfacial electron transfer

(Fig. 1). The fate of the injected electrons significantly depends

on the process of interfacial electron transfer under photo-

irradiation, which may be varied by the surface states and crys-

tallinity of the metal oxides. In addition, the dye molecules also

play an important role. For ideal dyes, they are expected not only

to maximize the utilization of the solar energy, but also to form

stable interfacial electronic couplings with metal oxides and

hence facilitate interfacial charge transfer.

One of the most popular anchoring groups for ruthenium

sensitizers is carboxylate. Carboxylate forms bonds with surface

hydroxyl groups and the binding is reversible with a high equi-

librium constant.32 The linking between the dye molecule and

metal oxide includes various forms, such as ester bonds with

monocarboxyl groups anchored onto the titanium sites, or car-

boxylato linkages with two carboxyl groups anchored onto two

titanium sites (Fig. 2).33 In the latter form, the oxygen atoms may

be from the same or neighbouring bipyridine ligands. Infrared

and Raman spectroscopic analyses of Ru(II) dyes, as well as the

corresponding dye-sensitized TiO2 photoelectrodes, indicate that

the carboxylates graft to the TiO2 surface via bidentate chelation

or bridging coordination with two carboxylate groups per dye

molecule.34 Further research shows that the dyes bond to the

surface of TiO2 in a bridging mode with both oxygen atoms from

an anchoring carboxyl group interacting with adjacent titanium

atoms, though not all carboxyl groups participate in binding to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Structures of the possible surface complexes of (a) carboxyl–

RuL3 and (b) phosphonate–RuL3. Reproduced by permission from

ref. 33, copyright (2004) American Chemical Society.

Fig. 3 Molecular structure of coumarin derivatives. Reproduced by

permission from ref. 40, copyright (2001), the Royal Society of

Chemistry.
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titanium atoms.35 After modification by dye molecules, the metal

oxides usually display a change in their electronic properties. For

instance, the fluorescence characteristics of 9-anthracene-

carboxylic acid-modified TiO2 particles are very different from

those of the free dyes in solution.14 The adsorbed dye molecules

exhibit a structured spectrum with a small Stokes shift, while the

free molecules display a broad and red-shifted spectrum. The red

shift is ascribed to the stabilization of the excited electronic state

through torsional motion of the carboxylate group. The grafting

of carboxyl groups to TiO2 has been shown to serve as the

interlocking agent coupling electronically the p* orbitals of the

ligand to the Ti 3d orbitals. The strongly covalent ester linkage is

greatly beneficial to the electron transfer injection during the

photoelectrochemical processes.36

The number and position of carboxyl groups grafted to ligands

have also been found to impact the interfacial electron transfer

dynamics. Hara et al.37 have reported that the absorbed photon-

to-current conversion efficiency was lower with monocarboxyl

groups grafted to TiO2 than that of complexes with two or more

carboxyl groups grafted to TiO2. This is largely because the

interfacial electronic coupling with two anchoring carboxyl

groups is larger than that with only one carboxyl group. Addi-

tionally, electronic coupling is usually sensitive to the relative

configuration between the excited dye molecule and the metal

oxide surface. They concluded that for an effective electron

injection into the conduction band of TiO2, two carboxyl groups

as the anchors were necessary. Tachibana et al. modified the

surface of TiO2 by using the ruthenium dye, RuII(2,20-bipyridy-
4,40-dicarboxylate)2(NCS)2, which has four carboxyl groups, and

observed ultrafast electron injection kinetics.38 Nonetheless, it

should be pointed out that dyes with only one carboxyl group as

the anchoring group have also been used as sensitizers and dis-

played an efficiency of electron injection that is comparable with

that possessing more than one carboxyl group.6,39,40 In general,

the number of carboxyl groups available to form a favourable

anchoring geometry for the effective injection of electrons

depends upon the molecular structure of the ligands linked to the

carboxyl group.
This journal is ª The Royal Society of Chemistry 2012
In addition, some prior reports have shown that the carboxyl

groups attached to the meso-phenyl ring of the porphyrin

molecule exert little influence on the ground state of the dye

molecule. This is ascribed to the low energy conformation of the

phenyl groups which are arranged in an idealized orthogonal

orientation with regard to the mean plane of the porphyrin

moiety.41 However, much work has shown that the position of

the carboxyl group may significantly affect the properties related

to interfacial electron transfer. For example, although dye-

sensitized TiO2 with both 4,40–(COOH)2–2,2
0-bipyridine

Ru(NCS)2 and 5,50–(COOH)2–bipyridine 2,20-Ru(NCS)2
displays ultrafast (<350 fs) electron injection, the electron

injection from the latter dye apparently exhibits a lower quantum

yield than that from the former one.15 Odobel et al. have

demonstrated that dyes with the carboxyl group anchoring

directly onto the p-aromatic core of the porphyrin ligand gave

rise to stronger electronic interactions with TiO2 than dyes with

the carboxyl group far away from the porphyrin macrocycle.42

With the anchoring of carboxyl groups to the surface of metal

oxides, the surface states of metal oxides can be altered signifi-

cantly. It should be noted that whereas the number and position

of carboxyl groups impact electron transfer at the interface

between dye molecules and metal oxides, the chemical bridge

which links the carboxyl group and the excited center may also

exert an influence on the electron transfer that limits and

promotes light energy conversion. The bridge varies the distance

between the anchoring group and the excited center to the ligand.

Hara and co-workers40 have reported that the introduction of a

–CH]CH– unit into the coumarin framework (C343 in Fig. 3)

may shift the threshold wavelength of absorption from 500 to

570 nm for molecule 1 and to 600 nm for molecule 2. The red-

shift of the threshold wavelength may improve the efficiency of

light harvesting of solar energy. The reason is that the
Nanoscale, 2012, 4, 7301–7308 | 7303
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Fig. 5 Dyes with n ¼ 1 to 5 methylene bridging groups between the

bipyridine and the carboxyl group. Reproduced by permission from

ref. 46, copyright (2003), the American Chemical Society.
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introduction of –CH]CH– extends the conjugation in the dye

molecules leading to wide adsorption in the visible region.40 If

–CH]CH– is substituted by a xylyl group, the interfacial

kinetics of Ru(II) complex-sensitized nanocrystalline TiO2 are

consequently changed. It is found that the rate constant for

electron injection decreases by no more than a factor of 2 as the

Ru-to-COOH distance increases from 13.8 to 22.5 �A, and the

rate constant for the recombination of injected electrons with

the oxidized dye increases slightly with increasing linker length.

Both the quantum yield for the conversion of absorbed photons

to current and the magnitude of the open-circuit voltage decrease

with increasing linker length (Fig. 4).43 A possible explanation is

that the single carboxyl anchoring group makes the connection

to TiO2 flexible resulting in a decrease of the Ru–TiO2 electron

tunnelling distance. Methylene groups can also be used to adjust

the electron transfer rate. With more than eight methylene units,

the electron transfer rate constant is found to vary exponentially

with the number of methylene units.44,45 In the case of only one or

two methylene units, the dyes with anchoring carboxyl groups

display a non-exponential correlation of electron injection. In the

case of three to five CH2 groups, the electron injection constant

rate decreases exponentially with the number of methylene

units (Fig. 5).46
2.2 Phosphonate

As mentioned above, carboxylate dyes may covalently graft onto

the metal oxide surface, act as a charge transfer sensitizer

injecting electrons from the metal centre into the conduction

band of the semiconductor, and display a high incident photon-

to-current conversion efficiency. Nonetheless, carboxylic-based

chemical bonding is typically susceptible to hydrolysis. Stronger

and more stable linkages are thus desired, which may be formed

with phosphonate derivatives,22,33,47,48 especially in organic

solvents.21,49–51

Notably, phosphonate linkages are generally more stable in a

wider pH range than carboxylic linkages.33 It has been reported

that dyes containing carboxyl groups desorb whereas phospho-

nated dyes remain intact when they sensitize TiO2 in water at pH

values of 5–6. Further investigations have shown that the

discrepancy may arise from the differences in the dissociation

constants of the ligands.20 It is well-known that electron transfer

rates depend on the density of accepting states in the semi-

conductor due to the existence of a quasi-continuum of electronic

states. It is also known that the density varies with the position of

the excited state oxidation potential of the adsorbed dye relative

to the conduction band of the semiconductor. Since the
Fig. 4 Molecular structure of Ru(II) dyes with varied xylyl spacers.

Reproduced by permission from ref. 44, copyright (2003), the American

Chemical Society.

7304 | Nanoscale, 2012, 4, 7301–7308
conduction band edge position changes with the pH of the

solution, the interfacial electron transfer rates show pH

dependence.

The length of the chemical spacer between the phosphonate

moiety and the chromophoric ligand also has an effect on the

photocurrent efficiency. It is reported that by introducing a

methylene spacer between the phosphonate group and the

bipyridine ligand the photocurrent efficiency and the electron

injection quantum yield decrease significantly.51
2.3 Siloxane and other groups

Extensive research has also been carried out for the discovery of

new anchoring groups to enhance the electron injection from

chromophores to semiconductor surfaces, to decrease the back

electron transfer dynamics and finally to obtain a high photon-

to-current conversion efficiency. In addition to carboxyl and

phosphonate groups, many more moieties have been used to

bridge the chromophoric ligands to the semiconductors, such as

siloxane, acetylacetonate, and catechol.

Siloxane is an effective anchoring group to bridge ligands to

metal oxide surfaces by way of covalent bonding.52 Siloxane-

functionalized semiconductors have been found to show fast

electron injection from the metal centre to the conduction band

of the semiconductor, with the recombination process hindered

between the oxidized metal centre and the injected electrons in

the semiconductor, leading to a high photon-to-current conver-

sion efficiency.23 In the attachment of siloxane adsorbates on

TiO2 surfaces, it has been demonstrated that the bridge binding is

more stable than tripod geometry, i.e., two siloxane groups form

covalent bonds with adjacent Ti4+ on the surface of TiO2.
24,53

In some other studies, acetylacetonate derivatives have been

found to form adducts with Ti3+ compounds, which are stable

towards hydrolysis reactions over a wide pH range, allowing for

potential applications in optoelectronic fields.27 Acetylacetonate

exhibits less intimate electronic coupling between the oxide

surface and the chromophoric ligand than the carboxyl group.

However, sensitizers with the acetylacetonate group still exhibit a

photon-to-current conversion efficiency comparable to that of

carboxyl groups.25 Another advantage of using acetylacetonate

derivatives as the anchoring group is that they can attach a broad

range of photosensitizers, and the photocatalytic complexes are

not affected by humidity, such as transition metal–pyridine

complexes. For example, TiO2 sensitized by Mn(II) terpyridine

complexes with acetylacetonate as the anchoring moiety show

that an interfacial electron transfer process can be achieved
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Schematic representation of the ZnO-nanorod cell sensitized

with 3. The gold layer is deposited on a silicon substrate. Reproduced

by permission from ref. 74, copyright (2006), the American Chemical

Society.

Fig. 7 (a) Schematic structure and (b) J–V curves of dye-sensitized solar

cells with nano-forest ZnO nanowires of various lengths. LG and BG

refer to samples from the length and branched growth, respectively. LG1:

7 mm, LG2: 13 mm, LG3: 16 mm. BG1 and BG2 refer to the one-time

branched growth on LG1 and LG2, respectively; BG3 refers to the two-

time branched growth on LG3. Reproduced by permission from ref. 87,

copyright (2011), the American Chemical Society.
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under visible light illumination, and the rate constant of inter-

facial electron transfer is on the sub-picosecond time scale.26

Anchoring by catechol may also extend the light adsorption of

metal oxides to the visible region. It has been found that the

recombination between the electrons injected into TiO2 nano-

particles and the oxidized adsorbates is much faster than that in

dye-sensitized thin films.29,54 The catechol moiety forms a five-

membered ring with Ti4+ on the surface of TiO2 nanoparticles,

giving rise to the formation of the charge transfer complex.30,31,55

3 Effects of oxide morphology

Interfacial electron transfer in nanosized materials also varies

with the size and morphology of the nanomaterials. When a bulk

material is reduced in size to the nanoscale, the specific surface

area and number of surface atoms will increase dramatically with

respect to the size, and their chemical activities and optical

properties change significantly. A variety of nanomaterials have

been used in solar cell applications, including nanoparticles,56–58

nanorods,59,60 nanotubes,61 nanowires,62,63 nanobelts,64–66 nano-

plates,67–69 etc.

3.1 Nanoparticles

The photon-to-current conversion efficiency of dye-sensitized

solar cells is determined by the population and lifetime of the

charge carriers and the time scale of the interfacial electron

transfer process. To date, rather thorough investigations have

been carried out and a good understanding has been obtained of

the mechanism and electron transfer involved in practical

applications. Nanoparticles with high specific surface areas are

one of the most promising dye-sensitized systems for solar light

harvesting and conversion. When nanoparticles are used as

electrode materials, the large specific surface area relative to the

particle size greatly influences the effective surface area of the

photoelectrodes. Taking ZnO as an example, it has been found

that the overall solar energy conversion efficiency is as high as 2%

for ZnO films consisting of 15 nm crystallites, while only 0.5% for

films with 150 nm large crystallites.70 The size of the particles also

shows an influence on the binding forms of the anchoring groups

on the surface of metal oxides. For example, the binding of the

carboxylic anchoring group on the surface of TiO2 evolves from

physical adsorption and hydrogen bonding to chemical binding

when the size of the TiO2 nanoparticles decreases from 6 nm to

less than 1.4 nm.17

3.2 Nanorods

One dimensional nanostructures have also been used as excellent

electrode materials for dye-sensitized solar cells due to the unique

physical and chemical properties.71,72 Nanorods have been widely

used as photoelectrode materials for the ready transport of

injected electrons along the vertical direction.73 One-dimensional

materials usually have a lower trap density and more direct paths

as the current-collecting electrode than (spherical) colloidal

counterparts, and thus they are expected to facilitate charge

transfer. For example, the electron transfer in solar cells with

ZnO nanorods is about two orders of magnitude faster than that

with ZnO colloidal nanoparticles (Fig. 6).74 Strategies used to

further improve the photon-to-current conversion efficiency
This journal is ª The Royal Society of Chemistry 2012
involve lengthening the nanorods and enlarging the space

between the nanorods in the array for efficient utilization of

incident light, improving the crystallinity to eliminate the effects

of grain boundaries, and lowering the number of defects that

may be barriers to electron transfer.

Note that the crystallinity of nanorods greatly depends on the

preparation methods. Gao et al. have investigated the effects of

the preparation methods on the performance of the corre-

sponding dye-sensitized solar cells.75 The results show that ZnO

nanorods prepared from multi-step hydrothermal growth for a

total of 48 h exhibit higher crystallinity and a lower level of

defects than those obtained from one-step hydrothermal growth

for 10 h, and solar cells with the former display a faster electron

transfer and higher efficiency than with the latter. Tornow and

Schwarzburg have also demonstrated the importance of the

crystallinity of nanorods.76 Solar cells with single crystalline

anatase TiO2 nanorods prepared from a hydrothermal process
Nanoscale, 2012, 4, 7301–7308 | 7305
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Fig. 8 Scheme of TiO2 hollow fibre preparation steps. Reproduced by

permission from ref. 88, copyright (2010), the American Chemical

Society.
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display a high photon-to-current conversion efficiency of

7.29%.77

To further improve the efficiency of solar cells, Lee et al.

prepared TiO2 nanorods by the electrospinning method and used

them for solar cell applications. They found that TiO2 nanorods

have a higher sensitizing capability and much lower recombi-

nation lifetimes than nanoparticles. When the nanorods were

post-treated with TiCl4, the electron transport behaviours of the

nanorod photoelectrodes were improved, and the electron

diffusion coefficient was greater than that of the untreated one.78

When ZnO nanorods were decorated with gold nanoparticles,

the adsorption of light was extended into the visible region

because of the plasmonic absorption properties of gold nano-

particles. At the same time, the Schottky barrier between the gold

nanoparticles and ZnO nanorods blocks the back transfer of

electrons from ZnO to the dye molecule and electrolyte, leading

to the increase of electron density. Furthermore, when gold-

decorated ZnO nanorods were sensitized with dyes, the open

circuit voltage increased significantly, compared to that of bare

ZnO nanorods.79Another method is to use oxide nanorods as the

basic materials to form hybrid structures with conductive

polymers.80–83
3.3 Nanotubes and nanowires

Nanotubes possess not only the advantages of nanorods, but also

other unique characteristics, such as large specific surface areas

and open structures. It has been shown that the performance of

TiO2-based dye-sensitized solar cells may be closely related to the

high surface area of the titania electrode films. The large surface

area can endow the electrode with a high adsorption coefficient

for dye molecules as well as easy penetration of the polymer
7306 | Nanoscale, 2012, 4, 7301–7308
electrolyte.84 Martinson et al. have reported a solar cell with ZnO

nanotubes prepared by using anodic aluminum oxide as the

template. Under AM 1.5 illumination, the most efficient cell

showed a short-circuit photocurrent density of 3.3 mA cm�2 and

open-circuit photovoltage of 739 mV, leading to an overall

conversion efficiency of 1.6%.61 The highly ordered nano-

structures allow for improved charge separation and charge

transport. Mor et al. have prepared a solar cell based on TiO2

nanotube arrays with a short-circuit photocurrent of 7.87 mA

cm�2 and an open-circuit photovoltage of 750 mV, leading to a

photoconversion efficiency as high as 2.9%.85 Increasing the

length of the nanotubes may also improve the solar cell effi-

ciency. Liu and Misra have prepared ultralong TiO2 nanotubes

with a length of 55 mm and obtained a photo-to-current

conversion efficiency of 2.78% under 1.5 AM simulated light

illumination. The ultralong nanotubes can harvest light from any

direction.86

Among the one-dimensional materials, nanowires have also

been recognized as promising candidates for solar cell applica-

tions. Nanowires with a good control of crystallinity provide a

direct path for electron transfer, and thus a high solar cell effi-

ciency can be achieved. Feng et al. have reported a hydrothermal

method to prepare single crystalline TiO2 nanowires on the ITO

surface. Solar cells based on dye-sensitized TiO2 nanowires reach

a photoconversion efficiency of 5.08% under 1.5 AM light illu-

mination. The efficiency is thought to be attributed to the length

and crystallinity of the nanowires.63 However, the large number

of oxygen vacancies in TiO2-B nanowires may act as recombi-

nation centres or trapping states of the charge carriers, thus

compromising the photocurrent efficiency.62 An effective method

to improve the solar cell efficiency with ZnO nanowires is to

prepare branched ZnO nanowires. Very recently, Ko et al. have

reported tree-like hierarchical ZnO nanowires whose overall light

conversion efficiency is almost 5 times higher than that of un-

standing ZnO nanowires. This is ascribed to the enhancement of

surface area for high dye-loading and efficient light harvesting, as

well as to the diminishment of charge recombination (Fig. 7).87

By using natural cellulose fibres as a template, hollow TiO2

nanofibres have also been prepared for solar cell utilization, and

the electron transport and photoinjected electron lifetime are

remarkably enhanced (Fig. 8).88
4 Conclusion

The performance of dye-sensitized photoelectrochemical systems

is dependent upon several critical structural parameters. Among

these, the efficiency of the separation of photogenerated electrons

may be sensitively varied by the interfacial interactions between

the dye molecules and the oxide substrates. For enhanced

photon-to-current conversion, covalent bonding rather than

simply physisorption is preferred for the grafting of organic dye

ligands to the metal oxide surfaces. Covalent bonding enhances

the electronic coupling which is beneficial to electron injection

from the dye excited state into the conduction band of the metal

oxide. The structures of the dye molecules also exert effects on

the electron transfer dynamics at the interface between the dye

and the metal oxide, in particular, with regards to the lifetime of

the excited state of the dye molecules. Furthermore, the surface

morphologies of the metal oxides also display significant impacts
This journal is ª The Royal Society of Chemistry 2012
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on the oxide electronic properties, and one-dimensional metal

oxide nanostructures have been found to provide a direct access

for electron transport, where the electron transfer rate in the

metal oxide can be enhanced by improving the oxide crystal-

linity. Notably, although substantial progress has been made in

these research areas, it is of critical importance to further

advance our understanding of the fundamental mechanisms

behind these interfacial processes, such that rational designs and

the optimization of next-generation dye-sensitized metal oxide

photoelectrochemical systems can be achieved.
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