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Abstract Photoelectrochemical cells with TiO2 elec-

trodes to convert sunlight and water into gaseous hydrogen

and oxygen are a source of clean and renewable fuel.

Despite their great potential, far-from-ideal performance

and poor utilization of the solar spectrum have prevented

them from becoming a widespread and practical technol-

ogy. We review recent experimental work that uses

dynamics measurements to study limitations of photo-

electrochemical cells from a fundamental level and the use

of TiO2 nanotube arrays as a superior alternative to TiO2

nanoparticles. Through a combination of nanoscale size

control, doping, composite materials, and the incorporation

of noble-metal nanoparticles, improved performance and

light harvesting are demonstrated.

Keywords Titanium dioxide � Nanotubes � Transient

absorption � Plasmonics � Solar energy � Hydrogen �
Photoelectrochemistry

Abbreviations

AM 1.5 G Air mass 1.5 global

FDTD Finite-difference time-domain

NP Nanoparticle

NT Nanotube

PEC Photoelectrochemical

SPR Surface plasmon resonance

TA Transient absorption

XPS X-ray photoelectron spectroscopy

1 Introduction

It gives me a special and great pleasure to contribute a

review type manuscript honoring the great contributions of

an excellent theorist and a long-time close friend, Professor

Nascimento. Soon after his studies at Cal Tech, Marco

made excellent and well-recognized theoretical contribu-

tions to the field of nonlinear spectroscopy, in which my

group and I were working on from the experimental side.

We learned a great deal from his papers and from inter-

acting with him on a personal level. He was always willing

to help in an effective way in explaining the theoretical

basis of his important work. We became very good friends.

I very much enjoyed my visit to Rio a number of years ago,

mostly because of the great hospitality of Marco and his

family and my scientific interaction with Marco and his

group. I do wish him and his family a healthy and enjoy-

able future.

Green and efficient energy technologies are a key area

where nanoscience could accelerate the transition from

fossil fuels to renewable energy sources. One attractive

possibility is conversion of solar energy to electricity or

chemical fuel. Sunlight is an abundant and free energy

source, which can provide the earth’s surface with an

amount of energy equivalent to that consumed by the

whole world’s population in an entire year in just 1.5 h [1].

Semiconductor nanomaterials may play a prominent role as

they can function as photocatalysts promoting various

oxidation and reduction reactions under sunlight [2].

One of the primary research and technology areas, the

use of metal oxide nanomaterials in dye-sensitized solar
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cells to generate electricity, is not covered here. We instead

focus on the related problem of ‘‘water splitting’’—har-

nessing solar energy to obtain hydrogen and oxygen from

water—through a combination of photocatalysis and elec-

trochemistry. We emphasize recent developments in opti-

mizing the growth of TiO2 nanotubes to improve their

catalytic properties, new strategies toward combining TiO2

with other semiconductors to form higher-performance

composite materials, the use of plasmonics to increase

device efficiency and the ongoing work to gain a detailed

understanding of the underlying mechanisms and dynamics

in TiO2 photocatalysis. Although this review is dedicated

to experimental work, we hope that it will prove inspiring

and informative to the theoretical community.

Hydrogen is an attractive potential fuel source for future

vehicles and other applications. Unlike fossil fuels, com-

bustion of H2 liberates energy without releasing carbon

dioxide into the atmosphere. In order for hydrogen to meet

the demand for a fuel that has minimal impact on the

environment, significant amounts of highly pure H2 are

required. As such sources are not found in nature, they

must be produced artificially. In the ideal case, ‘‘water

splitting’’ could provide a supply of pure H2. As combus-

tion of pure H2 produces only water vapor, it would qualify

as renewable energy if the fuel production could be pow-

ered by an abundant and non-polluting energy source.

One particularly promising approach is photoelectro-

chemical (PEC) water splitting as it was first demonstrated

by Fujishima and Honda [3]. This method spatially sepa-

rates water oxidation (producing O2) and hydrogen

reduction (producing H2) by having each process occur at a

separate electrode (Fig. 1). Light absorption by a semi-

conductor electrode provides energy for the reaction,

assisted by an applied (electrical or chemical) bias to

compensate for insufficient PEC cell voltage and overcome

slow kinetics (in electrochemical nomenclature, the addi-

tional voltage required to drive a reaction at a desired rate

or current density is known as overpotential). In an effi-

cient system, the energy stored as fuel (H2) will exceed the

energy consumed by applying the bias.

Fujishima and Honda used an anode of bulk TiO2 in

their PEC cell. Modern designs typically make use of

inexpensive TiO2 nanoparticles (NPs), spread onto a con-

ductive substrate and sintered to form a thin mesoporous

film [4], similar to what is used in dye-sensitized solar cells

[5]. Although the band gap of TiO2 only allows absorption

of UV light, comprising *4 % of the solar spectrum, the

combination of low cost and chemical stability has proved

difficult to surpass in other materials [6]. The efficiency of

converting the energy from incident light to H2 fuel,

however, is less than 0.4 % [7] taking into account the

entire air mass 1.5 global (AM 1.5 G, *100 mW/cm2)

solar spectrum [8]. Even considering only the spectrum

from 320 to 400 nm around the TiO2 absorption edge, a

PEC made using TiO2 NPs is at best *12 % efficient [7].

This is clearly far from ideal, and given the numerous

advantages of TiO2, multiple strategies have been

employed to improve upon the original design.

As we will demonstrate, engineering the size and shape

of nanoscale TiO2 can have a significant impact on the

conversion efficiency. To better understand the origin of

these effects, we first discuss in more detail the mechanism

of water splitting to uncover what fundamentally limits the

efficiency. As another means of improving performance,

incorporating other elements into the TiO2 crystal lattice

can enable the PEC to respond to visible light and we give

examples of this in Sect. 4. Integrating advances made in

another field of nanoscience, plasmonics has great promise

to improve efficiency even further, which is discussed in

Sect. 5. We conclude with some thoughts on future

research directions in the field of PEC hydrogen production

from water.

2 Mechanistic studies

Despite numerous studies of the catalytic efficiency of

TiO2 and other materials and the electron dynamics within

photoexcited TiO2, the mechanism of the water splitting

itself has not been widely investigated. Because of the

possibly long lifetimes of the photoelectrons and photo-

holes, the competing process of electron–hole recombina-

tion, and surface modifications that may occur when the

catalyst is exposed to light for an extended duration, these

measurements are extremely challenging to perform [4].

All of the results highlighted in this section used anodes

Fig. 1 Schematic of a three-electrode (anode, cathode, and reference

electrode) photoelectrochemical (PEC) cell, employing TiO2 nanom-

aterials in the anode. Reprinted with permission from Hamedani et al.

[36]. Copyright 2011 American Chemical Society
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containing TiO2 NPs; however, it is expected that the

findings will provide insight into the behavior of other

nanostructures such as nanotubes (NTs).

Transient absorption (TA) spectroscopy has greatly

improved our understanding of solar-powered devices,

particularly in the areas of photocatalysis and photovoltaics

using TiO2. In the technique, a ‘‘pump’’ pulse, typically

from a laser, places the sample in an excited state with new

electronic and/or chemical properties. A time-delayed

‘‘probe’’ pulse measures the absorption spectrum of the

sample after it is altered by the first pulse. Measuring the

change in absorption compared to the initial value as a

function of the delay between the pulses gives the

dynamics of the system (Fig. 2).

When TiO2 is photoexcited with energies greater than its

band gap, an electron–hole pair, or exciton, is created. The

electron and hole each become trapped at the surface

within *200 fs, giving rise to broad absorption features in

the visible and near-IR regions of the spectrum [9]. Elec-

trons gradually diffuse from these ‘‘shallow trap’’ states

into lower-energy states within the bulk, causing absorp-

tion that is weak in the near-IR but grows increasingly

more intense as the wavelength increases [9]. The induced

absorption from the photoelectrons and photoholes is

observed readily in TA experiments.

In all dynamics measurements meant to mimic the

effects of sunlight, it is important to keep the incident laser

fluence low. For example, Murai et al. [10] detect TA

signals for electrons and holes in TiO2 that decay at similar

rates at fluences up to 0.28 mJ cm-2. These weak excita-

tion densities correspond to an average of one electron–

hole pair or less per nanoparticle. At 3.4 mJ cm-2, far

above fluences produced by sunlight, the NPs relax much

more rapidly. The results suggest bulk recombination of

electron and holes begins to dominate once a sufficient

density of electron–hole pairs is generated.

Under open-circuit conditions, there is little or no oxy-

gen evolution [4] or change in the photoelectron and

photohole dynamics [10] when TiO2 NPs in water are

irradiated by UV light. This is strong indirect evidence that

water splitting is much slower than electron–hole

recombination.

To obtain direct evidence, recombination must be sup-

pressed in a functioning PEC cell. One strategy is to

introduce a scavenger species to rapidly remove either

electrons or holes from the vicinity of the TiO2. In work by

Tang et al. [11], the film of TiO2 NPs is immersed in

AgNO3 solution rather then pure water, and Ag? ions are

reduced efficiently by photoelectrons in under 10 ns.

Without the photoelectrons present, the photoholes decay

with a half-life of 0.27 s mainly due to their reaction with

water. Therefore, formation of O2 requires on the order of

1 s under simulated sunlight (AM 1.5 G).

However, additives that would not be found in an actual

device can affect the dynamics, as shown dramatically in

studies of the effects of electrolyte composition on dye-

sensitized solar cells [12]. This is true also in water split-

ting, as replacing Ag? with Pt metal, deposited onto the

TiO2 surface, in the experiments of Tang et al. [11]

decreased the hole half-life to 0.5 ms. Recent work by

Cowan et al. applied simultaneous TA and photoelectro-

chemistry to a complete PEC cell made from TiO2 NPs

[4, 13]. This allows both reaction products and dynamics to

be studied under an applied bias voltage, reproducing the

conditions within an actual working device. No scavenger

species are introduced, to avoid competing side-reactions

or unwanted changes of the TiO2 surface properties.

Without an applied bias, no photocurrent or gaseous

product is produced and electrons and holes have roughly

equal lifetimes [4]. This shows that electron–hole recom-

bination is a primary factor limiting PEC efficiency. Under

a positive bias, where the cell produces O2 and H2, greatly

increased hole lifetimes are observed (Fig. 3) [4, 13].

Temperature has no observable effect on the hole lifetime,

meaning that the activation energy for water oxidation is

too small to be of consequence [13]. The main problem,

therefore, is extremely slow kinetics due to the four-hole

process required to form O2. The applied bias affects the

energies of the charge carriers and likely aids the diffusion

of electrons away from holes. Improving spatial separation

between charge carriers to maintain a larger fraction of

long-lived holes can be achieved by several strategies, most

critically controlling the size and shape of TiO2 structures

on nanometer length scales.Fig. 2 Pump-probe transient absorption (TA) spectroscopy
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3 Titania nanotubes

3.1 Properties

Given the problem of water splitting being much slower

than electron–hole recombination, improving charge sep-

aration is vital to increasing yields from photocatalytic and

PEC reactions. Can controlling the size and shape of TiO2

on the nanoscale provide a path toward a solution? The

electrical conductivity of a film made from a connected

network of TiO2 nanomaterials is limited by electron

trapping to a far greater extent than single-crystalline bulk

semiconductors [14]. Extensive theoretical modeling

combined with careful experimentation has determined that

the electron diffusion length in a film of TiO2 NPs is

*10 lm [15]. For UV light, absorbed strongly by TiO2,

electron–hole pairs will be created at distances from the

semiconductor particle surface that are within the diffusion

length. If the electron can be transferred to another particle,

the probability of which is influenced by the applied

electric field (see previous section), and then, recombina-

tion can be avoided and the hole will remain available for

chemistry. As we will see later, incorporating other mate-

rials into the TiO2 particle network can extend the

absorption range out to visible wavelengths, although the

absorptivity in the visible often remains much weaker than

in the UV. Weaker absorptivity requires that light be har-

vested over length scales, which may exceed the diffusion

length, such that a greater number of electrons will

recombine with holes before water oxidation can occur.

The efficiency of TiO2 mesoporous films for water

splitting also depends greatly on the degree of electrical

connectivity within the film. Films made through sol–gel

methods show better connectivity and an order of magni-

tude higher efficiency than films of sintered NPs [7]. Taken

with the above results, this study suggests that a more

conductive particle network can improve charge separation

and potentially allow for more effective power conversion

efficiency even when complete light harvesting requires

distances longer than 10 lm. At the same time, holes have

a diffusion length of only *20 nm and thus must have

ready access to the particle surface [16]. One type of

nanostructure that satisfies all these constraints is the

nanotube (NT), and as a result, interest in TiO2 NTs has

exploded in recent years [17–20].

3.2 Fabrication

A number of methods have been developed to form TiO2

NTs, but the resulting materials are often of poor structural

quality or have a tendency to form aggregates [21]. The

most widely used procedure is currently potentiostatic

anodization of Ti metal, first reported by Zwilling et al.

[22]. Anodization is performed typically on thin (0.25 mm)

high-purity Ti foils in a two-electrode electrochemical cell

containing fluoride ions (Fig. 4). Titanium is used as the

working electrode with Pt foil, the most stable choice for

the counter electrode. An applied potential causes the

formation of an array of hollow TiO2 NTs that grows

outward from the surface of the Ti foil (Fig. 5). The fact

that the tubes are in a regular array oriented largely normal

to the surface has attracted a lot of attention to this method.

The electrolyte composition, anodization potential, and

temperature during growth affect significantly the growth

rate and the final dimensions of the NTs [17, 18, 20, 23,

24]. The resulting NTs are generally amorphous and

require annealing after growth to form crystalline domains.

Mor et al. [25] reported the formation of 120-nm-long

NTs with a wall thickness of 9 nm during anodization at

Fig. 3 Transient absorption signal decay for hole and electron probed

at 460 and 900 nm, respectively, measured at a TiO2 within a PEC

cell containing 0.05 M NaOH/0.5 M NaClO4 [13]. Under working

conditions of positive bias (245 mV vs Ag/AgCl) and low excitation

(50 lJ/cm2, 355 nm), the hole greatly outlives the electron. Reprinted

with permission from Cowan et al. [13]. Copyright 2011 American

Chemical Society

Fig. 4 Schematic diagram of the anodization set-up used to fabricate

TiO2 NT arrays. Reprinted with permission from Allam and Grimes

[70]. Copyright 2009 American Chemical Society
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10 V in 50 �C electrolyte made from a mixture of HF and

acetic acid. The tube length increased to 224 nm if the

anodization was performed at 5 �C, but the wall thickness

increased to 34 nm. Longer tubes were formed with less

acidic electrolytes, in which TiO2 dissolves more slowly

[20]. Using a neutral electrolyte of 1 M Na2SO4 with

5 wt% NH4F, NTs 3 lm in length were formed in 30 min

of anodization at 20 V [26]. The wall thickness was

*10 nm, but the diameter of the tubes was larger at the

bottom (100 nm) than at the top (*50 nm) due to the pH

gradient that forms during anodization.

Producing longer NTs requires the use of organic sol-

vent mixtures with low water content. As the solvent vis-

cosity increases, ion mobility decreases, which slows the

chemical dissolution of TiO2 by fluoride [24]. Decreasing

the water fraction also decreases the concentration of

fluoride, so fewer reactive ions will be present at the top of

the nanotube. The reduced dissolution rate allows higher

potentials to be applied, so that Ti oxidation can occur

more quickly. As a result, growth rates increase and longer

tube structures can be formed. A more extensive discussion

of the formation mechanism can be found in papers by

Macak et al. [18] and Su and Zhou [20].

The exact NT dimensions depend on the kinetic balance

that is established for a particular electrolyte composition

and anodization potential. Yin et al. [24] observed growth

rates as high as 100 lm/h in 0.09 M NH4F in ethylene

glycol containing 1 vol% H2O, anodizing at 150 V and

20 �C. The outer diameter of the NTs was 300 nm. The

growth rate dropped to \5 lm/h when the water content

was increased to 10 vol%, but an outer diameter of 600 nm

was obtained. Shankar et al. [23] reported tubes with length

223 lm, wall thickness 25 nm, and outer diameter 160 nm

using 0.25 wt% NH4F in ethylene glycol with 2 vol% H2O.

The NT growth, however, required 17 h at 60 V, with

anodization at 80 V not leading to formation of NT

structures. If more viscous solvents, such as polyethylene

glycol, are used, the rate of dissolution is slowed to such an

extent that partially crystalline NTs can form during

anodization [21]. Although most studies have used NH4F,

there are recent reports of the successful use of ionic liq-

uids as electrolytes which provides further possibilities to

tune NT growth [27, 28].

Crystallization of the amorphous NTs into the photo-

active anatase phase of TiO2 begins at annealing temper-

atures of *280 �C in a variety of atmospheres [30], with

conversion to the rutile phase beginning at annealing

temperatures above 500 �C [26, 29–31]. As the rutile phase

is more dense than anatase, this phase transition is

accompanied by significant degradation and cracking of the

NT array [29, 32]. Incorporation of dopants/impurities

from the electrolyte, such as P ions, into the TiO2 can

retard the anatase-to-rutile phase transition and allow

higher annealing temperatures to be used [29].

3.3 Performance in water splitting

For both TiO2 NPs and NTs, the size and phase of the

crystalline domains as well as the connectivity between

domains has a profound effect on the power conversion

efficiency to produce hydrogen fuel from solar energy.

Unannealed, amorphous samples have little to no ability to

be used for water splitting [21]. Park et al. [33] compared

directly 3-lm-long NTs with a 15-lm-thick film of NPs

(P-25, a mixture of anatase and rutile TiO2 phases), both

samples annealed at 450 �C. In a PEC cell with 1 M KOH

electrolyte, the photocurrent under an applied bias voltage

is *10 times greater for the NT array compared to the NP

film. Decreasing the NT length lowered the photocurrent,

as both the light absorption and surface area in contact with

electrolyte decreased.

For a water splitting PEC cell, the efficiency (g) may be

calculated from

g ¼ 1:229V� Vbiasð ÞIp

P
ð1Þ

Fig. 5 Field emission scanning electron microscope images of TiO2

NTs formed after anodizing Ti foil at 20 V for 20 h in formamide

containing 0.2 M NH4F, 1 M H3PO4, and 3 vol% H2O: a top view,

b cross-sectional view. Reprinted with permission from Allam and

El-Sayed [29]. Copyright 2010 American Chemical Society

Theor Chem Acc (2012) 131:1202 Page 5 of 12
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where 1.229 V is the standard potential required to form H2

and O2 from H2O, Vbias is the applied bias voltage, Ip is the

measured photocurrent density in A/m2, and P is the

intensity of the incident light expressed in W/m2 [19]. For

broadband illumination under simulated AM 1.5 G sun-

light, P is *1,000 W/m2. Since pure TiO2 has negligible

absorptivity above 400 nm, efficiency is often calculated

from the UV portion of the solar spectrum alone, typically

320–400 nm [34]. Care must be taken when comparing

results that the measurements were taken under similar

conditions. There is also a dependence of Ip on Vbias,

although a plateau in Ip is typically reached resulting in a

distinct optimal value for Vbias that maximizes g [7, 19].

There is a general trend toward increased cell perfor-

mance as the temperature at which the NTs are annealed

increases. This is expected due to greater crystallinity,

which improves charge transport. Arrays of 7-lm-long

NTs, whose structural properties are shown in Fig. 6,

exhibit conversion efficiencies (Fig. 7) as high as 10 %

under UV light (320–400 nm, filtered Xe arc lamp,

1,000 W/m2) [29]. Interestingly, the optimum annealing

temperature of 580 �C causes a reduction in the average

grain size of the anatase phase and the appearance of the

rutile phase. This may indicate that the anatase-to-rutile

phase transition occurs more readily at the largest anatase

grains. Control experiments on bare Ti foil show complete

oxidation to rutile at the same temperature. As the substrate

of Ti metal remains after anodization, this suggests that a

significant portion of the rutile signal (Fig. 6) is originating

from the oxidized substrate and not the NTs. Above

580 �C, the NT array is significantly damaged and g
decreases.

Conversion efficiencies as high as 16.25 % have been

reported [23]. This result was achieved with 30-lm-long

Fig. 6 Effects of annealing on

crystallinity of 7-lm-long TiO2

NTs formed after anodizing Ti

foil at 20 V for 20 h in

formamide containing 0.2 M

NH4F, 1 M H3PO4, and 3 vol%

H2O: a Glancing angle X-ray

diffraction patterns and

b corresponding crystallite

sizes. The films are initially

amorphous, with anatase (101)

(A) and rutile (110) (R) phases

forming after annealing [29].

Reprinted with permission from

Allam and El-Sayed [29].

Copyright 2010 American

Chemical Society

Fig. 7 a The steady-state

photocurrent generated from

7-lm-long TiO2 nanotube

arrays under an applied voltage

of 0.5 V (vs saturated Ag/AgCl)

in 1 M KOH with respect to

annealing temperature and b the

corresponding photoconversion

efficiencies under 320–400 nm

light [29]. Reprinted with

permission from Allam and

El-Sayed [29]. Copyright 2010

American Chemical Society
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NTs in 1 M KOH under light from a filtered Hg arc lamp

(320–400 nm, 980 W/m2). The optimal NT dimensions for

water splitting, and the anodization and annealing condi-

tions required to achieve them, are by no means estab-

lished. With continuing improvements in NT fabrication

and crystallization providing higher material quality and

better size control, the balance between light harvesting

and charge diffusion (Sect. 3.1) that makes the most effi-

cient use of UV light will hopefully be achieved.

4 Composite nanotubes

Despite the advantages of TiO2 as a material for solar

energy conversion, the high ([3.0 eV) band gap still pre-

sents a significant drawback. Incorporating components

with lower band gaps or lower-energy defect states into

photoelectrodes can potentially improve conversion effi-

ciency by extending the absorption edge into the visible

region of the spectrum. Even in the case where UV photons

are absorbed by TiO2, placing TiO2 in contact with a

material with a lower-energy conduction-band edge may

improve cell performance [35]. Electrons can transfer to

lower-energy sites within the electrode, and the spatial

separation of electron and hole reduces the rate of

recombination.

Additional elements may be incorporated into NTs by

anodizing Ti foil with an appropriately modified electro-

lyte. For example, we have recently fabricated TiO2 NTs

doped with Sr by using an aqueous electrolyte containing

NH4F, H3PO4, and Sr(OH)2 [36]. Pure TiO2 NTs, 1.2 lm

long, displayed a maximum g of 0.2 % (in 1 M KOH under

AM 1.5 G simulated sunlight, 1,000 W/m2). By contrast,

NTs of similar length (1.4 lm) with just 0.41 % Sr content

were found to have a maximum g of 0.69 % under the

same conditions. Compared with approaches that add

SrTiO3 to the surface of the NTs after anodization, incor-

porating Sr directly into the tube growth preserves the

advantageous structural features of NTs.

Phosphorus-doped TiO2 NTs have been formed by

anodizing Ti foil in formamide containing NH4F and

H3PO4 [29]. This has the benefit of stabilizing the anatase

phase allowing higher annealing temperatures to be used

(see Sect. 3.3). X-ray photoelectron spectroscopy (XPS)

revealed incorporated or doped P atoms, which was

accompanied by a slightly redshifted absorption edge. The

redshift was previously observed in P-doped sol–gel TiO2

made by Xu et al. [37] with samples containing 16.7 % P

having an absorption edge at 447 nm consistent with a

band gap reduction of 0.43 eV. Density functional theory

predicted a mixing of the O 2p states in the valence band of

TiO2 with P 3p states, causing the narrower band gap

consistent with experimental results.

A similar approach has been used to form N-doped TiO2

NTs. Shankar et al. performed anodization in an aqueous

electrolyte of HF and NH4NO3 [38]. The N atoms were

distributed inhomogeneously with a higher concentration

near the tops of the tubes. The doped NTs showed a second

absorption edge near 510 nm and produced roughly 5 times

more photocurrent under broadband illumination

(AM 1.5 G simulated sunlight). Similar absorption features

were observed in N-doped TiO2 thin films produced by DC

magnetron sputtering [39, 40], where it was determined

that the dopant gave rise to surface states above the TiO2

valence band [39]. Although the surface states produce a

PEC response to visible light, they can accelerate electron–

hole recombination and decrease performance under UV

light [40].

Li and Shang formed NTs using an electrolyte solution

comprised on NH4F, NH4Cl, glycerin, and water [41]. The

resulting NT array was *500 lm long after 3 h of anod-

ization. X-ray photoelectron spectra showed a sample

enriched with N and F atoms, with some belonging to

adsorbed species, while others were bonded to Ti in the

crystal lattice. Annealing in an oxygen-free N2 atmosphere

preserved some of the F-containing and most of the

N-containing species, yielding a sample with broad, weak

absorption from 400 to 780 nm. Similar results were

obtained by Liu et al. [42].

A very promising strategy for synthesizing composite

NTs containing TiO2 is anodizing metal alloys to form

mixed metal oxides. Anodization has been reported on

alloys of Ti with Fe [43], Cu [44], Pd [45], W [46], Al [47,

48], Mn [49], Nb [50, 51], and Zr [52] to successfully form

NTs. Mor et al. [43] tested an array of Ti–Fe–O NTs as the

photoanode for PEC water splitting, motivated by the lower

band gap of Fe2O3. The most efficient material was

obtained starting from a Ti foil containing 6.6 % Fe.

The *1.5-lm-long NTs were active at wavelengths out to

*600 nm, but no more than 7 % of absorbed photons

at *450 nm, where maximum visible light conversion

efficiency was obtained, produced current. Photocurrent

was lower if NTs with greater Fe content were used, pos-

sibly because of the low electron mobility in Fe2O3.

We have fabricated vertically oriented Ti–Nb–Zr–O

mixed oxide NT arrays with wall thicknesses of

10 ± 2 nm [53]. This material showed enhanced power

conversion efficiency for water splitting as compared to

pure TiO2 nanotubes (Fig. 8). Under UV light (filtered Xe

arc lamp, 320–400 nm, 1,000 W/m2) in 1 M KOH, the

mixed metal oxides are *17.5 % more efficient and

require less applied bias. Oxides of Zr and Nb, formed on

the surface of the NTs, may help to isolate electrons in the

TiO2 conduction band from species in solution, reducing

recombination losses and consequently improving PEC

efficiency.

Theor Chem Acc (2012) 131:1202 Page 7 of 12
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Recently, we have combined the use of metal alloys

with doping to great effect [45]. We anodized Ti–Pd alloy,

as Pd is an excellent catalyst that absorbs visible light, to

form NTs 6 lm in length. The alloy NTs were then

annealed in NH3 to dope them with nitrogen. Increasing the

annealing temperature to 550 �C caused a profound change

in the X-ray photoelectron spectrum confirming the pres-

ence of Ti–O–N structures rather than unbonded nitrogen

dopants. The Ti–Pd oxynitride NTs exhibited an absorption

band edge redshifted to 577 nm and over 4 times greater

power conversion efficiency compared to pure TiO2 NTs.

Finally, it is worth noting that absorption properties can

be modified greatly by the creation of large amounts of

defect states without introducing dopants into the bulk.

This was recently demonstrated by annealing TiO2 NPs

[54], nanowires [55], and NTs [55] in a hydrogen atmo-

sphere. The H2-treated TiO2 absorbed visible light, turning

gray or black depending on the annealing temperature. The

mechanism is controversial. In the NP samples, the color

change was attributed to a disorder-induced shift in the

valence band position [54]; no such shift was measured for

the nanowires and NTs [55]. The color change in the

nanowires and NTs imparted only extremely weak visible

light PEC activity but increased the UV response by a

factor of 2 or more [55]. The increased UV activity was

explained by the measured increase in carrier density fol-

lowing H2 treatment, due to the resulting oxygen vacancies

acting as electron donors. The vacancy states themselves,

located within the band gap, are believed to be too high in

energy and too electronically localized to be significantly

active in water splitting.

5 Plasmonic effects in solar water splitting

As we have seen, methods that extend the absorption range

of TiO2 into the visible and produce PEC activity to visible

light do so only weakly. In addition to increasing the

absorptivity of the material itself, one can also increase the

electric field strength to increase the number of photons

absorbed. This can be done on the nanoscale by the use of

noble-metal NPs that exhibit plasmonic effects [56, 57].

A surface plasmon resonance (SPR) is a collective

oscillation of electrons confined to the surface of a metal

NP. The lowest order effect gives rise to a local electric

field due to a light-induced dipole (Fig. 9). At the surface

of the NP, the dipole enhances the electric field to several

orders of magnitude greater than the field of the light itself.

This near-field enhancement can benefit a variety of optical

processes. The energy of the SPR depends on multiple

factors, such as the electronic properties of the metal, the

dielectric properties of the surrounding medium, the size

and shape of the NP, and the position of neighboring NPs.

Only Ag, Au, and Cu possess SPRs that are always located

in the visible or redder regions of the spectrum, but only

Ag and Au are widely utilized due to their greater chemical

stability.

Liu et al. [42] evaporated a Au film onto a F- and

N-doped TiO2 NT array, forming islands of metal with

plasmonic properties of NPs. A significant enhancement in

photocurrent compared to an array not containing Au was

Fig. 8 a Field emission

scanning electron microscope

image of Ti–Nb–Zr mixed oxide

NTs and b the UV power

conversion efficiency of the

mixed oxide NTs as compared

to TiO2 NTs of the same length

(7 lm) [53]. Reprinted with

permission from Allam et al.

[53]. Copyright 2010 American

Chemical Society

Fig. 9 Surface plasmon resonance (SPR) in a metal nanoparticle
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reported when a visible light source was used. The authors

attributed this to a local field enhancement at wavelengths

that excited the SPR of Au and were also absorbed by

TiO2. The absorption spectrum of the TiO2 NTs contained

a broad tail in the visible region of the spectrum due to the

impurity doping. Photocurrent caused by visible light, 1–2

orders of magnitude higher than that produced by the NTs

without Au, was still lower than photocurrent produced by

UV light. In fact, photocurrent caused by UV absorption

was significantly reduced by Au NPs, explained by the

authors as the effect of reduced absorption by TiO2 and less

oxide surface area in contact with the electrolyte.

It is known that Au [58, 59] and Ag [60] NPs can act as

sensitizers, injecting electrons into TiO2 after absorbing

visible light. Liu et al. [42] did not observe photocurrent

under visible light, however, if Au NPs were adsorbed on

undoped TiO2 that lacked visible light absorption. This

result shows that the combination of doping and the plas-

monic effect are likely responsible for the enhanced current

in PEC cells. Finite-difference time-domain (FDTD) sim-

ulations of the Au/TiO2 film show regions of enhanced

electric field strength in the gaps between closely spaced

Au NPs, consistent with the observed plasmonic effect

[42]. Due to the regions of enhanced field, electron–hole

pairs are created near the TiO2 surface thus facilitating

water oxidation by the photoholes.

Similar effects were seen for Ag nanocubes, prepared

through colloidal synthesis and deposited on N-doped TiO2

NTs [61]. Ingram and Linic observed current enhance-

ments of an order of magnitude in a Ag/TiO2 composite

water splitting cell when light from 400 to 500 nm was

used. Light in this range of wavelengths is resonant with

both the absorption from the Ag SPR and the N dopants in

TiO2. A similar PEC cell, constructed using Au nano-

spheres instead of Ag nanocubes, showed little or no

enhancement because the SPR did not overlap with the

absorption of their NTs. At 370 nm, on the edge of the SPR

absorption but still resonant with TiO2 absorption, an

enhancement factor between 3 and 4 was still observed.

Whether the Ag nanocubes caused a reduction in current at

lower wavelengths, as occurred with the Au film used by

Liu et al. [42], was not reported.

In addition to FDTD simulations, which showed sig-

nificantly enhanced electric fields at the sharp corners of

the nanocubes, power dependence studies helped to con-

firm the plasmonic nature of the photocurrent enhancement

[61]. In studies of the TiO2(110) surface using a beam of

electrons, which have shallow penetration depths, to excite

electron–hole pairs near the surface, the concentration of

holes depends linearly on the excitation intensity [62]. The

current generated through water splitting using the plas-

monic photoelectrode also depended linearly on the exci-

tation intensity (of visible light, in this case), suggesting

that holes were being produced near the surface in this

system as well [61]. Near-surface excitation with visible

light is due to the locally enhanced electric field caused by

the plasmonic effect. For the PEC without Ag nanocubes,

the power dependence is nonlinear and consistent with

excitation deeper in the bulk of TiO2 [61, 62].

For plasmonic effects from noble-metal NPs to be fully

utilized in water splitting PEC cells, the NPs must be

chemically stable during extended use. Although Subra-

manian et al. [63] reported enhanced photocurrent after

depositing Au NPs onto TiO2 films, the current dropped

rapidly during 60 min of continuous illumination. The

working conditions were in 0.05 M NaOH solution under

UV light. Changes in the UV–visible absorption spectrum

of the electrode were consistent with the gradual incorpo-

ration of ions, possibly Au?, in the TiO2 matrix [63, 64].

X-ray absorption fine structure measurements confirmed

the accumulation of Au atoms or ions [64]. The proposed

mechanism (Fig. 10) was oxidation of hydroxide ions by

photoholes to form highly reactive OH radicals, which

could react with Au metal to form Au ions. One possible

remedy is the presence of an electron donor, such as a metal

chloride, in contact with the metal particle to neutralize

metal ions and stabilize the NPs [60]. Another promising

approach is metal core/oxide-shell NPs [65–68] to prevent

oxidation of the metal NPs by radicals in solution.

6 Conclusions

In this review, we have presented some of the highlights in

the area of research dedicated to developing a practical

PEC system to turn solar energy and water into hydrogen

and oxygen using the highly abundant and chemically

stable material TiO2. Performing TA spectroscopy on PEC

cells under operating conditions reveals dynamics on

Fig. 10 Proposed reaction scheme for the decomposition of Au NPs

on TiO2 surfaces in the presence of OH-. Reprinted with permission

from Subramanian et al. [63]. Copyright 2001 American Chemical

Society
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multiple timescales, providing further mechanistic under-

standing. Controlled anodization of metal foils to produce

metal oxide NTs has the potential to develop highly effi-

cient photoelectrodes for ‘‘water splitting’’, incorporating

dopants or phases of other materials to improve charge

separation and light harvesting. Finally, plasmonic NPs,

incorporated into the photoelectrodes, can further improve

light harvesting provided that issues of chemical stability

can be addressed and performance under UV light is not

adversely affected.

A considerable challenge will be to measure and inter-

pret the dynamics of photoexcited charge carriers in 1D

nanostructures such as TiO2 NTs. The main experimental

issue is that anodization of metal foils produces an NT

array atop an opaque metal foil, preventing the measure-

ment of light transmission (and absorption). Considerable

effort has been invested in forming ordered NT arrays on

transparent conductive substrates for photovoltaic systems

[19], producing transmissive electrodes that would enable

many spectroscopic measurements. Alternatively, TA

could be measured through diffuse reflectance from an

opaque sample as demonstrated on dye-sensitized solar

cells [69]. Ultimately, materials synthesis, spectroscopy,

and modeling and computational studies should inform

each other and influence their research directions, pointing

the way toward increasingly more efficient and practical

systems for solar water splitting.
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