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Water photolysis with a cross-linked titanium dioxide nanowire anode†
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We report efficient water photolysis using a cross-linked TiO2 nanowire anode containing mixed

anatase and rutile phases. Under simulated AM 1.5 G illumination, the peak solar energy conversion

efficiency is measured to be 1.05%, a new record for TiO2 photoanodes. A photocurrent density as high

as 2.6 mA cm�2 is observed when the film thickness is 22 mm. These observations indicate that the high

surface area architecture afforded by the cross-linked TiO2 nanowires enables both long optical path

lengths and high photon-to-electron conversion efficiency. We also report photocurrent in the visible

range due to sub-band gap absorptions, which is enhanced by up to a factor of 10 when the TiO2

nanowires are coated with gold or silver nanoparticles. This enhancement is observed only in thinner

(up to 1 mm) TiO2 nanowire films, however, indicating that the effect stems from enhanced light

retention by nanoparticle scattering.
Introduction

Efficient artificial photosynthesis, in which energy from sunlight

is converted into chemical energy, has been a subject of intense

research effort but has remained an elusive goal. Photolysis of

water into H2 and O2 is one of the most prominent examples of

artificial photosynthesis. It was first achieved by Fujishima and

Honda in 1972 using an n-type TiO2 electrode,1 but efforts to

develop a more efficient process have generally faltered. Mate-

rials whose band gaps are well matched to the solar spectrum are

chemically unstable in water and thus unsuitable for photo-

electrochemical cells.2,3 TiO2 has a 3 eV band gap and can only

absorb ultraviolet light (400 nm or shorter), setting its theoretical

maximum energy conversion efficiency at 2.2%.4 Most TiO2-

based cells make insufficient use of even the UV spectrum,

however, and the peak energy conversion efficiencies reported to

date have been 0.6% or less over the whole solar spectrum with

incident photon-to-current efficiencies (IPCE) of 10% or less at

the band gap.5

A primary factor limiting the efficiency of these devices is the

mismatch between the optical path length required for light

absorption and the charge diffusion lengths. If a photogenerated

charge is to participate in a chemical reaction, it must be able to

reach the semiconductor/electrolyte interface before it recom-

bines. In an anatase TiO2 film, the film thickness required to
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absorb 90% of the light above the band gap is on the order of 1

mm,6 but the minority carrier (hole) diffusion length is only

around 70 nm.7 Consequently, in a film of sufficient thickness to

absorb the majority of incident light, most of the minority

carriers recombine before reaching the TiO2/H2O interface.4,8

This consideration highlights the importance of engineering

systems with both a high optical density and high surface-to-

volume ratio. In this study, we explore two distinct strategies

based on cross-linked nanowires to increase the optical density in

high surface area structures.

To date, TiO2 anodes composed of nanoparticles and nano-

wires have been widely explored to improve photolysis effi-

ciency.9–11 These studies have shown that nanostructures provide

significantly shorter path lengths for the photogenerated

minority carriers to reach the surface, resulting in higher pho-

toconversion efficiencies than bulk or compact thin film devices.9

Unfortunately, the maximum photoconversion efficiency repor-

ted in these studies is 0.6% or below because they generally have

smaller grain size than compact thin films and thus have low

electrical conductivity.12,13 Furthermore, these nanostructures

have been predominantly in the anatase phase, which has a larger

band gap than rutile (3.2 eV versus 3.0 eV).4 Another strategy

that has been explored to improve the photolysis efficiency is to

use the plasmon resonance of metallic particles to increase the

absorption cross section of a device. Near its surface plasmon

resonance, the polarizability of a metallic nanoparticle increases

greatly, increasing its absorption and scattering cross

sections.14,15 In the near field, the strong electric field enhance-

ment can effectively concentrate light to the surface, leading to

a shorter distance for the minority carrier to travel before it

reaches the electrolyte interface and less recombination.16,17 In

the far field, enhanced scattering of light can lead to longer

optical path lengths within the device.18–20
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In the present study, we report water photolysis using cross-

linked TiO2 nanowire thin films that achieve both long optical

path lengths and high incident photon-to-electron conversion

efficiencies. Previous work in nanostructured anodes for water

photolysis has relied on the synthesis of well-ordered films for

electrical continuity to the back contact.9,21 These well-ordered

films, however, must be made of thin, highly resistive compo-

nents in order to maintain high surface area contact with the

electrolyte.22 We show that in a film of randomly oriented large

diameter nanowires that are chemically cross-linked, we can

achieve an optically dense structure that is also highly conduc-

tive. The random orientation of the wires also helps to increase

the effective optical path length by scattering the light into the

plane of the film. Under simulated AM 1.5 G illumination, we

find that the peak solar energy conversion efficiency is greater

than 1%, and the photocurrent density can be as high as 2.6 mA

cm�2. Unlike in compact thin films, the photocurrent density

monotonically increases with film thickness up to 22 mm. We

have also observed water photolysis with sub-band gap absorp-

tion in the visible range, which is enhanced by up to a factor of 10

in TiO2 films up to 1 mm thick by coating them with gold or silver

nanoparticles.

Experimental

Preparation of TiO2 nanowires

TiO2 nanowires were synthesized by a method similar to the one

reported by Jiang et al.23,24 The titanium precursor solution was

prepared by dissolving 0.25 mL titanium butoxide (Ti(O-n-Bu)4)

into 5 mL anhydrous ethylene glycol. In a separated flask, 1 g of

PVP (polyvinylpyrrolidone, MW z 55,000) was dissolved into

50 mL anhydrous ethylene glycol under dry nitrogen flow. The

PVP solution was then heated to 185 �C, at which point the

titanium precursor solution was quickly injected. When the

mixture was stirred and kept at 175 �C for 3 h, a white precipitate

of titanium ethylene glycolate nanowires formed in the solu-

tion.23 This precipitate was collected by centrifugation, cleaned

by repeatedly washing with water and ethanol, and dried in a 100
�C oven overnight. The dried precipitate was heated to 500 �C in

air for 2 h to convert the titanium ethylene glycolate nanowires to

TiO2 nanowires. The crystalline nature of these nanowires was

confirmed by X-ray diffraction, with a Scintag XDS2000

diffractometer using Cu-Ka radiation (l ¼ 154.18 pm) at a rate

of 0.5� min�1. The morphology of the TiO2 nanowires was

characterized using a Zeiss Ultra55/Supra55VP field emission

scanning electron microscope.

Deposition of TiO2 nanowire thin film

The TiO2 nanowires were dispersed in isopropyl alcohol and drop

cast onto a titanium electrode to form a thin film. The thickness

was controlled by the number of depositions. The titanium elec-

trode was made by evaporating a layer composed of 10 nm Ti

(bottom)/50 nm Pt/120 nm Ti on a clean frosted glass slide. In

order to increase the conductivity and mechanical stability of the

TiO2 nanowire network, the thin film was cross-linked with 1

atom% of titanium isopropoxide by drop casting the solution. The

film was then left in air overnight to allow for hydrolysis of tita-

nium isopropoxide and resultant cross-linking of nanowires.
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Finally the electrode was annealed at 600 �C in forming gas (95%

N2 + 5% H2) for 2 min in order to n-type dope the nanowires.
Metal nanoparticle coating

A thin layer (� 5 nm) of gold or silver was deposited by electron

beam evaporation on a TiO2 nanowire thin film and then

annealed thermally. During the annealing process, the metal film

broke into nanoparticles with an average size of 20 nm, as

confirmed by scanning electron microscopy.
Water photolysis experiments

Electrochemical measurements were performed in a three-

electrode configuration with the TiO2 nanowire thin film serving

as a working electrode, an Ag/AgCl/3.0 M NaCl reference elec-

trode (+0.196 VNHE), and a platinum wire counter electrode. The

electrolyte was a 1.0 M or 10 mM NaOH solution. A rectangular

optical glass cuvette with 10 mm path length was used as the

electrochemical cell, with the working electrode placed at the

center of the optical path. An Epsilon EC potentiostat (BASi)

was employed for the measurement. The illumination source was

a 150 W Xenon lamp (Thermo Oriel) equipped with an AM 1.5 G

filter (Newport) to simulate solar radiation. The output beam

was further attenuated with a neutral density filter to give

a power density of 100 mW cm�2, which was measured with

a thermopile power sensor with a broadband coating (0.19–11

mm). The beam uniformly illuminated the working electrode

(active area: 1.0 cm2). For the IPCE measurement, the excitation

light was passed through various band-pass filters with known

center wavelengths and bandwidths. These filters had a band-

width of 10 nm, except the one centered at 350 nm (50 nm

bandwidth). Their off-band cutoff had an optical density of at

least 4 for wavelengths between 200 nm and 1200 nm. The inci-

dent power at each wavelength was measured by a Thorlabs

PM100 power meter with a Si photodiode sensor.
Scanning photocurrent measurements of individual TiO2

nanowire devices

Individual TiO2 nanowires were deposited on a Si substrate

with 300 nm SiO2, and electrical contacts composed of 40 nm

Ti (bottom) and 100 nm Au (top) were defined by electron

beam lithography. The device was annealed at 500 �C for 1 min

in forming gas (95% N2 + 5% H2). A supercontinuum pico-

second laser with an acousto-optic tunable filter tunable from

450 to 750 nm (Koheras) was focused to a diffraction-limited

spot on the device by a 100� achromatic microscope objective

(numerical aperture: 0.8). The photocurrent was recorded by

scanning the laser spot across the device while maintaining zero

bias. At each excitation wavelength, the incident power was

measured by a Thorlabs PM100 power meter with a Si

photodiode sensor.
Results and discussion

TiO2 nanowires and nanowire thin films

As shown in Fig. 1(a), the TiO2 nanowires have a diameter of

about 400 nm, and a length of about 30 mm. The nanowires
Chem. Sci., 2011, 2, 80–87 | 81



Fig. 1 (a) and (b) Scanning electron microscope images of a cross-linked

TiO2 nanowire thin film after thermal annealing: (a) top view (scale bar¼
25 mm) and (b) side view from a cross section of the thin film (scale bar ¼
10 mm). (c) XRD pattern of the TiO2 nanowires showing a mixture of

anatase (A) and rutile (R) phases.
appear to have rough surfaces (Fig. 1(c), inset), suggesting that

they are polycrystalline. Their polycrystallinity was confirmed

by the selective area electron diffraction (SAED) pattern

(Fig. 1c inset). X-ray diffraction measurements (Fig. 1(c)) of the

TiO2 nanowires show the presence of both anatase (�80%) and

rutile (�20%) phases. Despite its larger band gap, anatase TiO2

has been reported to be a better photocatalyst than rutile

TiO2.25 It has also been suggested that a mixture of anatase and

rutile phases might have better catalytic efficiencies than either

pure phase.26 The thickness of the cross-linked TiO2 nanowire

thin films could be adjusted by controlling the quantity of the

deposited material (Fig. 1(b) shows a 25-mm thick film). In

order to increase the conductance across the film, it was

important to maximize the packing fraction. This was achieved

by using a diluted nanowire solution for the deposition and

repeating the process until the desired thickness was achieved.

On average, each deposition added �200 nm to the thickness of

the film.

As synthesized, TiO2 nanowires have very low intrinsic

conductivity. To increase their conductivity, the nanowires

were annealed in a reducing environment at elevated tempera-

ture to create oxygen vacancies.27 When oxygen atoms leave the

lattice, Ti4+ ions are reduced to Ti3+, which act as electron

donors to the conduction band of TiO2. This n-type doping

process increases the conductivity of the material by several

orders of magnitude. Single nanowire I–V measurements indi-

cate that the conductivity of an n-doped nanowire is around 10

U�1m�1. Comparison of the XRD patterns before and after the

process confirms that annealing does not change the lattice

structure of the nanowires.
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Water photolysis

Fig. 2(a) shows current-potential curves for a 22-mm thick TiO2

nanowire thin film in the dark and under simulated AM 1.5 G

illumination. The electrolyte was a 1.0M NaOH aqueous solu-

tion (pH ¼ 13.8 at 25 �C).28 No significant dark anodic current is

observed until the potential of the working electrode reaches 0.6

VAgCl/Ag. The thermodynamic potential threshold for oxygen

evolution, E�o(O2/H2O), is determined by the Nernst equation:

Eo�ðO2=H2OÞ ¼ Eo�ðO2; 1:0 MHþ=H2OÞ � 0:05917pH

¼ 0:412 VNHE ¼ 0:216 VAgCl=Ag

(1)

This threshold sets the upper limit for the working electrode

potential under which the photoelectrochemical cell has a net

gain of free energy from the light. Under AM 1.5 illumination,

photocurrent is generated at working electrode potentials as low

as �0.8 VAgCl/Ag, giving the flat band potential (Efb) at the TiO2/

electrolyte contact.29 The photocurrent rises as the anode

potential increases, reflecting increased charge carrier separation

efficiency. It reaches 2.6 mA cm�2 at E�o(O2/H2O), which is

roughly twice as much as the photocurrent observed for TiO2

nanotube arrays under the same conditions.5

The energy conversion efficiency of the photoelectrochemical

cell can be calculated as follows:26
hc ¼
total power output � electrical power input

incident light power
� 100%

¼ jp

V o�ðO2jH2OjH2Þ � Vappl

I0

� 100%;

(2)

where jp is the measured photocurrent density in mA cm�2,

V�o(O2|H2O|H2) ¼ 1.228 V is the chemical energy harvested by

converting H2O to H2 and O2, Vappl is the external voltage

applied to the cell, and I0 ¼ 100 mW cm�2 is the AM 1.5 G

incident light power. We calculate the external voltage with the

assumption that the counter electrode has no overpotential. The

potential of an ideal counter electrode (cathode) is explicitly

defined by the H2O/H2 pair, which can be derived from the

Nernst relation. The applied voltage is then given by Vappl ¼
Eanode – Ecathode ¼ Eanode – E�o(H2O/H2), where E�o(H2O/H2) ¼
�0.817 VNHE ¼ �1.013 VAgCl/Ag in a 1.0 M NaOH solution. We

note that the definition of external voltage has previously been

a source of confusion in the field, as most electrochemical

measurements are performed in a three-electrode system that

does not have a fixed counter electrode (cathode) potential.30

When the applied voltage is defined instead as |Eanode � Eoc|,

where Eanode is the working electrode potential and Eoc is the

open circuit potential, the efficiency can be overestimated.30

Fig. 2(a) shows the values of hc measured from our devices.

The maximum hc is measured to be 1.05% at �0.41 VAgCl/Ag, the

largest efficiency that has ever been reported for TiO2 photo-

electrolysis under AM 1.5 G simulated light. Fig. 2(b) shows the

current-potential curves for TiO2 nanowire thin films with

thicknesses ranging from 3 mm to 40 mm. The films were

mechanically stable in the aqueous electrolyte after chemical

cross-linking and annealing. Some nanowires (5�10%) were

found to detach from the thicker films (>30 mm) after a few
This journal is ª The Royal Society of Chemistry 2011



Fig. 2 (a) Current density (j)-potential curves in the dark (dashed black line) and in simulated AM 1.5 illumination (solid black line) for a 22-mm TiO2

nanowire thin film. The photoconversion efficiency (hc) calculated from eqn (2) is shown in solid red. The thermodynamic potential threshold for oxygen

evolution is labeled by the vertical blue line. (b) Current density (j)-potential curves in simulated AM 1.5 illumination for TiO2 nanowire thin films with

different thicknesses. (c) Thickness dependence for the maximum photoconversion efficiencies of TiO2 nanowire thin films. (d) Power dependence of the

photocurrent density (jp) at the thermodynamic potential threshold for oxygen evolution in 1 M NaOH (red dots) and in 10 mM NaOH (blue dots)

electrolytes.
rounds of measurements, and consequently the electrochemical

data shown here were collected from the first couple of

measurements. The curves have similar shape and identical

photocurrent onset potential. At potentials higher than 0.8 V,

thinner films show higher dark current, which is due to the

exposure of the back contact metal (Ti/Pt) to the electrolyte

solution. The maximum hc increases monotonically until the film

thickness reaches 22 mm, but bends over toward a flatter curve as

the thickness increases further (Fig. 2(c)). This dependence is

markedly different from previous studies of photocurrent

dependence on film thickness in compact thin films.7 The value of

hc decreases for thicker films, most likely due to the increase of

the majority carrier path length to the back contact.

The high photocurrent and hc values observed in our devices

result from the large surface area of the cross-linked nanowire

geometry. Once a photon is absorbed, the photogenerated minority

carriers (holes) have a short distance to travel to reach the water/

TiO2 interface. By contrast, in compact thin films, the distance that

the minority carrier needs to travel increases with the film thickness,

thereby leading to a tradeoff between carrier recombination and

optical density. Furthermore, in our network geometry, the voids

in the TiO2 nanowire thin film are large (�2 mm) and well con-

nected, allowing the electrolyte to diffuse freely and reducing the

anode polarization caused by the consumption of OH�:
This journal is ª The Royal Society of Chemistry 2011
4 OH� / O2 + 2 H2O + 4 e�

The diffusion of electrolyte through the network explains why

the energy conversion efficiency is higher than the previously

studied anodized TiO2 nanotube array, which also has a

large surface-to-volume ratio.9 These arrays have much thinner

(� 100 nm) and one-dimensional pores with only one open end,

hindering ion diffusion. Due to the anode polarization, a higher

concentration of OH� is needed to achieve high photocurrent

densities and energy conversion efficiencies. Fig. 2(d), which

shows the dependence of the photocurrent as a function of the

illumination intensity, demonstrates this effect. Here, the anode

potential was fixed at the thermodynamic threshold for oxygen

evolution (0.216 VAgCl/Ag for 1 M NaOH and 0.323 VAgCl/Ag for

10 mM NaOH). In the 1 M NaOH solution, the photocurrent is

proportional to the incident intensity until it rises above 1 Sun at

AM 1.5, at which point the photocurrent starts to saturate. The

saturation behavior is more pronounced in a 10 mM NaOH

solution due to limited mass transport of OH� in the dilute

solution. Compensating the lower ionic concentration of 10 mM

NaOH with an inert electrolyte such as Na2SO4 slightly increases

the photocurrent, but does not affect the saturation behavior (see

ESI†). We note that oxygen bubbles on the anode may also
Chem. Sci., 2011, 2, 80–87 | 83



Fig. 3 (a) IPCE at various excitation wavelengths. Inset: diagram

showing a proposed mechanism for the photocurrent observed under the

visible light, which involves the excitation of electrons trapped in surface

states. (b) UV-Vis diffuse reflectance of a TiO2 nanowire thin film before

(blue) and after (red) thermal annealing.
contribute to the decrease in efficiency at higher photocurrent

density because they can obstruct the optical path.
Fig. 4 (a) Optical reflection and (b) scanning photocurrent image

recorded from a single TiO2 nanowire with a 600 nm incident laser. Scale

bars ¼ 1 mm. (c) The wavelength dependence of the photocurrent (Ip)

excited near the two contacts. Insets: (left bottom) power (Pinc) depen-

dence of the photocurrent excited at 600 nm and (right top) a proposed

mechanism for the photocurrent.
Spectral dependence of photoelectrolysis

The photocurrent action spectrum is shown in Fig. 3 by plotting

IPCE against the excitation wavelengths. IPCE, defined as the

number of photogenerated electrons (ne) divided by the number

of incident photons (nph), is given by the equation

IPCE ¼ ne

nph

¼ hnjp

eI0

� 100%

where jp is the photocurrent density, n and I0 are respectively the

frequency and the power density of the incident light, h is the

Planck constant, and e is the elementary charge. As is clearly

seen, an IPCE of up to 90% was achieved at 350 nm excitation.

The IPCE does not drop to zero when the incident photon energy

falls below the band gap (3.0 eV, 410 nm). It is as high as 1% for

420 nm, and remains about 0.1% in the range of 430–480 nm.

Though much less significant for longer wavelengths (l > 500

nm), the photocurrent is still above the detection limit of our

potentiostat. To confirm that our devices’ response to visible

light is not due to UV light that leaked through our filters, we

inserted an additional 400 nm or 420 nm longpass filter (OD $ 2

for UV) into the light path. The photocurrent response to visible
84 | Chem. Sci., 2011, 2, 80–87
light was unaffected, confirming our visible light photocurrent

measurements.

Sub-band gap optical absorption in the thermally annealed

TiO2 nanowires is confirmed by diffuse reflectance spectroscopy

(Fig. 3(b)). Before thermal annealing, the TiO2 nanowires

showed strong optical absorption in the UV but high and

uniform reflectance in the visible range, consistent with its snow

white appearance. After thermal annealing the reflectivity in the

visible range was significantly reduced, signifying sub-band gap

absorption. We note that increased optical absorption at longer

wavelengths does not generate larger photocurrent, thereby

ruling out the possibility that the photocurrent in the visible

range is due to a thermal effect.

TiO2 that is heavily doped by carbon or nitrogen can have

a significantly red-shifted band edge;31,32 however, our TiO2 is

not doped by other elements, as confirmed by the energy

dispersive X-ray spectroscopy (EDS: see ESI†). It has been

previously reported that n-type TiO2 has localized defect states

due to oxygen vacancies in its lattice.33 These oxygen vacancies

arise when an oxygen anion (O2�) is replaced by an electron pair.

A large fraction of the doped electrons do not ionize to the

conduction band, but form localized states, giving rise to optical

absorption in the visible spectrum. In our system, after the TiO2

nanowires are thermally annealed, most of these oxygen vacancy

defect states should remain near the surface. The inset of Fig. 3

depicts a proposed mechanism for the photoelectrochemistry

catalyzed by such defect states. In this mechanism, an electron is

optically excited from the surface states to the conduction band,

leaving a localized hole that may oxidize the O2/H2O pair if it is

at a higher potential than E�o(O2/H2O).
This journal is ª The Royal Society of Chemistry 2011



In order to further investigate the nature of the sub-band gap

absorption, we performed single nanowire scanning photocur-

rent measurements. The single TiO2 nanowire device was located

from the optical reflection image (Fig. 4(a)) before the photo-

current scan. Both the optical reflection and photocurrent images

are diffraction-limited, which sets the resolution of our

measurements at 200–300 nm. The excitation wavelength was

tuned over a range of 480–700 nm, which is below the band gap

of TiO2. Two photocurrent spots of opposite sign are seen in the

photocurrent image (Fig. 4(b)) at the two electrical contacts. The

photocurrent is on the order of 10 pA at an excitation power of

around 1 mW. The sign of the photocurrent indicates that the

current is flowing from the TiO2 nanowire to the Ti contact for

both contacts, consistent with an n-type Schottky barrier. The

magnitude of the photocurrent is proportional to the intensity of

the excitation laser (Fig. 4(c), inset), signifying that single-photon

absorption is responsible for the observed photocurrent. The

photocurrent thus provides evidence for the optical excitation of

occupied surface trap states. The band alignment and the

photocurrent generation mechanism are shown in the inset of

Fig. 4(c). The integrated photocurrent at each contact was
Fig. 5 Current-potential curves for different excitation wavelengths: 400

nm, 420 nm, 480 nm, and 570 nm. (b) Open circuit (photocurrent onset)

potential (Voc) vs. incident photon energy. The dotted blue line denotes

the initial Fermi level of the electrolyte solution. Insets: diagrams

showing the band alignment at open circuit potentials for excitations

above (left) and below (right) the band gap. ha is the anode overpotential

for oxygen evolution.

This journal is ª The Royal Society of Chemistry 2011
normalized by the power of the excitation laser, and plotted

against the excitation wavelength in Fig. 4(c). It is clear that

a higher quantum efficiency is achieved for shorter wavelengths,

which is the same behavior seen in the photoelectrochemistry

measurements.

The wavelength dependence of the photocurrent-voltage

curves is shown in Fig. 5(a) for a few selected wavelengths. From

these curves the open-circuit potential Eoc at each excitation

wavelength (Fig. 5(b)) can be measured, allowing the determi-

nation of the photovoltage, Vph ¼ Eoc – EF, electrolyte.
34 Here,

EF, electrolyte represents the initial Fermi level of the electrolyte,

which can be anywhere between E�o(O2/H2O) and E�o(H2O/H2),

depending on the initial relative concentrations of O2 and H2 in

the cell.35 In our setup, EF, electrolyte is measured to be around

�0.15 VAgCl/Ag.

In the photovoltage spectrum, there are two different behav-

iors above and below the band gap. Above the band gap, the

photovoltage is almost independent of the incident wavelength.

Hot carriers generated above the band gap thermalize quickly to

the band edge, and the photocurrent onset potential is solely

determined by the flat band potential of TiO2 (Fig. 5(b), left

inset). The photovoltage is independent of the incident light

intensity in the experimental range (10�3 � 1 mW cm�2),

consistent with earlier reports.35,36 As the incident photon energy

falls below the band gap of TiO2 (3.0 eV, 410 nm), a sudden

decrease (� 0.4 V) of the photovoltage occurs. Below the band

gap, the open circuit potential gradually approaches the initial

Fermi level of the electrolyte, and the photovoltage approaches

zero. Under visible light, electrons from surface trap states can be

excited and form a quasi-Fermi level of holes (EF*), which is

much shallower due to the much lower density of states.37 In this

case, the photocurrent onset is only reachable with a band

bending (Fig. 5(b), right inset), which leads to the sudden drop of

photovoltage from 400 nm to 420 nm. At longer wavelengths of

excitation, the photoexcited surface states become less energetic,

and the deep trap states are highly localized, contributing less to

the quasi-Fermi level. The quasi-Fermi level of holes approaches

the electron Fermi level (EF), and the photovoltage eventually

approaches zero.
Surface plasmon enhanced visible light photocurrent

We also investigated the plasmonic enhancement of photocur-

rent by adding metallic nanoparticles to the nanowire thin films

(Fig. 6(a)). TiO2 nanowire thin films coated with gold or silver

were prepared as described in the experimental section. After

thermal annealing, the thin metal layer broke into nanoparticles

that covered the TiO2 nanowires uniformly (Fig. 6(a), insets).

This surface coating led to an enhancement of visible light

photocurrent of up to a factor of 10 (Fig. 6(b)). The maximum

enhancement occurs around 600 nm, which corresponds to the

plasmon resonance of these metal nanoparticles within TiO2.38,39

Above the band gap, no enhancement was observed because the

interband transitions of gold or silver dampen the surface plas-

mon mode in the UV range.40

It should be noted that the enhancement of photocurrent was

observed only for very thin nanowire films (# 1 mm). No

enhancement was seen for thicker films despite a homogeneous

coating of metal nanoparticles in the multi-layer nanowire film
Chem. Sci., 2011, 2, 80–87 | 85



Fig. 6 (a) The wavelength dependence of IPCE for sparse films of TiO2

nanowires (black dots), coated with silver nanoparticles (blue circles),

and coated with gold nanoparticles (red dots). Inset: the SEM images of

the TiO2 nanowires coated with silver nanoparticles (top) and gold

nanoparticles (bottom). Scale bars¼ 1 mm. (b) The enhancement of IPCE

versus wavelength by silver nanoparticles (blue circles) and gold nano-

particles (red dots).
(nanoparticle deposition was performed after each nanowire

layer deposition). This observation indicates that the enhance-

ment is due to the far-field scattering of the incident photon by

the metal nanoparticles that increases the effective optical path

length. As the TiO2 nanowire film gets thicker, incident photons

can scatter multiple times off the nanowires, leading to a long

effective path length even in the absence of metal nanoparticles.

We note that the absence of enhancement in thicker films

suggests that local electric field enhancement does not play

a significant role in these devices. We note that the use of plas-

monic metal nanoparticles to increase optical absorption in very

thin slabs of semiconductor materials has also been explored in

photovoltaic devices and various photocatalytic systems.41–43

Because of the relatively small degree of absorption in the visible

for these nanowires, the plasmon-enhanced photocurrent does

not contribute significantly to the overall device efficiency. This

strategy, however, might be more effective in other material

systems with higher visible absorption, such as doped TiO2 or

other materials.
Conclusions

Efficient water splitting using sunlight has long been an intensely

pursued goal in chemistry, and may eventually provide a viable
86 | Chem. Sci., 2011, 2, 80–87
pathway towards alternative energy sources. In this report, we

have demonstrated that the high surface area architecture of the

cross-linked TiO2 nanowires leads to highly efficient photo-

electrochemical splitting of water. Specifically, the geometry of

the nanowire network achieves large surface area without sacri-

ficing electrical conductivity, and allows for electrolyte diffusion

through the interconnected voids, giving the highest solar energy

conversion efficiency reported for water photolysis with TiO2

photoanodes. This strategy should be applicable for other

material systems as well, and may significantly enhance the

performance of devices incorporating lower band gap materials,

which generally have short minority carrier diffusion lengths.21,44

We observed plasmon enhancement of visible light absorption in

thin nanowire films (<1 mm thickness), where the far-field optical

scattering of the metal nanoparticles increases the optical path of

the incident light in the plane of the thin film. These character-

istics could be used as general design principles for other pho-

toelectrochemical systems, including dye-sensitized solar cells.
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