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ABSTRACT: In aqueous electrolytes, dye-sensitized oxide semiconductors provide a visible light-
absorbing photoanode that can be coupled to various cathodes for solar fuel production. Understanding
the kinetics of electron transfer processes in these photoanodes is important for improving the system
efficiency. Array electrodes consisting of vertically aligned, crystalline TiO2 nanowires have been developed
for conventional, nonaqueous dye cells to accelerate electron transport between the electrode/electrolyte
interface, where charge injection occurs, and the transparent conductor back electrode contact. Here, we
report a kinetic study of electron transport and recombination in dye-sensitized TiO2 nanowire array
electrodes in aqueous media and compare them to more typical mesoporous nanoparticle electrodes.
Intensity-modulated photocurrent spectroscopy and intensity-modulated photovoltage spectroscopy were
used to measure electron diffusion coefficients and recombination lifetimes. At the same light intensity, the
electron diffusion coefficient in rutile TiO2 nanowire array electrodes was 1−2 times faster, and the
electron recombination lifetime was one order of magnitude longer than that in nanoparticle-based anatase
photoelectrodes. However, the overall photoinjected electron density was lower with the nanowire array
electrodes because of their lower surface area and low coverage of dye molecules. These results suggest that
higher surface area nanowire array electrodes coupled with strongly absorbing dyes could potentially improve the efficiency of solar
fuel systems based on dye-sensitized photoanodes.

■ INTRODUCTION
With the growing demand for renewable energy, an important
goal is to develop efficient, low-cost systems that can produce
fuels directly from sunlight. Dye-sensitized semiconductor
photoelectrodes provide a platform for integrating light-
absorbing molecules with catalysts for the anodic and cathodic
reactions involved in solar fuel production. In water-splitting
dye-sensitized photoelectrochemical cells (WS-DSPECs)1−4

strongly absorbing sensitizers have been coupled to efficient
water-splitting catalysts to achieve monochromatic incident
photon-to-electron current efficiencies (IPCEs) approaching
25%.5 Conventionally, mesoporous TiO2 or core−shell SnO2/
TiO2 nanoparticle films have been used as the semiconductor
material for photoanodes.5−9 While the majority of these
studies have involved the mesoporous electrode structures
originally developed for regenerative dye-sensitized solar cells
(DSSCs),10 TiO2 nanowire array electrodes have also been
studied, both for nonaqueous DSSCs11−13 and for water-
splitting photoanodes in which TiO2 acts as the light
absorber.14,15 In both cases, experiments have shown that the
one-dimensional architecture of the TiO2 nanowire arrays
increases the diffusion coefficient for transport of photo-
generated electrons to the transparent conductor back contact
of the photoanode.
A previous study by Feng et al.11 investigated the charge

transport properties of rutile TiO2 nanowire arrays in
nonaqueous DSSCs by using intensity-modulated photo-
current spectroscopy (IMPS) and intensity-modulated photo-

voltage spectroscopy (IMVS). Those experiments showed that
the nanowire array architecture increased the electron diffusion
coefficient but also increased the charge recombination rate at
the nanowire−electrolyte interface. In nonaqueous DSSCs,
iodide/triiodide anions are used in the electrolyte to shuttle
redox equivalents, and the electrolyte permeates the nanowire
array. Although photoinjected electrons diffuse rapidly within
the nanowires, the increased recombination rate with triiodide
results in no significant change in the efficiency of charge
collection. In contrast, in the WS-DSPEC, the primary loss
mechanism is charge recombination between photoinjected
electrons and oxidized dye molecules adsorbed onto the
semiconductor surface.6,16,17 Charge recombination at the
semiconductor/electrolyte interface may not be as significant a
problem for WS-DSPECs, since the concentration of oxidized
species (i.e., molecular oxygen) in the electrolyte is low. This
question motivates the current study of electron transfer
kinetics in the nanowire array architecture.
Xu et al.16,18 recently reported a full kinetic model for TiO2

nanoparticle photoanodes in WS-DSPECs. IMVS and IMPS
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data were used to measure the rates of electron transport,
charge recombination, and dye regeneration by a hydro-
quinone reductant in the aqueous electrolyte. The hydro-
quinone was used at low concentration to mimic the slow
kinetics of the catalytic water oxidation reaction. Using this
model, the performance of the WS-DSPEC was then simulated
using a range of rates for charge recombination, electron
diffusion, and catalyst turnover. The results showed that the
IPCE of WS-DSPECs could be improved by accelerating
electron diffusion relative to the best reported values for
conventional mesoporous electrode architectures.
We report here photoelectrochemical experiments that

compare the electron transport properties of conventional
anatase TiO2 nanoparticle electrodes (TiO2-NPs) and rutile
TiO2 nanowire array electrodes (TiO2-NWs). IMPS and IMVS
were used to obtain electron diffusion coefficients and
recombination lifetimes, respectively. The results show that
the TiO2 nanowire array architecture facilitates faster electron
diffusion and potentially reduce charge recombination on the
surface of TiO2.

■ EXPERIMENTAL SECTION
Photoanode Preparation. Bis(2,2′-bipyridine)(4,4′-di-

phosphonato-2,2′-bipyridine)ruthenium(II) bromide, RuP,
was synthesized as previously described and used as the
molecular sensitizer.19,20 Anatase TiO2-NPs were prepared by
a previously reported procedure.21 The synthesis of rutile
TiO2-NW arrays was adapted from the method developed by
Liu et al.12 Deionized water (22.5 mL) was mixed with
concentrated hydrochloric acid (36.5−38 wt %, 22.5 mL) and
stirred for 5 min. After the addition of titanium butoxide (97%,
0.75 mL), the mixture was stirred for 5 min before loading into
a Teflon-lined stainless-steel autoclave, with two pieces of clean
fluorine-doped tin oxide (FTO) on glass substrates (TEC-8,
Hartford glass company). The substrates were tilted in the
autoclave with the FTO-coated side facing downward. The
autoclave was heated at 200 °C for 4 h and then cooled to
room temperature. The growth solution was replaced with a
new mixture, which was made by first mixing deionized water
(18.75 mL), saturated aqueous sodium chloride solution (3.75
mL), and concentrated hydrochloric acid (22.5 mL) for 5 min
and then adding titanium butoxide (0.75 mL) and stirring for 5
min. The autoclave was then heated at 150 °C for 20 h. After
cooling to room temperature, the FTO-coated glass substrates,
now covered by the nanowire array, were taken out, thoroughly
rinsed with deionized water, allowed to dry in ambient air, and
stored in a 70 °C oven for at least 20 min. The electrodes were
then sensitized by immersing in 0.1 mM RuP in ethanol
solution at room temperature in the dark for 20 h. Following
sensitization, the electrodes were thoroughly rinsed with
ethanol and dried in ambient air.
Characterization and Measurements. Scanning electron

microscopy (SEM) images were obtained using a Quanta 600
FEG environmental scanning electron microscope. X-ray
diffraction (XRD) patterns of the nanowire arrays were
recorded on a Rigaku X-ray powder diffractometer (SmartLab
SE). Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) experiments were performed
on a JEOL JEM-F200.
All photoelectrochemical measurements were carried out

using a Metrohm Autolab potentiostat (PGSTAT128N). The
working electrodes were placed in an electrochemical cell, with
a Ag/AgCl (3 M NaCl) reference electrode and a Pt wire

counter electrode. The electrochemical cell was illuminated
using a 470 nm LED (LDC470, Metrohm). The light intensity
was monitored using a silicon photodiode power sensor
(Thorlabs, S130C). The electrolyte was 0.1 M acetic acid/
sodium acetate (pH 4.8, degassed by purging with argon).
The number density of photoinjected electrons was

measured by charge extraction experiments, in 0.1 M acetate
buffer with 3 mM hydroquinone. The photocurrent was
measured immediately after the light illuminating the electro-
des was switched off, at an applied bias of 0.3 V versus Ag/
AgCl. The photoinjected electron density was determined by
integrating the photocurrent decay over time after subtracting
the dark background current and divided by the product of
electrode thickness, volume percentage of TiO2 in the
electrode film, and the absolute value of elementary charge.
The LED light source in impedance spectroscopy experi-

ments was driven using an Autolab LED Driver. The amplitude
of the sinusoidal perturbation was 10% of the steady-state light
intensity. IMPS experiments were conducted in the 0.1 M
acetic acid/sodium acetate buffer with 3 mM hydroquinone, at
an applied bias of 0.3 V versus Ag/AgCl. The photocurrent
response was recorded over the frequency range of 1000 to 1
Hz of the light perturbation. IMVS experiments were
conducted in the 0.1 M acetic acid/sodium acetate buffer,
under open-circuit conditions, at an applied frequency range
from 400 to 1 Hz.

■ RESULTS AND DISCUSSION
TiO2-NPs were prepared by doctor blading the as-prepared
anatase TiO2 nanoparticle paste onto FTO substrates. SEM
images (Figure S1) of the electrode cross section and surface
show the mesoporous structure with an average electrode
thickness of 2.9 μm. Rutile TiO2-NW arrays were synthesized
hydrothermally on the FTO-glass electrodes. As shown in the
cross-sectional view SEM image of TiO2-NWs (Figure 1a), the
nanowires are vertically oriented with respect to the FTO
substrate. The top view SEM image (Figure 1b) shows that
each nanowire with a square-shaped tip is a bundle consisting
of even thinner individual nanowires. The average thickness of
the nanowire array electrodes was 3.3 μm. XRD patterns
(Figure 1c) identified the phase of the nanowires as rutile, with
the strongest diffraction from the (101) and (002) reflections.
Figure 2a shows a TEM image of a nanowire and SAED

patterns collected along the length of the same nanowire. The
sharp spot diffraction patterns indicate that each region
sampled is crystalline and that the three regions share a
common <101> growth direction. Figure 2b presents one of
the SAED patterns, approximately oriented along the 101 zone
axis orientation, and with the individual reflections labeled.
The (101) lattice spacing was measured to be 0.25 nm (shown
in Figure S2), in good agreement with the lattice spacing in
rutile TiO2 (0.248 nm). The presence of strong (101) and
(002) reflections in the XRD pattern (Figure 1c) suggests that
nanowires grow in both <101> and <001> orientations in the
arrays, in contrast to earlier reports11,12 of predominantly
<001> orientation.
The porosity of the electrodes, defined as the ratio of the

volume of pores to the geometric volume of the electrode film,
was estimated by mass and geometry measurements. The
volume of the film, which consists of the volume of pores and
the volume of TiO2, was determined by measuring the
dimensions of the film. The volume of TiO2 was measured as
the ratio of the mass to the density of rutile or anatase TiO2.
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The porosity of the films was thus measured to be 66 ± 11%
for TiO2-NPs and 58 ± 17% for TiO2-NWs.
Photoinjected Electron Density. The short-circuit

photoinjected electron density for dye-sensitized TiO2 in NP
and NW electrodes was obtained from charge extraction
experiments. Working electrodes were held at 0.3 V (versus
Ag/AgCl) under steady-state illumination. This is essentially a
short-circuit condition because the current density is not
limited by the applied potential (Figure S3). Immediately after
the incident light was switched off at t = 0, the photocurrent
decay was measured. Assuming that charge recombination was
minimal on the microsecond timescale of charge collection, the
photoinjected electron density in the TiO2 nanostructures
could be determined from the expression n = JSC τ/[d(1 − P)
q],22−24 where JSC is the photocurrent density at short-circuit,

d is the thickness of the TiO2 film, P is the porosity, and q is
the absolute value of elementary charge.
The photoelectron density in dye-sensitized TiO2-NPs and

TiO2-NWs over a range of incident light intensities is displayed
in Figure 3. Within the testing range, the photoinduced

Figure 1. (a) Cross-sectional view and (b) top view SEM images of
TiO2-NWs. (c) XRD pattern of TiO2-NWs on the FTO substrate
(FTO reflections are labeled by asterisks).

Figure 2. (a) TEM image of a TiO2 nanowire; insets show SAED
patterns of different areas on the same nanowire, and (b) enlarged
SAED pattern with Miller indices.

Figure 3. Photoelectron density in TiO2-NPs (black squares) and in
TiO2-NWs (red circles) at different incident light intensities.
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electron density in TiO2-NPs increases with increasing light
intensity and tends to saturate at 7 × 1017 cm−3, but the
electron density of TiO2-NWs is roughly constant, with an
average value of 9 × 1015 cm−3. The electron density generated
by steady-state illumination of dye-sensitized TiO2-NPs is
higher than that in dye-sensitized TiO2-NWs by 1−2 orders of
magnitude. We attribute this difference to the fact that surface
coverage of dye molecules for TiO2-NPs is larger than that for
TiO2-NWs (Figure S4), which stems from the higher porosity
and higher surface area of TiO2-NPs. The photoelectron
density in TiO2-NWs does not show a strong dependence of
the intensity of incident illumination, possibly because of the
fast charge transfer process happening in the nanowire
structure. Once injected into the conduction band of the
TiO2 nanowires, electrons diffuse and are collected rapidly at
the back contact, and so, their steady-state density remains low.
IMPS. Figure 4 shows IMPS Nyquist plots of dye-sensitized

TiO2-NP and TiO2-NW photoelectrodes. The magnitude of

the IMPS response in both cases scales positively with incident
light intensity. In the Nyquist plot of the NP electrode (Figure
4a), we observe that the curves extend into the fourth
quadrant. This suggests that there are inductive effects in the
mesoporous nanoparticle film, which can arise from loop
currents in the interconnected network of nanoparticles.25 The
TiO2 NW array electrode, on the other hand, does not contain
closed loops, and therefore, no inductive effect was observed.
Figure 5 displays Bode plots of dye-sensitized TiO2-NP and

TiO2 NW photoelectrodes. In both plots, we observe a peak
shift toward high frequency as the intensity of illumination
increases. At the peak of each curve in the IMPS Bode plots,

the frequency is denoted as f IMPS, which is related to the
electron transport time constant τtr = 1/f IMPS. This time
constant can be used to estimate the electron diffusion
coefficient by using the relation Dn = d2/(2.35τtr),

26 where d is
the thickness of the TiO2 electrode film.
Figure 6a shows plots of the calculated electron diffusion

coefficients (Dn) in each TiO2 nanostructure as a function of
incident light intensity. At low illumination intensities, the
diffusion coefficients in TiO2-NP are slightly larger than those
in TiO2-NW films, but the uncertainty in the measurements
(especially for the NW films) is large. At higher light intensity,
we observe that the diffusion coefficient in TiO2-NWs is
approximately a factor of two greater than that in the TiO2-NP
film. The relation between electron diffusion coefficients and
photoinjected electron density is shown in Figure 6b. In both
TiO2 nanostructures, diffusion coefficients increase with
increasing photoinjected electron density. The result is
consistent with previous studies of dye-sensitized porous
nanocrystalline TiO2.

24,27 Even though the photoelectron
density in TiO2-NW is more than one order of magnitude
lower than that in TiO2-NP, the diffusion coefficient in TiO2-
NW is still higher.
The difference in electron diffusion coefficients in two types

of TiO2 nanostructures indicates that TiO2-NWs support faster
electron collection at the FTO back contact. This result is
consistent with earlier measurements in nonaqueous DSSCs11

and can be attributed to the crystallinity and the architecture of
TiO2. The high crystallinity eliminates defects associated with
trap states that inhibit effective transport of electrons to the
back contact. In addition, the crystalline nanowires provide a
direct pathway for electron transport that does not entail a
tortuous path through interparticle connections in the
mesoporous NP film.

Figure 4. IMPS Nyquist plots of dye-sensitized (a) TiO2-NP and (b)
TiO2-NW photoelectrodes.

Figure 5. IMPS Bode plots of (a) TiO2-NPs and (b) TiO2-NWs.
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IMVS. In Nyquist plots of IMVS data from dye-sensitized
TiO2-NP (Figure 7a) and NW (Figure 7b) photoelectrodes,
we do not observe a discernible dependency of the IMVS
response on the intensity of the incident illumination. The
magnitude of the IMVS response is larger with TiO2-NP
photoelectrodes than that in TiO2-NW photoelectrodes. This
is consistent with the higher loading of sensitizer molecules in
the mesoporous nanoparticle films.
IMVS Bode plots (Figure 8a,b) show the relationship

between the imaginary component of the photovoltage
response and the frequency. At the peak of each curve, the
frequency is denoted as f IMVS. We observe that f IMVS increases
with increasing light intensity, indicating faster charge
recombination at higher light intensity. The frequency can
be converted to a charge recombination lifetime by the relation
τrec = 1/f IMVS.

28

The electron recombination lifetimes (τrec) for dye-
sensitized TiO2-NP and TiO2-NW photoelectrodes are plotted
against the incident light intensity in Figure 9a. In both cases,
τrec decreases with increasing light intensity. Comparing the
electron lifetime at the same light intensity in each morphology
of the TiO2 nanostructure, τrec in the TiO2-NW photoelectrode
is about one order of magnitude longer than that in the TiO2-
NP photoelectrode. In Figure 9b, the electron recombination
lifetime is plotted as a function of photoelectron density. As
indicated by the decreasing recombination lifetime, the
electron recombination rate increases with increasing photo-
electron density. The observed longer recombination lifetime
in TiO2-NW electrodes thus arises in large part from the lower
photoelectron density. It is therefore difficult to make a direct
comparison between the electron recombination lifetimes in

each of the TiO2 nanostructures because of the large difference
in the photogenerated electron density. However, based on the

Figure 6. Electron diffusion coefficient (Dn) in TiO2-NPs (black
squares) and in TiO2-NWs (red circles) as a function of (a) incident
light intensity and of (b) photoelectron density.

Figure 7. IMVS Nyquist plots of dye-sensitized (a) TiO2-NP and (b)
TiO2-NW photoelectrodes.

Figure 8. IMVS Bode plots of dye-sensitized (a) TiO2-NP and (b)
TiO2-NW photoelectrodes.
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finding that the nanowire structure supports fast electron
diffusion, we predict that TiO2 nanowire arrays could
potentially reduce the electron recombination process in WS-
DSPECs. In the nonaqueous DSSCs, charge recombination
occurs primarily between photoinjected electrons and triiodide
ions in the electrolyte. In the aqueous system, however, charge
recombination occurs primarily between trapped electrons and
oxidized dye molecules on the TiO2 surface. The faster
electron transport can increase the charge collection rate at the
back contact and thus reduce charge accumulation on the TiO2
surface.

■ CONCLUSIONS
We have measured electron diffusion coefficients and charge
recombination lifetimes of dye-sensitized TiO2 nanoparticle
and nanowire array electrodes, using IMPS and IMVS,
respectively, in aqueous electrolytes. In the IMPS experiments,
a small amount of hydroquinone was added in the electrolyte
as an electron donor to mimic dye regeneration by an efficient
oxygen evolution catalyst in a WS-DSPEC anode. Electron
diffusion coefficients obtained from IMPS at the same light
intensity showed that electron transport is faster in dye-
sensitized nanowire array electrodes even at lower photo-
injected electron density. Electron recombination lifetimes at
the same light intensity obtained from IMVS indicate that
electron recombination is slower in nanowire array electrodes,
although the lower photoinjected electron density is clearly an
important factor in slow recombination. The crystallinity and
vertical alignment of the nanowires facilitates electron
transport by eliminating electron trap states and providing a

direct electron transport pathway to the electrode back
contact. The fast electron transport property of the nanowire
structure could potentially lower the charge recombination rate
for photoanodes in the aqueous electrolyte of WS-DSPECs.
The results provide experimental evidence of the possibility of
increasing the efficiency of WS-DSPECs by changing the
architecture of the photoelectrode. While these results are
promising, the realization of practical water splitting dye cells
by using TiO2 nanowire array electrodes will require a
technique for growing higher surface area nanowires that can
increase the amount of adsorbed sensitizer, as indicated by
previous studies,29−32 to match that of conventional
mesoporous TiO2 films. Another direction for future success
of the TiO2 nanowire structure in a water-splitting dye cell is to
employ dye molecules that absorb light more strongly and have
been shown to increase the efficiency of nonaqueous
DSSCs.33−35
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