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A

rtiﬁcial photosynthesis has been considered as a desirable approach to
supply clean energy since it can
capture and convert the energy of sunlight
into the chemical bonds of a fuel such as
hydrogen.1 Solar water splitting to convert
water into hydrogen and oxygen is one
of the most attractive forms of artiﬁcial
photosynthesis. Since Honda and Fujishima
demonstrated water splitting with TiO2 in
1972,2 the photoanodic properties of
TiO2 (rutile) have been widely studied37
because it is highly resistant to photocorrosion, nontoxic, abundant, and cheap. However, TiO2 has too wide of a band gap
(3.0 eV)8 to absorb sunlight in the visible
region, and its low electron mobility (1 cm2
V1 s1)9 and short minority carrier (hole)
diﬀusion length (10100 nm)8,10 limit its
quantum eﬃciency even in the UV region.
Nanostructured TiO2 has been demonstrated1114 to increase its quantum eﬃciency for water splitting since recombination can be mitigated by decreasing
the distance necessary for the minority
carrier to diﬀuse to the surface. In particular,
one-dimensional (1D) nanostructures such
as nanowire and nanotube arrays are advantageous over planar geometries because they can decouple the directions
of light absorption and charge carrier
collection.1518 TiO2 nanowire arrays can
have eﬃcient charge transfer at the TiO2/
electrolyte interface despite a short hole
diﬀusion length because the hole only
needs to diﬀuse across the radius of the
nanowire.1,15 However, the low electron
mobility in rutile TiO2 can be an obstacle
because electrons must transport along the
nanowires to reach the electrical contact.19
To date, 1D nanostructured TiO2 has been
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ABSTRACT We report that the length

and surface properties of TiO2 nanowires
can have a dramatic eﬀect on their photoelectrochemical properties. To study the
length dependence, rutile TiO2 nanowires
(0.281.8 μm) were grown on FTO substrates with diﬀerent reaction times (50180 min)
using a hydrothermal method. Nanowires show an increase in photocurrent with length, and a
maximum photocurrent of 0.73 mA/cm2 was measured (1.5 V vs RHE) for 1.8 μm long
nanowires under AM 1.5G simulated sunlight illumination. While the incident photon to current
conversion eﬃciency (IPCE) increases linearly with photon absorptance (110Rlength) with
near band gap illumination (λ = 410 nm), it decreases severely at shorter wavelengths of light
for longer nanowires due to poor electron mobility. Atomic layer deposition (ALD) was used to
deposit an epitaxial rutile TiO2 shell on nanowire electrodes which enhanced the photocatalytic
activity by 1.5 times (1.5 V vs RHE) with 1.8 μm long nanowires, reaching a current density of
1.1 mA/cm2 (61% of the maximum photocurrent for rutile TiO2). Additionally, by ﬁxing the
epitaxial rutile shell thickness and studying photoelectrochemical (PEC) properties of diﬀerent
nanowire lengths (0.281.8 μm), we found that the enhancement of current increases with
length. These results demonstrate that ALD coating improves the charge collection eﬃciency
from TiO2 nanowires due to the passivation of surface states and an increase in surface area.
Therefore, we propose that epitaxial coating on materials is a viable approach to improving
their energy conversion eﬃciency.
KEYWORDS: TiO2 nanowire . atomic layer deposition . photoanode .
photoelectrochemical water splitting . length dependence . charge collection
eﬃciency

investigated, but the dependence of PEC
activity on length has not been systematically studied.
The surface properties of nanostructures
are especially important to the overall
charge collection eﬃciency since they can
inﬂuence the recombination velocity
and the chemical reaction dynamics. Surface states in nanostructures can be
diﬀerent depending on the preparation method. 10 One method to decrease
VOL. 6

’

NO. 6

’

* Address correspondence to
p_yang@berkeley.edu.
Received for review February 15, 2012
and accepted May 15, 2012.
Published online May 23, 2012
10.1021/nn300679d
C 2012 American Chemical Society

5060–5069

’

2012

5060
www.acsnano.org

RESULTS AND DISCUSSION
To study the photoanodic activity dependence on
the length of TiO2 nanowires, four diﬀerent lengths of
TiO2 nanowire arrays were prepared on FTO from a
hydrothermal method25 by controlling the growth
time between 50 and 150 min at the same growth
temperature (200 C). When the growth time exceeded
3 h, TiO2 nanowire arrays started to delaminate from
the FTO substrate and form a white thin ﬁlm due to the
competition between crystal growth and dissolution
at the FTOnanowire interface.25 Figure 1 shows
top-down scanning electron microscope (SEM) images
HWANG ET AL.
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surface recombination velocity is a surface coating.20
Atomic layer deposition (ALD) is a coating technique
that can passivate surface states to decrease the surface recombination velocity.21 Its layer-by-layer deposition allows for highly conformal coating even on
the dense and rough surfaces of certain nanostructures. Formal et al. demonstrated that a thin layer of
Al2O3 deposited by ALD on nanostructured Fe2O3 can
lower the photocurrent onset potential by passivating
surface states.22
For the ALD coating to have a beneﬁcial eﬀect on the
water splitting eﬃciency, several factors should be
considered for choosing the right material. First, the
interface between the ALD layer and the semiconductor material should be considered. For example, a large
lattice mismatch can cause non-uniform coating and
additional defects due to strain. For materials with
a large lattice mismatch, it is possible to introduce
a buﬀer layer to relax the strain at the interface.
Paracchino et al. used ZnO and Al2O3 buﬀer layers
to relax the strain at the interface which can increase
the stability of a TiO2 ALD layer on a p-Cu2O
electrode.23 Second, the ALD layer should have the
right band alignments with the semiconductor
to prevent additional energetic barriers for charge
carriers.23,24 The valence band potential of the ALD
shell should be equal to or higher than that of rutile
TiO2 to allow eﬃcient hole transfer. In addition, the
valence band potential of the ALD shell should be
lower in energy than the water oxidation potential to
allow the reaction to be thermodynamically favorable.
A coating of ALD TiO2 on rutile nanowire arrays could
satisfy all of the aforementioned factors.
Here, we use TiO2 nanowires as a model system
for photoelectrochemical (PEC) water splitting to conduct a quantitative study on the dependence of the
IPCE on nanowire length and ALD TiO2 coating. From
these results, we demonstrate that the eﬃciency of the
TiO2 nanowire arrays can be improved by increasing
the length of the nanowires as well as by coating the
surface with an ALD shell. These geometric studies
of TiO2 nanowire arrays can oﬀer a strategy toward
optimizing the energy conversion eﬃciency with other
semiconductor materials in solar water splitting.

Figure 1. SEM images of hydrothermally grown TiO2 nanowires on FTO substrates for (a) 50 min, (b) 60 min, (c) 80 min,
and (d) 150 min at 200 C. (e) Nanowire lengths were plotted
vs time, showing that the growth rate is linear.

of TiO2 nanowire arrays grown on FTO. The bare FTO
substrate was still visible within 50 min (Figure 1a)
due to the short length and low density coverage of
nanowire arrays. After 60 min, TiO2 nanowire arrays
completely covered the FTO substrate (Figure 1bd).
The average lengths of the nanowire arrays were
measured (see Figure 5) to be 0.28 ((0.03), 0.4
((0.05), 0.9 ((0.08), and 1.8 ((0.1) μm for growth
times of 50, 60, 80, and 150 min, respectively.
The length of the nanowires linearly increased
with time (T) (Figure 1e, eq 1) at a growth rate of
0.015 μm/min.
length (μm) ¼ 0:015  (T (min)  33)

(1)

A delay of 33 min was seen in the nucleation of TiO2
nanowires due to the time required to heat the
autoclave up to 200 C and supersaturation of TiO 2.
PEC measurements were performed on four diﬀerent lengths of TiO2 nanowire arrays (Figure 2) with the
electrodes mentioned above. Photocurrent measurements (Figure 2a) show that the onset potentials of
photocurrents (0.1 V vs RHE) remain the same as the
length of the nanowires increases. The onset potential
of photocurrents is mainly determined by the properties of rutile TiO2, such as the over potential of the
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Figure 2. (a) Plots of photocurrent density vs RHE for TiO2 nanowire arrays show an increase in photocurrent with nanowire
length. (b) Photocurrent densities are compared at 1.5 V vs RHE for diﬀerent nanowire lengths and show that the current
begins to saturate with longer nanowires. (c) IPCE (1.5 V vs RHE) of TiO2 nanowire array electrodes shows a shift in λ at the
maximum EQE (λ (x = 0.28 μm) = 320 nm, λ (x = 0.4 μm) = 360 nm, λ (x = 0.9 μm) = 370 nm, λ (x = 1.8 μm) = 380 nm). (d) Plot of
IPCE versus 110Rx (absorption eﬃciency, ηe/hþ) shows that the IPCE has a linear correlation near the band edge (λ =
410 nm) of the TiO2. IPCE (%) = 82.58  (1  10Rx)  0.485, R2 = 0.993.

oxidation reaction and the ﬂat band potential,24,26
which were not inﬂuenced by the length of the nanowires or the growth time. Nanowires showed an increase in photocurrent with length, which is expected
since longer nanowires have a longer optical pathway.
The highest photocurrent (0.73 mA/cm2 at 1.5 V vs RHE)
was observed for 1.8 μm long nanowires within the
experimental conditions. This is 40% of the maximum
photocurrent density (1.8 mA/cm2) for rutile TiO2
under AM1.5G simulated sunlight illumination, assuming a quantum eﬃciency (QE) of 100% above the band
gap (3.0 eV).
The photocurrent densities (1.5 V vs RHE) are plotted
versus nanowire length in Figure 2b, showing that the
photocurrent does not increase linearly with length.
For example, the photocurrent increased by 0.275 mA/
cm2 (from 0.125 to 0.4 mA/cm2) when the length grew
from 0.28 to 0.4 μm, while it increased only by 0.12 mA/
cm2 (from 0.61 to 0.73 mA/cm2) when the length grew
from 0.9 to 1.8 μm. The shape of the curve implies that
HWANG ET AL.

the photocurrent is close to saturation with a length of
1.8 μm for TiO2 nanowires.
The eﬀect of nanowire length on photocurrent can
be discussed in more detail by comparing the absorption and IPCE dependence of TiO2 nanowires on the
incident light wavelength (λ) (Figure 2c,d). The absorption of light depends on the optical absorption length
(x) and the absorption coeﬃcient (R) where Im(ns) is
imaginary part of the refractive index (eqs 2 and 3).
 
I
A ¼ Rx ¼ log
(2)
I0
R ¼

4πIm(ns )
λ

(3)

The IPCE or external quantum eﬃciency (EQE) takes
into account three eﬃciencies: photon absorptance
(ηe/hþ), charge transport within semiconductor materials (ηtransport), and charge transfer at the semiconductor/electrolyte interface (ηtransfer) (eq 4).27 Here, the
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IPCE(λ) ¼ EQE(λ)
¼ ηe  =hþ (λ)  ηtransport (λ)  ηtransfer (λ)
ηe  =hþ ¼

I0  I
I
¼ 1  ¼ 1  10 Rx
I0
I0

(4)
(5)

The IPCE was measured at 1.5 V vs RHE where the
photocurrents of the nanowires were saturated
(Figure 2c). As the nanowires increase in length, the
enhancement in IPCE is signiﬁcant. This is especially
true between λ = 380420 nm since R(λ) of rutile TiO2
decreases signiﬁcantly in this region.28 At λ = 380 nm,
the IPCE increases from 4.2 to 57.0% as the length of
the nanowires increases. A plot of IPCE versus eﬃciency
of photon absorptance (ηe/hþ = 110Rx) at λ =
410 nm is illustrated in Figure 2d, where R(410 nm) =
0.5  103/cm,29 assuming TiO2 nanowires have the
same absorption length as bulk TiO2, and x is the
average length of the nanowires. A strong linear
correlation (R2 = 0.993) between IPCE and 110Rx is
observed except for the IPCE of 0.28 μm long nanowire
arrays. The IPCE for the 0.28 μm sample is lower than
the expected value because the nanowires do not
cover the FTO substrate entirely (Figure 1a). The strong
linear correlation veriﬁes that the EQE of TiO2 nanowire
arrays is strongly inﬂuenced by the absorption of
photons near the band gap.
The maximum IPCE for TiO2 nanowires shifts in
wavelength as the length of nanowires increases,
indicating some changes in dynamics for carrier collection (Figure 2c). Nanowires which are 1.8 μm long have
a maximum IPCE at 380 nm which is consistent with
other reports for rutile TiO2.19 Due to eﬃcient light
absorption with a larger R,28,29 an increase in IPCE is
expected at shorter wavelengths. However, at the
shorter wavelengths, the IPCE of TiO2 decreases since
a fraction of the photogenerated majority carriers in
the depletion region can diﬀuse to the electrolyte
interface against the electric ﬁeld and thus oppose
the photocurrent by recombining with holes.30 The
eﬀects of electron diﬀusion losses are signiﬁcant when
the majority carrier's mobility is low and/or there is a
high density of interface states which creates a large
recombination velocity. Higher energy photons at
wavelengths shorter than 380 nm are mainly absorbed
by the top part of the nanowires. Therefore, a lower
charge collection eﬃciency is expected because these
electrons must travel the entire length of the nanowire
to reach the FTO back contact. As the length of TiO2
nanowires decreases, the maximum IPCE shifts to
shorter wavelengths. This implies that ηtransport(λ) and
ηtransfer(λ) are more important factors for the IPCE in
the short wavelength region while ηe/hþ(λ) is more
HWANG ET AL.

signiﬁcant for incident wavelengths near the band gap.
Therefore, the longer nanowire arrays can enhance the
EQE by increasing the absorption eﬃciency (110Rx)
but are unfavorable for charge collection at the short
wavelengths. This also explains the trend of photocurrent dependence on nanowire length that we observed in Figure 2b. For TiO2 nanowire arrays, it is
necessary to improve the charge collection eﬃciency
before growing longer nanowire arrays to increase the
energy conversion eﬃciency.
ALD was used to deposit a TiO2 shell on rutile TiO2
nanowires to increase charge collection eﬃciency by
reducing surface states.10,22 A series of shell thicknesses were deposited at 300 C on 1.8 μm long TiO2
nanowires to examine the dependence of photocatalytic performance on the shell thickness. Figure 3a
shows a high-resolution transmission electron microscopy (HRTEM) image and the corresponding selected
area electron diﬀraction (SAED) pattern of a bare TiO2
nanowire, conﬁrming that nanowires are grown in the
Æ001æ direction with the rutile crystal structure. When
60 cycles of TiO2 is deposited, the ALD shell is about
57 nm thick and is composed of crystalline particles
and an amorphous layer (Figure 3b). With 150 cycles of
TiO2, no amorphous layer was observed and epitaxial
grains of rutile TiO2 extend 1315 nm from the surface
of the TiO2 nanowire (Figure 3c and Figure S1 in the
Supporting Information). When 300 cycles of TiO2 is
deposited, the shell has a polycrystalline anatase
structure (d101 = 3.5 ( 0.1 Å) with a shell thickness of
2530 nm (Figure 3d,e). From the TEM study, we ﬁnd
that a phase transition of rutile to anatase TiO2 happens as thicker ALD layers are deposited, although
rutile is more thermodynamically stable. Diﬀerent
phases of ALD TiO2 have been reported depending on the substrate and the growth temperature.31
More structural studies are required to understand the
unusual phase transitions of ALD TiO2 on rutile nanowire surfaces.
X-ray diﬀraction patterns of the ALD TiO2 samples
are consistent with TEM characterization showing
anatase formation as the shell thickness increases.
As-grown TiO2 nanowires and TiO2 nanowires with
150 ALD cycles have the rutile 101 and FTO substrate
peaks (Figure 3). However, the anatase 101 peak was
observed for the sample with 300 ALD cycles, indicating that the shell has the anatase phase with primarily
the 101 orientation. Similarly, Raman spectroscopy
(Figure S2) of TiO2 nanowires with 300 ALD cycles
shows characteristic peaks associated with the anatase phase (141 cm1 Eg and 515 cm1 A1g and B1g),32
while only rutile peaks were observed with 150 ALD
cycles.
To examine the dependence of the PEC water
oxidation properties of ALD-coated TiO2 nanowires
on shell thickness, we compared the photocurrents
of 1.8 μm nanowires with diﬀerent shell thicknesses
VOL. 6

’

NO. 6

’

5060–5069

’

ARTICLE

eﬃciency of photon absorptance is deﬁned as the
fraction of electronhole pair generation per incident
photon ﬂux, which can be related to the absorption
length (eq 5).
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Figure 3. HRTEM images of TiO2 nanowires with (a) no shell and nanowires with (b) 60, (c) 150, (d,e) and 300 ALD cycles of
TiO2. HRTEM images as well as SAED patterns (insets) show a phase change for the shell from rutile (150 cycles) to anatase (300
cycles) as the thickness increases. (f) X-ray diﬀraction patterns conﬁrm the appearance of the anatase (101) peak.

(Figure 4a). With a thin shell (60100 cycles), the
photocurrent (1.5 V vs RHE) is decreased up to 70%
most likely because the amorphous layers formed at
these thicknesses can block charge transfer across the
TiO2/electrolyte junction. Also, the continuous amorphous shell can decrease the photovoltage at the TiO2/
electrolyte junction which is the driving force for
charge separation. As the shell increases in thickness
and crystallizes into pure rutile TiO2 (150 cycles), the
current density reaches a maximum of 1.1 mA/cm2
(1.5 V vs RHE). With this current density increase, ALDcoated TiO2 nanowires can obtain 61% of the maximum photocurrent (1.8 mA/cm2) under AM1.5G simulated sunlight illumination. We propose that the
performance increase is due to the role of the epitaxial
rutile shell in suppressing surface recombination rates
by passivating charge trapping sites.
HWANG ET AL.

After the shell undergoes a phase transition to
anatase (300450 cycles), the photooxidation activity
clearly decreases with increasing thickness. This implies that the anatase shell blocks eﬃcient hole transfer
from the rutile core to the electrolyte. To understand
why the anatase shell is decreasing the overall photocatalytic activity, we can consider both the structural
and electronic characteristics of the junction between
the shell and the core. First, we can examine the
structure of the core@shell nanowires from HRTEM
images. Figure 3d shows that the anatase shell does
not grow epitaxially from the rutile core due to lattice
mismatch. The polycrystalline nature of the anatase
shell can introduce new interfacial states and grain
boundaries which can decrease the eﬃciency of hole
transfer at the interface. Second, we can consider the
band alignment between the two phases of TiO2 to
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Figure 4. (a) Plots of photocurrent densities vs RHE for 1.8 μm long TiO2 nanowire arrays electrodes with various ALD cycles
(60, 100, 150, 200, 250, 300, and 450 cycles). (b) Plot of normalized photocurrent densities (ITiO2/ALD/ITiO2) vs the number of ALD
cycles shows a maximum enhancement at 150 cycles. Normalized current densities were obtained at 1.5 V vs RHE.

Figure 5. Top-down and cross sectional SEM images of TiO2 nanowire arrays, with 150 ALD cycles, grown on FTO substrates.
The core TiO2 nanowire arrays were grown for 50 (a,b), 60 (c,d), 80 (e,f), and 150 min (g,h) at 200 C. Average nanowire lengths
were 0.28, 0.4, 0.9, and 1.8 μm, respectively.

determine whether charge transfer is favorable. Anatase TiO2 (3.2 eV) has a 0.2 eV larger band gap when
compared to rutile TiO2 (3.0 eV). Since both anatase
and rutile phases are typical n-type semiconductors,
their Fermi levels can be considered to be close to
their conduction band edges in energy.33,34 Therefore,
after contact and thermal equilibrium where the
Fermi levels of rutile and anatase are equal, the valence
band of rutile should be higher in energy than that
of anatase. Because of this oﬀset, the hole feels an
HWANG ET AL.

energetic barrier to transfer from rutile to anatase, and
we expect the photocatalytic activity to decrease when
the anatase shell completely covers the rutile core. This
is in contrast to mixtures of rutile and anatase phases,
which have higher activity than either pure phase,
because both phases in that geometry are exposed
to the electrolyte.15,35 These results emphasize that the
phase of the ALD shell can have a signiﬁcant inﬂuence
on photocatalytic activity. On the basis of these results,
we conclude that an epitaxial rutile ALD shell can
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Figure 6. (a) Photocurrent densities for TiO2 nanowires of diﬀerent lengths are shown for nanowires with and without 150
ALD cycles. (b) Plots of photocurrent densities (1.5 V vs RHE) and enhancement factors (ITiO2/ALD/ITiO2) vs the length of TiO2
nanowire arrays.

increase the water splitting eﬃciency of rutile TiO2
nanowires.
The normalized photocurrent densities (ITiO2/ALD/
ITiO2) at 1.5 V vs RHE were also compared versus the
number of ALD cycles (Figure 4b) to show the change
in performance between as-made and ALD-coated
nanowires. The photocurrents were enhanced compared to bare TiO2 nanowire arrays between 150250
cycles of ALD coating, while the photocurrent decreased for all other thicknesses. A maximum of 1.5
times enhancement was obtained with 150 ALD cycles.
Additional PEC measurements were performed on
TiO2 nanowires with diﬀerent lengths but the same
shell thickness (150 cycles) to examine the eﬀects of
the epitaxial rutile ALD shell on photocatalytic activity.
Top-down and cross sectional SEM images were taken
of 0.28, 0.4, 0.9, and 1.8 μm long TiO2 nanowires with
150 ALD cycles (Figure 5). The cross section images
show that the nanowire arrays are dense and slightly
oﬀ-vertical. Figure 6a shows the photocurrent densities
of TiO2 nanowire arrays with (solid lines) and without
(dot lines) ALD coating. The photocurrent is enhanced
with ALD coating regardless of nanowire length,
although the amount of increase is diﬀerent. The
enhancement factors, deﬁned as the normalized
photocurrent densities (ITiO2/ALD/ITiO2) at 1.5 V vs RHE,
were plotted versus the length of the nanowire arrays
(Figure 6b) to quantify the increase in performance.
The enhancement factor increases with nanowire
length between 0.4 and 1.8 μm. It is most likely higher
for the 0.28 μm long nanowires because the amount of
TiO2 deposited is relatively large since the FTO surface
is not completely covered by nanowires.
To determine the eﬀect of the ALD shell on the EQE
of diﬀerent nanowire lengths, we measured the IPCE
of TiO2 nanowires with and without ALD coating
(Figure 7a). Nanowires with the ALD shell show varying
HWANG ET AL.

levels of increase in IPCE depending on the nanowire
length as well as the wavelength of light. The most
prominent enhancement in IPCE was observed at
shorter wavelengths (below the peak IPCE wavelength)
with longer nanowires. For example, the IPCE of 1.8 μm
long TiO2 nanowire arrays with ALD coating is enhanced signiﬁcantly at λ < 380 nm, although it remains
similar at higher wavelengths near the band gap of
rutile TiO2. By comparing the wavelength dependence of the enhancement in IPCE from ALD coating
(Figure 7a) to optical measurements (Figure 7b), we
can determine whether they are correlated. Figure 7b
shows the optical properties of TiO2 nanowire arrays
on the FTO substrate with and without ALD coating.
Due to a thick FTO/glass substrate, the scattering was
not completely accounted for in the transmittance or
reﬂectance spectra, so 100  reﬂectance  transmission (%) indicates the absorption plus scattering. The
absorption plus scattering for 1.8 μm long TiO2 nanowire arrays is higher than 98% at λ < 370 nm even
without the ALD shell, so the improvement in absorption from ALD is minimal in this region. However, the
ALD shell enhances the IPCE of TiO2 nanowires at
λ < 390 nm despite a minute amount of increase in
the absorption of light. At longer wavelengths (λ >
380 nm), TiO2 nanowires with 150 ALD cycles have
slightly higher absorption plus scattering. In contrast,
the IPCE is similar with or without the ALD shell near
the band edge region (λ > 390 nm). Therefore, we can
conclude that the increase in IPCE is not due to a
change in absorption eﬃciency (ηe/hþ).
Instead, the enhancement at λ < 390 nm from the
ALD coating could be due to several factors aﬀecting
the charge collection eﬃciency including ηtransport(λ)
and ηtransfer(λ). First, the interface recombination
velocity is expected to decrease when the ALD shell
passivates surface states on TiO2 nanowires. Salvador
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Figure 7. (a) IPCE (1.5 V vs RHE) for TiO2 nanowires of diﬀerent lengths is shown for nanowires with and without 150 ALD
cycles. The EQE is mainly enhanced at λ = 320380 nm. (b) 100  transmission  reﬂection (%) for the corresponding TiO2
nanowire arrays.

reported that the electronhole recombination in TiO2
is governed by a trapping mechanism in which the
hole lifetime (τp) depends on the density of recombination centers.10 The minority carrier diﬀusion length
(Lp) is related to the lifetime by the following equation:
Lp = (Dpτp)1/2, where Dp is the diﬀusivity.20 Passivation
can increase the diﬀusion length of the hole by reducing recombination and can therefore increase the size
of the active region since the active region is Lp þ W
(width of the space-charge region), by decreasing
electron diﬀusion losses.30
Also, an increase in semiconductor/electrolyte junction area has been demonstrated to be beneﬁcial14,19
for water splitting since the increase in surface
area allows for holes to transfer more eﬃciently
to the electrolyte. The HRTEM image in Figure 3c
clearly shows that the ALD shell increases the surface area when compared to the as-made TiO2 nanowire (Figure 3a) and provides a larger area for the water
oxidation reaction to happen. The rough surface also
indicates that the sidewall of ALD-coated (150 cycles)
TiO2 nanowires has other facets exposed in addition to the (110) surface, which is the exposed side
facet of the bare TiO2 nanowires. Reports show some
photocatalytic activity dependence on the crystal
facet of rutile TiO236,37 due to a disparity in hole
reactivity on diﬀerent surfaces. Therefore, it is possible that the activity of core/shell nanowires can be
aﬀected by the mixture of diﬀerent crystal facets.
These synergistic eﬀects show that ALD coating
could contribute to an increase in charge collection
eﬃciency.
Finally, we previously discussed that the IPCE of
longer TiO2 nanowires decreases at shorter wavelengths due to charge collection losses (Figure 2c).
The photocurrent results show that the longer
nanowire arrays are aﬀected the most by charge
HWANG ET AL.

collection losses but have the highest enhancement
factors (Figure 6b) from ALD coating. These results
along with the increase in IPCE suggest that ALD
coating can increase the charge collection eﬃciency
for nanowires. The enhancement factor is decreased
for shorter nanowire arrays because the increase in
IPCE is observed at shorter wavelengths, which represent only a small fraction of sunlight.
CONCLUSION
In conclusion, we demonstrated that the water
splitting activity of TiO2 nanowire arrays depends on
their length and surface properties. Photocurrent measurements showed a nonlinear increase in photocurrent with nanowire length and approached saturation
with a length of 1.8 μm. The IPCE of TiO2 nanowires
increased linearly versus 110Rlength with near band
gap illumination (λ = 410 nm) due to an increase in
the absorption of light (ηe/hþ). However, the IPCE
decreases signiﬁcantly at shorter wavelengths for
longer nanowires because of poor charge collection
eﬃciency. To improve charge collection eﬃciency, a
TiO2 ALD layer was deposited on the TiO2 nanowire
arrays. The ALD shell showed diﬀerent phases from
amorphous to epitaxial rutile to polycrystalline anatase TiO2 depending on the thickness of the shell.
Amorphous and anatase TiO2 shells decreased the
photocurrent when compared to as-made nanowires.
However, epitaxial grains of rutile shells showed a
photocurrent enhancement of 1.5 times, demonstrating the importance of the interface between the core
and shell. By comparing optical and IPCE measurements, we determined that the ALD shell does not
signiﬁcantly inﬂuence the absorption of light. We suggest that the large enhancement is due to improved
charge collection eﬃciency from passivation of defect
sites and an increase in surface area. These results show
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processes that aﬀect the EQE (photon absorptance,
charge transport, and charge separation) during PEC
reactions.

METHODS

cycles, and Raman shifts of TiO2 nanowires with 150 and 300
ALD cycles. This material is available free of charge via the
Internet at http://pubs.acs.org.

Hydrothermal TiO2 Nanowire Array Growth. TiO2 nanowire photoanodes were prepared by growing nanowire arrays on FTO.25
Deionized water (5 mL) was mixed with hydrochloric acid (5 mL,
36.538 wt %) and stirred for 5 min before titanium isopropoxide (0.167 mL, TTIP, 97% Aldrich) was added. After stirring
for 6 h, the mixture solution was transferred to a Teflon-lined
stainless steel autoclave. Clean FTO/glass substrates (area
5 cm2) were immersed with the conducting side face down.
The autoclave was put in an oven at a temperature of 200 C and
was taken out from the oven after 50150 min to control the
nanowire length. After the autoclave was cooled for 2 h to room
temperature, the FTO substrate was rinsed with DI water and
subsequently annealed at 400 C for 1 h in air. TiO2 nanowires
grew only on the side of the FTO substrate where it was
immersed in the growth solution. The final area of the nanowire
arrays was approximately 2.62.8 cm2.
ALD TiO2 Shell Deposition. The TiO2 samples were cleaned with
isopropyl alcohol and DI water followed by drying with N2 gas
using a gun before ALD deposition. The exposed bare FTO
substrate, where no TiO2 nanowires were grown, was protected
with aluminum foil and kapton tape to avoid direct deposition
on the FTO surface. Shells were deposited on TiO2 nanowire
arrays by using a homemade ALD system at 300 C with TiCl4
(99.990%, Alfa) and pure DI water as the precursors. To control
the thickness, the number of ALD cycles was varied from 60 to
450 cycles. The ALD shell was characterized with X-ray diffraction (Bruker AXS D8 Advance), Raman spectroscopy (HORIBA
Jobin Yvon Inc.), and high-resolution transmission electron
microscopy (JEOL JEM-2100 LaB6).
Photoelectrochemical Measurement. Photocurrents of TiO2 nanowire electrodes were measured with a potentiostat (Gamry ref
600) using a Ag/AgCl reference electrode and a Pt mesh counter
electrode. A 300 W Xe lamp (Newport, 6258) was coupled with an
AM 1.5 filter (Newport, 81094) to simulate sunlight, and a diffuser
was used for uniform illumination intensity (100 mW/cm2) over
the entire TiO2 nanowire electrode area (2.62.8 cm2). TiO2
nanowire photoanodes were immersed in 1 M NaOH and
illuminated through a quartz window of a glass cell. For the
incident photon to current conversion efficiency (IPCE) measurement, a 300 W Xe lamp was coupled with a monochromator
(Newport, cornerstone 130), and the incident light intensity was
measured with a calibrated Si photodiode. Here, the IPCE was
calculated from the photocurrents measured at 1.5 V vs RHE
according to the following equation.
IPCE ¼

Iph (mA=cm2 )  1239:8 (V  nm)
Pmono (mW=cm2 )  λ (nm)

Optical Measurement. The absorption properties of TiO2 nanowire arrays on FTO substrates were obtained with an integrating
sphere (ISR-3100, Shimadzu Corp.) and UVvis spectrophotometer (UV-3101 PC, Shimadzu Corp.). Since the FTO substrate
was 3 mm thick, scattering was not completely accounted for in
the transmission or reflection spectra. Therefore, absorption
plus residual scattering was calculated from 100  reflectance 
transmission (%).
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that the geometric and surface properties of semiconductors must be considered to achieve high water splitting eﬃciency since these properties can aﬀect all of the
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