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T
he continuing and increasing focus
on solar energy-driven photoelectro-
chemical (PEC) conversion has in-

spired substantial research development of
new semiconducting materials and structures
as photoelectrodes,1�3 amongwhich TiO2 has
remainedoneof the top researchhot spots.4�7

In particular, one-dimensional (1D) TiO2 nano-
structures such as nanowires (NWs) and nano-
tubes (NTs), synthesized by hydrothermal
growth,4�6 electrodeposition,8 electrochemi-
cal etching,9 and sol�gel methods,10 have
been demonstrated as attractive PEC photo-
anodes, due to their favorable band edge
positions vs the oxidation/reduction potentials
of water, superior 1D charge transport beha-
vior, and excellent chemical stability andphoto-
corrosion resistance.5,11 However, the PEC
performances of these 1D TiO2 nanostruc-
tures are still limited by their wide band gap
(Eg = 3.0�3.2 eV)5 and relatively low electron
mobility (∼0.3 cm2 V�1 s�1 for rutile TiO2).

12

In addition, compared to TiO2 nanoparticles

(NPs)13 and mesoporous structures,14 TiO2

NWs and NTs have lower specific surface
areas, thus limiting the electrode/electrolyte
interface for the electrochemical reactions.
The chemical doping of metal ions, either by
monodoping4 or codoping,6 has been inves-
tigated as a highly promising approach in
reducing the TiO2 band gap and enhancing
the charge separation.2 The incorporation of
metal dopants has almost exclusively been
achieved during the synthesis step of the
TiO2 nanostructures, such as hydrothermal
growth,4 sol�gel,13 electrodeposition,15 and
sputtering.16 Only very limited examples
have recently been demonstrated to achieve
the postgrowthdoping ofmetal ions, such as
the codoping of TiO2NWswith tungsten and
carbon by a flame annealing process,6 al-
though the required temperature (∼1100 �C)
is too high for most of the conducting sub-
strates. Annealing at relatively moderate
temperatures (∼650�700 �C) is another ef-
fective approach for diffusion and activation
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ABSTRACT We developed a postgrowth doping method of TiO2 nanowire arrays by

a simultaneous hydrothermal etching and doping in a weakly alkaline condition. The

obtained tungsten-doped TiO2 core�shell nanowires have an amorphous shell with a

rough surface, in which W species are incorporated into the amorphous TiO2 shell during

this simultaneous etching/regrowth step for the optimization of photoelectrochemical

performance. Photoanodes made of these W-doped TiO2 core�shell nanowires show a

much enhanced photocurrent density of∼1.53 mA/cm2 at 0.23 V vs Ag/AgCl (1.23 V vs

reversible hydrogen electrode), almost 225% of that of the pristine TiO2 nanowire

photoanodes. The electrochemical impedance spectroscopy measurement and the

density functional theory calculation demonstrate that the substantially improved performance of the dual W-doped and etched TiO2 nanowires is attributed

to the enhancement of charge transfer and the increase of charge carrier density, resulting from the combination effect of etching and W-doping. This

unconventional, simultaneous etching and doping of pregrown nanowires is facile and takes place under moderate conditions, and it may be extended for other

dopants and host materials with increased photoelectrochemical performances.

KEYWORDS: photoelectrochemical . TiO2
. nanowires . doping . etching . density functional theory
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of the existing dopant atoms inside oxides.17 However,
the annealing temperatures required are still too high
for many substrates such as fluorine-doped tin oxide
(FTO). It is generally challenging for most of the current
doping methods to achieve hybrid materials/structures,
where the dopants and host materials undergo different
growth conditions. Thus, thedevelopmentofpostgrowth
doping approaches may allow for modulated doping
profiles such as core�shell within individual nanostruc-
tures, as thedoping steps are sequentially processedwith
the existing host structures.
On the other hand, the chemical etching/regrowth

of TiO2 represents an unconventional approach for
obtaining TiO2 hierarchical structures. It has been
reported that TiO2NTs can be formed by hydrothermal
treatment of TiO2 NPs with strong bases,18,19 and the
proposed mechanism is that the surface of TiO2 NPs is
etched to form nanosheets, which subsequently scroll
to form NTs.20 More recently, an “etch and grow”
process by a strong acid solution has been developed,
where TiO2 nanorods are converted into a number of
small NWs, resulting in an enhanced photoelectrode
surface area and increased dye loading.21 Importantly,
it has shown that the crystallinity of the new TiO2

structures are different from the previous ones, which
further increases the photoactivity.22

Inspired by these discoveries, herein, we have devel-
oped a postgrowth, dual “etching and doping”method
of pregrown TiO2 NW arrays in a weakly basic hydro-
thermal condition. A new type of crystalline core/
amorphous shell TiO2 NW is obtained with a much
rougher surface, which is beneficial for the increase of
the electrochemical interface area. In addition, tung-
sten (W) species are simultaneously incorporated into
the newly grown, amorphous TiO2 shells during this
etching/regrowth process for the PEC activity increase.
A high photocurrent density of 1.53 mA/cm2 at 0.23 V
vs Ag/AgCl (1.23 V vs reversible hydrogen electrode,
RHE) is obtained by this W-doped core�shell TiO2 NW
photoanode, which is almost 225% of that of the
pristine TiO2 NW photoanodes. The Mott�Schottky
plots and the density functional theory (DFT) simula-
tion illustrate that the etching process decreases the
band edge of TiO2 and facilitates the charge transfer,
while at the same time, the effective W-doping in-
creases the charge carrier density inside the TiO2 NWs.
These two synergistic effects contribute to the sub-
stantially enhanced PEC performance of the W-doped
core�shell TiO2 NWs.

RESULTS AND DISCUSSION

The TiO2 NW arrays were synthesized on FTO glass
substrates by a modified hydrothermal method re-
ported previously (Methods).4 After the hydrothermal
reaction and subsequent annealing in air, the FTO
substrate is covered with a thin layer of white, uniform
film. Scanning electronmicroscopy (SEM) images show

that this film consists of dense and vertically aligned
TiO2NWarrays (Figure 1a,b). The average NWdiameter
and length are 150 ( 30 nm and 2 ( 0.5 μm, respec-
tively, and these NWs exhibit nearly rectangular cross
sections (Figure 1c). The density and length of the NW
arrays are well tuned by the amount of Ti precursor,
acid, and reaction time, consistent with the previous
reports.4 The as-annealed TiO2 NWs are transferred
into a weak alkaline solution containing NH2OH 3HCl,
Na2WO4, and Na2S (pH∼8) for a hydrothermal etching
reaction to obtain the dual etched/doped TiO2 NWs
(Methods). After the reaction, no obvious color change
is observed from the growth substrate (Figure S1). The
averageNWdiameter is decreased to 100( 30 nm, and
the NW surface becomes much rougher with granular
morphologies (Figure 1d�f). The energy-dispersive
X-ray spectroscopy (EDX) shows that the atomic per-
centages of W and Ti are 0.77% and 18.68%, respec-
tively, corresponding to a W/Ti atomic ratio of ∼4%
(Figure S2). For comparison, a similar NW morphology
is also obtained when Na2WO4 is absent from the
hydrothermal reaction solution, suggesting that the
combination of NH2OH 3HCl and Na2S provides an
etching effect for the obtained NWs (designated as
the etched NWs, Figure S3a�c). On the other hand, if
the hydrothermal etching solution contains Na2WO4

but not NH2OH 3HCl or Na2S, the resulting NWs
(designated as the doped NWs, Figure S3d�f) present
a slightly rougher surface than the pristine TiO2 NWs,
while almost no W content (<0.1%) is detected from
these NWs by EDX.
The crystal structures and the possible phase change

of the dual etched/doped TiO2 NWs are examined by
X-ray diffraction (XRD), which can be well indexed into
a rutile TiO2 structure (JCPDS No. 87-0710) and the FTO
substrate (Figure 2a). Compared to the pristine TiO2

NWs, no observable shifts of all the diffraction peaks
are presented after the hydrothermal treatment. No
additional peaks such as tungsten oxide or sulfide are
observed. Transmission electron microscopy (TEM)
images exhibit that the NW surface after the hydro-
thermal treatment is covered with a layer of nanopar-
ticles (Figure 2b). The sizes of nanoparticles are
relatively uniform and can be tuned from sub-10 to
tens of nanometers by the hydrothermal reaction time.
High-resolution TEM (HRTEM) images further reveal
that the NWs have a core�shell structure (Figure 2c).
The NW core is single crystalline, which is clearly
displayed by the corresponding fast-Fourier-transform
(FFT) pattern (Figure 2c, inset). Lattice fringes of 0.322
and 0.292 nm are clearly observed, corresponding to
the d-spacing values of the (110) and (001) planes of
crystalline rutile TiO2.

4�6 A rough, amorphous shell is
observed to cover the entire NW, with an average shell
thickness of∼40 nm (Figure 2d). This amorphous shell
is composed of granular morphologies, with small
amorphous nanoparticles of ∼20 nm decorating the
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surface. A similar NW structure is also observed for TiO2

etched in the absence of Na2WO4 (i.e., the etchedNWs).
In addition, the successful incorporation of W dopants
into the dual etched/doped TiO2 NWs is confirmed by

Figure 1. SEM images of (a�c) the pristine TiO2 NWs and (d�f) the dual etched/doped TiO2 NW arrays. (a, c, d, f) Top view. (b, e)
Side view.

Figure 2. XRD and TEM characterization of the dual etched/doped TiO2NWs. (a) XRD of pristine TiO2NWs (lower, black curve)
and dual etched/doped TiO2 NWs (upper, red curve). The diffraction peaks of the FTO substrate are marked with asterisks.
(b�d) TEM images of the NWs. Inset in c: Fast-Fourier-transform pattern of the NW.
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X-ray photoelectron spectroscopy (XPS) (Figure S4).
The peaks centered at 458.6, 464.4, and 532.8 eV are
attributed to Ti 2p3/2, Ti 2p1/2, and O 1s, respectively.
The peak from 32 to 38 eV is deconvoluted into three
peaks. The peaks located at 34.9 and 37.4 eV are
assigned to 4f7/2 and 4f5/2 of the W(VI), whereas the
peak at 36.5 eV is attributed to the Ti 3p level.13 Taken
together, these results indicate that the obtained dual
etched/doped NWs are W-doped, core�shell TiO2

NWs, in which the core and the shell are crystalline
(c-TiO2) and amorphous TiO2 (a-TiO2), respectively, and
W (mainly existing as W6þ) is doped in the NWs
through the one-step etching�doping process.
Neither EDX nor XPS detects the existence of S, sug-
gesting almost no sulfide or S-doping is formed under
our experimental conditions.
To evaluate the PEC conversion activity of the dual

etched/doped TiO2 NWs, these NWs are fabricated as
photoanodes with an exposed surface area of∼1 cm2.
A platinum wire and an Ag/AgCl electrode are used as
the counter and reference electrodes, respectively, and
the PEC measurement is carried out in a 1 M KOH
solution (Methods). The reversible hydrogen electrode
potential can be converted from the Ag/AgCl reference
potential as RHE = Vvs Ag/AgCl þ E�Ag/AgCl þ 0.059 �

pH = Vvs Ag/AgClþ 1.0 V,4where E�Ag/AgCl is 0.1976 V at
25 �C. For comparison, photoanodes made of the

pristine TiO2 NWs, the doped NWs, and the etched
NWs are also measured under similar conditions. Un-
der air mass (AM) 1.5G simulated solar light illumina-
tion, the photocurrent density of the pristine TiO2 NWs
is 0.68 mA/cm2 at 0.23 V vs Ag/AgCl (1.23 V vs RHE)
(Figure 3a, black curve), comparable to previously
reported values.4�6 A similar photocurrent density is
recorded from the doped NWs (Figure 3a, blue curve),
which is 0.73 mA/cm2 at 0.23 V vs Ag/AgCl, suggesting
an insignificant effect from the postgrowth W-doping
approach, which is also in good accord with the
negligible W content from the EDX result. On the other
hand, a clear increase of the photocurrent is observed
from the etchedNWs, which is 0.96mA/cm2 at 0.23 V vs
Ag/AgCl (Figure 3a, green curve), indicating the etch-
ing effect on the photoactivity of TiO2 NWs. Remark-
ably, the dual etched/doped TiO2 NWs exhibit the
highest photocurrent density among these four photo-
anodes (Figure 3a, red curve), which reaches 1.53mA/cm2

at 0.23 V vs Ag/AgCl and is 225% of the pristine TiO2NWs.
This simultaneous, dual etching and doping effect

on the PEC activity of the TiO2NWs is further compared
with TiO2 NWs that are sequentially etched, followed
by the W-doping process (Figure 3b). Interestingly, the
magnitude of photocurrent density increase by this
sequential, two-step etching/doping process is similar
to that of the etched NW (i.e., made by etching only),

Figure 3. (a) Photocurrent density vs applied potential curves of four NW photoanodes: the pristine TiO2 NWs (black curve),
the doped TiO2 NWs (blue curve), the etched TiO2 NWs (green curve), and the dual etched/doped TiO2 NWs (red curve). The
dark current of the dual etched/doped TiO2 NWs is plotted as a black dotted line for comparison. (b) Photocurrent density vs
applied potential curves of the NW photoanodes: the dual etched/doped TiO2 NWs by one step (red curve), the two-step
etching and doping TiO2NWs (brown curve), and the pristine TiO2NWs (black curve). (c, d) Photocurrent density vs time of the
dual etched/doped TiO2 NWs measured at 0.23 V vs Ag/AgCl (c) at repeated on/off cycles of simulated sunlight illumination
and (d) under continuous simulated sunlight illumination. (e) IPCE spectra of the four NW samples measured at �0.2 V vs

Ag/AgCl.
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but much less than that of the one-step dual etching/
doping approach. These photocurrent measurements
clearly indicate that the simultaneous etching and
doping effects contribute substantially to the increase
of the W-doping content inside TiO2 NWs and the
corresponding photocurrent density, while the post-
doping-only method is much less effective under this
reaction temperature. Moreover, the time-dependent
photocurrent measurement of the dual etched/doped
TiO2NWs shows a stable photocurrent density of∼1.53
mA/cm2 at 0.23 V vs Ag/AgCl, as well as an excellent
correlation with the on/off cycles of simulated solar
light (Figure 3c). This photocurrent is highly stable
under continuous solar illumination for 15 000 s with-
out observable degradation (Figure 3d), indicating
excellent chemical and structural stability of the dual
etched/doped TiO2NWs for long-term PEC conversion.
To further evaluate the external quantum efficiency

of these four NW samples at different wavelength
regions, the incident photo-to-current conversion effi-
ciency (IPCE) is measured at �0.2 V vs Ag/AgCl from
300 to 550 nm (Figure 3e), which reveals several
features. First, the photocurrent responses of all four
NW samples are mainly located in the wavelength
region of 300�420 nm and decrease to almost zero
for wavelengths above 420 nm. This result is consistent
with the band gap of rutile TiO2 (∼3.0 eV)5 and also
indicates that either the etching or W-doping pre-
sented in our work does not modulate the band gap
of TiO2 in an observable magnitude, which is consis-
tent with the UV�vis reflectance spectra collected over
these samples (Figure S5) as well as the literature.6

Second, the “doped” TiO2 NWs (blue curve) show a
similar IPCE profile to that of the pristine TiO2 NWs
(black curve), indicating W dopants are not incorpo-
rated into the TiO2 NWs efficiently by the postgrowth-
only hydrothermal treatment at temperatures lower

than 200 �C. This phenomenon is distinct from a recent
report, where W atoms are doped into TiO2 NWs by a
high-temperature (1100 �C) sol-flame doping method.6

Third, compared to the IPCE valuebetween10%and30%
for the pristine TiO2 NWs, the etched TiO2 NWs (green
curve) are increased to 30�50%, indicating a higher
efficiency in the conversion of UV light. This phenomen-
onmaybeattributed to the increaseof surface areaof the
etched TiO2 NWs, which provides more electrochemical
reaction locations at the TiO2/electrolyte interface. In
addition, the amorphous TiO2 shell may also present a
greater photocatalytic activity than the crystalline phase,
as suggested by reports for CoOx and NiOx recently.

22,23

Fourth, the dual etched/doped TiO2 NWs (red curve)
present the highest IPCE profile, which is over 70�90%
in the UV range 300�400 nm. Compared to the UV�vis
reflectance spectra of the dual etched/doped TiO2 NWs
and the pristine ones (Figure S5), these results suggest
that the PEC conversion improvement is not mainly
attributed to the light absorption enhancement in either
the UV or visible region, but some other factors that are
resulting from the combination effect of the etching and
W-doping.
On the basis of the characterization above of the

four types of TiO2 NWs, a simultaneous etching/
regrowth and doping mechanism is proposed for the
dual etched/doped TiO2 NWs (Figure 4). First, it has
been reported that crystalline TiO2 can be etched in
basic, hydrothermal conditions. During this process,
the amorphous TiO2phase, with similar or substantially
different morphologies, can regrow over the initial
crystalline surface or in the solution, such as forming
TiO2 nanotubes from the etched TiO2 nanoparticles.

18,19

Recent studies have also shown that a sodium titanate
phase is formed over the TiO2 nanoparticles first, followed
by turning into amorphous TiO2 in alkaline conditions.

22,24

In our weakly alkaline etching solution with pH ≈ 8,

Figure 4. Schematic illustration of the simultaneous etching and W-doping mechanism for TiO2 NWs.

A
R
T
IC
L
E



WANG ET AL . VOL. 7 ’ NO. 10 ’ 9375–9383 ’ 2013

www.acsnano.org

9380

TiO2 NWs are first etched to sodium titanate and subse-
quently converted to amorphous TiO2 nanoparticles. On
the other hand, when Na2WO4 is added into the weakly
alkaline solution, W6þ ions can be incorporated into the
amorphous TiO2 shell that is formed from the etching/
regrowth process, leading to both an increase of surface
area and effective W-doping inside the TiO2 NWs.
The mechanism of the photocurrent enhancement

for the dual etched/doped TiO2 NWs is interrogated by
electrochemical impedance spectroscopy (EIS) mea-
surements, which can provide a semiquantitative com-
parison of different samples with similar material
composition, morphology, and device geometry.25

The Mott�Schottky plots of the pristine, the etched,
the doped, and the dual etched/doped TiO2 NWs are
displayed in Figure 5a. All four samples show positive
slopes in the corresponding Mott�Schottky plots, as
expected for n-type TiO2 semiconductors.26 According
to the Mott�Schottky equation,27

1
C2

¼
2

Ndeε0ε
E � EFB �

kT

e

� �

where C is the space charge capacitance in the semi-
conductor, Nd is the charge carrier density, e is the
elemental charge, ε0 and ε are the vacuum permittivity
and the relative permittivity of the semiconductor,
respectively, E is the applied potential, EFB is the flat

band potential, T is the temperature, and k is the
Boltzmann constant. The flat band potential (EFB) value
is estimated by extrapolating the Mott�Schottky plots
to the x-axis (i.e., 1/C2 = 0) to get the intercept. The
charge carrier density (Nd) can be calculated from the
Mott�Schottky plots using the following equation:27
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For TiO2 (ε = 170),5 the EFB and Nd values are calculated
and summarized in Table 1.
Compared to the pristine TiO2 NWs, both the etched

TiO2 NWs and the dual etched/doped TiO2 NWs show
positive shifts of EFB, suggesting a decrease in the
bending of band edges.27 The flat band shift has a
major effect on the increase of the photocurrent for the
etched and the dual etched/doped NW samples. This
decrease of band edge bending can be attributed to
the increased TiO2/electrolyte interface for PEC reac-
tion that can facilitate the charge carrier transfer
efficiency,28,29which is also similar to a previous report
of Pd quantum dots-sensitized TiO2 nanotubes.27 In
addition, both the etched TiO2 and the doped TiO2 NWs
show a decrease of charge carrier density compared to
that of the pristine TiO2. For the doped TiO2 NWs, the

Figure 5. (a) Mott�Schottky plots of the four NW samples. (b) Supercell model for the W-doped rutile TiO2. The gray, blue,
and red spheres representW, Ti, andO atoms, respectively. (c, d) DOS and PDOS for (c) the pristine TiO2NWs and (d)W-doped
TiO2 NWs.
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distribution of W atoms is not inside the NWs, but on

the surface of NWs. This high dopant concentration on

the surface, or the surface roughness created by etching,

increases the number of recombination centers for

charge carriers, resulting in lower carrier density.29,30 For

the dual etched/doped TiO2 NWs, the dopants are more

uniformly distributed over the NW shell due to the

etching/regrowth process, thus leading to an increase

of charge carrier density. Notably, the dual etched/doped

NWs show an increase of Nd, as a much more uniform

W-doping along the etching/regrowth process can

substantially increase the charge carrier density inside

TiO2 NWs.6

Finally, the DFT calculation is carried out to illustrate
the effect of W-doping on TiO2 (Methods) and to
support the above explanation. The doped system is
constructed from a relaxed (2 � 2 � 4) 96-atom rutile
supercell, and a W atom is substituted for a Ti atom
(Figure 5b). To investigate the W-doping-induced
changes in the electronic structure of rutile TiO2, the
total density of states (DOS) and the projected density
of states (PDOS) for pristine rutile TiO2 (Figure 5c) and
the W-doped TiO2 96-atom supercell (Figure 5d) are
plotted. The optimized lattice parameters for pure
rutile TiO2 are found to be a = 4.65 Å and c = 2.97 Å,
in good agreement with experimental and other the-
oretical results,31,32 indicating that our DFT model is
reasonable, although the calculated band-gap energy
for pure rutile TiO2 (1.80 eV) is lower than the experi-
mental value of ∼3.0 eV, as the band-gap energy is
underestimated by the Perdew�Burke�Ernzerhof
method, similar to previous reports.32 However, the
discussion about the band gap is not affected by this
underestimation, as only changes between band gaps
are compared. For the pristine rutile TiO2, the valence
band edge is mostly composed of O 2p states, and the

conduction band edge mainly consists of Ti 3d states,
in agreement with the previous study.33 For the
W-doped system, there is little shift of the position in
the valence and conduction band edges, resulting
in no band-gap narrowing, which is consistent with
our IPCE result (Figure 3e) and reflectance spectrum
(Figure S5). W 5d states are localized in the band gap.
The gap states are close to the conduction band edge,
so the charge carriers on the gap states can be easily
excited into the conduction band, thus increasing the
charge carrier density. The gap states are also far from
the valence band edge, so it is difficult for the holes on
the valence band to be excited to the gap states and
form recombination centers.32 This process increases
the possibility of exciting electrons, and subsequently
increases the charge carrier density, in good accord
with the Mott�Schottky plots (Figure 5a). Taken to-
gether, our results show that both the increase of the
charge carrier density and the charge transfer effi-
ciency lead to the enhanced PEC conversion activity
for the dual etched/doped TiO2 NWs.

CONCLUSIONS

In summary, we have developed a new hydrother-
mal, simultaneous etching and doping method that
allows for converting the pregrown rutile TiO2 NWs
into W-doped core�shell TiO2 NWs. The amorphous
TiO2 shell with a rough surface results from the etch-
ing/regrowth mechanism, while effective W-doping
into the amorphous shell is simultaneously achieved,
which offers a synergistic effect on the PEC perfor-
mance. A much enhanced photoconversion activity
has been measured by the W-doped TiO2 core�shell
NWs compared to the pristine TiO2 NWs under similar
conditions, which is attributed to the increase of
charge carrier density and charge transport kinetics.
In addition, this simultaneous etching and growth
process is convenient and low cost and takes place at
relatively low hydrothermal temperature and in almost
neutral conditions, which may offer a general means
for incorporation of a variety of dopants into TiO2.
Combined with the DFT calculation, our studies can
further inspire exploration of the postgrowth doping of
other transition metal oxide photoelectrodes with
enhanced PEC conversion activity.

METHODS

Synthesis of Rutile TiO2 Nanowires. The pristine TiO2 nanowires
were synthesized on FTO glass substrates using a modified
hydrothermal method report elsewhere.4 In a typical experi-
ment, 13 mL of concentrated hydrochloric acid (37 wt %) was
diluted by 15 mL of deionized (DI) water, and then 300 μL of
tetrabutyl titanate was added in the solution. After 15 min of
constant stirring, the solution mixture and a clean FTO glass
substrate were transferred into a 50 mL sealed Teflon reactor,
which was then kept in an oven at 150 �C for 12 h. After that, the

FTO substrate was rinsedwith DI water and dried by compressed
N2. Finally, the sample was annealed in air at 450 �C for 2 h.

Simultaneous Etching and W-Doping of TiO2 NWs. The as-prepared
TiO2 NWs on a FTO substrate were placed in a 50 mL sealed
Telfon reactor, containing 0.725 g of hydroxylamine hydro-
chloride (NH2OH 3HCl), 1.20 g of sodium sulfide nonahydrate
(Na2S 3 9H2O), 1.852 g of sodium tungstate dehydrate (Na2WO4),
and 30 mL of DI water. The reactor was kept at 180 �C for 10 h.
After that, the samplewas thoroughlywashedwithDIwater and
dried by compressed N2. For the etching-only experiments, the

TABLE 1. Flat Band Potential (EFB) and the Charge Carrier

Density (Nd) of TiO2 NWs

sample EFB (V) vs Ag/AgCl Nd/10
18 cm�3

pristine TiO2 NW �0.89 3.86

doped TiO2 NW �0.87 2.06

etched TiO2 NW �0.58 1.36

dual etched/doped TiO2 NW �0.60 5.04
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reaction solution contained only NH2OH 3HCl, Na2S, and DI
water. For the doping-only experiments, the reaction solution
contained only Na2WO4 and DI water. All other experimental
conditions remained the same.

Photoelectrochemical Measurement. Photocurrent was mea-
sured in a three-electrode system, with the TiO2 NW photo-
anode as the working electrode, a coiled Pt wire as the counter
electrode, and a Ag/AgCl as the reference electrode. Linear
sweep voltammetry was carried out with a CHI660D potentio-
stat (CH Instruments Co.) vsAg/AgCl in 1M KOH (pH = 13.6). The
photoanode was illuminated with 100 mW/cm2 simulated sun-
light (Newport Co., USA). Mott�Schottky plots were measured
at a frequency of 5 kHz in the dark.

Density Functional Theory Calculation. The DFTmethod is used to
provide the electronic structure of a doped system. The spin-
polarized DFT calculation is supported by the Vienna ab initio
simulation package (VASP).34 The interaction between the core
electrons and the valence electrons is described by the projector
augmentedwave (PAW) approach.35AHubbard-like, localized term
is added to the Perdew�Burke�Ernzerhof generalized gradient
approximation (GGA) exchange correlation functional,36 which is
calledGGAþUandwidely applied for systemswith localizeddand f
electrons.37 The value of U is set to be 6.2 eV.38 The convergence
threshold for self-consistent energy error is 0.0006 eV. The doped
system is constructed from a relaxed (2 � 2 � 4) 96-atom rutile
supercell. A W atom is substituted for a Ti atom. Testing the plane
waveenergy cutoff andk-point samplinggives a 520eVplanewave
energy cutoff and a (3 � 3 � 3) k-point sampling mesh.
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