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ABSTRACT: The recent discovery of colored TiO2 indicated
that the disordered surface layer over the TiO2 particles/
photoelectrodes is beneficial for higher photocatalytic perform-
ance; however, the role of the disordered surface TiO2 layer is
not well understood. Here, we report an electrochemical
strategy for tuning the surface structure of TiO2 nanorod
arrays (NRAs) and try to understand the role of the disordered
surface TiO2 layer. Photoelectrodes of TiO2 NRAs with a
disordered shell were prepared by an electrochemical
reduction method. The photocurrent of the NRAs with a
disordered shell can reach as high as ∼1.18 mA/cm2 at 1.23 V,
which is 2.2 times of that of the pristine TiO2 NRAs. Our
results show that the surface disordered layer not only improves the bulk charge separation but also suppresses the charge
recombination at the electrode/electrolyte interface, acting as an efficient water oxidation cocatalyst of photoelectrochemical cell
for solar water splitting.
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1. INTRODUCTION

Photoelectrochemical (PEC) water splitting is an ideal method
for hydrogen production. In a single PEC system, solar energy
harvesting and water electrolysis is integrated.1−3 Various
configurations of PEC water splitting cells using semiconductor
photoelectrodes have been developed in the past 40 years.4−9

One of the key factors governing the PEC water splitting is the
semiconductor/liquid interface where the surface reactions take
place. Accordingly, attempts to engineer the semiconductor/
electrolyte interface have drawn increasing attention re-
cently.10−14

Modification of semiconductor with a surface overlayer has
been used to tune the semiconductor/electrolyte interface.
Improved PEC water splitting performance of hematite, for
instance, has been achieved when the surface was passivated by
Al, Ga and In oxide overlayers.15 Hole conduction on narrow
bandgap semiconductor photoanodes was also promoted in the
presence of a surface TiO2 amorphous layer.16 The outmost
amorphous layer on (oxy)nitrides, however, was found to be
detrimental to the photocatalytic activity.17−19 Clearly, these
different experimental results indicate that formation of a
surface overlayer directly affects the PEC performance.
The colored TiO2 prepared by various reduction treatments

has a unique hydrogenated disordered shell.20−22 The
disordered surface layer is beneficial to the charge-transfer

process,23 as a result, the efficient H2 production of colored
TiO2 is, at least in part, related to the formation of disordered
surface layer. However, to achieve better PEC performance,
high temperature or pressure is usually required during the
hydrogen treatment.24,25 Alternately, electrochemical reduction
has also been demonstrated to be a straightforward approach
for higher electrochemical and PEC activity.26,27 However, to
the best of our knowledge, the role of the TiO2 semiconductor/
electrolyte interface has been rarely reported for the electro-
chemically reduced TiO2.
Herein, we demonstrate that an electrochemically reduced

TiO2 overlayer can significantly influence the semiconductor/
electrolyte interface property of TiO2 photoanode which is
used as a prototype for the investigation of charge separation
and collection at the surface layer. Specifically, the TiO2 rutile
nanorod arrays (NRAs) photoanodes were modified with a
disordered surface layer by a facile electrochemical method.
Compared with the pristine NRAs, the introduction of the
disordered surface layer leads to about 2.2 times of photo-
current enhancement at 1.23 V versus reversible hydrogen
electrode (vs RHE), which is very likely due to the the
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disordered TiO2 layer acting as both charge separation layer
and oxygen evolution catalyst.

2. EXPERIMENTAL SECTION
2.1. Growth of Rutile TiO2 Nanorod Arrays. The TiO2 NRAs

were grown on fluorine-doped tin oxide (FTO) glass by a
hydrothermal method.28 One-tenth of a milliliter of tetrabutyl titanate
(Alfa Aesar, 99%) was added dropwise into 10 mL of HCl aqueous
solution (6 M). The solution was transferred into a 30 mL Teflon-
lined stainless autoclave with a piece of precleaned FTO glass
(ultrasonically cleaned with acetone, isopropanol, ethanol and
deionized water for 20 min in sequence). The autoclave was then
put into an oven and kept at 180 °C for 2 h and allowed to cooled
down to room temperature naturally. Finally, the NRAs were rinsed
with copious deionized water and annealed at 450 °C for 2 h in a
muffle furnace.
2.2. Electrochemical Reduction of TiO2 NRAs. The electro-

chemical reduction was carried out in a conventional three-electrode
system connected to a potentiostat (Iviumstat, Ivium Technologies).
The pristine NRAs, a saturated calomel electrode (SCE) and platinum
plate were used as working, reference and counter electrodes,
respectively. Na2SO4 aqueous solution (0.5 M, pH 6.8) was used as
electrolyte; the reduced NRAs were denoted as R-NRAs. The external
bias of −1.6, −1.7, −1.8, −1.9, −2.0, and −3.0 V (vs SCE) were
applied and the obtained photoelectrodes are denoted as −1.6, −1.7,
−1.8, −1.9, −2.0, and −3.0 V, respectively. The R-NRAs were also
performed at applied bias of −1.8 V for the reduction period of 0.5, 1,
2, 5, and 10 s. Unless otherwise specified, the external biases were
compared with SCE.
2.3. Electrodeposition of Oxygen Evolution Catalyst. CoPi

cocatalyst was electrodeposited on NRAs and R-NRAs at 0.59 V vs
SCE in 0.1 M sodium phosphate buffer solution (buffered at pH 7)
containing 1 mM Co2+.7 The loading amount of CoPi was controlled
by the electric charge passed per geometric area (10 mC cm−2 unless
otherwise stated).
2.4. Sample Characterization. The morphology of rutile TiO2

NRAs and R-NRAs were examined using a field emission scanning
electron microscopy (SEM, Quanta 200 FEG, accelerating voltage of
20 kV). High resolution transmission electron microscopy (HRTEM)
images were obtained on a Tecnai G2 F30 S-Twin (FEI Company)
with an acceleration voltage of 300 kV. The X-ray diffraction (XRD,
Rigaku Rotaflex Ru-200 B) patterns were performed with Cu−Kα
radiation (operating voltage: 40 kV, operating current: 200 mA, scan
rate: 5° min−1). UV−vis diffuse reflectance spectra (UV−vis) were
recorded on an UV−vis spectrophotometer (JASCO V-550) equipped
with an integrating sphere. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo ESCALAB 250Xi with
monochromatized Al Kα excitation. Raman scattering measurements
were recorded with a 325 nm laser line as exciting light. The thickness
of the film was determined with a Stylus Profilometry (Dektak XT).
The EPR measurements were carried out on a Bruker EPR A200
spectrometer. The samples (about 2 × 10 mm2) were placed into a
homemade EPR quartz tube, and the tube was vacuumized and
ventilated with argon before placed inside the microwave cavity. For
comparison, all of the EPR spectra were recorded under the same
experimental conditions with the following EPR parameter settings:
temperature, 100 K; microwave frequency, 9.30 GHz; center field,
3300 G; sweep width, 600 G; modulation frequency, 100 kHz; and
power, 2.00 mW.
2.5. Photoelectrochemical Measurements. The PEC tests were

conducted with an electrochemical workstation (Iviumstat, Ivium
Technologies) and a conventional three-electrode system. Illumination
source was a 150 W Xe lamp coupled with an AM 1.5G filter (100 mW
cm−2, Newport Sol 3A, Class AAA Solar simulator). Otherwise
mentioned, 0.5 M Na2SO4 aqueous solution (pH 6.8) was used as
electrolyte. The photocurrent was measured by linear sweep
voltammetry with a scan rate of 50 mV s−1. Unless otherwise
specified, the potential was referred to RHE. The incident photon to
current efficiency (IPCE) was evaluated under monochromatic light

irradiation, the illumination was provided by a tungsten lamp equipped
with a monochromator (CROWNTECH, QEM24-D 1/4 m Double).
The light intensity was calibrated with a standard Si photodiode.
Mott−Schottky plots were evaluated at DC potential range of −0.4−
0.2 V vs RHE at a frequency of 1 kHz in dark. Electrochemical
impedance spectroscopies (EIS) were carried out at a potentials of
0.64 V vs RHE, with an AC potential frequency range from 100 K to
0.1 Hz under AM 1.5G simulated sunlight at 100 mW cm−2 in 0.5 M
Na2SO4 electrolyte. The program ZView (Scribner Associates Inc.)
was used to fit the obtained data to the corresponding equivalent
circuit model.

3. RESULTS AND DISCUSSION
3.1. Characterization of NRAs. The NRAs were

synthesized by a typical hydrothermal method,28 followed by
annealing in air at 500 °C. Figure 1a shows the SEM image of

the white TiO2 film obtained on FTO substrate. The pristine
TiO2 film consists of dense and vertically aligned nanorod
arrays. The nanorods are tetragonal in shape with a square facet
on the top ranging from 80 to 200 nm and a mean length of 2.0
μm. The XRD pattern of NRAs (see Figure S1 in the
Supporting Information) shows two sharp peaks centered at
36.5 and 63.2°, which correspond to (101) and (002)
diffraction peaks of rutile TiO2 (JCPDS No.21−1276).

3.2. Surface Modification of NRAs with an Electro-
chemical Reduction Method. The pristine NRAs were
electrochemically reduced under different external biases. After
the reduction, the morphology of R-NRAs remains as that of
the pristine NRAs (see Figure S2 in the Supporting
Information); however, the color of R-NRAs turns into light
to dark gray varying with the applied potentials. The main UV−
visible spectra of NRAs and R-NRAs show no difference on the
absorption band edge (see Figure S3 in the Supporting
Information). Additional weak absorption in the extended
region up to 800 nm for the R-NRAs indicates that some

Figure 1. (a) SEM image of NRAs prepared by hydrothermal method
and the inset is magnified image of the NRAs; (b) HR-TEM images of
the NRAs nanorod; (c) TEM and (d) HR-TEM images of R-NRAs
electrochemically reduced under the applied bias of −1.8 V vs SCE for
2 s.
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shallow states energy levels form between the conduction and
valence band.29

To examine the refined morphology changes during the
electrochemical reduction, we characterized a single nanorod
with HRTEM. As shown in Figure 1b, the pristine rutile
nanorod shows lattice fringes with d110 = 3.2 Å and d101= 2.5 Å.
However, after the electrochemical reduction, the nanorod is
capped with a ∼4 nm shell (Figure 1c). The lattice fringe of the
core is attributed to the rutile (110) crystal planes, whereas the
shell is disordered (Figure 1d). Moreover, the disordered layer
disappears once the R-NRAs are annealed in air at 450 °C for
30 min.
3.3. Photoelectrochemical Water Oxidation on R-

NRAs. The J−V curves of the R-NRAs were measured in 0.5 M
Na2SO4 aqueous solution. Figure 2a shows that the onset
potentials of the R-NRAs exhibit a cathodic shift of 50−150 mV
compared with that of the pristine NRAs. The steady state
current profiles of the R-NRAs and pristine NRAs further
confirm the cathodic shift in the onset potential (see Figure S4
in the Supporting Information). Moreover, the photocurrent
densities of the R-NRAs increase steeply to a saturated value at
1.2 V, representing a higher fill factor. The R-NRAs electrode
prepared under −1.8 V vs SCE yields a maximum photocurrent
density of 1.18 mA/cm2 at 1.23 V (inset in Figure 2a), which is
2.2 times of that of the pristine NRAs. The stabilities of NRAs
and R-NRAs electrodes (reduced at −1.8 V) were measured for
prolonged period of 5 h at 1.23 V under AM 1.5G simulated
sunlight. Notably, both NRAs and R-NRAs electrodes show
stable photocurrent under irradiation for 5 h (Figure 2b),
suggesting that the increase in photocurrent in the LSV curve is
mainly due to water oxidation instead of oxidation of some
other reduced species. Obviously, the photocurrent density
enhancement is related to the applied bias. When the reduction
bias is more negative than −1.8 V, the photocurrent densities of
R-NRAs decrease due to the reduction of the FTO substrate
(see Figure S5 in the Supporting Information). It was also
found that the more negative potentials lead to the increase in
the shell thickness (see Figure S6 in the Supporting
Information). Accordingly, it is natural to deduce that the
improved activity of R-NRAs can be attributed to the
appearance of the disordered surface layer.
It is expected that prolonging the reduction time under a

constant bias can result in a similar photocurrent change. Figure
2c shows that the R-NRAs electrode after 2 s reduction yields a
maximum photocurrent density (the inset in Figure 2c).
Because of the reduction of the FTO substrate, the photo-
current density of the R-NRAs decreased when the reduction
time was over 2 s. These results are in accordance with the
trend obtained at Figure 2a. Moreover, the NRAs and R-NRAs
electrodes are oxidized at 2.0 V vs SCE for 2 s (see Figure S7 in
the Supporting Information), based on the almost unchanged
J−V curves of NRAs and R-NRs before and after oxidation at
2.0 V vs SCE, it seems the rutile nanorod and the disordered
surface layer is not oxidized at a high positive bias.
As shown above, the presence of a disorder surface layer has

significant influence on the PEC performance of TiO2 NRAs.
To understand this phenomenon, we conducted more
characterizations of the disordered layer. UV Raman spectra
of NRAs and R-NRAs show no significant differences (see
Figure S8 in the Supporting Information), which is consistent
with conclusion of no obvious structure changes drawn by the
study of the HRTEM images. The cyclic voltammetry curves
for the NRAs and FTO substrates recorded during the

reduction process (see Figure S9 in the Supporting
Information) imply that hydrogen evolution occurs at the
interface between the NRAs and the electrolyte. The X-ray
photoelectron spectroscopy (XPS) spectra shown in Figure 3a
indicates that the Ti 2p spectra of the NRAs can be
deconvoluted by the Ti 2p3/2 and the Ti 2p1/2 peaks
centered at a binding energy of 464.6 and 458.8 eV,
respectively. These two peaks are due to the presence of
Ti4+.25 On the contrary, These two peaks of R-NRAs were
negatively shifted to 463.9 and 458.0 eV, suggesting the

Figure 2. (a) Current density versus potential curves for the NRAs
and R-NRAs prepared under different applied bias for 2 s, the inset is
the photocurrent density for R-NRAs at 1.23 V vs RHE as a function
of the external bias for electrochemical reduction. (b) Chronoamper-
ometry measurements of the NRAs and R-NRAs (reduced under −1.8
V for 2 s) photoanodes at 1.23 V. (c) Current density versus potential
curves for the NRAs and R-NRAs prepared under −1.8 V for several
seconds; the inset is the photocurrent density for R-NRAs at 1.23 V as
a function of reduction time.
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presence of Ti3+ (Ti4+ + e− → Ti3+).26 EPR spectra (100 K) of
the NRAs and R-NRAs (see Figure S10 in the Supporting
Information) also show that both signals of trapped holes
(Ti4+O2−Ti4+OH− + h+ → Ti4+O•‑Ti4+OH−, g = 2.003) and
trapped electrons (Ti4+ + e− → Ti3+, g⊥ = 1.973, g∥ = 1.944)
increase after the reduction;30,31 moreover, the O•− signal
enhances as the bias decreases. The O 1s spectra of the NRAs
and R-NRAs (see Figure S11 in the Supporting Information)
both consist of two peaks centered at 529.5 and 531.4 eV. The
peak of Ti−OH at 531.4 eV increases after electro-reduction,26

which confirms the formation of hydroxyl groups on TiO2

surface during reduction. The above results suggest that oxygen
vacancies might be introduced into the disordered shell.
The shallow states energy levels in the disordered surface

layer might result in extended light absorption. However, the
incident-photon-to-current-conversion efficiency (IPCE) meas-
urement (Figure 3b) shows that the IPCE value of R-NRAs is
higher than 60% in the wavelength range from 350 to 380 nm,
indicating the charge carriers being effectively separated and
transported in the R-NRAs. In the visible range, the IPCE
values of R-NRAs are comparable to those of the NRAs. Hence,
the enhancement of the photocurrent of R-NRAs is unlikely
because of the extended light absorption induced by the
disordered surface layer.
To further investigate the effect of the disordered layer on

the electrical properties of R-NRAs, we conducted electro-
chemical impedance measurements. Figure 3c shows the
Mott−Schottky plots of NRAs and R-NRAs obtained at a
frequency of 1 kHz. It can be seen that the slope of R-NRAs is
much smaller than that of the NRAs. The decreased slope
implies the enhanced donor densities according to the Mott−
Schottky equation32

εε= −N e d C dV(2/ )[ (1/ )/ ]d 0 0
2 1

Where Nd is the donor density, e0 is the electron charge, ε is the
dielectric constant of NRAs, ε0 is the permittivity of vacuum,
and V is the applied bias. The calculated carrier densities of the
NRAs and R-NRAs are 4.9 × 1018 cm−3 and 1.6 × 1021 cm−3,
respectively. Apparently, electrochemical reduction leads to
about 3 orders of magnitude enhancement in the carrier density
of NRAs. The enhanced carrier density is likely due to the
increased oxygen vacancies at the hydrogenated disordered
shell,25 which could facilitates the charge transport in NRAs as
demonstrated in Figure 2. Moreover, the flat band position of
R-NRAs shifts to −0.2 V vs RHE, suggesting a negative shift of
the Fermi level, which might be attributed to the appearance of
the shallow states in the disordered surface layer.
The performance of the surface hole injection was evaluated

by Na2SO3 oxidation.
2,33 The charge separation efficiencies of

the R-NRAs and NRAs electrodes were obtained by comparing
the photocurrent from Na2SO3 oxidation with the theoretical
maximum photocurrent (see Figure S12 in the Supporting
Information). The charge separation curve of R-NRAs (Figure
4a) exhibits a higher fill factor than that of NRAs electrode.
Another interesting feature is that the charge injection
efficiency of R-NRAs (Figure 4b) is substantially increased to
100% at a potential of 1.23 V. The improved hole injection can
be stemming from the shallow states energy levels in the surface
disorder layer. As shown in Figure 4c, the shallow states energy
levels can act as the intermediate lends for transferring the
photogenerated holes from TiO2 to semiconductor−electrolyte
interface, leading to more efficient water oxidation.
To further support the above reasoning, we loaded the NRAs

and R-NRAs with CoPi oxygen evolution catalyst. Figure 4b
shows that the charge injection efficiency of bare NRAs
electrode is very poor, indicating that photogenerated holes are
initially accumulated on the surface. After introduction of CoPi,
the charge injection efficiency of NRAs is substantially
enhanced, reaching 74% at a potential of 1.23 V. In the
meantime, the charge-injection efficiency curve of R-NRAs
without CoPi loading is close to that of the CoPi/NRA
electrode, confirming that the surface disordered layer
promotes water oxidation as CoPi does. Figure 5 provides
the electrochemical impedance spectroscopy (EIS) curves of

Figure 3. (a) Ti 2p spectra of the NRAs and R-NRAs; (b) IPCE
spectra of the NRAs and R-NRAs reduced under −1.8 V, collected at a
potential of 1.23 V vs RHE; (c) Mott−Schottky plots collected at a
frequency of 1 kHz in the dark for the NRAs and R-NRAs. Inset:
Mott−Schottky plots of the R-NRAs reduced under −1.8 V, collected
under the same conditions.
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the above electrodes (the optimum fitting R and CPE values
are provided in Table S1 in the Supporting Information). After
the addition of CoPi, the diameter of the second arc (under the
lower frequency) decreases significantly, while the diameter of
the first arc (under the higher frequency) shows no obvious
change. As already discussed elsewhere,34 the first arc
represents the charge-transfer step and the second arc
corresponds to the surface water oxidation step. Both arcs of
the R-NRAs significantly decrease revealing that the presence of
surface disordered layer increases charge carrier transport inside
the electrode and is beneficial for the surface water oxidation,
which agrees well with the charge efficiency results as we
previously mentioned. These results strongly prove that the
charge transfer kinetics is largely facilitated by the surface
disordered layer, which is similar to the function of CoPi.

4. CONCLUSION
We demonstrate that the R-NRAs electrode prepared with
electrochemical reduction possesses disordered layer on the
surface. The presence of such disordered TiO2 surface layer on
R-NRAs can substantially enhance the photocurrent of NRAs,
up to 120% higher than that of the pristine NRAs electrode at
1.23 V vs RHE. Our characterizations indicate that the surface
disordered layer facilitates the charge separation and collection
at the semiconductor/electrolyte interface.
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