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TiO2 by hydrogen has also received attention recently.11,12
Wang et al. demonstrated that annealing rutile TiO2 nanowire
(NW) arrays in a H2 atmosphere creates oxygen vacancy sites
thus forming donor states below the conduction band.11 This
improves light absorption and charge transport similar to ntype doping, thus enhancing water oxidation performance.
Chen et al. reported a hydrogenation method to produce
disorder in nanophase TiO2, which significantly enhances
visible light absorption.12 Despite the interest in the effects of
nitrogen doping and hydrogen modification, there are only a
few studies on the synergistic effects of H and N codoping on
the photocatalytic activity of TiO2 materials.13−17 To our
knowledge, there is no report on the enhancement of visible
light water photo-oxidation of TiO2 due to the cotreatment
with H2 and NH3 at high temperature. Diwald et al. prepared
H, N-codoped TiO2 material that is photoactive for Ag
deposition under irradiation by photons of 2.4 eV by annealing
rutile TiO2 (110) in NH3 at 870 K. The treatment introduced
two species of N into the TiO2 lattice: substitutional and
interstitial N species.17 The authors claimed that the codoping
effect between the interstitial species and hydrogen is
responsible for the enhancement in the visible light activity.
The authors, however, did not consider the effects of Ti3+
formation. In fact, under this nitridation condition, Ti3+
formation is expected and can be more readily detected using
bulk characterization techniques such as EPR rather than by
conventional surface characterization techniques such as X-ray
Photoemission Spectroscopy (XPS) due to the instability of the
surface Ti3+ in air or water.
In addition to enhancing optical absorption, it is equally
important to optimize the photogenerated electron/hole
separation characteristics. Vertically oriented nanocolumnar
structures are considered to be very effective structures for
photoelectrochemical (PEC) water splitting applications.18,19
These structures permit significant light absorption depths
while still enhancing the charge separation by providing high
electrode/electrolyte interface areas and shortening the
minority charge carrier transport distance to the electrolyte.
We have recently reported the hydrothermal synthesis of
vertically aligned ultrafine single crystalline rutile TiO2 NW
arrays with an average cross-sectional dimension of ∼5 nm.10

ABSTRACT: We report a synergistic effect involving
hydrogenation and nitridation cotreatment of TiO 2
nanowire (NW) arrays that improves the water photooxidation performance under visible light illumination. The
visible light (>420 nm) photocurrent of the cotreated
TiO2 is 0.16 mA/cm2 and accounts for 41% of the total
photocurrent under simulated AM 1.5 G illumination.
Electron paramagnetic resonance (EPR) spectroscopy
reveals that the concentration of Ti3+ species in the bulk
of the TiO2 following hydrogenation and nitridation
cotreatment is significantly higher than that of the sample
treated solely with ammonia. It is believed that the
interaction between the N-dopant and Ti3+ is the key to
the extension of the active spectrum and the superior
visible light water photo-oxidation activity of the hydrogenation and nitridation cotreated TiO2 NW arrays.

T

he search for cheap, efficient, and stable photocatalysts for
solar hydrogen production from water splitting has been
an increasingly active field since Honda and Fujishima’s
discovery of water photo-oxidation on a TiO2 photoanode
under ultraviolet (UV) light.1 To date, TiO2 is still one of the
most studied photocatalyst materials due to its abundance, low
cost, low toxicity, superior photostability, and high intrinsic
catalytic activity under UV illumination.2−5 However, the
photoconversion efficiency of TiO2 is limited to less than 2.2%
under AM 1.5 global solar illumination due to its large band gap
energy (3.0 eV for rutile and 3.2 eV for anatase).6 The generally
accepted benchmark for solar-to-hydrogen efficiency under AM
1.5 global illumination is 10% for practical implementation.7
Therefore, extending the working spectrum of TiO2-based
materials to include more of the visible light region, which
composes ∼45% of the total energy of the solar spectrum, has
been of great interest.
Recent efforts have focused on modifying the valence band of
TiO2 by incorporating nonmetal ions such as C,8 S,9 and N.4,10
The p states of the nonmetal foreign ions (N, S, or C) normally
form impurity states above the valence band or hybridize with
O 2p states (composing most of the valence band for TiO2)
thus upshifting the valence band edge of TiO2.3 Among
nonmetal elements, N doping has been widely investigated and
some success has been achieved in extending the working
spectrum of TiO2 toward the visible light range.4 Modifying
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Upon nitridation in a NH3 flow at 500 °C, the optical
absorption and the PEC response spectrum extended from
∼420 to ∼550 nm. In the present study, we demonstrate
synergistic effects of hydrogenation and nitridation that further
extend the active spectrum of the TiO2 NW arrays to ∼570 nm.
To our knowledge, we are the first to demonstrate the
enhancement of visible light water photo-oxidation reactivity of
TiO2 material due to hydrogenation and nitridation cotreatment.
The TiO2 photoelectrodes were prepared via two steps: (1)
hydrothermal synthesis followed by (2) thermal treatments.
The single crystalline rutile TiO2 NW arrays with a thickness of
2.60 ± 0.27 μm were hydrothermally prepared on Fluorinedoped Tin Oxide (FTO) substrates. The NW arrays were
further modified by annealing at 500 °C (i) in air for 1 h
(denoted as TiO2), (ii) in NH3 for 2 h (N-TiO2), (iii) in a
mixture of H2 and Ar (5% of H2) for 1 h (H-TiO2), and (iv) in
a mixture of H2 and Ar for 1 h followed by annealing in NH3
for 2 h (H, N-TiO2). Additional experimental details on the
hydrothermal synthesis and thermal treatments can be found in
the Supporting Information (SI).
The X-ray diffraction data (XRD) (SI, Figure S2a) confirm
that all films are of rutile phase and no additional phase was
detected upon thermal treatment. However, the thermal
treatments have a profound effect on the visual appearance
and morphology of the NW arrays. The white color of the
pristine TiO2 film did not change after hydrogen treatment;
however, it turned green after nitridation and dark green after
both treatments (SI, Figure S1). In addition the shape and size
of the nanowires changed with each treatment as can be seen
by the SEM images in Figure 1. Upon treatment, the cross

Figure 2. XPS spectra of the TiO2, N-TiO2, and H, N-TiO2 NW
arrays: (a) Core N 1s and (b) Core Ti 2p.

interesting that the N 1s feature of the H, N-TiO2 sample is
broader and shifts to a lower binding energy compared with
that of the N-TiO2. We will discuss these phenomena in more
detail later. The substitutional N concentrations are calculated
as 5.6 atomic % for N-TiO2 and 3.5 atomic % for H, N-TiO2,
corresponding to x values of 0.20 and 0.12 (x in TiO2−xNx),
respectively. The substitutional N concentration in our Nmodified TiO2 nanowires is considerably higher compared to
other N-doped TiO2 materials prepared via nitridation of TiO2
at elevated temperature in a NH3 flow.21 The unique
morphology and the ultrafine cross-section of the NW may
enhance N diffusion into the TiO2 lattice.
The Ti 2p3/2 XPS features are observed at 459.20, 458.76,
and 458.71 eV for TiO2, N-TiO2, and H, N-TiO2 respectively.
These features are all assigned to Ti4+, indicating no Ti3+
species exist on the surface (the XPS technique characterizes
the top 1−10 nm layer of the material). The presence of Ti3+
was further investigated by low temperature electron paramagnetic resonance (EPR) (Figure 3). No EPR features appear

Figure 3. EPR spectra recorded at 86 K for TiO2, N-TiO2, and H, NTiO2 samples. The inset shows magnified view for the EPR spectra of
the TiO2 and N-TiO2 samples.

Figure 1. Scanning Electron Microscopy (SEM) images of (a) assynthesized TiO2 (inset shows higher magnification view), and films
annealed at 500 °C in (b) NH3, (c) H2, and (d) H2 and then NH3.

for a g-value of ∼2.02 corresponding to O2− produced from the
reduction of adsorbed O2 (from air) by surface Ti3+ further
confirming the absence of surface Ti3+.22 Surface Ti3+ is
unstable under illumination in air or in electrolyte as it is easily
oxidized by air or dissolved oxygen in water.23 The strong EPR
signal for a g-value of 1.992 for the H, N-TiO2 sample indicates
the presence of Ti3+ in the bulk. We also observed a trace
amount of Ti3+ in the bulk of the N-TiO2 sample. The intensity
of the feature at a g-value of 1.981 for the N-TiO2 sample is 2
orders of magnitude smaller than the feature at a g-value of
1.992 for the H, N-TiO2 sample.
Linear sweep voltammetry (scan rate of 5 mV/s) results for
the H, N-TiO2 nanowires are shown in Figure 4a. The onset
potential for the H, N-TiO2 sample positively shifts to 0.6 V vs
reversible hydrogen electrode (VRHE) compared with 0.2 VRHE

section of the NW becomes larger due to the sintering of the
small wires. Increases in the interplanar d-spacing for the (101)
crystal plane due to cotreatment observed by Transmission
Electron Microscopy (TEM) (SI, Figure S3) indicate lattice
expansion as a result of N incorporation.
We employed X-ray Photoemission Spectroscopy (XPS) to
investigate the chemical composition of the surface (Figure 2).
The N 1s peak at 399.8 eV of the TiO2 sample is assigned to
molecular N2 adsorbed on the surface.4 The N 1s feature at
395.6 eV of the N-TiO2 sample and the feature at 394.4 eV of
the H, N-TiO2 sample are assigned to substitutional β-N (N3−)
species which is considered responsible for enhancing the
visible light activity of the N-doped materials.4,20 It is
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spectra of the H, N-TiO2 sample extends to ∼570 nm. The
photocurrent obtained by integrating the calculated IPCE
multiplied by the AM 1.5 G solar energy flux24 over the range
of 420−570 nm is 0.159 mA/cm2, contributing to ∼35% of the
total integrated AM 1.5 G photocurrent (0.454 mA/cm2). The
small discrepancy between the full AM 1.5 G photocurrent
obtained by the CAM measurement (0.388 mA/cm2) and the
integration method (0.454 mA/cm2) might be due to the
difference between the simulated sunlight (Xenon lamp + AM
1.5 G filter) and standard AM 1.5 G. The absence of a
photoresponse in the IPCE of the untreated TiO2 NW arrays
indicates that the absorption tails from 420 to 500 nm in the
transmittance spectra of the untreated TiO2 sample are due to
light scattering from the nanostructures. The H-TiO2 sample
shows significant improvement in the PEC performance in the
UV region due to the enhancement in the electron
conductivity.11 Its IPCE spectrum, however, just shows a
weak response from visible light (420 to ∼500 nm), mainly due
to the photoelectrochemically inactive transition from the
valence band to hydrogenation-induced oxygen vacancy
states.11
As mentioned in our previous study, incorporating N into
the rutile TiO2 NW arrays modifies the valence band structure,
thus extending the working spectrum to ∼550 nm. In the
present study, we demonstrate that prehydrogenation significantly increases the bulk Ti3+ concentration and the interaction
between Ti3+ and N-doping increases the visible light
absorption and shifts the absorption edge further to the longer
wavelength region (∼ 570 nm) compared to individual doping
with Ti3+ or N. Employing EPR, Livraghi et al. detected
paramagnetic bulk species of N (Nḃ) at a g-value of 2.005,
which formed localized states within the band gap of their Ndoped TiO2.25 The authors proposed a reversible electron
transfer between the Nḃ and Ti3+ centers forming the
diamagnectic bulk species of N (Nb−) and Ti4+. A similar
phenomenon was also observed by Napoli et al. when they
exposed a prereduced TiO2 to a N plasma.26 The N-induced
states of Nb− species are higher in energy than that of
corresponding Nḃ species due to greater Coulombic repulsion.
Di Valentin et al. prepared F, N-codoped TiO2 samples and
reported an increase in Ti3+ concentration with an increasing F
doping level. The authors also claimed that the formation of
Nb− is more favorable with an increase in Ti3+ and that is the
key for the improvement in the visible light photocatalytic
activity.27 We did not detect any paramagnetic species other
than Ti3+ in our H, N-TiO2 sample. We, however, can observe
the interactions of Ti3+ and substitutional N in the H, N-TiO2
sample in the core N 1s XPS spectra (Figure 2a). The
broadening and shift to the lower binding energy of the XPS N
1s feature compared with that of the N-TiO2 sample indicates
lower oxidation states of the substitutional N in the H, N-TiO2
sample which might be due to electron transfer from Ti3+. Due
to the Columbic repulsion, the lower oxidation states of N in
the H, N-TiO2 sample have higher energy than that of the NTiO2 sample, thus enabling excitation with photons of longer
wavelengths. The proposed interaction between Ti3+ and N
that modifies the electronic band structure of TiO2 is illustrated
in Figure 5.
In summary, we report a synergistic effect between hydrogen
and nitridation cotreatment that significantly enhances the
water photo-oxidation of rutile TiO2 NW arrays under visible
light. The photocurrent of the H, N-TiO2 sample under visible
light (>420 nm) illumination contributes ∼41% of the

Figure 4. (a and b) Linear sweep voltametry (5 mV/s) and
chronoamperometry at 1.23 VRHE of the H, N-TiO2 sample, (c)
IPCE spectra measured at 1.23 VRHE, and (d) normalized transmittance spectra. All PEC measurements were performed using a
three-electrode electrochemical cell with a Ag/AgCl reference
electrode, a Pt wire counter electrode, and 1 M KOH electrolyte. A
solar simulator (Oriel 96000) with an AM 1.5 G filter was used as the
light source with a light intensity of 100 mW/cm2 measured by a
thermopile detector (Newport, 818P-020-12). A UV filter that blocks
all wavelengths <420 nm was used for visible light experiments.

for the pristine TiO2 sample even though the photocurrent
transient onset potentials for the two sample are almost the
same, ∼ −0.15 VRHE (data not shown). The shift in the
constant-illumination onset potential might be due to either a
larger band bending requirement for separating electrons and
holes because of the material’s likely possession of poorer
charge-transport properties than pure TiO2 or slower surface
kinetics as a result of hydrogenation and nitridation cotreatment.10 The H, N-TiO2 sample shows remarkable visible light
water oxidation performance. The visible light (>420 nm)
current reaches 0.159 mA/cm2 at 1.23 V vs reversible hydrogen
electrode (VRHE) and contributes ∼41% of the full AM 1.5 G
photocurrent. The chronoamperometry (CAM) measurement
at 1.23 VRHE (total time of ∼30 min) in Figure 4b indicates the
material’s high stability. After the test, we observed the
formation of bubbles on the film, suggesting the oxygen
production from water oxidation. We believe that the formation
of oxygen bubbles decreases the electrode/electrolyte contact
area, resulting in a slight decrease of 4.6% in the AM 1.5 G
photocurrent after 15 min of illumination. Figure S4 shows 3
runs of CAM measurements between which we used a pipet to
flush out bubbles on the sample. The photocurrents were
almost fully restored, thus supporting our hypothesis. In fact,
after repeated testing for 5 months (the sample was stored in
open air) the film still retains this performance. Figure 4c and d
show the incident photon-to-current efficiency (IPCE) spectra
and the normalized UV−vis transmittance spectra (the raw data
are included in the SI, Figure S5). The absorption edge of the
H, N-TiO2 sample shifts ∼20 nm to the longer wavelength
region compared to the N-doped TiO2 NW sample. The
decrease in the transmittance for all samples at larger
wavelengths than 570 nm is due to the light absorption of
FTO substrates in this region which is confirmed by the UV−
vis transmittance of FTO in Figure S5. The IPCE spectra fit
well with the transmittance spectra, confirming that the active
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Figure 5. Proposed mechanism for the interaction between Ti3+ and
substitutional N.

simulated AM 1.5 G photocurrent. The IPCE and UV−vis
transmittance spectroscopy reveal that the working spectrum of
the H, N-TiO2 sample extends to ∼570 nm compared with
∼550 nm for the N-TiO2 and ∼420 nm for pristine TiO2. The
hydrogenation process increases the bulk Ti3+ concentration in
TiO2. We speculate that the interactions between substitutional
N and Ti3+ are responsible for the enhancement in the water
oxidation performance under visible light illumination.
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