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Narrowing the bandgap of wide-bandgap semiconductor photocatalysts (for instance, anatase TiO2) by
introducing suitable heteroatoms has been actively pursued for increasing solar absorption, but usually
suffers from a limited thermodynamic/kinetic solubility of substitutional dopants in bulk and/or
dopant-induced recombination centres. Here we report a red anatase TiO2 microsphere with a bandgap
gradient varying from 1.94 eV on its surface to 3.22 eV in its core by a conceptually different doping
approach for harvesting the full spectrum of visible light. This approach uses a pre-doped interstitial
boron gradient to weaken nearby Ti–O bonds for the easy substitution of oxygen by nitrogen, and
consequently it substantially improves the nitrogen solubility. Furthermore, no nitrogen-related Ti3+
was formed in the red TiO2 due to a charge compensation effect by boron, which inevitably occurs in
common nitrogen doped TiO2. The red anatase TiO2 exhibits photoelectrochemical water splitting
activity under visible light irradiation. The results obtained may shed light on how to increase high
visible light absorbance of wide-bandgap photocatalysts.

Introduction
Narrowing the bandgap of wide-bandgap photocatalysts for
increasing visible light absorption is crucial to advancing their
applications in solar energy conversion.1–18 In the past decade,
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anion-doping,1,2 particularly nitrogen-doping,1 has been widely
used to modify the electronic structures and consequently light
absorption ranges of a prototypical photocatalyst TiO2 (anatase
with a bandgap of 3.2 eV and rutile with a bandgap of 3.0 eV). It
is recognized that this modification is sensitively affected by both
the chemical state and spatial distribution of anion dopants3,6,19
and that only bulk doping of substitutional dopants for lattice
oxygen can result in a desired bandgap narrowing by elevating
the valence band edge of the photocatalyst. Unfortunately,
dominant cases fall in the class of surface doping of interstitial
dopants,3,6 which causes localized states in the bandgap.
Furthermore, new recombination centers associated with
dopants are always formed in the doped photocatalyst as a result
of the charge balance requirement (for instance, nitrogen-related

Broader context
Photocatalysis is a promising process for solar energy utilization by storing photon energy in chemical bonds. Developing photocatalysts with the ability to strongly absorb visible light is a prerequisite for realizing efficient photocatalysis. Although anatase TiO2
is the most intensively studied photocatalyst, its application has been restricted because it only responds to the UV region. To
overcome this bottleneck, introducing suitable anion dopants has been actively explored. It has been recognized that only bulk
doping of substitutional dopants for lattice oxygen can result in a desired bandgap narrowing by elevating the valence band edge.
However, the limited solubility of substitutional dopants in bulk and dopant associated recombination centres (i.e. Ti3+) has
impaired the effectiveness of doping. Here, through pre-doping an interstitial boron gradient to weaken nearby Ti–O bonds for the
easy substitution of oxygen by nitrogen, we realized a gradient of B–N co-doping with high concentrations in the shell of anatase
TiO2 microspheres to obtain a red TiO2. As a consequence, the light absorption edge of the red TiO2 has been extended up to ca. 700
nm covering the full visible light spectrum. Furthermore, no nitrogen-related Ti3+ was formed in the red TiO2 due to the charge
compensation effect by boron. A photoanode fabricated from the red TiO2 has the ability to split water under visible light. This
different doping approach could be extendable to modify other photocatalysts that demand bulk substitutional doping for
increasing visible light absorption.
This journal is ª The Royal Society of Chemistry 2012
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Ti3+ in N doped TiO2).7 Although the homogeneous doping of
substitutional nitrogen was reported in the layered photocatalysts due to the easy diffusion of dopant from the surface to
the bulk through the interlayer galleries,19,20 introducing substitutional nitrogen into bulk TiO2 without a layer structure is still
hard to realize. The apparent merits of realizing substitutional
nitrogen doping in bulk TiO2 include both the high visible light
absorbance and high charge charier mobility. Therefore, it
remains challenging, yet highly desirable, to devise new doping
approaches in order to engineer the chemical state and spatial
distribution of nitrogen dopant in TiO2, especially without
introducing additional recombination centers.
The above challenge originally stems from both the high
bonding energy (D0) of metal (M)–O (i.e., DTi–O
¼ 346.4 kJ
0
mol1)21 bonds and the charge difference between lattice oxygen
and dopant atoms (i.e., O2 versus N3) in oxide-based photocatalysts. The key to solving this conundrum should have the
dual functions of both weakening M–O bonds and compensating
for the charge difference. To solve this problem, we proposed an
approach featuring the pre-doped interstitial boron distribution
in the bulk as both a bond weakening and charge compensation
agent. This approach is based on the following two premises: (1)
interstitial B may weaken nearby Ti–O bonds for easy substitution of lattice O2 by N3 by contributing its extra electrons,
which also compensates for the charge difference between N3
and O2. (2) The very small ionic radius of the interstitial boron
(25 pm for 4-fold coordinated boron) makes it easy to engineer
the spatial distribution of boron by diffusion in the cavities (a
typical size of ca. 100 pm considering the radius of 140 pm for
O2) formed by TiO6 octahedra in TiO2, as validated recently,22
which can correspondingly direct the distribution of substitutional N3 by the weakened Ti–O bonds in boron-doped TiO2.
The above hypothesis falls within the scope of B/N codoping. The
early studies on B/N codoping in TiO2 showed that the codoping
without B–N bonding leads to a limited visible light absorption
band.23–25 Although the subsequent efforts realized B–N bonding by
nitriding surface boron modified TiO2,26,27 the visible light absorbance induced is still low because the nitrogen dopants are
predominantly located on the surface. To this end, B/N codoping
still fails to cause a high visible light absorption band in TiO2.
According to the hypothesis, the prerequisite to realize a high visible
light absorption band in TiO2 with the B/N codoping strategy is to
use TiO2 with bulk contained boron for subsequent nitrogen
doping. Recently, we have developed anatase TiO2 microspheres
with an interstitial Bs+ (s # 3) gradient shell of around 50 nm
thickness,22 which might be an ideal candidate for verifying the
above hypothesis and realizing the high visible light absorption
band. In this work, we carried out nitrogen-doping by calcining
these microspheres in a gaseous ammonia atmosphere. In contrast
to the previously reported N doped TiO2 or N/B codoped TiO2 that
were typically yellow,1,23–27 the unusual red TiO2 microspheres were
obtained by introducing nitrogen in the interstitial boron gradient
shell of TiO2 microspheres. The origin of forming red TiO2 was
experimentally and theoretically investigated. Significant insight is
gained into the role of interstitial boron in weakening nearby Ti–O
bonds and thus facilitating the substitution of O by N. Furthermore,
this red anatase TiO2 shows photoelectrochemical water splitting
activity under visible light irradiation. To the best of our knowledge,
this represents the first case of realizing red anatase TiO2.
9604 | Energy Environ. Sci., 2012, 5, 9603–9610

Experimental
Sample preparation
Anatase TiO2 microspheres with an interstitial Bs+ (s # 3)
gradient shell were synthesized according to our recently developed procedure.22 Specifically, the acidic hydrolysis of crystalline
TiB2 in a Teflon-lined autoclave at 180  C for 24 h led to the
formation of anatase TiO2 microspheres with the substitutional
boron (Bd, d # 2) in the core. The subsequent heating at 600  C
in air for 2 h resulted in the diffusion of boron from the core to
the shell of microspheres, accompanying the change of substitutional Bd to interstitial Bs+. To prepare red anatase TiO2, the
white anatase TiO2 microspheres with an interstitial boron shell
(for simplicity, these TiO2 microspheres are defined as white TiO2
in this work) were further heated between 580 and 620  C in a
gaseous ammonia atmosphere with a flux of 50 mL min1 for 60
min. The phase transition temperature of white TiO2 to TiN in
the gaseous ammonia was measured to be 700  C (Fig. S1†).

Characterization
X-Ray diffraction (XRD) patterns of the samples were recorded
with a Rigaku diffractometer using Cu Ka irradiation. Their
morphology was observed by scanning electron microscopy
(Nova NanoSEM 430). The optical absorption spectra of the
samples were recorded with a UV-visible spectrophotometer
(JASCO V-550). Raman spectra were collected by using LabRam HR 800. Chemical compositions and states were analyzed
using X-ray photoelectron spectroscopy (XPS) (Thermo Escalab
250, a monochromatic Al Ka X-ray source). All binding energies
were referenced to the C 1s peak (284.6 eV) arising from the
adventitious carbon. Electron spin resonance (ESR) spectra were
recorded at room temperature using a JEOL JES-FA200 ESR
spectrometer. The X-ray absorption spectra at the Ti L-edge
were recorded in a total electron yield mode at beamline U18 of
the National Synchrotron Radiation Laboratory (NSRL),
China. The beamline covered an energy range from 100 to
1000 eV, with an energy resolution at 0.2 eV.

Theoretical calculations
All calculations presented in this work were carried out using the
Vienna ab initio simulation package,28,29 as described elsewhere.22 Briefly, the exchange-correlation effects were treated
within the generalized gradient approximation by using the
Perdew–Burke–Ernzerhof function.30 The electron-ion interactions were described by using the frozen-core projector
augmented wave approach,31,32 and the Kohn–Sham one-electron valence states were expanded on the basis of plane waves
with a cutoff energy of 450 eV. A cubic 2  2  1 supercell (32 O
atoms and 16 Ti atoms) was used to model interstitial B-doped
bulk anatase and a 3  3  3 k-point mesh was used for the
Brillouin zone sampling. The total and projected electron density
of states were calculated using the tetrahedral integration
method.33 The formation enthalpy (Eform) and the substitution
enthalpy (Esub) for B and N co-doped anatase TiO2
(Ti16O32BNx) were calculated respectively, based on the
following definitions,
This journal is ª The Royal Society of Chemistry 2012
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Esub ¼

E½Ti16 O32x BNx   8  E½hcp-Ti 

E½Ti16 O32x BNx   E½Ti16 O32 B  x  E½N þ x  E½O
49

here, E[Ti16O32xBNx] and E[Ti16O32B] are the total energies of
interstitial B-doped TiO2 with and without N substituted lattice
O. E[hcp-Ti] is the total energy of bulk Ti (2 Ti atoms within the
primitive unit cell) with a hexagonal close packed (hcp) structure,
and E[a-boron] is the total energy of bulk a-boron (12 B atoms
within the primitive unit cell), E[N2] (E[N]) and E[O2] (E[O]) are
the total energies of a gaseous N2 molecule (an isolated N atom)
and a gaseous O2 molecule (an isolated O atom). By using above
definition, the formation enthalpy of pure anatase TiO2 was
calculated to be 9.99 eV, which is very close to the experimental
value (9.73 eV).34
Photoelectrode preparation
According to the procedure reported previously,35 the red TiO2
microspheres were deposited on a fluorine-doped tin oxide
(FTO) transparent conductive glass substrate by electrophoretic
deposition. In detail, 40 mg of the red TiO2 was suspended in
50 mL of acetone solution containing 10 mg of iodine under
ultrasonic treatment. The deposition was conducted with a twoelectrode process at the applied bias of 10 V for 8 min, where
both electrodes were FTO substrates (the surface area coated in
the solution is 1  2 cm2). The deposited electrode was then
heated at 400  C for 30 min in air. To increase the interconnection between the particles, 20 mL of diluted TiCl4 with methanol
was dropped on the heated electrode. This procedure was
repeated 5 times after the electrode was dried each time. Finally,
the electrode was heated at 450  C for 30 min.
Photoelectrochemical measurements

1
x
32  x
E½a-boron   E½N2  þ
 E½O2 
12
2
2
49
sample’s color changes from white to red (Fig. 1b), which is
remarkably different from the commonly observed yellowish
nitrogen doped TiO2.1 UV-visible absorption spectra in Fig. 1c
show that, compared to the pristine white TiO2 with an
absorption edge of ca. 400 nm, the red TiO2 has an extended
absorption edge up to ca. 700 nm covering the full visible light
spectrum. The reference nitrogen-doped anatase TiO2 prepared
under the same conditions has only a very small visible light
absorption band ranging from 400 nm to 550 nm (Fig. S3†).
Raman spectroscopy was used to detect the possible influence
of nitrogen on the geometric structure of TiO2. Anatase gives six
active modes, namely, Eg(1), Eg(2), Eg(3), B1g(1), B1g(2) and A1g,
with frequencies at 144, 197, 639, 399, 519, and 513 cm1,
respectively.36 Besides these six typical modes (the B1g(2) and A1g
modes usually appear as an overlapped peak) in Fig. S4,† an
additional active mode ranging from 450 cm1 to 500 cm1 is
observed in the red TiO2 (Fig. 1d). This mode cannot be attributed to other phases (rutile and brookite) of TiO2. Furthermore,
no such mode was detected in the common nitrogen-doped
anatase TiO2. A possible explanation for this new peak is that
substitutional nitrogen doped in the bulk TiO2 (Fig. 2) breaks
down the Raman selection rules to generate a new active mode by
lowering the geometric symmetries of TiO2.8,37
The chemical states and spatial distributions of nitrogen and
boron in the red TiO2 were investigated by X-ray photoelectron
spectroscopy (XPS), as shown in Fig. 2. A strong peak at 397.6 eV
and a weak shoulder peak at 399.3 eV appear in the N 1s XPS
spectrum recorded from the surface of the red TiO2 microspheres
(Fig. 2a). The former originates from the substitution of nitrogen
for lattice oxygen by forming Ti–N bonds,1 and the latter is from
interstitial nitrogen.38 Prior to nitrogen-doping, the interstitial
boron, dominantly coordinated in the tetragonal unit [BO4] in the
white TiO2,22 gives a single B1s XPS peak with its center at 192.2

Photoelectrochemical measurements were carried out in a
quartz cell with a conventional three-electrode process. The red
TiO2 photoelectrode as the anode, and a Pt foil and Ag/AgCl
electrode served as the working electrode, counter electrode and
reference electrode, respectively. The electrolyte was a 0.2 M
Na2SO4 aqueous solution. The light source was a 300 W Xe
lamp (Beijing Trusttech Co. Ltd, PLS-SXE-300UV). UV light
was removed with a 420 nm long-pass glass filter. The photoanode surface area illuminated was 2 cm2. The gaseous product
from the photoelectrochemical cell under irradiation was
analyzed using a gas chromatograph (GC, Agilent 7890A). The
incident photon-to-current conversion efficiency (IPCE) was
calculated according to the following equation: IPCE (%) ¼
[1240  photocurrent density (mA cm2)]/[wavelength (nm) 
photon flux (mW cm2)]  100%.

Results and discussion
Nitrogen doping at 600  C did not change the morphology or the
crystal structure of the TiO2 microspheres with exposed {001}
facets (Fig. 1a and S2†). As a result of nitrogen-doping, the
This journal is ª The Royal Society of Chemistry 2012

Fig. 1 (a) SEM image of a red TiO2 microsphere; (b) optical photograph
of the prepared red TiO2 sample; (c) and (d) UV-visible absorption and
Raman spectra of the white TiO2 and red TiO2.
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Fig. 4 ESR spectra of the white TiO2 and red TiO2 measured at room
temperature.

Fig. 2 Time-dependent high resolution XPS spectra of (a) N 1s and (b) B
1s of the red TiO2 microspheres upon Ar+ sputtering from 0 to 270 s. (c)
Structure models of a 2  2  1 supercell for the anatase TiO2 with a
tetragonal unit of [BO4] in the white TiO2 (the left panel) and [BO4xNx]
(1 # x # 4, as an example x ¼ 2) in the red TiO2 (the right panel).

Fig. 3 High resolution Ti 2p XPS spectra recorded from the pristine
surface layer of the white and red TiO2.

eV.22 With the incorporation of substitutional nitrogen in the red
TiO2, we observed an additional B 1s peak with its binding energy
at 190.1 eV (Fig. 2b), which is a typical value for BN or B–N
bonds.27,39 Our first-principles calculations suggest that the charge
state of boron in [BO4] decreases from +2.3 to +2.1 with the
incorporation of nitrogen in [BO4xNx] (x ¼ 3), which can explain
the shift of B 1s XPS peak towards low energy after nitrogen
doping. Based on these results, we can conclude that the substitution of nitrogen for lattice oxygen occurs in [BO4] units and
consequently forms [BO4xNx] (1 # x # 4) units in the red TiO2, as
illustrated in Fig. 2c. This is the reason why both Ti–N and B–N
bonds were detected. In addition, the redistribution of charges in
9606 | Energy Environ. Sci., 2012, 5, 9603–9610

the red TiO2 with the incorporated N causes a XPS binding energy
shift of Ti 2p and O 1s (Table 1 in the ESI†).
Equally important, no Ti3+ was detected in the nitrogen contained surface layer of the red TiO2 microspheres by XPS and
ESR. The shoulder between 455.5 eV and 455.8 eV in the Ti 2p
XPS spectrum of the white TiO2, which originated from Ti3+ in
the surface layer,40 is completely quenched after nitrogen doping
(Fig. 3). Confirmation that the nitrogen contained surface layer is
Ti3+-free can be achieved by comparing the ESR spectra in
Fig. 4. Compared to the only sharp signal at around g ¼ 1.996 in
the red TiO2, an additional weak broad signal from g ¼ 1.98 to
1.95 appears in the white TiO2. The latter can be clearly assigned
to the Ti3+ species in the surface layer by referring to the surface
plasma-treated anatase TiO2 and H2-treated anatase TiO2,41,42
where the surface layer Ti3+ gives a similar ESR signal. Based on
the fact that the signal is nearly unchanged upon incorporation
of nitrogen in the surface layer of the red TiO2, we infer that some
inner defects independent of N doping should be responsible for
the sharp signal at around g ¼ 1.996, although it is challenging to
identify the origin of the sharp signal in both samples. The
removal of Ti3+ from nitrogen contained surface layer confirmed
above can be explained by the extra electrons provided by the
pre-doped interstitial boron that can effectively compensate for
the charge difference between the substitutional N3 and lattice
O2 (this can be understood according to the following defect
equations: B + Ti4+ / 1/s Bs+ + Ti3+; Ti3+ + O2 + N / Ti4+ +
N3 + O). However, oxygen vacancies and related Ti3+ are
always formed in the nitrogen containing surface of common
nitrogen-doped TiO2 as demonstrated by Batzill et al.7
It is important to point out that substitutional nitrogen exists
not only in the surface but also the deep layer of the boron
contained shell of the red TiO2 microspheres, as demonstrated in
the time-dependent depth profile of the N 1s spectrum in Fig. 2a.
The atomic ratio of N to O and Ti in the surface is as high as 4.1%
(only 0.76% in the reference nitrogen doped TiO2) and gradually
decreases with increasing depth to around 50 nm from the
surface, suggesting much improved solubility of substitutional
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a) Projected DOS of Ti–O bonds in the pristine (upper panel) and boron doped TiO2 (lower panel); (b) electron densities at the Z point of the
pristine and boron doped TiO2 in the (010) (the Z point is defined in Fig. S6†). The contours start from 1  103 electron per a.u.3 and change
successively by a step of 1  102 electron per a.u.3 OB in the lower panel indicates the lattice oxygen close to interstitial boron; (c) and (d) plots of the
formation energy and substitution energy of the nitrogen doped TiO2 with and without interstitial boron as a function of N/Ti atomic ratios.

nitrogen and its gradient distribution in the outer layer of the red
TiO2 microspheres. Furthermore, the N gradient is basically
similar to the gradients of both total boron (Fig. 2a in ref. 22) and
boron in B–N bonds (Fig. 2b), strongly indicating the important
role of the pre-doped interstitial boron gradient in directing the
distribution of substitutional nitrogen, as expected.
As mentioned above, improved solubility of substitutional
nitrogen and substantially increased visible light absorption were
obtained in the red TiO2. In order to understand how the interstitial boron improves the solubility of substitutional nitrogen in
anatase TiO2, we first studied the effect of the interstitial boron
on modifying the local atomic structures of TiO2. Compared to
the pristine TiO2, the inward relaxation of oxygen atoms to
‘‘screen’’ the positively charged interstitial boron atoms is clearly
visible in Fig. 2c, resulting in twelve elongated Ti–O bonds with
 and 2.09 A,
 labeled in Fig. 2c)
two different bond lengths (2.11 A
surrounding a boron atom in a tetragonal [BO4] unit, compared
 and 2.00 A,
 labeled in
with those in the pristine TiO2 (1.95 A
Fig. S5†).
The elongation of Ti–O bonds surrounding the interstitial
boron atoms, in principle, indicates weakening of these Ti–O
bonds. To confirm this expectation, we decomposed the density
of states (DOS) of a Ti–O bond, which is located in the lowest
part of the upper valence band (highlighted by a black shortdotted rectangle), into Ti eg and O ps (in the Ti3O cluster plane)
This journal is ª The Royal Society of Chemistry 2012

contributions, as shown in Fig. 5a. As expected, the Ti–O bonds
surrounding an interstitial boron in B-doped TiO2 are largely
weakened (O ps contribution is highly suppressed in the lower
panel in Fig. 5a) compared with those in the pristine TiO2 (the O
ps contribution overlaps with the Ti eg contribution in the upper
panel in Fig. 5a). This Ti–O bond weakening is further proved by
comparing electron density plots at the Z point for the pristine
TiO2 and the interstitial boron-doped TiO2, as shown in Fig. 5b.
This should lead to the easier substitution of O for N. As suggested in Fig. 5c, the theoretical substitution energy of
substituting lattice oxygen by nitrogen in TiO2 at different N/Ti
ratios is apparently lowered by the interstitial boron. In particular, the energy cost markedly decreases from 5.80 to 3.20 eV per
atom at a N/Ti ratio of 6.25 at.%, which is close to our experimental N/Ti ratio. These results also indicate that nitrogen
dopants will prefer to substitute for lattice oxygen atoms in the
weakened Ti–O bonds surrounding boron atoms, which consequently results in the formation of both B–N and Ti–N bonds as
experimentally observed in Fig. 2. The calculated formation
energy (Eform) of various TiO2 configurations (Fig. 5d) shows
that the Eform of nitrogen-doped TiO2 with interstitial boron is
0.15–0.41 eV per TiO2 lower than that without interstitial boron,
which unambiguously shows a chemical stability improvement in
the nitrogen-doped TiO2 with interstitial boron. Therefore, the
high solubility of substitutional nitrogen obtained in the red TiO2
Energy Environ. Sci., 2012, 5, 9603–9610 | 9607
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Fig. 6 (a) The density of states (DOS) of anatase TiO2, anatase TiO2 doped with an interstitial boron in a [BO4] unit (denoted as B–TiO2) and anatase
TiO2 doped with a [BO4xNx] (x ¼ 4) (denoted as B/N–TiO2); (b) comparison of X-ray absorption spectra of Ti L2 and L3 edges of the white and red
TiO2; (c) the N/Ti atomic ratio dependent bandgap of anatase TiO2 with interstitial boron; (d) schematic of band structures of the red TiO2 with a
bandgap gradient.

Fig. 7 Applied potential bias-dependent photocurrent generated by the
photoanode of the red TiO2 microspheres under visible light (l > 420 nm).

Fig. 8 The IPCE of the red TiO2 microsphere photoanode measured at
an applied potential of 0.3 V versus Ag/AgCl.

can be ascribed to the synergistic effect of substitution energy
reduction and chemical stability improvement due to the existence of pre-doped interstitial boron in bulk TiO2.
We also investigated how the improved solubility of substitutional nitrogen by interstitial boron changes the band structure
for the optical absorption properties of the red TiO2 shown in
Fig. 1c. First-principles calculations were conducted to explore

the electronic structures of the pristine TiO2, TiO2 with an
interstitial boron in a [BO4] unit, and TiO2 with an interstitial
boron in a [BO4xNx] (x ¼ 4) unit. The DOS for these systems
are plotted as a function of electron energy in Fig. 6a. The
valence and conduction bands of TiO2 mainly consist of O 2p
and Ti 3d orbitals as reported,40 showing a bandgap of 2.12 eV

9608 | Energy Environ. Sci., 2012, 5, 9603–9610
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Fig. 9 The long-time photocurrent stability of the red TiO2 microsphere
photoanode. The light intensity used in this test was one-fifth of the
intensity used in Fig. 7 in order to reduce thermal effects on electrolyte
during the long-time irradiation.

(the smaller theoretical bandgap than the experimental one is
caused by the well known DFT gap underestimation). Introducing an interstitial boron atom causes no remarkable change in
the bandgap of TiO2, which is consistent with the previous
theoretical results.43 Further introducing nitrogen to substitute
for the four oxygen atoms surrounding the boron leads to an
apparent bandgap narrowing to 1.58 eV by forming additional
electronic states above the original valence band maximum
(VBM). Partial DOS shows that the increased electronic states
mainly consists of N 2p orbitals, which are fully mixed with Ti 3d
and O 2p orbitals. Importantly, these states show a dispersed
characteristic and merge well with the original VBM as demonstrated in the corresponding energy bands (Fig. S6†). The
conduction band of TiO2 remains unchanged after the nitrogen
substitution, which is further confirmed by comparing the
measured X-ray absorption spectra of Ti L2 and L3 edges of the
white and red TiO2 (Fig. 6b).
It is theoretically predicted that the bandgap of nitrogendoped anatase TiO2 with interstitial boron linearly decreases
with increasing nitrogen-doping level (Fig. 6c). Experimentally, a
nitrogen gradient with the highest level on the surface exists in
the shell of the red TiO2 microspheres with a thickness of ca. 50
nm (Fig. 2a). Based on these results, we can infer that a bandgap
gradient varying from 1.94 eV on the surface to 3.22 eV in the
core is formed, as illustrated in Fig. 6d (The bandgap values were
determined according to Fig. S7†), which is the origin of harvesting the full visible light spectrum for the red TiO2. It is noted
that the maximum narrowing of the bandgap (2.12 – 1.58 ¼ 0.54
eV) from the first-principles calculations is lower than that from
the experimental measurements (3.22  1.94 ¼ 1.28 eV). This can
be explained by the well known fact of the bandgap underestimation by using the DFT calculation. However, the narrowing
trend of the bandgap due to B–N codoping by the theoretical
prediction is well consistent with the experimental observation in
qualitative.
As demonstrated above, the remarkable absorption increase in
the visible light range (Fig. 1c) is closely related to the B/N
gradient formed in the 50 nm-thick shell of the TiO2 microspheres (Fig. 2a and b). This result can be further discussed from
the view point of the long-range interaction among dopants in
different spatial levels. Our previous results showed that homogeneous nitrogen doping in layered H0.68Ti1.83O4 particles can
realize the band-to-band visible light absorption as a result of
This journal is ª The Royal Society of Chemistry 2012

mixing the N 2p states with O 2p states;19 while sub-nanometer
Ti0.91O2xNx nanosheets exfoliated from H0.68Ti1.83O4xNx
particles only have a small shoulder-like visible light absorption
band due to the localized N 2p states formed in the gap.44 The
amount of nitrogen doped in the H0.68Ti1.83O4xNx particles and
Ti0.91O2xNx nanosheets is very close (3% vs. 2.8%), suggesting
that the change in the absorption spectrum is independent of the
N amount. This result, therefore, strongly indicates the crucial
role of the long-range interaction among nitrogen dopants in
different Ti0.91O2xNx nanosheets of layered H0.68Ti1.83O4xNx
in delocalizing N 2p states for a high visible light absorption
band. For the red TiO2, the long-range interaction among B/N
dopants located on different spatial levels of the shell certainly
exerts its effectiveness in delocalizing dopant states. It should be
pointed out that the long-range interaction among the dopants in
the shell of TiO2 is not as symmetric as that in layered
H0.68Ti1.83O4xNx due to the B/N gradient distribution instead
of homogeneous distribution. On the other hand, the long-range
interaction among B/N dopants in the shell of TiO2 is expected to
be much stronger than that in layered H0.68Ti1.83O4xNx because
of the presence of interlayer galleries in the latter.
The photocatalytic activity of the red TiO2 microspheres as a
photoanode for photoelectrochemical (PEC) water splitting was
investigated. The red TiO2 photoanode in a PEC cell with
Na2SO4 solution as electrolyte gives an apparent response to
light on/off at the bias applied (Fig. 7) under visible light (l >
420 nm), Under the same condition, the photocurrent generated
from the white TiO2 photoanode is negligible. The photoresponse of the red TiO2 was further investigated by measuring
the IPCE of the photoanode. As shown in Fig. 8, the photoanode
gives a photocurrent under the irradiation up to around 700 nm,
which is consistent with the maximum light absorption range of
the red TiO2. It demonstrates that the red TiO2 is photocatalytically active for water splitting. In order to doubly confirm
water splitting induced by the red TiO2 photoanode under irradiation, we analyzed the gaseous product from the PEC cell by
GC after different irradiation times. As shown in Fig. S8,† an
obvious signal of H2 was detected after 1 h irradiation and
increased with the irradiation time (O2 generation was also
confirmed in the gaseous product), clearly suggesting the
continuous proceeding of water splitting. Furthermore, the timedependent photocurrent curve of the photoanode for 10 h irradiation (Fig. 9) demonstrates acceptable stability of the photoanode (the partial photocurrent decrease was probably caused by
loss of some particles from the electrode). All these results
suggest that the red TiO2 has the ability to split water driven by
visible light. In addition, it is expected that reducing the particle
size (around 2 mm) of the red TiO2 microspheres to the nanoscale
should lead to a substantial activity improvement.

Conclusions
We report a doping approach by using a pre-doped interstitial
boron gradient to improve the solubility of substitutional nitrogen
in the bulk of anatase TiO2 without introducing nitrogen-related
Ti3+. The origin of the improved solubility of nitrogen is that the
interstitial boron effectively weakens the surrounding Ti–O bonds
for easier nitrogen substitution and increases the chemical
stability of the doped TiO2. Meanwhile, the extra electrons from
Energy Environ. Sci., 2012, 5, 9603–9610 | 9609
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boron can compensate for the charge difference between lattice
O2 and substitutional N3. The red TiO2 obtained can absorb a
full visible light spectrum due to the bandgap gradient produced,
varying from 1.94 eV on the surface to 3.22 eV in the core by
gradually elevating VBM. The red TiO2 based photoanode has the
ability to split water under visible light irradiation.
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