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ABSTRACT: To narrow the band gap (3.2 eV) of TiO, and extend its practical
applicability under sunlight, the doping with nonmetal elements has been used to tune
TiO, electronic structure. However, the doping also brings new recombination centers
among the photoinduced charge carriers, which results in a quantum efficiency loss
accordingly. It has been proved that the {101} facets of anatase TiO, are beneficial to
generating and transmitting more reductive electrons to promote the H,-evolution in
the photoreduction reaction, and the {001} facets exhibit a higher photoreactivity to
accelerate the reaction involved of photogenerated hole. Thus, it was considered by us
that using the surface heterojunction composed of both {001} and {101} facets may
depress the disadvantage of N doping. Fortunately, we successfully synthesized anatase
N-doped TiO, nanobelts with a surface heterojunction of coexposed (101) and (001)
facets. As expected, it realized the charge pairs’ spatial separation and showed higher
photocatalytic activity under a visible-light ray: a hydrogen generation rate of 670 ymol

h™' ¢! (much higher than others reported previously in literature of N-doped TiO, nanobelts).
KEYWORDS: hydrogen, surface heterojunction, surface chemistry, photocatalyst, TiO,

1. INTRODUCTION

The energy poverty induced by the large amount of
combustible fossil burning has resulted in an ambitious search
for the alternative energy recourses, which are both renewable
and environmentally friendly." Since the phenomenon of water
generating hydrogen on a TiO, photoanode was found in the
1970s,” it has drawn great attention on account of its promising
applications.”™> However, as a typical wide band gap
semiconductor (3.2 eV), it has a high recombination rate of
photoinduced electron and hole pairs, and its primary
absorbance in UV spectrum range also gravely stunts its
practical applications under the sunlight.® Doping with
nonmetal element has been demonstrated as a feasible means
to solve the above two problems.” However, the doping also
brings new recombination centers among the photoinduced
charge carriers, which results in the quantum efficiency loss
caused by the charge pair recombination accordingly.”
According to the past work, it has been proved that the
surface heterojunction structure composed of various facets,”
which have different transmission properties and reactivity for
electrons and holes, is conducive to improving the charge pairs
separation.'”'" In anatase TiO, crystal, the {101} facets with
higher thermodynamic stability often generate and transmit
more reductive electrons in hydrogen evolution from the
photoreduction reaction.'”"® Li et al. have synthesized N-
doped TiO, nanocatalyst with mainly exposed (101) facets,

which has a hydrogen production rate of 14.75 ymol h™" g=.'*
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Differently, TiO, nanostructures containing {001} facets
exhibited a high photoreacthlty to accelerate the photo-
generation of holes, 1516 35 shown in Figure la. Moreover, N-
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Figure 1. (a) Thermodynamically stable anatase TiO, under
equilibrium conditions and schematic of atomic structure of (001)
and (101) facets. (b) (001) and (101) surface heterojunction.

doped TiO, nanocatalyst with mainly exposed (001) facets has
a hydrogen Iproductlon rate of 211 umol h™' g™' under the
visible light."” It is seen that N-doped TiO, with a single
exposed facet presents a low H,-production rate. Therefore, the
surface heterojunction composed of both {101} and {001}
facets has been proposed, and it should be more effective to
separate the charge pairs (see Figure 1b).'*'? As illustrated, the
Fermi level of {001} approaches the top of {101} surface in the
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Figure 2. (a—c) XPS spectra of Ti 2p, O 1s, S 2p of 2.08-N-doped TiO, nanobelt, respectively; (d—g) TEM images of 2.08-N-doped TiO, nanobelt

and its corresponding EDS element mapping of Ti, O, and N elements.

valence band.” Because of its contact with {101} and {001}
facets, the Fermi levels of both of the above facets should be
equal. Consequently, it is hardly amazing that the surface
heterojunction fabricated of both {101} and {001} (as shown
in Figure 1b)** favors both separation and transfer of the
carriers. In addition, this structure would also narrow the
bandgap of TiO,, favoring the visible light absorbed.

On the basis of the above comprehensive analysis, herein we
prepared a serial of N-doped TiO, nanobelts with coexposed
(001) and (101) facets in surfaces, which are 90 nm wide, 15
nm thick, and 7 pm long. The unique shape of nanobelts
provides the well-defined nanostructures with both (101) facet
and (001) facet exposed surfaces. As expected, these N-doped
TiO, nanobelts exhibit a highest hydrogen production rate of
670 umol h™" g™, which is much higher than others reported
previously in the literature of conventional TiO, nanobelts
(only several ymol h™* g71).'%*!

2. EXPERIMENTAL SECTION

Synthesis of N-Doped TiO, Nanobelts. TiO, nanobelt
precursors were synthesized according to the literature.”® 0.2 g of
TiO, precursor was dispersed into 8 mL of deionized water and 12 mL
of ethanol in a 50 mL glass beaker. After that, an appropriate amount
of ammonium hydroxide was added under stirring. After 2 h, the
mixture was transferred into a 50 mL Teflon autoclave and maintained
at 180 °C for 12 h. After that, the sample was cooled to room
temperature and collected. The as-obtained product was heated to 500
°C for 2 h. The samples of N-doped TiO, nanobelt were marked as n-
N-TiO,.

Characterization. Powder X-ray diffraction (XRD) data were
collected by a D/max-rA X-ray diffractometer (Japan Rigaku) with
graphite monochromatized Cu Ka (a = 1.54178 A). X-ray
photoelectron spectroscopy (XPS) measurements were done on an
ESCALab220i-XL electron spectrometer and were corrected by a C 1s
at 285.0 eV. Scanning electron microscopy (SEM) examinations were
conducted on a JEOL-5600LV equipment with a 20 kV accelerating
voltage. Transmission electron microscopy (TEM) and the high-
resolution transmission electron microscopic (HRTEM) images of N-
doped TiO, nanobelts were obtained by a JEOL HRTEM equipment.
The Brunauer—Emmett—Teller (BET) surface areas of the samples
were obtained on the basis of nitrogen adsorption in a Micromeritics
ASAP 2020. Diffuse reflectance UV—vis spectra measurements of the
samples were proceeded by a UV2550, using BaSO, as a reflectance
standard. The room-temperature photoluminescence (PL) spectra
were collected by a spectrophotometer of Jobin Yvon Fluorolog 3-221
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using a Xe lamp (450 W, 380 nm) as excitation source. The
photocurrent measurements were recorded on a semiconductor
characterization system (Keithley 4200 SCS) with a Lakeshore
probe station and a xenon lamp (300 W, 4 > 400 nm).
Photocatalytic H,-Production from Water Splitting. The
photocatalytic water splitting was performed in a 500 mL Pyrex
reaction cell. A 300 W xenon arc lamp with a filter (UVCUT400:
400—800 nm) was applied as a visible light source to induce the
photocatalytic reaction. The photocatalytic H,-evolution from water
splitting was measured using an CEL-SPH2N equipment. In a typical
photocatalytic experiment, 0.1 g of catalyst sample was placed into 100
mL of a methanol solution (20 mL of methanol) in the reaction cell.
The 0.5 wt % Pt was conducted by directly dissolving H,PtCl in the
aforementioned 100 mL of mixed solution as cocatalyst.

3. RESULTS AND DISCUSSION

The chemical composition measurements based on XPS
analysis of the above as-obtained samples were carried out
first, as shown in Figure 2a—c. As expected, similar peaks due to
species containing Ti, O, and N in all products are presented in
the wide scan XPS spectra. As shown in Figure 2a, two peaks at
binding energies of 458.6 and 464.2 eV due to Ti 2P;,, and
2P, ), respectively, are found for TiO, samples. In its O 1s
spectrum (Figure 2b, inset), an obvious peak at 529.6 eV and a
shoulder peak at 531.7 eV are detected, which are due to the
lattice oxygen in TiO,'” and physisorbed water,” respectively.
After doping with N, the binding energies of Ti 2P, shift from
458.9 to 457.8 eV and the O 1s peaks from 530.4 to 529.3 eV,
respectively, as listed in Table 1. In addition, a DFT calculation
has pointed out that the doping of nitrogen resulted in a
decrease of the energy cost to the formation of oxygen
vacancies.”

Figure 2c shows the N 1s spectra of 2.08-N-doped TiO,
nanobelts with a broad peak ranging from 398 to 401 eV, which
is a characteristic peak of the as-doped nitrogen.””** The peak
at 398.7 eV (peak 1) is attributed to replacing O with N (N—
Ti—0).”® The peaks at 399.6 eV (peak 2) and 400.5 eV (peak
3) belong to the Ti—O—N bonding”” and the nitrogen species
constrained on the surface (essentially adsorbed NO,).”* It
would improve the binding energy of the N 1s level. According
to the XPS analysis, the contents of nitrogen in TiO, matrixes
obtained by us are 0.53, 0.75, 0.91, 1.32, 1.68, and 2.08 at. %,
respectively. Besides the XPS results, energy-dispersive X-ray
spectroscopy (EDS) mapping is also performed to confirm its
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Table 1. Nitrogen Content and XPS Peak Positions of the
As-Obtained Nanobelts

sample N content (at. %) Ti 2P;), (eV) O 1s (eV)
pristine 458.9 530.4
0.53-N-TiO, 0.53 458.6 530.0
0.75-N-TiO, 0.75 458.4 529.7
0.91-N-TiO, 091 458.2 529.5
1.32-N-TiO, 1.32 458.1 529.4
1.68-N-TiO, 1.68 457.8 529.3
2.08-N-TiO, 2.08 457.8 529.3

element distribution. As shown in Figure 2d—g, it further
confirms the large-scale existence of the Ti, O, and N elements,
which agrees well with the XPS analysis.

Figure 2c shows the N 1s spectra of 2.08-N-doped TiO,
nanobelts with a broad peak ranging from 398 to 401 eV, which
is a characteristic peak of the as-doped nitrogen.”*** The peak
at 398.7 eV (peak 1) is attributed to replacing O with N (N—
Ti—0).*® Also, the peaks at 399.6 eV (peak 2) and 400.5 eV
(peak 3) belong to the Ti—O—N bonding”” and the nitrogen
species constrained on the surface (essentially adsorbed
NO,).”® It would improve the binding energy of the N 1s
level. According to the XPS analysis, the contents of nitrogen in
TiO, matrixes obtained by us are 0.53, 0.75, 0.91, 1.32, 1.68,
and 2.08 at. %, respectively. Besides the XPS results, energy-
dispersive X-ray spectroscopy (EDS) mapping is also
performed to confirm its element distribution. As shown in
Figure 2d—g, it further confirms the large-scale existence of the
Ti, O, and N elements, which agrees well with the XPS analysis.

After that, XRD measurements of the desiccative TiO,
powder with different N-doped atomic percentages were
conducted. Figure 3a shows the XRD patterns of N-doped
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Figure 3. (a) XRD patterns of sample TiO, nanobelt precursor and N-
doped TiO, with different doping percentage; and (b) enlarged (101)
peaks of N-doped TiO, samples.

TiO, samples and that of pure anatase TiO, reported in the
literature (JCPDS 71-1166). No peak for nitride is observed,
which indicates that nitrogen atoms have been well-dispersed
into the TiO, matrix. This result agrees well with its XPS and
EDS mapping results, as shown in Figure 2. Accordingly, the
nitrogen doping triggers a broadening effect on the TiO, XRD
peaks. On the basis of the above XPS and XRD analysis, it is
unambiguous that with the nitrogen doping, the site of O*~ in
TiO, is substituted by a nitrogen cation with a larger atomic
radius (O® = 140 A and N*~ = 171 A), resulting in the lattice
spacing increasing. Representatively, the peaks of the (101)
reflection plane of the N-doped TiO, samples shift to lower
diffraction angles relative to that of pure TiO, (Figure 3b). To
further study the effect of the large lattice distortion on
recombination center, PL measurements with a same addition
amount have been conducted to evaluate the defect

concentration after doping with N element, as shown in Figure
S1. It is found that with the increase of N doging amount, their
PL intensities decline due to the defects.”” So the defects
coming from the large lattice distortion do not introduce new
recombination centers.

The morphologies and microstructures of N-doped TiO,
nanobelts are characterized by SEM, TEM, and HRTEM
examinations, as shown in Figure 4. In the SEM images (Figure
4a—c), it can be seen that TiO, doped by nitrogen are all
nanobelts. This characteristic indicates that the N doping does
not obviously affect the morphology of TiO, nanobelt
precursor. In addition, the 1D nanostructures with extraordi-
narily smooth surfaces are up to ca. 7 yum in length. It is clear
that the N-doped TiO, samples have a high orientation growth
and a considerably high aspect ratio up to 77.8 (ie. length
divided by wide), which may improve their physicochemical
activities. On the basis of the symmetry relations of anatase
TiO, crystals, as shown in Figure 4c, inset, the two exposed
planes are (001) and (101), respectively.”*~** Furthermore, the
interfacial angle of 111.8° between the above planes also proves
the above result. The corresponding TEM and HRTEM images
of 2.08 N-doped TiO, nanobelts are shown in Figure 4d—f. It is
seen that the nanoparticles are 90 nm wide and ca. 15 nm thick.
All of these characteristics indicate that the TiO, nanobelts
have two outstandingly exposed (001) and (101) facets, which
make up a surface heterojunction.

Their UV—visible diftuse reflectance spectrum measurements
further confirm the above observation, as shown in Figure Sa.
With increasing nitrogen content, the curves show an enhanced
absorbance in the visible light. It can be seen that, as compared
to the pure TiO,, the N-doped TiO, samples exhibit relatively
stronger absorption, which is caused by N doping. Therefore,
the N-doping of TiO, nanobelts further enhances the visible
light absorption. Moreover, according to the XPS tests, the N—
Ti—O and Ti—O-N bonds formed in the samples could
introduce some shallow trap states at the surface or
undersurface of TiO,. It is deduced that the decrease of
bandgap increases the light absorption, and electrons through
absorbing a lower photon energy in the valence band more
easily jump to the conduction band. Thereby, the as-displayed
optical results of N-TiO, imply more efficient processes for
visible-light photocatalytic water splitting for H, generation
once they are used as photocatalysts.

The large specific surface area of catalyzer is admitted to
contain more reactive sites to promote the catalysis reactions.
So the surface area of our N-doped TiO, samples is examined
first by a N, adsorption—desorption measurement. Figure S2
shows that typical Langmuir III type characteristic isotherms
followed by hysteresis loops are obtained in all of the
specimens. The pressure range of the BET analysis is
performed over the range 0.06 < P/P° < 0.3, which is on the
basis of the multipoint BET method, as shown in Figure S3.
The specific surface areas of the 0.53-N-TiO,, 1.32-N-TiO,,
and 2.08-N-TiO, nanobelts were 30, 32, and 34 m> g_l,
respectively. So their surface areas are not the main factor for
their different photocatalytic abilities.

The photocatalytic activities for water splitting are also
measured. Figure Sb shows the H, evolution with different
reaction times over the TiO, nanobelt precursor and N-doped
TiO, samples under visible light (400 nm < A < 800 nm). It is
found that the sample of 2.08-N-TiO, nanobelts steadily
produces hydrogen at a 670 ymol h™' g™' rate, much higher
than the values of other N-doped TiO, nanobelts with a single
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Figure 4. SEM images of (a) 0.53-N-TiO,, (b) 1.32-N-TiO,, and (c) 2.08-N-TiO,; (d,e) TEM images and (f) HRTEM image of 2.08-N-TiO,

nanobelts.
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Figure 5. (a) UV—vis diffuse reflectance (DR) spectra of the samples. (b) H, production rates of the products. (c) Cycling stability results of
photocatalytic H, production over 2.08-N-TiO, sample. (d) Photocurrent responses under illumination (4 > 400 nm) of undoped TiO, nanobelts,
0.53-N-TiO, nanobelts, 1.32-N-TiO, nanobelts, and 2.08-N-TiO, nanobelts. (e) Diagram of the charge shift process in N-doped TiO, nanobelt.

facet exposed.'”'” In addition, the hydrogen evolution on
different amounts of 2.08-N-TiO, nanobelt photocatalyst is
further investigated, as shown in Figure S4. The hydrogen
evolution rate of 2.08-N-TiO, rapidly increases from 4.9 ymol
h™" with 0.01 g of sample to the maximum rate of 67 gmol h™!
with 0.1 g of sample, and then decreases to 60.5 ymol h™" with
0.2 g of sample. With increasing content of photocatalyst, the
absorbed photons will reach a saturation state and cut off the
continually injected photons.®® Besides the high H, production
rate, the 2.08-N-TiO, nanobelt also displays a satisfactory
stability. As shown in Figure Sc, no obvious decrease for
hydrogen production is detected in our cycling stability tests.

The photocurrent responses of our samples have also been
conducted under visible light. As shown in Figure 5d, it is clear
that the TiO, nanobelts with an increasing N content have
remarkably enhanced photocurrents under visible light, which is
consistent with their photocatalytic performances: 2.08-N-TiO,
> 1.32-N-TiO, > 0.53-N-TiO, > undoped TiO,.

Herein, the higher hydrogen evolution rate is mainly
attributed to the following factors. First, the nanobelt structure
provides a more optimized and stable geometry. Also, when the
nitrogen doping atomic percentage is up to 2.08 at. %, the
bandgap is narrowed to 2.96 eV. More importantly, the as-
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obtained nanobelts expose two dominant surfaces of (101) and
(001) facets and exhibit enhanced photocatalytic activities,
which should be due to the following two respects. On one
hand, the surface heterojunction induces an electrostatic force.
Once the samples are under the light, its valence band electrons
are excited to the conduction band level. The electrons in (001)
will be attracted immediately to (101) due to the electrostatic
force and rapidly pass through them to reach the surface. As a
direct result, the (101) facet of the nanobelts has a large
number of photogenerated electrons, and the electrons
ultimately transfer to the active reaction sites to combine
with H* to release H,. On the other hand, due to the existence
of surface heterojunction, the holes will be attracted
immediately from (101) to (001). It has been indicated that
the (001) surfaces have a better capability of promoting the
holes reacted with OH™ to form hydroxyl radicals (OH®).****
In addition, the nanobelt structure exposing two dominant
surfaces of (101) and (001) facets not only promotes water
molecule disintegration but also improves the abilities of the
charge pairs’ spatial separation. Thereby, the as-obtained N-
doped TiO, nanobelts with coexposed (001) and (101) facets
have enhanced hydrogen evolution activities, as proposed in
Figure Se.
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4. CONCLUSION

Herein, N-doped TiO, nanobelts with surface heterojunctions
composed of coexposed (001) and (101) facets have exhibited
a high efficiency (670 pumol h™ g™') for photocatalytic H,
production from water splitting under visible-light irradiation.
In the catalytic process, the surface heterojunction not only
promotes the water molecule disintegration but also improves
the abilities of the charge pairs’ spatial separation to effectively
inhibit the recombination of the electron—hole pairs. The
significantly improved photocatalytic activity of N-doped TiO,
nanobelt may enlighten the design of other robust semi-
conductor photocatalysts in this field.
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