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ABSTRACT

Photocatalytic hydrogen production represents an effective approach for solar energy
conversion, which can greatly ease the current energy crisis. Herein, we report a suc-
cessful N—O orbital hybridization in N-doped TiO, nanotube, the absorption wave-
length is greatly red-shifted to visible light (from 400 to 800 nm) with large absorbance.
The doping N element can partially replace the oxygen sites in TiO, lattice to form N—
Ti—N bonds. The hybridization effect of N 2p and O 2p makes a continuous valence
band and the position up-shift from 1.99 to 1.67 eV, the band gap is subsequently
narrowed from 3.21 to 2.77 eV for 1.85-N—TiO, nanotube, which has been confirmed by
ultraviolet—visible diffuse reflectance spectra and X-ray photoelectron spectroscopy
valence band spectra. Benefiting from the enhanced visible light absorption ability and
ultrathin shell feature, 1.85-N—TiO, nanotube exhibits exciting photocatalytic
hydrogen evolution performance with a rate of 10870 pmol h™* g~! under the selected
visible light irradiation (A > 400 nm). This work demonstrates an alternative strategy for
tuning visible light absorption ability by doping for wide-band-gap semiconductors in
photocatalysts design, and the philosophy can also be extended to other photocatalytic
systems.
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Introduction

Titanium dioxide (TiO,), as a prominent photocatalyst in solar
energy conversion [1,2], has been significantly regarded as a
candidate for generating hydrogen through photocatalytic
process due to its plentiful, efficient and stable merits in
aqueous solution [3—5]. However, it is a typical wide-band-gap
semiconductor (3.2 eV for anatase phase) and mainly absorbs
ultraviolet light (290—400 nm), this greatly limits its actual
catalytic applications as ultraviolet light only accounts for
8.7% of sun light [6]. To date, non-metallic element doping in
TiO,, such as N, S, C etc., has been proved an extremely
effective method in narrowing its band gap to maximize
visible light absorption [7—11]. The exact reason is that their
2p orbit is intercalated above the pristine O 2p in the band gap
and results in the following up-shift of the valence band edge
in TiO, [12—15]. In previous experimental works about N-
doped TiO,, most of them only realized the formation of
interstitial N-doping [16—19], which almost kept the valence
band edges unchanged with poor visible-light absorption
ability and also brought new recombination centers to
aggravate the quantum efficiency loss [20]. It is gratifying that
recent theoretical calculations revealed that the substitu-
tional N in oxygen sites could form a continuous valence
band, which was composed of the hybrid orbits of N 2p and O
2p, and it can greatly extend the light absorption to visible-
light region [21-23]. However, as N-doping will introduce
new recombination centers, so an efficient electron-hole
separation is needed. It was proved that the carrier trapping
ability at the N-induced sites is crystallography dependent
[24]. For example: The hole trapping probability is raised when
the photogenerated holes diffuse along (110> and (001> di-
rections, and the detrapping probability increases if the holes
diffuse along <100) direction. Therefore, N-doped TiO, nano-
crystals with specific facet may maintain comparable elec-
tron/holes separation efficiency.

Herein, we selected hollow anatase phase TiO, nanotube
bounded by rolled (101) facet as the precursor to construct
substitutional N-doped TiO, nanotube through a simple sol-
vothermal method. The light absorption range of TiO, nano-
tubes were extended to visible-light after successful N-doping.

1.85-N—TiO, sample achieved a striking H, production rate of
10870 pmol h™! g=' under visible-light irradiation, well
exceeding the performance of other TiO,-based nanocrystals
(Table 1).

Experimental

Synthesis of 1.85-N—TiO, nanotube. 0.2 g of pristine TiO,
nanotube was firstly dispersed into a mixture containing
12 mL absolute ethanol and 8 mL deionized water in a 50 mL
glass beaker. After that, 20 mL of 28—30% NH;-H,0 was added
under stirring. After 2 h, the mixture was transferred into a
50 mL Teflon autoclave and then it was sealed. The autoclave
was placed in an oven and maintained at 180 °C for 15 h. After
naturally cooled to room temperature, the sample was
collected with centrifugation and rinsed with ethanol/water
mixture several times. Finally, the as-obtained products were
calcined at 500 °C for 2 h under Ar atmosphere in the tube
furnace. The procedures for N-doped TiO, samples with var-
ied N contents were similar with 1.85-N—TiO, nanotube
except for different NH5-H,0 amount. For example, the actual
volumes of NH;3-H,0 for 0.95-N—TiO,, 1.04-N—TiO,, 1.28-N—
TiO,, 2.51-N—TiO,, 3.53-N—TiO, nanotubes were 5 mL, 10 mL,
15 mL, 25 mL and 30 mL, respectively.

Photocatalytic hydrogen production. The photocatalytic
hydrogen evolution reaction was performed using a com-
mercial online photocatalytic hydrogen production system
(AuLight, Beijing, CEL-SPH2N). Specifically, 0.1 g of 1.85-N—
TiO, nanotube was added into a 100 mL aqueous solution
containing 80 mL water, 20 mL methanol in a quartz reactor.
Then, a few drops of chloroplatinic acid solution (1 wt%) was
added using as a cocatalyst. The openings for the whole sys-
tem were sealed with septums made of silicone rubber at
ambient temperature and pressure. Prior to the reaction, the
mixture was evacuated into vacuum and pumped by contin-
uous Ar gas flow several times with stirring to remove O, and
CO, dissolved in the solution. A 300 W xenon arc lamp
equipped with 400 nm cut optical filter was used as a light
source to trigger the photocatalytic reaction. The actual light
intensity in the center of quartz reactor was measured by a
visible light radiometer (made in the photoelectric instrument

Table 1 — Comparison of photocatalytic activities in hydrogen production over TiO,-based photocatalysts.

Photocatalyst Incident light H, evolution rate (umol h~* g™ Reference
Sub-10 nm TiO, nanoparticle Visible light 1954 [20]
Pure P25 (TiO,) Visible light 23 [25]
TiO, nanocrystal Visible light 220 [26]
TiO, nanotube 83% Visible light 267 [27]
N—TiO, nanotube 83% Visible light 338.4 [27]
TiO, nanocrystal Visible light 5841 [28]
H-TiO, nanocrystal AM15G 10000 [29]
N-doped TiO, bowl nanoarray Visible light 33 [30]
N-doped mesoporous TiO, Visible light 45 [31]
Black N—TiO, AM 15G 150 [32]
N-doped TiO, microcrystallite Visible light 211 [33]
Leaf-like N-doped TiO, Visible light 1410.5 [34]
N-doped TiO, nanofiber AM15G 7557.9 [35]
N—O orbital hybridizated N—TiO, nanotube Visible light 10870 This work
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factory of Beijing Normal University, China). The focused light
intensity on the liquid surface was maintained to
100 mW cm 2. Gas product (H,) was analyzed using an online
gas chromatograph (SP7800, TCD, molecular sieve 0.5 nm, N,
carrier, Beijing Keruida Limited) and the actual produced H,
amount was quantified using an internal standard method.
The procedures of photocatalytic hydrogen evolution for other
N-doped TiO, samples and TiO, precursor were the same
except with the corresponding catalysts.

Results and discussion

Fig. 1a and b shows the transmission electron microscope
(TEM) images of N-doped TiO, nanotube, which show uniform
and tubular structure with high quality. The length of nano-
tube is up to a few micrometers and the external diameter is
about 13 nm in the enlarged TEM image in Fig. 1b. The wall
thickness is only about 4 nm, and the ultrathin TiO, wall may
provide more active sites and boost the catalytic performance.
It should be pointed out that N-doping (1.85-N—TiO,) will not
change the morphology of the pristine TiO, template (Fig. S1).
High resolution TEM (HRTEM) image in Fig. 1c displays distinct
lattice fringes with a distance of 3.5 A which can be indexed to
the (101) plane of anatase phase TiO,. The selected-area
electron diffraction (SAED) pattern in Fig. 1d indicates that
N-doped TiO, nanotube possesses high crystallinity, which
implies high electron/holes separation ability in photo-
catalytic reactions [36]. The linear diffraction spots of (101)
plane manifest that N-doping may intensively focus on the
(101) surface. In order to further investigate the composition
of N-doped TiO, nanotube, The energy-dispersive X-ray
spectroscopy (EDS) test was obtained from the marked region
in Fig. 1a, which confirms the existence of Ti, O and N ele-
ments with N mole ratio of 1.85 at.%. Therefore, we name this
sample as 1.85-N—TiO, for convenience. Intuitively, N-doped
TiO, nanotubes with varied N contents can be obtained by
simply altering the amount of NH;-H,0 used as N precursor.

2 3
Energy (KeV)

Fig. 1 — (a,b) TEM images and (c) HRTEM image of 1.85-N—
TiO, nanotube. (d) The corresponding SAED patterns
obtained from marked region c in Fig. 1b. (e) EDS spectrum
of 1.85-N—TiO, nanotube obtained from the marked region
in Fig. 1a.

As expected, N-doped TiO, nanotubes with N contents of 0.95,
1.04, 1.28 at.% were also obtained, as shown in Fig. S2. When N
doping content was further increased to 2.51 and 3.53 at.%, the
samples could not maintain the tubular structure and some
agminated fragments appeared. This indicates that the largest
N doping content in TiO, nanotube is about 1.85 at.%. Then,
the surface areas of N-doped TiO, samples were examined by
N, adsorption/desorption measurements, as shown in Fig. S3.
The specific surface areas of the 0.95-N—TiO,, 1.85-N—TiO,
samples are 79 and 81 m? g ?, respectively. The N-doped
samples possess comparable specific surface areas and
similar pore size distribution at around 3 nm (the insets in
Fig. S3). The specific surface area is sharply depressed to
48 m? g ! as N-doping content reaches 3.53 at.%, the less
specific surface area is caused by the broken of the nanotube
after excess N-doping, consistent with the TEM results
(Fig. s2f).

In order to further investigate the phase structure for N-
doped TiO, nanostructures, powder X-ray diffraction (XRD)
measurements were performed. As indicated in Fig. 2a, all
diffraction peaks for N-doped TiO, and TiO, precursor sam-
ples were matched well with that of anatase-phase TiO,
(JCPDS card, NO. 71-1166). No impurity peaks including nitride
or nitrogen are observed, indicating that N-doping could not
changed the phase structure, even if N-doping content rea-
ches 1.85 at.%. To further inspect the effects of N-doping on
the lattice, the enlarged (101) diffraction peaks are shown in
Fig. 2b and it is found that a clear shift to lower 20 degree with
the increasing of nitrogen content. The lattice extension for
TiO, nanocrystals induced by N-doping reveals that N may
supersede the O site [37].

The samples were further characterized by X-ray photo-
electron spectroscopy (XPS) measurements to reveal the exact
chemical states of N atoms in TiO, lattice. As shown in Fig. 3a,
it can be seen that there are two main characteristic N 1s
peaks for 1.85-N—TiO, nanotube around 394.1 and 399.5 eV,
respectively. Obviously, no N 1s peaks can be observed for
TiO, nanotube precursor in the same region. This clearly in-
dicates that N has been successfully incorporated into the
TiO, lattice after reaction. The peak located at 400.8 eV can be
attributed to the N anion incorporated in the interstitial sites
of O—Ti—O structure to form Ti—O—N—O bonds [38], and the
peak at 399.5 eV belongs to the chemisorbed nitrogen species
on the nanotube surface (essentially adsorbed NHj) [16]. It
should be pointed out that, the surplus N 1s peak located at
398.1 eV can be indexed to the N—Ti—N bond, accounting for
the substituting N at oxygen sites (substitutional N) [39—41].
This kind of N species is recognized as a contributor for visible
light absorption in N-doped TiO,, because a continuous
valence band composed of the hybrid orbits of N 2p and O 2p
can be formed [14—16]. The peak located at 394.1 eV is far from
N 1s, which may be derived from impurity. As a result, N-
doping narrows the band gap of TiO, and extends the light
absorption range for TiO, to visible light region [42]. The ex-
istence of N—Ti—N bond can also be proved by the XPS results
of Ti 2p, in which the binding energies of Ti 2p shift from 459.1
to 458.4 eV with 0.7 eV discrepancy, as shown in Fig. 3b [43].
The peaks for O 1s also shift from 530.4 to 529.4 eV after N-
doping (Fig. 3c), which is consistent with that of most reported
[40,41]. The binding energy shift for Ti 2p and O 1s may be
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Fig. 2 — (a) XRD patterns of N-doped TiO, nanotubes with varied N-doping content. (b) The enlarged (101) peaks of N-doped

TiO, samples.

caused by the lower electronegativity for N than O atom,
therefore, N-doping in TiO, will change the charge distribu-
tion for Ti atom [44,45]. It is worth to note that there is no Ti>*
species detected in XPS spectrum, which clearly manifests
that titanium nitride have not been formed.

Upon revealing the accurate crystal structure and constit-
uent, we are now in a position to further investigate the band
gap structure after N-doping in TiO, nanotube. The UV—vis
diffuse reflectance spectrum measurements were firstly per-
formed, as shown in Fig. S4 and the absorption spectra in the
visible light region were shown in Fig. 3d. It can be seen that
the absorption spectrum of pristine TiO, nanotube is cut off at

400 nm, which indicates a non-absorption feature in visible
lightregion and a 3.20 eV band gap. With a slight N-doping, the
0.95-N—TiO, nanotube displays a wide absorption region
range from 400 to 700 nm. As N-doping content increases to
1.85 at.%, the absorption property in visible light region is
remarkably enhanced and widened, even to near infrared
region. The huge absorption enhancement can be attributed
to the narrowed band gap (from 3.2 to 2.77 eV) induced by N-
doping (inset in Fig. 3d). The above UV—vis results of the N-
doped TiO, nanotube imply their potential applications in the
visible-light driven H, generation. Then, the valence band (VB)
edges of 1.85-N—TiO, nanotube and pristine TiO, were also

a : c
N1s b Ti2p Ols
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Fig. 3 — XPS spectrum measurement for 1.85-N—TiO, nanotube and TiO, precursor: (a) N 1s, (b) Ti 2p, and (c) O 1s. (d) UV—vis
absorption spectra of the TiO, precursor, 0.95-N—TiO, and 1.85-N—TiO, nanotube in a range of 400—800 nm, respectively,
the inset is the transition of Kubelka-Munk function. (e) Valence band spectra obtained from XPS. (f) The electronic band

structures of TiO, precursor and 1.85-N—TiO, nanotube.
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measured by their XPS valence band spectra, as shown in
Fig. 3e. The valence band of 1.85-N—TiO, is valued by linear
extrapolation of the peaks to the baselines, which displays a
valence band edge position at 1.67 eV below the Fermi energy.
After a careful observation, it is found that there is also a band
tail red-shifted of the maximum energy deeply toward the
vacuum level at about 0.96 eV. The band tail may be attributed
to orbital hybridization between N 2p and O 2p, and greatly
up-shift of the VB position and further narrow the band gap to
2.06 eV for 1.85-N—TiO, nanotube. Therefore, according to the
band gap result, the conduction band (CB) minimum exists at
about —1.10 eV, and the real band structure is shown in Fig. 3f.
As a comparison, the VB and CB positions for pristine TiO,
locate at 1.99 and —1.22 eV, respectively. The band structure
for 1.85-N—TiO, and pristine TiO, clearly demonstrates that N-
doping is an efficient approach to narrow the band gap of
wide-band-gap semiconductors for visible light driven
applications.

The effect of the orbital hybridization between N 2p and O
2p on the responsible sensitivity for the visible light has also
been investigated by Zeta-potential measurements with an
on-off cycle of white-light irradiation. As shown in Fig. 4a,
with the light turning on and off, the pristine TiO, exhibits
almost unchanged Zeta potentials at about 3 mV, which in-
dicates that visible light could not excite electron/holes
pairs, consistent with the UV-vis spectrum result. On the
contrary, the Zeta potential turns to —1.4 mV for 1.85-N—
TiO,, which may be attributed to the decreased concentra-
tion of oxygen vacancy with N-doping [46]. Greatly different
from the pristine TiO,, as the visible light turning on, the
Zeta potential of 1.85-N—TiO, nanotube down shifts to
—4.5 mV with about a 3 mV discrepancy, which manifests

that more photoelectrons are generated and successfully
transferred to the surface of nanotube. The above results
demonstrate convincingly that N-doping in TiO, triggers the
absorption of visible light and simultaneously massive active
electrons are produced. This is very favorable for the pho-
tocatalytic reduction process from 2H" to H,. To investigate
the practical separation efficiency of electron/holes pairs
under visible-light irradiation, steady-state photo-
luminescence (PL) spectroscopy measurements with the
same amount of samples using a 420 nm excitation light
have been conducted, as shown in Fig. 4b. It is found that the
PL emission signals for N-doped samples are observed from
480 to 800 nm in the visible light region and a peak located at
520 nm, which are attributed to the free excitons at the band
edge [14]. In contrast, no PL emission signal for undoped TiO,
has been detected, which agrees with above-mentioned
UV-—vis and Zeta potential results (Figs. 3d and 4a). Besides,
it is also found that 1.85-N—TiO, nanotube shows a lower
emission peak around 520 nm than 0.95-N—TiO, sample,
which indicates a less electron-hole recombination rate
under the visible-light irradiation. Moreover, the generation
and transport efficiency of the excited electrons of TiO,
samples were also studied by comparable transient photo-
current measurements under visible-light irradiation
(r > 400 nm) at a bias potential of —0.3 V vs. Ag/AgCl, as
shown in Fig. 4c. When the light was successively switched
on and off, a series of signals were observed for pristine TiO,,
0.95-N—TiO, and 1.85-N—TiO,. Consistent with their PL re-
sults, 1.85-N—TiO, sample displays the largest photocurrent
response under visible light, further verifies the large visible
light absorption ability and low electron-hole recombination
rate after N-doping in TiO,.

— 0.5
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Fig. 4 — (a) Zeta potential measurements of 1.85-N—TiO, nanotube and pristine TiO, under a visible-light source. (b)
Photoluminescence spectra using a 420 nm light as excitation light source. (c) Photocurrents versus time (I-t) curves of
pristine TiO,, 0.95-N—TiO, and 1.85-N—TiO, nanotubes under visible light illumination (A > 400 nm) at a bias potential of
—0.3 V vs. Ag/AgCl. (d) Visible-light driven H, generation with 0.1 g samples, the power densities are measured to be
100 mW cm™2. (e) The photocatalytic H, production activities for 1.85-N—TiO, nanotube with different catalyst dosage. (f)
The cycling stability results of photocatalytic H, production over 1.85-N—TiO, nanotube.
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Afterwards, the photocatalytic H, production activities for
N-doped TiO, and pristine TiO, samples were evaluated under
simulative visible light irradiation (A > 400 nm), in which
PtCls? was reduced to Pt nanoparticle as cocatalyst in the
initial stage (Fig. S5). The experiment conditions for hydrogen
production are similar with that of other TiO, based catalysts
in Table 1. Fig. 4d shows the H, evolution amount versus re-
action times, 1.85-N—TiO, nanotube shows a larger H, pro-
duction rate of 9260 pmol h™' g! than pristine TiO,
(220 ymol h™* g% and other N-doped TiO, samples
(2193 pymol g~* h™* for 0.95-N—TiO,, 4709 pmol g~* h~* for 1.04-
N—TiO,, 6458 umol g~* h™* for 1.28-N—Ti0,), which manifests
that N-doping into TiO, lattice can really improve visible light
driven H, production performance. In addition, the effect of
hydrogen evolution activities on catalyst dosage for 1.85-N—
TiO, nanotube was also investigated (Fig. 4e). The hydrogen
evolution rate of 1.85-N—TiO, sample rapidly increases from
1510 pmol h™* g~ with 0.01 g sample to the maximum rate of
10870 pmol h™* g~* with 0.05 g sample, and then decreases to
9050 pumol h™* g * with 0.2 g sample. With increasing the
amount of catalyst, the absorbed photons gradually reach a
saturation state and then cut off [47]. The photocatalytic
hydrogen production activity for 1.85-N—TiO, nanotube is
superior to that of other TiO, based catalysts all performed
under visible-light and Pt as cocatalyst (Table 1). The com-
parison of hydrogen production performance can manifest
that N-doping of TiO, is a highly efficient strategy to boost
hydrogen production. The greatly enhanced hydrogen pro-
duction performance should be enabled by two factors: i) the
full absorption of visible light induced by the continuous
valence band through N—O orbital hybridization in N-doped
TiO,. ii) The ultrathin TiO, shell boosts the catalytic active
sites and shortens the distance of the carrier migrated to the
surface to participate H, evolution reaction. Beside the high H,
production rate, 1.85-N—TiO, nanotube also displays a satis-
factory stability. As shown in Fig. 4f, no obvious decline for H,
production rate has been detected in our cycling stability tests.

Conclusions

In summary, through a simple N-doping in TiO,, a hybrid orbit
composed of N 2p and O 2p has been realized experimentally
for the first time. And it forms a consecutive intermediate
valence band in the band gap and triggers the material's ab-
sorption for full visible-light spectrum. Specially, the as-
obtained 1.85-N—TiO, nanotube exhibits a very high H, pro-
duction rate (up to 10870 pmol h~! g=?) through a photo-
catalytic process under visible-light irradiation (x > 400 nm).
This catalyst design concept of introducing hybrid orbit into
semiconductor enlightens a new way to realize full visible-
light absorption for wide band gap semiconductor photo-
catalysts design in this field.
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