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a b s t r a c t

Boron and nitrogen codoped TiO2 nanorods (BNTRs) were synthesized via two-step hydrothermal

reactions using TiN as a starting material. The as-prepared samples were characterized by X-ray

diffraction, field-emission scanning electron microscope (SEM), transmission electron microscopy and

X-ray photoelectron spectroscopy techniques. The results showed that TiO2 nanorods with the

diameter of approximately 50–100 nm and the length of several micrometers were doped by the

interstitial N and B. The nanorods were firstly formed in the hydrothermal synthesis of nitrogen doped

TiO2. The growing process of nanorods was observed by SEM and a most probable formation

mechanism of the trititanate nanorods was proposed. The BNTRs showed a higher photocatalytic

activity and a bigger photocurrent response than N–TiO2 nanorods under visible light irradiation.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Nanostructure titania materials have attracted enormous interest
owing to their extensive applications in catalysts, electronic and
photonic devices, gas sensors, solar cells and bio-medical compo-
nents [1–6]. Various forms of titania, such as nanopowders [1],
nanotubes [7], nanorods [8], fibers [9], whisker [10] and mesoporous
materials [11], have been reported. One-dimensional (1D) titania
nanomaterials, especially titania nanorods, have become the focus of
current research on nanotechnology. Many techniques have been
reported to synthesize one-dimensional TiO2 nanorods. For example,
Uhm et al. [12] prepared anatase- and rutile-phase N–TiO2 nanorods
via decomposition of gas-phase titanium tetrachloride (TiCl4) by an
atmospheric microwave plasma torch, based on the conventional
vapor–liquid–solid growth mechanism. Zhao et al. [13] synthesized
highly ordered TiO2 single-crystalline nanorod/nanotube arrays by
directly anodizing a modified titanium foil. Compared with the
nanotube arrays prepared by photoanode, these ordered arrays
exhibited unique feature of selective photocatalytic oxidation of
water and glucose. Lokhande et al. [14] prepared TiO2 nanorods on
glass substrate using soft chemical route at room temperature, which
were treated with electron beam irradiation after annealing. The
result showed that the electron bombardment made amorphous
structure into the crystalline, and increased the length and the
diameter of the nanorods. Shao et al. [15] synthesized fluorine-doped
ll rights reserved.
rutile titania nanorods and thin films using a hydrothermal method.
The results showed that the substitution of ethanol for water as a
solvent was highly effective in promoting the one-dimensional
growth of the rutile nanorods and increasing their packing density
in the thin films. Recently, the B,N-codoped titania has been
considered as the most effective approach to improve photocatalytic
activity in visible region [16]. However, to our knowledge, no report
about the fabrication of the boron and nitrogen codoped TiO2

nanorods has been published.
Herein, we designed and synthesized successfully the novel

boron and nitrogen codoped TiO2 nanorods (BNTRs) by hydro-
thermal method. The photocatalytic activity of as-prepared sam-
ples was studied based on methyl orange dye (MO) degradation.
The photoelectrochemical performance was evaluated based on
photocurrent response. The results demonstrated that the BNTRs
exhibited a higher photocatalytic activity and a bigger photo-
current response than NTRs under visible light irradiation.
2. Experimental

2.1. Samples preparation

In a typical synthesis, 500 mg TiN (Hefei Kaier Nano Company
(China)) was added into 80 mL NaOH aqueous solution (10 M).
The mixture was stirred for 1 h and then transferred into a
100 mL Teflon-lined stainless steel autoclave. The autoclave was
sealed and put into a preheated oven to perform hydrothermal
treatment at 200 1C for 12 h. After hydrothermal processing,
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Fig. 1. XRD patterns of NTRs and BNTRs: (a) NTRs-550; (b) BNTRs-450; (c) BNTRs-

500; (d) BNTRs-550; and (e) BNTRs-600.
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the gray fluffy power was collected and washed with copious
amounts of distilled water and 0.1 M hydrochloric acid until the
pH of the washing solution was less than 7. This product was then
dried in air at 60 1C for 24 h to obtain the N–TiO2 nanorods. The
samples were then added to 80 mL of 1 M H3BO3 and stirred for
30 min. Then the mixture was transferred to a 100 mL Teflon-
lined stainless steel autoclave again and heated at 200 1C for 24 h.
The precipitate was collected and washed with distilled water
and absolute alcohol three times, and then dried in air at 80 1C
overnight. The samples were then heated in a quartz tube furnace
at different temperatures’ range from 400 1C to 600 1C for 2 h at a
ramp rate of 1 1C/min to obtain the B,N–TiO2 nanorods that
was denoted as BNTRs-T (T denotes annealed temperature). The
N–TiO2 nanorods were also annealed at 550 1C for 2 h in ambient
air for comparison, and were denoted as NTRs-550.

2.2. Sample characterizations

The crystal structure of samples was characterized by powder
X-ray diffraction (XRD) (D/max-IIIA, Japan) using Cu Ka radiation.
The morphology was observed with a field-emission scanning
electron microscopy (SEM) (LEO1530VP, LEO Company) and
transmission electron microscopy (TEM, JEOL, JEM2010). The
UV–vis absorption spectra were measured with a Hitachi UV-
3010 spectrophotometer equipped with an integrating sphere
assembly and using the diffuse reflection method and BaSO4 as a
reference. The Brunauer–Emmett–Teller (BET) surface area (SBET)
was determined by nitrogen adsorption–desorption isotherm
measurements at 77 K on a Micromeritics ASAP 2010 system.
The samples were degassed at 473 K until a pressure lower than
10�6 Torr is obtained before the actual measurements. The X-ray
photoelectron spectroscopy (XPS) was performed on the titania
nanorods with Krato Axis Ultra DLD spectrometer (Al Ka X-ray,
hv¼1486.6 eV). The binding energy (BE) of the XPS spectra was
calibrated with the reference of C 1s peak at 284.6 eV.

2.3. Photocatalytic reaction

The photocatalytic reaction was conducted in a 200 mL
cylindrical glass vessel fixed in the XPA-II photochemical reactor
(Nanjing Xujiang Machine-electronic Plant). A 500 W Xe lamp
was used as the simulated solar light source (UV–vis light), and a
house-made filter was mounted on the lamp to eliminate infrared
irradiation. The visible light was obtained using the cut-off filter.
The cut-off filter was made up of 1 M sodium nitrite solution,
which can absorb the light with wavelength under 400 nm [17].
Methyl orange dye (MO) with the concentration of 20 mg/L was
used as contamination. In order to obtain an optimally dispersed
system and reach complete adsorption/desorption equilibration,
50 mg photocatalyst powder was dispersed in 200 mL reaction
solutions by ultrasonicating for 15 min and then the suspension
was magnetically stirred in dark for 1 h. During the photocatalytic
reaction, air was blown into the reaction medium at a flow rate of
200 mL/min. At regular intervals, 8 mL of the suspension was
filtered and then centrifuged. The concentration of the remaining
MO was measured by its absorbance (A) at 465 nm with a Hitachi
UV-3010 spectrophotometer. The decolorization ratio of MO
could be calculated by (A0�A)/A0�100%.

2.4. Photocurrent measurements

To prepare the working electrodes, 500 mg of the hydrother-
mal treated NTRs or BNTRs samples (without calcination) was
first dispersed into a mixture of 2.0 mL ethanol and 0.1 mL
terpinol and sonicated for 30 min to form a slurry, then the
resulting slurry was coated on FTO glass (2.3 mm, 15 O/square,
Nippon Sheet Glass, Japan) using a screen-printing method. The
TiO2 film thickness is dependent on the repeating times of the
screen printing process. The TiO2 films were sintered at 500 1C for
30 min in air. The photocurrents were measured using a standard
three electrodes photoelectrochemical cell, which was carried out
by an electrochemical workstation (CV-27, BAS). The as-prepared
photocatalysts, platinum-gauze and Ag/AgCl and were used as
working, counter and reference electrodes, respectively. A sodium
sulfate solution (1 M) was used as electrolyte. The chopped
(E0.25 Hz) light for the photocurrent was the filtered light
(l4400 nm, 150 mW/cm2) from a PLS-SXE300UV Xe lamp
(Changtuo, Beijing).
3. Results and discussion

Fig. 1 shows XRD patterns of the BNTRs at different annealing
temperatures. The diffraction peaks can be assigned to anatase
(JAPDS no. 84-1286) [18] and rutile (JAPDS no. 78-1509) [19] with
preferential reflections of (101) for anatase and (110) for rutile,
respectively. With the increasing annealing temperature, the peak
intensities of anatase phase decrease and those of rutile phase
increase accordingly, which indicates that anatase phase trans-
forms to rutile phase.

Raman spectra were applied as an additional tool to probe the
phase formation of BNTRs, shown in Fig. 2. There are five typical
active modes of anatase TiO2: Eg (144 cm�1), Eg (200 cm�1), B1g
(399 cm�1), A1g (518 cm�1), Eg (639cm-1) and four typical active
modes of rutile TiO2: B1g (143 cm�1), Eg (240 cm�1), Eg
(447 cm�1), A1g (612 cm�1), in BNTRs. Compared with the
reference anatase [20] and rutile [21] TiO2, the as-prepared
samples show the shift of Eg mode (200 cm�1) and A1g mode
(518 cm�1) for anatase TiO2 toward higher wave numbers by
3 cm, and the shift of Eg mode (240 cm�1) for rutile TiO2 toward
higher wave numbers by 5 cm. These shifts imply the possible
formation of the Ti–O–N and Ti–O–N–B structures on the surface
of BNTRs [22,23]. These surface structures formed on TiO2 would
inevitably impair the symmetry of Ti–O–Ti network and thus
change some force constants, which intrinsically determine the
wave number of corresponding active Raman modes. Liu et al. [24]
have reported that the replacement of iodine atom for titanium
atom also led to the similar shift of Eg mode at 144–149 cm�1. It is
obvious that the intensities of rutile modes increase with the
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annealing temperature increasing from 450 1C (BNTRs-450) to 600 1C
(BNTRs-600), which suggests the transformation from anatase phase
to rutile phase. This result agreed well with the XRD results.

Fig. 3a and b reveals the SEM and the TEM images of NTRs-550.
The average diameter of the nanorods is approximately 50–
100 nm and the length is several micrometers. The surface of
the nanorods is very clear and glazed. After hydrothermal treat-
ment in H3BO3 solution, the surface of nanorods was eroded
seriously, and some nanorods were cut off to several hundred
nanometers in length, as shown in Fig. 3c and d. The BET surface
area of BNTRs-550 (38.94 m2/g) is a little higher than that of
NTRs-550 (34.43 m2/g) (shown in Table 1), which is more propi-
tious for a catalyst.
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Fig. 2. Raman patterns of NTRs and BNTRs: (a) NTRs-550; (b) BNTRs-450;

(c) BNTRs-500; (d) BNTRs-550; and (e) BNTRs-600.
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Fig. 3. SEM (a, c) and TEM (b, d) photos of as-prepared sa
Based on the above results, it is clear that the nanorods were
firstly formed in the hydrothermal synthesis of nitrogen doped
TiO2. A most probable formation mechanism of the trititanate
nanorods is elucidated based on the SEM pictures at different
synthesis stages, as shown in Scheme 1. At the very early stage,
there were TiN, NaOH, H2O and a little air in the autoclave
(Scheme 1a). Under hydrothermal condition, pressure was
formed, and then TiN dissolved into solution and began to react
with NaOH and O2 in solution to form a highly disordered
intermediate phase trititanate (expressed as Ti3NxO7�x

2� ) contain-
ing Ti, O, N and Na (Scheme 1b). When such trititanate nanoclus-
ters became supersaturated, they began to crystallize as
NaxTiNyOz nanorods (Scheme 1c). These nanorods continue to
grow in the length with the reaction time. After being washed by
hydrochloric acid and thermally treated, the N–TiO2 nanorods
were formed (Scheme 1d). Hu et al. [25] also reported that the
preferential one-dimensional growth occurred in the presence of
reactants as long as the catalyst (Ti species in our experiment)
remained in the liquid. When the NTRs were hydrothermally
treated in H3BO3 solution, the NTRs were eroded seriously by
H3BO3 and doped by boron to form the uneven BNTRs.

The chemical states of nitrogen and boron on the surfaces of
NTRs-550 and BNTRs-550 were investigated with high-resolution
XPS, as shown in Fig. 4. The peak positions of N, B, O and Ti and
the contents of boron and nitrogen and are summarized in
Table 1. From the N 1s spectra of NTRs-550 and BNTRs-550 in
Fig. 4a, it can be seen that there is a peak located at around
399.1 eV for both the samples and there is a new peak appearing
at 397.7 eV for BNTRs-550. Based on the earlier reports [26–28],
we can assign the N 1s peak at around 399 eV to oxidized nitrogen in
the form of O–N linkages in interstitial nitrogen. The other N 1s peak
at 397.7 eV can be attributed to Ti–O–N–B [22,23]. The N content of
BNTRs-550 (0.79%) is lower than that of NTRs-550 (1.03%), which
indicates that there is some N loss during the B doping procedure.
For the B 1s spectra of the BNTRs-550 in Fig. 4b, there is only one
peak at 190.0 eV, which is originated from Ti–O–N–B [22,23].
In Fig. 4c, for both NTRs-550 and BNTRs-550, the core level peaks
1μm

1μm

mples: (a) and (b) NTRs-550; (c) and (d) BNTRs-550.



Table 1
XPS peak positions and element contents of NTRs-550 and BNTRs-550.

Samples B (at%) N (at%) B 1s (eV) N 1s (eV) O 1s (eV) Ti 2p (eV) SBET (m2/g)

NTRs-550 – 1.03 – 399.1 531.7, 530.0 463.7, 458.0 462.6, 456.5 34.43

BNTRs-550 0.63 0.79 190.0 399.2, 397.7 532.0, 530.0 463.7, 458.0 38.94

Scheme 1. Proposed NTRs’ growth process and corresponding SEM photos: (a) TiN; (b) after reaction 0.5 h; (c) after reaction 1 h; and (d) after reaction 12 h.
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Fig. 4. XPS spectra of samples NTRs-550 and BNTRs-550: (a) N 1s; (b) B 1s; (c)O 1s; and (d) Ti 2p.
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of O 1s appear at about 530.0 eV and 532.0 eV. The peak of O 1s at
about 530.0 eV comes from Ti–O–Ti linkages in TiO2 [29,30]. We
attribute the O 1s peak at about 532.0 eV to O–N–B linkages in
BNTRs-550 [21,22] and O–N linkages in NTRs-550 [26–28]. The main
pair of peaks of Ti 2p3/2 and 2p1/2 for NTRs-550 and BNTRs-550
appear at 458.0 and 463.7 eV, respectively (Fig. 4d), which can be



0
0

20

40

60

80

100

Time/min

X
%

(f)

(e)
(d)

(c)

(b)

(a)

20 40 60 80 100 120 140 160

Fig. 6. Photocatalytic degradation ratios of MO under visible light: (a) no catalyst;

(b) NTRs-550; (c) BNTRs-450; (d) BNTRs-500; (e) BNTRs-600; and (f) BNTRs-550.

0
0

50

100

150

200

250

300

350

400

(a)

ONON
OFFOFF

P
ho

to
cu

rr
en

t/ 
(μ

A
/c

m
2 )

Time/s

(b)

OFF
ON

10 20 30 40 50 60

Fig. 7. Photocurrent responses of: (a) NTRs and (b) BNTRs.

X. Zhou et al. / Journal of Solid State Chemistry 184 (2011) 3002–30073006
assigned to Ti4þ 2p peaks. As a rule, the Ti4þ 2p3/2 and 2p1/2 peaks
appear at 458.9 and 464.7 eV in pure TiO2 [29,31]. Most of the
reports agreed on the lower B.E. of Ti 2p in doped TiO2 [29,31], and
they attribute the lower shift of Ti 2p to the replacement of higher
electro-negative oxygen by lower electro-negative nitrogen. The
main pair of peaks of Ti 2p3/2 and 2p1/2 for NTRs-550 and BNTRs-
550 shift to the lower B.E. by 0.9 and 1.0 eV compared with pure
TiO2, which suggests the successful incorporation of nitrogen or
boron into the TiO2 lattice. However, the NTRs-550 has another pair
of Ti 2p3/2 and 2p1/2 peaks at 456.5 and 462.6 eV, respectively, which
can be attributed to N–Ti linkages from the original material of TiN
[32]. While this pair of Ti 2p peaks disappear in BNTRs-550,
indicating that TiN was oxidized completely after H3BO3 solution
hydrothermal treatment. From XPS data, it is clear to see the
formation of Ti–O–N–B structures in BNTRs-550.

Fig. 5 gives the UV–vis absorption spectra of the as-prepared
NTRs-550 and BNTRs samples. It can be seen clearly that there is a
strong visible light absorption from 400 nm to 550 nm for the as-
prepared samples. However, the visible light absorption of BNTRs
becomes weaker and weaker with the increase of annealing
temperature, suggesting that annealing temperature has great
effect on the UV–vis absorption of the BNTRs.

Fig. 6 shows the photocatalytic activity of the as-prepared
samples in degrading organic pollutant MO under visible light
irradiation. The photolysis performance of MO is also shown in
Fig. 6a; the decolorization ratio is only 5.5% after 2.5 h irradiation,
which shows that MO is less degraded under visible light
irradiation without catalyst. The photocatalytic decolorization
ratio of MO by NTRs-550 is 36.1% after 2.5 h visible light
irradiation. However, to BNTRs samples, the decolorization ratio
of MO is drastically improved. The decolorization ratio of MO
increases first and then decreases with the increase of annealing
temperature, which indicates that annealing temperature affects
the photocatalytic activity of BNRTs. The highest decolorization
ratio of MO reaches 94.5% with BNTRs-550, which is more than
2.5 times than with NTRs-550. So, with the B and N co-doping, an
improved visible light photocatalytic activity is observed.

The photocurrent response measurement was carried out
under visible light irradiation to investigate the photo-induced
charges separation efficiency of NTRs and BNTRs, as shown in
Fig. 7. It can be seen that photocurrent of BNTRs (366.29 mA/cm2)
is three times than that of NTRs (120.52 mA/cm2). Higher photo-
current means that more photo-induced electrons can transfer
from BNTRs to counter electrode via external circuit, under the
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Fig. 5. UV–vis absorption spectra of samples: (a) BNTRs-450; (b) BNTRs-500;

(c) BNTRs-550; (d) BNTRs-600; and (e) NTRs-550.
visible light illumination, and then lead to higher photocatalytic
activity. So the higher photocurrent of BNTRs is in good agree-
ment with the higher photocatalytic activity. The photocatalytic
activity and photocurrent response of BNTRs is superior to those
of NTRs, which indicates that the BNRTs with B and N co-doping
are more suitable to be used as photocatalyst than NTRs.
4. Conclusions

The BNTRs were prepared using TiN as precursor by the two-
step hydrothermal method. The SEM and TEM pictures show that
the diameter of the nanorods is approximately 50–100 nm and
the length reaches to several micrometers. The nanorods were
firstly formed in the hydrothermal synthesis of nitrogen doped
TiO2, and a most probable formation mechanism of the trititanate
nanorods was proposed. The XPS results suggested that boron and
nitrogen are located into the TiO2 lattice interstitially. With B and
N doping, an improved visible light photocatalytic activity is
observed. The average photocurrent density of the BNTRs is three
times than that of the NTRs under visible light irradiation. The
BNTRs developed in this paper will be potentially promising solar
energy materials for solar cells and organic pollutant degradation.
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