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The photocatalytic activity of TiO2 can be mainly improved from three approaches: (1) enhancing the
separation efficiency of photoelectrons and holes, (2) enhancing surface energy, and (3) increasing avail-
ability of visible light. Here, we report a one-step method to obtain nitrogen and lanthanum co-doped
TiO2 nanosheets with dominant {001} facets through a hydrothermal process, using TBOT, triethylamine
and LaCl3�nH2O as precursor and sources of N, La respectively in HF–HNO3 mixed aqueous solution, and
the samples were characterized by XRD, SEM, TEM, XPS, UV-DRS and BET analyses. The XRD and XPS
results confirmed that N was doped into the lattice of anatase TiO2, while La was not. N acts as an
O–Ti–N structure or interstitial N and La exists as LaF3 in TiO2 nanosheets. The SEM and TEM results show
that the percentage of {001} facets in the as-synthesized N,La–TiO2 nanosheets is estimated to be about
75% on average at RF = 1.0. N,La–TiO2 nanosheets can absorb visible light due to the red shift in the
absorption edges, and compared with N–TiO2 nanosheets, N and La co-doping can further strengthen
the absorption of visible light. N,La–TiO2 nanosheets exhibited higher photocatalytic activity for pho-
todegradation of Rh B under visible light than pure TiO2, N–TiO2, La–TiO2 nanosheets and N,La–TiO2

nanoparticles. N and La co-doping could produce a synergistic effect. The N doping narrowed the band
gap of TiO2, while the La doping could improve the separation efficiency of photoelectrons and holes.
In addition, the La doping could enhance the adsorption property of photocatalyst for organic pollutants.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Titania (TiO2) is one of the most promising photocatalysts for
degradation of organic pollutants in water and air due to its high
oxidizing ability, photostability, non-toxicity and low cost [1–3].
However, the photocatalytic activity of TiO2 should be further
improved for practical application. The photocatalytic activity of
TiO2 is mainly depended on its crystallinity, phase structures,
and surface energy [3–5]. The average surface energy of {001}
facets of anatase TiO2 has been proved to be higher than that of
{101} and {100} facets [4,6]. However, in the general synthetic
process, TiO2 usually exposed low-energy {101} facets due to its
thermodynamical stability [7]. Since reported by Yang et al. [8],
many research have concentrated on the fabricating of TiO2 sheets
exposed high percentage of {001} facets and exploring these
sheets for the photocatalytic degradation of pollutants, hydrogen
production, etc. [9–17]. In these researches, anatase TiO2 crystals
exposing a high percentage of {001} facets were synthesized using
a capping agent or a co-capping agent containing HF. It has been
proved that {001} facets of anatase TiO2 are more reactive
[9,10,12,18,19]. However, anatase TiO2 sheets cannot absorb visi-
ble light due to the large energy band gap of 3.2 eV. Several works
reported that doping anatase TiO2 sheets with nonmetal elements
can enhance its visible light photocatalytic activity [17,20–23]. As
the ionic radius of N is close to that of O, N 2p states could
effectively merge with O 2p states, and N was considered as the
most promising candidate among the nonmetallic elements doped
[24,25].

Although the visible light photocatalytic activity of TiO2 can be
effectively enhanced by nonmetal doping [24–29], the partially
occupied impurity bands caused by mono-doping can act as
recombination centers, this is adverse for the light-induced charge
carriers transferring to the surface of TiO2 for photocatalysis, which
will reduce photo-generated current [30,31]. Some modified meth-
ods have been developed to reduce the recombination rate of
photoelectron–hole pairs and enhance interfacial charge-transfer
efficiency, such as surface derivatization, surface chelating, and
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Fig. 1. XRD patterns of TiO2 NSs, N–TiO2 NSs, La–TiO2 NSs, and N,La–TiO2 NSs.
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rare-earth metal ions doping [32–35]. As a rare-earth metal ele-
ment investigated widely, lanthanum is effective for improving
the photocatalytic activity of TiO2 [35]. It is confirmed that the f-
orbit of lanthanum can interact with functional groups of Lewis
bases, lanthanum ion could form complexes with various Lewis
bases and more pollutants will be adsorbed on the surface of
photocatalyst, this is favorable for improving the photocatalytic
activity of photocatalyst [35].

Herein, nanosized and highly dispersed nitrogen and lan-
thanum co-doped TiO2 nanosheets with exposed {001} facets were
synthesized through a simple one-step hydrothermal method. The
co-doped TiO2 nanosheets present high visible light photocatalytic
activity. The role of N and La for the enhancement of visible light
absorption, the formation mechanism and the visible light
photocatalytic activity of co-doped TiO2 nanosheets are also
investigated. As far as we know, this is the first report on the
synthesis of {001} facets exposed N,La–TiO2 nanosheets with
visible light photocatalytic activity.

2. Experimental

2.1. Photocatalyst synthesis

All chemicals used were of analytical grade and were purchased from Beijing
Chemical corporation (Beijing, China) without further treatment. Distilled water
was used in all experiments. N-doped (La-doped or N,La co-doped) TiO2 nanosheets
(N–TiO2, La–TiO2 or N,La–TiO2 NSs) with dominant {001} facets were synthesized
by a hydrothermal method [10] using titanium tetrabutoxide (TBOT), triethylamine
and LaCL3�nH2O as precursors and sources of N, La respectively in HF–HNO3 mixed
aqueous solution. Details of the preparation process are as follows: TBOT (10.00 ml),
HF (1.20 ml), HNO3 (2.14 ml) and triethylamine (1.96 ml) (or/and LaCl3�nH2O,
0.036 g) were mixed in a dried 50 mL Teflon-lined autoclave at room temperature,
and then kept at 180 �C for 12 h. After cooling the autoclave to room temperature,
the precipitate was separated from the suspension by centrifugation (4000 rpm,
10 min), and then washed with ethanol and distilled water for three times respec-
tively, followed by drying at 40 �C for 48 h. To investigate the effect of HF concen-
tration on the morphology of N,La–TiO2 nanosheets, the nominal atomic ratio of
fluorine to titanium (RF) was varied from 1.0 to 3.0 by varying the volume of
hydrofluoric acid. As for N,La–TiO2 nanoparticles (N,La–TiO2 NPs), the HF solution
was replaced by distilled water. For the purpose of comparison, pure TiO2

nanosheets (TiO2 NSs) with dominant {001} facets were prepared by the same
method using TBOT (10.00 ml) as precursors in HF–HNO3 mixed aqueous solution.

2.2. Characterization methods

The crystalline phase of the synthesized samples were determined by X-ray
diffraction (Phillips PW 1050-3710 Diffractometer) with Cu Ka radiation
(k = 1.5406 Å), operated at a tube current of 40 mA and a voltage of 45 kV. Data
were collected over 2h values from 10� to 80�, at a scan speed of 1�/min. The mor-
phology observation was performed on an S-4800 field emission scanning electron
microscopy (FESEM, Hitachi, Japan) linked with an Oxford Instruments X-ray
system, analysis was performed at accelerating voltage of 10 kV. The surface mor-
phology and particle size were observed by transmission electron microscopy
(HRTEM, JEM-2011), with an accelerating voltage of 200 kV. The BET specific sur-
face area and pore volume analysis of the samples were determined using a N2

physisorption technique, the samples were degassed at 180 �C for 3 h before the
actual measurement. The UV–vis diffuse reflectance spectra were obtained using
a Perkin Elmer Lambda 750S UV/Vis spectrometer equipped with an integrating
sphere assembly. The spectra were recorded at room temperature in air from
250 to 600 nm. X-ray photoelectron spectroscopy was performed using a
Perkin–Elmer RBD upgraded PHI-5000C ESCA system with monochromatic Mg Ka
excitation and a charge neutralizer was used to investigate the surface electronic
states of the samples. All the bonding energies were calibrated to the C 1s internal
standard peak (284.8 eV) of surface carbon.

2.3. Photocatalytic activity measurements

The photocatalytic activity of each sample was evaluated in terms of the degra-
dation of rhodamine B (Rh B, 10 mg/L). The photocatalytic reactor is cylindrical with
a diameter of 75 cm. A 500 W xenon lamp (Trusttech, PLS-SXE300) with UV cut-off
filters (k > 420 nm) was used as visible light source. The distance between the lamp
and fluid level was maintained as 15 cm. The integrated visible light intensity
striking on the surface of the reaction mixture measured by using a visible light
radiometer (Model: FZ-A, China) was 7.5 ± 0.5 mW/cm2 with the wavelength range
of 420–1000 nm. The lamp was cooled with flowing water in a quartz cylindrical
jacket around the lamp, so the ambient temperature could be maintained during
the photocatalytic reaction. The photocatalyst (0.05 g) was added to a 200 ml
quartz photoreactor that containing Rh B aqueous solution (100 ml). The mixture
was stirred for 120 min in the dark to reach the adsorption–desorption equilibrium,
and then the residual concentration of Rh B was measured. The above suspension
was kept under constant air-equilibrated conditions during the irradiation. At given
time intervals, about 5 ml suspension was sampled, and filtered through 0.22 lm
membrane filter. The filtrates were analyzed by a Cary 100 UV/Vis spectrometer.
3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of TiO2, N–TiO2, La–TiO2, and
N,La–TiO2 NSs. It is found that the majority of the crystal phase
is anatase for all of the samples [1]. The shape of the diffraction
peaks of N–TiO2, La–TiO2 and N,La–TiO2 NSs is consistent with that
of TiO2 NSs. For La–TiO2 and N,La–TiO2 NSs, the crystal phase of
La2O3 and LaF3 cannot be observed, this is because the content of
La2O3 or LaF3 is very little and cannot be detected. In the crystal
phase analysis of N,La–TiO2 NSs, LaF3 can be detected while
La2O3 cannot be detected, this indicated that La3+ exists mainly
as LaF3 in N,La–TiO2 NSs.

The diffraction peaks of crystal planes (101), (200), and (105)
are used to determine the lattice parameters of the samples, which
are summarized in Table 1. The doping mode is mainly determined
by two factors: ionic radius and electronegativity of the doping
ions [37]. If the ionic radius and electronegativity of the doping
ions match the lattice ions of the oxide, the lattice ions can be sub-
stituted by the doping ions during the doping process [37].
Compared with pure TiO2 NSs, the lattice parameters of La–TiO2

NSs were almost unchanged (a little decrease). The lattice parame-
ters a and b of N–TiO2 and N,La–TiO2 NSs remained almost invari-
able, while the parameters c decreased. The ionic radius of La3+ is
0.106 nm, which is larger than that of Ti4+ (0.068 nm), so it is
almost impossible for La3+ to enter into the TiO2 lattice during
the hydrotherm process. As for N–TiO2 NSs, the ionic radius of N
ion (N3�, 0.146 nm) is close to that of O ion (O2�, 0.140 nm) in
TiO2, so it is feasible for N3� to replace and occupy lattice O2�.
The substitution of the dopant in the TiO2 lattice can be further
confirmed by Vegard’s law which states that ‘‘Change in the unit
cell dimension should be linear with change in the composition’’
[38]. The observed change in the lattice parameter is the shorten-
ing of the ‘c’ axis with the doping of N, confirming the possibility of
substitution incorporation of N. The observed decrease in the crys-
tallite size of La3+ doped samples can be due to the possible forma-
tion of La–F–Ti bonds which inhibits the growth of crystal grains,
in addition, the missing of the atoms form their relative position



Table 1
The lattice parameter and BET specific surface area of the samples.

Sample a = b (nm) c (nm) Specific surface area (m2 g�1)

Pure TiO2 0.3786 0.9526 80.37
La–TiO2 0.3780 0.9518 89.42
N–TiO2 0.3785 0.9471 96.49
N/La–TiO2 0.3786 0.9478 116.25
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can also lead to the reduction in the unit cell volume at the experi-
mental dopant concentration [38]. These results indicated that N
ions were incorporated into the TiO2 lattice, while La ions were
not incorporated into the crystal lattice of TiO2. The surface areas
were 80.37, 89.42, 96.49, and 116.25 m2 g�1 for the samples of
pure TiO2, La–TiO2, N–TiO2, N,La–TiO2, respectively. Therefore,
co-doping brings about an increase in BET surface area, since
adsorption and photocatalytic reactions occur on the surface, large
surface area of photocatalyst is favorable for adsorption and
photocatalytic oxidation of pollutants.

3.2. SEM and TEM observation

Fig. 2 shows the FESEM and TEM images of N,La–TiO2 NSs pre-
pared with varying RF. The first-principle calculations indicate that
fluorine ions can greatly reduce the surface energy of {001} facets,
making them more stable than the {101} facets [8]. This has been
confirmed by many researches [8–10,36]. Fig. 2a shows a SEM
image of N,La–TiO2 NSs prepared at RF = 1.0. A lot of nanosheets
with a side length of ca. 50 nm and a thickness of ca. 8 nm can
be observed. Increasing RF to 3.0, the side length and thickness of
nanosheets increased to ca. 100 nm and 12 nm, respectively (see
Fig. 2b). This also implies that the percentage of bottom and top
areas to total surface area of nanosheets increases with increasing
RF. Fig. 2c and d show TEM images of the samples prepared at
RF = 1.0 and RF = 3.0, the samples are composed of well-defined
nanosheets having a rectangular shape, with an average side length
of ca. 50 and 100 nm respectively, similar to the SEM observations.
The high-resolution TEM image (the inset in Fig. 2d) clearly shows
the lattice fringes that parallel to the bottom and top facets, and
the lattice spacing is ca. 0.235 nm, in accordance with the (001)
planes of anatase TiO2.

According to the above information, the percentage of {001}
facets in the as-prepared TiO2 nanosheets are estimated to be
about 75%, 80% on average, respectively. From previous study, an
appropriate percentage of exposed {001} facets leads to the high-
est photocatalytic activity, but the percentage of exposed {001}
facets has little effect on activity when it changing from 50% to
80% [36]. Therefore, in this study, the decrease or increase of
exposed {001} facets ratio caused by HF results in indistinctive
enhancement of photocatalytic activity. The RF = 1.0 was used in
the following study. However, in the absence of HF (RF = 0), the
samples consist of aggregated nanoparticles (not shown), the per-
centage of exposed {001} facets is estimated to be less than 10%
[10]. This suggests that TiO2 nanosheets may show higher
photocatalytic activity than TiO2 nanoparticles.

3.3. BET surface area and pore structure

Nitrogen adsorption–desorption isotherms were used to deter-
mine the specific surface area and pore size distribution of N,La–
TiO2 NSs and N,La–TiO2 NPs (see Fig. 3). The isotherm correspond-
ing to N,La–TiO2 NSs is type IV (BDDT classification), a hysteresis
loop at relative pressure between 0.8 and 1.0 can be seen, suggest-
ing the presence of mesopores (2–50 nm) [39]. The shape of the
hysteresis loop is assigned to type H3, implying narrow slit-shaped
pores that are commonly associated with plate-like particles,
which is consistent with their sheet-like morphology (Fig. 2). The
pore size distribution of N,La–TiO2 NSs (Fig. 3b) exhibits a wide dis-
tribution range from ca. 10 to ca. 50 nm. N,La–TiO2 NPs show quite
different nitrogen adsorption isotherms compared with N,La–TiO2

NSs (Fig. 3), implying differences of their porous structures. First,
the isotherm of nanosheets is below that of nanoparticles, indicat-
ing smaller surface area and pore volume of nanosheets. Second,
the hysteresis loop of nanosheets is shifted in higher relative pres-
sures, suggesting much larger mesopores in nanosheets than those
in nanoparticles. In fact, the nanosheets do not have mesopores.
Therefore, the existing nanopores are from the aggregation of
nanosheets. Such porous structure are very useful in photocatalytic
reaction as they will be efficient transport pathways for reactant
molecules and products [40]. The average pore size of N,La–TiO2

NSs is 24.1 nm, less than that of average side length (50 nm).
This is because that these nanosheets are not all individually
dispersed, they could easily connect with each other along {001}
facets (Fig. 2) to minimize the surface energy, thus resulting in
the formation of mesopores.
3.4. UV–vis diffuse reflectance spectra

Fig. 4 shows UV–Vis DRS absorption spectra of TiO2, La–TiO2, N–
TiO2 and N,La–TiO2 NSs. TiO2 NSs only exhibit strong absorption in
UV region which could be ascribed to the band-to-band transition
[1]. Compared with TiO2 NSs, N–TiO2 NSs present a small hump at
around 420 nm shifting in visible-light region, this is the typical
absorption feature of N doped TiO2 [1]. As can be seen, the absorp-
tion spectra of N–TiO2 and N,La–TiO2 NSs were extended into visi-
ble light, the absorption of visible light strengthens with further La
doping. La doping could lead to lattice deformation and form
vacancy, thus probably resulting in an impurity state in TiO2 band
gap. The existing impurity state improves the absorption of visible
light by narrowing the band gap of TiO2. To further study the
change of band gap of the doped TiO2 nanosheets, the intercept
of the tangents of [F(R1)hm]1/2 vs. photon energy (hm) is show in
Fig. 4b. The Kubelka–Munk function F(R1) and photon energy
(hm) can be calculated by following equation: [36]

FðR1Þ ¼ 1� R1ð Þ2=2R1 ð1Þ
R1 ¼ 10�A ð2Þ
hm ¼ 1240=k ð3Þ

where R1 is the reflection coefficient of the sample, A is the absor-
bance intensity of TiO2 and k is the wavelength of absorption. The
band gaps of TiO2, La–TiO2, N–TiO2 and N,La–TiO2 NSs estimated
from the intercept are 3.18, 3.02, 2.90 and 2.84 eV, respectively. It
can be found that after N and La co-doping, the band gap was nar-
rowed from 3.18 to 2.84 eV. The first-principle DFT calculations
indicated that N dopant can narrow the band gap by inducing the
impurity states near the valence band edge, which leads to the visi-
ble-light response of N–TiO2 [41]. The purpose of La doping is to
reduce the formation of recombination centers caused by N doping.
It is reported that La doping can provide an impurity energy level
which is below the conduction band of TiO2 and leads to a red shift
[42]. Therefore, there are two impurity levels in the band gap of
N,La–TiO2 NSs. Zhang et al. [42] discussed the possible excitation
ways of co-doped TiO2 under visible light irradiation. There are
three possible ways for electronic transition: from valence band of
TiO2 to La impurity level, from N impurity level to La impurity level,
and from N impurity level to conduction band of TiO2. All of these
possibilities can increase the amount of photo-induced electrons
and holes. Therefore, compared with singly doped materials,
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N,La–TiO2 NSs show superior visible absorption, resulting from the
narrower band gap and the multiple excitation processes.
3.5. XPS analysis

The surface chemical states of the sample were analyzed by XPS.
The XPS survey spectrum of N,La–TiO2 NSs (Fig. 5a) indicates that
the sample contains five elements, Ti, O, F, N and La. There are
two peaks at binding energies of 464.4 and 458.6 eV for Ti 2p XPS
spectrum (Fig. 5b), and these can be ascribed to Ti 2p1/2 and Ti
2p3/2 respectively, which suggests that titanium exists as Ti4+ in
anatase TiO2. Fig. 5c shows O 1s XPS spectrum of the sample, there
is an asymmetric O 1s peak located at 530.3 eV, which is
corresponding to the lattice oxygen of TiO2 [43]. Fig. 5d shows N
1s XPS spectrum and its fitting curves of the sample. A peak from
397 to 403 eV can be seen, after fitting, two peaks appeared at
399.6 and 401.5 eV. The peak with lower binding energy can be
ascribed to substitutional N in the form of O–Ti–N [44]. The other
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peak at 401.5 eV suggests the presence of oxidized and interstitial
state N, such as Ti–O–N–O and Ti–O–N [44]. The peak for F 1s
(Fig. 5e) at 684.3 eV can be observed, it is a typical value for surface
Ti–F species [36]. The Ti–F bonds can be attributed to the surface
fluorination by HF. Fig. 5f shows the La 3d XPS spectrum of the sam-
ple. There are two peaks at 853.6 eV and 836.2 eV, which can be
attributed to La 3d3/2 and La 3d5/2 respectively. Compared with
the literature values 834.9 eV and 851.8 eV [32], the binding ener-
gies shift to higher energy region duo to the formation of Ti–F–La
bond.
3.6. Visible-light-induced catalytic activity studies

The visible light photocatalytic activity of the samples was
evaluated by decolorization of Rh B aqueous solution. As can be
seen from Fig. 6a, the concentration of Rh B decreased slightly
(10–15%) with presence of TiO2 NSs under dark, suggesting the
adsorption ability of TiO2 NSs was weak due to the reduced surface
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energy and the smooth surface (see Fig. 2). P25 showed relatively
higher adsorption ability mainly due to the small particle size.
Also, illumination without the presence of photocatalyst did not
lead to the photocatalytic decolorization of Rh B. Therefore, the
presence of both visible light and TiO2 samples is necessary for
efficiently degrading Rh B. When N,La–TiO2 NSs were mixed with
Rh B aqueous solution and stirred under visible light illumination,
the concentration of Rh B decreased rapidly as shown in Fig. 6b.
The color of the mixture almost disappeared after irradiation for
240 min, indicating that the chromophoric structure of Rh B was
destroyed. Fig. 6b shows a comparison of photocatalytic activitiy
of TiO2, N–TiO2, La–TiO2, N,La–TiO2 NSs, P25 and N,La–TiO2 nano-
particles. The photocatalytic activity is in the following order:
N,La–TiO2 NSs > N,La–TiO2 NPs > N–TiO2 NSs > La–TiO2 NSs > pure
TiO2 NSs > P25. P25 and pure TiO2 NSs also show visible light
photocatalytic activity. The observed visible light photocatalytic
activity of pure TiO2 NSs and P25 is due to the self-sensitization
effect, which extends the absorption of TiO2 to visible light region,
resulting in degradation of Rh B under visible light. As for
N,La–TiO2 NSs, the adsorption capacity of N,La–TiO2 NSs for Rh B
is lower than that of N,La–TiO2 NPs, but the photocatalytic activity
of N,La–TiO2 NSs is higher than that of N,La–TiO2 NPs. So the
photocatalytic activity of N,La–TiO2 NSs with exposed {001} facets
is much higher than that of N,La–TiO2 NPs.

The enhanced visible light photocatalytic activity of N–TiO2 and
N,La–TiO2 NSs is due to the narrowed band gap caused by the N
doping. The photocatalytic activity of N,La–TiO2 NSs was further
enhanced after La doping. The reason for the enhanced photocat-
alytic activity of N,La–TiO2 NSs is the synergistic effect between
N and La: (1) N doping can narrow the band gap of TiO2, thus
enhancing the utilization efficiency of visible light; (2) La can act
as a trapper to accelerate the separation of photoelectrons and
holes; (3) La doping can enhance the adsorption performance of
photocatalyst for organic pollutants [32]; (4) In addition, the
increased BET surface area caused by N, La co-doping is also favor-
able for improving the photocatalytic activity of TiO2. The stability
of N,La–TiO2 NSs was investigated by recycle of photocatalyst for
degradation of Rh B as shown in Fig. 7. After being used for five
times, the removal efficiency of the photocatalyst for Rh B remains
about 80%, indicating its high stability.

4. Conclusions

N and La co-doped TiO2 nanosheets with dominant {001} facets
were successfully obtained by a hydrothermal process using TBOT,
triethylamine and LaCL3�nH2O as precursors and sources of N, La
in HF–HNO3 mixed aqueous solution. The XRD and XPS results
showed that N was doped into the lattice of anatase TiO2, while La
was not, N acted as an O–Ti–N structure or interstitial N and La
existed as LaF3, which is likely to form a binary composite with
TiO2. The SEM and TEM images show that the percentage of {001}
facets of the as-synthesized N,La–TiO2 NSs is estimated to be about
75% on average at RF = 1.0. N and La co-doping can increase the BET
surface area. As the absorption edges shift in the red, N–TiO2 NSs can
absorb visible light, N, La co-doping can further strengthen the visi-
ble light absorption of N,La–TiO2 NSs, which is favorable for elevat-
ing the visible light photocatalytic activity. N,La–TiO2 NSs exhibit
higher photocatalytic activity than pure TiO2 NSs, N–TiO2 NSs, La-
doped TiO2 NSs and N,La–TiO2 NPs with the same doping condition
under visible light irradiation. N and La co-doping could produce a
synergistic effect. N doping can narrow the band gap of TiO2 and
enhance the utilization efficiency of visible light, while La doping
can promote the separation of photoelectrons and holes. This sug-
gests that co-doping with two ions, metal and nonmetal, is more
efficient to improve the photocatalytic activity of anatase TiO2 than
doping with single type of ion. It is expected that this study on the
co-doped TiO2 catalyst will afford a feasible way to develop TiO2

based photocatalysts with visible light photocatalytic activity,
which are suitable for practical applications.
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