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a b s t r a c t
A facile and green method was developed for the simultaneous doping of nitrogen, boron, and ﬂuorine
in TiO2 by H2 TiO3 via a microwave-assisted route. The ionic liquid (IL) [BMIm]BF4 serves not only as
microwave absorbent but also as a dopant. The IL also shows the ability to self-assemble under microwave
irradiation, which causes it to act as an inhibitor for the growth of the TiO2 particles. The N–B–F-tri-doped
TiO2 obtained exhibits large speciﬁc surface area, small crystal size, and a mesoporous structure, and the
mechanism for the formation of the N–B–F-tri-doped TiO2 was proposed. The prepared materials exhibit
excellent visible light photocatalytic activity in the degradation of organic pollutants, including methyl
orange, rhodamine B, Orange G, and reactive red X, which is attributed to the presence of a Ti–B–N
structure on the TiO2 surface, inducing a narrow band gap of 2.78 eV, and the synergistic effects of N, B,
and F, which improve the separation efﬁciency of the photo-generated electron/hole pairs. The results
obtained may provide a new sight for the application of ILs in the microwave-assisted preparation of
nanomaterials.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The applications of TiO2 in solar cells, environmental puriﬁcation, H2 -generation, and self-cleaning have received extensive
attention due to the attractive attributes of TiO2 , including its
strong oxidizing abilities for the decomposition of organic pollutants, chemical and biological stability, non-toxicity, and low cost
[1]. Because anatase TiO2 can only absorb UV light of wavelengths
less than 387 nm, which accounts for only approximately 4% of the
solar spectrum impinging on the Earth’s surface compared to visible light (45%), considerable effort has been devoted to extend
the optical absorption edge of TiO2 from the UV to visible light
region to utilize solar energy more effectively for photocatalysis,
which will have a profound positive effect on the practical applications of the material [2]. An effective approach to tackle the
challenge is to dope TiO2 with nonmetal elements such as N [3–6],
B [7–9], C [10], S [11], and F [12,13], which act as either electron
donors or acceptors in the forbidden band of TiO2 , thus, inducing
absorption in the visible region [14]. This modiﬁcation is sensitive
and affected by both the chemical state and spatial distribution
of the anion dopants [15,16], and only the bulk doping of substitutional dopants for lattice oxygen can result in the desired band
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gap narrowing by elevating the valence band edge of the photocatalyst. Unfortunately, new recombination centers associated with
dopants are always formed in the doped photocatalyst because of
the charge balance requirement (for instance, nitrogen-related Ti3+
in N-doped TiO2 [17]). Compared with a single nonmetal dopant,
doping with two or three types of nonmetal atoms, such as N and
S [18–20]; N and C [21]; N and F [22–24]; N and B [8,25–27]; N and
I [28]; and N, C and S [29] has served as an attractive approach
due to the lower charge carrier recombination rate and higher
visible photocatalytic performance resulting from the synergistic effect of the doping elements. For example, Liu et al. [26,30]
reported the preparation of mesoporous B–N-co-doped TiO2 with
signiﬁcantly enhanced visible-light adsorption and photocatalytic
activity. These observations were attributed to the presence of a
new O–Ti–B–N structure formed on the surface of the photocatalyst, which is highly active in collecting and separating the charge
carriers. Due to the charge compensation effect of the nitrogen
and boron anions, no new recombination centers (such as Ti3+ ) of
electrons and holes were formed, which inhibits the decrease of
photocatalytic activity. Li et al. [31] also prepared F–B–S-tri-doped
TiO2 thin ﬁlms by a modiﬁed sol–gel method and proposed that the
synergistic effect of the F− , B3+ and S4+ ions reduced the recombination of the photo-generated electrons and holes and enhanced
the photoreactivity.
To achieve high-efﬁciency, nonmetal doping of TiO2 , several
approaches have been proposed, including the sol–gel method
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[31], high-temperature calcination in a special gas atmosphere (for
example, N2 or NH3 ) [32], a hydrothermal method [21,33], compound pyrolysis [34], sputtering using a high-energy ion gun [35],
and a microwave-assisted process [36]. Among them, microwaveassisted synthesis is a facile, highly efﬁcient and environmentally
friendly method. In the past two decades, the use of microwave
energy to heat chemical reactions has attracted considerable attention, owing to its successful application in material sciences,
nano-technology, polymer chemistry, and biochemical processes
[37]. In the microwave process, ionic liquids (ILs) have been widely
used as reaction media owing to their unique properties, such as
excellent ability to absorb microwave irradiation, non-volatility,
non-ﬂammability, wide liquid temperature range, good solubility
characteristics, high thermal stability, and high ionic conductivity [38,39]. In recent years, many inorganic nanostructures have
been fabricated via various processes using ILs, including electrodeposition, the sol–gel method and the solvothermal route.
Ding et al. [38] reported a facile method to synthesize anatase
nanocrystals (NCs) via a microwave-assisted route in the IL 1butyl-3-methylimidazolium tetraﬂuoroborate ([BMIm]BF4 ) using
titanium isopropoxide (TTIP) as the titanium source without calcination. Using this method, there was no porous structure and
almost no visible light absorption was observed for the nano-TiO2
powders obtained.
On the other hand, porous materials with a tailored pore size
have shown great potential in gas conversion and storage, catalysis, sensors, adsorption, separation, and biomedical applications
[40–43]. These materials have regular pore structures, which are
useful for adsorption, selection, sensing, removal, storage, and
release as well as properties based on their enhanced surface areas
[44]. In photocatalysis, porous materials have a high capacity for
dye adsorption because of the internal surface area provided by the
primary single nanocrystallites [45], which beneﬁts the subsequent
catalysis process.
Herein, we report a facile method to synthesize nitrogen,
boron, and ﬂuorine-tri-doped mesoporous TiO2 using H2 TiO3 via a
microwave-assisted route. In this study, [BMIm]BF4 served not only
as the microwave absorbent but also as the dopant providing B and
F anions. Furthermore, the ability of the IL to self-assemble during
the microwave process was discovered, which made the IL act as
inhibitor for the growth of the TiO2 particles and favored the formation of small TiO2 crystal particles. Because investigations into
tri-doping, especially relating to N–B–F-tri-doped TiO2 , are rather
rare, the visible light responsive mechanism of the N–B–F-tridoped TiO2 was also discussed. We hope this research can display
a new application for ILs in the microwave-assisted preparation of
nanomaterials and supports the development of anion-doped TiO2
with high visible light photocatalytic ability.
2. Experimental
2.1. Materials
All of the chemicals were used as received without further
puriﬁcation. H2 TiO3 was produced by Xuan Cheng Jing Rui New
Material Co., Ltd. [BMIm]BF4 (purity > 99%) was purchased from
the Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences. P25 TiO2 was purchased from Degussa Corp., Germany.
All of the other chemical reagents were purchased from Aladdin
Chemical Reagent Corp.
2.2. Preparation of catalysts
TiO2 was formed through the media product of peroxotitanate. To prepare peroxotitanate, 1.0 g of H2 TiO3 was added to an
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ice-cooled solution containing H2 O, H2 O2 (30%) and NH3 ·H2 O
(28%). After stirring for 30 min, a homogeneous, pale yellowgreen solution was obtained. Then, a given amount of [BMIm]BF4
was added to the solution. After stirring continuously for 30 min,
the solution was transferred into a ﬂask and microwave irradiated for 1 h. During the reaction, the power and the temperature
of the microwave oven (XH-100B, Beijing Xianghu Science and
Technology Development Co., Ltd.) were set at 500 W and 80 ◦ C,
respectively. After irradiation, the products were separated by ﬁltration and then dried at 80 ◦ C. The samples obtained were calcined
at 300–600 ◦ C in a mufﬂe furnace for 2 h. The amount of the IL
used was 0, 1, 3, 5, and 10 g, corresponding to weight ratios of
the IL/H2 TiO3 of 0, 1, 3, 5, and 10, respectively. The photocatalysts
obtained with the addition of the corresponding IL were denoted
as nTAx, where n and x represent the weight ratio of IL/H2 TiO3
and the microwave or calcination temperature (◦ C), respectively.
To observe the difference between the titanium isopropoxide (TTIP)
and H2 TiO3 precursors in the synthesis of TiO2 , TTIP was also used to
prepare TiO2 via a microwave-assisted route in [BMIm]BF4 according to Ref. [38] (this TiO2 was obtained after calcination at 400 ◦ C
and was denoted as ETA400).
2.3. Samples characterization
X-ray diffraction (XRD) analysis was carried out using a Rigaku
D/MAX 2500 X-ray diffractometer using CuK␣ radiation. Fourier
transform infrared (FT-IR) spectra were obtained using a Shimadzu
IR Prestige 21 spectrometer. The Brunauer–Emmett–Teller (BET)
speciﬁc surface areas (SBET) were measured using a Quantachrome
NOVA2000 nitrogen adsorption/desorption apparatus. The X-ray
photoelectron spectroscopy (XPS) analysis was carried out using
a PHI 1600 ESCA XPS system. Transmission electron microscopy
(TEM) and high resolution electron microscopy (HRTEM) images
were taken with a JEOL JEM-2010 electron microscope. The
UV–vis diffuse reﬂectance spectra (DRS) were recorded at room
temperature between 200 and 800 nm using a Shimadzu UV2450
spectrophotometer. The photoluminescence (PL) spectra of the
TiO2 samples were measured using a Hitachi F-4600 ﬂuorescence spectrophotometer to observe the combination rates of the
electron–hole pairs. Electron spin resonance (ESR) measurements
were carried out on a Bruker EMX-8/2.7 X-band ESR spectrometer
operating in the X-band at 9.86 GHz and 2.005 mW. Portions
of the solid samples (≈20 mg) were introduced into a spectroscopic quartz probe cell, and measurements were taken at room
temperature.
2.4. Photocatalytic activity tests
Three anionic dyes, methyl orange (MO, 10 mg/L), Orange G (OG,
10 mg/L), reactive red X-3B (RX, 30 mg/L), and the cationic dye rhodamine B (RhB, 20 mg/L) were chosen as pollutants to evaluate
the activity of the photocatalysts. A 200-mL aqueous solution was
mixed with 0.20 g of the photocatalyst powder in a 500-mL beaker.
Prior to the photocatalytic reaction, the suspension was stirred in
darkness for 30 min to reach adsorption/desorption equilibrium.
Irradiation was performed with a 300 W xenon arc lamp that was
installed in light-condensing lamp housing, and a 400-nm cut-off
ﬁlter was placed in front of the reaction vessel to obtain the visible light. The light intensity of the lamp was 0.16 kW/m2 at 420 nm,
which was measured by a light intensity meter. At given time intervals, a 5-mL sample of the suspension was centrifuged and ﬁltered
through a 0.22 m Millipore ﬁlter to remove the photocatalyst. To
investigate the stability of the used photocatalyst, the nanopowders
were separated from solution by centrifugation at 13,000 r/min for
4 min and then dryed in drying oven at 120 ◦ C for 2 h. Then, the
concentration of the pollutants in the sample was analyzed. The
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Fig. 1. TEM images of samples (a) 0TA80, (b) 3TA80, (c) 0TA400, and (d) 3TA400.

concentration of pollutants was determined from its maximum
absorption, which varied during the photocatalytic process, using
a UV-Vis spectrophotometer. The decoloration rate was reported
as C/C0 , where C was the pollutant concentration after adsorption
or photocatalysis and C0 was the initial concentration. The total
organic carbon (TOC) content of the samples after degradation was
measured using a Shimadzu TOC-V WS analyser.

2.5. Determination of reactive species
To detect the active species generated in the photocatalytic system, various scavengers, including tert-butyl alcohol
(t-BuOH, 20 mmol L−1 ), AgNO3 (5 mmol L−1 ) and ethylenediaminetetraacetic acid disodium salt (EDTA-2Na, 1 mmol L−1 ), were
introduced into the MO solution. Furthermore, to estimate the relative concentration of hydroxyl radicals (• OH radicals), the terephthalic acid (TA) ﬂuorescence method was used because TA can react
with • OH radicals to form highly ﬂuorescent 2-hydroxyterephthalic
acid (TAOH), which can be detected in a ﬂuorescence spectrum [46].
The experimental procedures were as follows: TA was dissolved in
2.0 mM NaOH to form a 0.5 mM solution [47]. Then, 0.20 g of the
3TA400 sample was dispersed in 200 mL of the TA aqueous solution. The mixture was irradiated under visible light for 30 min. The
ﬂuorescence spectra of the TAOH generated were measured on a
Hitachi F-4600 ﬂuorescence spectrophotometer at 425 nm induced
at 315 nm excitation. ESR/DMPO (dimethyl-1-pyrroline N-oxide)
spin trapping experiments were also used to detect the active oxygen species in the system under visible light irradiation [48]. ESR
spectra were detected using a Bruker EMX-8/2.7 X-band ESR spectrometer operating in the X-band at 9.86 GHz and 2.005 mW. The
light source for the ESR determination was a 300-W xenon lamp
equipped with a 400-nm cut-off ﬁlter.

3. Results and discussion
3.1. Morphology and phase structures
To observe the morphologies of the synthesized TiO2 , the TEM
spectra of representative samples of 0TA80 and 3TA80 (without calcination) and 0TA400 and 3TA400 (calcined at 400 ◦ C) are shown
in Fig. 1a–d, respectively. The insets of Fig. 1a and b show the
corresponding selected area electron diffraction (SAED) patterns
of 0TA80 and 3TA80. As seen in the SAED image in Fig. 1a, after
microwave irradiation, the obtained material exhibits an amorphous structure. However, with the addition of the IL, the SAED
result indicates that the material was polycrystalline, indicating
that the IL is beneﬁcial to the formation of crystals because of its
good microwave absorption ability. The XRD patterns shown in
Fig. 2 verify the amorphous structure of the sample without the
IL (0TA80) and the anatase TiO2 crystal structure of the sample
with the IL (3TA80). Furthermore, the TEM image in Fig. 1b shows
that the liquid IL arrays to form nanorods and TiO2 nanoparticles
that are inlayed in the IL phase. It is thought that [BMIm]+ interacts with the bulk TiO2 through hydrogen bonds or electrostatic
forces, and the nano-TiO2 particles are wrapped in the IL. This process would induce the arrangement of the [BF4 ]− anions along the
wall, which would pile up and stack, possibly through – interactions or other noncovalent interactions between the imidazole
rings [49]. The phenomenon indicates that the IL has the ability to
self-assemble during microwave irradiation.
Fig. 1c and d shows the TEM images of the prepared TiO2
nanoparticles calcined at 400 ◦ C without or with the addition of
the IL. After being calcined, the crystal size of the pure TiO2 sample
without the addition of the IL is large, and its dispersion is very
poor. However, the crystal sizes of the TiO2 synthesized assisted
by the IL (all approximately 10 nm in size) are smaller on average
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for 10TA400, which indicates that the addition of the IL conﬁned
the growth of the TiO2 nanoparticles. This result indicates that the
IL acted as an inhibitor for the growth of the anatase nanocrystals,
which is also consistent with the TEM result, as shown in Fig. 1c and
d. In the present experiment, the IL not only acted as a protective
agent for the growth of the nanoparticles but also as a microwave
absorbant. Because of the strong ability of the superﬂuous IL to
absorb microwave irradiation, 10TA400 leads to the cross-linking
of peroxotitanate and the fast growth of the TiO2 nanoparticles,
resulting in large crystal sizes.
Fig. 2b shows the effect of the calcination temperature on
the phase structure change of 3TA80. Only the anatase phase is
observed with the increase of the calcination temperature from
300 to 500 ◦ C, while the crystal sizes of the TiO2 slightly increased
with the increase of the calcination temperature.
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Fig. 2. XRD pattern of the TiO2 samples. (a) TA400 with different amounts of the IL
dopant and (b) 3TA calcinated at different temperatures.

and display better dispersion than those of the pure TiO2 (approximately 15 nm in size) synthesized without the addition of the IL.
The SEM images of the 0TA400 and 3TA400 powders were also
collected, as shown in Fig. S1. These images indicate that 3TA400
is made up of regularly shaped aggregations with sizes centered
approximately 10 nm, and 0TA400 is made up of irregularly shaped
aggregations. The sizes of the TiO2 particles are larger than those
of 3TA400. The SEM results are consistent with the TEM results. It
is also obvious that the addition of the IL restrains the growth of
the TiO2 particles, possibly because of its ability to self-assemble.
To investigate the crystalline phases and crystal sizes of the prepared TiO2 , the XRD patterns of the TiO2 particles calcined at 400 ◦ C
for 2 h with different amounts of the IL are shown in Fig. 2a. It is
found that all of the diffraction peaks can be perfectly indexed as
the anatase phase of TiO2 [JCPDS No. 21-1272]. Based on the linewidth analysis of the anatase (1 0 1) diffraction peak, the average
crystal sizes of all of these samples estimated by the Scherer equation are summarized in Table 1. As seen in Table 1, the crystal sizes
of the TiO2 slightly decreased with the addition of the IL, except

The surface area and porosity distribution of 3TA and 0TA calcined at 400 ◦ C were investigated using nitrogen adsorption and
desorption isotherms (Fig. S2). The SBET values of these prepared
samples are all above 80 m2 /g, which are much higher than that
of P25. The isotherms of the samples are typical type-IV-like with
a type H3 hysteretic loop, which indicates the presence of mesoporous materials, according to IUPAC classiﬁcation [50,51]. The plot
of the pore size distribution (inset in Fig. S2) was determined by
using the Barrett–Joyner–Halenda (BJH) method from the desorption branch of the isotherm; it shows that all of the samples clearly
have a mesoporous structure. The average pore diameter of 3TA400
is approximately 8.50 nm. However, compared to the 3TA400 sample, the area of the hysteretic loop of 0TA400 decreases with an
average pore diameter of only 3.87 nm. The mesoporous structure
of 0TA is most likely formed by the release of NH3 during calcination, and that of 3TA is formed by both the release of NH3 and the
agglomeration of primary particles (interparticle pores) due to the
combustion and decomposition of the IL. There is no obvious peak
at approximately 1.0◦ in the small-angle XRD patterns (not shown),
indicating that the mesoporous structure in 3TA400 is the result of
disorder. Table 1 also shows the effect of the amount of the IL on
the SBET of the samples. With an increase in the addition of the IL,
the SBET increases ﬁrst and then decreases when superﬂuous IL is
added, which is consistent with the XRD results.
3.3. XPS analysis
XPS measurements were performed to further elucidate the
inﬂuence of the IL on the doping of the TiO2 . The compositions
of the photocatalysts are listed in Table 2. The nitrogen, boron and
ﬂuorine most likely come from the ammonia and [BF4 ]− starting
materials. As seen in Table 2, the content of nitrogen, boron and
ﬂuorine in the TiO2 increased with the addition of the IL, especially
for 10TA400. Livraghi reported that F− ions substitute oxygen in
the lattice of TiO2 , which favors the incorporation of N species in
the TiO2 and leads to higher N content than in N–TiO2 [52]. In this

Table 1
Crystal sizes, energy band gaps, SBET values and pore parameters of the samples.
Sample

Crystal size (nm)

Eg (eV)

SBET (m2 /g)

Average pore size (nm)

Pore volume (cm3 /g)

0TA400
1TA400
3TA400
5TA400
10TA400
3TA300
3TA500
P25

16.9
11.7
10.5
10.6
13.3
9.30
12.5
24.8

3.08
2.85
2.78
2.75
2.92
–
3.00
3.22

87.85
90.21
99.71
112.9
102.8
83.25
90.32
46.48

3.87
8.32
8.50
7.90
7.81
4.67
7.21
11.57

0.1143
0.2637
0.2799
0.3003
0.2933
0.1140
0.2562
0.1405
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Table 2
The compositions of the photocatalysts measured by XPS.

F

N

B

C

20.48
21.3
21.43
20.81
20.66
21.91

59.34
56.19
54.17
53.9
53.19
56.61

–
0.91
0.96
1.58
2.1
0.26

1.39
1.55
1.65
1.71
2.19
1.33

–
2.44
2.61
2.67
2.75
3.16

18.79
17.61
19.18
19.33
19.11
16.73

study, we propose that the increase in N content in 10TA400 may
contribute to the substitution of more F− ions for oxygen in the
lattice of the TiO2 .
To further investigate the states of the doped nitrogen, boron
and ﬂuorine atoms, high resolution and curve ﬁtting of the photocatalysts were recorded and are shown in Fig. 3. A pair of N1
s features is observed in Fig. 3a. A broad peak extending from
393 to 406 eV is observed for all of the samples, which is typical of nitrogen-doped titanium dioxide, as reported by several
researchers. After ﬁtting the curve, two peaks are obtained at
401.1 eV and 399.6 eV for every sample. However, a weak peak
approximately 398.0 eV is obtained in 3TA400; the intensity of this
peak increased with increasing addition of the IL (Fig. S3). The peak
approximately 401 eV is attributed to the O–Ti–N sites substitutionally incorporated into the TiO2 lattice [29,53,54]. The peak at
399.6 eV can be attributed to the N atoms located at the interstitial sites of the TiO2 lattice, such as Ti–N–O and Ti–O–N [53,54].
According to the earlier reports [26,55], the peak at 398.0 eV can be
attributed to O–Ti–B–N. The results that show that the N content of
3TA500 is lower than that of 3TA400 and the peak approximately
398.0 eV disappears indicate that the O–Ti–B–N decomposes under
increased calcination temperatures.
Fig. 3b shows the F1 s XPS spectra of the samples. The peak at
684.2 eV is obtained in every sample; however, the peak at 687.1 eV
is only in 10TA400. The peak at 684.2 eV can be assigned to the
physical adsorption of F ions on the surface of the TiO2 [12]. The
peak at 687.1 eV can be attributed to the substitutional F atoms
that occupy the oxygen sites in the TiO2 crystal lattice and then
form the Ti O F bond [12]. The appearance of the peak at 687.1 eV
for 10TA400 indicates that the superﬂuous IL dopant can lead to
the replacement of O atoms by F atoms in the crystal lattice. In
addition, the decrease of the peak at 684.2 eV with the increase in
the calcination temperature indicates that the physical adsorbance
of F ions on the surface of the TiO2 is temperature sensitive.
The XPS spectra of B1 s in 3TA400, 10TA400, 3TA500 and ETA400
are shown in Fig. 3c. There are two peaks at 190.5 and 191.5 eV, and
the peaks at 187.5 and 193.0 eV, corresponding to B O from B2 O3
and the B Ti bond in TiB2 , respectively, are not found in these samples. The binding energy (BE) at 190.5 eV is assigned to the B N
bond [56], which corresponds to a species capable of inducing the
unprecedented visible light photocatalytic activity [57]. The peak
at 191.5 eV may be assigned to the B atom in the interstitial position of the TiO2 and the formation of a B O Ti bond [58,59]. For
comparison, the high resolution and curve ﬁtting of the B1 s region
in ETA400, which was prepared from TTIP in [BMIm]BF4 , are also
recorded. As shown in Fig. 3c, there is only a peak at 191.5 eV, and no
peak at 190.5 eV is observed, which shows that the TiO2 prepared
from TTIP cannot form the B N bond.
It has been reported that in doping TiO2 with B or N alone, more
tri-valent Ti3+ species will form and lead to a slight red shift of the
Ti2p3/2 peak [60]. The formation of Ti3+ species in the doped TiO2
may accelerate the recombination of the photogenerated holes and
electron pairs [60]. Recently, Feng et al. reported that the Ti2p3/2
peak of the B–N-co-doped TiO2 shifted to higher BE compared to
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Fig. 3. XPS spectra: (a) N1 s, (b) F1 s, (c) B1 s, and (d) Ti2p of representative samples.

that of the solely B- or N-doped TiO2 , implying that B–N-co-doping
can hinder the conversion of Ti species from Ti4+ to Ti3+ [61]. However, only two peaks were observed at 464.28 eV and 458.48 eV
in 0TA400 and 3TA400, which are assigned to Ti2p1/2 and Ti2p3/2 ,
respectively, agreeing well with the Ti(IV) in titanium. No trace shift
of the Ti2p3/2 peak is observed using XPS, although Ti3+ is observed

F.-t. Li et al. / Applied Catalysis B: Environmental 144 (2014) 442–453

a

2.0041

0TA400
1TA400
3TA400
5TA400

2.0015
2.0042

Intensity (a.u)

Intensity (a.u)

0TA400

447

3TA400
2.0001

10TA400
3TA300
3TA500
p25

3TA500
200
2.08

2.04

2.00

1.96

300

400

1.92

500

600

700

800

Wavelength (nm)

g

60
0TA400
1TA400
3TA400
5TA400
10TA400
3TA300
3TA500
P25

b

Fig. 4. ESR spectrum of samples measured at room temperature.

3.4. ESR spectra analysis
Ti3+

To further conﬁrm whether
was present in the TiO2 samples, ESR studies were performed. Fig. 4 shows the ESR spectra of
0TA400, 3TA400 and 3TA500 recorded at room temperature. The
symmetric signal at approximately g = 2.0041 is clearly detected
both in 0TA400 and 3TA400. It is the most prominent electron
signal and is characteristic of paramagnetic materials containing “F-centers” or oxygen vacancies [28]. Compared to the only
sharp signal at approximately g = 2.0041 in 3TA400, an additional
weak signal at g = 1.9766 appears in the 0TA400. Previous ESR
studies suggest that signals with g values of less than 2.0 can
be attributed to photogenerated electrons stabilized by Ti cations
located at the crystallization defects [63,64]. It was also reported
that the paramagnetic oxygen vacancy at g = 2.004 and Ti3+ has
a g-value of 1.94–.99 [65,66]. Therefore, the signal at g = 1.9766
should be assigned to the Ti3+ species in 0TA400. Batzill et al.
reported that oxygen vacancies and related Ti3+ are always formed
in the nitrogen-containing surface of common nitrogen-doped TiO2
[17]. In this study, with the addition of the IL, 3TA400 shows a
stronger ESR signal at g = 2.0042, indicating an increase in the oxygen vacancy. However, the signal at g = 1.9766 disappears, which
seems to conﬂict with Batzill’s result. The removal of Ti3+ from
the nitrogen-containing TiO2 (0TA400) conﬁrmed that the above
observation can be explained by the extra electrons provided by
the doped 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/B+ + Ti3+ ; Ti3+ + O2− + N → Ti4+ + N3− + O) [30]. That is,
no Ti3+ is present as a result of N–B-co-doping, which is a recombination center for photo-generated electrons and holes. It is also
observed that the ESR signal decreases with the increase in calcination temperature, which is caused by the re-replacement of
dopant atoms by O atoms during the calcination process under air
atmosphere, as listed in Table 2.
3.5. UV–vis analysis
Usually, doping obviously inﬂuences the light absorption characteristics of the TiO2 . Therefore, the optical properties of the
non-doped and doped TiO2 nanoparticles are measured by UV-Vis
DRS. As displayed in Fig. 5a and Fig. S4, the absorption of P25 and

2

2

in 0TA400 using ESR spectroscopy (see Fig. 4). This observation may
be attributed to the low amount of Ti3+ , which is hard to detect by
XPS [28,62].
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Fig. 5. UV–vis absorption spectra of samples.

ETA400 are limited only to the ultraviolet light region, while the
absorption threshold values of the TiO2 nanoparticles prepared by
H2 TiO3 are extended up to the visible light region. As representative samples, the appearance photographs of the samples 3TA80,
3TA300, 3TA400, 3TA500, and 0TA400, are shown in Fig. S5, which
are consistent with the DRS results. The band gap energies of the
direct transition semiconductor can be calculated by a plot of (˛h)2
versus the photon energy (h). The absorption coefﬁcient ˛ and
direct energy band gap (Eg) of TiO2 are related through the following equation [67]:
˛(h) = B(h − Eg)

1/2

(1)

where ˛ represents the absorption coefﬁcient, h is Planck’s constant, and  is the light frequency, and B is energy-independent
constant. According to Eq. (1), the Eg of the resulting samples can be
estimated from the plots of (˛h)2 versus energy (h). The interception of the tangent to the X axis would give a good approximation of
the Eg of the samples (Fig. 5b). The obtained Eg for the prepared TiO2
are shown in Table 1. The optical absorption edges of the nonmetaldoped samples shift to a lower energy region compared to those of
P25 and ETA400. For the 0TA400 sample without the IL, the absorption of the TiO2 particles also extended up to the visible light region,
which was attributed to N doping from the addition of NH3 ·H2 O
during the preparation. Owing to the addition of the IL, the absorption bands have a farther red shift to the visible spectral range. The
red shift of the absorption bands in the visible spectral range for the
F-doped TiO2 remains under debate. Yamaki et al. [68] and Li et al.
[69] found that F doping alone did not cause the red shift of the
absorption of TiO2 . They assumed that the F2p states were located
below the bottom of the O2p valence band; therefore, F doping did

3.6. Possible formation mechanism of doped TiO2
As described in the experimental procedures, the reaction system became a homogeneous yellow-green solution after H2 TiO3
was added into an ice-cooled mixture of H2 O2 and NH3 ·H2 O. After
the addition of the IL, the solution became more transparent,
suggesting a soluble Ti-complex was formed. After microwave
irradiation for 1 h, a yellow slurry formed, which was separated
by ﬁltration and dried at 80 ◦ C to obtain 3TA80. To investigate
the mechanism of the formation of the doped TiO2 , the raw IL
and 3TA80 were characterized by FTIR. In the FTIR spectrum
of [BMIm]BF4 (Fig. 6), the absorption bands at 1172, 1470 and
1573 cm−1 are attributed to [BMIm]+ , and the absorption bands
at 1061 cm−1 are attributed to [BF4 ]− [38]. The weak absorption
centered near 1650 cm−1 is associated with the deformation vibration of the H O H bonds from the physisorbed water. A series of
FTIR spectra of 3TA80 were obtained over time. In the initial stage,
H2 TiO3 reacted with the mixture of H2 O2 and NH3 ·H2 O and then
was converted to peroxotitanate [76]. With the addition of the
IL, no obvious absorption bands associated with the ionic liquids
were observed, which was because of the low concentration of
the IL (Fig. 6b and c). At this stage, only a homogeneous yellowgreen solution was obtained. After the microwave irradiation, the
solution was transformed into a yellow slurry. As seen in Fig. 6d,
a broad absorption in the range of 400–800 cm−1 attributed to the
vibration of Ti–O, indicating the rapid generation of TiO2 in the ﬁrst
10 min. The absorption bands at approximately 1172, 1470 and
1573 cm−1 were preserved in Fig. 6d and e, indicating the presence
of trace [BMIm]+ at the surface of solid. However, the absorption
band at approximately 1061 cm−1 was split (Fig. 6d and e) and then
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not affect the optical absorption property of the TiO2 . To investigate
the inﬂuence of the F atoms on the absorption bands, 1-butyl-3methylimidazolium triﬂuoroacetate ([BMIm]AcF3 ) was used as the
reaction media and dopant in the preparation of N–F-co-doped TiO2
(without B). The DRS shown in Fig. S4 indicates that compared to
that of 0TA400, the energy band gap of the TiO2 obtained using
[BMIm]AcF3 does not decrease. Thus, we propose that the synergistic effect of nitrogen and ﬂuorine does not cause the red shift in
the absorption of N–TiO2 in this investigation.
Wu and co-workers found that B doping may lead to an increase
in the formation of oxygen vacancies, which is responsible for
the red-shifted optical absorption [70]. Some studies revealed that
intrinsic defects, including those defects associated with oxygen
vacancies, contribute to the absorption of light in the visible spectral region [71,72]. Kuznetsov and Serpone have proposed that the
commonality in these anion-doped titanium species is in the formation of oxygen vacancies and the advent of color centers that absorb
the visible light radiation [73]. Some reports have conﬁrmed that
F and B doping favors the formation of oxygen vacancies [23,58].
Therefore, we propose that the farther red shift of the IL-modiﬁed
TiO2 is attributed to oxygen vacancies, which may be a result of the
synergistic effect of N–B–F-tri-doping.
Fig. 5a also shows the absorption spectra of 3TA calcined at different temperatures. The visible light absorption of 3TA becomes
weaker with the increase of the annealing temperature, suggesting that the annealing temperature has a great effect on the UV–vis
absorption of 3TA. As shown in Fig. 5a, the carbonized IL is responsible for its strong visible light response, while 3TA was calcined at
300 ◦ C. There is an evident blue shift to the UV light region when
the annealing temperature increases to 500 ◦ C. With the increase
in temperature, the release of the doping nitrogen and ﬂuorine
is accelerated by oxidative reactions under the air atmosphere
[74,75]. Thus, the amount of the doping nitrogen and ﬂuorine in
the TiO2 crystal is lower than that of the sample calcined at 400 ◦ C,
resulting in a blue shift to the UV light region.
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Fig. 6. FTIR spectra of [BMIm]BF4 and the TiO2 produced (a) [BMIm]BF4 , (b) peroxotitanate (solution), (c) peroxotitanate with IL (solution), (d) microwave irradiated
10 min (solid), (e) 20 min (solid) and (f) 60 min (solid).

disappeared (Fig. 6f), indicating the breakage of the [BF4 ]− bond
during the microwave irradiation. Furthermore, at extended
irradiation time (Fig. 6d–f), a new absorption band at 1385 cm−1
was obtained, which indicated the present of a new chemical bond.
As reported previously [76], the absorption peaks near 1385 cm−1
could be assigned to B–N stretching vibrations. Because of the formation of B–N, the original B–F vibration was weakened and split.
On the basis of the experimental results, a possible mechanism
for the formation of the doped nano-TiO2 is proposed: at the early
stage of the reaction process, H2 TiO3 reacted with the mixture of
H2 O2 and NH3 ·H2 O and then was converted to peroxotitanate [76].
After adding the IL, the peroxotitanate reacted with [BF4 ]− to generate the B–N structure. Because the temperature rose rapidly as a
result of the strong microwave absorption of the IL, fast decomposition of H2 O2 in peroxotitanate occurred, achieving the fast growth
and cross-linking of the titanate [76]. Followed by the rapid growth
of the titanate, some nano-TiO2 crystals formed within several minutes. After calcination, amorphous TiO2 grew into crystals, and NH3
and the decomposed gas of the IL were released from the materials,
leading to the formation of the mesoporous structure.
In the formation process, it is thought that [BMIm]+ interacts
with bulk TiO2 through hydrogen bonds or electrostatic forces.
Then, the nano-TiO2 crystals are wrapped in the IL (see Fig. 1b).
This process would induce the arrangement of the [BF4 ]− anions
along the wall, which would pile up and stack, possibly through
– interactions or other noncovalent interactions between the
imidazole rings [49]. Then, micelles would form. In this process,
the IL played multiple roles. It not only served as the microwave
absorbent but also as the dopant. Furthermore, the IL showed the
ability to self-assemble under microwave irradiation, inhibiting the
growth of the TiO2 crystals.
3.7. Photocatalytic activity
Fig. 7a shows the visible-light-induced photocatalytic decomposition of MO with different amounts of the IL dopant and ETA400.
The photocatalytic reactions followed the Langmuir–Hinshelwood
pseudo-ﬁrst-order kinetics model when the initial dye concentrations of the reactants were low [51]. The kinetics equation can be
expressed as follows:
ln

C0
C0
= kt + ln
C
C1
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Fig. 7. Time-course variation of C/C0 for the MO solution over various samples.

where k is the pseudo-ﬁrst-order rate constant, C0 is the original
MO concentration (10 mg/L), C1 is the concentration after adsorption, and C is the concentration at reaction time t. The reaction
rate constants k shown in Table 3 were determined to compare the
photocatalytic abilities of these samples quantitatively. Almost no
degradation of MO on ETA400 was observed under visible light irradiation. The degradation rate of MO on 0TA400 under visible light
irradiation was also very low, which can be attributed to the fast
recombination rate of the electron holes with N doping alone. The
visible light photocatalytic activity of the IL-doped TiO2 is superior
to that of 0TA400, ETA400, and commercial P25 for the degradation
of MO. The reason for this result may be related to the synergistic
effect of N–B-co-doping, which causes the absorption edge extension to the visible light range and, thus, plays an important role
in improving the activity. When 3 g of the IL was added into this
system, the photocatalytic activity of the prepared sample 3TA400
reached a maximum value of k of 0.0173 min−1 . The equation ﬁtted for P25 TiO2 is y = 0.00023x + 0.01823, where k is 0.00023 min−1
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for P25, and the photocatalytic activity of 3TA400 is 75.2 times
greater than that of P25 during the degradation of MO. In addition,
an important step in the photocatalytic process is the adsorption
of reacting substances onto the surface of the catalyst [45,77]. The
mesoporous structure in the TA samples is good for the adsorption
of pollutants. It is seen from ln C0 /C1 in Table 3 that most of the TA
samples showed higher absorption ability than that of P25. Generally, for a chemical reaction (except for zero-order reaction), an
appropriate high absorption performance of catalyst to objective
reactant is beneﬁcial to its reaction rate.
Fig. S6 reveals a gradual decrease in the MO aqueous absorption
under visible light irradiation. There is a blue shift for its maximum
absorption wavelength, indicating there are intermediate products
formed during MO degradation. The corresponding TOC removal of
MO on 3TA400 at 100 min was 67.4%, which is lower than that of
the degradation yield of 84.2%. This result shows that the mineralization is also not complete. However, when the amount of the IL
exceeded 3 g, the photocatalytic activity of the samples decreased
with an increasing amount of the IL, indicating that the excess N,
B and F would become the recombination centers of the photoinduced electrons and holes, which is detrimental to photocatalytic
reactions.
The inﬂuence of the calcination temperature on the degradation yield of MO is shown in Fig. 7b, and the reaction rate constants
are shown in Table 3. It is known that both the crystal sizes and
the states of the doped atoms have an inﬂuence on photocatalysis
under visible light irradiation. As shown in Fig. 2 and Table 1, a
higher calcination temperature induces the formation of a larger
crystal size. Usually, the smaller the crystal size, the higher the
activity of TiO2 . However, the performance of 3TA400 is better than
that of 3TA300, although the latter has a smaller crystal size. However, the activity of 3TA400 is higher than that of 3TA500, which is
due to the decrease of the doping elements in the TiO2 at higher calcination temperatures. In this case, the Ti–B–N structure acts as an
efﬁcient co-catalyst, which narrows the band gap by elevating the
valence band edge. The presence of F ions physically adsorbed on
the TiO2 surface can transfer the photo-induced electrons effectively. When the calcination temperature increases, the Ti–B–N
structure is partly destroyed and the adsorbed F ions decrease (see
Fig. 3b), which lowers the catalytic activity.
To investigate the universality of the prepared samples, RhB, OG
and RX were selected as pollutants to evaluate the photocatalytic
activity of 3TA400. The time-course variation of C/C0 for the dye
solutions over samples 3TA400 and P25 and the rate constants k
obtained are shown in Fig. S7 and Table S1, respectively. In comparison to P25, 3TA400 exhibits signiﬁcantly enhanced photocatalytic
activity for the decomposition of all the dyes under visible light.
However, compared to the degradation of MO, P25 shows higher
catalytic ability in the degradation of RX, RhB, and OG. The reason for this observation is that the dyes RX, RhB, and OG are
photosensitive on P25 under visible light irradiation, while MO
is not.

Table 3
Pseudo-ﬁrst-order kinetics for the photocatalytic degradation of MO with the various samples.
Sample

Fitted equation

Reaction rate constant, k (min−1 )

Correlation coefﬁcient, R

0TA400
1TA400
3TA400
5TA400
10TA400
P25
ETA400
3TA300
3TA500

y = 0.0014x + 0.01415
y = 0.0061x + 0.02065
y = 0.0173x + 0.04975
y = 0.0148x + 0.05648
y = 0.0083x + 0.13225
y = 0.00023x + 0.01823
y = 0.000006x + 0.00011
y = 0.0075x + 0.10635
y = 0.0047x + 0.02457

0.0014
0.0061
0.0173
0.0148
0.0083
0.00023
10−6
0.0075
0.0047

0.9972
0.9963
0.9968
0.9956
0.9973
0.9965
0.9921
0.9943
0.9911
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Fig. 8. Photoluminescence spectra of different samples.

Because 3TA400 exhibits the highest photocatalytic activity,
the durability of the prepared photocatalysts and the surface
oxygen defects were investigated. The cyclic stability tested on
photocatalytic decomposition of MO is shown in Fig. S8. No signiﬁcant decrease in its photocatalytic oxidation activity was observed
after 6 uses. The surface oxygen defects of the recycled 3TA400
were detected by ESR (Fig. S9). The paramagnetic oxygen vacancy
at g = 2.004 was obvious in these recycled samples (3 times and 6
times), indicating its highly stability in air.
3.8. PL analysis
PL emission spectra have been widely used to investigate the
efﬁciency of charge carrier trapping, migration and transfer and to
understand the fate of electron–hole pairs in semiconductor particles. It is known that PL emission results from the recombination
of excited electrons and holes. A lower PL intensity may indicate a
lower recombination rate of electron–holes under light irradiation
[78]. Fig. 8a shows the PL spectra of TA400 with different amounts
of the IL dopant. 0TA400 has the highest intensity among these
samples, implying the fastest recombination rate of the electrons
and holes. After the IL was introduced, the intensity of the PL emission decreased. This result indicates the recombination of charge
carriers is effectively suppressed. It is reported that the formation
of Ti3+ species in doped TiO2 may accelerate the recombination of
photogenerated hole and electron pairs [60]. The synergistic effects
of N and B doping hinder the conversion of the Ti species from
Ti4+ to Ti3+ , which suppresses the recombination of charge carriers.
In addition, the emission intensity is closely related to the calcination temperatures. As shown in Fig. 8b, the emission intensity
of 3TA increased with increasing calcination temperatures. Combined with the XPS analysis, we think that the increase in the

photoluminescence intensity is the result of the replacement of N
and F by O during the calcining process. Yu et al. found that because
ﬂuorine is the most electronegative element, its adsorption on the
surface of TiO2 can attract photo-generated electrons and reduce
the recombination rate of the photo-generated electrons and holes
[79]. Cong et al. found that the doping of nitrogen in the TiO2 lattice led to the efﬁcient quenching of the photoluminescence [80].
In this study, the effective quenching of the photoluminescence
can be attributed to the synergistic effect of the dopant elements.
One of the synergistic effects of B and N doping that hinders the
conversion of Ti species from Ti4+ to Ti3+ is the suppression of the
recombination of the charge carriers. Another is that the photogenerated electrons transferred on the conduction valance band
can be attracted to the F adsorbed on the surfaces of TiO2 , which
reduces the recombination rate of the photo-generated electrons
and holes. Therefore, the synergistic effects of N–F–B-co-doping
lead to improved electron–hole separation.
3.9. Photocatalytic mechanism of tri-doped TiO2 under visible
light irradiation
Liu et al. found that N–B-co-doping introduces more surface
electronic states and changes the gaps between these states [26],
which may have an important inﬂuence on the lifetime of the excitations. In this research, N, B and F are simultaneously doped in the
TiO2 . The high visible light photocatalytic activity may be related
to the synergistic effects of N–B–F-tri-doping. In the XPS spectra,
the peaks at the BE of 190.5 eV for B1 s and 398.0 eV for N1 s verify
the Ti B N bond. Furthermore, the doping of B2p and N2p states
will effectively lead to decrease in the energy band gap of TiO2 .
In regards to the F doping, ﬂuorine is the most electronegative element. It is adsorbed on the surfaces of TiO2 and can attract
photo-generated electrons, which can reduce the recombination
rate of the photo-generated electrons and holes, and improve
the photocatalytic activity [79]. Minero et al. have reported that
the surface modiﬁcation of the TiO2 with ﬂuorine results in the
enhanced production of free • OH radicals in solution [81]. In this
study, Fig. 9a shows the • OH-radical-trapping ﬂuorescence spectra of the TA solution under visible light irradiation. The amounts
of the • OH radicals produced increases with increasing irradiation
time. It is also observed that the highest amount of • OH radicals
are created over 3TA400. To further conﬁrm the free • OH radicals
in solution, ESR/DMPO spin trapping experiments were also carried out to detect the • OH radicals [48,82]. As shown in Fig. 9b,
after visible light irradiation, the characteristic peaks of DMPO• OH are observed for 3TA400, while the peaks of 0TA400 and
3TA500 are lower. The result of the ESR/DMPO spin trapping experiments is consistent with the ﬂuorescence technique. These results
demonstrate that the surface modiﬁcation of TiO2 with ﬂuorine
can improve the separation efﬁciency of the electron–hole pairs
and enhance the production of free • OH radicals because there are
more uncombined holes that can react with water or hydroxyl ions
to form • OH radicals.
To further investigate the effect of the F ions, another active
species, the • O2− anion, was also detected through ESR/DMPO spin
trapping experiments using dimethyl sulphoxide (DMSO) as the
solvent instead of water [48]. As shown in Fig. 9c, • O2− signals are
observed in 3TA400 and 3TA500, which demonstrate that adsorbed
F ions did not obviously affect the formation of • O2− . However, the
• O2− and • OH signals in 0TA400 are all signiﬁcantly lower than
those in 3TA400 and 3TA500, which are due to the synergistic effect
of N–B-codoping in 3TA.
To detect the main oxidative species in the photocatalytic process, radical and hole scavenger experiments were conducted using
t-BuOH (• OH scavenger), AgNO3 (e− scavenger) and EDTA-2Na (h+
scavenger) [83,84]. As shown in Fig. 10, in the 3TA400 system,
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different samples, (b) ESR spectra of DMPO-• OH adducts after irradiation for 5 min
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the addition of t-BuOH only causes a small decline in the photodegradation of MO. On the contrary, the addition of EDTA-2Na
suppresses the photocatalytic activity of 3TA400 greatly. Moreover,
AgNO3 has a small accretion effect on the photo-degradation of MO.
The results suggest that the holes are the main oxidative species,
• OH radicals are the minor reactive species, and • O2− has no effect
on the degradation of MO.
There are two routes to obtain • OH radicals, as shown in Eqs.
(1) and (3). In this study, the results that addition of AgNO3 as
electrons scavenger improved the catalytic efﬁciency and that the
almost same • O2− amount did not generate same • OH amount
shown in Fig. 9 indicate that • OH radicals should not be generated
through Eqs. (1) and (2). On the other hand, the valence band edge
potentials of N 2p are located at 2.45–2.70 eV calculated from the
Eg of doped TiO2 (2.75–3.00 eV) and the conductive band of Ti3d
(−0.30 eV), which are more positive than the standard reduction
potential of • OH/H2 O (2.27 eV) [85], indicating the h+ can reacts
with H2 O adsorbed on the surface of catalysts to produce • OH radical (shown as Eq. (3)), which is consistent with previous researches
[86,87]. Based on the results presented above, the proposed mechanism for the photocatalytic degradation of MO under visible light
is shown in Scheme 1.
e− + O2 → O2 •−

(2)

O2 •− + 2H2 O → 2• OH + 2OH− + O2

(3)

h+ + H2 O → H+ + • OH

(4)

Scheme 1. Possible visible light photocatalytic mechanism for the synergistic effect of N–B–F-tri-doped TiO2 .
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4. Conclusions
A facile and green method was developed for the simultaneous doping of nitrogen, boron and ﬂuorine in TiO2 by H2 TiO3
via a microwave-assisted route. In addition to the reaction
media (including the microwave absorbent), the ionic liquid (IL)
[BMIm]BF4 served as the dopant. N doping occurred through the
addition of NH3 ·H2 O, and B and F originated from the [BMIm]BF4
IL. Furthermore, the IL also displayed the ability to self-assemble
under microwave irradiation, which made it an inhibitor of the
growth of the TiO2 particles. As a result, the TiO2 obtained exhibited small crystal size, high BET surface area and a mesoporous
structure, which are beneﬁcial to the adsorption of pollutants on
the surface of the photocatalysts as well as the photocatalytic
activity. In the preparation method, the optimum weight ratio of
the IL to H2 TiO3 was 3:1, and the calcination temperature was
400 ◦ C. Under the experimental conditions, the N–B–F-tri-doped
TiO2 obtained exhibited the highest photocatalytic ability in the
decomposition of methylene blue under visible light irradiation,
which was 75.2 times greater than that of commercial P25 TiO2 ,
as evaluated using pseudo-ﬁrst-order kinetics rate constants. The
doped TiO2 also exhibit excellent visible light photocatalytic activity in degradation of rhodamine B, Orange G, and reactive red X. The
enhanced visible-light activity mainly originated from the synergistic effects N–B–F-tri-doping and the large speciﬁc surface area.
N–B-co-doping decreased the band gap of the TiO2 from 3.2 eV to
2.78 eV, which facilitated its absorption of visible light. F-doping
beneﬁted the electron transfer in the process. The large speciﬁc surface areas caused by the inhibition of the IL on the growth of the TiO2
crystals in the calcination process improved the adsorption of the
pollutants. These factors resulted in excellent visible-light photocatalytic activity for the N–B–F-tri-doped TiO2 catalysts prepared.
This study presents a simple strategy further to improve the visiblelight activity and quantum yield of TiO2 using an IL. We hope that
this study can contribute to photocatalysis research and presents a
new application of ILs in the preparation of nanomaterials.
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