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Facile synthesis of N-doped TiO2 nanosheets with exposed (001) facets 
for enhancing photocatalytic activity 
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Nitrogen-doped TiO2 with exposed (001) facets was prepared by hydrothermal method 
using TiN as precursor. The effect of the proportion of HF and HCl on the crystal structure, 
morphology, optical properties and photocatalytic activity were investigated. The 
photocatalytic performance of N-doped TiO2 nanosheets was evaluated by the degradation 
of methylene blue (MB) under xenon lamp light source. The results showed that TiO2 
demonstrated nanorod structure with a single rutile phase in the absence of HF while 
anatase TiO2 exhibited nanosheet structure with exposed (001) facets in the presence of HF. 
With the increase of HF addition, the degradation rate of the N-doped TiO2 decreased 
gradually. When the addition of HF was 1 mL, TiO2 showed the highest photocatalytic 
activity, which was mainly attributed to the large specific surface area and optimal 
percentage of exposed (001) facets. 
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1. Introduction

TiO2 has been known as one of the best photocatalysts due to its unique properties, such as 
chemical stability, non-toxicity, and low cost, which is widely applied in photocatalytic 
degradation of organic pollutants, hydrogen production, self-cleaning glass and solar cells [1-4]. 
However, the large bandgap (3.2 eV) of anatase TiO2 with low utilization of sunlight and fast 
recombination of photogenerated electron-hole pairs greatly limit its practical application [5-7]. 
Recently, many researchers [8-11] focus on improving activity of TiO2 through controlling the 
growth process of TiO2 with exposed facets，which has been regarded as a promising strategy to 
tune the charge separation and charge-involving chemical reactions [12]. It is well known that 
during the crystal growth of anatase TiO2, the most exposed facets are (101) facets with a low 
surface energy (0.44 J/m2) and poor activity [13]. Since Yang et al. [14] first synthesized single 
crystal anatase TiO2 sheets with 47% (001) facets of a higher surface energy (0.90 J/m2), several 
research groups have attempted to increase the ratio of exposed (001) facets, which is beneficial to 
enhance the photocatalytic activity of TiO2. Among these reports [15-19], anatase TiO2 with 
exposed (001) facets can be synthesized using Ti(OBu)4, TiF, TiO2 powder, Ti powder, Ti foil as 
raw materials and HF as a capping agent, which may have no visible light response.  
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To enhance visible light absorption of TiO2, in this work, N-doped TiO2 nanosheets with 
exposed (001) facets were synthesized by a facile route of one-step hydrothermal method without 
any calcining, employing TiN as precursor. Moreover, according to the previous literatures [20-22], 
fluorine plays an important role in the growth of anatase TiO2 while chlorine promotes the growth 
of rutile TiO2. To our best knowledge, there are few reports on the combined action of F- and Cl- 
during the hydrothermal process. Herein, using TiN as titanium source, the crystal structure and 
size of N-doped TiO2 nanosheets were controlled through adjusting the proportion of HCl and HF 
addition. The effect of F ions ratio on the crystal structure, morphology, surface area, absorption 
ability and photocatalytic activity of TiO2 nanosheets were systematically investigated. 

 
 
2. Experimental 

 
2.1. Preparation 
The N-doped TiO2 samples were prepared by hydrothermal method using nano titanium 

nitride (Aladdin) as precursor. In a typical synthesis, 1.8 g of TiN powder were dispersed in 26 mL 
deionized water, followed by adding different volume ratios of HF and HCl (shown in Table 1) 
with continuous stirring for 30 min. The mixture was transferred into a 50 mL Teflon-lined 
stainless autoclave and heated at 200 ℃ for 18 h. After cooling down to room temperature, the 
product was centrifugation and washed with deionized water and ethanol for several times. Finally, 
the N-doped TiO2 samples prepared with different HF additions (1, 2, 3 mL) were obtained by 
drying in an oven at 80 ℃, which were labeled as TF1, TF2, TF3, respectively. For comparison, 
TiO2 samples were also hydrothermally synthesized without HF or HCl, and labeled as TF0 and 
TF4, respectively.  

 
2.2. Characterization 
Crystal structure of the samples was characterized by X-ray diffractometer (XRD, 

DX-2700B) with Cu Kα radiation. The surface morphology and microstructure of the samples 
were measured using a scanning electron microscope (FESEM, SU8220, Hitachi) and a 
high-resolution transmission electron microscope (HRTEM, Tecnai G2 F20, FEI). The chemical 
state and XPS valence band were detected by X-ray photoelectron spectroscopy (XPS, ESCALAB 
Xi+, Thermo Fisher Scientific). The Brunauer-Emmett-Teller (BET) surface area was determined 
using a nitrogen adsorption apparatus (V-sorb 2800P, Gold APP). UV-vis diffuse reflectance 
spectra (DRS) were recorded on a UV-Vis spectrophotometer (UV-3600, Shimadzu) using BaSO4 
as reference material. Photoluminescence (PL) emission spectra were analyzed using a 
fluorescence spectrophotometer (F-4600, Hitachi) with excitation wavelength of 300 nm. 

 
2.3. Photocatalytic activity test 
The photocatalytic properties of the N-doped TiO2 nanosheets were evaluated by 

measuring the degradation of methylene blue (MB) with a 350 W xenon lamp. 0.2 g of 
photocatalyst was added into 100 mL MB aqueous solution with an initial concentration of 10 
mg/L and then ultrasonic dispersed uniformly. Before irradiation, the mixed solution was stirred 
continuously in the dark for 30 min to reach adsorption-desorption equilibrium. Then 4 mL of 
suspension solution was taken out from the reactor at every 30 min interval during the irradiation. 
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After centrifugation, The MB concentration was determined by a UV-vis spectrophotometer 
(UV-6100A, Shanghai Metash). 

 
 
3. Results and discussion 
 
3.1. XRD analysis 
The XRD patterns of TiO2 derived from the TiN precursor with different proportions of 

HF and HCl are shown in Fig. 1. It is clear that the TiN precursor exhibits cubic phase and no TiN 
can be observer after hydrothermal process, indicating TiN precursor has been oxidized completely. 
Furthermore, all TiO2 samples display well-crystallized structure without calcining. As shown in 
Fig. 1, TiO2 samples are pure anatase phase (JCPDS No. 21-1272) in the presence of HF. With 
increasing addition of HF, the intensity of diffraction peaks become stronger and sharper, which is 
ascribed to the fact that fluorine ions could improve the crystallinity of anatase TiO2 [23]. 
Additionally, all peaks of TF0 sample are assigned to rutile phase (JCPDS No. 21-1276) in the 
presence of HCl alone, which is in good agreement with previous report [24]. The average 
crystalline size of TiO2 can be calculated by Scherrer formula [25] and the results are listed in 
Table 1. The crystalline size of rutile phase is larger than that of anatase phase. Particularly, the 
crystalline size of anatase TiO2 nanosheets increases with the increasing ratio of HF. This result is 
consistent with previous report that surface fluorination and an acidic synthesis condition can 
enhance the growth and crystallization of TiO2 [26]. 

 

 
 

Fig. 1. XRD patterns of TiN powder and TiO2 prepared by different HF additions.  
 

Table 1. The crystalline size of different samples. 
 

Sample V HF (mL) V HCl (mL) Phase Crystalline size (nm) 
TF0 0 4 Rutile 45.96 
TF1 1 3 Anatase 27.48 
TF2 2 2 Anatase 31.70 
TF3 3 1 Anatase 43.75 
TF4 4 0 Anatase 46.28 
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3.2. Morphology characterization  
Fig. 2 shows the SEM images of TiN precursor and synthesized TiO2 samples. As shown 

in Fig. 2a, the purchased TiN precursor is nanoparticles with a particle size of about 25 nm. When 
TiO2 was prepared in the absence of HF, TF0 sample (Fig. 2b) demonstrates nanorod structure, 
which is mainly attributed to the fact that HCl can promote the formation of rutile TiO2 nanorods 
[27]. Different from the growth of TiO2 nanorods, with the addition of HF, anatase TiO2 samples 
(Fig. 2 c-f) show a typical structure composed of a large number of uniform nanosheets. Obviously, 
the particle size of TiO2 increases with the increase of HF. Meanwhile, the side length and the 
sheet thickness of nanosheets increase.  
 

 
 

Fig. 2. SEM images of the prepared samples: (a) TiN, (b) TF0, (c) TF1, (d) TF2, (e) TF3 and (f) TF4. 
 
 

 
 

Fig. 3. TEM images of (a) TF0, (c) TF1 and (e) TF4 samples and corresponding HRTEM images (b, 
d, f), respectively; the schematic illustration of TiO2 nanorods (g) and TiO2 nanosheets (h). 
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More details of TiO2 samples are determined by TEM. As shown in Fig. 3a, the length and 
diameter of TiO2 nanorods (TF0) is around 300 nm and 100 nm, respectively. In the HRTEM 
image (Fig. 3b), the lattice spacing of 0.319 nm, corresponding to (110) planes, further confirms 
the rutile phase of TiO2. It can be inferred that TiO2 nanorods prepared in this study are exposed 
large (110) and small (111) facets and the schematic illustration of rutile TiO2 facets is shown in 
Fig. 3g. Fig. 3c shows TEM image of TF1 sample which is consisted of well-defined nanosheets 
with a side size of about 50 nm. The lattice spacing of 0.348 nm can be obtained from Fig. 3d, 
which corresponds to the (101) planes of anatase TiO2. As clearly seen in Fig. 3e, the side size of 
TF4 sample is much larger than that of TF1 sample. The crystal plane of 0.238 nm and 0.350 nm 
can be observed in Fig. 3f, which confirms the exposed (001) facets and (101) facets of anatase 
TiO2 nanosheets. In addition, an angle of 68.6° is obviously observed, which is consistent with the 
theoretical value for the angle between (001) facets and (101) facets of anatase TiO2 [28]. The 
schematic illustration of anatase TiO2 facets is shown in Fig. 3h. Notably, it is found that the 
percentage of exposed (001) facets on the TiO2 nanosheets increases with increasing of HF 
addition. The TEM results are in good agreement with SEM results. According to the previous 
study [29], anatase TiO2 with co-exposed (001) facets and (101) facets can be obtained by adding 
HF only during the hydrothermal process. In this work, TiO2 nanosheets were prepared in a 
mixture of HF and HCl. For TF1 sample, only 1 mL of HF was added while the addition of HCl 
was 3 mL. The result reveals that fluorine ions play a key role in the formation of TiO2 nanosheets 
with exposed (001) facets in the co-existence of HF and HCl, instead of chloride ions.  

 
 

 
 

Fig. 4. The specific surface area of various samples.  
 

 
The BET specific surface area of different TiO2 samples has been measured and the result 

is shown in Fig. 4. Owing to the nanosheet structure, TF1 sample shows the largest specific 
surface area of 53.3 m2∙g-1. With further increase in HF, the surface area of TF4 sample decreases 
to 10.2 m2∙g-1. As expected, the specific surface area of TF0 sample is smaller, which matches well 
with XRD and SEM results. 
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3.3. XPS analysis 
XPS measurement was used to investigate the surface chemical composition of the 

samples. The XPS spectra of TF1 sample prepared in the presence of 1 ml HF and 3 ml HCl are 
demonstrated in Fig. 5. The full survey XPS spectrum (Fig. 5a) indicates that TF1 sample is 
mainly composed of Ti, O, and N elements. From the XPS spectra of Ti 2p in Fig. 5b, the two 
peaks at binding energy of 464.3 and 458.6 eV are assigned to Ti 2p1/2 and Ti 2p3/2, respectively, 
revealing the existence of Ti4+ in anatase TiO2. As shown in Fig. 5c, the O 1s spectra can be 
divided into three peaks at the binding energy of 532.5, 530.7 and 529.8 eV, which are ascribed to 
surface hydroxyl group (O–H), O–N bond and Ti–O bond in TiO2 [30]. The high-resolution 
spectra of N 1s (Fig. 5d) can be deconvoluted into three peaks at 402.5, 399.5 and 396.3 eV. The 
first peak may be attributed to the molecularly chemisorbed N species on the sample surface [31]. 
The characteristic peak of N 1s at 399.5 eV corresponds to the interstitial N atoms in TiO2 lattice 
in the form of Ti–O–N while the peak at 396.3 eV is associated with the Ti–N bond as a result of 
substitutional nitrogen in the TiO2 lattice [32, 33]. The above XPS results clarify the successful 
doping of nitrogen into TiO2. 

 

 
 

Fig. 5. XPS spectra of TF1 sample: (a) survey spectrum, (b) Ti 2p, (c) O 1s, and (d) N 1s. 
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3.4. Optical properties and photocatalytic performance 
The optical properties of the catalysts can be characterized by UV-vis diffuse reflectance 

spectra. As can be seen in Fig. 6, the HF addition has little influence on the energy band of TiO2 
and the optical absorption edge of samples is around 410 nm, which indicates that N doping is an 
effective method to extend light absorption of TiO2. 

 

 

Fig. 6. UV-visible diffuse reflectance spectra of TiO2 samples prepared with various HF contents.  
 

 
   Fig. 7. UV-vis absorption curves of MB dye over the TiO2 prepared with different HF volumes: (a)TF0, 

(b)TF1, (c) TF2, (d) TF3, (e) TF4. 
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The photocatalytic activity of N-doped TiO2 samples were investigated by degradation 
MB dye. The UV-vis absorption spectra of MB dye versus irradiation time are illustrated in Fig. 7. 
It is clear the absorbance of MB decreases gradually with the increase of irradiation time, 
suggesting the removal of MB dye. It is worth to notice that the MB has been nearly degraded 
after 60 min when the sample prepared with 1 ml HF and 3 ml HCl.  

 

 
 

Fig. 8. Comparison of photocatalytic activity of TiO2 prepared by different HF additions. 
 

 
Fig. 8 compares the photocatalytic efficiency of N-doped TiO2 samples. TF1 sample 

exhibits the highest degradation efficiency of 100% within 90 min and the removal efficiency 
decreases gradually with the increase of the volume of HF. After 2 h irradiation, the MB 
decolorization efficiency of TF2, TF3 and TF4 catalysts is 88.5%, 73.1% and 50.7% respectively. 
The superior photocatalytic activity is attributed to exposed (001) crystal plane of N-doped TiO2 
nanosheets. Moreover, the photocatalytic efficiency follows the trend of specific surface area. The 
higher surface area can provide more surface active sites for the adsorption of reactant molecules 
[34], resulting in the improvement of removal rate. For comparison, the photocatalytic 
performance of TF0 sample is also tested. After irradiation of 120 min, 94.2% of MB can be 
removed, which indicates that rutile TiO2 with exposed (110) facets in this work demonstrates 
excellent photocatalytic activity.  

 

 
 

Fig. 9. PL spectra of TiO2 samples synthesized with various HF additions. 
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Photoluminescence spectroscopy is usually used to explore the separation efficiency of 
photogenerated charge carriers of semiconductor materials. Fig. 9 shows the PL signals of 
N-doped TiO2 samples with different HF contents excited at 320 nm. In general, the PL intensity 
strongly depends on the recombination rate of photogenerated electron-hole pairs and the lower PL 
intensity implies the lower recombination rate of charge carriers and the higher photocatalytic 
activity of catalysts. It is obvious that the intensity of fluorescence emission peak decreases 
gradually with increasing HF content. However, the MB degradation efficiency of N-doped TiO2 
samples decreases with increasing HF addition while the PL intensity becomes weaker in this 
study. These incompatible results may be ascribed to the decreased particle size and the quantum 
confinement effect [35]. Therefore, an appropriate amount of F ions can significantly reduce the 
recombination rate of photoinduced electron-hole pairs in TiO2 and the particle size plays an 
important role in the charge separation efficiency. 
 

3.5. Mechanism of photocatalytic degradation 
In order to further explore the photocatalytic mechanism of N-doped TiO2 nanosheets, 

the band structure of TF1 is analyzed. According to the UV-vis DRS (Fig. 6), the bandgap of 
the sample can be calculated by the following formula [36]: 

 

( )2
 gah A h Eυ υ= −  

 
where α, h, v, A, and Eg represent absorption coefficient, Planck constant, light frequency, a 
constant and bandgap energy, respectively. The estimated bandgap energy of TF1 is 3.01 eV, a 
little smaller than pure TiO2 of 3.2 eV [37], which is due to the introduction of N that narrows the 
bandgap of TiO2, leading to higher light harvest capacity. 

The valence band (VB) of the TF1 is measured by X-ray photoelectron spectroscopy and 
the VB value is 2.60 eV (Fig. 10b). The final VB position versus normal hydrogen electrode (NHE) 
can be calculated by the following formula [38]: 

 

4.44NHE VLE E= Φ + −  

 
where ENHE, Φ and EVL are the potential of normal hydrogen electrode, electron work function of 
the instrument (4.6 eV) and the potential of vacuum level, respectively. Consequently, the actual 
VB potential of TF1 can be determined as 2.76 eV. Thus, the conduction band (CB) value of 
-0.25 eV is obtained. The band structure and the photocatalytic degradation mechanism are 
illustrated in Fig. 10c.  
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Fig. 10. (a) bandgap and (b) XPS valence band of TF1 catalyst; (c) photocatalytic degradation mechanism 

of MB dye. 
 

 
The potential of CB is more negative, then the photogenerated electrons in the CB could 

reduce O2 to O2
− radicals. Meanwhile, the VB potential is more positive than the standard 

oxidation potential of H2O/OH (+2.72 eV vs. NHE), thus generating OH radicals [39]. 
Additionally, a part of holes in the VB may directly oxidize MB dye. Hence, the N-doped TiO2 
nanosheets not only promote the separation and transfer of photogenerated electron-hole pairs, 
but also maintain the strong redox ability in the photocatalytic reaction, which is suitable for the 
decomposition of MB dye. 

 
 
4. Conclusion 
 
N-doped TiO2 nanosheets with a high percentage of exposed (001) facets were 

synthesized by one step hydrothermal method using TiN as precursor in the presence of HCl and 
HF. The results showed that fluorine ions can affect the crystal structure, grain size and surface 
morphology and the photocatalytic performance of TiO2. The MB removal efficiency decreased 
with increasing HF addition. When the proportion of HF and HCl was 1:3, MB dye could be 
completely degraded by TiO2 nanosheets within 90 min due to larger specific surface area. This 
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work provides a new route for the syntheses of N-doped TiO2 nanosheets with higher 
photocatalytic activity. 
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