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Abstract

:

Nitrogen doping in combination with the brookite phase or a mixture of TiO2 polymorphs nanomaterials can enhance photocatalytic activity under visible light. Generally, nitrogen-dopedanatase/brookite mixed phases TiO2 nanoparticles obtained by hydrothermal or solvothermal method need to be at high temperature and with long time heating treatment. Furthermore, the surface areas of them are low (<125 m2/g). There is hardly a report on the simple and direct preparation of N-doped anatase/brookite mixed phase TiO2 nanostructures using sol-gel method at low heating temperature. In this paper, the nitrogen-doped anatase/brookite biphasic nanoparticles with large surface area (240 m2/g) were successfully prepared using sol-gel method at low temperature (165 °C), and with short heating time (4 h) under autogenous pressure. The obtained sample without subsequent annealing at elevated temperatures showed enhanced photocatalytic efficiency for the degradation of methyl orange (MO) with 4.2-, 9.6-, and 7.5-fold visible light activities compared to P25 and the amorphous samples heated in muffle furnace with air or in tube furnace with a flow of nitrogen at 165 °C, respectively. This result was attributed to the synergistic effects of nitrogen doping, mixed crystalline phases, and high surface area.
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1. Introduction


Heterogeneous photocatalytic processes involving TiO2 semiconductor particles have been shown to be a promising process for the treatment of dye effluents [1]. However, large band gap energy (3.2 eV) for anatase TiO2 limits its practical application for natural solar applications [2]. To develop more light-efficient catalysts, there is an urgent need to develop photocatalytic systems which are able to operate effectively under visible light irradiation. A number of systems have been reported to improve the visible-light activity of TiO2. Meanwhile, selecting the reasonable substrate and activity test are helpful to systematically and comprehensively assess the photocatalytic efficiency of the catalysts [3]. Nitrogen-doped (N-doped) TiO2 is one of the most typical examples of the visible-light photocatalysts, which is due to nitrogen doping can decrease the band gap energy and enhance the photoactivity of TiO2 in the visible spectral range [4,5]. However, the low reactivity and quantum efficiency of N-doped TiO2 limit its practical application [6,7].



On the other hand, TiO2 exists in three main polymorphs, which are anatase, rutile, and brookite [8,9]. Phase mixing is well recognized as the most promising strategy for quantum efficiency improvement, which can be due to the enhanced charge carrier separation [6,10,11,12,13,14]. Particularly, it has been proven that the mixed phase of anatase/rutile TiO2 has synergistic effects and higher photocatalytic activity as compared to pure phase of either in anatase or rutile [15,16]. In contrast to anatase/rutile biphasic nanoparticles which have been intensively studied, the photocatalytic study of brookite and its phase mixing is quite limited, though it has been reported that anatase/brookite mixed-phase TiO2 has higher activity in visible light than P25 [8]. The reason may be mainly due to the difficulties in synthesis [17]. For example, anatase–brookite composite nanocrystals were synthesized by a sonochemical sol-gel method at very high heating temperature (500 °C) [12,18]. Highly crystalline phase-pure brookite and anatase/brookite mixed-phase TiO2 nanostructures were synthesized via a simple hydrothermal method with titanium sulphide as the precursors in sodium hydroxide solutions [19]. Interestingly, anatase-brookite heterojunction TiO2 photocatalysts were purposefully tailored by introducing different glycine concentrations through hydrothermal treatment at 200 °C for 20 h [20].



It is expected that a strategy coupling a binary structure with nitrogen doping could bring enhanced photocatalytic properties of TiO2. Recently, N-doped anatase/rutile TiO2 nanoparticles have been designed and synthesized [19,21]. Anatase/brookite mixed-phase nitrogen-doped TiO2 nanoparticles were also synthesized by a facile solvothermal route [22]. Interestingly, nitrogen plasma treatment was employed to prepare N-doped nanoporous TiO2 with large surface area and high-crystalline anatase/brookite phase [23].



Generally, a semiconductor catalyst with large specific surface area is beneficial for efficient photocatalysis, while in most synthetic processes, TiO2 with the brookite phase or a mixture of TiO2 polymorphs obtained hydrothermally at high temperature and with long time heat treatment have low surface area [14,19,23,24]. Hence, it is challenging to synthesize N-doped anatase/brookite TiO2 photocatalyst with large surface area and enhanced visible light activity at low temperature via simple and direct synthetic method.



Sol-gel is one of the most prominent methods used to prepare mixed phases of anatase/rutile TiO2 nanoparticles due to its simplicity and low equipment requirements. However, there are few reports on the simple and direct preparation of N-doped anatase/brookite mixed phase TiO2 nanostructures using sol-gel method at low heating temperature [15,16]. The goal of the present work is to synthesize anatase/brookite biphasic TiO2 nanoparticles by direct introduction of nitrogen in TiO2 lattice crystal during the sol-gel preparation at low temperature. In this work, the degradation of methyl orange (MO) in aqueous solution under visible light irradiations was selected to test the enhanced photocatalytic efficiency. It has been reported that amorphous TiO2 or a mixture composed of crystalline and amorphous TiO2 has high activity for the photocatalytic degradation of pollutants [25,26]. However, synthesized nitrogen-doped anatase/brookite biphasic nanoparticles of this work exhibited much higher photocatalytic efficiency than the prepared amorphous samples.




2. Results and Discussion


2.1. Syntheses and Characterizations


The synthesis process of this work was modified from a typical sol-gel method by using HNO3-catalyzed hydrolysis step of titanium tetraisopropoxide (TTIP) to reduce the hydrolysis rates [27]. Generally, heating is required to prepare crystalline TiO2. If low heating temperature in the range of 180–200 °C was employed in hydrothermal or solvothermal method, longer time (3–48 h) would be needed. Nevertheless, the obtained TiO2 samples still have low surface area (<125 m2/g) [18,21,23]. Moreover, a supercritical drying process was often used in the conventional sol-gel method [28]. By contrast, herein the aged gels were heated under nitrogen atmosphere with a much lower final autogenous pressure (about 350 psi), heating temperature (165 °C), and shorter heating time (4 h).



The crystal structures of sample NA-185 and NA-165 with anatase and brookite phases were identified by X-ray diffraction (XRD), as shown in Figure 1. The diffraction peaks of 2θ values at 25.3°, 37.8°, 48.1°, 54.9°, 62.8°, 69.8°, 75.4°, 82.8° are assigned to the (101), (004), (200), (204), (220), (215), and (224) planes of anatase TiO2 (JCPDS 21-1272). Due to the overlapping of the planes of brookite (120), brookite (111), and anatase (101), the existence of the brookite phase was determined by the brookite (121) plane at 30.8° (JCPDS 29-1360). Both NA-145 and HA-165 are phase-pure anatase. From the XRD peak intensities [29], the brookite phase contents of sample NA-185 and NA-165 were calculated to be ~10% and ~6%, respectively. The crystal size was calculated by Scherrer equation (Table 1).



The morphology and particle size of the samples revealed by Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) analysis (Figures S1 and S2). NA-185, NA-165, NA-145, and HA-165 all show aggregates consisting of small spheroidal nanoparticles with average size of approximately 6–8 nm, which was in agreement with the results calculated by Scherrer equation. To further confirm the existence of anatase and brookite phases, high-resolution TEM (HRTEM) analysis of NA-165 was performed. As shown in Figure 2a,b, the lattice fringes of 0.35 nm and 0.29 nm match the anatase (101) and brookite (121) plane, respectively. The results are in agreement with the XRD observations.



The X-ray photoelectron spectroscopy (XPS) measurements reveal the surface compositions and chemical states of the samples with the presence of N, O, Ti, and C. The N 1s peak of NA-165 at 400.1 eV can be attributed to the interstitial nitrogen in the form of Ti-O-N or Ti-N-O bonds (Figure 3a) [30]. Moreover, the Ti 2p2/3 and Ti 2p1/2 core levels were located at 458.4 and 464.2 eV (Figure 3b), which shift toward lower binding energies as compared to the reported pure TiO2 due to the nitrogen doping [31]. The nitrogen doping percentages of NA-185, NA-165, NA-145, and HA-165 were 0.66, 0.63, 0.73, and 0.52 at.%, respectively. Since the nitrogen content of NA-165 prepared under N2 using HNO3 as catalyst is higher than that of HA-165 prepared under N2 via the similar method under N2 but using HCl instead of HNO3 as catalyst, it implied that the nitrogen source in NA-165 may be from both N2 and HNO3 [22,32]. The O 1s XPS spectra of NA-165 shown in Figure 3c displays two peaks at 530.2 and 531.8 eV, which was attributed to the Ti–O bond and Ti-O-N or Ti-N-O, respectively [33]. The XPS results along with XRD patterns and HRTEM images reveal that nitrogen-doped anatase/brookite biphasic nanoparticles were successfully synthesized.



The nitrogen adsorption-desorption isotherms shown in Figure S3 are all Type IV, implying that the samples may have mesoporous structures. The surface areas, average pore size, and pore volumes of the samples are summarized in Table 1 and Table S1. Obviously, the surface areas of the biphasic samples changed little with the increase of heating temperature, since the surface areas of NA-145, NA-165, and NA-185 were 249, 240, and 239 m2/g, respectively. HA-165 prepared using HCl instead of HNO3 as catalyst had lower surface area (216 m2/g). Compared with other methods, the employed heating temperature of this work was much lower, and the heat treatment time was shorter. Nevertheless, the surface area of NA-165 was also much higher than those of many other types of nitrogen-doped anatase/brookite biphasic TiO2 except for the one treated with nitrogen plasma [22].



The UV-vis diffuse reflectance spectra of NA-185, NA-165, NA-145, and HA-165 are shown in Figure 4 using P25 as a control group. The absorbance of the N-doped samples was stronger than that of P25 in the visible light region. The band gap energies of NA-185, NA-165, NA-145, HA-165, and P25 were 3.05, 3.03, 3.01, 3.09, and 3.12 eV, respectively, which were calculated from Equation (1):


Eg = 1240/λ,



(1)




where Eg and λ are the band gap energy (eV) and wavelength of adsorption edge (nm), respectively. The narrower band gap and stronger visible-light response of the samples can be ascribed to the effect of the nitrogen doping [3,31]. Among the two biphasic samples, the band gap energies were increased with increasing brookite content. The reason may be due to the band gap of brookite is larger than anatase [18].




2.2. Photocatalytic Activity


The visible light photocatalytic activities of as-prepared samples were tested by photodegradation of MO (10 mg/L). For comparison, we have also studied the photocatalytic activities of P25 and the two samples prepared with the similar sol-gel method but heated at 165 °C in a muffle furnace with air (MF-165) or a resistance-heated tube furnace with a flow of nitrogen (TF-165). Figure 5a shows the removal rates of MO for NA-185, NA-165, NA-145, HA-165, P25, MF-165, and TF-165 are 95%, 92%, 83%, 53%, 49%, 27%, and 31%, respectively. The dark reaction adsorption rates of samples are all less than 8%, which implied that the removal of MO is mainly attributed to photocatalytic degradation rather than adsorption. Figure S4 shows the nitrogen-doped anatase/brookite biphasic samples of NA-185 (94%) and NA-165 (91%) with similar photocatalytic degradation rate of MO, which are higher than the other samples. The apparent first-order rate constant K (min−1) for NA-165 (0.021) is close to that of NA-185 (0.023), which is about 1.4, 3.5, 4.2, 9.6, and 7.5 times higher than those of NA-145, HA-165, P25, MF-165, and TF-165, respectively (Figure 5b and Table 1). Thus, 165 °C was chosen as a reasonable heating treatment temperature.



Table 2 summarizes the preparation methods, surface area, and visible-light photocatalytic activity of nitrogen-doped anatase/brookite biphasic TiO2 reported in recent years. The 4.2-fold visible light activity enhancement as compared to P25 suggests that NA-165 is a potential highly efficient photocatalyst. By contrast, if the aged gel was heated in amuffle furnace with air or obtained in a resistance-heated tube furnace with a flow of nitrogen at the same temperature (165 °C), respectively, only amorphous samples were obtained in spite of large surface area (Figure S5 and Table 1). Meanwhile, they were much less active compared to NA-165. This implies that the crystallinity may play a more important role. Moreover, the presence of brookite in the mixture can reduce the recombination of hole–electron pairs. The band gap was also widened with increasing brookite content [34]. This is why NA-165 (3.03 eV, 6% brookite content) and NA-185 (3.05 eV, 10% brookite content) exhibited similar MO photocatalytic degradation activity.



The photocatalytic stability of NA-165 was tested by cycling experiments. For each cycling run, NA-165 was separated by centrifugation, and dried at 90 °C. As shown in Figure 6, there was no significant decrease of photocatalytic degradation rate after three cycling runs. This result suggested that NA-165 was a stable photocatalyst for organic dye degradation under visible light.




2.3. Possible Reasons for the Enhancement of the Visible-Light Performance


It is interesting to evoke some reasons why NA-165 has high visible-light performance, though mechanism of the enhancement is still far from understood. The first explanation is that the absorption edge of NA-165 shifts to the visible-light range, and then they possess narrower band gap, and have definite absorptions in the visible region due to the presence of nitrogen-doping, which has been confirmed by UV-vis diffuse reflectance spectra and XPS study. Secondly, the anatase/brookite biphasic nanoparticles are aggregated closely, as shown in Figures S1 and S2. The intimate contact can facilitate inter particle charge transfer from brookite to anatase and reduce the recombination of electron–hole pairs. Thirdly, the large surface area can provide more active sites and improve the diffusion and migration of MO in the process of photodegradation [36]. Furthermore, the competitive diffusion of the H2O and dye molecules, dye molecule structure, and photocatalytic degradation route are also the factors influencingthe photocatalytic process [37]. The photodegradation of MO under visible light was mainly driven by the active species O2•−, h+, and •OH [38].





3. Materials and Methods


3.1. Synthesis


Titanium tetraisopropoxide (TTIP, ≥97%, Sigma-Aldrich, St. Louis, MO, USA) was of chemical grade. Acetone (≥99.5%, Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd., Tianjin, China), HNO3 (65%, Xilong Scientific Co., Ltd., Shantou, China), and acetylacetone (≥98%, Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd., Tianjin, China) were of analytical grade. All chemicals were used without further purification.



Nitrogen-doped anatase/brookite biphasic nanoparticles were prepared with a sol-gel process modified from a sol-gel combined solvothermal route [24]. Titanium tetraisopropoxide, acetone, HNO3 and acetylacetone with the volume ratio of 6.5:20:0.11:0.54 were mixed in a glass beaker. A mixture solution of deionized water and acetone (volume ratio of 1.2:7.5) was then added dropwise with vigorous stirring until reaching the gelling point. The gels were placed into a quartz-lined stainless-steel autoclave after being aged for 24 h at room temperature. Then, the temperature of the autoclave was increased to and held at 145, 165, or 185 °C for 4 h under nitrogen atmosphere after flushing the autoclave with nitrogen gas. The initial and final pressures were under atmospheric and autogenous pressure, respectively. After the heat treatment ended, the pressure was released quickly to remove the solvent vapour. The obtained material was cooled down to room temperature by nitrogen purging before being washed with deionized water and dried in vacuum at 90 °C for 4 h. According to the heat treatment temperature, the samples were denoted as NA-145, NA-165, and NA-185, respectively. If HNO3 was replaced by the same volume of HCl in the process of preparation, then the sample was denoted as HA-165.




3.2. Photocatalytic Activity


In each experiment, 50 mg photocatalysts and 50 mL of MO solution (10 mg/L) was placed in a glass vessel with a cooling water jacket and quartz cover. The suspensions were stirred in the dark for 30 min to reach the adsorption–desorption equilibrium. Then, the system was exposed for 120 min under visible light irradiation provided by a 500 W Xe lamp with a 420 nm cut off filter. At certain time intervals, 3 mL of the suspensions was collected and centrifuged (10,000 rpm, 20 min) to remove the photocatalysts. The separated solution was analysed and the maximum absorption was recorded at 464 nm by a spectrophotometer (Shimadzu UV-2600, Kyoto, Japan).



The removal rate of MO was calculated using Equation (2):


removal rate = C/C0,



(2)




where C and C0 are the initial and instantaneous absorbance of MO at 464 nm.



The photocatalytic degradation rates of MO and the first-order rate constant K (min−1) were calculated, respectively, using the Equations (3) and (4):


photocatalytic degradation rate = C/Ce,



(3)






ln (Ce/C) = Kt,



(4)




where Ce and C are the adsorption–desorption equilibrium absorbance and instantaneous absorbance of MO at 464 nm, respectively. t is the irradiation time.




3.3. Characterizations


X-ray powder diffraction (XRD, Rigaku Co., Tokyo, Japan) analysis was conducted on a D/max-3B spectrometer with Cu Kα radiation at a range from 10° to 90° (2θ). Brunauer–Emmett–Teller (BET) surface area, pore volume, and pore size were measured by nitrogen adsorption/desorption using a Micromeritics Tristar II Surface Area and Porosity Analyzer (Micromeritics, Norcross, GA, USA). Transmission electron microscopy (TEM) was conducted on a Hitachi H-800 instrument (Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan). Scanning electron microscopy (SEM) images were taken on a FEIQuanta200FEG microscope (FEI, Hillsboro, OR, USA). X-ray photoelectron spectroscopy (XPS) was recorded using a Thermo Fisher Scientific K-Alpha+ XPS system with Al Kα radiation and adventitious C1s peak (284.8 eV) calibration (Thermo Fisher Scientific Inc., Waltham, MA, USA). UV-Vis diffuse reflectance spectra were measured on a UV-2600 photometer (Shimadzu Corp., Kyoto, Japan).





4. Conclusions


The nitrogen-doped anatase/brookite biphasic nanoparticles with large surface area (240 m2/g) were successfully prepared during the sol-gel preparation at low temperature (165 °C, 4 h). The sample obtained without subsequent annealing at elevated temperature, which exhibited enhanced visible-light photocatalytic efficiency for the degradation of MO with 4.2-, 9.6-, and 7.5-fold visible light activities as compared to P25, MF-165, and TF-165, respectively. This was attributed to nitrogen doping, mixed crystalline phase, and high surface area. The recycling experiments suggested that NA-165 was a stable visible-light photocatalyst. The sample and low-temperature synthetic method developed in this work may provide a new pathway to prepare the stable photocatalyst for the degradation of organic dyes under visible light.
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Figure 1. X-ray diffraction (XRD) patterns of as-prepared samples: (a) NA-185, (b) NA-165, (c) NA-145, (d) HA-165. 
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Figure 2. High-resolution TEM (HRTEM) images of NA-165. The lattice fringes of 0.35 nm and 0.29 nm match (a) the anatase (101) and (b) brookite (121) plane. 
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of (a) N 1s, (b) Ti 2p, (c) O 1s region for NA-165. 
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Figure 4. The UV-vis diffuse reflectance spectra of NA-145, NA-165, NA-185, HA-165, and P25. 
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Figure 5. (a) Removal curves of methyl orange (MO). Error bars represent the standard deviation from three measurements; (b) Apparent first-order kinetics plot for the photocatalytic degradation of MO over different samples. 
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Figure 6. Cycling run in the photocatalytic degradation of MO under visible light over NA-165. 
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Table 1. The characteristics and the apparent first-order rate constant K (min−1) of samples.
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Samples

	
Anatase

	
Brookite

	
SBET (m2/g)

	
K (min−1)




	
Crystal Size a (nm)

	
Content b (%)

	
Crystal Size a (nm)

	
Content b (%)

	






	
NA-185

	
6.7

	
90

	
7.3

	
10

	
239

	
0.023




	
NA-165

	
7.5

	
94

	
7.2

	
6

	
240

	
0.021




	
NA-145

	
6.5

	
100

	
-

	
-

	
249

	
0.015




	
HA-165

	
7.9

	
100

	
-

	
-

	
216

	
0.006




	
TF-165

	
-

	
-

	
-

	
-

	
443

	
0.002




	
MF-165

	
-

	
-

	
-

	
-

	
407

	
0.003




	
P25

	
-

	
-

	
-

	
-

	
50

	
0.005








a Determined by the Scherrer equation; b Calculated using the formula in reference [29].
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Table 2. Comparison of nitrogen-doped anatase/brookite biphasic TiO2 prepared by various methods.
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	Sample
	Surface Area (m2/g)
	Preparation Method
	Application
	The Times of K (min−1) to P25
	Reference





	Nitrogen-doped TiO2 nanorods with anatase/brookite structures
	51.1
	Hydrothermal synthesis 200 °C, 48 h
	Degradation of MO and 4-chlorophenol (4-CP)
	2.3, 2.7
	[19]



	Nitrogen-doped anatase/brookite titania
	124.4
	Solvothermal synthesis 190 °C, 3 h
	Degradation of MO
	
	[24]



	Anatase–brookite mixed-phase N-doped TiO2 nanoparticles
	76.2
	Solvothermal synthesis 180 °C, 48 h
	Degradation of Methylene blue (MB)
	
	[22]



	Nitrogen-doped TiO2 film
	
	Solvothermal synthesis 180 °C, 18 h
	Degradation of MB
	
	[35]



	Bicrystalline (anatase/brookite) nanoporous nitrogen-doped TiO2
	375.9
	Plasma treatment 0.5 h
	Degradation of Rhodamine B (RhB)
	
	[23]



	Nitrogen-doped anatase/brookite biphasic nanoparticles
	240
	Sol-gel synthesis 165 °C, 4 h
	Degradation of MO
	4.2
	This work
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