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Abstract: Nitrogen doped anatase/rutile/brookite titanium dioxide (N-TiO

2

) regular nano-rod bundle photocatalyst for 

improving visible light photocatalytic activity was prepared through a template-free sol-hydrothermal method. The properties 

of the materials were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), ultraviolet-visible 

diffuse reflectance spectra (UV-Vis DRS), Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron 

spectroscopy (XPS). Photocatalytic degradation of methyl orange (MO) in an aqueous solution under visible light irradiation 

was used as a probe reaction to evaluate the photocatalytic activity of the mixed-phase N-TiO

2

nano-rod bundle. The results of 

characterization combined with photocatalytic activity of MO photodegradation show that the synergistic effects among N 

doping, mixed-phase and nano-rod bundle structure are the main reasons to improve photocatalytic activity of mixed-phase

N-TiO

2

 nano-rod bundle compared with P25-TiO

2

. The possible mechanism of MO degradation by mixed phase N-TiO

2

nano-rod bundle photocatalyst was preliminarily discussed.

Key words: TiO

2
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Heterogeneous photocatalytic oxidation technology is an 

innovative method for the pollutant degradation. Titanium 

dioxide (TiO

2

) is typically used in photocatalysis reactions 

to try to achieve the total oxidation of organic and inorganic 

water pollutants. However, the large band gap energy re-

stricts the practical application of TiO

2

 because it can only 

utilize ultraviolet light

[1-3]

. Numerous efforts have been de-

voted to the photocatalytic efficiency improvement of TiO

2

in the visible-light range in the past few decades. It has 

been reported that doping anions into TiO

2

could result in 

the band gap narrowing to be more effective for enhancing 

the visible photocatalytic activity

[4]

. In these studies, nitro-

gen doping is regarded as one of the most important meth-

ods for potential application

[5-9]

. The light absorption onset 

of TiO

2

 can be extended from the UV to the visible-light 

range by nitrogen doping. The formation of an isolated 

narrow band above the valence band in TiO

2-x

N

x

 or N 2p 

states contributes to the band gap narrowing by mixing with 

the 2p states of O

 [9]

. 

Recently, mixed-phase TiO

2

 materials consisting of ana-

tase, brookite and rutile have attracted widespread interest 

because the energy barrier among anatase, rutile and brookite 

suppresses electron transfer, which can inhibit the recombina-

tion of photoelectrons and holes to some extent

[10]

. Various 

methods have been reported for the synthesis of 

mixed-phase TiO

2

 materials, such as sol-gel process, ther-

mal oxidation and solvothermal synthesis

[11]

. However, 

among all these syntheses, morphology-controlled synthesis 

of complex nanostructure mixed-phase TiO

2

 is still a great 

challenge

 [12]

. It is desirable to develop a facile method to 
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design and synthesize complex nanostructure mixed-phase 

TiO

2

 catalysts with excellent photocatalytic efficiency.

In this study, a template-free sol-hydrothermal method 

for the synthesis of nitrogen doped mixed-phase TiO

2

nano-rod bundle with regular morphology and visible light 

absorption was presented. The N species and the structure 

of N-TiO

2

 nano-rod bundle were characterized by XRD, 

TEM, UV-Vis DRS, FTIR and XPS. The activity of the 

as-prepared nano-rod bundle was evaluated by the photo-

catalytic degradation of methyl orange (MO) under visible 

light irradiation. 

1 Experiment

In a typical synthesis process, TiCl

4

(2.75 mL) was added 

dropwise in aqueous HCl solutions (50 mL, 2 mol/L) at 

room temperature with vigorous magnetic stirring of the 

reaction mixture in order to form the sol. Then, urea (4.5 g ) 

was added into the sol with stirring. The resulting sol was 

transferred into a 100 mL Teflon-lined stainless steel auto-

clave and then heated to 120 °C for 18 h. Subsequently, the 

autoclave was allowed to cool naturally to room tempera-

ture. The obtained sample was filtered and washed with 

distilled water and dried at 100 °C in air. The nitrogen 

doped mixed-phase TiO

2

 was labeled as N-TiO

2

.

X-ray diffraction (XRD) patterns were collected by a 

PANalytical Empyrean X-ray diffractometer with Cu Kα 

radiation. The morphologies of the as-prepared N-TiO

2

were analyzed by transmission electron microscope (TEM) 

and high-resolution TEM (HRTEM) based on a FEI Tecnai 

F20 transmission electron microscope. X-ray photoelectron 

spectroscopy (XPS) was obtained by a PHI5000 Versa 

Probe X-ray photoelectron spectrometer with an Al Kα 

(1486.6 eV) X-ray source. All binding energies were re-

ferred to the C 1s neutral carbon peak, which was assigned 

the value of 284.6 eV to compensate for surface charge ef-

fects. Fourier-transform infrared (FTIR) spectra of the 

samples were recorded by a Thermo Nicolet NEXUS FTIR 

spectrometer. Ultraviolet-visible diffuse reflectance spectra 

(UV-vis DRS) of the samples were obtained using an 

UV-3600PC spectrometer equipped with an integrating 

sphere.

MO photocatalytic degradations were performed to in-

vestigate the photocatalytic activity of N-TiO

2

 nano-rod 

bundles under visible light irradiation. The photocatalytic 

activity of P25-TiO

2

 was used for the comparison under the 

same conditions. A 300 W xenon lamp was used as the 

visible light source. Light with a wavelength below 420 nm 

was filtered by a cutoff filter. In a typical run, MO (250 ml, 

20 mg/L) was mixed with the as-prepared N-TiO

2

 photo-

catalyst (0.5 g) to prepare a suspension. The suspension was 

magnetically stirred for 90 min prior to irradiation to 

achieve adsorption-desorption equilibrium for MO. Then, 

the suspension was illuminated with the above-mentioned

light source. Part of suspension samples were taken from 

the reaction mixture every 30 min, followed by filtration 

through a 0.22 µm PTFE syringe filter in order to remove

the catalyst. The absorbance of the filtrate was then meas-

ured using the TU1901 UV-Vis spectrophotometer (Beijing, 

China). The MO concentration was obtained according to 

the linear relation between the absorbance at 464 nm and 

the concentration of MO. The degradation efficiency (%) 

was determined as (1�C/C

0

) ×100%, where C

0

 is the initial 

MO concentration and C is the MO concentration at differ-

ent irradiation applications.

2  Results and Discussion

2.1  Microstructure of the as-prepared N-TiO

2

The XRD pattern of the as-prepared N-TiO

2

 is shown in 

Fig.1, which reveals that all three titania phases, namely, 

anatase, rutile and brookite simultaneously presented in the 

N-TiO

2

. According to the PDF cards in the XRD diffraction 

database, the peaks locating at 2θ = 48.05°, 68.78°, 70.01° 

can be attributed to the diffractions of anatase from the (200), 

(116) and (220) planes (JCPDS No. 21-1272), respectively, 

while the peaks at 2θ of 30.81° and 63.61° are assigned to 

brookite (121) and (251) plane diffractions (JCPDS No. 

29-1360). It is worth noting that the strong diffraction peak at 

2θ of 25.31° of the anatase (101) plane can overlap with that 

of the brookite (120) plane. Therefore it needed to distin-

guish these two types of TiO

2

 by comparing other diffraction 

peaks. In addition, the peaks at 2θ of 27.35°, 36.16°, 41.23°, 

44.05°, 54.33° and 56.69° correspond to the diffractions of 

the (110), (101), (111), (210), (211) and (220) crystal planes 

of rutile phase TiO

2

, respectively (JCPDS No. 21-1276). 

XRD results confirm the coexistence of the brookite, anatase, 

and rutile in the N-TiO

2

. In many researches, it has been

proved that the mixed-phase TiO

2

 photocatalysts show a 

higher catalytic activity because of the effective separation of 

photo-excited charge carriers 

[13]

.

The TEM and HRTEM micrographs of the as-prepared 

N-TiO

2

 nano-rod bundles are displayed in Fig.2, which 

shows that numerous one-dimensional nano-rods were held

Fig.1 XRD pattern of the as-prepared N-TiO

2
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Fig.2  TEM (a, b) and HRTEM (c~e) micrographs of N-TiO

2

 nano-rod bundle

together forming a straw bundle-like structure (i.e., 

nano-rod bundle). It is seen in Fig.2b that the nano-rod 

bundle has a hierarchical structure, which is very important 

in photocatalysis due to its distinctive physicochemical 

properties compared to conventional nanostructure crystal-

lites such as slower electron-hole recombination rate, high 

light-harvesting capacity and more surface active sites

[14]

.

Furthermore, the special morphology has a large number of 

interspaces among nano-rods which could offer potential 

pathways for the diffusion of charge carriers (photo- gener-

ated charge carriers), facilitating the redox process in the

photocatalysis process

[13]

. As shown in Fig.2c, 2d and 2e, 

HRTEM was used to analyze the crystal properties of the 

N-TiO

2

 nano-rod bundle. In Fig.2e, the nano-rod bundle 

shows an inter-planar spacing of 0.352 nm, corresponding 

to the (101) plane of anatase. However, the resolution of 

Fig. 2c and 2d was insufficient to provide atomic arrange-

ment of the nano-rod bundle. Fast Fourier transform (FFT) 

and inverse FFT (IFFT) were therefore conducted to inves-

tigate the crystal structure of the as-prepared N-TiO

2

nano-rod bundle. After filtering out noise initiated by 

atomic defects and dislocation, the sharp patterns were ob-

tained and converted to an image by inversing FFT (IFFT) 

as shown in Fig.2c. Inter-planar spacing of 0.347 and 0.291

nm were measured in the selected area, which can be as-

signed to the inter-planar distance of brookite (111) and 

(121), respectively. The FFT image (Fig. 2d) reveals the 

(210) planes of rutile TiO

2

. For rutile, the corresponding

inter-planar spacing (210) is 0.205 nm. Results also indicate

that the N-TiO

2

 nano-rod bundle consists of brookite, ana-

tase and rutile phases, being consistent with the three

phases of nano-rods demonstrated by the XRD results. 

2.2  Surface chemical analysis

The FTIR spectra of the N-TiO

2

 and P25-TiO

2

 samples are 

shown in Fig.3. The infrared absorption peak around 3425 cm

-1

 

is related to the stretching vibration of OH groups linked 

with titanium atoms (Ti-OH) and the peak around 1640 cm

-1

 

is the flexion vibration of OH group in adsorbed water. 

Compared to that of the P25-TiO

2

, the IR spectrum of N-TiO

2

shows more absorption peaks in the range of 1400~1550 cm

-1

. 

The peaks around 1450 and 1540 cm

-1

 corresponding to N–H 

bond vibration indicate the presence of nitrogen in the synthe-

sized sample

[15]

. The peak around 1400 cm

-1

 can be assigned to 

the N–N stretching vibration

[13]

. It is noteworthy that the peaks 

around the 2334 and 2356 cm

-1

 due to the formation of O-Ti-N 

linkage for N-doped TiO

2

are not observed

[16]

. This implies the 

presence of nitrogen doping into interstitial sites within the 

TiO

2

 as opposed to the substitutional site within the lattice, 
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which was further verified by the XPS data.

Fig.4 shows the XPS spectra of the as-prepared N-TiO

2

nano-rod bundle. Through Gaussian fitting, as shown in 

Fig.4a, the N 1s peak can be separated into three peaks with 

binding energy (B.E.) of around 399.7, 401.4 and 406.0 eV.

Peaks at 399.7 and 401.4 eV are indicative of the presence of 

nitrogen doping into interstitial sites

[17]

. It has been reported 

that the incorporation of interstitial nitrogen into the lattice of 

TiO

2

 had beneficial effects on the visible light photocatalytic 

activity of TiO

2

[18]

. The peak around 406.0 eV was attributed 

to physisorbed N

2

[19]

. Fig.4b shows XPS spectrum of the 

O 1s of the N-TiO

2

. The O1s spectrum is resolved into two 

Gaussian curve-fitted peaks around 530.1 and 531.6 eV with 

B.E. The peak at 530.1 eV was assigned to the Ti–O bond 

(lattice O), and the highest B.E. peak was characteristic of 

titanium suboxide and/or adsorbed water

[13]

. Note that, the 

adsorbed water molecules are crucial for an efficient photo-

catalytic reaction, as they react with photo-excited holes to 

produce hydroxyl radicals (•OH) which in turn oxidize pol-

lutant molecules in their vicinity. Fig.4c shows the fitted 

curve of Ti 2p XPS spectrum for the N-TiO

2

. It is clear that 

there are two major peaks located around 463.8 and 458.1 eV. 

The standard B.E. of Ti 2p

1/2

 and 2p

3/2 

in pure TiO

2

 is 

Fig.3  FTIR analysis of N-TiO

2

and P25-TiO

2

464.7 and 458.8 eV, respectively (NIST X-ray Photoelectron 

Spectroscopy Database). The B.E. of the Ti 2p

3/2

 peak for 

N-TiO

2

 has a shift of -0.7 eV in comparison to that of Ti 2p

3/2

in pure TiO

2

. The decrease in the B.E. of Ti 2p in N-doped 

TiO

2

 indicates that TiO

2

 lattice was modified to a consider-

able extent, due to N doping

[20]

. In brief, the peaks observed 

for N 1s, O 1s and the shift of Ti 2p peaks provided sufficient 

evidences for the interstitial incorporation of nitrogen in the 

TiO

2

 lattice.

2.3  UV-vis DRS analysis

The UV-vis DRS of the as-prepared N-TiO

2

nano-rod bun-

dle and P25-TiO

2

as a reference are shown in Fig. 5. Com-

pared with the P25-TiO

2

, an obvious increase in the red shift 

of the absorption edge is observed for the N-TiO

2

nano-rod 

bundle sample. According to the relationship of the absorp-

tion edge λ

g 

(nm) and the band gap E

g

(eV), the E

g

 was esti-

mated as the following equation E

g

=1240/λ

g

[21]

. The red shift 

of the absorption edge indicates a decrease in the band gap. 

The original coordinates of the UV-vis spectrum registered 

for N-TiO

2

were transformed to Kubelka-Munk function 

(KM) versus photon energy (hv) and then expressed as Tauc 

plot (inset of Fig.5), which show the relation of (KM×hv)

1/2

 =

f(hv)

[22]

. The value of the band gap was estimated as ex-

trapolation of the linear part of the dependence. Thus, a 2.89 

eV band gap of N-TiO

2

was obtained, which was less than 

that of brookite (3.0 eV), anatase (3.2 eV) and rutile (3.14 

eV). The decreased band gap indicates an increased photo 

response range. In utilizing visible light, the as-prepared 

samples were thus capable of absorbing more photons, which 

could contribute to a more effective generation of elec-

tron-hole pairs

 [23]

.

2.4  Visible light photocatalytic measurement

The visible light-induced potocatalytic activity of the 

as-prepared N-TiO

2

nano-rod bundle was evaluated 

through the photocatalytic degradation of the model pol-

lutant, MO under visible light irradiation (λ ≥ 420 nm).

The solution was stirred in the dark for 90 min before irra

Fig.4  High-resolution XPS spectra for N 1s (a), O 1s (b) and Ti 2p (c) of N-TiO

2

nano-rod bundle
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Fig.5  UV-vis DRS spectra of N-TiO

2 

and P25-TiO

2

Fig.6  Visible photocatalytic degradations for MO solution using 

P25-TiO

2

 and N-TiO

2

 nano-rod bundle as catalysts

diation to obtain equilibrium for MO. The change of the 

concentration of the unadsorbed MO was used to charac-

terize the photocatalytic efficiency. Fig.6 shows the change 

in the relative concentrations of MO versus the visible 

light irradiation time. It is shown that N-TiO

2

nano-rod 

bundle exhibited much higher photocatalytic efficiency 

than P25-TiO

2

for the degradation of MO. When the irra-

diation time reached 120 min, the degradation efficiency of 

the blank, P25-TiO

2

and N-TiO

2

 nano-rod bundle were ap-

proximately 2%, 12% and 98%, respectively. This im-

provement of photocatalytic performance of N-TiO

2

nano-rod bundle could be explained by the decreased re-

combination rate of the electrons and holes, which en-

hances the light-harvesting capacity and offers the poten-

tial pathways for the diffusion of photo-excited carriers in 

the N-TiO

2

 nano-rod bundle photocatalyst.

To gain further insight into the reaction mechanism, ac-

tive species quenching experiments using specific reagents 

including t-BuOH and p-BQ, were carried out to identify 

the contribution of �OH and O

2

•−

. According to the litera-

ture, t-BuOH and p-BQ are very reactive toward �OH and

Fig.7 Quenching experiments using t-BuOH and p-BQ in de-

grading MO in the N-TiO

2

 nano-rod bundle system

O

2

•−

, respectively

[24, 25]

. Fig.7 illustrates the influence of 

radical scavengers on the degradation of MO. It is clearly 

shown that in the absence of radical scavengers, MO was 

completely removed due to the generated oxidizing free 

radicals. Nevertheless, the addition of 20 mmol/L t-BuOH 

leads to a remarkably lower degradation of MO to 50%

within 120 min, compared to the degradation profiles ob-

served in the absence of scavengers. When p-BQ scavenger 

for O

2

•−

was added into the reaction system, the degrada-

tion of MO was also obviously affected, and the removal 

efficiency of MO decreases by 22% after adding 0.02 g 

p-BQ, which imply that O

2

•−

 is also generated in the reac-

tion process. Accordingly, the contribution of mainly O

2

•−

and � OH to the MO degradation can be elucidated 

by comparing the difference in the process efficiency (in 

terms of MO degradation) between t-BuOH and p-BQ.

The effects of different parameters on the photocatalytic 

activity of N-TiO

2

nano-rod bundle are shown in Fig.8. The 

preparation conditions of the as-prepared N-TiO

2

 photo-

catalyst were as follows: the sample preparation tempera-

ture from 120 °C to 180 °C and the sample preparation 

time from 6 to 24 h.

Fig.8a shows the visible light photocatalytic activities of

the N-TiO

2

 nano-rod bundles prepared at different prepara-

tion temperatures. It is found that for degradation of MO un-

der visible light irradiation, the degradation efficiency de-

creased as the sol-hydrothermal temperature increased. 

Compared with the samples prepared at 140, 160 and 180 °C, 

the sample prepared at 120 °C showed the highest degrada-

tion efficiency and about 98% of MO was degraded after 

120 min of visible light irradiation. On the other hand, the 

degradation efficiencies of all four samples were higher than 

65%, indicating high photocatalytic activities of the samples 

prepared at temperatures above 120 °C.
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2
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shown in Fig.8b. It was found that the sol-hydrothermal

time significantly affected the degradation rate of MO un-

der visible light irradiation, and the highest MO degrada-

tion efficiency was achieved at the sol-hydrothermal time

of 18 h. This can be explained by the increase in the sur-

face area, as shown in Fig.9. The sample prepared at   

120 °C for 18 h showed the highest specific surface area 

(S

BET

) amongst the various sol-hydrothermal times of 6, 12, 

18 and 24 h. The specific surface areas, as calculated using 

Brunauer-Emmet-Teller equation, are listed in Table 1. 

These values are in good consistence with the photocata-

lytic performance. According to the literature, higher spe-

cific surface areas and larger pore volumes of photocata- 

 

Fig.8 Photocatalytic degradation of MO using N-TiO

2

samples  

prepared by different conditions: (a) different reaction 

temperatures and (b) different reaction time

Fig.9 Nitrogen adsorption-desorption isotherms of N-TiO

2

 sam-

ples prepared with different solvothermal time

Table 1 Specific surface areas (S

BET

), pore diameters (D

p

) 

and pore volumes (V

p

) of different N-TiO

2

 nano-rod 

bundles

Samples N-TiO

2

(6 h) N-TiO

2

(12 h) N-TiO

2

(18 h) N-TiO

2

(24 h)

S

BET

/m

2

·g

-1

91.746 90.725 98.955 69.088

D

P

/nm 3.091 3.063 3.061

V

P

/mL·g

-1

0.355 0.314 0.560

3.845

0.255

lysts both contributed to an enhanced photocatalytic activ-

ity owing to the presence of a large amount of surface ac-

tive sites, so it can absorb and transfer reactant molecules

easily via the interconnected porous structure, and increase 

the photocatalytic performance

 [26, 27]

.

As discussed above, a preparation temperature of 120 °C 

and a preparation time of 18 h are found to be the optimum 

conditions for the mixed phase N-TiO

2

 nano-rod bundles 

for the highest photocatalytic activities.

2.5  Synergistic effects of N doping, mixed-phase and 

nano-rod bundle structure

The N-TiO

2

 nano-rod bundle shows a higher photocata-

lytic activity than P25-TiO

2

 under visible light irradiation 

(Fig. 6). N doping into TiO

2

 interstitial sites is discussed 

above, according to the XPS result. N incorporation at the 

interstitial structure could introduce a new N 2p energy 

level situated above the valence band compared to pristine 

TiO

2

 and narrow band gap that promoted the acceleration 

of photogenerated electrons from TiO

2

[16]

. Thus, it facili-

tated the availability of photogenerated holes to interact 

with the chemisorbed water and/or hydroxyl group of pro-

ducing hydroxyl radical (•OH). At the same time, electrons 

could subsequently reduce the surface adsorbed oxygen 

(O

2

) to oxygen radicals (O

2

•-) radicals. These hydroxyl 

radicals and oxygen radicals have very strong oxidizing 

ability that helps the as-prepared samples to attract and 

degrade the MO molecule in the aqueous media. Mean-

while, brookite, anatase and rutile phases were detected in 

XRD and HRTEM analysis. When anatase, brookite and 

rutile are in contact with each other, once they are excited 

by light, the electrons will be excited from the valance 

band into the conduction band, and then different band 

structure at the interface allows the charge transfer (i.e., 

transfer of electrons) from one phase to another 

[28,29]

,

which effectively separates the charges with the electrons 

accumulating in one phase and the holes in another, and 

thereby the photogenerated electron/hole pairs could be ef-

ficiently separated among the three phases. The synergistic 

effect would increase the photocatalytic activity of N-TiO

2

nano-rod bundle to a certain degree. In addition, nano-rod 

bundle structure was also detected by TEM. It has been 

reported that nanorods or nanowires could suppress the 

charge recombination and improve the charge transport 

[30]

.
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Fig.10  Schematic illustrations for the synergistic effect of 

photocatalytic degradation of MO on the N-TiO

2

nano-rod bundle in visible light

Moreover, according to the literature, interfacial structure 

of nano-rod in the TiO

2

 polymorphs would include large 

amounts of tetrahedral Ti

4+

 sites, which could serve as hot 

spots for photocatalytic activity and thus make the 

mixed-phase nanocrystals into an effective photocatalytic 

relay for visible light utilization

[31]

. These factors resulted

in an enhanced photocatalytic efficiency of mixed phase 

N-TiO

2

 nano-rod bundle photocatalysts under visible light 

irradiation. A schematic illustration of photocatalytic deg-

radation for MO on the surface of N-TiO

2

 nano-rod bundle 

photocatalysts is shown in Fig.10.

3 Conclusions

1) Anatase/rutile/brookite N-TiO

2

 nano-rod bundle 

photocatalysts are successfully synthesized through a 

facile and low-cost sol-hydrothermal method, which is 

template-free synthesis.

2) N-TiO

2

 nano-rod bundle with visible photocatalytic 

activity can effectively catalyze MO degradation in an 

aqueous solution. The improved photocatalytic perform-

ance of N-TiO

2

 nano-rod bundle is ascribed to the syner-

gistic effects of N doping, mixed phases and the 

nano-rod bundle. N doping makes the TiO

2

 band gap 

narrower, resulting in an improvement in the photocata-

lytic response to visible light.

3) Brookite, anatase and rutile are generated on 

N-TiO

2

 nano-rod bundle, which improve the photocata-

lytic activity of N-TiO

2

 nano-rod bundle by separating 

the photo-generated electron/hole pairs.

4) Nano-rod bundle offers potential pathways for the 

diffusion of charge carriers (photo-generated charge car-

riers), facilitating the redox process during the photo-

catalysis process.
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