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Titanium dioxide is a typical photocatalyst in terms of green chemistry and extending the excitation light to visible light 

range has attracted great attention. In this work, we successfully synthesized TiO2 nanocrystallite enriched in oxygen 

vacancies and traces of N-dopants by nanocasting method from functionalized mesoporous carbon sieves CMK-3 and 

tetrakis (dimethylamino) titanium (TDMAT), in which the functionalized CMK-3 acted as both reactant and hard-template. 

The obtained TiO2-600 was well characterized by means of XRD, BET, Raman scattering, XPS, HRTEM, and EPR. Results 

demonstrated that TiO2 nanoparticles possessed uniform particle size (5.0 nm), anatase phase and large surface areas (228 

m2/g) due to the space-confine effect of mesopores in CMK-3. Rhodamine B (RhB) was used as a representative organic 

pollutant to evaluate the photocatalytic activity under visible light irradiation. Results showed that the as-prepared TiO2-

600 performed enhanced photocatalytic activity compared to commercial P25 and the degradation rate was calculated 4.8 

times higher than that of P25 under visible light irradiation. The increased photocatalytic activity of the TiO2 catalyst can 

be attributed to the synergistic effect between oxygen vacancies and N-dopants. 

Introduction 

Nowadays, titanium dioxide TiO2 gains its popularity in 

water splitting, solar cells and decomposition of pollutants as a 

photocatalyst, due to its environmentally friendliness, non-

toxicity and low-cost1-4. In general, titania exists in three 

naturally occurring polymorphs: anatase, rutile and brookite 5 

and among which anatase has been proved displaying a higher 

photocatalytic efficiency than other phases because of the 

more open structure6.   

Researchers7-13 have shown that the surface area and 

crystalline size of anatase play an important role on improving 

the catalytic efficiency. Downsizing TiO2 particle size to 

nanoscale 7, 14, 15 can not only generate reactive oxygen 

species16, but improve the electron transportation rate 

through decreasing the transport pathway of the 

photogenerated charge carriers to the surface reaction sites9. 

For example, Micah. J13 prepared anatase TiO2 with increased 

crystallinity and surface areas via a continuous aqueous 

process and it performed higher electric capacity at low rate. 

M. Amin16 synthesized TiO2 nanoparticles and has proved the 

anatase particles showed superior photocatalytic activity when 

irradiated with UV light.    

Unfortunately, the relatively wide band gap of 3.2 eV for 

pristine anatase TiO2, limits its absorption located in the ultraviolet 

region, which need artificial ultraviolet for light excitation9. Sunlight 

is a kind of cheap and accessible light source. Therefore, much 

work
17, 18 

has been done to extend the absorption of TiO2 into the 

region of visible-light of spectrum. Introduction of oxygen vacancy 

into the framework of TiO2 is one of the approaches to increase the 

photocatalytic activity, in which oxygen vacancy can be used as 

charge carrier trapping sites for inhibiting the recombination of 

photo-induced electro/hole pairs15, 16, 19-21 and providing midgap 

band just below the conductive band 14. What’s more, DFT-based 

studies 22have demonstrated the oxygen vacancy can promote the 

O2 adsorption on an initially inert stoichiometric TiO2 (001) facet 

either in the superoxide state(O2
1-) or the peroxide state(O2

2-). On 

the other hand, N doping has been also proved facilitating to 

narrow the band gap and extend the absorption spectra into visible 

areas18, 23, 24. The introduced N element can affect the electronic 

coupling effect by incorporating with TiO2 matrix and introduce 

some impurity energy level just above the valence band or  below 

the conduction band of TiO2,  the as-produced impurity energy level 

from dopants can help to extend the visible absorption9 by 

accelerating electron transport rate or prolonging lifetime of 

photogenerated hole–electron pairs.  

Hard templating (nanocasting) method is generally considered  

to be predictable and controllable in crystal size, morphology and 

structure with high suface area25-27. The mesoporous silica 

molecular sieve series (SBA-15, KIT-6, MCM-48, et al) and 

mesoporous carbon (CMK-3, CMK-1) are widely used as hard 

template because of the presence of disordered micropores 

between the mesopores, which ensures the replicas can be 

connected by bridges so as to form mesopores. The hard templates 

have to be removed during the nanocasting period. Mesoporous 

silica template is usually removed using an aqueous NaOH or HF 
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solution,  which may easily destroy the structure of some target 

material especially for amphoteric oxide such as TiO2, ZnO, et al, 

though researchers have synthesized  amphoteric oxide from SBA-

15 and KIT-6 through shortening the corrosion time26, 28, the 

stability of obtained materials is not optimistic. Thus mesoporous 

carbon has been an promising candidate with appropriate pore 

diameter, more importantly, it could be easily eliminated by 

calcination without introducing HF or NaOH solution into the 

system29. 

In the present paper, we synthesized TiO2 nanocrystallite 

with oxygen vacancies within the mesopores of CMK-3 via the 

combination of organometallic chemistry and materials 

chemistry. Tetrakis (dimethylamino) titanium (TDMAT) was 

firstly used as titanium source. At the same time, 

functionalized CMK-3 was used as reactants as well as hard 

template during the synthesis of TiO2. The structure of the 

obtained material was characterized in detail. The 

photocatalytic properties was investigated by degradation of 

Rhodamine B. In comparison, commercial Degussa P25 was 

also studied for comparison.  

2 Experimental 

2.1 Materials 

EO20PO70EO20 (MW= 5800, Pluronic P123), hydrochloric 

acid (37 wt.%), sucrose(≥99.9%), concentrated sulfuric acid(98 

wt.%), hydrofluoric acid (40 wt.%), TDMAT (99.9%) and 

toluene (99.9%) were purchased from Sigma-Aldrich. 

Tetraethoxysilane (TEOS) was purchased from Acros, deionized 

water was used throughout the experiments. All the reagents 

in our study are analytically pure and were used without 

further purification.  

2.2 Synthesis procedure  

2.2.1 Synthesis of SBA-15:  

SBA-15 was synthesized according to the literature 

elsewhere30. The related synthesis procedure and small-angle 

X-ray diffraction pattern were shown in ESI (Fig. S1†). 

2.2.2 Synthesis of CMK-3:  

CMK-3 was prepared from SBA-15 according to the 

reference31 and the as-prepared CMK-3 has typical hexagonal 

mesopores (Fig. S2†). Typically, 6.25 g of sucrose and 0.7 g of 

concentrated sulfuric acid were dispersed in 25 g of deionized 

water in order to obtain homogeneous solution, and then 5 g 

of SBA-15 was added to the above solution with vigorously 

stirring. The mixture was heated at 100 ℃ for 6 hours, then 

the temperature was increased to 150 ℃ for another 4 hours. 

The resulting black materials was milled into powders and 

repeated the above carbonation procedure with another 

solution (4 g of sucrose, 0.47 g of concentrated sulfuric acid 

and 25 g of deionized water). The obtained materials were 

then heated at a rate of 2 ℃·min-1 in argon atmosphere to 

reach the final temperature of 900 ℃for 2 hours. Then the 

composite was mixed with hydrofluoric acid (40 wt.%) for 2 

days to remove the silica template. Thus obtained CMK-3 was 

pretreated by nitric acid solution (2 M) to modify the less 

functional surface.  

2.2.3 Synthesis of crystalline TiO2. 

The crystalline TiO2 was synthesized by the hard-template 

method, in which tetrakis (dimethylamino) titanium (TDMAT) 

was used as the titanium source and mesoporous carbon CMK-

3 as the template. Before being used as hard-template, 2 g of 

CMK-3 was functionalized using 15 mL of nitric acid solution (2 

M) under vigorous stirring for 2 h, donated as F-CMK-3. F-CMK-

3 was dried overnight in vacuum at 150 ℃ and then kept in 

the airless environment. The following procedure would be 

carried out in glove box or on vacuum line. TDMAT dispersed 

in toluene was mixed with the functionalized carbon 

homogeneously in a Shlenk and then fluxed at 110 ℃ for 3 

days under sealed conditions. The product was filtrated and 

washed by toluene on the vacuum line. The initial mole ratio is 

37.2 C: 1 Ti: 36.5 toluene. Then the sample was exposed to air 

at room temperature for 1 day to promote the reaction of the 

residue active Ti-N bond. Finally, the composite of TiO2 and 

carbon was thermal treated in argon at 600 ℃ for 5 hours 

following by calcination in air at 600 ℃ for another 5 hours 

with a ramping rate of 2 ℃/min to remove the carbon 

template. The obtained specimen was named as TiO2-600. 

2.3 Sample characterization 

X-ray diffraction (XRD) detection was carried out on a D8 

Advance X-ray powder diffractometer equipped with Cu Kα 

radiation (λ=1.54187 Å) at 40 kV and 40 mA. 

Thermogravimetric analysis (TGA) was conducted on a 

thermogravimetric analyzer of Setsys Evolution TGA 16/18 in 

air atmosphere from ambient temperature to 800 ℃ with a 

ramping rate of 10 ℃/min (Fig. S3†). The microstructure was 

examined with high-resolution transmission electron 

microscopy (HRTEM; JEOL-2010) at an acceleration voltage of 

200 kV. X-ray photoelectron spectroscopy (XPS) was 

performed under an ultrahigh vacuum on a Kratos AXIS ULTRA 

DLD spectrometer with Al Kα radiation and a multichannel 

detector, the binding energies were referenced to the C 1s at 

284.6 eV. Raman spectroscopy was performed using a Raman 

Microprobe (HR-800 Jobin-Yvon) with a 532 nm Nd:YAG 

excitation source at room temperature. The Brunauer–

Emmett–Teller (BET) specific surface areas of the samples 

were determined by nitrogen adsorption–desorption isotherm 

measurements at 77 K on Tristar 3020. EPR spectra were 

recorded at room temperature with a standard Bruker EPR 

spectrometer, EMXPLUS10/12 (X-band, sensitivity of about 1.5 

× 109 spin/G, modulation frequency = 100 kHz, microwave 
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frequency is 98.635 GHz). The g value is calculated by the 

formula hv=gβH (β=9.2710×10-21 erg/G，  h=6.62620×10-27 

erg·s). The concentrations of RhB solutions were determined 

by UV-visible spectrophotometer (Jenway 7310, UK). 

2.4 Photocatalysis experiments 

The photocatalytic activity of the samples in terms of the 

photocatalytic decolorization of RhB aqueous solution was 

performed at ambient temperature. The visible-light source 

was provided by a 300 W Xe lamp (15 cm above the dishes) 

with a 400 nm cutoff filter as a light source. The UV-visible 

photocatalytic activity was evaluated using 300 W Xe lamp. 

In the photocatalysis experiments, 0.008 g of the 

prepared photocatalyst powder was dispersed in a 40 mL RhB 

aqueous solution with a concentration of 10 mg/L in a beaker. 

The mixed solution was remained in dark for an hour to 

establish the RhB solution adsorption-desorption equilibrium 

on the photocatalyst before light irradiation. During 

photocatalysis, 3 mL reaction solution was taken out in some 

irradiation interval and filtered to measure the concentration 

change of RhB using a UV-visible spectrophotometer (Jenway 

7310, UK). 

3. Results and discussion 

3.1 TiO2 nanocrystallites formation mechanism 

The TiO2 formation mechanism was illustrated in scheme 

1. To our best knowledge, TDMAT is a very reactive 

organometallic compound sensitive to active hydrogen such as 

-OH, -COOH, -C=C-H to form gaseous NH(CH3)2. After 

treatment of CMK-3 with nitric acid, active functional groups 

(R-OH, R-COOH) and some C=C-H groups formed on the 

surface26,32, 33. The active hydrogen on CMK-3 surface would 

react with the active Ti-N bonds, which lead to the formation 

of gaseous dimethylamine and R-O-Ti structure, as shown in 

scheme 1. The unreacted Ti-N bonds will be further hydrolyzed 

after the sample exposed to air under room temperature to 

generate the Ti-O bond. Since the hydrolysis and condensation 

of TDMAT occurred within the mesopores of CMK-3 during 

reflux process, the carbon restricted the growing up of the Ti-

O-Ti structure. Following thermal treatment at 600 ℃ in argon 

atmosphere will lead to the improvement of Ti-O-Ti 

architecture unit and the carbon wall can still inhibit the grain 

growth of TiO2 crystallites. More importantly, oxygen 

vacancies generated during the thermal treating in inert 

atmosphere due to the absence of oxygen34. Finally, the 

carbon template was completely removed by combustion in 

air. 

 

Scheme 1. The formation mechanism of nanocrystalline TiO2 

(black arc represents the wall of mesoporous carbon CMK-3, 

the Ti-O bond starts to form during refluxing process of 

TDMAT and tolunene, other unreacted Ti-N bonds break in air, 

thermal treatment can improve the Ti-O-Ti framework) 

3.2 Characterizations of TiO2 

3.2.1 X-ray diffraction study 

 

Fig. 1 X-ray diffraction patterns of TiO2-600 and P25 

The crystal structure of prepared samples was 

characterized by the wide-angle X-ray diffraction 

measurement. As shown in Fig. 1, the prepared TiO2-600 and 

P25 exhibit totally different XRD patterns. P25 presents a 

mixed phase composition of 82.9% anatase and 17.1% rutile. 

For TiO2-600, the reflection peaks at 25.3, 37.8, 48.04, 53.9, 

55.1, 62.7, 68.8, 75.2 °corresponded to the planes of (101), 

(004), (200), (105), (211), (204), (116), (220), (215), 

respectively, which can be well indexed to the tetragonal-

anatase crystal phase (JCPDS NO. 84-1285)14, 35-38, indicating 

that the prepared TiO2-600 mainly consists of anatase crystal 

structure. Nevertheless, unassigned peaks can be observed at 

approximately 14.5 and 33.3 °, which are most likely attributed 

to TiO2-x, and can be further proved to be oxygen defects by 

the XPS and EPR measurements, indicating that the oxygen 
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defects were produced during the annealing procedure. Before 

calcination in air, the CMK-3/TiO2-600 exhibited typical 

anatase phase and mesoporous structure with shoulder peak 

in small angle XRD pattern (Fig. S4† ), but the ordered 

mesoporous structures disappeared when removal of the 

carbon. Previous workers14 have proved that the intensity of 

the reflection peaks is proportional to the crystallite size, so 

the obvious broadening of Bragg peaks of TiO2-600 suggested 

the distinct decrease of crystallite size than P25. As listed in 

table 1, the crystallite size of prepared TiO2-600 was calculated 

to be 5.0 nm according to the Scherrer formula (a0=Kλ/βcosθ, 

K=0.9, λ=0.15405 nm), which is much smaller than that of 

commercial P25. Meanwhile, the crystallite size is very similar 

to the pore diameter of CMK-3. Thus it is plausible that the 

titanium source was hydrolyzed and condensed within the 

definitely restrictive space of mesoporous CMK-3 to form 

nanocrystalline TiO2 framework. The space-confinement effect 

of mesopores in hard template plays an important role in the 

obtaining of objective nanostructure.  

Table 1 physical and chemical properties of TiO2-600, CMK-

3/TiO2-600 and P25 

samples 
Crystallite 

size a (nm) 

Vp 

(cm3/g) 

SBET 

(m2/g) 

kRhB b 

 (min-1) 

Dpm
 c 

(nm) 

P25 50.1 0.18 51.2 0.012 3.15 

CMK-3/TiO2-
600 

8.6 0.49 759.3 － 3.44 

TiO2-600 5.0 0.74 228 0.058 2.18 

a The crystallite size was calculated by Scherrer formula 

(a0=Kλ/βcosθ, K=0.9, λ=0.15405 nm), b The reaction kinetics 

constant derived from –ln(c/c0) vs. time, c the most probable pore 

size  

3.2.2 N2 adsorption-desorption isotherms

 
Fig. 2 The N2 adsorption-desorption isotherms of P25, 

TiO2-600 and CMK-3/TiO2-600 (a) and the corresponding pore 
sizes distribution curves (b) 

N2 adsorption–desorption isotherms and pore size 

distributions of P25, CMK-3/TiO2-600 and TiO2-600 are 

measured to analyze the porous properties of the as-

synthesized samples. As shown in Fig. 2, the N2 adsorption–

desorption isotherms of TiO2-600 belong to a typical type Ⅲ 

sorption behavior with a large type H3 hysteresis hoop, 

indicating the porosity of TiO2-600. While CMK-3/TiO2-600 

appears to have a typical H4 hysteresis hoop, indicating the 

ordered mesoporous structure which mainly comes from the 

CMK-3. The lower adsorption of TiO2-600 at relative pressure 

range (P/P0=0.4-0.8) can also be observed, which may be 

attributed to the less number of mesopores compared to CMK-

3/TiO2-600. The results can be also confirmed by decreased 

tendency of the specific surface areas from 759.3 m2/g of 

CMK-3/TiO2-600 to 228 m2/g of TiO2-60035. Meanwhile, the 

most probable pore size of TiO2-600 (Fig. 2b) is located at 2.18 

nm and CMK-3/TiO2-600 at 3.44 nm (shown in table 1). The 

results suggested that the nanocasting method using 

functioned CMK-3 and organic metal compounds was feasible 

to synthesize nanomaterials. 
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3.2.3 Raman scattering 

Raman scattering, an effective supplement to XRD, is 
often used to analyze the microstructure change of 
nanocrystalline materials2. As for tetragonal anatase TiO2 
(symmetry group I41/amd-D19), composed of TiO6 octahedra 
that share two adjacent edges in the ac- and bc-planes, six 
active modes (3Eg, 1A1g, 2B1g) in the Raman spectrum can be 
observed. However, the band at 517 cm-1 is resolved into two 
components at 507 cm−1 (A1g) and 519 cm−1 (B1g) only below 73 
K39. Fig.3 presents the Raman spectra of TiO2-600 and P25. The 
patterns display clearly Raman peaks in the range of 100–800 
cm−1. Five peaks can be observed in the spectra of TiO2-600 
and P25, the bands at 141 (Eg), 193 (Eg), 398 (B1g) cm-1 
correspond to the O-Ti-O bending vibration and the bands at 
517 (A1g, B1g) and 638 cm-1(Eg) to Ti-O stretching vibration, 
revealing the anatase TiO2 has been successfully synthesized. 
From the Fig. 3, it is obvious that, the peaks of TiO2-600 
present apparent wideness and slight blue shift compared to 
that of P25, which is usually related to phonon confinement in 
small particles10. Meanwhile, it is acknowledged that the 
confinement would be present in individual particles rather 
than nanocrystallite derived from mesoporous structure40. 
However, in our case, the obtained TiO2-600 possess 
nanocrystallite joined as mesoporous structure (Fig. 7). 
Furthermore, oxygen vacancies can also lead to a blue shift of 
the Raman peak, considering the sensitivity of Eg mode to the 
O-O interaction, we thus attribute the blue shift to the oxygen 
defects 40, 41, 42. These defects are likely to share oxygen at the 
interfaces between TiO2 nanocrystals 40. The results indicate 
that our method promotes the formation of oxygen defects to 
some extent and have a remarkable impact on the Ti-O lattice, 
which is in accordance with that of XRD.  

 

 

Fig.3 Raman sepctra of TiO2-600 and P25 

3.2.4 X-ray photoelectron spectroscopy study 

 
Fig.4 Wide survey XPS patterns ofTiO2-600, CMK-3/TiO2-

600and P25 
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Fig.5 XPS spectra of TiO2-600 (up), CMK-3/ TiO2-
600(middle) and P25 (below): (A) N 1s (B) O 1 s (C) Ti 2p XPS 

spectra 

XPS spectra were acquired to analyze the surface 

chemical states and composition of CMK-3/TiO2-600 and TiO2-

600. The wide survey XPS spectra (Fig. 4) indicate that the 

samples contains Ti, O, N and C. C element in TiO2-600 may 

come from the adventitious C and the background35. TG results 

show that there are 82.55% and 1.37% of carbon left in CMK-

3/TiO2-600 and TiO2-600, respectively (Fig. S4†) and the same 

tendency can be found from Fig. 4. The XPS spectrum of O 1s 

could be fitted by two peaks at binding energy of around 529.9 

eV and 531.7 eV, which are principally attributed to the lattice 

oxygen of TiO2 and the surface hydroxyl groups on titania, 

respectively43. From Fig. 5(b), we can observe much stronger 

intensity of CMK-3/TiO2-600 at 531.7 eV, suggesting that there 

are much more hydroxyl groups in CMK-3/TiO2-600. 

Meanwhile, the relatively weak intensity of TiO2-600 indicates 

that thermal treatment can decrease the amount of surface 

hydroxyl groups. In comparison to P25 (529.6 eV), the O 1s 

spectrum of CMK-3/TiO2-600 and TiO2-600 slightly shifts to 

higher binding energy, which can be attributed to the oxygen 

vacancies. This is resulted from the decreasing of electro 

density of the O nearest to the oxygen vacancy for local 

deformation of TiO2
44. At the same time, the structure of the 

oxygen defect is more likely formed due to the relatively rapid 

removal of hydroxyl groups at 600 ℃ in argon atmosphere. 

The core N 1s spectra of CMK-3/TiO2-600, TiO2-600 and 

P25 were depicted in Fig. 5(a). There’s no N 1s peaks in P25, 

suggesting the absence of N elements. On the contrary, as for 

CMK-3/TiO2-600 and TiO2-600, the peak range from 396 to 404 

eV corresponds to the typical peaks of N-doped TiO2
1, 5, 14, 34, 

implying the N-doping in the TiO2 lattice. In addition, there are 

two peaks at binding energy of around 399.9 eV and 401.8 eV. 

The peaks at 399.9 eV can be attributed to the interstitial 

nitrogen species or the oxidized nitrogen similar to NOx species 

in the form as N-O-Ti or O- N-Ti accompany with the slight blue 

shift of Ti 2p spectra (Fig. 5c) according to previous work14. 

Herein, the intense peak at 399.9 eV by reason of anionic N in 

O-Ti-N has been reported34. N 1s core level peaks at 400−402 

eV are ascribed to the adsorbed nitrogen on the surface of the 

catalyst in form of N-O-Ti34. The interstitial NOx has a positive 

oxidation state leading to a higher binding energy shift. It is 

believed that N-doping would introduce impurity bandgap 

level upon the valence band, which would be donor level for 

electro generation under the visible light irradiation and hence 

improve the efficiency. What’s more, the electron transfer 

within the O-Ti-O framework from oxygen vacancy to 

interstitial nitrogen species was effective for the bandgap 

narrowing of TiO2
39. Overall, N doping will not only facilitate 

the TiO2 absorption spectrum moving to the visible light region 

but effectively improve the visible light photocatalytic 

efficiency. In our experiment, N-dopant may also come from 

the nitric acid during the pretreatment of CMK-3 since the 

samples have been put in air for a long time to promote the 

further reaction of residue –N(CH3)2 groups, as a result, 

TDMTA can completely react to form Ti-O-Ti structure.   
The Ti 2p spectrum of TiO2-600 was also observed (Fig. 5c) 

and the two peaks at around 464 and 458 eV, can be assigned 
to Ti 2p1/2 and Ti 2p3/2, respectively. Bousoulas 19 reported that 
titanium ions (Ti4+) in oxygen vacancy enriched region might be 
reduced in order to fulfill the local charge neutrality. However, 
the absence of peaks at 457.5 and 463.1 eV confirms the 
absence of Ti3+  24 and the anionic N can help to keep charge 
balance. And in general, N is considered to be a beneficial 
state for the photocatalytic performance5, 45.Furthermore, the 
oxygen vacancies can be expected to create new bandgap 
levels34. Because no partial reduction of Ti4+ was found, the 
introduced levels would be closer to the conductive band 
edge40. Overall, the oxygen vacancies and N-dopants provide 
two additional bandgap levels which help to narrow the 
bandgap of pristine TiO2 and enhance the photocatalytic 
activity under visible light irradiation. The surface O/Ti ratios 
from the XPS are greater than 2, which seemly contrary to that 
of XRD, but the excess oxygen on the surface may derive from 
the adventitious carbon or interstitial NOx species. 

3.2.5 Electron paramagnetic resonance study 

 

Fig.6 EPR spectra of the TiO2-600 and P25 

Electron paramagnetic resonance (EPR) is a most sensitive 
and accurate tool to detect the paramagnetic centers (N-

Page 6 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx  

Please do not adjust margins 

Please do not adjust margins 

dapants or oxygen vacancies). Fig. 6 shows the different 
rhombic EPR signals of TiO2-600 and P25. The characteristic g 
tensor is calculated to be 2.0010, which was very close to that 
of a standard free electro (ge=2.0013), indicating the existence 
of single-electro-trapped oxygen vacancies (Vo·)14, 42 induced 
by NOx in the microenvironment either as Ti-NOx-Vo· or the Ti- 
Vo·-NOx. The major EPR intensity of TiO2-600 is higher than 
that of P25, means the relative concentration of Vo· is higher 
than pristine TiO2. The relative higher Vo· concentration is 
associated with the thermal treatment in inert atmosphere. 
Additionally, the signal of Ti3+ can’t be seen with g value at 
around 1.96, which is in accordance with the result of XPS. 

 

Fig. 7 TEM images of TiO2-600 (a), the SAED image was 
inserted in (a); HRTEM image of TiO2-600 (b)  

3.2.5 The transmission electron microscope study 

The microstructures of TiO2-600 were observed via 
HRTEM as shown in Fig. 7. The images (Fig. 7a) clearly 
demonstrate the porous architecture of the sample. The 
sample is composed of highly crystalline particles with the size 
of 5 nm or so which is in good agreement with the result of 
XRD. The lattice fringes with d-spacing of 0.35 nm can be 
ascribed to the (101) planes of anatase TiO2, revealing 
tetragonal crystal structure. The selected area electro 
diffraction patterns (inserted in Fig.7a) indicate that the 
sample is polycrystalline and confirms the formation of 
tetragonal phase by showing several diffraction rings 
corresponding to the TiO2 (101) (004) (200) crystal plane, 
respectively. It is worth mentioning that, there are obvious 
lattice distortion on TiO2-600 (Fig. 7b) with an enlargement of 
lattice spacing (d=0.61 nm), revealing the existence of large 
number of oxygen vacancies on the surface of TiO2-600 which 
is in good agreement with XRD and Raman results. 

3.3 Photocatalytic activity 

 

 
Fig. 8 Photocatalytic activity of TiO2-600 and P25 under 

visible light irradiation (a) photocatalytic degradation of RhB 
(b) reaction kinetic (ln(C/C0)=-kappt) of visible-light 
photoreaction 

The photocatalytic activity of TiO2-600 was evaluated by 

photodegradation of RhB  under the irradiation of visible light 

and UV-visible light. Fig. 8 demonstrates the photocatalytic 

activity and apparent reaction constant of TiO2-600 under 

visible light irradiation. After being stirred for 60 min in dark, 

the adsorption capacities of TiO2-600 and P25 were 19.7% and 

6.8%, respectively. The degradation of RhB fits pseudo-first-

order kinetics34, 46, - ln(C/C0) = k t, where the slope k is the 

apparent reaction rate constant, C is the concentration of RhB 

remaining in aqueous solution and C0 is the initial 

concentration (10mg/L). Obviously, it can be found that TiO2-

600 have higher photocatalytic efficiency (96.5 %) than that of 

P25 (35.9 %) in 60 min. The broadening of excitation light to 

visible light range can be attributed to the sufficient oxygen 

vacancies and traces of N-dopants as proved by the previous 

characterization47. As shown in Fig. 8(b), the calculated 

apparent reaction rate constant of TiO2-600 (0.058 min-1) is 4.8 

times of P25 (0.012 min-1) (shown in table 1).  
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Fig. 9 shows the photocatalytic activity of TiO2-600 and 

P25 under UV-visible light irradiation. As can be seen, the 

photolysis effect of RhB solution was very weak in 50 min, and 

TiO2-600 showed relatively high activity under the UV-visible 

light irradiation, and a certain degradation efficiency of 96.8 % 

and 98.81 % was got after reaction in 50 min for P25 and TiO2-

600. The calculated apparent reaction rate constant of TiO2-

600 (0.084 min-1) is 1.35 times of P25 (0.062 min-1) (Fig. 9b). 
In conclusion, TiO2-600 sample exhibits higher 

photocatalytic efficiency than P25 under visible as well as UV 
visible light. The improved photocatalytic activity for TiO2-600 
is most likely dependent on the superior properties in terms of 
crystallite size, oxygen vacancies, specific surface areas16, 46, 48, 
etc. N-dopants and oxygen vacancy provided extra band levels, 
and help to narrow the band gap between the valence band 
and conduction band, which can improve photocatalytic 
properties of TiO2-600 under visible light. 

 

 
Fig. 9 Photocatalytic activity of TiO2-600 and P25 under 

UV-visible light irradiation (a) photocatalytic degradation of 
RhB (b) reaction kinetic (ln(C/C0)=-kappt) of UV-visible light 
photoreaction 

Conclusions 

In summary, the nanocrystalline anatase TiO2 with uniform size 
of 5.0 nm and sufficient oxygen vacancies is successfully prepared 
by a novel route in which mesoporous carbon (CMK-3) and organic 
metal composite (tetrakis (dimethylamino) titanium) have been 
used as hard template and titanium source. The introduction of 
active organometallic compounds (TDMAT) is confirmed that it can 
be bonded with the active hydrogen within the mesopores of CMK-
3 and eventually form TiO2 framework. Trace of N is introduced and 
doped into the lattice of TiO2. The prepared sample exhibits high 
specific surface areas, sufficient oxygen vacancies, and enhanced 
photocatalytic activity for the degradation of RhB than P25 under 
the visible-light and UV-visible light irradiation. The synergistic 
effect between oxygen vacancies and N-dopants is responsible for 
the high visible-light activity. The research provides a methodology 
to synthesize nanocrystalline metal oxides by selecting special 
organometallic compounds and utilizing the space confinement 
effect of pores in molecular sieves. 
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