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H I G H L I G H T S

• A 3DOM Ti3+ self-doped TiO2 is synthesized by a facile sol-gel template and ice-water quenching method.

• The 3DOM Ti3+ Self-doped TiO2 display superior photocatalytic activity on removing of NO under visible light irradiation.

• The Ti3+ self-doping and slow photon effect of 3DOM structure act as dual-function for charge separation and efficient light harvesting in photocatalysis.
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A B S T R A C T

A novel three dimensionally ordered macroporous (3DOM) Ti3+ self-doped TiO2 with an ordered distribution of
macropores in the diameter of 270 nm is synthesized by a facile colloidal polystyrene template sol-gel and ice-
water quenching method. The performance of photocatalytic removal of NO from continuous air flow with
visible light irradiation show 3DOM Ti3+ self-doped TiO2 has enhanced efficiency under visible light irradiation.
The improved photocatalytic efficiency could contribute to the presence of Ti3+ doping induced by ice-water
quenching and the 3DOM structure with a large specific surface area.

1. Introduction

Titanium dioxide (TiO2) is one of promising photocatalysts in con-
sideration of its cheapness, non-toxicity, and outstanding photo-
chemical stability. However, the drawbacks, weak light adsorption in
visible-light region and high recombination of photogenerated elec-
tron–hole, largely restrain its photocatalytic performance [1]. Up to
now, there are plenty of methods can improve these drawbacks, like
metal loading, metal oxide loading, foreign elements doping, and so on
[2]. Besides of that, creating reduced metal ions doping was shown to
be better to improve the photocatalytic activity by improving visible-
light absorption, narrowing the band gap and reducing carrier re-
combination [3,4]. A variety of ways have been implemented to dop
Ti3+ in TiO2, such as hydrogenation [5], redox with reducing agents
[6], photochemical synthesis [7], and so on. And recently, Liu et al.
demonstrated ice-water quenching can be used as a general metho-
dology to implant self-dopants in TiO2 for increasing its photocatalytic
activity [8].

Three dimensionally ordered macroporous materials, with the per-
iodic structure, can forbid the propagation of light by the band gap
scattering effect, increase the path length of light through slow photon
effect and result in a stop-band reflection because of Bragg coherent

diffraction [9]. It is found that the light absorption could be sig-
nificantly enhanced by 3DOM structure [10]. The 3DOM structure
materials can be easily fabricated by simple hard template sol-gel
method [11]. Accordingly, a series of 3DOM TiO2 materials, such as
3DOM TiO2 [12,13], 3DOM Fe3+-TiO2 [14] and 3DOM TiO2-Au-CdS
[15], have been prepared and used in dye-sensitized solar cells, H2

production and degradation applications.
Inspired by the ice-water quenching method for synthesizing Ti3+

self-doped TiO2, we believe a novel Ti3+ self-doped TiO2 with three
dimensionally ordered structure could be synthesized by only changing
the way of cooling during fabricating 3DOM TiO2 using hard template
sol-gel method. Therefore, in the present research, we synthesized
3DOM Ti3+ self-doped TiO2 (3DOM-Ti3+-TiO2) by a facile colloidal
polystyrene template sol-gel and ice-water quenching method. The
3DOM-Ti3+-TiO2 shows excellent efficiency on photocatalytic NO re-
moval from continuous air flow under visible light irradiation.

2. Experimental section

2.1. Preparation of polystyrene (PS) colloidal crystal template

Sodium hydroxide, styrene and potassium persulfate were
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purchased from Aldrich. PS template were synthesized by an emulsion
polymerization method [16].

2.2. Fabrication of 3DOM Ti3+ self-doped TiO2

3DOM Ti3+ self-doped TiO2, noted as 3DOM-Ti3+-TiO2, was fabri-
cated as follows (Scheme 1). 0.6 mL hydrochloric acid was dissolved
into 60mL of water. Then 6mL of tetrabutyl titanate was added
dropwise into the solution. The above mixture was stirring at ice bath
overnight and aged two weeks to obtain the solution of TiO2 precursor.
Then 3.5 g PS was immersed into the precursor, filtered and dried at
60 °C in the vacuum drying oven and calcined at 300 °C for 4 h with a
rate of 0.5 °C/min in muffle furnace. And then the obtained hot powder
was directly thrown into ice-water (ca. 0–4 °C) for rapid quenching. The
quenched sample was filtered and then dried at 70 °C for 12 h in the
vacuum drying oven for further use. For comparison, the Ti3+ self-
doped TiO2, denoted as Ti3+-TiO2, was prepared by the same procedure
without PS template. And the non-doped TiO2, denoted as TiO2, was
prepared by the same procedure without PS template and ice-water
quenching.

2.3. Phtocatalytic degradation of NO

The photocatalytic activity of the as-synthesized samples was in-
vestigated through the removal of NO at ppb level in a continuous flow
reactor (30 cm×15 cm×10 cm) under simulated visible light irra-
diation at room temperature. The dispersed photocatalyst (0.1 g) was
coated on a glass dish (D= 9.0 cm). Then the dishes were treated at
70 °C until complete removal of water in the suspension. The simulated
visible light source was a commercial 300W Xe arclamp (PLS-SXE 300,
Beijing) with a UV cut-off filter (λ > 420 nm), which was vertical
placed 20 cm above the reactor. The light intensity at the surface of the
as synthesized samples was controlled at 0.75W cm−2 as measured by a
photometer (THORLABS PD130, USA). The NO gas at ppb level was
obtained from a compressed gas cylinder at a concentration of 50 ppm
of NO (N2 balance). The 50 ppm of NO was diluted to about 420 ppb by
the air stream from a zero air generator. The flow rate of the gas
streams was controlled at 3 Lmin−1 by a mass flow controller. The

lamp was not turned on until the adsorption–desorption equilibrium
among catalysts, gases and water vapor was obtained. The concentra-
tion of NO, NO2, and NOx was continuously measured every 1min by a
NOx analyzer (Ecotech, 9841) at a sampling rate of 0.6 L min−1. The
removal ratio (R) of NO after irradiation was calculated according to
the following equation:

= × ×R(%) (1 C/C ) 100%0 (1)

where C is the outlet concentration of NO each access gases, and C0 is
the inlet concentration before irradiation.

2.4. Characterization

The crystal phases of the materials were detected by the X-ray
powder diffraction (XRD; SHIMADZU, Lab XRD-6000). XPS character-
ization was analyzed on ThermoFisher Scientific photoelectron spec-
trometer (Escalab 250Xi), and the radiation source was Mg Ka
(1253.6 eV). The C 1 s peak (284.6 eV) was used as the standard to
rectify the binding energies. The macro-porous structure of the semi-
conductor was analyzed by the field-emission scanning electron mi-
croscope (SEM, JEOL, JSM-6700F). The elemental distribution and
inner structure were obtained through transmision electrom micro-
scopy (TEM, JEOL, JEM-2100). The Brunauer-Emmett-Teller (BET)
surface area of resulted samples were obtained from N2 adsorption/
desorption isotherms at 77 K (ASAP 2020 automatic analyzer). The
samples were degassed at 110 °C prior to analysis. The UV–Vis Diffused
Reflectance Spectrum of the resulted samples were performed on a
Varian Cary 100 Scan UV–visible system equipped with a labsphere
diffuse reflectance accessory in the wavelength range of 200–800 nm.
Photoelectrochemical properties of the as-prepared samples were
evaluated using a Parstat 4000 electrochemical workstation (USA) in a
conventional three-electrode cell, with a platinum plate as the counter
electrode and an Ag/AgCl electrode as the reference electrode. The
working electrode was prepared by dispersing the 20mg sample into
4mL Nafion ethanol solution to obtain homogeneous suspension by
using the ultrasonic dispersion method for 30min. Afterwards, the
suspension was coated onto a F-doped tin oxide-conducting glass and
dried at room temperature. The photocurrent-time curves were mea-
sured at 0.2 V versus Ag/AgCl in 0.5 mol/L Na2SO3 at ambient

Scheme 1. Schematic procedure for the preparation of the 3DOM Ti3+ self-doped TiO2.
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temperature under a 300W Xe lamp (λ=420 nm). Electrochemical
impedance spectroscopy (EIS) of the samples were measured at a fre-
quency range of 0.1 Hz to 100 kHz with an 5mV voltage amplitude
under an open-circuit voltage in a 1.0mmol/L K3Fe(CN)6 and K4Fe
(CN)6 solution.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns of samples are shown in Fig. 1a. All of the samples
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Fig. 1. (a) XRD patterns of the 3DOM-Ti3+-TiO2, Ti3+-TiO2 and TiO2; (b) the Ti2p XPS spectra of the sample 3DOM-Ti3+-TiO2 and TiO2.

Fig. 2. SEM image of (a) PS template; (b) 3DOM-Ti3+-TiO2; TEM image of (c) 3DOM-Ti3+-TiO2; (d) TiO2 (left) and 3DOM-Ti3+-TiO2 (right).
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are of anatase and rutile phase and there is no obvious difference
among them, indicating the less effect of PS template and ice-water
quenching on the crystallinity. XPS was used to study the surface che-
mical composition of samples, as shown in Fig. 1b. The peaks centered
at 458.7 and 464.5 eV are consistent with Ti4+ in TiO2 lattice at both

3DOM-Ti3+-TiO2 and TiO2. However, in 3DOM-Ti3+-TiO2, there are
two additional peaks centered at 457.6 (Ti2p3/2) and 463.2 eV (Ti2p1/
2), which are the typical peaks of the Ti3+ [17], indicating that the ice-
water quenching process can create Ti3+ in TiO2.

In Fig. 2a, SEM image of the PS spheres template shows it consists of
numerous regularly arrayed spheres with a diameter of about 270 nm.
The 3DOM-Ti3+-TiO2 (Fig. 2b) shows a regularly ordered macroporous
structure. Although the sample includes a part of defects, a large region
of highly ordered structure hold up a main area.

As shown in Fig. 2c, the clear TEM image shows in sample 3DOM-
Ti3+-TiO2, the lattice fringes spacing is 0.324 and 0.352 nm respec-
tively, corresponding to the (1 1 0) lattice planes of rutile TiO2 and
(1 0 1) lattice planes of anatase TiO2 respectively [18]. Besides, it can
be seen from Fig. 2d that the lattice fringes of 3DOM-Ti3+-TiO2 on
surface are obviously distorted and tends to be disordered. It is reported
that suitable lattice distortion may create more photocatalytic catalytic
centers, finally resulting in an increase of photocatalytic activity [9].

3.2. Uv–vis spectra and photoluminescence spectroscopies

Further investigations on the optical absorption property, electronic
band structure, as well as photogenerated electron–hole pair re-
combination rate of 3DOM-Ti3+-TiO2, Ti3+-TiO2 and TiO2 were per-
formed. The UV–visible absorbance spectra of samples are shown in
Fig. 3a. Obviously, Ti3+ self-doped TiO2 displays a bigger red shift of
light absorption compared with the non-doped TiO2. This result in-
dicates that self-doping of Ti3+ induced by ice-water quenching can
narrow the band gap of TiO2 and extend the light adsorption spectrum
of TiO2 to the visible-light region effectively. This could be understood
as a shallow donor level is formed just below the conduction band
owing to the introducing of Ti3+ into TiO2, which could give rise to the
band gap narrowing and visible light response of TiO2 [19]. 3DOM-
Ti3+-TiO2 exhibits a red shift compared with Ti3+-TiO2, which should
be caused by the slow photon effect of 3DOM structure materials
[20,21]. Apart from that, 3DOM-Ti3+-TiO2 shows a much strong visible
light absorption between 400 and 800 nm. The cause is not clear, but
the strong absorption in visible light region may promote the photo-
catalytic performance under visible light irradiation. In Fig. 3b, the
estimation of band gap energies from the plots of (ahv)1/2 versus the
energy of absorbed light reveal shows that the band gap energies of
3DOM-Ti3+-TiO2, Ti3+-TiO2 and TiO2 are 2.63, 2.85 and 3.0 eV, re-
spectively.

Fig. 3c shows a plot of photocurrent versus the irradiation time for
as-prepared samples with visible light illumination. It can be seen that
TiO2 have a weak photocurrent response under visible light irradiation
due to its wide band gap energy. For Ti3+ self-doped TiO2, the photo-
current density is 1.8 times as high as TiO2. Liu et al. [9] also found that
Ti3+ self-doping can increase the electron transport, which is in good
agreement with our results. It worth noting that the photocurrent
density for 3DOM-Ti3+-TiO2 is obviously higher than that of Ti3+-TiO2,
demonstrating that the 3DOM structure can significantly generate more
photogenerated electrons.

The N2 adsorption/desorption isotherms of the synthesized samples
and their corresponding pore-size distributions are shown in Fig. 4. The
isotherms of TiO2 and Ti3+-TiO2 (Fig. 4a) are of type IV with an H2

hysteresis loop (P/P0= 0.5–0.8) and characteristic of mesoporous
materials, according to the IUPAC classification. The corresponding
pore size distribution curve (Fig. 4b) also confirms the mesopores
structure of TiO2 and Ti3+-TiO2. The N2 sorption isotherms of 3DOM-
Ti3+-TiO2 shows the characteristic type-II sorption isotherms. More-
over, the hysteresis loop was from P/P0= 0.2 to P/P0= 1.0, suggesting
the existence of micropores and mesopores within macropores frame-
work in 3DOM-Ti3+-TiO2 [22]. The BET surface area for 3DOM-Ti3+-
TiO2 is 349.67m2/g, which is about 3 times that of Ti3+-TiO2

(112.73 m2/g) and TiO2 (118.43m2/g).
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3.3. Photocatalytic performance

The photocatalytic performance of 3DOM-Ti3+-TiO2, Ti3+-TiO2 and
TiO2 were evaluated by their efficiencies in removing NO from con-
tinuous air flow with visible light irradiation (Fig. 5). Apparently, the
Ti3+-TiO2 shows higher efficiency of NO removal than TiO2, demon-
strating that the Ti3+ doping induced by ice water quenching can
promote the photocatalytic activity of TiO2. And 3DOM-Ti3+-TiO2 ex-
hibits much higher photocatalytic performance compared with Ti3+-
TiO2, where ∼60% of initial nitrogen oxide was removed, suggesting
that 3DOM structure can further improve the efficiency of photo-
catalytic removal of NO.

Therefore, according to the results, a possible photocatalytic reac-
tion mechanism is schematic proposed in Scheme 2. Firstly, the pre-
sence of Ti3+ ions induced by the ice-water quenching, can make TiO2

materials visible-light responsive, which has also demonstrated by
other researchers [23,24], greatly promote the efficiency of photo-
catalytic removal of NO under visible light irradiation. Secondly, the
3DOM structure can improve the light-harvesting efficiency [25],
which is another important factor to enhance photocatalytic perfor-
mance of 3DOM Ti3+ self-doping TiO2 for NO removal. In addition, due
to the large BET surface area, it can not only adsorb more NO but also
can apply more active sites, which make the excellent photocatalytic
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Scheme 2. Possible photocatalytic mechanism over 3DOM Ti3+ self-doped TiO2.
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performance of removing NO in air for 3DOM Ti3+ self-doping TiO2

[26].

4. Conclusions

In summary, we demonstrated for the first time the synthesis of
3DOM Ti3+self-doped TiO2 with an ordered distribution of macropores
in the diameter of 270 nm using a colloidal polystyrene sol-gel template
and ice-water quenching method. The Ti3+ self-doping and 3DOM
structure with a large specific surface area act as dual-function for
visible light response and efficient light harvesting in photocatalysis,
which result in a higher rate of photocatalytic NO removal from con-
tinuous air flow under visible light irradiation. This manufacture
technology for charge separation and light harvesting may be applied to
design other excellently effective photocatalytic systems for air pollu-
tion control.
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