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Abstract High-quality three-dimensional ordered TiO2

hollow-spheres (3DOH-TiO2) materials were fabricated

using polystyrene spheres colloidal crystals (ca. 290 nm in

center-to-center distance) as sacrificial templates and tita-

nium tetrachloride as titanium sources. The obtained

samples were characterized by X-ray diffraction, Raman

spectroscopy, field emission scanning electron microscopy

(FESEM), high resolution transmission electron mi-

croscopy (HRTEM) and N2 adsorption–desorption. The

results showed that the films are composed of a closely

packed, hexagonal array of the TiO2 hollow-spheres with a

center–center separation of ca. 260 nm. The homogeneity

in the shell thickness (ca. 40 nm), the physical contact

among adjacent hollow-spheres, and the long-range order

in the sample were also confirmed by FESEM and TEM

analysis. HRTEM results indicated the walls of the hollow-

spheres consist of anatase TiO2 nanoparticles (15–20 nm).

The porous framework structure of the 3DOH-TiO2 films

was further characterized using N2 physical adsorption, and

the Brunauer–Emmett–Teller specific surface area and the

total pore volume are around 77.72 m2/g and 0.262 cm3/g,

respectively.
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template � Titania � Hollow sphere � 3D ordered structure

1 Introduction

Colloidal crystals [1] are three-dimensional (3D) periodic

structures fabricated through the ordered packing of

monodisperse microspheres (silica, polystyrene or poly-

methylmethacrylate). The self-assembly of 3D ordered

colloidal crystals based on monodispersed particles has

been intensively studied, and many methods [2–6] have

been reported to assemble monodispersed colloids into

ordered colloidal crystals, such as gravity sedimentation,

centrifugation, electrophoretic deposition, filtration and

spin-coating.

Ordered porous materials [7, 8] with periodical nanos-

tructure, tunable pore size, large entrance and easily

functionalizable surface, have recently attracted great at-

tention for their possible potential applications in photonic

crystals, separation, catalysis, drug delivery and electro-

chemical cells. Many methods have been developed to

fabricate ordered porous materials, including soft litho-

graph, emulsion templating synthesis and so on. The most

conventional approach is the hard-templating process with

colloidal crystals as the sacrificial templates.

In the past decades, 3D ordered macro-porous (3DOM)

materials with various compositions have been extensively

studied, including 3DOM-C [9], -TiO2 [10], -SnO2 [11],

-Fe2O3 [12], -Y2O3 [12], -SiO2 [13], -Li4Ti5O12 [14] and so

on. However, there are few reports on the fabrication of 3D

ordered hollow-spheres (3DOH) films using colloidal

crystals templates. For example, Zhong et al. [15] prepared

3DOH-SnO2 materials by templating their sol–gel precur-

sor solutions against crystalline arrays of monodisperse PS
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beads. Besides, Li et al. [16] fabricated 3D-ordered films of

TiO2 hollow spheres (20–30 nm in shell thickness) by us-

ing 3D-ordered latex films as a templates and titanium(IV)

butoxide as titanium source. The photonic stop band was

observed for the 3DOH-TiO2 film, which could be tunable

by the inner core size and the shell thickness. Recently,

Dinh et al. [17] reported the construction of 3D assembly of

thin-shell Au/TiO2 hollow spheres via silica colloidal

crystals as templates and titanium butoxide as starting

materials. And the results showed that the designed 3DOH-

Au/TiO2 exhibited a high surface area, photonic behavior,

and enhanced light scattering effects. However, the long-

range order in the hollow-spheres films needs to be

improved.

In order to obtain highly ordered 3DOH-TiO2 films, we

reported a simple, efficient and cost-effective route using

high-quality polystyrene (PS) colloidal crystals as tem-

plates and titanium tetrachloride as titanium sources. The

as-synthesized 3DOH-TiO2 materials exhibited a highly

3D ordered structure with a large surface area, and the

hollow-spheres were orderly arranged through hexangular

and square arrays. And the TiO2 hollow-spheres were

connected to their neighbors through pores.

2 Experimental

2.1 Chemicals

Styrene (St), potassium persulfate (KPS), methylacrylic

acid (AA), concentrated sulphuric acid (98 wt%, H2SO4),

hydrogen peroxide (30 wt%, H2O2), titanium tetrachloride

(TiCl4), acetone, and ethanol were purchased in their

reagent grades from Shanghai Chemical Reagent Co.

(China), and used without further purification. Deionized

(DI) water was used for all experiments.

2.2 Fabrication of PS Colloids and Colloidal Crystal

Templates

Monodisperse PS colloids were prepared via a soap-free

emulsion polymerization process according to previous

report [18]. In a typical synthesis, 50 g of DI water, 5 g of

St and 0.75 g of AA were added into a three-necked bottle

equipped with a magnetic stirrer, a thermometer with a

temperature controller and a N2 inlet. This mixture was

deoxygenated by bubbling N2 under magnetic stirring at

room temperature for 30 min and then placed into an oil

bath at 70 �C, followed by addition of initiator (0.13 g of

KPS dissolved in 50 g of DI water, the pH of the solution

was adjusted to 8 by ammonia) to initiate the polymer-

ization. The polymerization reaction was performed in

constant N2 protection and magnetic stirring for 7 h.

Finally, the latex dispersion was purified and concentrated

by a centrifugation procedure.

The glass slips (3 cm 9 2 cm 9 0.1 cm) used as sub-

strates were firstly ultrasonic cleaned in acetone, ethanol

and DI water, and then immersed in piranha solution

(H2O2/H2SO4, 3/7, v/v) for 10 min under 80 �C to obtain

hydrophilic surfaces. The multi-layer PS colloidal crystals

were assembled by a modified horizontal deposition

method [19]. Briefly, PS colloidal suspension (ca. 5 wt%)

was dropped on the substrate to spread on the whole sur-

face under ambient conditions for self-assembly and drying

at 30 �C and a relative humidity of 60 %. Before infiltra-

tion with the TiO2 precursor solution, the templates were

dried at 105 �C for 10 min to enhance their structure

stability.

2.3 Preparation of 3DOH-TiO2 Films

According to the method described in literature [20], the

aqueous TiCl4 (titanium precursor) solutions were prepared

by slowly adding, drop-wise, a given amount of DI water

into a certain amount of TiCl4. When water contacts with

TiCl4 excess heat explosively generating from the

exothermic reaction was removed by constantly shaking in

ice-water bath. The concentration of colorless aqueous

TiCl4 solution was adjusted to about 0.2 M. And the

aqueous TiCl4 solutions were kept in ice-water bath. Sub-

sequently, the pretreated templates were immersed verti-

cally into the aqueous TiCl4 solution for 12 h. During the

immersion process, the surfaces of the PS spheres could be

covered with TiO2 precursor by capillary force. Then, the

substrates were drawn out and the template/TiO2-precursor

composites were dried for 24 h in air. These procedures

were performed in a fume hood. Finally, the as-prepared

composites were heated in an oven to 500 �C at 2 �C/min,

held for 2 h to remove the templates and cooled slowly to

room temperature.

2.4 Characterization

The morphology observation was performed by a JSM-

6360LA scanning electron microscope (SEM, JEOL, Ja-

pan) and an S-4800 field emission SEM (FESEM, Hitachi,

Japan) at an accelerating rate of 15 kV. High resolution

transmission electron microscopy (HRTEM) analyses were

carried out by a JEM-2100 electron microscope (JEOL,

Japan) with an accelerating voltage of 200 kV to observe

the ordered hollow structure of the films. X-ray diffraction

(XRD) pattern was measured on a D/max 2500 X-ray

diffractometer (Rigaku, Japan) with Cu Ka radiation to

determine the phase structure of the as-prepared samples.

Raman spectrum analysis was conducted using a Renishaw

inVia spectrometer. Nitrogen adsorption–desorption
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isotherm was obtained by an ASAP2020 (Micromeritics

Instruments, USA) nitrogen adsorption apparatus. The

surface area and the pore size distribution were calculated

by the Brunauer–Emmett–Teller (BET) and the Barret–

Joyner–Halender (BJH) methods, respectively.

3 Results and Discussion

Figure 1 exhibits the SEM images of the PS spheres-based

colloidal crystal. The high-magnification top view (Fig. 1a)

indicated that the PS colloids have a uniform center-to-

center distance of ca. 290 nm, and the obtained templates

possess typical face-centered cubic packing structure with

(111) plane parallel to the substrate. From the low-mag-

nification SEM image (inset in Fig. 1a), individual defects

such as vacancies and voids can also be observed. The

cross-sectional view (Fig. 1b) revealed that the multi-layer

colloidal crystal displays a 3D ordered structure with close-

packed arrangement.

The XRD pattern of the 3DOH-TiO2 samples is pre-

sented in Fig. 2. The obtained diffraction peaks were

matched well with the JCPDS Card (21-1272) indicating

the body-centered tetragonal anatase phase of TiO2. The

sharp diffraction peaks at 2h = 25.3� (101), 37.8� (004),

47.9� (200), 53.9� (105), 62.7� (204), 68.8� (116) and 75.1�
(215) were corresponds to the lattice plane of anatase

phase. The absence of the diffraction peaks at 2h = 27.5�
(110) and 30.8� (121) corresponds to rutile [21] and

brookite [22] phase confirms that the as-synthesized sam-

ples is pure anatase phase. The crystallite sizes were cal-

culated from the broadening of the anatase (101) peak

according to the Scherer’s formula (D = kk/bcosh), where
D is the crystallite size (nm), k is the shape constant (0.9), k
is the wave length of Cu Ka radiation (1.5406 Å), h is the

diffraction angle (�) and b is the full width at half

Fig. 1 SEM images of colloidal crystal templates: a top view,

b cross-sectional view
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Fig. 2 XRD pattern of 3DOH-TiO2 samples
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Fig. 3 Raman spectrum of 3DOH-TiO2 samples
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maximum. The crystallite size of the calcined anatase TiO2

was found to be ca. 23 nm.

Figure 3 shows the Raman spectrum of the 3DOH-TiO2

samples. The bands at ca. 399.9, 519.5 and 641.9 cm-1

corresponds to the characteristic bands [23] of crystalline

anatase TiO2. Furthermore, the absence of bands at ca. 445

and 612 cm-1 indicates the absence of rutile phase TiO2

[24]. The Raman and XRD results also confirmed that the

obtained samples are complete anatase phase without any

phase impurities.

By comparison with the bare colloidal crystal template

(Fig. 1), the surface of the 3DOH-TiO2 samples became

rougher (Fig. 4), thus indicating the formation of TiO2

hollow-spheres. From the top-view FESEM images

(Fig. 4a), it can be observed that the film is composed of a

closely packed, hexagonal array of TiO2 spheres, indicating

that the 3D ordered assembly structure of template was

retained after removal of the PS cores to obtain hollow-

spheres. The high-magnification FESEM image (Fig. 4b)

shows some broken particles which clearly indicate the

hollow structure of the TiO2 spheres. Furthermore, the

hollow spheres are connected to their neighbors through

pores. The center–center separation between two neigh-

boring hollow-spheres estimated from the FESEM was

about 260 nm, around 10.3 % of shrinkage of the lattice

structure compared to the PS templating spheres. The

cross-section FESEM image (Fig. 4c) exhibits the TiO2

hollow-spheres closely packed along the direction per-

pendicular to the surface. As shown in Fig. 4d, the pres-

ence of holes on the shell can also be observed, and these

holes might be formed during the removal of the PS cores

in calcination process. The homogeneity in shell thickness

(ca. 40 nm), the physical contact among adjacent hollow

spheres, and the long-range order in the sample are clearly

seen in these FESEM images.

The shape, structure and wall thickness of the 3DOH-

TiO2 samples was further characterized by HRTEM

(Fig. 5). The low-magnification TEM image (Fig. 5a)

revealed that the sample is an assembly of uniform TiO2

hollow-spheres. Moreover, well-defined hollow-spheres

can be observed from the edge image of the sample

(Fig. 5b). As confirmed by high-magnification TEM image

(Fig. 5c), the obtained TiO2 hollow-spheres are composed

of nano-particles with a size of 15–20 nm. The shell

Fig. 4 FESEM images of 3DOH-TiO2 samples: a, b top view, c, d cross-sectional view
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thickness of the TiO2 hollow-spheres is 30–40 nm, which

is consistent with the value estimated by FESEM. The high

resolution TEM image (Fig. 5d) shows the lattice fringes of

TiO2, indicating the highly crystalline nature of TiO2

shells. The lattice fringe with a spacing of ca. 0.35 nm can

be assigned to the (101) lattice plane of anatase TiO2. A

selected area electron diffraction pattern taken from a

single TiO2 hollow-sphere (Fig. 5e) shows five diffuse

diffraction rings, which can be indexed as the (101), (004),

(200), (105) and (204) planes of anatase TiO2, starting from

inner to outer ring, respectively. Such a polycrystalline

structure ensures the porosity of the films [25], which can

further be confirmed by the nitrogen adsorption/desorption

measurements.

The porous structure of the 3DOH-TiO2 samples was

characterized using N2 physical adsorption at 77 K. As

shown in Fig. 6, the pore size distribution calculated BJH

model on the adsorption branch reveals maxima in the

range 3–15 nm, indicating the porous shell of 3DOH-TiO2

samples. The BET surface area and the total pore volume

of the sample are found to be 77.72 m2/g and 0.262 cm3/g,

respectively. The high BET surface area and large porosity

Fig. 5 TEM images (a, b), HRTEM image (c, d) and the corresponding SAED pattern (e) of 3DOH-TiO2 samples
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illustrate the porous structure of the sample. Therefore,

these results demonstrate 3D interconnected TiO2 hollow-

spheres with porous shells.

In summary, the highly ordered TiO2 hollow-sphere

films with a large area have been constructed using a

sample experimental setup. The lattice structure of the film

is a closely packed face-centric-cubic arrangement. These

materials can be considered promising for applications

such as photonic crystals, photocatalysts, dye-sensitized

solar cells and so forth.

4 Conclusions

Three-dimensional ordered TiO2 hollow-spheres (3DOH-

TiO2) films were synthesized using PS colloidal crystals as

templates via a facile and efficient method. FESEM results

revealed that the hollow-spheres are orderly arranged

through hexangular and square arrays, and the TiO2 hol-

low-spheres are connected to their neighbors through

pores. The center–center separation of the 3DOH-TiO2 is

about 260 nm, and the thickness of the hollow shells is ca.

40 nm. HRTEM results confirmed that the porous walls of

the hollow-spheres are relatively rough and composed of

tiny anatase TiO2 particles. The size of the TiO2

nanoparticles is about 15–20 nm, as demonstrated by

HRTEM. This approach can be applied in the fabrication of

the 3DOH-TiO2 films with desired void size by selecting

the PS colloidal crystal templates with suitable diameter.
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