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Abstract This article reported a well-organized 3D urchin-

like hierarchical TiO2 which was synthesized by a simple

solvothermal method without using any template or

surfactant. The results of scanning electron microscopy,

transmission electron microscopy, energy-dispersive X-ray

spectroscopy, and powder X-ray diffraction showed that the

hierarchical morphology and size of TiO2 could be effectively

controlled by adjusting the precursor ratio of tetrabutyl tita-

nate to TiCl4 solution, the concentration of TiCl4 solution, the

solvothermal temperature, and the reaction time. It is believed

that the formation of the urchin-like hierarchical TiO2 fol-

lowed a ‘nucleation–self-assembly–dissolution-recrystalliza-

tion’ growth mechanism. In addition, the excellent

photocatalytic activity of the urchin-like hierarchical TiO2

was confirmed by photodegradation of methyl blue in water.

Introduction

TiO2 is one of most important functional materials due to

its outstanding properties such as high photocatalytic

activity, biological and chemical inertness, long term sta-

bility, low cost, non-toxicity, and so on [1, 2]. TiO2 and its

composites have been explored adequately in many fields

including photocatalyst [1, 3–5], solar cell [6], antibacterial

agent [7], electrorheology [8–10], and so on. In particular,

TiO2 has been accepted as one of the most important

candidates for photodegradation of organic pollutants. It is

evident that the size, morphology, and crystallinity of TiO2

are important for its properties and applications [1, 11–14].

In the past decades, the nanosized TiO2 has attracted

considerable attention due to enhanced photocatalytic

activity. The nanosized TiO2 with different morphology,

such as spheres [15], hollow spheres [16], nanotubes

[17–19], nanoneedles [20], and mesoporous film [21, 22]

has been successfully prepared by various techniques.

However, the difficulty of separation of suspended nano-

sized TiO2 from water inevitably limits the application of

nanosize TiO2 especially in the waste-water treatment field

[23]. One of the strategies to overcome this obstacle is to

design and prepare 3D micro/nanohierarchical materials

[24–27]. The multilevel interior structure such as hierar-

chically porous particles and epitaxial multilevel structure

such as urchin-like microspheres are two types of typical

miro/nano hierarchical structure [24, 28]. The template-

induced self-assembly method is the main approach to

prepare the hierarchical materials. However, the utilization

and removal of templates easily introduce impurities into

products. The template-free self-assembly method is

considered to be an ideal strategy. Recently, various hier-

archical TiO2 has been prepared by the template-free self-

assembly method under different conditions. For example,

Wang et al. [29] synthesized anatase TiO2 3D hierarchical

nanostructures by a hydrothermal method. Gao’s group

prepared urchin-like TiO2 with a diameter about 1 lm via a

sol-solvothermal process based on benzene-water inter-

faces [30]. Li et al. [31] successfully synthesized hollow

TiO2 spheres with urchin-like morphology. Cheng et al.

[32] further investigated electrorheological characteristics

of sea-urchin-like TiO2 hollow spheres. Mao et al. [33]

synthesized hollow TiO2 spheres with sea-urchin-like

structures by H2O2-assisted hydrothermal method. Zhang

et al. [34] prepared TiO2 with 3D hierarchical architectures

by the microwave-assisted hydrothermal method. Further-

more, other flower-like TiO2 and urchin-like TiO2 were
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also synthesized by different techniques [35–38]. However,

the formation mechanism of self-assemble hierarchical

TiO2 has not been well understood and some synthetic

strategies depend on the experience of researchers [24].

Obviously, it is still a challenge to well control the size and

morphology of hierarchical TiO2 simultaneity. Further-

more, the properties of hierarchical metal oxide are

attracting more and more attention [35–38].

In the previous work, our group has confirmed that the

rheological property of urchin-like TiO2 particle suspen-

sion was significantly different from that of smooth particle

suspension [27]. In this article, we take special note of the

formation mechanism of the urchin-like hierarchical TiO2

microsphere and study its photocatalytic activity. The

influences of different reaction conditions including the

ratio of reactants, reaction time, reaction temperature, and

concentration of reactants on the morphology and size of

hierarchical microsphere were investigated systematically.

A new formation mechanism of the hierarchical urchin-like

structure was proposed based on the experimental results.

The excellent photocatalytic activity of the urchin-like

hierarchical TiO2 microsphere was confirmed by photo-

degradation of methyl blue (MB) in water. The results may

be useful to the deeper comprehension of the formation

mechanism of micro/nanohierarchical TiO2. It is also

favorable to explore effective and economical methods for

preparation of hierarchical TiO2 microspheres with high

photocatalytic activity.

Experimental procedure

Preparation

All chemicals were of analytical grade and used as-

received. Initially, titanium tetrachloride (TiCl4, Kermel

Chemical Reagent Co. Ltd of China) was dissolved into

distilled water in an ice-water bath under vigorous stirring

to obtain a 50 wt% TiCl4 aqueous solution. Then, 4 mL of

tetrabutyl titanate (TBT, Kermel Chemical Reagent Co.

Ltd of China) was dissolved in 30 mL of toluene in an ice-

water bath and subsequently 4 mL of TiCl4 aqueous

solution was added dropwise into the TBT/toluene solution

under stirring. After further stirring for 1 h, the mixture

was transferred into a 50 mL stainless steel autoclave lined

with Teflon and held at 150 �C for 24 h. Finally, the pre-

cipitates were filtered, washed with ethanol for several

times, and dried at 70 �C to obtain the product.

To investigate the influences of different reaction con-

ditions and understand the formation mechanism of the

hierarchical TiO2, the ratio of reactants, reaction time,

temperature, and concentration of the reactant in synthesis

were changed.

Characterization

The size and morphology of samples were observed by

scanning electron microscopy (SEM, JSM-6700) and

transmission electron microscopy (TEM, JEOL-3010). The

chemical composition of samples was analyzed by energy-

dispersive X-ray spectroscopy (TEM/EDS, JEOL-3010).

The crystal structure of samples was characterized by the

powder X-ray diffraction (XRD) patterns at a Philips

X’Pert Pro X-ray diffractometer with Cu Ka irradiation

(40 kV/35 mA) and step size of 0.033� in the 2h range of

10�–70�. The nitrogen adsorption isotherms and special

surface areas were determined by a Quantachrome

Nova2000e surface area and pore size analyzer. All sam-

ples were degassed at 150 �C under a vacuum for a mini-

mum of 6 h. The special surface areas were calculated

using the Brunauer–Emmett–Teller (BET) model from a

linear part of the BET plot (P/P0) 0.10–0.30).

Photocatalytic test

Analytical grade basic dye, methyl blue (MB, molecular

formula: C37H27N3Na2O9S3, supplier: Tianjin Chemical

Reagent Co. Ltd of China), was served as the target organic

pollutant for photocatalytic experiments. The typical pho-

tocatalytic test was performed at room temperature, and

10 mg photocatalyst was added into 30 mL MB aqueous

solution (40 mg/L). The solution was stirred in complete

darkness at least for 3 h to achieve the equilibrium

absorption of MB. Then the suspension was exposed to

UV–Vis light irradiation using a 20 W low pressure mer-

cury lamp which has spectral energy distribution centered

at 365, 405, 436, 547, and 578 nm. After a regular interval,

2 mL of suspension was taken from the reaction vessels.

The catalyst was separated by centrifugation and the

reaction mixture was analyzed by UV/Vis spectropho-

tometer (U-4100, HITACHI).

Results and discussion

Figure 1 shows SEM and TEM images of the synthesized

sample at 150 �C for 24 h. It is found that TiO2 synthesized

by the solvothermal process are sea-urchin-like 3D hier-

archical microspheres assembled by numerous 1D nano-

needles. The 3D hierarchical microspheres are uniform

with diameters about 2.5–3.0 lm. The diameter of nano-

needles is about 20–40 nm according to the high-resolution

TEM image as shown in Fig. 1c. Furthermore, from the

crashed microspheres in Fig. 1d we can find that the

nanoneedles grow radially from the core of microspheres.

It is difficult to clarify the preferred growth planes of

nanoneedles in the core of microspheres because of the
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overlap of nanoneedles. The HRTEM image of tip of

nanoneedles in Fig. 1e evidences the single crystalline

nature of nanoneedles. The distance between the adjacent

lattice fringes (*0.32 nm) can be assigned to the inter-

planar distance of rutile TiO2 (110). So the nanoneedles are

grown along the rutile (110) crystal plane with a preferred

orientation in the [001] direction. The EDS analysis in

Fig. 1f shows that the 3D hierarchical microspheres are

composed of Ti and O elements. No other extraneous metal

elements are detected. (The signals of Cu and C are from

the copper grid used.)

Figure 2 shows SEM images of samples obtained at

various solvothermal temperatures. It is found that the

morphology of samples depends on solvothermal tempera-

tures. At 90 �C, the non-hierarchical TiO2 microspheres are

formed (Fig. 2a, b) and the diameters of them are about

2.0–5.0 lm. Although the surface of the microspheres is

rough, no nanoneedles can be observed. The corresponding

XRD pattern as shown in Fig. 3a indicates that the 90 �C-

prepared TiO2 microspheres are composed of rutile and

traces of anatase phases. When the solvothermal tempera-

ture is increased to 120 �C, uniform sea-urchin-like 3D

hierarchical microspheres with diameters of 3.0–4.0 lm are

obtained (Fig. 2c, d). Numerous 1D nanoneedles can be seen

on the surface of these microspheres. However, most of

nanoneedles are not separated. The XRD pattern in Fig. 3b

shows that the 120 �C-prepared hierarchical TiO2

microspheres are also mixture made of rutile and a small

amount of anatase, but the crystallization level is improved

compared with that of 90 �C-prepared TiO2 microspheres

according to the increased XRD peak intensity. When the

solvothermal temperature is increased to 150 �C, the perfect

urchin-like 3D hierarchical microspheres, which consist of

well-organized independent nanoneedles, are obtained

(Fig. 2e, f). The diameter of microspheres is decreased to

2.5–3.0 lm and the diameter of nanoneedles is about 30 nm.

The corresponding XRD pattern in Fig. 3c shows that the

150 �C-prepared hierarchical TiO2 microspheres possess

rutile phase only. When the solvothermal reaction is further

elevated to 180 �C, the obtained TiO2 microspheres exhibit

the same 3D hierarchical morphology as that of 150 �C-

prepared ones, but the microspheres became smaller (about

1.5 lm) and more uniform (Fig. 2g, h). Also, only diffrac-

tion peaks corresponding to the reflection of rutile phase are

observed in the 180 �C-prepared TiO2 microspheres

(Fig. 3d) and the crystallization level is further improved

compared with that of 150 �C-prepared ones. It is obviously

concluded based on the experiments above that the solvo-

thermal temperature has a significant influence on the hier-

archical morphology, size, and crystal phase of TiO2. In the

present method, the well-defined urchin-like 3D hierarchical

TiO2 can be obtained when the temperature is higher than

120 �C. At the same time, the size of 3D hierarchical TiO2

microspheres decreases with the increase of solvothermal

Fig. 1 SEM image (a), TEM images (b–e), and EDS (f) of the urchin-like hierarchical TiO2
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temperature but the crystallization level increases with the

increase of solvothermal temperature. This may be attrib-

uted to the fact that high solvothermal temperature promotes

the number of nucleation and the crystal growth.

Figure 4 shows the morphology change of TiO2 with the

precursor ratio of TBT to TiCl4 when other experimental

conditions, such as solvothermal temperature (150 �C),

reaction time (24 h), and solvent volume (30 mL), are

Fig. 2 SEM images of TiO2

synthesized at various

solvothermal temperatures:

a, b 90 �C; c, d 120 �C; e,

f 150 �C; g, h 180 �C
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fixed. The concentration of TiCl4 solution used for pre-

paring the sample (a), (b), (c), and (d) is 50 wt%, and that

used for sample (e) is 25 wt%. It is found that, when the

mole ratio of TBT to TiCl4 is 1:0.44, only irregular parti-

cles are obtained and no 3D hierarchical microspheres are

formed (Fig. 4a). When the ratio of TBT to TiCl4 is 1:0.65

and 1:1.30, the TiO2 with perfect 3D micro/nanohierar-

chical morphology is prepared (Fig. 4b, c). When the ratio

is decreased to 1:2.61, however, only pure TiO2 nanowires

with large diameter of *100 nm are formed and no 3D

hierarchical microspheres are observed (Fig. 4d). There-

fore, a proper precursor ratio of TBT to TiCl4 solution is

necessary for the formation of well-defined urchin-like 3D

hierarchical TiO2. Furthermore, when the concentration of

TiCl4 solution is 25 wt% and the ratio of TBT to TiCl4 is

still remained to be 1:0.65, 3D micro/nanohierarchical

microspheres with the diameters about 1.0 lm are formed

as shown in Fig. 4e. This possibly provides an effective

way to adjust the size of 3D micro/nanohierarchical

microspheres by controlling the concentration of TiCl4
solution. It was reported that the concentration of HCl and

the water content in solution were two important factors to

the morphology and crystal phase of TiO2 [38, 39].

Therefore, the dependence of morphology on the ratio of

TBT to TiCl4 may be also related to the change of HCl

concentration and water content because the TiCl4 aqueous

solution is used in the present experiment. In this TiCl4
aqueous solution, there is not only water but also HCl that

is produced by decomposition of TiCl4. Thus, when the

mole ratio of TBT to TiCl4 is 1:0.44, the HCl concentration

is low and as a result irregular aggregated TiO2 particles as

shown in Fig. 4a are easily obtained due to rapid hydrolysis

of TBT and no 3D hierarchical microspheres are formed.

When the ratio is decreased to 1:2.61, however, the HCl

concentration is too high to induce the initial formation of

TiO2 microspheres and thus only pure TiO2 nanowires as

shown in Fig. 4d are grown under solvothermal reaction.

In addition, to understand the formation mechanism of

urchin-like 3D hierarchical TiO2, we also investigated the

corresponding time-dependent evolution of morphology

and crystal structure of samples. Figure 5 shows SEM

images of samples after different reaction times at 150 �C.

As shown in Fig. 5a, the sample obtained at 150 �C for 1 h

is irregular aggregates consisting of small nanoparticles

with diameters of *30 nm (Fig. 5b). After solvothermal

reaction for 2 h at 150 �C, the microspheres with an

average diameter about 2.0 lm are formed (Fig. 5c). The

high-resolution SEM image in Fig. 5d further confirms the

microspheres are waxberry-like, but some separated

nanoparticles are still observed. After solvothermal reac-

tion for 4 h at 150 �C, however, the morphology of the

microspheres changes obviously. Not only the diameter of

microspheres is increased to 3.0–4.0 lm but also the sur-

face becomes very rough and irregular. It is observed that a

few nanoneedles appear on the surface of microspheres and

some microspheres start to become sea-urchin-like. As the

reaction time increases to 8 h, the morphology of the

sample is still similar to the one that subjected to solvo-

thermal reaction for 4 h. When the reaction is carried out

for 12 h, most of microspheres start to show clearly sea-

urchin-like 3D hierarchical morphology as shown in

Fig. 5g, but some intermediate structures (i.e., nanoneedles

with different length disperse randomly on the microsphere

surface) are still observed as shown in Fig. 5h. After

solvothermal reaction for 16 h at 150 �C, well-organized

sea-urchin-like 3D hierarchical TiO2 is formed and the

morphology shows less changes even if the reaction time is

further increased. According to the time-dependent evolu-

tion of morphology, we can find that the nonhierarchical

TiO2 microspheres have been formed in the initial stage of

reaction. As the reaction time increases, the nonhierarchi-

cal TiO2 microspheres gradually transform into the urchin-

like hierarchical structure. This indicates that the formation

of urchin-like micro/nanohierarchical structure may not

follow a ‘growth-then-assembly’ process reported by the

other study [33]. The corresponding time-dependent evo-

lution of crystal phase of samples is also recorded by the

XRD patterns in Fig. 6. It is worthy to note that all samples

obtained at 150 �C within 1–12 h are made of rutile and a

small amount of anatase, while the intensity of diffraction

peaks corresponding to the reflections of rutile increases

with the increase of reaction time. When the sample sub-

jected to solvothermal reaction for 16 h at 150 �C, how-

ever, only the diffraction peaks of rutile are observed. The

crystal structure shows less change when the reaction time

is further increased. It indicates that the transformation

from nonhierarchical TiO2 microspheres to the urchin-like

Fig. 3 XRD patterns of TiO2 synthesized at various solvothermal

temperatures: (a) 90 �C, (b) 120 �C, (c) 150 �C, (d) 180 �C
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hierarchical TiO2 microspheres has finished, which is in

accordance with the time-dependent evolution of mor-

phology. Therefore, combining the time-dependent evolu-

tion of morphology with crystal phase of samples, we can

conclude that the nonhierarchical TiO2 microspheres

composed of nanocrysal are firstly formed in the initial

stage of reaction. Then, the nonhierarchical TiO2 micro-

spheres gradually transform into the urchin-like hierarchi-

cal structure followed by crystallization process. This

crystallization process may be very important to the evo-

lution of TiO2 morphology. We will discuss it in the next

section.

It was generally popular to explain the formation of 3D

hierarchical structure with a two-stage growth mechanism

involving the initial formation of primary 1D nanostructure

and subsequently self-assembly, i.e., a ‘growth-assembly’

process [33]. However, our experimental results show that

there must be another mechanism which is responsible for

the formation of sea-urchin-like 3D hierarchical TiO2.

According to the time-dependent evolution of morphology

(Fig. 5) and the crystal structure (Fig. 6), we propose a new

growth process as depicted in Fig. 7. At the initial stage of

reaction, a large number of TiO2 nanoparticles as shown in

Fig. 7a are firstly formed, and then the nanoparticles

Fig. 4 SEM images of TiO2 synthesized at the different mole ratio

of TBT to TiCl4. a TBT:TiCl4 = 1:0.44; b TBT:TiCl4 = 1:0.65;

c TBT:TiCl4 = 1:1.30; d TBT:TiCl4 = 1:2.61; e TBT:TiCl4 =

1:0.65. (TiCl4 aqueous solution used in samples a, b, c, and d is

50 wt%, but 25 wt% used in sample e)
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Fig. 5 SEM images of TiO2

synthesized after different

reaction time: a, b 1 h; c, d 2 h;

e 4 h; f 8 h; g, h 12 h; i, j 16 h
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aggregate into nonhierarchical microspheres (Fig. 7b). This

process is called nucleation and self-assembly. In this

stage, the precursor ratio of TBT to TiCl4 and the con-

centration of TiCl4 solution are two important factors to the

shape and size of samples according to Fig. 4. As the

reaction time increases, the small nanocrystal and amor-

phous TiO2 nanoparticles are dissolved and recrystallized

to gradually form rutile TiO2 nanoneedles on the surface of

microspheres (Fig. 7c, d) in order to maintain a more stable

thermodynamics state. This process is called dissolution

and recrystallization [40]. In this stage, the solvothermal

temperature is an important factor to the formation of

urchin-like hierarchical microspheres according to Fig. 2.

When the solvothermal temperature is too low, the disso-

lution and recrystallization process will not be carried out

and the resulted sample is nonhierarchical microspheres as

shown in Fig. 2a.

Finally, the photocatalytic activity of urchin-like hier-

archical TiO2 with different sizes is measured and com-

pared with P25 by photodegradation of MB as the model

reaction under UV–Vis light. Figure 8 shows the typical

absorbance spectra of MB solution as a function of irra-

diation time when urchin-like hierarchical TiO2 with mean

diameter of *1.0 lm is used as photocatalyst. It is found

that the absorbing intensity of MB decreases with the

irradiation time, indicating the rapid photodegradation of

MB. Figure 9 compares the change of normalized temporal

concentration (C/C0) of MB during photodegradation by

urchin-like hierarchical TiO2 with different diameters and

P25 on the basis of equal mass of photocatalyst. Here, the

C/C0 is proportional to the normalized maximum absor-

bance (A/A0) and derives from the change in the dye’s

absorption peak (k = 590 nm). It is found that the photo-

catalytic degradation efficiency follows the order: TiO2

(*1.0 lm) [ TiO2 (*2.0 lm) [ P25 [ TiO2 (*3.0 lm).

The photocatalytic activity of urchin-like hierarchical TiO2

(*1.0 lm) and TiO2 (*2.0 lm) are more efficient than that

of well-recognized P25 photocatalyst. According to the N2

adsorption–desorption isotherm, the special surface area

(SBET) of P25 is 53 m2/g, which is slightly higher than that

(SBET, 1.0 lm = 41 m2/g, SBET, 2.0 lm = 35 m2/g, SBET,

3.0 lm = 37 m2/g) of urchin-like hierarchical TiO2. On the

basis of equal surface area of photocatalyst, we also inves-

tigate the photocatalytic degradation efficiency of different

TiO2. It is also found that all urchin-like hierarchical TiO2

have higher photocatalytic efficiency compared to P25. We

assume that this may be attributed to the unique micro/

nanohierarchical structure of TiO2 because it has been pro-

posed that the micro/nanohierarchical microspheres could
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absorb more incidental light through multiple-reflection of

hierarchical microspheres [24]. For urchin-like hierarchical

TiO2 microspheres, the photocatalytic performance decrea-

ses with the increase of diameter of microspheres. In addi-

tion, another advantage of the urchin-like hierarchical TiO2

over P25 is that it is easy to separate the urchin-like hier-

archical TiO2 from MB solution by filtration or sedimenta-

tion method after photocatalytic reaction due to its

microsize.

Conclusions

Well-organized 3D urchin-like hierarchical TiO2 micro-

spheres with various diameters (1–4 lm) were prepared

successfully. The morphology and size of TiO2 micro-

spheres could be effectively controlled by adjusting the

precursor ratio of TBT to TiCl4, the concentration of TiCl4
solution, the solvothermal temperature, and the reaction

time. Based on the observation of the morphology and

crystal structure of diameters as a function of the reaction

time, a new mechanism including nucleation, self-assem-

bly, dissolution and recrystallization processes was pro-

posed to explain the formation of urchin-like hierarchical

TiO2. Photodegradation experiments showed that the

urchin-like TiO2 exhibited higher photocatalytic activity

compared to the commercial P25. The results may be

useful for the design and preparation of hierarchical TiO2

microspheres with enhanced properties.
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with different diameters under UV–Vis light
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