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Abstract Porous zinc oxide (ZnO) hollow spheres have

been fabricated by calcination of a precursor complex in a

furnace. The precursor was precipitated in a chemical

solution at 80 �C. The field-emission scanning electron

microscope and transmission electron microscope reveal

the porous and hollow structure of the samples. The

spherical hollow precursor is self-assembled in the solution

under the coordination effect of citrate ions and the Kir-

kendall effect working together. The precursors can be

converted to pure ZnO crystals by heating in a furnace

above 300 �C. The Brunauer–Emmett–Teller (BET) spe-

cific surface area of this sample is 95.4 m2/g. The

photocatalytic degradation of methyl blue solution test

shows the ZnO hollow spheres have superior photocatalytic

activity.
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1 Introduction

In recent years, hollow spherical materials have attracted

tremendous interest due to their advantageous properties

including high specific surface area, low density, and good

permeation [1–3]. Such merits are of great interest as

possible applications in drug delivery, catalysis, sensors,

filters, coatings, and so on [4–7]. Generally, templates such

as silica spheres [8], polymer spheres [9], liquid and

emulsion droplets [10, 11], have been used to synthesize

hollow spherical materials. However, the templates remain

in the system and need to be removed by further compli-

cated treatments [12]. Therefore, the direct template-free or

self-templated synthesis of hollow spheres is urgently

needed and continues to be a challenging task.

ZnO, due to its unique properties which include wide

direct band gap, large exciton binding energy, piezoelectric

and semiconducting properties, has been intensively

investigated for its potentially wide range of applications

[13]. Different ZnO nanostructures such as belts, tubes,

wires, disks, rings, and hierarchical structures have been

reported [14–17]. In contrast to the most often studied one-

dimensional (1D) ZnO nanomaterials, the reproductive

synthesis of hollow spherical structures has received less

attention. In the past, only a few groups have reported

fabrication of ZnO hollow spheres. Among them, Xie et al.

[18] reported hollow spherical ZnO aggregated with small

nanoparticles using the hydrothermal method. Li et al. [19]

fabricated ZnO hollow spheres by conversion of ZnSe

spheres at 600 �C. Huang et al. [20] synthesized ZnO

hollow spheres by an autoclave and pyrolysis process.

This paper shows how a porous and hollow structure of

ZnO precursor materials has been synthesized utilizing a

facile aqueous solution method at low temperature without

any template, and which can then be converted to ZnO
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crystals by a simple calcination process. Compared with

other methods for fabrication of hollow spheres, this

method is simple and easy to scale up for production. The

photocatalytic degradation test indicates the porous ZnO

hollow spheres have good photocatalytic activity due to

their high specific surface area, a feature which would be

useful in a wide range of applications, such as in drug

carriers, chemical reactors, and particularly, catalysis.

2 Experimental section

All of the reagents (analytical grade purity) were purchased

from Shanghai Chemical Co. They were used as received

without any further purification. The hollow spherical

precursor was synthesized as follows: in a typical experi-

ment, 0.66 g zinc acetate, 0.42 g hexamethylenetetramine,

and 0.1 g sodium citrate were dissolved in a bottle of

100 mL deionized water. The solution was then kept at

80 �C for 3 h. The resulting precipitation was collected and

washed several times with deionized water. The precursor

was put in a ceramic boat and was loaded into a furnace.

The furnace was heated to 300–500 �C and kept at this

temperature for 2 h.

The phase and morphologies of the samples were

examined by means of X-ray diffraction (XRD, Philips

X’Pert Pro diffractometer with Cu Ka Radiation), field-

emission scanning electron microscope (FE-SEM, FEI,

Sirion) and transmission electron microscope (TEM JEOL-

2010). The composition of the samples was determined by

energy dispersive X-ray spectroscopy (EDS, Inca Oxford,

attached to the FE-SEM). The thermal decomposition of

the precursor was studied using a thermogravimetric

analysis (TGA) apparatus with a heating rate of 10 �C/min.

The Fourier transform infrared (FT-IR) spectra of the

samples were recorded on a Nexus spectrometer with Xe

lamp at room temperature. The nitrogen sorption and pore

sizes were measured using a Micrometrics ASAP2020

system. The photocatalytic performance was determined by

UV–vis absorption spectra (Cary-5E).

3 Result and discussion

3.1 Morphologies and structures

Figure 1 shows XRD patterns of the samples synthesized under

optimal conditions (the mole ratio of Zn2?: hexamethylene-

tetramine: citrate was 10:10:1). No sharp diffraction peak was

detected in the as-synthesized precursor sample (line a), indi-

cating the non-crystalline character of the precursor. After

annealing at 300 �C for 2 h (line b), several broad diffraction

peaks appeared and they can be indexed to wurtzite ZnO

(JCPDS No. 36-1451), showing the precursor has been con-

verted to ZnO. With the increase of the annealing temperature

to 500 �C (line c), the intensities of ZnO diffraction peaks

became stronger. This indicates the improvement of crystalline

quality and complete conversion of ZnO.

Figure 2 shows FE-SEM images of the precursor (a, b)

and annealed samples (c, d) synthesized under optimal

conditions. From the low magnification image of Fig. 2a, it

can be observed that a large number of well dispersed

spheres with an average diameter of 5 lm were produced.

A regular sphere with net-like surface is presented in

Fig. 2b and an incompletely formed sphere is displayed in

the inset of Fig. 2b, showing the porous and hollow

structure of the spheres. Figure 2c and d show the struc-

tures and morphologies of the samples annealed at 300 �C

and 500 �C, respectively. It can be observed that the sur-

faces of both the annealed samples have become more

coarse. The composition of the sample was tested by EDS.

Three elements: zinc, carbon, oxygen were detected in the

precursor sample, while only zinc and oxygen were

detected in the annealed sample. This shows the precursor

is a citrate complex containing the carbon element.

Further morphological observation was carried out by

TEM. The samples synthesized under optimal conditions

were dispersed in alcohol by ultrasonic agitation for

30 min. Figure 3a shows the TEM image of a single pre-

cursor hollow sphere. Obviously, the hollow and porous

structures were presented clearly. The inside and outside

diameters of the hollow sphere are about 1 and 3

micrometers, respectively. Figure 3b shows the image of a

sample annealed at 300 �C for 2 h. The sample annealed at

500 �C was damaged during the ultrasonic agitation

Fig. 1 XRD patterns of the as-synthesized sample (line a), the

sample annealed at 300 �C for 2 h (line b), and the sample annealed at

500 �C for 2 h (line c)
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process, yielding the broken fragments of spherical struc-

ture shown in Fig. 3c. The selected area electron

diffraction of Fig. 3d taken from the small particles shown

in Fig. 3c indicates the polycrystalline nature of the ZnO

nanocrystals.

3.2 Possible formation mechanism

In general, the fabrication of hollow spheres can be divided

into two methods: template and template-free. In the latter

method, the formation mechanism is more complicated and

little understood. A mechanism analogous to the Kirkendall

effect has been widely accepted as that occurring in the

formation of hollow spheres in the template-free system [21].

Originally, the Kirkendall effect was referred to as the

movement of the interface between a diffusion couple, i.e.,

copper and zinc in brass, as the result of the different diffu-

sion rates of these two species at an elevated temperature

[22]. Later, it was deemed to be the directional material flows

resulting from coupled reaction-diffusion phenomena at

solid/gas or solid/liquid interfaces, leading to deformation

and void formation, which produce pores in the system. This

was developed as a method for preparing porous metal oxide

materials [23]. In our experiment, the solution contains many

species, including gas dissolved in the solution. Thus the

phenomena analogous to the Kirkendall effect might appear

during the formation of hollow spheres. It was also found that

the citrate ion and its mole ratio to Zn2? play a key role in the

formation of hollow spheres. Figure 4 shows the SEM image

and XRD pattern of the sample obtained without the addition

of citrate. The result indicates the product is a crystalline

ZnO spindle. In this chemical solution, the hexamethylene-

tetramine decomposed into formaldehyde and ammonia,

which acted as a pH buffer to regulate the pH value of the

solution and also provided a small but constant supply of

OH-. The OH- coordinated with Zn2? to form zinc hydrate,

which dehydrated at about 80 �C. The main chemical pro-

cess can be described as follows: [17]

ðCH2Þ6N4 + 6H2O! 6HCHO + 4NH3 ð1Þ

NH3 + H2O! NHþ4 + OH� ð2Þ

2OH� + Zn2þ ! Zn(OH)2 ð3Þ
Zn(OH)2 ! ZnO + H2O ð4Þ

When a suitable amount of citrate (the ratio of Zn2?:

citrate is 10:1) was added, the carboxyl of citrate was likely

to coordinate with Zn2? to form the citrate complex. Thus

the hollow spheres were produced by self-assembly of the

citrate complex. In reference 18, it was reported that the

coordination polymer can react with Zn2? to form hollow

spheres. Recently, Wu et al. [24] also found that histidine

coordinated with Zn2? to form hollow spheres when its

molar ratio was adjusted. Thus in our work, it was thought

the working-together of coordination effect and Kirkendall

effect are the possible reasons for the formation of hollow

spheres.

Fig. 2 FE-SEM images of the

samples. The structure of the

as-synthesized precursor

spheres (a), the high

magnification image of a sphere

selected from a (inset showing

an incompletely formed

precursor sphere) (b), the

structure of the sample annealed

at 300 �C (c), and the structure

of the sample annealed at

500 �C (d)
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The carbon element detected in EDS confirms the

existence of carboxyl, which can be further proved by the

FT-IR and TGA results. As shown in Fig. 5, the two strong

peaks at 1,400 and 1,575 cm-1 that appeared in the pre-

cursor sample correspond to the vibration mode of

carboxyl [25]. These peaks disappeared in the annealed

sample. The peak at 470 cm-1 in the annealed sample is

ascribed to ZnO vibration. The appearance of ZnO and

disappearance of carboxyl vibration modes indicate the

precursor had been completely converted into ZnO crystals

at 500 �C. The TGA result is shown in Fig. 6. Below

300 �C, the curve shows a small weight loss, which is due

Fig. 3 TEM images of the

samples. A hollow precursor

sphere (the white circle shows

the hollow structure) (a), the

sample annealed at 300 �C (b),

the fragments taken from the

sample annealed at 500 �C (the

structure of the hollow spheres

was damaged during the

ultrasonic agitation process) (c),

and the selected area electron

diffraction taken from the small

particles shown in c (d)

Fig. 4 FE-SEM (a) and XRD

(b) of the sample prepared

without the addition of citrate
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to the removal of adsorbent water or gases. The large

weight loss (about 25%) was observed at about 350 �C,

indicating the breakdown of the organic composition in the

citrate complex.

3.3 Nitrogen sorption

The porous structure of the resulting sample was studied by

nitrogen sorption. Figure 7 presents the nitrogen adsorp-

tion-desorption isotherms and Barret–Joyner–Halenda

(BJH) pore size distribution curves of the sample annealed

at 300 �C. A hysteresis loop in the range of 0.4–1.0 P/P0 in

the isotherm curve was observed. The pore size of the ZnO

hollow spheres was estimated to be 3.5 nm according to the

pore size distribution curve (inset of Fig. 7). The pore size

and BET surface area data measured from the samples

annealed at different temperatures are shown in Table 1.

Comparing it with the precursor sample, it can be seen that

the pore size of the sample annealed at 300 �C decreased

from 9.8 nm to 3.5 nm and the BET surface area increased

from 45.3 m2/g to 95.4 m2/g. The reason for this change

might be the decomposition of the organic substance,

which left many small pores in the sample and increased

the BET surface area. However, compared to the sample

annealed at 500 �C, the pore size increased to 20.6 nm and

the BET surface area decreased to 18.2 m2/g, which

resulted in the structural damage of the spheres and

aggregation of ZnO nanocrystals.

3.4 Photocatalysis

The porous ZnO hollow spheres with high surface area are

expected to be used in catalysis. To demonstrate the

potential applicability of the products for the removal of

contaminants from wastewater, we investigated the pho-

tocatalytic activity of different samples by employing the

photocatalytic degradation of methyl blue test. In a typical

process, 10 mg of ZnO hollow spheres (annealed at

300 �C) were added to 100 mL of 10-5 M methyl blue

solution and magnetically stirred in the dark for 10 min.

The solution was exposed to UV irradiation under a 300 W

light source. The absorption spectra shown in Fig. 8a were

recorded from the samples collected at different intervals.

Fig. 5 FT-IR spectra of the precursor and annealed samples

Fig. 6 TGA curves of the sample

Fig. 7 Nitrogen adsorption-desorption isotherm and pore size distri-

bution (inset) curves of the sample

Table 1 Pore size and BET surface area data measured from dif-

ferent samples

Samples Pore size (nm) BET surface area (m2/g)

Precursor 9.8 45.3

Annealed at 300 �C 3.5 95.4

Annealed at 500 �C 20.6 18.2
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The concentration of methyl blue decreased rapidly with

the increase of exposure time, indicating the photocatalytic

degradation of the organic dyes. The commercial ZnO

nanoparticles (100 nm in average diameter) and precursor

materials were used as references to evaluate the photo-

catalytic performance of the ZnO hollow spheres.

Figure 8b shows the changes in methyl blue concentration

over the UV exposure time with different catalyst materi-

als. It clearly shows the porous ZnO hollow spheres exhibit

the highest photocatalytic performance. The high BET

surface area and the improvement of crystalline quality are

the possible reasons for the enhancement of photocatalytic

activity.

4 Conclusions

ZnO hollow spheres have been successfully fabricated by

calcination of hollow spherical precursor materials. The

precursor was synthesized via a facile template-free aque-

ous solution method at low temperature. The products are

porous in structure and have a large surface area. They

exhibit superior photocatalytic activity during the photo-

catalytic degradation of methyl blue test, and may be

useful in many applications, especially, when used as a

photocatalyst.
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