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Abstract Hollow hematite (a-Fe2O3) microspheres with

an average diameter of 3-4 lm and a shell thickness of

approximate 150 nm was synthesized by a simple hydro-

thermal route using FeCl3�6H2O solution and acetic acid

without using any templates. The hollow microspheres

were composed of a-Fe2O3 nanoparticles with the diameter

range from 20 to 40 nm. The effects of reaction parameters

such as reaction time, temperature, concentration of

FeCl3�6H2O solution, and initial pH on the morphology of

the final products were investigated. A possible formation

mechanism of hollow a-Fe2O3 microspheres was also

proposed, where the acetic acid played a role of etching in

the formation of hollow structure.

Introduction

In recent years, the preparation of nanometer and

micrometer materials with desired morphologies has

attracted increasing interest due to their various shape-

induced functions. Among these materials, hollow spheres

with nanometer-to-micrometer dimensions are of much

interest because of their many potential applications,

including controlled release capsules for various

substances, artificial cells, catalysts, fillers, battery mate-

rials, pigments, coatings, drug delivery carriers, and light-

weight structural materials [1–10]. Many synthetic

approaches have been developed for hollow spheres,

including metals and oxides. Many of them are based on

hard templates, such as silica spheres [11, 12], polymer

latex colloids [7, 13], and carbon spheres [14], or soft

templates, such as gas bubbles [15, 16], emulsion droplets

[17, 18], and surfactant vesicles [19]. The template-direc-

ted approaches are effective for controlling the morphology

of the final products. However, using a template may

complicate the synthetic procedure and limit the scale at

which a product can be processed each time. Additionally,

the introduction of impurities into the product is usually

inevitable with template methods and removing the

impurities is usually time-consuming. Consequently, more

attention has been focused on template-free synthesis

methods for hollow spheres.

Iron oxides, which have many practical applications in

pigments, catalysis, and magnetic recording materials,

constitute a very important family in material science [20].

In this family, hematite (a-Fe2O3), an environmentally

friendly n-type semiconductor with a band gap of 2.2 eV,

is widely used in catalysts, pigments, sensors, and as the

raw material for the synthesis of magnetic c-Fe2O3, which

is of great importance as a ferrofluid and magnetic

recording material [20–24]. In addition to the conventional

applications of hematite in these fields, hollow hematite

spheres perform remarkably in photocatalysis, water

treatment, and lithium ion batteries [25–29], and much

attention has been paid to their synthesis. For example,

Zhang et al. [30] synthesized uniform polystyrene/a-Fe2O3

composite hollow microspheres. Hollow spheres of

a-Fe2O3 varying size in from 100 to 400 nm were prepared

using carbonaceous spheres as templates [31].
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Submicrometer-sized hollow hematite particles have been

prepared using a surfactant-assisted solvothermal process

[26]. A template-free approach has been used to synthesize

novel hollow a-Fe2O3 spheres in the presence of the sur-

factant CTAB [27]. Cao et al. [28, 29] fabricated a-Fe2O3

hierarchically nanostructured hollow spheres using a two-

step surfactant-free solvothermal method. However, most

of the existing methods for synthesizing hollow hematite

spheres involve templates, surfactants, toxic organic sol-

vents, or complicated operations; additionally, the starting

materials are relatively complex and expensive. Thus,

exploring simple, low-cost methods for synthesizing hol-

low hematite spheres is of great interest for their large-

scale application in catalysts and encapsulation.

Our group has successfully prepared a-Fe2O3 and Fe3O4

in various shapes using simple hydrothermal methods [32,

33]. We also found that hollow Fe3O4 spheres could be

prepared via a template-free hydrothermal reaction [34].

Here, we introduce a fast, template-free hydrothermal

method for synthesizing hollow a-Fe2O3 microspheres with

no additives. Due to its simplicity, this process can be

readily reproduced and scaled-up, which should facilitate

the preparation and application of hollow hematite

microspheres.

Experimental section

Preparation of hollow a-Fe2O3 microspheres

Acetic acid (CH3COOH), 0–3 mL (6 mol dm-3), was

added to 22 mL FeCl3�6H2O solution (1 mol dm-3) for

adjusting the initial pH at room temperature. Then, the

mixture was put into a 50 mL Teflon-lined autoclave. The

autoclave was sealed, and maintained at 160 �C for 20 h,

and then cooled to room temperature naturally. After

centrifugation, the products were obtained and washed with

distilled water and absolute ethanol two times, respec-

tively, finally dried in air at 60 �C for 6 h.

Characterization

X-ray powder diffraction (XRD) was performed on a Rigaku

X-ray diffractometer (RINT2000V Japan) with graphite-

monochromatized CuKa radiation (k = 1.54056 Å) using

30 mA and 40 kV. The diffraction pattern over the range of

10–70� in 2h was recorded with a scanning speed of

3� min-1. Scanning electron microscopy (SEM) images

were taken with a JEOL JEM-6500F field emission scanning

electron microscope. Transmission electron microscopy

(TEM) images were taken with a JEOL JEM-2000FXII

transmission electron microscope using an accelerating

voltage of 200 kV. The samples used for TEM observations

were prepared by dispersing products in ethanol under

ultrasonic agitation for 10 min, then placing a drop of the

dispersion onto a copper grid coated with a layer of amor-

phous carbon. Fourier transform infrared (FT-IR) spectra

were recorded in the range of 4000–400 cm-1 on a JASCO

FT/IR-4100 spectrometer by using KBr pellets. Thermo-

gravimetric analysis (TGA) and mass spectrometry of gas

species were carried out in a Rigaku Thermo Plus TG 8120

thermal analysis system with a heating rate of 10 �C min-1

from room temperature to 800 �C under a flow of helium.

Results and discussion

Synthesis of hollow a-Fe2O3 microspheres

Figure 1d shows a typical X-ray diffraction (XRD) pattern

of the products produced at 160 �C at an initial pH of 0.9

after reacting for 20 h. All peaks in the XRD pattern can be

indexed as a-Fe2O3 (JCPDS 33-664) and no impurity phase

is observed. The product consisted of hollow a-Fe2O3

microspheres with diameters of 3–4 lm and shells

approximately 150 nm thickness (Fig. 2a–c). The high

magnification image (Fig. 2c) shows that the hollow

a-Fe2O3 microspheres are an aggregation of nanoparticles

with diameters of 20–40 nm. And the hematite micro-

spheres with hollow structures were also confirmed by the

TEM observation (Fig. 2d).

Effect of reaction time

The time-dependent evolution of the morphology at 160 �C

is shown in Fig. 3. At a short reaction time of 1 h, urchin-

like particles were obtained, which were assembled from
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Fig. 1 X-ray powder diffraction patterns of the products produced at

160 �C under the initial pH of 0.9. (a) 1 h, (b) 2 h, (c) 5 h, (d) 20 h
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nanorods with diameters in the range 100–150 nm and

lengths of 1.5–2.0 lm (Fig. 3a). These urchin-like particles

were identified as akaganeite (b-FeOOH) by XRD

(Fig. 1a). Additionally, a few spherical hematite particles

were observed around the urchin-like particles. After 2 h of

the hydrothermal process, some particles with new mor-

phologies appeared (Fig. 3b); these were spheres with

diameters of 3–4 lm and nanorods could be observed on

the surfaces of the spherical hematite particles, indicating

that the akaganeite had been transformed into hematite

over time. XRD results showed that the products were a

mixture of akaganeite and hematite (Fig. 1b). When the

reaction time exceeded 5 h, large-volume microspheres

predominated in the product (Fig. 3c), and the micro-

spheres were identified as hematite by XRD (Fig. 1c). As

the reaction time was prolonged to 9 h, hollow micro-

spheres formed (Fig. 3d). The uniform hollow micro-

spheres replaced all of the urchin-like akaganeite as the

Fig. 2 SEM and TEM images

of the hematite particles

produced at 160 �C for 20 h

under the initial pH of 0.9

Fig. 3 SEM images of the

hematite particles produced at

different reaction time at 160 �C

under the initial pH of 0.9.

a 1 h, b 2 h, c 5 h, d 9 h
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reaction time was extended to 20 h (Fig. 2a). However, at

reaction times exceeding 40 h, no product was obtained.

Effect of reaction temperature

In our experiments, the products obtained at a reaction

temperature below 160 �C were mainly spherical particles

(140 �C, Fig. 4b) or irregular particles (120 �C, Fig. 4a).

Only when the reaction temperature was at 160 �C, uni-

form hollow microspheres could be formed (160 �C,

Fig. 2a). As the temperature was above 180 �C, no pre-

cipitation was obtained.

Effect of the concentration of the FeCl3�6H2O solution

The concentration of the FeCl3�6H2O solution was also

found to be important for the formation of uniform, regular

hollow a-Fe2O3 microspheres. Keeping the volume of

CH3COOH constant at 2 mL, a low concentration

(0.025 mol dm-3) of FeCl3�6H2O solution resulted in the

formation of spherical particles with a size of 100 nm,

composed of nanoparticles (Fig. 5a), at a slightly higher

concentration (0.0625 mol dm-3), spherical particles with

a size of 500 nm could be obtained (Fig. 5b), and the size

of the hollow microspheres increased gradually, from 2 to

4 lm, as the concentration of FeCl3�6H2O solution

increased, from 0.25 to 0.5 mol dm-3 (Fig. 5c, d). Uniform

hollow a-Fe2O3 microspheres were observed as the con-

centration increased to 1 mol dm-3. However, no product

was obtained at concentrations higher than 1.5 mol dm-3.

Additionally, at 0.025 mol dm-3, the initial pH was 1.8,

and the initial pH decreased as the concentration increased;

it was 1.6, 1.3, 1.1, 0.9, and 0.5 at concentrations of 0.0625,

0.25, 0.5, 1.0, and 1.5 mol dm-3, respectively. Our

experiments suggested that the appropriate concentration

range was from 0.25 to 1 mol dm-3.

Fig. 4 SEM images of the

hematite particles produced at

different reaction temperatures

for 24 h under the initial pH of

0.9. a 120 �C, b 140 �C

Fig. 5 SEM images of the

hematite particles produced at

120 �C for 24 h with different

concentrations of FeCl3�6H2O

solutions. a 0.025 mol dm-3,

b 0.0625 mol dm-3,

c 0.25 mol dm-3,

d 0.5 mol dm-3
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Effect of initial pH

The initial pH was controlled to test its effect on the

morphology of the products by systematically altering the

volume of acetic acid. At an initial pH of 1.4 (no acetic

acid), hematite particles were formed (Fig. 6a). Most of the

particles had diameters of 3–4 lm. Decreasing the initial

pH to 1.1 (0.8 mL acetic acid) led to the formation of a few

hollow a-Fe2O3 microspheres (Fig. 6b). When the initial

pH was decreased to 0.9 (2 mL of acetic acid), the volume

of the hollow a-Fe2O3 microspheres increased and the

thickness of the shell decreased (Fig. 2b). No hollow

a-Fe2O3 microspheres were observed when the initial pH

was 0.7 (3 mL of acetic acid; Fig. 6c), and few integral

particles were found, due to the decreased shell thickness

in the strongly acidic conditions. When the initial pH was

lower than 0.7, no precipitate was obtained, indicating that

hematite particles could not form in such an environment.

From these results, hollow a-Fe2O3 microspheres were

obtained at an initial pH of 1.1–0.7 (0.8–3 mL of acetic

acid), and the initial pH may play an important role in the

formation of hollow a-Fe2O3 microspheres.

Formation mechanism of hollow hematite microspheres

In this work, hollow hematite microspheres were obtained

by carefully controlling reaction parameters. The formation

of the hollow hematite microspheres can be described as

follows. First, urchin-like akaganeite (Fig. 3a) forms

quickly as a result of the hydrolysis of Fe3? under hydro-

thermal conditions. The formation of the urchin-like

akaganeite is probably due to the radial growth of akag-

aneite nanorods on the spherical akaganeite nuclei [35].

Then, after sufficiently long reaction times, a dissolution–

recrystallization process occurs, transforming the akag-

aneite into hematite, which tends to crystallize on the

surface of the undissolved urchin-like akaganeite to mini-

mize the surface energy. The hematite nanoparticles

between the nanorods of the urchin-like akaganeite that

emerges at a reaction time of 1 h are the result of the

nucleation and initial growth of hematite. As the reaction

proceeds to 2 h, the hematite particles grow bigger and join

together to form spherical hematite particles (Fig. 3b).

When the reaction time is extended to 5 h, the hematite

microspheres form (Fig. 3c). Etching or the partial disso-

lution of the interior of particles using acid is one approach

for synthesizing hollow or porous materials [36]. GaN

hollow spheres were produced by removing gallium cores

in aqua regia [37]. Hollow a-Fe2O3 nanoboxes were syn-

thesized when a-Fe2O3 nanocubes were used as a starting

material, and alkylphosphonic acid was responsible for the

etching process [38].

Recently, etching copper oxide using acetic acid was

investigated [39]. Here, hollow a-Fe2O3 microspheres are

formed as the reaction time is prolonged to 20 h (2 mL

acetic acid; Fig. 2), and the formation of hollow a-Fe2O3

microspheres is thought to have been caused by chemical

etching due to the use of a weak acid (acetic acid). In this

reaction system, the acetic acid etching of the hematite

microspheres proceeds and the hematite hollow micro-

spheres form as a result. In this process, hematite reacts

with acetic acid to produce Fe(CH3COO)3. In the case of a

slightly higher initial pH of 1.1 (0.8 mL acetic acid;

Fig. 6b), only a few hollow a-Fe2O3 microspheres form,

which are partially etched. However, no hollow a-Fe2O3

microspheres are observed and few integral particles

obtained at a low initial pH of 0.7 (3 mL of acetic acid;

Fig. 6c) because of complete etching. Similar strategies

have been applied to prepare ZnO [40], Cu2O [41], MnO

[38] hollow structures. A schematic illustration of the

hollow hematite microspheres formation process is pre-

sented in Fig. 7.

To further validate the formation mechanism of the

hollow a-Fe2O3 microspheres by acetic acid etching, the

results of FT-IR spectroscopy analysis and thermogravi-

metric analysis of the as-synthesized hollow a-Fe2O3

microspheres are shown in Figs. 8 and 9, respectively. The

bands around 550 and 475 cm-1 are the characteristic

absorption bands of the Fe–O of a-Fe2O3 [32], which

confirms the hematite phase (Fig. 8). The two bands at

3435 and 1634 cm-1 are assigned to the O–H stretching

and H–O–H bending modes of vibration, respectively, due

Fig. 6 SEM images of the hematite particles produced at 160 �C for 20 h under different the initial pH. a 1.4, b 1.1, c 0.7

J Mater Sci (2010) 45:5685–5691 5689

123



to H2O absorbed in the product [32]. Corresponding to the

results in Fig. 9, the first weight loss is at 400 �C, due to

the release of H2O molecules adsorbed on the surface of

the hollow a-Fe2O3 microspheres. These H2O molecules

may have come from the acetic acid etching process. The

band at 2360 cm-1 indicates the C–O vibration of CO2

adsorbed on the particle surface (Fig. 8) [42]. The bands at

2855 and 2926 cm-1 are attributed to C–H vibrations [43,

44]. Two other strong absorptions at 1510 and 1456 cm-1

are due to symmetric and asymmetric stretching vibrations

of the COO- group of the acetate anion, showing the

presence of the COO- group in the products [45, 46].

These bands are ascribed to acetate (CH3COO-) derived

from the acetic acid etching process, where acetate adsor-

bed on the surface or inside the hollow a-Fe2O3 micro-

spheres. The weight loss at 600 �C is caused by the

evolution of CH4 and CO2 gas (Fig. 9), with an m/e = 16

and 44, respectively. The weight loss is caused by the

release of CH4 and CO2, resulting from the decomposition

of acetate adsorbed on the surface or inside the hollow

a-Fe2O3 microspheres. Moreover, in the FT-IR spectrum of

the sample heated after TG-mass spectroscopy, the bands at

1456, 1510, 2855, and 2926 cm-1 disappears (Fig. 8b),

which indicates that the acetate is completely decomposed

during the TG-mass process. Thus, the hollow a-Fe2O3

microspheres formed probably originates from the acetic

acid etching process.

Conclusions

Hollow hematite microspheres with an average diameter of

3–4 lm and a shell thickness of approximately 150 nm

were synthesized under hydrothermal conditions using a

FeCl3�6H2O solution and acetic acid without using a tem-

plate. A possible formation mechanism for the hollow

hematite microspheres was proposed based on time and the

initial pH dependent experiments, which demonstrated that

the acetic acid played a role in chemical etching. Changes

in morphology with the reaction conditions, such as tem-

perature and concentration of the FeCl3�6H2O solution,

Fig. 7 A schematic illustration

of the formation process of the

hollow hematite microspheres
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Fig. 8 The FT-IR spectrum of the hollow hematite microspheres

produced at 160 �C for 20 h under the initial pH of 0.9. (a) Before
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were discussed. The as-synthesized hollow hematite

microspheres may potentially be useful in water treatment,

photocatalysis, and lithium ion batteries.
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2. Caruso F, Caruso RA, Möhwald H (1998) Science 282:1111

3. Caruso F (2000) Chem Eur J 6:413

4. Caruso F (2001) Adv Mater 13:11
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