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Template-free solvothermal synthesis of hollow hematite spheres and their
applications in gas sensors and Li-ion batteries†
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Magnetite (Fe3O4) hollow spheres were prepared by solvothermal reaction of ethanol solution

containing Fe-acetate and L-lysine, and were subsequently transformed into hematite (Fe2O3) hollow

spheres with nanoscale (20–30 nm) thin shells by heat treatment at 500 �C for 2 h. Both the as-prepared

and heat-treated hollow spheres contained another small sphere within each shell, which was attributed

to the following solvothermal self-assembly reactions: (1) the nucleation of Fe3O4 spheres, (2) lysine

capping on the nuclei, (3) the growth of lysine-capped particles by cross-linking between lysine

molecules, and (4) the formation of Fe shell layers by the interaction between Fe ions and outer lysine

molecules. In the assembly reaction, L-lysine with amino and carboxyl radicals played the key role. The

heat-treated Fe2O3 hollow spheres showed significantly enhanced C2H5OH sensing characteristics and

promising Li-ion intercalation behaviors.
Introduction

Hematite (Fe2O3) hollow spheres have been an attractive mate-

rial platform with potential applications in the fields of drug

delivery, energy storage, catalyst, magnetic storage media and

gas sensors.1–6 In the latter application, the rapid and effective

diffusion of analyte gas to the entire sensing surface through thin

and semi-permeable shells is known to greatly enhance both gas

sensitivity and response speed simultaneously.7,8 Moreover,

hollow spheres with high surface area and nano-porous shells are

also advantageous for achieving high discharge capacity and

coulombic efficiency due to the short diffusion length of Li+.2,9

The preparation of well-defined Fe2O3 hollow spheres is also

essential to enhance the performance of other applications.

The chemical routes to prepare Fe2O3 hollow spheres are

divided into two categories according to the use of templates.

The use of spherical templates is a facile approach to attain

hollow morphology. For example, after coating of the
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Fe-precursors on polystyrene spheres and subsequent conversion

of the precursor layer into metal oxide,10–13 the core templates are

removed by thermal decomposition. The chemical steps of

template-based approaches can be simplified by employing the

one-pot reaction including both the formation of templates and

precursor coating. The representative templates formed during

one-pot reaction are the glucose-condensed hydrocarbon

spheres14 and microbubbles.2,15 The representative template-free

approaches are polyoxometalate-assisted, forced hydrolysis,16

microwave hydrothermal reaction,17 sonochemical reaction,18

ligand-assisted hydrothermal reaction19 and Ostwald ripening.20

In this contribution, nearly monodisperse Fe3O4–hydrocarbon

composite spheres were prepared by amino acid (L-lysine)-

assisted solvothermal self-assembly reaction. These spheres were

converted into Fe2O3 hollow spheres with�30 nm thick shells by

heat treatment. To the best of the authors’ knowledge, the amino

acid-mediated solvothermal preparation of Fe2O3 hollow

spheres without templates has never been reported. The forma-

tion mechanism of Fe3O4 hollow spheres was investigated in

relation to the self-assembly reaction and the gas sensing and Li-

ion battery characteristics of Fe2O3 hollow spheres were inves-

tigated for their potential applications.
Experimental

Preparation

The Fe3O4 hollow spheres were prepared by solvothermal self-

assembly reaction. In 50 ml of anhydrous ethanol was dissolved

0.0870 g of iron(II) acetate (Fe(CH3CHOO)2, 99.995%, Sigma-

Aldrich Co.). After adding 0.0146 g of L(+)-lysine (C6H14N2O2,
J. Mater. Chem., 2011, 21, 6549–6555 | 6549
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Fig. 1 X-Ray diffraction (XRD) patterns of (a) the as-prepared powders

after solvothermal reaction at 200 �C, and of those heat-treated for 2 h at

(b) 450 �C, (c) 500 �C, and (d) 600 �C.
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$98%, Sigma-Aldrich Co.), the solution was homogenized by

ultrasonic transduction and vigorous stirring. Subsequently, the

stock solution was transferred to a Teflon-lined stainless steel

autoclave (volume: 100 cm3), which was then sealed and heated

at 200 �C for 4 h. After cooling, the resulting product was washed

five times with ethanol using a centrifuge and then dried at 70 �C

for 1 day. The as-prepared powders were Fe3O4 hollow spheres,

which were oxidized into Fe2O3 by heat treatment at 450–600 �C

for 2 h. In order to investigate the effect of Pt loading on the gas

sensing characteristics, the Pt-doped hollow Fe2O3 spheres (Pt/

Fe2O3 ¼ 0.70 wt%) were prepared by the solvothermal reaction

of stock solution containing PtCl4 (98%, Sigma-Aldrich Co.),

Fe(CH3CHOO)2, and L(+)-lysine and subsequent heat treat-

ment. For comparison, Fe2O3 solid spheres were also synthesized

by solvothermal reaction of C2H5OH solution containing only

Fe(CH3CHOO)2, followed by heat treatment at 500 �C for 2 h.

For further comparison, Fe2O3-agglomerated nanoparticles were

prepared by the heat treatment of carbonate precipitates at

500 �C for 2 h. 4.80 g of (NH4)2CO3 was dissolved in 100 ml of

distilled water heated at 60 �C. 4.04 g of Fe(NO3)3 (>98%, Sigma-

Aldrich Co.) was dissolved in 100 ml of distilled water at 40 �C

and the solution was gradually dripped into the aforementioned

(NH4)2CO3 (Sigma-Aldrich Co.) aqueous solution for precipi-

tation. After precipitation, the solution was stirred for 2 h at

60 �C. The precipitates were washed with distilled water and then

ethanol. After drying at room temperature for 24 h, the precur-

sors were converted into Fe2O3-agglomerated nanoparticles by

heat treatment 500 �C for 2 h.

Characterization

The phase and crystallinity of the powders were analyzed by

X-ray diffraction (XRD, Rigaku D/MAX-2500V/PC), the

morphologies of the precursors and hollow powders by field-

emission scanning electron microscopy (FE-SEM, S-4800,

Hitachi Co. Ltd., Japan) and transmission electron microscopy

(TEM, FEI Tecnai 20), and the surface areas of the powders by

using the Brunauer–Emmett–Teller (BET) method (Tristar 3000,

Micromeritics Co. Ltd.).

Gas sensing characteristics

The as-prepared precursors were prepared in a paste form and

applied to an alumina substrate having two Au electrodes. The

sensor element was heat treated at 500 �C for 2 h to decompose

the organic content of the paste. The sensor was placed in

a quartz tube and the temperature of the furnace was stabilized at

400 �C. A flow-through technique with a constant flow rate of

500 cm3 min�1 was used. The gas response (S ¼ Ra/Rg, Ra:

resistance in air, Rg: resistance in gas) was measured at 400 �C.

The dc 2-probe resistance of the sensor was measured using an

electrometer interfaced with a computer.

Li-ion battery characteristics

The Fe2O3 hollow powders heat-treated at 450 �C were ground

with conductive carbon black (super P, TIMCAL) in mortar and

polyvinylidene fluoride (PVDF, ARKEMA) dissolved in N-

methyl-2-pyrrolidone (NMP, Sigma) was added to the mixture of

active materials and super P. The weight ratio of active materials,
6550 | J. Mater. Chem., 2011, 21, 6549–6555
super P and PVDF in NMP solvent, was 8 : 1 : 1. The mixture

was stirred for 24 hours and the resulting slurry was coated on

copper foil. The electrode was punched from the aluminium foil

into circles of 13 mm diameter. The electrodes were dried under

vacuum at 80 �C overnight. For assembling the button cells, the

metal Li was used as the counter electrode and 1 M LiPF6

(Battery grade, Novolyte Technologies Inc.) dissolved in a 1 : 1

(volume ratio) mixture of ethylene carbonate/dimethyl carbonate

was employed as electrolyte. All the assembling processes were

carried out in an Ar-filled glove box. The cell test was carried out

at a current density of 100 mA g�1 using an Arbin battery testing

system (BT-2000, Arbin Instruments, USA).
Results and discussion

X-Ray diffraction (XRD)

The as-prepared powders after solvothermal reaction at 200 �C

were identified as crystalline Fe3O4 phase (JCPDS # 19-0629)

(Fig. 1a). After heat treatment at 450 �C for 2 h, the powders

were transformed into Fe2O3 with minor Fe3O4 (Fig. 1b). Pure

Fe2O3 phase (JCPDS 33-0664) was attained by further increasing

the heat-treatment temperature to 500 and 600 �C (Fig. 1c and

d). The XRD pattern of g-Fe2O3 (JCPDS 39-1346) is also similar

to that of Fe3O4. In X-ray photoelectron spectroscopy (XPS)

analysis, the binding energies for the Fe 2p1/2 and Fe 2p3/2 peaks

of as-prepared hollow spheres were �0.3 eV lower than those of

Fe2O3 hollow spheres heat-treated at 500 �C for 2 h, respectively

(see ESI, Fig. S1†). This indicates that the as-prepared specimen

in Fig.1a can be identified as Fe3O4 rather than g-Fe2O3.21 The

primary particle sizes of the as-prepared Fe3O4 hollow spheres

and 500 �C heat-treated Fe2O3 hollow spheres calculated by

Scherrer’s equation were 10.7 � 0.9 and 32.8 � 4.2 nm, respec-

tively.
This journal is ª The Royal Society of Chemistry 2011
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SEM and TEM analysis

Uniform and nearly mono-disperse Fe3O4 spheres were obtained

by the solvothermal reaction (Fig. 2a and b). Smaller particles

(size: �300 nm) were also observed, which lead to the bimodal

particle size distributions (Fig. S2†). The size of the spheres

ranged from 600 to 1200 nm. A few broken spheres showed

a shell morphology (arrows in Fig. 2a and b), which indicated the

formation of hollow spheres. Closer TEM observation confirmed

that the as-prepared Fe3O4 spheres were hollow (Fig. 2c) and

contained another small sphere within each hollow sphere, as

shown in the arrowed regions in Fig. 2c and d. The ring

diffraction pattern suggests that the hollow spheres were poly-

crystalline Fe3O4 (inset in Fig. 2c). The outer shells of the hollow

spheres were 40–70 nm thick (see for example, Fig. 2e) and the

primary particles were �10 nm in diameter (Fig. 2f).

The spherical morphology (Fig. 3a) and the coexistence of

smaller particles (Fig. 3b and S2b†) remained similar after heat

treatment at 500 �C for 2 h and the sizes of the Fe2O3 spheres

decreased slightly (500–1000 nm). The shells of the heat-treated
Fig. 2 Morphologies of the as-prepared Fe3O4 hollow spheres after

solvothermal reaction at 200 �C: (a) low magnification SEM image; (b)

high magnification SEM image of the rectangular area in (a), (c) TEM

image and ring diffraction pattern, (d) TEM images of a single hollow

sphere, (e) high magnification TEM image of the rectangular area in (d),

and (f) high magnification image near the surface of the hollow sphere.

This journal is ª The Royal Society of Chemistry 2011
Fe2O3 hollow spheres became more distinct (Fig. 3c) and their

thickness was decreased to 24–33 nm (Fig. 3d). The small spheres

within the hollow shells became significantly smaller upon heat

treatment (Fig. 2c and 3c). Well-developed crystalline structures

were found in the local area (Fig. 3e). Two lattice planes with

interplanar distances of 2.71 and 3.74 Å and an angle of 46.4�

were observed in the lattice fringe (Fig. 3f), which corresponded

to the (012) and (104) planes of the SnO2 cassiterite (rutile)

crystal structures, respectively.

The solvothermal reaction of the ethanol solution containing

Fe(CH3CHOO)2 in the absence of L(+)-lysine produced spheres

with solid inner structures (Fig. S3a and b†). This solid

morphology remained after heat treatment at 500 �C for 2 h

(Fig. S3c and d†), which indicated that L(+)-lysine plays a key

role in the formation of hollow structures. Abundant carbon and

nitrogen components were found in the energy-dispersive X-ray

spectroscopy (EDS) analyses over the entire region of the as-

prepared spheres (Fig. S4†). Some of the carbon content could be

attributed to the residual solvent or the specimen grid for TEM

observation. However, the substantial nitrogen concentration
Fig. 3 Morphologies of the Fe2O3 hollow spheres after heat treatment at

500 �C for 2 h: (a) low magnification SEM image, (b) high magnification

SEM image of the rectangular area in (a), (c) TEM image of the hollow

spheres, (d) TEM image of a hollow sphere, (e) high magnification TEM

image of the rectangular in (d), and (f) lattice fringes from (012) and (104)

planes (rectangular region in (e)).

J. Mater. Chem., 2011, 21, 6549–6555 | 6551
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emanated from L(+)-lysine or its modified components within

a Fe3O4 sphere. In particular, the nitrogen concentration was

higher in the area of the small sphere within a large hollow sphere

(Fig. S4†), which demonstrated that L(+)-lysine plays a role in

the formation of small spheres or cross-links between the outer

shell and the inner sphere. After heat treatment at 500 �C for 2 h,

the nitrogen concentration within the Fe2O3 spheres was reduced

to a negligible level by the decomposition of amino acid-related

components (Fig. S5†), which was confirmed by DTA/TG

analysis (Fig. S6†).

The formation of hollow spheres during the solvothermal

reaction was further investigated from the Fe3O4 and Fe2O3

hollow spheres prepared by focused ion beam (FIB) treatment

(Fig. 4). As found in the TEM observations, the size of the small

sphere within a large hollow shell was decreased by heat treat-

ment at 500 �C for 2 h, suggesting that this small sphere (Fig. 4a

and b) may have consisted of some organic contents such as L(+)-

lysine, as well as Fe-precursor, although further study is neces-

sary to confirm this.

The small inner sphere was connected with the outer Fe3O4

shell (arrows in Fig. 4a), for reasons which have not yet been fully

elucidated. However, one possible explanation is that the inner

sphere and outer shell were connected with each other by the

mediation of L(+)-lysine. The L(+)-lysine structure comprises one

amine and two carboxyl groups, which provide both positive

(–NH2
+) and negative (–COO�) ending groups. This amphiphilic

nature may enable the electrostatic connection between lysine

molecules. The peptide bond between NH2 and COOH groups

can be also considered as the reason for the interaction between

lysine molecules.22,23 Moreover, both amino and carboxyl groups

are capable of coordinating with transition metal ions in

oxides.24–26 These reports indicate the versatile roles of lysine: (1)

the capping of Fe3O4 core spheres, (2) the elongation of lysine

chains by electrostatic cross-linking, and (3) the interaction with
Fig. 4 Inner morphologies of (a), (b) the as-prepared Fe3O4 spheres and

(c), (d) the Fe2O3 spheres after heat treatment at 500 �C for 2 h. The

specimens were prepared by focused ion beam (FIB) treatment.

6552 | J. Mater. Chem., 2011, 21, 6549–6555
Fe ions. Indeed, in the as-prepared Fe3O4 spheres, a substantial

amount of nitrogen was observed not only near the inner spheres

but also in the regions between the outer shell and the inner

sphere. This strongly supports the formation of a lysine-medi-

ated network between the core spheres and the outer shells. In

both the Fe3O4 and Fe2O3 spheres, the outer surfaces of the outer

shells were very smooth and clean, while the inner surfaces of the

outer shells showed very rough structures with a number of small

protrusions (Fig. 4), which may have resulted from the connec-

tion between the inner sphere and the outer shell.

To study the intermediate stages of reaction, the morphologies

of products prepared from the same precursor solution for

shorter solvothermal-reaction time (0.5, 1, and 2 h) were

observed (Fig. S7†). The particles after reaction for 0.5–1 h

(Fig. S7a and b†) were not spherical and smaller than those

prepared for 4 h (Fig. 2). These particles were changed into larger

spherical ones after reaction for 2 h (Fig. S7c†). Taking into

account the presence of nitrogen between the core spheres and

the outer shells and the evolution of particle size and morphology

at the beginning and intermediate stages of reaction, the

formation mechanism of the Fe3O4 hollow spheres can be given

as shown in Fig. 5. Spherical Fe3O4 nuclei were formed at the

initial reaction stage (Fig. 5a). This is reasonable considering that

the Fe3O4 spheres with solid inner structures had been prepared

by solvothermal reaction in the absence of L-lysine. The spherical

nuclei were then capped by the interaction of the amino or

carboxyl radical with L(+)-lysine (Fig. 5b). In this stage, Fe ions

still existed in the solution and the spherical nuclei could be

coarsened. However, the growth reaction was limited because the

nuclei were capped with L-lysine.27 The capped lysine layer could

grow either by the electrostatic cross-linking between lysine

molecules or by a peptide bond between NH2 and COOH

groups22,23 (Fig. 5c), in a step which determined the apparent size

of the hollow spheres. Due to the amphiphilic nature of lysine,

the Fe ions in the solution could also adhere to the end of the

outer lysine molecule, which led to the coating of Fe ions with the

shell configuration (Fig. 5d). In this stage, the concentration of

Fe ions was smaller than that at the initial stage of reaction

because a substantial amount of the Fe source had already been

consumed in the nucleation. This facilitated the gradual coating

of a very thin Fe precursor layer in a well-defined manner.

Accordingly, the well-defined Fe3O4 hollow spheres with ultra-

thin (40–70 nm) shell was attributed to the two-stage reaction of

the Fe sources under the mediation of L-lysine. The Fe2O3 hollow

spheres were formed by the decomposition of L(+)-lysine and its

related components (Fig. 5e).

Gas sensing characteristics

In order to investigate the effect of hollow morphology and

catalyst loading on the gas sensing behaviors, four different
Fig. 5 Formation mechanism of the Fe3O4 and Fe2O3 spheres.

This journal is ª The Royal Society of Chemistry 2011
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sensors were fabricated using undoped Fe2O3 hollow structures,

Pt-doped Fe2O3 hollow structures, Fe2O3 spheres with solid

inner structures, and Fe2O3-agglomerated nanoparticles. The Pt-

doped Fe2O3 hollow spheres were slightly smaller than undoped

Fe2O3 hollow spheres (Fig. S8†). From EDS analyses, the Pt

components were found throughout the whole Fe2O3 hollow

structures (Fig. S9†). The size of the primary particle size within

the Fe2O3-agglomerated nanoparticles ranged from 30 to 40 nm

(Fig. S10†). The precursors prepared by solvothermal reactions

(hollow and solid spheres) were identified as crystalline Fe3O4,

while the precursor prepared by carbonate precipitation could

not be identified (Fig. S11†). All the precursors were converted

into phase-pure Fe2O3 by heat treatment at 500 �C for 2 h

(Fig. S12†).

The undoped and Pt-doped Fe2O3 hollow spheres showed

selective detection to C2H5OH. For example, the response (Ra/

Rg) of undoped Fe2O3 hollow spheres to 100 ppm C2H5OH was

2.55 at 400 �C, which was significantly higher than those to

100 ppm H2 and 100 ppm CO (1.51 and 1.10). The Fe2O3 spheres

with solid inner structures and agglomerated nanoparticles

showed negligible responses to H2 and CO. Thus, the C2H5OH

sensing characteristics of the four different sensors were

compared. The sensor resistances were decreased upon exposure

to 5–100 ppm C2H5OH and were recovered to original resistance

upon exposure to air (Fig. S13†).

At the sensing temperature of 300 �C, the gas responses of the

undoped and Pt-doped Fe2O3 hollow spheres to 5–100 ppm

C2H5OH ranged from 1.2 to 2.0 (Fig. 6b), while those of the

Fe2O3 solid spheres and agglomerated nanoparticles were

negligible (data not shown). As the sensor temperature was
Fig. 6 C2H5OH sensing characteristics of the Pt-doped Fe2O3 hollow

spheres, Fe2O3 hollow spheres, Fe2O3 solid spheres, and Fe2O3-

agglomerated nanoparticles at the sensing temperatures of (a) 400 �C and

(b) 300 �C.

This journal is ª The Royal Society of Chemistry 2011
increased to 400 �C, the sensor responses of the undoped and Pt-

doped Fe2O3 hollow spheres increased and the gas sensing

behaviors of the four different sensors began to diverge signifi-

cantly (Fig. 6a). The increase of gas response by increasing the

sensor temperature was attributed to the enhanced oxidative

interaction of ethanol with negatively charged surface oxygen

(O�). Upon exposure to 5–100 ppm C2H5OH, the gas responses

of the agglomerated nanoparticles and of the solid spheres

ranged from 1.10 to 1.32 and from 1.19 to 1.67, respectively. In

contrast to these two counter parts, the gas responses of the

undoped hollow spheres are significantly higher (1.41–2.55). The

gas response was enhanced further to 1.77–3.72 by doping with

Pt catalyst.

When the agglomerates of the primary particles were large and

dense, the pores between the primary particles become small,

which may have hampered the diffusion of analyte gases onto the

entire sensor surface.28,29 Moreover, the tortuous configuration

of the pore channels may have hindered the gas diffusion.

Therefore, only the primary particles located in the outer region

of the secondary agglomerates or the spheres contributed to the

gas sensing reaction, while the primary particles located in the

inner part became inactive, which reduced the gas response.30

Indeed, it has been reported that the gas response of an

agglomerated configuration of primary particles is significantly

smaller than that of a well-dispersed configuration of nano-

structures.31–33 In this framework, the high gas response of the

Fe2O3 hollow spheres in the present study was attributed to the

effective diffusion of analyte gas to the entire sensing surface via

thin shells. This mechanism is supported by the literature reports

of an enhanced gas response by employing hollow struc-

tures.7,28,33–36

The loading of Pt catalyst is also known to enhance the gas

response of semiconductor-type gas sensors by activating

a surface reaction between negatively charged surface oxygen

and a reducing gas.37 The BET surface areas of the undoped and

Pt-doped Fe2O3 hollow spheres after heat treatment at 500 �C for

2 h were 21.5 and 22.4 m2 g�1, respectively. These similar values

support the catalytic activation by Pt as the driver for the

enhanced gas response. Zhang et al.38 have loaded various noble

metal (Au, Pt, Pt/Au) catalysts on Fe2O3 powders using lysine as

a linker. Because, lysine also acts as a capping agent to stabilize

small Au or Pt particles, a high degree of noble metal dispersion

could be also achieved. In the present study, the Pt catalyst was

loaded during the solvothermal reaction of the solution con-

taining lysine. Thus, the dual roles of lysine as a linker and

a capping agent will be advantageous in the uniform and

convenient loading of noble metal catalyst on the surface of

sensing materials.
Li-ion battery

The cycling performance of solvothermally synthesized, hollow

Fe2O3 spheres between the voltage range of 0.01–3.0 (V vs. Li/

Li+) at a current density of 100 mA g�1 is shown in Fig. 7. The

high initial discharge capacity of 2165 mA h g�1 far exceeded the

theoretical capacity of Fe2O3 (1038 mA h g�1),39 as has been

widely reported for transition metal oxides.39–42 This excessive

capacity is ascribed to the electrolyte reduction at low voltage to

form a solid electrolyte interphase and interfacial lithium
J. Mater. Chem., 2011, 21, 6549–6555 | 6553
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Fig. 7 The cycling performance of the electrode using Fe2O3 hollow

spheres heat-treated at 450 �C for 2 h between the voltage range of 0.01

and 3.0 (V vs. Li/Li+) at a current density of 100 mA g�1.
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storage.43,44 However, the discharge/charge capacity becomes

quite stable after the first 10 cycles at a specific discharge capacity

of 650 mA h g�1 with a coulombic efficiency of around 98%. Even

after 50 cycles, a specific discharge capacity of 648 mA h g�1 was

delivered, which indicates the good stability of the hollow Fe2O3

spheres electrode. The much higher stabilized capacity (650 mA h

g�1) compared to the theoretical capacity of graphite (372 mA h

g�1) presents these Fe2O3 hollow spheres as a promising anode

candidate for lithium ions batteries.

In general, to achieve high performance in Li-ion battery, the

electrode materials should have high surface area, short distance

for Li+ ion transport, and freedom for volume change.45 The high

capacity and good cycle stability in our case were attributed to

the novel hollow sphere structure. Fig. 4c and d clearly shows the

large space between the inner spheres and the outer shells, which

can facilitate the electrolyte penetration and increase the inter-

facial area between the electrode and electrolyte. Furthermore,

the hollow spheres can expand or shrink freely to accommodate

the volume changes during the lithium intercalation and dein-

tercalation process, resulting in reduced structural damage.

The Fe2O3 hollow sphere electrode presented here showed

better electrochemical stability than a Fe2O3 nanotube electrode

which retains 514 mA h g�1 after 100 cycles at 100 mA g�1.31

Furthermore, it exhibited better performance than the 414 mA h

g�1 after 60 cycles reported for Fe2O3 spheres with solid inner

structures (current density: 100 mA g�1).39 And it possessed

similar performance to the Fe2O3 nanoflakes reported by Reddy

et al. (current density: 65 mA g�1).46 Considering the facile

solvothermal synthesis, these Fe2O3 hollow spheres are a prom-

ising anode candidate in Li-ion battery applications.

Conclusions

Well-defined Fe3O4 hollow spheres were prepared by amino acid-

mediated solvothermal reaction, and were successfully converted

into nearly monodisperse Fe2O3 hollow spheres with the nano-

scale thickness (20–30 nm) of shells by heat treatment at 500 �C

for 2 h. Both hollow spheres contained a small sphere within the

large shell. In the as-prepared Fe3O4 hollow spheres, a significant

amount of nitrogen was detected not only in the small sphere
6554 | J. Mater. Chem., 2011, 21, 6549–6555
within the large shell but also in the space between the small

sphere and the large shell. In contrast, the nitrogen content was

negligible in the heat-treated Fe2O3 hollow spheres. The

connection between the inner sphere and the outer shell was

observed in the cross-sectional image of the Fe3O4 hollow

spheres prepared by focused ion beam treatment. The Fe3O4

hollow spheres were formed by lysine-mediated, solvothermal

self-assembly reaction. The heat-treated Fe2O3 hollow spheres

showed enhanced C2H5OH sensing characteristics in comparison

to the counterparts such as Fe2O3 spheres with solid inner

structures and agglomerated nanoparticles, and exhibited a high

and promising Li-intercalation behaviour. These enhancements

were attributed to the effective diffusion of analyte gas or Li-ion

onto the entire materials via the nanoscale shells.
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