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Abstract We report a rational synthesis of maghemite

(c-Fe2O3) short-nanotubes (SNTs) by a convenient hydro-

thermal method and subsequent annealing process. The

structure, shape, and magnetic properties of the SNTs were

investigated. Room-temperature and low-temperature

magnetic measurements show that the as-fabricated

c-Fe2O3 SNTs are ferromagnetic, and its coercivity is

nonzero when the temperature above blocking temperature

(TB). The hysteresis loop was operated to show that the

magnetic properties of c-Fe2O3 SNTs are strongly influ-

enced by the morphology of the crystal. The unique mag-

netic behaviors were interpreted by the competition of the

demagnetization energy of quasi-one-dimensional nano-

structures and the magnetocrystalline anisotropy energy of

particles in SNTs.
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Introduction

In recent years, the assembled nanostructures of magnetic

iron oxide materials have attracted widespread interest

because of their diverse applications, such as magnetic

fluids, data storage, catalyst, and bionanotechnology [1–3].

One-dimensional (1D) nanostructures are very appealing,

owing to many unique physical and chemical properties

based on their high intrinsic anisotropy and surface activity

[4, 5]. Especially, understanding the correlation between

the magnetic properties and the morphology of nano-

structures is a prerequisite for widespread applications of

nanomagnetism in data storage and bioseparation areas [6].

However, it is crucial to choose the materials for the

construction of nanostructure materials and devices with

adjustable physical and chemical properties. Among the

various magnetic materials, the cubic spinel structured

maghemite (c-Fe2O3) represents an important class of

magnetic transition metal oxide materials in which oxygen

atoms form a fcc close-packed structure [7]. Moreover,

c-Fe2O3 is an ideal candidate for fabrication of luminescent

and magnetic dual functional nano-composites due to its

excellent transparent properties [8–10].

The search for new geometries is an important aspect for

magnetic iron oxide nanomaterials, and past research

mainly has lead to structures such as nanoparticles, hollow

nanoparticles [1, 11–13]. Generally, the lowest energy state

of a magnetic particle depends on its size, shape, strength

and character of its anisotropy, especially the shape of

nanomaterials can influence its magnetic properties in

different ways. Magnetic quantities such as anisotropy and

coercivity are important for many present and future

applications in permanent magnetism, magnetic recording,

and spin electronics [14]. More recently, the magnetic

properties of nanoparticles, nanocages, nanowires, and

nanochains have been reported [13, 15–18]. However,

reports on the template-free synthesis and magnetic prop-

erties of c-Fe2O3 SNTs are very scarce so far [8, 19, 20]. In

the present work, we demonstrated an efficient and facile
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approach for large-scale synthesis of c-Fe2O3 SNTs by

hydrothermal and subsequent annealing process. The

scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) results showed that the

obtained products were short-tubular structures. The room-

temperature and low-temperature magnetic properties of

these SNTs were investigated. The study of pure c-Fe2O3

SNTs and their magnetic properties is a key issue, not only

for practical applications but also for fundamental

understanding.

Experimental Section

At first, the starting materials were prepared by a hydro-

thermal treatment of iron (III) chloride with sulfate and

phosphate additives. In a typical experimental procedure,

0.27 g FeCl3�6H2O, 7 mg NaH2PO4�2H2O, and 19.5 mg

Na2SO4 aqueous solutions were mixed together and then

double-distilled water was added to the mixture to keep the

final volume at 25 mL. After ultrasonic dispersion, the

mixture was transferred into a Teflon-lined stainless steel

autoclave with a capacity of 30 mL for hydrothermal

treatment at 220�C for 12 h. After the autoclave was

allowed to cool to room temperature, the precipitate was

separated by centrifugation, washed with double-distilled

water, and dried under vacuum at 120�C. Then, as-obtained

dried a-Fe2O3 powders were annealed in a tubular furnace

at 300�C under a continuous hydrogen flow for 5 h. The

furnace was allowed to cool to room temperature while still

under a continuous hydrogen gas flow. Finally, the above

sample was annealed at 400�C for 2 h in oxygen atmo-

sphere with the heating rate of 5�C/min.

The morphologies and microstructures of as-synthesized

samples were characterized by scanning electron micros-

copy (FEI Nova 400 NanoSEM), transmission electron

microscopy (JEOL JEM-2010(HT)), and high-resolution

transmission electron microscopy (JEOL JEM-2010 FET

(UHR)). The operating voltages of the SEM and TEM were

25 and 200 kV, respectively. The crystal structure of the

samples was determined by X-ray diffraction (XRD) (Cu

Ka radiation, k = 0.1542 nm). The Brunauer-Emmett-

Teller (BET) surface area of the annealing samples was

analyzed by nitrogen adsorption in a Micromeritics ASAP

2020 nitrogen adsorption apparatus. The composition of as-

synthesized samples was measured by attenuated total

reflectance Fourier transform infrared (ATR-FTIR) spec-

troscopy (Nicolet iS10). Magnetic measurements were

performed on a Quantum Design physical property mea-

surement system (PPMS). The powder sample was filled in

a diamagnetic plastic tube, and then the packed sample was

put in a diamagnetic plastic straw and impacted into a

minimal volume for magnetic measurements. Background

magnetic measurements were checked for the packing

material.

Results and Discussion

SEM was used to confirm the morphology of as-obtained

c-Fe2O3 SNTs, and the SEM images (Fig. 1a) clearly show

the capsule-like tubular nature of the c-Fe2O3 SNTs. The

rough surface of the SNTs implies that the surface is

composed of closely packed and well-aligned small nano-

particles. Detailed structural information and the growth

direction of the c-Fe2O3 SNTs were obtained from TEM

and HRTEM micrographs. Figure 1b depicts that those

particles are all of hollow short-tubular morphology. It is

noteworthy that some of SNTs have one end open with the

other end closed. The selected area electron diffraction

(SAED) patterns of the sample indicate the crystallin

characteristics of maghemite aggregates (see insert in

Fig. 1b). The TEM micrograpy at high magnification

(Fig. 1c) clearly shows that the SNTs are composed of

closely packed small nanoparticles. The corresponding

HRTEM image (Fig. 1d, take from the open end of SNTs)

of the selected area marked a# in Fig. 1c shows crystalline

character with lattice spacing of 0.252 nm and 0.295 nm,

which can be indexed to the (311) and (220) planes of

cubic c-Fe2O3. And the HRTEM image take from the tube

wall of the selected area marked b# in Fig. 1c shows

crystalline character with lattice spacing of 0.252 nm,

which can be indexed to the (311) plane of cubic c-Fe2O3.

The composition and phase purity of the as-prepared

products were examined by X-ray diffraction (XRD).

Figure 2a shows the XRD patterns of the starting materials

and as-prepared c-Fe2O3 SNTs. From the XRD patterns of

starting materials, it can be seen that the XRD patterns

conformity with that of rhombohedral a-Fe2O3 (JCPDS

card 33-0664, show in the bottom). After annealing treat-

ment, the (220), (311), (400), (422), (511), and (440) dif-

fraction peaks observed at curves can be indexed to the

cubic spinel structure, and all peaks are in good agreement

with pure c-Fe2O3 phase (JCPDS card 39–1346 is also

shown in the bottom). c-Fe2O3 can be prepared by the

reduction and oxidation of a-Fe2O3 under air at T = 523 K

[21]. This result reveals that the starting materials (a-Fe2O3

SNTs) have been completely change to c-Fe2O3 SNTs.

The attenuated total reflection Fourier transform infrared

spectroscopy (ATR-FTIR) spectra of starting materials

and c-Fe2O3 SNTs are shown in Fig. 2b. The adsorption

bands at ca. 560 cm-1 related to the lattice vibrations of the

FeO6 octahedral [22]. The broad bands of as-prepared

samples at 700 cm-1 are assigned to the bending modes of

Fe–O–H corresponding to Fe2O3 [23]. The four resolved

weak adsorption peaks within 900–1050 cm-1 result from
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incorporated sulfate ions in the preparing process, corre-

sponding to the one band of the v1 mode and two bands of

the v3 mode (C3v symmetry), respectively [24]. The ATR-

FTIR spectra of starting materials and c-Fe2O3 SNTs show

similar trends, indicating that the composition will not

change by the annealing treatment.

Nitrogen adsorption and desorption measurement for

determine the specific surface area and pore size for

starting materials and as-prepared c-Fe2O3 SNTs, the cor-

responding results are presented in Fig. 3. All the samples

were degassed before the nitrogen adsorption measure-

ment. The Brunauer-Emmett-Teller (BET) surface area

was determined by a multipoint BET method using the

adsorption data in the relative pressure (P/P0) range of

0.05–0.3. A desorption isotherm was used to determine the

pore size distribution by the Barret–Joyner–Halender

(BJH) method. The nitrogen adsorption volume at the

relative pressure (P/P0) of 0.9935 and 0.9957 was used to

determine the pore volume and average pore size for

annealing samples. The starting materials and c-Fe2O3

SNTs both exhibit a type H3 hysteresis loop according

Brunauer–Deming–Deming–Teller (BDDT) classification,

indicating the presence of mesopores (2–50 nm) and the

pore can be assumed as a cylindrical pore mode [25, 26].

Fig. 1 SEM (a), TEM (b, c),

and HRTEM (d, e, the scale bar
is 10 nm) images of as-prepared

c-Fe2O3 SNTs

1476 Nanoscale Res Lett (2010) 5:1474–1479

123



According to the BET method, the specific surface area of

starting materials and c-Fe2O3 SNTs is 4.6288 and

9.8867 m2/g, respectively. Moreover, the negative value of

adsorbed quantity reveals that tubular nanostructure have

litter or almost no micropores. The BJH adsorption

cumulative pore volume of starting materials and c-Fe2O3

SNTs is 0.032 and 0.050 cm3/g, respectively (between

17 nm and 3000 nm width). The BJH desorption cumula-

tive pore volume results are in agreement with the BJH

adsorption cumulative pore volume results. The increase in

the effective surface area of the SNTs was showed to be

caused by the reorganization of small iron oxide nanopar-

ticles, which may lead to the opening of some closed

nanotubes in the annealing process. This is in accordance

with the fact that the total pore volume of c-Fe2O3 SNTs is

also increased.

The room-temperature magnetic hysteresis measure-

ments of the samples obtained at before and after the

annealing process were carried out at 300 K in the applied

magnetic field sweeping from -15 to 15 kOe. As shown in

Fig. 4, the saturation magnetization (MS) of starting

materials and as-prepared c-Fe2O3 SNTs were found to be

0.5 and 27.3 emu g-1 at 300 K, respectively. The increase

in the saturation magnetization is most likely attributed to

the phase changes from hematite (a-Fe2O3) to maghemite

(c-Fe2O3). Notably, the starting materials display a rema-

nent magnetization (Mr) of 0.16 emu g-1 and coercivity

(HC) of 1030 Oe. However, the as-prepared c-Fe2O3 SNTs

with the Mr and Hc being determined to be 6 emu/g and 100

Oe, respectively, suggest that the c-Fe2O3 SNTs exhibit

weak ferromagnetic and soft magnetic behaviors [26]. The

structure of a-Fe2O3 can be described as consisting hcp

arrays of oxygen ions stacked along the [001] direction.

Two-thirds of the sites are filled with FeIII ions which are

arranged regularly with two filled sites being followed by

one vacant site in the (001) plane thereby forming sixfold

rings. The structure of c-Fe2O3 consists of octahedral and

mixed tetrahedral/octahedral layers stacked along [111]

Fig. 2 XRD patterns (a) and

ATR-FTIR spectra (b) of

as-prepared starting materials

and c-Fe2O3 SNTs

Fig. 3 Nitrogen adsorption and desorption curves of starting mate-

rials and as-prepared c-Fe2O3 SNTs at 77 K

Fig. 4 Magnetic hysteresis loops at T = 300 K and the enlarged

partial hysteresis curves for starting materials and as-prepared

c-Fe2O3 SNTs
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direction. All or most of Fe in the trivalent state, and the

cation vacancies compensate for the oxidation of FeII [27].

The different valence states and cation distribution in the

a-Fe2O3 and c-Fe2O3 spinel lattice will cause the change of

saturation magnetization, remnant magnetization, and

coercivity [13, 21].

The magnetization curves were measured as a function

of temperature with different applied fields between 10 and

300 K using field-cooling (FC) and zero-field-cooling

(ZFC) procedures. In the ZFC measurements, the samples

were cooled from 300 to 10 K without applying an external

field. After reaching 10 K, a external field was applied, and

the magnetic moments were recorded as the temperature

increased. For FC measurements, the samples were cooled

from 300 K under an applied external field, and then the

magnetic moments were recorded as the temperature

increased. As seen in Fig. 5, when the sample is cooled to

the zero magnetic field temperature, the total magnetization

of the SNTs will be zero since the magnetization of the

individual SNTs is randomly oriented. An external mag-

netic field energetically favors the reorientation of the

moments of the individual particles along the applied field

at low temperatures. Thus, upon increasing the tempera-

ture, all the ZFC magnetic moments increase and reach a

maximum, where the temperature is referred to as the

blocking temperature (TB). TB is defined as the temperature

at which the nanoparticles’ moments do not relax (known

as blocked) during the time scale of the measurement [16,

28]. It can be seen that blocking temperature decreases

from 275 to 40 K when the applied field increases from

500 to 5000 Oe because high field can lower the energy

barriers between the two easy axis orientations and

therefore lower the blocking temperature. Moreover, if the

applied field reaches a critical value, the blocking tem-

perature will disappear [29].

It is well know that the coercivity HC is normally zero

above TB, combined the result from M–H (Fig. 4) and M–T

curves (Fig. 5), one can notice that TB of as-obtained

samples at different applied fields is below 300 K. How-

ever, HC at 300 K for c-Fe2O3 SNTs is non zero, this kind

of remanent magnetization and coercivity above have also

been observed on the other iron oxide nanostructural

materials [16, 18, 30]. This property is interesting and has

not been understood well till now. For the magnetic SNTs,

clear Curie–Weiss behavior is not observed above TB and

may be indicative of the existence of dipole–dipole inter-

action between the particles. Such behavior has been

reported for several particle systems, in agreement with

theoretical predictions [31–33]. Additionally, the coerciv-

ity HC should be determined by competition of the

demagnetization energy, which results from the shape

anisotropy of quasi-tube nanostructure and the magneto-

crystalline anisotropy energy of the particles, the coercivity

can be written as follows [16, 34, 35]:

HC ¼
4L2

ex
q2MS

D2
þ pcK2

1 d2

MSA
ð1Þ

where the first term results from the contribution of shape

anisotropy energy of SNTs and the second term is due to

the contribution of magnetic crystalline anisotropy energy

of small particles. In the Eq. 1, here the q is the geometric

factor (for a prolate spheroid, q varies between the limits of

2.0816 for a sphere and 1.8412 for an infinite cylinder, and

for an oblate sphere, q gradually increases from 2.0816 for

a sphere to 2.115 for an infinite plate [36]), D is the average

diameter of the SNTs, d is the small particle diameter, K1 is

the first-order magnetic anisotropy constant (4.6 kJ/m3 for

c-Fe2O3 [37]), A is the exchange stiffness constant

(A = 10-11 J/m), pC is a coefficient of dimensionless

quantity related to the crystal structure (PC * 0.5), and lex

is the exchange length Lex ¼
ffiffiffiffiffiffiffiffiffiffiffi

A=K1

p

¼ 46:6 nm
� �

:

According to Eq. 1, the coercivity was estimated and the

values was about 82 Oe. This result indicates that the

coercivity of c-Fe2O3 SNTs was mainly originated from

the small nanocrystallines. Moreover, taking account into

that TB is defined as TB = KAV/25kB, where KA is the

magnetic anisotropy constant, V is the magnetic core vol-

ume, and kB is the Boltzmann constant [38]. The total

magnetic core volume will decrease with the increase in

applied field. Because the saturation magnetic flux density

is small, such materials are easily magnetically saturated,

thereby making it impossible to reduce their volumes. In

other words, magnetic core volume is the most significant

factor determining the inductance value, and the size and
Fig. 5 Temperature dependence of ZFC and FC magnetic moments

of c-Fe2O3 SNTs at different applied fields
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thickness reductions are difficult to be attained unless the

magnetic properties of magnetic materials are improved

[39].

Conclusions

The approach used in this study provides a simple and

inexpensive method for the preparation of stable and

magnetic c-Fe2O3 SNTs. The as-synthesized SNTs are

ferromagnetic at room temperature, which may have

potential applications in biotechnology, biomedicine, and

fundamental science. The results reveals that the self-

assembly strategy is an efficient way to create novel

nanostructured systems. Further detailed studies on the

formation mechanism of the magnetic SNTs are currently

under investigation.
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