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Since the first report on carbon nanotubes in 1991,1 there has
been a tremendous interest in inorganic nanotubes, due to their novel
properties and potential applications in electronics, separation,
catalysis, and biotechnology.2 Recently, many oxide nanotubes have
been synthesized using various synthetic procedures including the
most popularly used template approaches.3 However, the diameters
of these oxide nanotubes are usually far larger than 10 nm and
nonuniform. For many delicate applications such as biosensors and
separation, it is necessary to develop a method of synthesizing
uniform inorganic nanotubes with a diameter of less than 10 nm.
Goethite (R-FeOOH), one of the iron oxide hydroxides, is known
as a common constituent of soils and the atmospheric corrosion
products of iron-based alloys.4 Goethite plays an important role in
environmental processes, as it possesses a strong affinity for a
variety of contaminants such as heavy-metal ions and organic
pollutants.5 Herein, we report on the synthesis of uniform goethite
nanotubes having a parallelogram-shaped cross section.

Goethite nanotubes were synthesized from the reaction of
hydrazine6 with Fe(III)-oleate complex immobilized in reverse
micelles composed of oleic acid, water, and xylene. Previously,
our group demonstrated the large-scale synthesis of monodisperse
iron oxide nanocrystals from the thermolysis of Fe(III)-oleate
complex.7 In a typical synthesis, 4 mmol of Fe(III)-oleate (3.6 g)
and 36 mmol of oleic acid (10.17 g) were dissolved in 15 mL of
xylene, and subsequently 1 mL of DI water was added under
vigorous stirring. The resulting mixture solution was stirred at room
temperature for 2 h. The resulting reverse micelle solution was
slowly heated to 90°C and then 3 mL of hydrazine (11 wt % water
solution) was injected. After aging at the same temperature for 3
h, 100 mL of ethanol was added to cause the precipitation of the
goethite nanotubes. The precipitate was retrieved by centrifugation.
The resulting precipitate was re-dispersible in many organic solvents
such asn-hexane and chloroform. A typical transmission electron
microscopic (TEM) image (Figure 1a) at low magnification showed
that the nanotubes have a uniform cross-sectional dimension of 7
nm and length of about 80 nm. When the nanotube dispersion was
slowly evaporated on a TEM grid, these nanotubes self-assembled
to generate an extensive tetragonal close-packed superlattice, and
the vertically aligned nanotubes showed a parallelogram-shaped
cross section with a uniform edge dimension of 7 nm (Figure 1b).
A tilting experiment in TEM confirmed the parallelogram-shaped
cross section (Supporting Information). A high-resolution TEM
image (HRTEM) and a TEM image of microtomed sample showed
that the nanotube has a hollow interior and slightly wrinkled walls
with a uniform thickness of 2 nm (Figure 1c and Supporting
Information). The powder X-ray diffraction (XRD) and electron
diffraction patterns revealed that the nanotubes have a goethite (R-
FeOOH) structure. The magnetic property characterization using a
superconducting quantum interference device (SQUID) showed that
the nanotubes were antiferromagnetic with a Ne´el temperature of
320 K, which is lower than that of bulk goethite (400 K). This

decrease in the Ne´el temperature seems to be a characteristic of
nanostructured goethite.8

In the current synthetic procedure, the reverse micelles generated
by the mixing of oleic acid, xylene, and water seem to function as
a template for the formation of the nanotubes. Temperature-
dependent AC impedance measurements of the reaction mixture
showed that reverse micelles were formed under the current
synthesis condition of 90°C (Supporting Information). Moreover,
when we performed the synthesis without adding water to the
reaction mixture while keeping the other experimental conditions
unchanged, only polydisperse nanocrystals with an irregular shape
were obtained. To investigate the growth process of the nanotubes,
sampling experiments were performed by taking aliquots of the
reaction mixture at regular time intervals after injecting hydrazine.
The TEM image of the sample taken 30 min after the injection of
hydrazine showed poorly crystalline pseudospherical nanocrystals
with a size of about 2 nm. After conducting the reaction for 1 h,
short nanotubes with an edge dimension of 7 nm and length of
<20 nm were observed. Further aging at the same temperature of
90 °C for a longer time generated longer nanotubes with nearly
the same edge dimension of 7 nm. For example, the TEM images
of the samples taken after allowing the reaction to proceed for 2,

Figure 1. TEM (a) and HRTEM (c) images of goethite nanotubes; (b)
TEM image of self-assembled goethite nanotubes.
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3, and 6 h resulted in nanotubes with lengths of 60, 80, and 150
nm, respectively, while retaining nearly the same edge dimension
of 7 nm. On the basis of these sampling experiments, we propose
the following growth mechanism for the goethite nanotubes (Figure
2a). First, the Fe(III)-oleate complexes are immobilized (or inter-
digitated) in the outer hydrophobic part of the reverse micelles
generated from oleic acid, xylene, and water. The addition of
hydrazine induced the reaction with the Fe(III)-oleate complex and
subsequent crystallization to form 2-nm-sized spherical nanopar-
ticles of iron oxide or related iron-containing compounds. Further
aging at 90°C for a longer reaction time seems to induce the
directional assembly of the 2-nm-sized nanoparticles onto the
reverse micelle template (possibly rod-shaped), generating the
nanotubes. As mentioned above, we were able to control the length
of the nanotubes while keeping the edge dimension the same at 7
nm. When we performed the reaction for 6 and 24 h, goethite
nanotubes with lengths of 150 nm (Figure 2b) and∼400 nm (Figure
2c; HRTEM image in Supporting Information), respectively, were
produced. By varying the types of iron-carboxylate complex and
carboxylic acid, we were able to control the aspect ratios of the
nanotubes. For example, when we used Fe(III)-octanoate and
octanoic acid instead of Fe(III)-oleate and oleic acid in the
synthesis and allowed the reaction to proceed for 6 h, goethite
nanotubes with a thicker edge dimension of∼30 nm and length of
∼80 nm were produced (Supporting Information). On the other

hand, when we used octanoic acid instead of oleic acid and kept
the other reaction conditions unchanged, nanotubes with an edge
dimension of 12 nm and length of∼150 nm were generated
(Supporting Information).

In summary, we synthesized uniform iron oxide hydroxide
(goethite) nanotubes having a parallelogram cross section from the
reaction of hydrazine with Fe(III)-oleate complex immobilized in
reverse micelles. The edge dimensions and lengths of the nanotubes
were easily controlled by varying the reaction conditions, such as
the kinds of Fe-carboxylate complex and carboxylic acid and the
aging time. The current synthetic procedure is very simple and
highly reproducible and, consequently, readily applicable to large-
scale synthesis. For example, when we conducted the synthesis
using 5 times more reagents than the amounts indicated above, we
were able to synthesize as much as 7.2 g of the goethite nanotubes
with a uniform edge dimension of 7 nm (Supporting Information).
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Figure 2. (a) Proposed growth mechanism of goethite nanotubes. TEM
images of goethite nanotubes obtained after aging for 6 h (b) and 24 h (c).
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