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Iron Oxide Nanotubes

Single-Crystalline Iron Oxide Nanotubes**

Chun-Jiang Jia, Ling-Dong Sun,* Zheng-Guang Yan,
Li-Ping You, Feng Luo, Xiao-Dong Han,
Yu-Cheng Pang, Ze Zhang, and Chun-Hua Yan*

In recent years considerable attention has been focused on
one-dimensional nanostructured materials owing to their
unique physical properties and potential applications in
sensors, magnetics, electric transportation, optics, and even
as building blocks for nanoscale devices.!! In particular, much
effort has been devoted to the controllable synthesis of
inorganic nanotubes since the discovery of carbon nanotubes
in 1991.”! The synthesis of a number of tubular materials from
two-dimensional layered precursors at elevated temperatures,
based on a “rolling-up” mechanism, has been reported,” such
as BN, V,0s5, WS,, and NiCl,. With the development of soft-
chemistry synthetic methods, a low-temperature solution
approach provides a facile method to produce nanotubes of
lamellar compounds,* for example InS, Bi, and Cu(OH),.
Nanotubes made from other materials,” such as Si, ZnS,
Eu,0;, and GaN, which do not possess 2D layered structures,
have also been prepared by employing various templates.
However, except for a few examples,”™ the template-assisted
method has proved to be unsuitable for the formation of
single-crystalline nanotubes. A mild solution strategy has
been used® to obtain single-crystalline hexagonal prismatic
Te nanotubes, but it is difficult to extend this method to the
formation of other three-dimensional materials. It is therefore
still a challenge to extend the fabrication of single-crystalline
tubular nanostructures from lamellar to 3D materials.
Hematite (a-Fe,Os), the most stable iron oxide under
ambient conditions, is widely used in catalysts,”! pigments,”®!
sensors,”) and as the raw material for the synthesis of
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maghemite (y-Fe,0;), which is of great importance as a ferro
fluid and in magnetic recording materials. Because of its
excellent properties, much attention has been directed to the
controlled synthesis of hematite particles. For example,
Matijevic and co-workers!"”! have prepared monodispersed
hematite particles by forced hydrolysis of ferric ions in
solution, and Kallay etal."! and Sugimoto et al.' have
synthesized hematite particles with controllable shape and
size by a sol-gel method. Recently, much research has been
focused on the synthesis of 1D nanostructures, including
nanorods,® nanowires,"¥ nanobelts™ of hematite, and
nanotubes of magnetite,'® owing to their potential applica-
tions in various fields. Herein, we report a rational synthesis
of single-crystalline hematite nanotubes by a convenient
hydrothermal method, and demonstrate a feasible, large-
scale, and controllable synthesis of single-crystalline Fe,Os
nanostructures. A mechanism for the formation of tubular-
structured hematite is proposed in accordance with the
morphology investigations carried out by electron micros-
copy. Different from the mechanism of formation of other
inorganic nanotubes reported previously, these hematite
nanotubes are formed by a coordination-assisted dissolution
process. The presence of phosphate ions is the crucial factor
that induces the formation of a tubular structure, which
results from the selective adsorption of phosphate ions on the
surfaces of hematite particles and their ability to coordinate
with ferric ions. Single-crystalline maghemite nanotubes are
also obtained by a reduction and re-oxidation process with
hematite nanotubes as precursors. This approach not only
enriches iron oxide chemistry, but also provides a new
strategy to synthesize single-crystalline nanotubes of non-
lamellar-structured materials, which could be applicable to
the synthesis of other inorganic tubular nanostructures.

The hematite products were synthesized by a solution-
phase approach. In a typical experimental procedure, the
nanotubes were obtained by the hydrothermal treatment of
an FeCl; solution (0.02M) in the presence of NH,H,PO, (7.2 x
10™*m) at 220°C for 48 h. The morphology of the typical
hematite nanotubes obtained was studied by electron micros-
copy. Figure 1a shows an SEM image of the as-synthesized
hematite nanotubes, with a magnified image shown in the
inset. The product consists almost entirely of nanotubes with
outer diameters of 90-110 nm, inner diameters of 40-80 nm,
and lengths of 250-400 nm. Some of the nanotubes have one
end open with the other end closed. The phase purity of the
products was examined by X-ray diffraction (Figure 1b). All
the peaks can be well-indexed to a pure corundum structure
(space group R3c) of hematite (JCPDS: 33-0664).

To provide further insight into the nanostructures of the
tubes, analytical TEM investigations were also performed.
Figure 2a shows an STEM image of a single hematite tube
collected with a high angle annular dark field detector
(HAADF) attached to a TEM. The sidewalls of the hematite
nanotubes in the STEM images appear brighter as a result of
the relatively large number of atoms relative to the other
parts of the nanotubes. The compositional line profiles
(Figure 2b) probed by energy-dispersive X-ray spectroscopy
(EDS) exhibit well-correlated iron and oxygen signals across
the tube walls (the arrow in Figure 2a). Figure 2¢ shows a
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Figure 1. a) Hematite nanotubes imaged with SEM (inset: magnified
view) and b) XRD pattern of the hematite nanotubes.
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Figure 2. a) STEM image of a single nanotube; b) compositional line
profiles across the tube probed by EDS along the line in part a);

c) HRTEM image; d) SAED pattern of the single nanotube shown in
the inset of part c).

typical HRTEM image of a single hematite nanotube, and the
inset of this figure shows the low-resolution TEM image. The
clear lattice image indicates the high crystallinity and single-
crystalline nature of the hematite nanotubes. A lattice spacing
of 0.460 nm for the (003) planes of the rhombohedral
hematite structure along the nanotube can be readily
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resolved. The selective-area electron diffraction (SAED)
(Figure 2d) and HRTEM analyses reveal that the nanotubes
grow along [001] (c axis). The (003) reflection shown in
Figure 2d is often forbidden in the corundum structure of
hematite, as shown in the XRD patterns (see Figure 1b). We
suppose that the observation of the (003) reflection by ED is
the result of a double-diffraction effect due to the strong
electron scattering."”

For a complete view of the formation process of the
hematite nanotubes and their growth mechanism, a detailed
time-dependent morphology evolution study was conducted
at 220°C (Figure 3a-d). The product obtained after 2 h

) (001)  (001)  (001)  (0O1)

[001]

Figure 3. Morphology evolution of the hematite nanotubes with reac-
tion time: TEM images of the products obtained at 220°C after a) 2 h,
b) 8 h, ¢) 12 h, and d) 48 h; e) schematic illustration of the tube-forma-
tion process.

contains spindlelike particles with a diameter of 60-70 nm
and a length of 350-450 nm, as has been extensively observed
in forced hydrolysis processes.'”!¥! Prolonging the reaction
time to 8 h gave nanorods with a diameter of about 100 nm
and a length of 250400 nm. The tips of these rods are
concave, as can be observed in the inset of Figure 3b. A
mixture of rodlike, tubular, and semitubular (inset of
Figure 3¢) nanostructures was formed after longer reaction
times (12 h, Figure 3 ¢). For reaction times of 48 h (Figure 3d),
the product consists predominantly of nanotubes that are
completely hollow. XRD analysis confirmed the hematite
phase of all the above products. HRTEM and SAED analysis
of the hematite nanorods and tubes formed at different stages
(see Supporting Information) showed that they all grow along
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the [001] direction, which is consistent with the preferential
growth direction of the spindles.

Based on the above time-dependent morphology evolu-
tion evidence, the formation process of the nanotubes can be
proposed as occurring by “dissolution” of the spindlelike
precursors from the tips toward the interior along the long
axis, via rodlike nanocrystals and semi-nanotubes, until
hollow tubes are formed (Figure 3¢). The driving force is
the high activity of the sharp spindle tips, which are easily
attacked by the protons in acidic solution (pH 1.8). Notably,
only part of the interior is dissolved during the formation of
hematite nanotubes, and the dissolution is not uniform from
spindle to spindle and even for a single spindle (see
Figure 3b,c). Furthermore, the diameter of the final nano-
tubes is larger and the surface is smoother than those of the
spindlelike precursors, which indicates that recrystallization
on the surface also accompanies the “dissolution” process.
This process is similar to that occurring in ZnO, which
“etches” from the center of the hexagonal disks to form
hexagonal rings.!"”!

Although the formation process of the nanotubes has
been deduced, the intrinsic cause of the shape transformation
from spindle to tube is still unclear. The growth control of
hematite nanocrystals by the adsorption of phosphate ions has
been extensively studied."*! Our investigations show that
phosphate adsorption on the hematite surface takes place,
and that these adsorbed phosphate ions cannot be removed
by washing (Supporting Information).””) The adsorption
behavior of anions on oxides and hydroxides depends on
the surface properties, particularly the surface hydroxy group
configuration.’!! The adsorption of phosphate on hematite
occurs by reaction with the singly coordinated surface
hydroxy groups to form a monodentate or bidentate inner-
sphere complex.”! A hematite crystal has a rhombohedrally
centered hexagonal structure of the corundum type with a
close-packed lattice in which two thirds of the octahedral sites
are occupied by Fe** ions (see Figure 4a). In a typical crystal
unit, each Fe atom is surrounded by six O atoms, whereas
each O atom is bound to four Fe atoms. Due to these
characteristics of the corundum structure, the surface hydroxy
group configuration of the various crystal faces of hematite is
quite different.”!! For (001) planes (see Figure 4b), the
surface hydroxy functions are all doubly coordinated, whereas
for other planes that commonly occur at the surface of natural
and artificial hematite crystals, such as the (100), (110), (012),
and (104) planes, singly coordinated surface hydroxy groups
are present. Therefore, the adsorption capacities and affinities
for phosphate to hematite are much lower for the (001) planes
than for the others/? and the adsorbed phosphate will
protect them from further reaction. Although previous
studies®! have shown that dissolution of hematite does not
appear to take place preferentially at specific crystal faces, the
selective adsorption of phosphate ions on the crystal planes
parallel to the c axis other than (001) favors the dissolution
along the ¢ axis and causes the hematite tube to grow in the
[001] direction.

Besides the selective adsorption of phosphate ions at
different faces, the coordination effect of phosphate ions with
Fe’* ions is another important aspect in the formation of
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than 6.5x107*M, nanorods or only a few nanotubes are

% —— |ayer 1 obtained instead of large amounts of nanotubes. On the other
—layer 2
L/ layer 3

hand, a relatively large phosphate ion concentration (>1.0 x
107°m) destroys the tubes. Under basic conditions only solid
particles are obtained, and the mediation effect of phosphate
ions is weak. Moreover, tubular structures are not formed due
to the lack of spindle precursors, and the high pH value does
not favor the dissolution. Other ions that coordinate to Fe**,
like SO,*, also lead to the “dissolution” of the spindle
precursors and formation of the final tubular product. Studies
on the formation of other kinds of hematite nanostructures,
based on this dissolution process, are still in progress.

Maghemite, and especially its nanostructures,® are
scientifically interesting and technologically important as a
type of magnetic material. We were able to obtain maghemite
nanotubes by a reduction and re-oxidation process starting
with the hematite nanotubes as precursors. Figure Sa shows
an SEM image of the maghemite nanotubes obtained.
Compared with the corresponding hematite precursors, the
size, tubular structure, and the single-crystal nature are
perfectly maintained for maghemite. The XRD patterns of
the maghemite nanotubes are shown in Figure 5b; all of them
can be well indexed to a pure spinel structure of maghemite
{001)

Figure 4. Schematic structures of hematite: a) crystal structure
projection on the (110) plane: the repeating elemental sequence is
(O,Fe,Fe), along the c axis; b) crystal structure projection on the O-ter-
minated (001) plane, in which O atoms are all doubly coordinated by
Fe atoms. Compared with other planes, the adsorption capacities and
affinities for phosphate are much lower for (001) owing to the absence
of singly coordinated hydroxy groups.

nanotubes. As for the “dissolution” of the hematite particles,
the following reactions take place:
Fe,0, + 6H" — 2Fe’* + 3H,0 1)

Fe** 4+ xH,PO,” — [Fe(H,PO,),]*™ (2)

The formation of [Fe(H,PO,),]*™ [Eq. (2)] forces Equa-
tion (1) toward the right-hand side and speeds up the
dissolution of the hematite particles. Based on the two roles b)
played by phosphate ions during the reaction, we have
proposed a coordination-assisted dissolution process for the
hematite tube formation during hydrothermal treatment of maghemite nanolubes

the spindle precursors in the presence of phosphate ions (see
Figure 3e). l J_ l A
T Py Ve

Experiments to determine the parameters, other than the
reaction time, that are also important for the formation of the
nanotubes were carried out. For example, their formation at
temperatures lower than 220°C is not favored as spindle &
nanocrystals dominate at 180°C and only a few nanotubes T

T
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form at 200°C (Supporting Information). The phosphate ions §L B¢ =zl g £87¢ ‘ g o8
are essential for the formation of spindlelike hematite, which T 1-:_ Ty 1o -?--‘ foe 5" I :2 ------I-$- 3= 3
is the precursor for the formation of the tubular structure. 10 20 30 40 50 60 70 80
Furthermore, the concentration of phosphate ions should be 28/° ——

maintained for the coordination-assisted dissolution process  Figure 5. a) SEM image and b) XRD pattern of the maghemite
to proceed. If the concentration of phosphate ions is lower  nanotubes.
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(JCPDS: 39-1346). The sharp peaks confirm the high
crystallinity of the products. A study of the magnetic proper-
ties of these maghemite nanotubes is still in progress. Both the
hematite and maghemite nanotubes provide novel structures
for magnetism studies and also have potential applications for
the design of novel complex structures™ and as carriers in
biomagnetic sensors, nanomedicine, and catalysis.

In summary, single-crystalline hematite nanotubes have
been fabricated by a facile, one-step hydrothermal method.
Various experimental conditions, including temperature,
additives, pH value, and reaction time for the growth of
hematite nanocrystals were investigated. Based on the
evidence of electron microscope images, the formation
mechanism of tubular-structured hematite has been proposed
as a coordination-assisted dissolution process. The presence
of phosphate ions in this process is crucial because of their
different adsorption ability on the different crystal planes of
hematite and a coordination effect with Fe**, which induces
the preferential dissolution of the hematite spindle precursors
along the long axis from the tips down to the interior.
Maghemite nanotubes have also been obtained in a reduction
and re-oxidation processes of these hematite precursors.
These results not only enrich the tubular nanostructures of
inorganic compounds, but also provide a new strategy to
synthesize single-crystalline nanotubes of nonlamellar-struc-
tured materials, which could be applicable to the synthesis of
other inorganic tubular nanostructures.

Experimental Section

The hematite nanotubes were fabricated by hydrothermal treatment
of a mixture of FeCl; and NH,H,PO, solutions. In a typical
experimental procedure, 3.20 mL of aqueous FeCl; solution (0.5Mm)
and 2.88 mL of aqueous NH,H,PO, solution (0.02 M) were mixed with
vigorous stirring. Distilled water was then added to a final volume of
80 mL. After stirring for ten minutes, the mixture was transferred into
a Teflon-lined stainless-steel autoclave with a capacity of 100 mL for
hydrothermal treatment at 220°C for 48 h. After the autoclave had
cooled down to room temperature naturally, the precipitate was
separated by centrifugation, washed with distilled water and absolute
ethanol, and dried under vacuum at 80°C. The parameters that are
essential for the tube formation were studied by varying temperature,
concentration of NH,H,PO,, pH value, and the reaction time.

Maghemite nanotubes were obtained by a reduction and re-
oxidation of the hematite nanotube precursors. The dried hematite
powders were annealed in a furnace at 360°C under a continuous
hydrogen gas flow for 5 h. Then, the gas flow was stopped, the powder
exposed to air, and the furnace temperature decreased to 240 °C over
2h.

The powder XRD patterns were recorded with a Rigaku D/
MAX-2000 diffractometer using Cu K, radiation (1 = 1.5418 A). SEM
images were obtained with a DB-235 focused ion beam (FIB) system.
TEM images were recorded with a JEOL 200CX transmission
electron microscope at a working voltage of 160 kV. HRTEM, EDS,
and STEM were performed with a Philips Tecnai F30 FEG-TEM
operating at 300 kV. IR spectra were obtained with a Nicolet Magna
750 FTIR spectrometer at a resolution of 4 cm™! with a Nic-Plan IR
microscope.
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