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The current work describes a simple and convenient approach that allowed for the facile synthesis of
Fe nanostructures with morphologies varied from novel solid nanofibers, to nanotubes, and even to hollow
nanospheres without using any surfactants and/or solid templates. The morphologically controlled growth
of Fe nanostructures can be realized by reducing iron(I) sulfate heptahydrate with sodium borohydride
in a carefully devised kinetically tuned procedure, in which the H, bubbles generated in situ in the reaction
system directed the growth of Fe nuclei. Kinetic factors such as the concentration of the reducing reagent
and the reaction temperature can be easily utilized to tune the formation and growth of Fe nuclei and,
therefore, the final morphology of the resultant Fe nanostructures. The iron nanostructures were
characterized by field-emission scanning electron microscopy (FE-SEM), X-ray energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), transmission electron microscopy (TEM), and vibrating-
sample magnetometer (VSM). The one-step H, bubble-engaged assembly approach reported here can be
readily explored for fabricating other magnetic metal nanostructures, and the resulting Fe nanostructures
are expected to find use in a number of applications involving MR imaging, magnetic drug delivery,
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nanoscale encapsulation, and so forth.

1. Introduction

Recently, one-dimensional (1D) nanostructures such as
wires, rods, belts, and tubes have become the focus of
intensive research owing to their unique physical properties
and potential applications in nanoscale devices.'™ Further-
more, magnetic metal nanostructures, especially magnetic metal
nanotubes, have aroused the extensive interest of materials
researchers due to their intriguing electronic, optical, mechanical,
magnetic, and catalytic properties. Interestingly, these intrinsic
properties of metal nanostructures can be tailored by control-
ling their shape, composition, and crystallinity. Among these
parameters, shape control has been proved to be as effective
as size-control in fine-tuning the properties and functions of
metal nanostructures.

Despite their fundamental and technological importance,
the challenge of synthetically and systematically controlling
the morphology of metal nanostructures has been met with
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limited success.®® And, up to now, only a few examples of
magnetic metal nanotube fabrication have been reported, such
as Ni,9 Fe,'° Co,'! and Fe(3:Niges alloy.12 Mostly, the
fabrication of magnetic metal nanotubes mainly depends on
the template technique that involves electroless deposition,
electrochemical deposition, pulsed electrodeposition, dc
electrodeposition, or hydrogen reduction.'® Usually, different
solid materials, including porous alumina, silica, track-etched
membranes,'* microbial microtubules,' and polymer mem-
brane were chosen as templates, and the size of the nanotube
could be adjusted by choosing appropriate template and
reaction conditions.'® However, the complicated multisteps
(including removal of the template) and unfavorable harsh
reaction conditions (e.g., imperative annealing step at
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elevated temperatures in air or selective etching in an
appropriate solvent) are unavoidable disadvantages of the
conventional template approach, which limits its extensive
application.

The low-temperature solution-phase method has the po-
tential to process metals into nanostructures with a range of
well-defined morphologies and large scale. Successful syn-
thesis of some particular nanostructures including nano-
belts,'” nanotube,'® and three-dimensional hierarchical nano-
architectures,'® had been accomplished through accurate
controlling the experimental condition such as pH value,
heating temperature, pressure, and reaction time. Since two
or more ingredients in the solution can be fully mixed, this
approach is also beneficial to synthesize complex oxides with
high homogeneity. Most importantly, this solution-phase
synthesis can easily tune the morphological features of
resultant nanostructures, because it is facile to kinetically
control the nucleation and growth rate of crystals in the
dispersion system by choosing appropriate reaction condi-
tions such as template, external applied field, reaction
temperature, concentration, and so forth. This method of
reducing iron(II) salts by borohydride derivatives in ambient
temperature has been widely used to synthesize iron-con-
taining and/or iron nanoparticles, nanowires, and nano-
necklaces;?*** however, to best of our knowledge, the
hollow nanoshperes and nanotubes have not been reported
so far.

Here, we demonstrated a simple and convenient approach
that allowed for the facile fabrication of Fe nanostructures
with morphologies of solid nanofibers, nanotubes, and even
hollow nanospheres in absence of any surfactants and/or solid
templates. Compared to the reported literature,”’' we used
the same reducing reagent of sodium borohydride but
different starting substance of Fe*" ion and carefully devised
the kinetic factors such as the concentration of the reducing
agent and the reaction temperature to achieve the morpho-
logically controlled growth of various nanostructures. In this
reaction, the H, bubbles generated in situ under magnetic
stirring directed the assembly of Fe nuclei and easily tune
the final morphology of the resultant Fe nanostructures. The
one-step in situ generated H, bubble-engaged assembly
approach depicted here can be readily explored for fabricating
other magnetic metal nanostructures, and the resulting Fe
nanostructures are expected to find use in a number of
applications that involved MR imaging, magnetic drug
delivery, nanoscale encapsulation, and so forth.
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2. Experimental Section

All reagents, such as iron(II) sulfate heptahydrate (FeSO4*7H,0,
AR) and sodium borohydride (NaBH4, AR), were obtained from
commercial suppliers and were used without any further purification.
Deionized water (10 MQ-cm) was used in the described reactions
and for cleaning the glassware.

Into 200.0 mL of 0.050 M FeSO, solution in a reaction flask,
100.0 mL of 1.20 M NaBH, solution was added while the solution
was vigorously stirred with a magnetic bar. Note that the reaction
system’s temperature was precisely controlled at 60 °C using an
attached heater, and the rotation rate was maintained about 1200
rpm. After the vigorous magnetic stirring lasted 30 min, the resulting
black precipitates were separated, washed several times with
deionized water and ethanol, and then dried in vacuum at 40 °C
for 24 h to obtain the as-synthesized product of the Fe nanostructure.

The Fe nanostructures with different morphologies were available
by changing the concentration of NaBH, solution and the reaction
temperature, respectively.

The morphology of the as-prepared samples was observed by a
Hitachi S-4800 field-emission scanning electron microscope (FE-
SEM) at an acceleration voltage of 5.0 kV. The phase analyses of
the samples were performed by X-ray diffraction (XRD) on a
D/MAX-RB diffractometer, using Cu Ka radiation with 26 from
35° to 90°. The element composition of the samples was character-
ized by a Horbia EX-250 X-ray energy dispersive spectrometer
(EDS) operated at 20.0 kV, associated with FE-SEM. Transmission
electron microscopy (TEM) images and the corresponding selected-
area electron diffraction (SAED) pattern were captured on the JEM-
100CXII instrument at an acceleration voltage of 150 kV. The static
magnetic properties were measured by a model 4HF vibrating-
sample magnetometer (VSM, ADE Co. Ltd., U.S.A.) at room
temperature.

3. Results and Discussion

Generally, the reaction temperature and the concentration
of the precursor played important roles in determining the
morphology of the product. To find the optimal synthetic
parameters for generating hollow iron nanostructures, espe-
cially nanotubes, we systematically varied the two factors
to investigate their influence on the synthesis of specific
nanostructure. Figure 1a,b shows that at a relatively lower
temperature of 20—35 °C, the products obtained with high
yield are not nanotubes but novel chain-like iron nanofibers
with diameters of 60—120 nm and lengths of up to several
micrometers and with a relatively smooth surface charac-
teristic. In our protocol, the shapes of the resultant iron
nanostructures can be readily controlled simply by changing
the reaction temperature with all other experimental param-
eters kept unchanged. As compared to the sample prepared
at 20—35 °C, an increase in the temperature (e.g., to 60 °C,
Figure 1 c,d) led to the formation of open-ended iron
nanotubes with wall thickness of 20—40 nm, inner diameter
of about 60—120 nm, and length of up to several hundreds
of nanometers as well as relatively rough surface features.
Moreover, upon further elevating the reaction temperature
(e.g., to 100 °C, Figure 1 e,f), a large number of hollow
spheres with diameter in the range of 50—200 nm were
obtained; in addition, chain-like hollow spheres can also be
observed. From some fragmentized hollow spheres, we can
determine their shell thickness is about 20 nm.
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Figure 2. (a) EDS spectrum and (b) XRD pattern taken from the as-synthesized products obtained at 60 °C. (c) TEM image and (d) the corresponding SAED

pattern of a typical Fe nanotube.

The composition and the phase structures of the resultant
materials are clearly characterized by the EDS spectrum
(Figure 2a) and XRD pattern (Figure 2b). EDS analysis on
the as-prepared products indicates the existence of only Fe
(Figure 2a). From the XRD pattern in Figure 2b, all the peaks
in the range of 35° < 260 < 90° can be indexed as (110),
(200), and (211) directions of body-centered cubic (bcc)
o-Fe, consistent with the reported data (JCPDS card no. 06-

0696). No characteristic peaks of impurities, such as iron
oxide or hydroxide, are detected. Both the EDS and the XRD
analysis demonstrate that the pure metallic iron products have
been obtained and the iron nanostructures are very stable
under ambient conditions. Figure 2c shows a typical Fe
nanotube obtained at 60 °C with inner diameters of about
100 nm, uniform wall thickness of about 30 nm, and obvious
open ends. Weak, diffuse rings in the SAED pattern, shown
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Figure 3. Schematic illustration of the experimental procedure that generates
Fe nanofiber, nanotube, and hollow nanospheres: (a) FeSO4 solution; (c)
Fe nucleus generated through the reduction of Fe?>* by BH,; (c) Fe nucleus
congregated on the surfaces of the H, bubbles in situ generated and
undergone a complex assembly under different temperature conditions; and
(d) Fe nanostructures with final morphologies ranging from solid nanofibers,
to nanotubes, and even to hollow nanospheres.

in the Figure 2d, suggest that the nanotubes are polycrys-
talline, and all the face intervals calculated from the
diffraction rings (Figure 2d) exactly correspond to the
relevant crystal faces of a-Fe.

Figure 3 illustrates the possible steps involved in the
generation of various iron nanostructures just via alternating
the reaction temperatures. Clearly, not any templates or sur-
factants are added into the reaction system, and the iron
nanostructures are formed by reduction, nucleation, growth, and
assembly in a multiphase dispersion system, in which there
exists a possible chemical reaction process described as follows:

BH, + 2Fe’" + 4H,0 — 2Fel + B(OH),” + 2Ht + 4H"

(1)
BH, +H,0" +2H,0 —H,BO, + 4H,t )
BH,” +4H,0— B(OH),” + 4H,! 3)

At the initial stage of the reaction, the Fe nuclei in combina-
tion with H, bubbles are generated through the reduction of
Fe’" ions by BH,~, and the majority of Fe nuclei grow into
nanocrystals and then congregate into nanoparticles (Figures 3
a,b). H, bubbles generated in situ during the reduction reaction
play a key role in the formation of different Fe nanostructures.
In other words, the morphologies of the products are highly
dependent on the size, the number, and the floating rate of H,
bubbles in the dispersion system. In addition, coagulation of
small size H, bubbles upon collisions in the dispersion system
is also expected to generate bigger H, bubbles, which rely
on the number of H, bubbles generated in situ and the kinetic
energy of each H, bubble.

No hollow structures but the novel chain-like solid nanofibers
are found at the lower temperature of approximately 20 °C. A
possible reason is that lower temperature greatly slows down
the reduction reaction rate and, therefore, slows down the
releasing rate of H, gas bubbles and decreases the size of H,
bubbles, resulting in the bigger surface tension between the
gas—solid interfaces and counterworking the agglomeration of
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iron nuclei on the surface of the H, bubbles. In addition, the
growth and nucleation rates of Fe nuclei are small at the low
temperature, but the growth rate of Fe nuclei is bigger than the
nucleation rate of Fe nuclei, which allow more Fe nuclei to
deposit not on the surface of H, bubbles but around the Fe
nuclei, making for the formation of solid Fe nanofibers as shown
in Figure 3c(1).

Increasing the reaction temperature to 60 °C will accelerate
the reduction reaction and augment the number, size, and
floating rate of H, bubbles, leading to the formation of
nanosized continuous cylinder-shaped gasflow by self-
alignment of H, bubbles (shown in Figure 3¢(2)). At the high
temperature, the nucleation and growth rates of Fe nuclei
rise; however, the former rate rises much faster than the latter
one. Therefore, Fe nuclei encompassing the cylinder-shaped
gasflow quickly agglomerate on the surface of the H, gasflow
by self-organization, forming nanotubes to lower their surface
energy. According to the equation PV/T = nR, it can be seen
that the volume (V) of H, bubbles increases with elevating
temperature (7) and decreasing intensity of pressure (P).
When floating to the solution surface, the H, bubbles break
open due to the diminishing pressure, resulting in the
formation of the open-ended nanotubes (Figure 3c(2)).

Further elevating the temperature to the boiling point of
water, large amounts of gas bubbles including both H, and
vapor generated robustly in the solution will break the stable
cylinder-shaped gasflow, providing the sphere template for
the formation of Fe hollow nanospheres. A large amount of
the hollow nanospheres break up with the swelling gas
bubbles in the dispersion system (Figure 3C(3)), resulting
in the final morphologies shown in Figure 1 e.f.

Altering the concentration of sodium borohydride, while
fixing the reaction temperature at 60 °C and time for 30 min,
will also easily tune the morphologies of Fe nanostructures.
As shown in Figure 4, increasing the concentration of NaBHy
solution from 0.60 to 1.20 M will hence not only make the
surface morphologies of the Fe nanofiber and nanotube
smoother but also increase the wall thickness of Fe nano-
tubes. From the images, we can clearly discern that both
nanofibers and nanotubes formed by addition of higher
concentration NaBH,4 solution are composed of quantities
of smaller uniformity nanoparticles with size of ~15 nm.

In the present method, changing the concentration of reduc-
tion agent provides different driving forces for the nucleation
and growth of iron nuclei. On one hand, the size and number
of H, bubbles generated in each condition will change dramati-
cally. On the other hand, the higher the concentration of the
added NaBH., the faster the reduction rate of Fe>' in the
reaction system. As a result, the increase of the nucleation rate
and the number of Fe nuclei lead to formation of smaller
nanocrystals and nanotubes with thicker wall thickness, which
can kinetically tune the shapes of the resultants.

The magnetic properties of 1D nanomaterials are believed
to be highly dependent on the structure, morphology, and
geometry of the materials, such as the diameter and aspect
ratio. Figure 5a exhibits the hysteresis loops of iron nanofi-
bers with rough surface morphology and incompact structure
obtained by addition of 0.60 M NaBH, solution. The
saturation magnetization (M), remanent magnetization (M,),
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Figure 4. SEM images of two samples obtained with different conditions: (a, b) addition of 0.60 M of NaBH,4 solution as reduction agent at 60 °C; (c, d)

addition of 1.20 M of NaBHy4 solution as reduction agent at 60 °C.
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Figure 5. Magnetic hysteresis loops of the samples obtained with the
additions of different concentrations of reduction agent: (a) 0.60 M NaBH4
solution; (b) 1.20 M NaBHj4.

and coercivity (H.) values are, respectively, approximately
74.26 emu-g ', 8.59 emu-g ', and 280.03 Oe. The hyster-
esis loop (Figure 5b) of Fe nanotubes with smooth surface
morphology, compact chain-like structures obtained by
addition of 1.20 M of NaBH,4 show a ferromagnetic behavior
with M, M., and H_ values of approximately 120.4 emu+g ",
12.9 emu-gfl, and 212.9 Oe, respectively. Thus, the above
results indicate that the as-synthesized Fe nanofibers exhibit
a remarkably enhanced coercivity by comparison with those
of bulk Fe (around 2.0 Oe),26 which may be attributed to
their 1D structures and very big aspect ratio (~30). Mean-
while, these results manifest that Fe nanotubes with smooth
surface morphology and compact structure have higher Mj,
M;, but lower H. values than those of Fe nanofibers with
coarse surface morphology and incompact structure. This
behavior can be related to both the structure of the nanotubes
and the surface effect. For the nanotubes with the compact
structure, there exist stronger interactions among the nano-

particles, resulting in a higher saturation magnetization (M).
However, for the nanofibers with rough surface morphology,
there is a bigger surface anisotropy,?’ which brings on higher
coercivity (H.) values.

4. Conclusion

In summary, the facile synthesis of Fe nanostructures with
morphologies varied from solid nanofibers to nanotubes and
even to hollow nanospheres can be achieved via a simple
and convenient one-step bubble-engaged assembly approach
without using any surfactants and/or solid templates. The
shape-controlled growth of Fe nanostructures can be realized
by reducing iron(Il) sulfate heptahydrate with sodium boro-
hydride in a carefully devised kinetically tuned process, in
which the H; bubbles generated in situ in the reaction system
directed the growth of Fe nuclei under magnetic stirring.
Kinetic factors such as the concentration of the reducing
agent and the reaction temperature can be easily utilized to
tune the formation and growth of Fe nuclei and therefore to
tailor the final morphology of the resultant Fe nanostructures.
Further works in improving the uniformity of the resultant
ferromagnetic iron nanostructures are currently undertaken
by us. We believe the one-step bubble-engaged directing
reduction reaction approach reported here can be readily
extended to synthesize other magnetic metal nanostructures,
and the resulting Fe nanostructures are expected to find use
in number of applications that involve MR imaging, magnetic
drug delivery, nanoscale encapsulation, and so forth.
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