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Single-crystalline InVO4 nanotubes have been successfully syn-
thesized by annealing electrospun precursor fibers. The products
were characterized by X-ray diffraction, transmission electron
microscopy, and high-resolution transmission electron micros-
copy, which demonstrated that they are single-crystalline
nanotubes. The growth of these nanotubes is considered to be
a two-step process involving a self-template-directed mechanism.

I. Introduction

CARBON nanotubes have been a focus in materials research
since their discovery in 1991.1 More recently, noncarbonic

nanotubes have also been attracting considerable attention due
to their unique properties. Among them, oxide nanotubes
(ONTs) are of special interest because of their potential appli-
cations in sensors,2 catalyzers,3 and microelectronics and nano-
scale devices.4,5 Numerous ONTs have been produced by either
template-directed or templateless routes. The former uses phys-
ical or chemical media as templates to guide the growth of
ONTs. The templates used include nanofibers,6 nanotubes,7 po-
rous aluminum oxides,8 gelators, and so on.9,10 However, tem-
plate-assisted methods have achieved far less in terms of the
formation of single-crystalline nanotubes, and choosing the
right templates is tedious. The latter, on the other hand, refers
to the spontaneous formation of ONTs, for instance, by hydro-
thermal treatment or calcinations of ceramic powders or
films,11,12 an electrochemical anodizing process,13 and many
other methods.14,15

A facile and mass productive approach is yet to be developed
for the study and practical applications of ONTs. This paper
reports the preparation of single-crystalline InVO4 nanotubes
by annealing electrospun precursor fibers, demonstrating a
self-template-directed mechanism. Currently, oxide fibers are
prepared by calcining precursor electrospun fibers, which are
usually a mixture of organic binders and ceramic powders, or a
sol thickened with polymer binders.16,17 Generally, solid or hol-
low fibers are obtained when a single nozzle or a compound co-
axial nozzle is used, respectively.18 These fibers usually have a
diameter of tens of nanometers to micrometers. Annealing of the
electrospun precursor fibers used to create solid or hollow mul-
ticrystalline nanofibers, the topic of this paper, therefore, repre-
sents an important and explored field.

In a previous study,19 nanotube arrays of InVO4 were pre-
pared by filling the sol into pores of polycarbonate membranes
and pyrolyzing through sintering. The tubes produced are mul-
ticrystalline and have a diameter of around 100 nm. As a com-
plicated template is needed, it is difficult to obtain nanotubes
with further decreased diameters.

To our knowledge, single-crystal nanotubes of InVO4 have
not been reported before, and no single-crystal nanotubes have
been produced by annealing electrospun precursor fibers.

II. Experimental Procedure

In our experiment, In(NO3)3 � 4.5H2O and NH4VO3 with a pu-
rity of 99.9% were obtained from the Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). Poly(vinyl pyrrolidone)
(PVP, Mw 5 1 300000) and ethanol of analytical grade were
purchased from Shanghai Chemical Reagent Co. Ltd. (Shang-
hai, China). All the reagents in this experiment were used as re-
ceived without any further treatment.

In order to prepare an appropriate solution for electrospin-
ning, 2.55 g In(NO3)3 � 4.5H2O was dissolved in 25 mL acetyl-
acetone and refluxed at 831C for 2 h to obtain a homogeneous
and stable solution A. 0.78 g NH4VO3 was dissolved in 25 mL
acetylacetone and refluxed at 831C for 2 h to obtain a homoge-
neous and stable solution B. Solutions A and B and 17 mL eth-
anol were mixed and refluxed at 831C for 2 h to obtain a stable
InVO4 solution C. Then, 2.23 g PVP was further added to so-
lution C and refluxed at 801C for 2 h to obtain the precursor
liquid for electrospinning. PVP was used as a binder to enhance
the viscosity of the solution.

During electrospinning, the feeding rate of the solution from
the syringe was maintained at 0.2 mL/h using a syringe pump.
The voltage applied to the needle of the nozzle was 5.6 kV and
the distance between the tip of the needle and the stainless-steel
grid collector was 7 cm. The fibers produced were peeled off
from the collector and dried in air at 801C for 10 min, and then
placed in crucibles and heated in air to 5001 and 6001C, respec-
tively, at a ramping rate of 21C/min. Without the holding time,
the fired fibers were then cooled with the furnace. In a control
experiment, 20 g of precursor solution was subjected to the same
treatment as the electrospun fibers received.

The phase and crystallinity of the specimens were checked
using powder X-ray diffraction (XRD, Model D-max II,
Danvers, MA) (CuKa radiation: k5 0.154 nm) at a scanning
rate of 0.021/s in 2y ranging from 101 to 601. Transmission elec-
tron spectroscopy (TEM), high-resolution transmission electron
spectroscopy (HRTEM), and selected-area electron diffraction
(SAED) were used to characterize the structures of products
on the TEM (Model H800, Hitachi, Ibaraki, Japan) operated at
a voltage of 200 kV. Energy-dispersive spectroscopy (EDS, Ox-
ford Inc., Abingdon, UK) was also used to analyze the elemen-
tal composition of the as-prepared nanotubes.

III. Results and Discussion

Figures 1(a) and (b) show TEM images showing the dried elect-
rospun fibers, in which darker nanoparticles with an average
size of 2 nm can be observed. According to previous works by
Xu et al.20 and Touboul et al.,21 these nanoparticles are amor-
phous InVO4, which is also demonstrated by SAED (inset in
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Fig. 1(b)). When heated up to 5001C in air, PVP and other or-
ganic components would be removed completely, leaving only
inorganic components, as Alves et al.22 reported. Meanwhile,
electrospun fibers were likely to fracture into segments of
InVO4 nanoparticles as a ceramic green body sometimes does

when the binder is lost. When heated further to 6001C, the
InVO4 nanoparticles were found to crystallize into nanotubes
(Figs. 1(c) and (d)). That is, the segments of InVO4 nanopar-
ticles developed into InVO4 nanotubes. The SAED (inset
in Fig. 1(c), from several nanotubes rather than a single one),

Fig. 1. (a, b)Transmission electron spectroscopic images of electrospun fibers dried in air; (c, d) as-prepared nanotubes fabricated by annealing elect-
rospun fibers at 6001C; and (e, f) clusters of nanoparticles produced by annealing the sol directly.
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further supports our above-mentioned argument that well-crys-
tallized InVO4 nanotubes are obtained as the product. Because
of the shrinkage caused by degradation of PVP and the subse-
quent sintering, the average diameter of the as-prepared InVO4

nanotubes is much smaller than that of the dried electrospun
fibers. In a control experiment, clusters of nanoparticles (Figs.
1(e) and (f)) were derived from directly annealing the precursor
sol. Obviously, the electrospinning led to different structures,
although they were from the same precursor sol and had un-
dergone the same treatment.

Figure 2(a) presents the XRD pattern of the as-prepared
nanotubes (upper) and the nanoparticles from the same precur-
sor sol (lower). The sharp peaks in the XRD patterns show good
crystallization of the InVO4 nanoparticles and nanotubes. Com-
paring them with the InVO4 patterns documented in the powder
diffraction files of the JCPDS, both the InVO4 nanoparticles
and the InVO4 nanotubes (Fig. 2(a)) prepared in the present
work had a monoclinic structure (JCPDS 38-1135, C2/m with
a5 10.271 Å, b5 9.403 Å, and c5 7.038 Å). This is in agree-
ment with the result that Xu et al.20 reported. In their work,
monoclinic-phase InVO4 was obtained at low temperatures be-
low 7001C. As shown in Fig. 2(a), the only difference in these
two patterns was that the peak of plane (002) from the InVO4

nanotubes is stronger than from nanoparticles. The EDS spec-
trum of the InVO4 nanotubes (Fig. 2(b)) indicated that only
oxygen, indium, and vanadium elements existed in the nano-

tubes, confirming undoubtedly that the products shown in Figs.
1(c) and (d) are InVO4 nanotubes.

Further examinations (Figs. 3(a) and (b)) of the tube struc-
ture showed that these nanotubes had a nearly uniform diameter
of 15 nm. The cylindrical walls shown in Fig. 3(a) have a spacing
of 0.345 nm, indicating that they are (002) planes. The obser-
vation of the HRTEM images shows the appearance of a strong
(002) peak in the XRD pattern of Fig. 2(a) (upper one).

It is important to understand how a nanofiber transforms
into a nanotube and how the hollow channel of a nanotube is
formed. It is obvious that under external thermal annealing,
InVO4 nanoparticles inside the nanofibers would, with the re-
moval of organic components, exhibit a sintering tendency and
form more dense structures, along with structural crystalliza-
tion. Recently, Du et al.23 detailed the transformation of the
particle-wire-tube for a carbon nanotube, which may shed some

Fig. 2. (a) XRD patterns of the nanoparticles (upper) and the nano-
tubes (lower) as shown in Fig. 1, and (b) EDS spectrum of as-prepared
nanotubes.

Fig. 3. High-resolution transmission electron spectroscopy images of
the nanotubes possessing a single crystal structure (a) and the tips of the
nanotubes (b).
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light on our current work. As discussed in their paper, Du
et al.23 suggested that the essential point is to produce a rigid
outer shell before the formation of carbon nanotubes. A similar
process has been found in this research (Fig. 4). This mechanism
includes three key steps: (a) removing the organic polymer from
electrospun fibers by thermal decomposition; (b) self-assembling
the oxide nanoparticles into oxide nanowires; and (c) emptying
the oxide nanowires into oxide tubular structures. Specifically,
in this work, InVO4 nanoparticles formed nanofibers (nano-
wires) after the organic components were removed. We believed
that the driving force for the nanofiber–nanotube transforma-
tion lies in the strong tendency of sintering to minimize the
surface energy. Because of the confinement by surrounding
nanoparticles inside the nanofiber undergoing baking, sintering
of the nanoparticles of the nanofiber, usually accompanied by
shape change and movement, most likely starts at the outer sur-
face and leaves behind an immobile cylindrical shell around the
baked nanofiber. As a result, additional shells formed from a
subsequent sintering of the inner particles would predictably at-
tach to the inner surfaces of the initially formed shell, leading to
an epitaxial multilayered structure. Under proper conditions,
during the sintering, the inner space is left behind within the
baked nanofiber through unification of the inherent inner cav-
ities and interspaces of the nanoparticles. After this process,
hollow nanotubes are produced. In other words, a novel method
to prepare ONTs, that is, self-template-directed fabrication, is
demonstrated in this work.

The above idea is evidenced by the careful observation of a
nearly mature nanotube (arrowed in Fig. 3(a)). The tube has an
obvious, continuous yet undeveloped ektexine, supporting our
explanation that the crystallization takes place first from the
outer surface of the nanofiber undergoing baking. A relatively
rough outer surface of these nanotubes also confirmed the above
explanation. Because when the outermost layer was formed
there were no other shells to guide its growth direction. Usu-
ally, crystal planes of the lower surface energy are more likely to
form the outer surface. The formation of single-crystalline nano-
tubes, therefore, is a result of preferential growth of crystal
planes, in this work, (002) planes. The channel within the tube
shown in Fig. 3(a) is still partly filled with agglomerates of
nanoparticles to grow into inner layers. Moreover, the spacing
of the (002) plane of the tubes is 0.345 nm, slightly greater than
that of perfect InVO4 grains, showing that the ‘‘loose’’ (002)
planes are piled up layer by layer. One more testimony emerges
from the HRTEM images showing the tips of the nanotubes.
When the nanotubes were grown from nanofiber segments
having flat ends, these tubes usually had round and well-crys-
tallized tips (lower left corner in Fig. 3(a)). When tubes were
growing from segments with sharp ends, as shown in Fig. 3(b)
(arrowed), the inner layers near the tube tip were gradually and
slowly approaching the outer layers under the guidance of the
outer shell.

Here one question arises: in previous researches, why did
hollow or solid electrospun fibers, when fired, transform into
hollow or solid fibers rather than single-crystalline nanotubes.
The basic difference lies in the structures of these annealed fi-
bers. For the common baked hollow electrospun fibers, there are
two free surfaces: inner and outer surfaces due to their hollow
structure and considerable wall thickness. Such a structure al-
lows crystallization or sintering to take place simultaneously on

both the surfaces, leading to a multicrystalline wall. Such ‘‘dou-
ble sintering’’ is assumed to the formation of take place in Wang
and Cao’s work,19 where InVO4 nanocrystals attached to the
wall of the pores are sintered to form multicrystalline tubes. In
this work, by contrast, crystallization takes place only from the
outer surface. A rigid crust is thus formed, which acts as a tem-
plate for the inner amorphous nanosized particles to grow on,
resulting in a single-crystalline tube.

Another key factor is the tiny size (1.5–2) nm of the nano-
particles inside the nanofiber. It is well established that smaller
particles show a higher tendency toward sintering to minimize
the surface energy. Moreover, as the sintering of particles of a
tiny size is usually associated with only slight shape changes and
movements, such a size ensures the sintering of nanoparticles on
the outer surface to form a shell before the coarseness of their
counterpart inside the fiber. By contrast, products derived from
thermal decomposition tend to be coarser particles, and the
sintering of these particles is accompanied by significant shape
changes and movements, which makes the formation of an outer
shell difficult and leads to the appearance of a solid nanofiber as
a result of simultaneous sintering across the whole fiber section.
This also explains why ZnO nanofibers instead of tubes were
produced in Liu et al.’s work, where Zn(Ac)2 was used as the
precursor.24 Further, when ceramic powders are used as a com-
ponent in the electrospun fibers, the greater size of these parti-
cles makes it impossible to produce a hard shell enveloping the
baked fiber without the sintering of inside particles.25

Last but not the least, the freshly produced InVO4 nanopar-
ticles are amorphous, which means that they are more likely to
be restructured than well-crystalline particles. This may be help-
ful in the formation of the nanotubes.

In the present work, the as-fabricated nanotubes had a di-
ameter of 18 nm. Obviously, the nanotube diameter is closely
related to the fiber size and composition. Studies focusing on
tuning of the diameter of the nanotubes by varying the size and
the composition of electrospun fibers are ongoing, and the re-
sults will be reported in a future paper.

IV. Conclusion

Single-crystalline InVO4 nanotubes have been successfully pre-
pared by annealing electrospun precursor fibers. The growth of
these tubes is considered to be a two-step process involving a
self-template-directed mechanism, during which an outer shell is
formed first, followed by anchoring and epitaxial growth of
InVO4 nanoparticles onto the shell. The reported approach may
pave the way for the massive production of single-crystalline
ONTs.
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