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Abstract

One-dimensional vanadium and molybdenum oxide nanomaterials have been synthesized using a rheological reaction followed by a self-
assembling process. The replacement of V in VONTSs by Mo with a larger ionic radius results in a shorten diffusion length of Li™ ions and an
improved electrochemical performance. The special composites composed of nano-scale Ag and organic template molecular exist in the hollow
nanotubes and between the VO, layers of nanotube wall resulting in the change of the interlayer distance of nanotube wall and nanotube diameters,
and thereby, improved electrochemical performance. The VO, (B) nanorods were treated by H,O, and CTAB solution and VO, (M) nanorods
were attained through phase transfer process of VO,(B)— VO, (R)— VO,(M). The observed MoO; nanorods with the average width of 100 nm
consist of several thin layers contacting each other. The electrochemical property of this special structure is proved to be good.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: A. Nanostructures; A. Oxides; B. Chemical synthesis; D. Electrochemical properties

1. Introduction

The discovery of carbon nanotubes (CNTs) in 1991 has urged
the naissance of more and more one-dimensional (1D)
nanostructure materials, such as nanotubes, nanowires and
nanorods due to their remarkable physicochemical properties
and their great potential for nanodevices [1-6]. The outstanding
structural versatility of the intercalation compounds such as
vanadium oxides, molybdenum oxides and their derivatives has
been receiving significant attention especially with respect to
applications in catalysis and as electrochemical devices [7-10].
The fabrication of vanadium and molybdenum oxide material in
nanostructured form and with anisotropic morphology appears
to be a particularly attractive goal. The ongoing success on all
frontiers of nanomaterials research makes it more and more
difficult to keep up to date with all new achievements and to
derive general trends that could be the main pathways to future
technology. Even a short scan of novel publications concerning
these topics clearly reveals that hydrothermal self-assembling
synthesis is one of the most powerful tools providing access to
distinct morphologies of nanomaterials. In this paper we will
discuss the control or modification of the structure of vanadium
and molybdenum oxide nanomaterials, and thereby their
properties, by the tailored control of the synthesis conditions.
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Selected recent examples from our laboratory illustrate the
straightforward applicability of this strategy upon the pro-
duction of both nanotubes and nanorods that are uniformly and
quantitatively produced combining the rheological reaction and
hydrothermal self-assembling process.

2. Experimental

The methods used were similar to those reported earlier
[6,11]. Thus, oxides normally in their highest oxidation state
were mixed in aqueous media together with an organic
templating agent such as the hexadecylamine and cetyltri-
methyl ammonium bromide (CTAB) and the mixture stirred
for 48 hours in air. The resulting rheological suspension was
transferred into a Teflon-lined autoclave with a stainless steel
shell. The autoclave was kept at 180 °C for about a week. The
final product was washed with distilled water and dried at 80 °C
for 8 h.

XRD experiments were done on a D/MAX-III X-ray
diffractrometer with Cu Ko radiation and graphite mono-
chrometer. SEM images were attained using a JSM-5610LV
scanning electron microscope at 20 kV. HRTEM images were
taken in a JEOL JEM-2010FEF microscope operated at
200 kV. XPS measurements were carried out by using an
ESCALAB MKII multi-technique electron spectrometer. AFM
images were captured using NanoScope IV scanning probe
microscope in tapping mode operation. Redox titration was
conducted to determine the homogeneity of the Mo repartition
as previously described [18]. HP-4294A apparatus and self-
designed heating instrument were used to investigate the
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electrical properties of the samples. The cathode preparation
and the test cell were similar to as described previously [5,11].
Li metal was used as the anode. The test cells containing 1 M
LiPF¢-EC-DEC (1:1 volume ratio) were usually charged to
39V and discharged to 1.4V at a 0.15°C rate. The
experimental accuracy in the discharge capacity measurements
is £ 1 mAh/g.

3. Results and discussion
3.1. Modification of vanadium oxide nanotubes

Selective doping of nanotubes is a promising route for
further development of new curved nanomaterials. The first
attempt was made [11,12] to prepare Mo-doped vanadium
oxide nanotubes via a rheological phase reaction followed by a
self-assembling process. It should be emphasized that when the
doping is in the range of about 0—10 mol% the morphology and
structure of undoped and doped nanotubes appear as a whole
similar, and the differences concern inter-wall distances
between oxide walls and some electrochemical properties.
Titration technique and XPS measurement have been done to
confirm the success of Mo doping and the homogeneity of the
Mo repartition and the results show that the content of Mo is
very near to its primary doping level of Mo (1 mol%). In
contrast with the undoped sample, there is a noticeable shift of
the 001 peak toward lower diffraction angle for the Mo doped
sample corresponding to increase of the interlayer distance
from 3.35 to 3.40 nm (Fig. 1A). The change of the interlayer
distance is also confirmed by the ED result. Meanwhile, it can
be found that @ in 2D tetragonal cell increases from 0.615 to
0.623 nm [8]. The changes for interlayer distance and a can
also be attributed to the replacement of V in vanadium oxide
nanotubes by Mo with a larger ionic radius. Interestingly, heat
treatment results in drastic reduction of the interlayer distance
to 1.55 nm which is clearly due to the removal of organic
template between oxide layers in the nanotubes. The hkO
reflections due to the vanadium oxide sheets remain at the same
positions showing that the structure of the layers remains the
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same. The interlayer distance between oxide layers in the
(V0.99Mo0g 01),ONTs increases owing to replacement of some
V in nanotubes by Mo, resulting in a shorten diffusion length
of Li™ ions and an improved electrochemical performance
(Fig. 1B). Moreover, the electrochemical performance
of (Vp.9oM0g1)xONTs is further enhanced by removing
the residual organic template by heating in an inert
atmosphere [11].

Ag-modified VONTs (Fig. 2) were also prepared by
adding Ag,O to the V,0Os as the starting materials. In
comparison with the pure VONTSs, the Ag-containing
nanotubes have shorter lengths (0.5-2 pm), a wider average
outer diameter (70-110 nm) and a narrower inner diameter
(10-30 nm)(Fig. 2A—C)). Interestingly, HRTEM images for
the areas in the hollow tubes and between the VO, layers of
nanotube wall shows an obvious fringe with a regular spacing
of ~0.23 nm) (see the inset of Fig. 2C), which is quite close
to the inter-plane distance of (111) for Ag. EDS measurement
confirms the metallic Ag composition (Fig. 2D). Here, the
results may indicate that the Ag is present in the hollow tubes
and between the VO, layers of nanotube wall. Such features
were not observed for other kinds of cation-exchanged or
cation-doped VO, nanotubes [8,11,13]. The diffraction peaks
of Ag are found in the XRD pattern of Ag-containing
VONTSs(Fig. 3A(b)). And in contrast with the pure sample,
there is a noticeable shift of the 001 peak toward higher
diffraction angle for the Ag-containing sample corresponding
to increase of the interlayer distance from 3.35 nm to 4.09 nm.
The result suggests that Ag nanocrystals are dispersed in
organic template molecular via certain interaction with the
latter. Such composites composed of nano-scale Ag and
organic template molecular exit in the hollow nanotubes and
between the VO, layers of nanotube wall, resulting in the
increase of the interlayer distance of nanotube wall and
change of nanotube diameters [11,13], which is in good
agreement with the above TEM analysis.

In contrast with the pristine V,0s showing distinctive
plateaus due to structural changes [14], the potentials decrease
more smoothly down to ~2.0V for both nanotube
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Fig. 1. (A) interlayer distance and a value of VONT, V( 99Mo0 o;ONT and heated V.9oMo0g o;ONT (The inset shows the XRD pattern of as-synthesized VONT); (B)
the specific discharge capacity of VONT (a), V.99oM0g0ONT (b) and heated V99Mo0g 0;ONT (c) Note: ?The estimated error in the calculated a is 1.8%. ?This
deviation of the layer distance according to ED and XRD data is ascribed to partial rearrangement of the flexible, paraffin-like arrangement of template molecules
between the layers under the influence of the electron beam and to an occasional loss of template molecules under the high vacuum conditions.
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Fig. 2. SEM (A), TEM (B,C) images and EDS spectrum of the Ag-containing VONTS (the inset in Fig. 2C shows the lattice fringe of selected area).

samples(Fig. 3B). Similar continuous decrease in potential has layer stacking derived by the change of interlayer distance
been also observed for V,0Os xerogel [15] and conductive would make structural disorders, e.g. reduced covalency of
polymer/V,0s5 xerogel hybrids [16], of which common  bondings between some vanadium and oxygen atoms, which
structural feature is the separation of vanadium oxide layers thereby creates empty sub-bandgap V°7:3d° energy states
owing to the presence of interlayer molecules. The disturbed  rather uniformly distributed between 3.7 and 2.0V [11].
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Fig. 3. XRD patterns of the pure (a) and Ag-containing (b) VONTSs (A); First discharge cure of pure (a) and Ag-containing (b) VONTSs(B).
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It is noted that the first discharge capacity of Ag-containing
VONTSs (234 mAh/g) is higher than that of the pure VONTSs
(185 mAh/g). Meanwhile, the former exhibits better cycling
properties than the latter. Furthermore, the conductivity is at a
magnitude of 10~ S/cm for pure VONTSs and 10~ S/cm for
Ag-VONT sample. After being modifying by Ag,0, the
electrical conductivity of vanadium oxide nanotubes increases
by 2 orders of magnitude. According to thermal analysis, the
tubular morphology for the Ag-VONTs is totally destroyed
before 505 °C while the corresponding temperature for the pure
VONTs is 300 °C, which indicates that the thermal stability is
improved by introduction of Ag. Therefore, the improved
electrochemical performance of the Ag-containing VONTS is
assumed to be due to a higher electrical conductivity, better
thermal stability and the increase of the VO, interlayer distance
because of introduction of Ag [17].

In addition, the structure and property of VONTSs can be
modified and improved by PEO intercalation, and copper or
rare earth doping [23]. Therefore, it can be concluded that
selective doping, polymer intercalation and non-doping
introduction of other elements offer an effective pathway to
stabilize structure of vanadium oxide nanotubes and improve
their properties resulting in the applications in catalysis,
sensors and as electrochemical devices.

3.2. Phase transition of VO, nanorods

It belongs to interesting research fields to prepare 1D
nanomaterials of VO, and study their phase transition. The
diffraction peaks (Fig. 4A) of the samples prepared via the
rheological self-assembling method from V,05 and CTAB can
be indexed to VO, (B) phase consisted with the standard value
of JCPDS 31-1438 (C2/m, ¢=1.203 nm, »=0.3693 nm,
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Fig. 4. XRD patterns of VO,(B) (A) and VO,(M) (B) nanorods.

¢=0.642 nm, $=106.6°) as well as minor V4O;3. Compared
with the standard data, the (110) peak is relatively strong which
may be caused by the orientation growth of VO, (B). SEM and
TEM images (Fig. SA and B) show that the sample consists of
straight nanorods with uniform diameters in the range 40-
60 nm, and lengths ranging from 1-2 pum. The aspect ratio of
the corresponding nanorods lies in the range of 25-40. Lengths
and diameters of the nanorods depend on the conditions of the
preparation, such as different template molecules, concen-
tration and reaction time.

In order to attain thermochromic VO, (M) nanorods, H,O,
and CTAB solution were used to treat the as-synthesized VO,
(B) nanorods. XRD investigation confirms the success of the
phase transfer of VO, nanorods. The XRD pattern of the
sample after treatment is consistent with that of VO, (M) phase
(P2i/a, a=5.744 A, b=4.517A, ¢=5376A, $=122.7°)
(Fig. 4B). Examination by SEM and TEM (Fig. 5C and D)
shows that VO, nanorods with an approximate diameter of
100 nm and an average length of 1.5 um are formed, which
exhibits an interesting morphological feature: high magnifi-
cation TEM micrographs reveal that they indeed form bundles
of agglomerated smaller filaments with diameters ranging from
20 to 40 nm besides single nanorod. This interesting shape in
the nanoscale dimension leads to the exposure of a large
fraction of the atoms to the surface, making these materials
promising candidates for the development of new functiona-
lized materials.

The formation mechanism of VO, (B) nanorods can be
interpreted as follows: in the formation of VO, (B) nanorods,
CTAB plays a key role. CTAB is generally used as structure-
directing template in the synthesis of 1D nanostuctured
materials. Some literatures have reported that CTAB could
reduce some inorganic materials with high redox activity,
such as KMnQO4 and PbO, [19,20]. Similar to the synthetic
procedure of Li, V,_;04_s-HyO started from V,0s and
tetramethyl ammonium, which forms [N(CHj3),]V40;o phase
[21], we assume that CTAB acts as a ligand which
coordinates with central vanadium to form the possible
[C16H33N(CH3)3]V40,9 complex [18]. These complexes are
then reduced to form VO, particles under hydrothermal
condition. Small amount of B phase VO, particles serve as
seeds for further growth. With the presence of CTAB, which
could form rod-like micelle easily in solution, the VO, (B)
phase slowly grow along the surface of CTAB micelle
through a solid-solution-solid transformation progress and
finally become nanorods. In order to testify the crucial effect
of CTAB, some other surfactant or reductants were used
such as hexadecylamine, ethylenediamine, and hydrazine
monohydrate, but no B phase VO, was observed when other
reaction conditions remained.

The phase transition of VO, nanorods from B phase to M
phase is remarkable and very unusual. Generally speaking, the
structures of the four VO, polymorphs, VO,(R), VO,(M),
VO,(B), and VO,(A), are based on an oxygen bcc lattice with
vanadium in the octahedral sites, the oxygen octahedra being
more or less regular. They can be separated in two groups,
depending on the mutual orientation of the fourfold axis of the
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Fig. 5. Electronic microscopic images of VO,(B) nanorods (A, B) and VO,(M) nanorods (C, D).

oxygen octahedra. The oxygen octahedra can be aligned either
along two perpendicular directions, as it is the case in rutile
structure VO,(R), and in monoclinic deformed VO,(M); or
oxygen octahedra can be mainly aligned along one direction as
in VO,(B) and VO,(A). Note that these two groups correspond
to two different values for the density. It is clear that, although
these VO, polymorphs correspond to the same stoichiometry,
their structures are very different. The most stable structure for
vanadium dioxide is the so-called rutile structure VO,(R),
which is stable from 68 to 1540 °C: the space group is P4,
/mmm which gives rise to a very symmetric structure. The
formation at 68 °C of the monoclinic VO,(M) is related to
the appearance of a pairing between two V** along cg. The
induced distortion leads to a lowering of the symmetry. The
two other polymorphs of VO, have little in common with
the rutile phase. They have larger cells, with octahedra mainly
aligned along one crystallographic direction. The VO,(B)
structure can be considered as formed by two identical layers of
atoms along b. Like V¢O;3, VO,(B) forms platelets. These
platelets are preferentially oriented. They grow in (a,b) planes;
in this plane one forms a network of corner sharing octahedra.

The following is about phase transition of VO, nanorods.
When H,0, was added into the suspension of VO,(B)
nanorods, a vast amount gas (O,) and heat were released. By
heating up the VO,(B), this structure changes into a structure of
higher symmetry, more stable from a thermodynamical point of

view. This change includes a translation of the planes
perpendicular to the bec ¢ axis, back to their position in the
parent phase, giving rise to an intermediate structure with an
angle different from 90°. Further heating disorders even more
the vacancies and the vanadium atoms on the octahedral sites.
When complete disorder is reached, the crystal assumes the
more stable rutile structure. When they are allowed to cool to
room temperature, a phase transition at approximately 68 °C
from R phase to M phase occurs. Obviously, the use of CTAB is
helpful to keep nanorod shape and structure. More research
need be done to testify our above explanation.

Moreover, the charge/discharge voltage plateau for the
VO, (B) nanorods is 2.75/2.5 V, and the specific charge and
discharge capacity are 254 and 247 mAh/g, respectively. The
first cycle efficiency exceeds 97.5%. The discharge specific
capacity arrives at 180 mAh/g after 30 cycle(Fig. 6A). In
contrast to normal VO, crystal material whose reversible
capacity is about 160 mAh/g, VO, nanorods possess better
electrochemical property which is due to stable structure and
high surface activity [18]. For the VO, (M) nanorods, there is
an obvious phase transition at 7.,=65 °C. In the transition
process, the resistivity increases sharply (Fig. 6B). And the
activation energy of VO,(M) nanorods is 0.2eV by
calculation, and the Fermi energy band is at about the
middle of forbidden band which account for good crystal-
lization [22].
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Fig. 6. (A)initial charge/discharge curve of VO, (B) nanorods(the inset is the
curves of their specific capacity and efficiency vs. cycle number); (B)electrical
property of VO,(M) nanorods.

3.3. Controlled formation of MoO3 nanorods

Due to the size effect and quantum confinement effect, 1D
MoO; nanomaterials are becoming more and more important

and necessary. XRD investigation confirms that the as-
synthesized sample is MoO;. All diffraction peaks can be
indexed to the MoOj3 phase consistent with the standard value
of JCPDS No.05-0508, and the strong intensity of reflection
peaks of (020) and (040) indicate the anisotropic growth.

The diameters of the nanorods are between 60 and 150 nm
and their length lies between 1 and 6 pm. And the
corresponding SAED pattern shows that the nanorod is single
crystalline with the [001] direction parallel to the rod axis (inset
in Fig. 7A). All nanorods exhibit the [001] direction for the rod
axis. The surface topography of the nanomaterials was also
studied by AFM (Fig. 7B). It is interesting to note that several
thin layers connect each other to form the so-called nanorods.
And the special structure can provide more electrolyte-filled
channels between the layers for faster transport of the ions to
the insertion sites, which is helpful to improve their
electrochemistry performance. Battery testing shows that
MoO; nanorods exhibit a total reversible capacity of about
300mAbh/g in the potential range from 3.25 to 1.5 V. There is a
voltage plateau around 2.75 V, along with a shoulder around
2.3 V. After 5 cycles, the specific discharge capacity is
266 mAh/g (Fig. 8). For bulk MoO;, however, the first
discharge capacity is 254mAh/g and the cycle property is
poor. We propose that good electrochemical performance of
MoOj; nanorods is attributed to their special layered structure.

Although the formation mechanism of the MoO; nanorods
stays an open question, it is obvious that the special structure of
MoOj; sol plays an important role in the reaction. MoOj is
known as a typical 2D layered structure consisting of double
layers of edge- and vertex-sharing MoOg octahedra being
weakly held together by Van Der Waals bonds. And these
layers can be propped open by intercalated guest molecule.
H,O molecule is intercalated between the MoQOg octahedron
layers in the MoOs sols and the layers form thin nanobelts
which connect with each other resulting in the formation of the
observed nanorods in the suitable temperature and pressure
[23]. It is obvious that the forming mechanism of the nanorods
in this paper is different from that previously reported [24]

Fig. 7. TEM (A) and AFM (B) images of MoOj3; nanorods.
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where the fibrous molybdenum oxide was obtained via the
intercalation of primary amines into the layered structure of
molybdenum acid and subsequent transformation of the
lamellar molybdenum oxide-amine intermediate into the
fibrous products. In addition, the nanorods can not be obtained
by the MoOj; powders in replace of their sol in the same
reaction condition. This further confirms the above mechanism.

4. Summary and outlook

The discovery of the carbon nanotubes has catalyzed a
fruitful and still growing interest in nanotubes and nanorods,
both in application-oriented industrial as well as in basic
research. Although carbon nanotubes are still the most widely
investigated examples for 1D nanomaterials, the world-wide
search in other systems is steadily increasing this structural
family. This growing diversity is not only because of an
extension of the systems investigated but also to the skillful
application of a wide range of different synthetic methods.
Interesting and effective among them are rheological self-
assembling routes that involve rheological reactions followed
by hydrothermal self-assembing process with template-
directed or template-free methods. Controlled formation and
modification of anisotropic materials, such as, nanotubes and
nanorods provide the interesting physical and chemical
properties which quite often differ from those of the
corresponding bulk materials and those of isotropic nanopar-
ticles. The usefulness of these properties for the electro-
chemical application is mentioned in this paper. However, it
must be stated that this is only the beginning. Because of
ongoing attempts to further miniaturize electronic, optical, and
mechanical components, there is a need for materials that could

be used as building blocks in the size region of a few
nanometers. Considering these perspectives, we are sure that
the role of nanotubes and nanorods in a future nanotechnology
can hardly be overestimated.
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