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Vanadium oxide nanotubes were synthesized as the main product by hydrothermal self-assembling from ammonium
metavanadate (NH4VO3) and organic molecules as structure-directing templates. Several kinds of templates including
primary amines (CyHan+1NHy), o,w-diamines (H2N[CH,].NH,), and quaternary ammonium salt (CTAB) were
demonstrated to be appropriate for the formation of nanotubes. The morphologies and structures of the nanotubes
were characterized by X-ray powder diffraction (XRD), transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), and thermal gravimetric analysis (TGA). The nanotubes were found
forming together with the layered structures and the sheetlike structures. On the basis of the growth mechanism
of WS, nanotubes proposed by our group, a possible rolling mechanism was proposed, which might be a suitable
general formation mechanism for types of nanotubes from lamellar structures.

Introduction by low-temperature, soft chemistry synthesis, so this provided
a promising approach to nanotube study.

However, as we know there are only a few reports on
exploring the formation mechanism of these kinds of
nanotubes. Obviously, the formation mechanisms will be a
significant breakthrough for nanotube synthetic methods,
dvhich may open fascinating possibilities for further chemical
and physical explorations of nanostructures and hold promise
for possible applications. As is known, most of the synthe-
sized nanotube materials commonly possessed lamellar
structures. A series of significant work done by Mallouk and
co-workers on lamellar structures, in which lamellar sheets,

Since the carbon nanotubes were discovered in 1991,
considerable effort has been placed on the synthesis of
different kinds of nanotubes. Many types of nanotubes such
as WS, MoS,, InS, NbS, TaS nanotubes, BN, BCN
nanotube$,NiCl, nanotubed,and organic nanotubebave
been reported. Recently, Nesper and co-workers synthesize
the novel vanadium oxide nanotubes (WT) in a so-
gel reaction followed by hydrothermal treatment from
vanadium alkoxide precursors and primary amihBsie to
the potential applications in electrochemical devices and
catalytic applications, this representative of oxidic hanotubes

attracted much attention. Furthermore, this type of nanotubetuleIar structures, and rolling phenomena were obsefved,

was easily accessible as a pure product in gram quantitiesg"’we us |nsp|rqt|0n. Our grOLip rt_acently proposed a novel
growth mechanism called the “rolling mechanism” from the
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in this area is to develop general synthetic methods andhydrogen bonding* This method has opened a way to
explore the formation mechanism of nanotubes. We found controlled synthesis for template-based periodic inorganic
that nanotubes formed together with the layered structuresstructures.
and the sheetlike structures, which seemed in accord with  Although there have been some reports on the synthesis
the growth process of WShanotubes. Here we propose a of vanadium oxide nanotubes based on this meftindur
rolling mechanism of vanadium oxide nanotubes by hydro- process the self-assembling method was further developed.
thermal self-assembling from ammonium metavanadate First, our process was a high-yielding low-cost route to the
(NH4VO3) and organic molecules as structure-directing synthesis of vanadium oxide nanotubes. The inorganic
templates, which suggested that the rolling mechanism of precursor we employed was WWO; instead of the vana-
vanadium oxide nanotubes should be a kind of general dium triisopropoxide. The bulk of the products in gram
formation mechanism of nanotubes from lamellar structures quantities could be obtained without the requirement of
and may develop into a general synthetic method for delicate equipments and in our experiment the starting
preparing nanotubes from lamellar structures. materials could be mostly translated to the final products.
The yield of the vanadium oxide nanotubes was estimated
to be about 80% from repeats of the typical synthetic process

Preparation. The vanadium oxide nanotubes were synthesized and TEM observations of the samples from different batches
under hydrothermal conditions. All chemicals were purchased from of synthesis. Second, all the reactions of the preparation
Beijing Chemical Reagents Company and used without further process were carried out in the aqueous solution. An organic
purification. NHVO3; was mixed with the structure-directing  gglyvent such as absolute ethanol was normally used for
templates in_amolar ratio of 2_::.I. under stirring. The result?ng mixture dissolving the organic molecules. In our process, all the
was then adjusted to a.SpeC'f'C PHH{(92 or 4-6) under vigorous . samples could be obtained with water as solvent. Third,
stirring. The coprecipitation was formed and the resultant suspension” . .

various amine molecules and surfactants could be used as

was then transferred into a Teflon-lined autoclave with a stainless | . includi - -
steel shell. The autoclave was kept at 280for more than 3 days templates in our process including primary amineg: .-

and then allowed to cool to room temperature naturally. The final NHZ)_v a,w-diamines (HN[_CHZ]nNHZX and quaternary am-
product was washed with deionized water several times and thenmonium salt (CTAB), which offered perspectives for more
dried at 70°C under vacuum for 68 h. flexible structures. Moreover, there are not such limits in
X-ray Powder Diffraction. Powder X-ray diffraction (XRD) the chain lengths as predicat&dror example, we could use
experiments of all the products were conducted on a Bruker D-8 n = 6 in the case of aliphatia,w-diamines templates while
Advance X-ray diffractometer with Cudradiation ¢ = 1.5418 in the vanadium alkoxide roufethe chain length could only
A). o ) _ extend fromn = 14 to 20. It is notable that the structure of
Transmission Electron Microscopy. The morphologies and the nanotubes obtained from MWADs and 1,6-hexamethr-

structures of the synthesized products were observed through denediamine seemed to be special and interesting and further
Hitachi-800 transmission electron microscopy (TEM) operated at . .
experiments are being performed.

200 KV and a JEOL JEM-2010F transmission electron microscope ) )
operated at 200 KV. Morphology and Structure of Vanadium Oxide Nano-

Thermal Analysis. The samples were heated to 7@at a rate tubes. The final products consisted almost exclusively of
of 20 deg/min, under a nitrogen atmosphere on a TA instruments vanadium oxide nanotubes (Figure 1). Nanotubes were
TGA2050. obtained successfully with primary amines (Figure da)-

Thermal Stability Characterization. Thermal stability char- diamines (Figure 1b), and quaternary ammonium (Figure 1c).
acterization of products was carried out in a conventional tube The typical nanotube length was aboutr@ while the length
furnace. The as-prepared vanadium nan_otubes were pl_acgd in &ould range from 0.3 to 8m. The diameter ranged from 30
quartz boat. The quartz boat was placed in the hot zone inside theyq 100 nm. Lengths and diameters of the nanotubes depended
quartz tube and heated to 50C at a constant rate. Then the on the conditions of the preparation, such as different
temperature was kept constant @ h and then cooled to room . . .
temperature. All the heating processes were carried out under atemplate mOIeCUI?S’ ConC(?:'ntra.tlon, and reaCt.Ion time. Fox
nitrogen atmosphere (99.9%). example, prolonging reac'Flon time coulq obtalrj more long

tubes. The tube walls consist 0f20 vanadium oxide layers.
Results and Discussion As shown in Figure 2, the nanotube, which was a typical
nanotube from octadecylamine and NHD3;, had an open
Snd and an outer diameter of approximately 70 nm. The walls
appear as alternating fringes of dark and bright contrast.
According to the structure model of vanadium oxide nano-
tubes’ the dark fringes represent the vanadium oxide layers,
between which the template molecules were embedded. The
distance between the layers varied with the length of the
templates. The layer distances were calculated frondthe

Experimental Section

Synthetic Method. The main approach to obtaining
vanadium oxide nanotubes and some other nanotubes wa;
self-assembling with use of organic molecules as structure-
directing agents for the assembly of inorganic precursors at
the template-solution interface. The interaction between
organic molecules and inorganic precursors could be coor-
dinative interaction$, electrostatic interaction$, or even
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Angew. Chem., Int. Ed. Engl996 34, 2014. (b) Antonelli, D. M.; (10) Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger,
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Figure 1. Representative TEM images of vanadium oxide nanotubes with
lengths ranging from 0.4 to 3.2 um. The nanotube materials were obtained
from (a) NH;VO3 and octadecylamine, (b) NMO3; and CTAB, and (c)
NH4VO3 and 1,6-hexamethrlenediamine.

Intensity (a.u.)

values of the (00 reflections of XRD patterns over a small
angle range, which matched well with HRTEM images.
In the case of octadecylamine as the template, it was 0
worthy to note that there were two kinds of layered distances,
which could be identified by the power X-ray diffraction
pattern of the vanadium oxide nanotubes (Figure 2b). The
peak ©) with the highest intensity attP= 2.15 correspond-
ing to ad value of 4.2 nm reflects one kind of layer distance Figure 2. The structure of vanadium oxide nanotubes fromyM8z and
and the peake®) with the highest intensity at— 2,51 SaDlanie, (& Malesoion T Imeges of e et oo
corresponding to d value of 3.4 nm reflects the other kind  kings of layer distances. (b) Powder X-ray diffraction pattern of the
of layer distance. Two types of layer distances could even vanadium oxide nanotubes. Two sets ofl G@flections © and ®)
been found in one nanotube as indicated in Figure 2a. Therepresented two kinds of layer distances separately. The ghakith the
. . highest intensity at@= 2.15 corresponding to évalue of 4.2 nm reflect
layer distances of nanotubes were smaller than twice theine |ayer distance of 4.2 nm and the pe@ yith the highest intensity at
calculated maximum lengths of the templates, which implies 20 = 2.51 corresponding to @value of 3.4 nm reflected the other kind of
that overlap of the alkyl chains and/or tilt angles must be 'ayer distance of 3.4 nm.
present. The difference in the layer distances may bevalue of 4.9 nm confirmed the large layer distance (Figure
attributed to the difference in the overlap or/and tilt angles. 3b). Although the model for this nanotube was not com-
1,6-Hexamethrlenediamine was also used as a templatepletely clear, the possible reason for this large distance can
to synthesize vanadium oxide nanotubes successfully. Asbe described: The large distance was contributed to the long
shown in Figure 3, the layer distance of vanadium oxide chain combined from several (more than 3) 1,6-hexamethr-
nanotubes from NEVO; and 1,6-hexamethrlenediamine was lenediamine molecules one by one. The combination might
unexpectedly large. The layer distance of 4.9 nm identified be through hydrogen bonding-N—H---N—).
in Figure 3a was much more than twice the calculated Formation of Vanadium Oxide Nanotubes. Layered
maximum lengths of 1,6-hexamethrlenediamine. The peak structures employed for the synthesis of vanadium oxide
with highest intensity at @ = 1.81 corresponding to d nanotubes were obtained with WAD3; and suitable organic

- -
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interaction of this kind of lamellar intercalates could be
diminished from the edges. Then, the rolling of the layers
into the tubules should take place. Where did the driving
force for rolling of the lamellar sheets come from? The
hydrothermal treatment should be a suitable explanation and
there was some evidence. Heidenreich et al. have noted that
severe bending of graphite sheets commonly occurs at high
temperaturé?® More recently, curling graphitic networks have
been observed under electron beam irradiatfomthese
suggested the possibility of the rolling process of the lamellar
inorganic-surfactant mesostructures under hydrothermal treat-
ment or other proper conditions.

The above scheme for the formation of the vanadium oxide
nanotube, which has been named the “rolling mechanism”,
could be divided into three main steps: (1) The surfactant
molecules condensed into aggregations with; V@ form
lamellar structures. (2) When treated under hydrothermal
conditions, the condensation process continued and brought
out more ordered lamellar assemblies. (3) These lamellar
sheets became loose at the edges and then rolled into
themselves to finally form vanadium oxide nanotubes. The
above process is outlined in Figure 4.

To confirm the rolling mechanism, we designed and
001 carefully performed a series of experiments under the same

conditions except for hydrothermal reaction time . Our
experiment results were in good agreement with those of
the rolling mechanism. The coexistence of nanotubes and
unrolled lamellar structures (Figure 5) could be seen from
the products whose reaction time was not long enough. It
could be seen that the vanadium oxide nanotubes coexisted
004 with large plates, which suggested the link between the
005 nanotubes and lamellar structure intermediates and cor-
responded well to the rolling mechanism. Moreover, some
plates were found curling at their edges (Figure 6c), which
could be considered being in the initial stage of rolling.
Figure 6 (a— b — c—d, ) might be considered the forming
process of vanadium oxide nanotubes observed under TEM

003

002

Indensity(a.u.)

~ 1 ~ 1 - 1T 7 LI T T T ' 1
5 6 7 8 8 10 and HRTEM. The amorphous precursor was obtained by
29(deg_) mixture and coprecipiation and the lamellar structure could
be seen from this yellow precursor (Figure 6a). Under

(b) hydrothermal treatment, the amorphous precursor became

. . . crystallized ordered layered structures (Figure b). Then, the
Figure 3. The structure of vanadium oxide nanotubes fromsM8; and . )
octadecylamine: (a) High-resolution TEM images of the vanadium oxide layer began to roll (Figure 6c). Finally, the nanotubes formed
nanotubes, indicating the multishell structure of the tube walls with after hydrothermal treatment for enough time (Figure 6d,e).
unexpectably large layer distances of 4.9 nm. (b) Powder X-ray diffraction Th t direct evid for th Il hani
pattern of the vanadium oxide nanotubes. The peak with the highest intensity € mos 're9 evi enlce or the rolling mechanism was
at 29 = 1.81 corresponding tocivalue of 4.9 nm reflected the layer distance ~ the presence of intermediates of ordered layered structures
of two concentric single shells of the mutishell structure of the tube wall. (Figure 7)_ Layered vanadium compounds have been Widely

i studied over the past decades. Vanadium pentoxid®d)V

surfactants, which also acted as nanotube structure templateg. g, pe regarded as a layered structure in which Stfiare
The artificial lamellas were based on the co-condensation pyramids are connected by sharing corners and edges and
mechanism of anionic inorganic (VOin our process) with  tnerepy form the layer$ Several types of layered polyoxo-
organic molecule? Under certain conditions, the interlayer /anaqates have also been reported, which were built of mixed

valence polyoxovanadate planes made ot @@ramids and/

(12) (a) Alfredssoon, V.; Keung, M.; Monnier, A.; Stucky, G. D.; Unger,
K. K.; Schuth, F. JJ. Chem. Soc., Chem. Commu994 921. (b)
Yang, P. D.; Zhao, D. Y.; Margolese, D. |.; Chmelka, B. F.; Stucky, (13) Heidenreich, R. D.; Hess, W. M.; Ban, L. . Appl. Crystallogr.
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Margolese, D. |; Ciesla, U.; Feng, P. Y.; Gier, T. E.; Sieger, P.; Leon, (15) Bachmann, H. G.; Ahmed, F. R.; Barnes, W.ZHKristallogr. 1961,
R.; Petroff, P. M.; Schuth, F.; Stucky, G. DNature 1994 368 317. 115 110.
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Figure 4. Schematic presentation of the whole rolling mechanism for the formation of the vanadium oxide nanotubes: (a) the mixture Sf@heaNeH
the template molecules, (b) layered structures formed through the hydrothermal treatment, (c) the beginning stage of the rolling process farmmddd) th
nanotubes.

(b)

Figure 5. TEM image of the coexistence of nanotubes and the lamellar
structures. The product (a) was obtained fromNMB3; and 1,6-hexa-
methrlenediamine (b) was obtained from NHD3; and octadecylamine. The
length of the hydrothermal treatment was not enough (less than 3 days).

or VO, tetrahedrd® We used NVO3 and suitable organic
surfactants to form the lamellar structure based on the co-
condensation mechanistln these lamellar structure com-
pounds, lamellas might be made of a chain metavanadate
[VO37]n formed of corner-sharing Vtetrahedra with the
template molecules lying between the oxide layers where
they interact with the negative oxygen of the=® double
bonds. This structure was described by Didier Riou and
Gerard Ferey?®a

We even synthesized the layered structures as the mair
products from octadecylamine (Figure 7a) and CTAB (Figure
7b) by controlling reaction conditions such as reaction time. _
These_ordered layered structures were confir_med by the 00 Figure 6. The forming process of VENT: (a) TEM image of the
reflections of XRD patterns. The layered distance of the |amellar-structured, periodic assembly of surfactant ands Vof the
lamellar structures from octadecylamine was 0.90 nm back precursor obtained by coprecipitation. This precursor was amorphous. (b)
calculated from the peak with the highest ntensity @2 (= m80¢ of e rtered yered seture ater ythermel eatmens
9.82 corresponding tocvalue of 0.90 nm and the distance (Figure 4b). (c) HRTEM image of the beginning stage of the rolling process
from CTAB was 0.56 nm. The two kinds of layered distances obtained after hydrothermal treatment for 2.5 days. (d and e) HRTEM image
of lamellar structures were both smaller than those of the of the formed nanotube after hydrothermal treatment for 4.5 days.

16) () Riow, Do F . Solid State Char 995 120, 157, () R corresponding nanotubes, perhaps because the interaction of

a ou, D.; Ferey, .0l ate €. . 10U, .

D.. Ferey, G.J. Solid State Chem996 124, 151. (¢) Zhang Y.. templates had not finished yet. AIthou_gh Fhe ordered layered
Haushalter, R. C.; Clearfield, Anorg. Chem 1996 35, 4950. structures from 1,6-hexamethrlenediamine were not sepa-
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Figure 7. The intermediates of the rolling process, ordered layered structures: (a) fraviOdtand octadecylamine, (b) from NMO3; and CTAB, and
(c) from NH,VO3 and 1,6-hexamethrlenediamine. Thd @&flections of XRD patterns confirmed the layered structures. The layered structures in a and b
were synthesized as the main products, while those in ¢ formed together with nanotubes.

rated, we also found this structure under transmission electronto the thermal gravity analysis (TGA) plots (Figure 8), the
microscopy while observing the nanotubes from NB3 weight loss began at about 280 and continued until about
and 1,6-hexamethrlenediamine (Figure 7c). To solve their 500 °C. The total weight loss of the vanadium oxide
further crystal structure, single-crystal X-ray diffraction is nanotubes from NEY/O3 and octadecylamine was about 63%
needed and this work is underway. (Figure 8a), from which the estimated molecular ratio of
The thermal stability of the vanadium oxide/organic vanadium to temperate molecule is 2:1. From Figure 8b of
molecule nanotubes was also characterized to further com-nanotubes from NkY/O3 and 1,6-hexamethrlenediamine, the
prehend the formation process of the nanotubes. Accordingratio was about 1:1 estimated from the total weight loss of

Inorganic Chemistry, Vol. 41, No. 17, 2002 4529
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Figure 8. TGA plots of as-prepared vanadium oxide nanotubes. The
product (a) was obtained from NMOs; and octadecylamine (b) was
obtained from NHVO3 and 1,6-hexamethrlenediamine.

55%. The molecular ratios were in good agreement with the
model stated above: Two octadecylamine molecules over-
lapped and about four 1,6-hexamethrlenediamine molecules
combined one by one.

When the nanotubes were destroyed by heat treatment, it
could be expected based on the “rolling mechanism” that e
the tubular structures cracked to form nanobelts, or unrolled Figure 9. Representative TEM images of the large plates obtained from
to form large plates. In fact, after being heated at 30@or the heat treatment of as-prepared vanadium oxides nanotubes. The nanotubes
2 h under a nitrogen atmosphere, the tubular structures of‘r’]":;feé’raetpgé%% ffroorrg Ekx%zr""gdnitlrfg'gﬁ";mtshgf:r‘zf“am'”e' and then
vanadium oxide nanotubes disappeared, which was con- ]
firmed by low-angle X-ray diffraction patterns and mostly Conclusions
transferred to large plates (Figure 9). A few nanobelts were
also found. This provided evidence for the “rolling mecha-

A self-assembling process assisted by organic molecules
has been developed to prepare vanadium oxide nanotubes.

n|§rnr1] mollll_rectly. hani ‘ | method f Varying organic molecules are expected to be used as
€ rofling mechanism may present a general metho Orstructure-directing templates, which may open a facile
preparing nanotubes from lamellar structures. Our group has

thesized 't ¢ tubes f | I synthetic method to flexible structures of nanotubes, and the
ntow tsyn esize ”seve\r/;S]ypets g nanc()ju es dr_om a”_‘g arIength, diameter, and layer distance of the nanotubes can be
structures as wetl as anotubes and vanadium OXICe . i6|je by choosing different templates and proper
nanotubes, which further strengthens our growth mechanism. . -

~“experimental conditions.

We developed a low-temperature hydrothermal reduction h li hani has b q dtob
method and successfully synthesized Bi nanotubes from the | "€ foling mechanism has been demonstrated to be a
layered structures af-bismuth'” Recently, we successfully general formation mechanism of nanotubes from lamellar
synthesized layer structured titanate nanotdbem the basis s’;ructuresls On t,hﬁ basis of the rolling mecgaryst;n', othzr ty[?jes
of these experiments and the fully demonstrated rolling of nanotubes with varying structures may be tabricated under

mechanism, we believe that it would be possible to prepare proper conditions. Moreover, this self-assembling process
other novel nanotube materials with varying electrical, M2y Pe extended to preparing other nanostructures, such as
magnetic, optical, and optoelectric properties from lamellar MeSOPOrous materials.
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