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Introduction

Since the discovery of carbon nanotubes in 1991,[1] the prep-
aration of nanoscale one-dimensional hollow structures has
stimulated great fervor in academia due to their prominent
performance in the fields of electronics,[2] biotechnology,[3]

catalysis,[4] sensing,[5] field emitters,[6] separation,[7] energy
storage,[8] and nanofluidics.[9] On the other hand, Tenne and
co-workers reported the synthesis of a series of inorganic
nanotubes based on layered transition-metal chalcoge-
nides.[10] These species grew to include other layered com-
pounds, including oxides,[11] halides,[12] metals,[13] and even
materials with no layer structure through a template ap-
proach.[9] The nanotubular structure of these inorganic ma-
terials should combine the size effect with all kinds of intrin-
sic properties, for example, magnetic, catalytic, piezoelectric,
and photoelectrical functions. However, compared with the
attention and effort dedicated to carbon nanotubes, the field
of inorganic nanotubes is less developed. Particularly, the
controlled synthesis of single-walled inorganic nanotubes is
far from successful,[14] since most of the reported inorganic
nanotubes are based on template methods and their size is
usually far above the critical length under which some unex-
pected properties arise. Hence, developing a new scheme

for the production of single-walled noncarbon nanotubes is
of great significance.

Three commonly known polymorphs of MoO3 exist: the
thermodynamically stable orthorhombic a phase, the meta-
stable monoclinic b phase, and the hexagonal phase. The a

phase, a wide-bandgap n-type semiconductor, has a unique
layered structure in which distorted MoO6 octahedra share
four corners to form a plane and two planes join together
by sharing octahedral edges along the [001] direction. All of
these double layers stack up in the [010] direction (as shown
in Figure 1a) with van der Waals forces acting between
them. MoO3 is of great importance to industrial catalysis,
due to the variable oxidation state and a diversity of well-
defined phases with different Mo/O ratios. The reversibility
between oxidation states also endows it significant potential
in the applications of electro-optical devices,[15] sensors,[16]

information storage,[17] and rechargeable lithium batteries.[18]

Previously, reports of MoO3-related nanostructures were
limited to nanowires,[19] nanorods,[20] and nanobelts[18,21] that
show little quantum confinement owing to their large size,
yet Liu et al. have a separate report of a hollow MoO3 nano-
sphere with a diameter of 5 nm through the use of block co-
polymer micelles.[22] Particularly, in these reports, nanostruc-
ture synthesis is taken from the phenomenological viewpoint
of “trial and error”, whereas chemists who synthesized Mo
polyoxometalates used to think of the formation of the mac-
romolecules as the self-assembly of small aqueous ions,[23] as
such, a big gap lies between these two schools of scientists.
Herein, we show that by tuning the pH of the system and
the reaction intensity, different morphologies, including
single-walled nanotubes (SWNTs), nanoparticles, and nano-
belts, can be harvested in a controllable way, which results
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from the assembly of simple clusters. Evidence for the for-
mation of different nanostructures, especially SWNTs, is
shown and various effects are carefully discussed. The con-
cept of “self-assembly—from simple clusters to nanostruc-
tures” is clearly proposed here based on the preliminary re-
sults from the synthesis of MoO3 SWNTs, which provides a
new aspect of the traditional synthetic chemistry of nanoma-
terials and polyoxometalates. Furthermore, it should help to
understand the chemical transformations in Mo chemistry
and other fields of inorganic synthesis, especially in the
nanostructure region.

Results and Discussion

Interface-mediated reactions have been well deployed for
the synthesis and assembly of many different kinds of nano-
materials.[24] Heat reflux creates little droplets of one phase
in another in which reactants in different phases meet at the
interface to yield the product to a controlled degree. Suc-
cessful examples of using a thiol/water interface leads to the
preparation of monodisperse Ag2S and Cu2S nanocrystals.[25]

As for MoO3, the layered structure makes it possible to
form nanotubes, whereas its double-layer feature makes it a
real challenge to curve the layer into a tubular form. By re-
sorting to the interface reaction of dodecanethiol (DT) with
molybdic acid (MA) solution we successfully realized the
preparation of MoO3 SWNTs in hydrothermal autoclaves.[26]

It is the oil/water interface that provides the driving force
for the assembly of Mo clusters and enables the formation
of MoO3 SWNTs, as will be discussed below.

The choice of Mo precursor : It
was found in previous work[26]

that when MA solution reacts
with DT under hydrothermal
conditions, SWNTs are formed.
As seen in the TEM pictures
(Figure 2a), the copper grid is
covered with a large area of
films of interweaving nano-
tubes. These tubes are a few
hundred nm long and uniform
in diameter at around 6 nm.
Formed together with the cross-
ing NTs are some crystalline
nanoparticles, the proportion of
which increases with the oven
temperature and reaction time.
High-resolution transmission
electron microscopy (HRTEM)
pictures show more details
about the NTs, revealing the
thickness of the wall and the

hollow chamber. Remarkably, long illumination times and
high current density will destroy the tubular structure and
prevents the acquisition of a clearer HRTEM image, as dis-
cussed in the following section. Representative large-area
morphology of high-purity SWNT bundles is shown by SEM
(Figure 2b). Furthermore, some double-walled fullerene-like
spherical structures are observed at times on the carbon film

Figure 1. Schematic of SWNT formation at the oil–water interface.

Figure 2. TEM images of the morphology of products after the reaction
of dodecanethiol and MA (Beijing) as the precursor. Scales: a) 100 nm
(main), 5 nm (inset); b) 1 mm; c) 200 nm; d) 50 nm (main and inset).
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of the copper grid for samples without excess washing and
centrifugation (Figure 2cand d), which is an interesting by-
product for future investigation. This type of coexistence of
NTs and fullerene is ubiquitous in layered nanomaterials.

However, when MA from different companies is used as
the raw material, strikingly different results arise. A reaction
carried out by using MA purchased from Beijing Reagent
yielded MoO3 SWNTs, MA from Sinopharm Chemical Re-
agent and Alfa Aesar leads to the production of MoO2

nanoparticles, which could be attributed to the variations in
composition and structure due to different manufacturing
processes, as revealed by the XRD patterns (Figure S1 in
the Supporting Information) and thermogravimetric analysis
(TGA) curves of these products (Figure S2 in the Support-
ing Information).

To find a more stable and convincing alternative for the
Mo source, ammonium molybdate (AM) was used in place
of MA, but failed to generate SWNTs. Different degrees of
acidification were tried by adding HCl to adjust the pH. It is
shown that within a certain pH range, MoO3 single-walled
nanotubes could be obtained with almost the same morphol-
ogy as those obtained from reactions involving MA (Fig-
ure 3a).

Furthermore, sodium molybdate (Na2MoO4) was tested as
another alternative and the pH of the system was tuned by
the addition of different amounts of HCl. Unfortunately,
they inevitably led to the generation of MoO2 or in quite an
acidic environment, MoO3 nanobelts were formed (Fig-
ure 3b). The presence of a large amount of NaCl after HCl

addition should be responsible for this failure, as supported
by a control experiment with the addition of NaCl to MA or
acidified AM systems, which also destroyed the SWNTs.

The effect of thiol : The role played by the thiol in the syn-
thesis is another key question. When octanethiol (OT) is
used in place of DT the TEM images of the final products
show the same morphology of SWNTs (Figure 3c). Howev-
er, systematic experiments show that it is harder to suppress
the amount of coexisting nanoparticles than by using DT.
This is reasonable if we take into account the higher reactiv-
ity of OT compared with DT because of the shorter alkyl
length, so it reduced the MoO3 SWNTs to MoO2 more
easily. Nevertheless, it has extended the universality of the
thiol/water reaction system.

It is a matter of course that different kinds of organic sol-
vent should be tested in place of the thiol. However, many
other water-immiscible organic solvents, such as dodecanol
and alkanes, do not lead to the formation of SWNTs. In-
stead, they do not cause significant change to the aqueous
solution of the Mo species. Moreover, the combination of
these solvents with the thiol does destroy the reaction. For
example, the addition of ethanol as a cosolvent leads to a
decrease in SWNTs because the ethanol directly reduces the
MoVI species and a large amount of MoO2 appears in the
product to the detriment of MoO3 SWNTs. If cyclohexane,
which is an inert substance to both the aqueous species and
the DT, was added as a cosolvent then no precipitate was
obtained, although the water phase turned a deep green, in-
dicating the partial reduction of MoVI. This could also be un-
derstood as the destruction of the reaction interface be-
tween DT and water in the presence of cyclohexane; none-
theless, a detailed microscopic picture regarding the three-
phase system is not in the scope of our discussion.

We also analyzed the composition of the upper oil phase
in two samples at different extents of reaction by GC–MS
and 1H NMR spectroscopy (Figure 4). The GC result clearly
shows the formation of a new species, the intensity of which
increases with the extent of the reaction, and the mass spec-
trum gives a clear indication of the formation of didodecyl
disulfide (DDS). Meanwhile, the 1H NMR spectrum indi-
cates the emergence of a new triplet at d=2.22 ppm and a
quintet at d= 1.27 ppm, the splitting of which exactly corre-
sponds to the environment of hydrogen atoms on the a and
b carbon atoms of DDS. Similar measurements have been
conducted for the octanethiol system, which also indicates
the presence of dioctyl disulfide. The possibility of air oxida-
tion cannot be completely ruled out, but control experi-
ments with no molybdenum source indicate that much less
disulfide is present. Although disulfide acts as a capping
ligand in the synthesis of colloidal gold, its presence in our
system should contribute to the formation of SWNTs

Reaction intensity : Besides the precursor requirement, it is
a very delicate reaction when the influence of temperature
and reaction time is revealed. Temperature and time play a
significant role in the successful control of MoO3 SWNT for-

Figure 3. TEM images of products with variations in the choice of precur-
sor: a) AM in place of MA (scale 200 nm); b) sodium molybdate in place
of MA (scale 100 nm); c) OT in place of DT (scale 100 nm); d) MA (Bei-
jing) pretreated at 250 8C for 2 h (scale 100 nm).
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mation, since SWNTs are very sensitive to both factors. In-
adequate temperature and time initiate no product forma-
tion, whereas overheating with either high temperatures or
prolonged reaction time cause the partial or full destruction
of MoO3 SWNTs. Figure 5a shows the TEM images of the
coexisting MoO2 nanoparticles, with the lattice fringes in
Figure 5b corresponding to the [110] interlayer distance of
0.34 nm. Suitable reaction times for different oven tempera-

tures are listed in Table 1. As for the high sensitivity of this
experiment, the time range may vary a little from oven to
oven and should be readjusted accordingly.

pH-mediated cluster assembly : The choice of an appropriate
molybdenum source and presence of thiol can be taken as a
prerequisite for the successful synthesis of SWNTs. To find
out the reasons for the influence of different raw materials
on the morphology of the products, we adjusted the pH of
the reaction in control experiments. By adding different
amounts of HCl to the AM/H2O/DT system, we found that
nanobelts with parallel wrinkles form at low pH (Figure S3,
inset, in the Supporting Information), whereas higher alka-
linity finally causes the production of nanoparticles provided
there is sufficient reaction time (Figure S4, inset, in the Sup-
porting Information). The nanobelts can be indexed as hex-
agonal MoO3 (Joint Committee on Powder Diffraction
Standards (JCPDS) card number 21-0569), whereas the
nanoparticles can be indexed as MoO2 (JCPDS card number
32-0671), which are shown in Figures S3 and S4 in the Sup-
porting Information. Furthermore, control experiments
using heat-treated MA (Beijing) were conducted and no
SWNTs were generated, but wrinkled nanobelts were
formed, which is similar to what we found in the HCl over-ACHTUNGTRENNUNGacidified system. The XRD spectra of these two samples in
Figure S5 (in the Supporting Information) show that heating
to 350 8C has transformed MA into MoO3, whereas the ex-
periment that was heated to 250 8C cannot be properly in-
dexed. Thus, the success of MA (Beijing) over other brands
of MA can be attributed to the presence of some impurities,
such as H2O and NH3, which sets the pH of the system to an
appropriate range, whereas heat treatment removes the NH3

and raises the pH of the solution. The difference in the syn-
thesis of SWNTs from different MA sources is, therefore,
clearly an issue of pH.

The next question is why is pH so important? It has been
extensively reported that MoO3 with well-controlled nano-
belt morphology can be produced in acidic media, although
pH has a great influence on the form of Mo-containing spe-
cies in the solution. The predominant species are Mo7O24

6�

and HxMo7O24
(6�x)� in neutral or near-neutral solution,

whereas MoO2
2+ in acidic and MoO4

2� in basic environ-
ments are the predominant species; thus pH has a great in-
fluence on the protonation state of Mo species, which can
be found in the Raman spectra of a series of
[(NH4)6Mo7O24] solutions of different pH. The Raman spec-
tra in Figure 6, obtained from samples with increasing
amounts of HCl added, show that the center of peak 2 shifts
from 945 to 960 cm�1, indicating a gradual protonation pro-

Figure 4. 1H NMR of the oil phase after the reaction between dodecane-
thiol and Mo-containing solution with the upper spectrum obtained from
a longer reaction time. The strength of the triplet at d=2.22 ppm and the
quintet at d =1.27 ppm increases with increasing reaction time.

Figure 5. TEM images of products with increased reaction intensity.

Table 1. Reaction temperature and the corresponding reaction time for
the synthesis of MoO3 SWNTs

Oven temperature [8C] Suitable reaction time [h]

190 32
195 20
200 12

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 1889 – 18961892

X. Wang et al.

www.chemeurj.org


cess from Mo7O24
6� to

H3Mo7O24
3�, whereas the rising

of peak 3 at 971 cm�1 indicates
the emergence of an Mo8O26

4�

species. On the other hand, the
characteristic peak of MoO4

2�

(1 and 1’) at around 897 and
837 cm�1 gradually disappeared
under acidification (Figure 6 c–
e). The low concentration and
coexistence of differently pro-
tonated species gives rise to the
complex peak shape and causes
difficulties in identification.
However, the trends mentioned above do help us to under-
stand the strict pH requirements of the synthesis.

Thus, in the SWNTs synthetic system, H+ plays a signifi-
cant role in mediating the surface charge of multiple Mo
species, as well as their assembly properties. In addition,
control experiments using low concentrations of a Mo
source yield nothing, showing that the enrichment of Mo
species, their assembly, and transformation into tubular
structures is intimately related to the chemical potential.
The results from experiments with Na2MoO4 as the raw ma-
terial should also be understood as a result of the high con-
centration of Na+ and Cl�, which changes the interaction
between charged Mo clusters and destroys their assembly.

On the other hand, it should be noted that ions always get
enriched near the oil–water interface and in most cases it is
the OH� that accumulates around the microdroplet of oil in
water. In this case, the hydrothermal environment disperses
the thiol in water as droplets, which then attract specific

aqueous species around them and facilitate the assembly at
the interface. Nevertheless, the special role played by thiol
and its reaction product disulfide is unique, since other oil–
water interfaces did not result in the formation of SWNTs.

It is common knowledge that layered-structure nanotubes
usually form through rolling up of the layers. In the case of
MoO3, the layer is a combination of many MoO6 octahe-
drons. A tubular structure forms when the layer is bent in
one direction, for example, the [001] direction, whereas 3D
fullerene comes into being when the warping is complete.
Direct evidence for this assumption was collected from
products in which the tubular morphology had not been
fully developed (Figure 7), since in many TEM images the
nanotubes are found to coexist with some amorphous film,
which should be their parent matrix (Figure 7a). Many of
the nanotubes shown have one end formed with the other
end fused with the film. Thus, it can be inferred that MoO3

films are first formed at the oil–water interface through the
assembly of Mo species with the assistance of thiol mole-
cules. As the reaction proceeds, small pieces of a single
layer roll into a tubular structure and are exfoliated from
the whole film. This mechanism can be briefly illustrated as
shown in Figure 1b.

As for Mo-containing binary or ternary oxide compounds,
MoO6 octahedra are ubiquitous as structure-building units.
A variety of Mo clusters in solution, from those containing
several to those with hundreds of Mo centers, constitute an-
other store of Mo and many of these clusters possess great
similarity with those in molybdenum oxide bulk solid. For
example, the polyoxometalate ion Mo248 contains two frag-
ments of the type Mo36O96ACHTUNGTRENNUNG(H2O)24, the structure of which
could be found in solid state Mo5O14.

[23a] On the other hand,
the complex polyoxometalate ion is believed to be assem-
bled from simple ions through reduction, charge elimination,
as well as combination, and this process is still considered as
pivotal in polyoxometalate research. Hence, large polyoxo-
metalate ions and bulk material, which might be considered
as two forms of the same thing, can both be constituted
from these simple ions, yet it is still a gray area that entities
with dimensions between two and dozens of nm can be
formed in the same way, which seems to be the most fasci-

Figure 6. a)–e) Raman spectrum of a series of precursor solutions of AM
with increasing levels of acidification.

Figure 7. TEM images showing the transition state in the process of NT formation.
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nating range of nanoscience. Herein, we have investigated
the transformation of small clusters into specific nanostruc-
tures with sizes of less than ten nanometers (Figure 8). Simi-

lar to the formation of various polyoxometalate macromole-
cules, the generation of MoO3 nanostructures as SWNTs
and inorganic fullerene is mediated by the pH value. The
difference is that this process happens in a more intense hy-
drothermal environment, rather than the slow, mild reaction
conditions for polyoxometalate formation, and it is sensitive
to both the temperature and reaction time.

Finally, as a general principle in polyoxometalate chemis-
try, partially reduced Mo/O polyhedra always act as pivotal
linkers of MoVIO6 octahedra in the formation of large mac-
romolecules; the generation of MoO3 SWNTs and fullerenes
may benefit from the partial reduction of MoVI by DT as
these low oxidation Mo centers could provide the necessary
curvature nodes and release the high stress induced in the
rolling-up process of the rigid bilayer. The existence of low-
oxidation-state Mo in the tube is also partially supported by
the X-ray photoelectron spectroscopy of the SWNTs[26] and
the color change of the aqueous solution (from colorless to
blue) during the reaction.

Spectrum and electron sensitivity : The FTIR spectrum and
confocal Raman spectrum were obtained from air-dried
product (Figure 9). In the IR spectrum, the signal at
968 cm�1 is characteristic for the stretching mode of a Mo=

O bond and that at 887 cm�1 is the result of the stretching
mode of Mo with doubly connected O and the multiband
between 700 and 400 cm�1 is from the complex bending
mode of the Mo�O�Mo skeleton. The signal at 1400 cm�1

indicates significant hydroxylation of the SWNTs, whereas
the broad absorption background above 1000 cm�1 is a
result of water absorbed in the free form.[27] In the Raman
spectrum, four characteristic bands at 947.1, 887.5, and
676.8/443.0 cm�1 correspond to the stretching modes of the
terminal oxygen, the triply connected bridge oxygen, and
the doubly connected bridge oxygen, respectively, showing a
big shift from the values of bulky crystalline MoO3 samples
and other nanostructured MoO3 compounds, although simi-

lar to those of amorphous MoO3 films.[27,28] This can be ex-
plained by the highly strained nature of the 1D curved tubu-
lar double-layer structure, which should be different from
that of the crystalline one.

MoO3 has been reported to be electron sensitive and to
respond to electron beam radiation and undergo a reduction
and phase transformation.[29] This electron sensitivity is first
illustrated by the observation of electron-beam-induced
damage and crystallization of the NTs in TEM (Figure 10).
With a high electron current illuminated over a single nano-
tube, it gradually split from one defect point and shrunk
into two parts, which under further illumination, developed
lattice fringes (as circled in Figure 10e and f), indicating a
clear amorphous to crystalline transformation into MoO2.

Electron sensitivity is further demonstrated by electron
energy loss spectroscopy (EELS) characterization. Signals
collected from an interweaved web of SWNTs after 5 and
25 min of continuous electron illumination show clear differ-
ences in the energy-loss near-edge structure (ELNES) of the
OK edge (shown here as peaks between 530 and 550 eV). As
peaks A and B (Figure 11) represent the transition of O 1s
electrons to the t2g and eg orbitals of Mo, respectively, and
their strength is related to the number of unoccupied orbi-

Figure 8. Correlation map of aqueous species, pH value, and reaction
strength.

Figure 9. FTIR and Raman spectrum of MoO3 SWNTs.
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tals,[29] the variation in peak features shows a MoVI to MoIV

transition of the sample under electron illumination.

Conclusion

We have carried out a detailed investigation of the synthetic
conditions for the formation of MoO3 SWNTs in thiol–water
biphasic systems. A cluster-based assembly and interface re-
action mechanism is suggested by combining the viewpoints
of nanostructure scientists and polyoxometalate chemists.
TEM and other characterization methods provided support
for our hypothesis. Finally, electron and photon sensitivity
has also been studied through TEM to demonstrate the in-
teresting properties of the SWNTs.

Experimental Section

Synthesis : For the synthesis of MoO3 SWNTs, MA (H2MoO4, Beijing
Chemical Reagent Plant, 0.5 g,) was mixed with distilled water and DT
(C12H25SH, Sinopharm Chemical Reagent) and sealed in an autoclave.
Then the reaction was heated to and kept at 190 8C for 32 h in an oven.
After the autoclave was allowed to cool naturally, the upper organic
phase was discarded and the turbid water phase was centrifuged at
10000 rpm for approximately 30 min. The black gluey precipitate at the
bottom of the centrifuge tube was collected, washed several times with
ethanol under ultrasonication conditions to remove most of the organic
residues, and centrifuged to collect the solid. The product was stored in
ethanol for further characterization. Alternatively, AM ((NH4)6Mo7O24)
was used in place of MA with the addition of HCl (approximately
0.5 mmol), or octanethiol was used instead of dodecanethiol for the syn-
thesis.

Characterization : For TEM observation, the product was dispersed in
ethanol with ultrasonication and the dispersion was dropped upon a
copper grid and examined, after drying, by a JEOL 2010 transmission
electron microscope operated at 100 kV, whereas the HRTEM images
were obtained from an FEI Tecnai G2 F20 S-Twin high-resolution trans-
mission electron microscope under an acceleration voltage of 200 kV.
The SEM images were obtained from a JEOL JSM-6700F scanning elec-
tron microscope. The crystal structures of the resulting material were de-
termined by XRD on a Rigaku MiniFlex X-ray diffractometer by using
CuKa radiation (l=0.154 nm) with 40 kV and 200 mA. Raman spectra
were obtained from an RM2000 microscopic confocal Raman spectrome-
ter (Renishaw PLC, England) equipped with a 633 nm laser beam. FTIR
spectroscopy was performed on a Nicolet 560 spectrograph.
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