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ABSTRACT: The rational design of one-dimensional (1D) inorganic nanomaterials p

directed by self-assembled soft matters is one of the most attractive subjects in modern m %
chemistry. In this work, the self-templating approach based on metal—cholate ) o -
supramolecular self-assemblies is reported, which is distinct from the traditional soft TFISIEG HRHCAR BGAEEs
template method. Under the framework of self-templating, metal ions can serve as both
the inorganic precursor and constituent of the template; additional precursors which \ ‘

may change the solution conditions and interfere with the soft templates are not W .
needed. It is demonstrated that self-templating method is a general approach to ®
synthesize a series of 1D inorganic nanotubes including ZnS, CuS, NiS, CdS, CoS,

ZnSe, and ZnTe nanotubes. Moreover, the structural diversity and dynamic nature of

organic architectures allow the preparation of size and shape-adjustable 1D nanotubes m

through conveniently temporal and thermal controls. A possible mechanism for

nanotube formation is also proposed. Helical nanotube Nanotube
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B INTRODUCTION to the beneficial influence of dimensionality on electronic and
optical materials.® Important examples are carbon and kinds of
semiconductor nanotubes. During last few decades the majority
of work has been reported to explore new routes to synthesize
inorganic nanotubes, such as decomposition of the precursor, vapor
deposition, solvothermal, vapor—liquid—solid, and hard template
method.” These methods, although they succeed in generating
some specific nanomaterials, are usually incapable of becoming a
general route to create a series of inorganic nanotubes. Besides,
the preparation conditions of these approaches are often tough.

In our previous work, self-assembled 1D nanostructures are
reported in the system of sodium cholate (SC) and a series of
metal ions.® On the basis of these metal-driven self-assemblies,
the self-templating approach is developed in this paper to synthe-
size 1D inorganic nanotubes. Under the framework of self-
templating approach, metal ions can serve as both the inorganic
precursor and constituent of the soft template, which are further
deposited from supramolecular self-assemblies and generate
inorganic nanomaterials with corresponding shape. Additional
precursors which may change the solution conditions and interfere

In nature, many examples exist of inorganic nanostructures
with well-defined architectures and functions." The diverse
morphologies and exquisite organization can be modulated by
organic proteins and polysaccharides with complicated patterns
of various functional groups.2 Inspired by Nature, self-assembled
soft matters with structural diversity and dynamic nature have
been utilized as templates to mediate the mineralization of inorganic
species, giving birth to sophisticated architectures.” One of the
interesting topics in soft template approach lies in the transcrip-
tions of soft template structures into the resultant nanomaterials.
In particular, the traditional soft template protocol has been
successfully exploited to synthesize silica nanomaterials with
controllable size, shape, helicity, and porosities.4 However,
semiconductor and metal nanomaterials with retained morphol-
ogies are less reported.® Two issues exist concerning this problem. In
some cases, soft templates may lose their structural characteristics in
the presence of inorganic precursors. This is because precursors
(often metal ions) can change the solution conditions, for example,

ionic strength, and interfere with the self-assembled structures. In with the soft templates are not needed. Particularly, the metal—
other cases, the interaction between soft templates and precursors is ligand cooperation between metal precursor and organic template is
often too weak to ensure the morphological replica from organic strong enough to ensure successful structural transcription from
templates to inorganic species. It is therefore of significance to soft template into inorganic species. The self-templating approach
develop a reliable method to transcript the self-assembled
nanostructures into semiconductor and metal nanomaterials. Received: ~ September 15, 2010

One-dimensional (1D) inorganic materials, especially nano- Revised: ~ December 6, 2010
tubes, are of immense scientific and technological interest owing Published: February 01, 2011
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Figure 1. Zinc—cholate supramolecular nanofibers at 25 °C: (a) TEM image; (b) histogram of diameter distribution. ZnS nanotubes prepared at 25 °C:
(c) FE-SEM; (d) TEM image and ED pattern (inset); (e) histogram of the inner and outer diameter distribution; (f) XRD and EDS data (inset). Herein,
Dis the nanofiber diameter and Dy and Dg are the inner and outer diameters of the ZnS nanotube, respectively.

offers such advantages as (1) it is a general method to prepare a
series of inorganic materials such as metal sulfides, metal selenides,
and metal telluride; (2) inorganic nanotubes are conveniently
obtained by adding depositing reagents into metal—cholate
supramolecular self-assemblies under ambient conditions; (3)
benefiting from the environmental responsiveness of soft tem-
plate, the shape and size of as-synthesized inorganic materials
could be readily controlled by adjusting the temporal and thermal
conditions; (4) the approach is characterized by a one-step
process, which can avoid post-processing procedures to remove
the templates and give relatively pure products in comparison
with the hard template route; and (5) inorganic nanotubes can be
achieved in high yields.

B EXPERIMENTAL SECTION

Materials. Sodium cholate (Alfa Aesar, 99%), metal nitrates, and
other chemicals (A.R. Grade of Beijing Chemical Co.) were used as
received.

Preparation of Metal—cholate Self-Assembled Nanofi-
bers. The metal—cholate supramolecular systems were obtained
by mixing sodium cholate solution with concentrated metal nitrates
solution (0.1 or 0.5 M) followed by appropriate vortex and equili-
bration at desired temperature. During this period, a self-supporting
and uniform hydrogel can be prepared. These samples were then
applied to TEM and SEM, in which metal—cholate nanofiber can be
observed.

Preparation of Metal Sulfide Nanotubes. In a typical synth-
esis, 2 mL of metal—cholate supramolecular hydrogel (for example,
S mM/S mM for zinc—cholate, copper—cholate, and cadmium—cholate,
or 20 mM/20 mM for nickel—cholate and cobalt—cholate) was added
with 1 N 100 mM Na,$ solution (for ZnS, NiS, CdS, and CoS), 1 N 100
mM thioacetamide solution (for CuS), 1 N 100 mM sodium hydrogen
selenide solution (for ZnSe), and 1 N 100 mM sodium hydrogen
telluride solution (for ZnTe). For the preparation of ZnSe and ZnTe
nanotubes, the solution should be kept under oxygen-free conditions.
Agitation was not needed. The deposition reactions occurred at the
interface of hydrogel and precipitator solution. After the reaction was
completed, hydrogel was totally destroyed and the precipitate at the
bottom of the test tube was collected by centrifugation and washed with
deionized water several times.

Characterization of Supramolecular Nanofibers. A slice of
hydrogel was placed on a copper grid or clean silicon sheet and then
dried freely under ambient conditions and the desired temperature.
Then the nanofibers were characterized by transmission electron
microscopy (TEM, JEM-100CX, 100 kV) together with scanning
electron microscopy (SEM, Hitachi $4800, S kV).

Characterization of Inorganic Nanomaterials. The obtained
nanotubes were characterized by SEM (Hitachi $4800, 10 kV), TEM
(JEOL JEM-200CX, 100 kV), HRTEM (FEI Tecnai F30, 300 kV), and
XRD (Rigaku Dmax-2000, Ni-filtered Cu Ky, radiation). For the TEM
and SEM measurements, the obtained products were dispersed in water
and dropped onto a Formvar-covered copper grid and a silicon wafer,
respectively, followed by drying naturally. For XRD measurements, several
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Figure 2. Zinc—cholate supramolecular nanofibers incubated at 20 °C for (a) 3 h; (b) 12 h; and (c) 24 h. As prepared ZnS nanotubes with different
incubation times: (d) 3 h; (e) 12 h; (f) 24 h. The corresponding diameter statistics are shown in g—i.

drops of the suspension were dropped on a clean glass slide, followed by
drying in the air.

B RESULTS AND DISCUSSION

Preparation of ZnS Nanotubes Based on Zinc—Cholate
Supramolecular Self-Assembly. As a representative demon-
stration, the preparation of ZnS nanotubes based on zinc—cholate
supramolecular system will be discussed in detail. As shown in
transmission electron microscopy (TEM, Figure 1a) and field
emission scanning electron microscopy (FE-SEM, Supporting
Information Figure S1), self-assembled nanofibers with lengths
of micrometers are spontaneously formed in the zinc—cholate
system at 25 °C. The statistical distribution of fiber diameters
collected from TEM images shows the fiber diameters are in the
range of 20—120 nm (Figure 1b). The mean diameter calculated
by Gauss fitting is 66 nm. With the introduction of Na,$ solution,
ZnS nanotubes can be deposited from zinc—cholate supramolec-
ular nanofibers. SEM and TEM images (Figure 1c,d) provide large
scale views of massive uniform ZnS nanotubes several micrometers
long. The external and inner diameters of ZnS nanotubes are 25
and 94 nm, respectively, as calculated by Gauss fittings (Figure le).
The inset SEM image in Figure 1lc clearly exhibits the broken
open end of nanotubes. The electron diffraction (ED) pattern
(inset of Figure 1d) illustrates that the nanotubes are polycrystal-
line and adopt a cubic structure. The high-resolution TEM image
(Supporting Information Figure S2) indicates the interplanar
spacing of 0.31 nm, corresponding to the (111) planes of cubic
ZnS. The atomic ratio of Zn to S in these nanotubes was deter-
mined by energy-dispersive spectroscopy (EDS) to be roughly
1:1 (inset of Figure 1f). X-ray diffraction (XRD) (Figure 1f)

shows the sphalerite structure (JCPDS no. 05-0566). It is also
noted that the structural size and morphology of ZnS tubes are in
good agreement with zinc—cholate nanofibers, which manifests
the successful transcription of soft template into ZnS nanotubes.

ZnS Nanotubes with Tunable Size and Morphology.
Moreover, the structural parameter of self-assembled zinc—cholate
nanofibers can be tuned by varying temporal and thermal condi-
tions. As Supporting Information Figure S3 shows, the self-assembled
nanofiber diameter increases gradually with incubation time until
reaching equilibration. The kinetics of nanofibers growth is
greatly affected by environmental temperature: higher tempera-
ture will promote fiber growth and shorten the equilibration time.
For instance, the equilibration time of zinc—cholate nanofiber
(5§ mM/S mM) at 20, 25, and 60 °C is 24, 4, and 1 h. In spite of
the difference in equilibration time, the equilibrated zinc—cholate
nanofibers are of similar diameters at different equilibration tem-
peratures. For example, the fibers equilibrated at 20, 25, and 60 °C
will all have the diameters of 20—120 nm and mean diameter
about 60—70 nm. Interestingly, zinc—cholate helical nanofibers
are observed at 20 °C within three hours after sample preparation
(Figure 2a). The nanohelices exhibit a twisted shape of nanorib-
bons with uniform bias and about 150 nm helical pitches, several
nanometers thickness, and 10—30 nm in width. After nine hours,
the nanohelices transform into nontwisted nanofibers (Figure 2b)
with the diameters ranging from 20 to 80 nm. After 24 h of
incubation, the system reaches equilibration (Figure 2c) and the
fibers have a similar diameter to that in 25 °C. The corresponding
histograms of diameter distribution are provided in Supporting
Information Figure S4. The average fiber diameter analyzed by
Gauss fitting increases from 21 and 45 to 65 nm when the sample
is equilibrated at 20 °C for 3 h, 9 h, and 24 h (Figure 2g—i).
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It is shown that zinc—cholate self-assembly undergoes struc-
tural evolution from twisted nanoribbons at the early stage to
nontwisted nanofibers with increasing diameters as the incuba-
tion time extends (T = 20 °C). This is because twisted nanorib-
bons are not stable structures which may require additional
energy to compensate the bend energy. As the time proceeds,
these twisted ribbons will transform into nontwisted nanofibers
which are more stable. Another characteristic of this system is
that higher temperature can promote fiber growth and shorten
the equilibration time. The unique property of temperature effect
is supposed to arise from hydroxyl groups of cholate molecules
which may form hydrogen bonds with water and contribute to
cholate hydrophilicity. When the temperature is raised, the
hydrogen bonds between water and cholate hydroxyl groups
are weakened, leading to higher hydrophobicity of zinc—cholate
complex. As a consequence, the aggregating capability of zinc—
cholate complex is promoted and fiber growth is accelerated.

Considering the tunability in shape, size, and helicity, these
self-assembled fibers are supposed to be superior templates for
synthesizing tunable nanomaterials by controlling thermal and
temporal conditions. According to this idea, Na,S solution is
added to zinc—cholate samples at the incubation times of 3, 12,
and 24 h at 20 °C, and ZnS nanotubes with adjustable shapes and
diameters are prepared (Figure 2d—f). In the zinc—cholate
system with 3 h of incubation time, helical ZnS nanotubes are
obtained. SEM (Figure 2d) and TEM (Supporting Information
Figure SS) images shows ZnS$ helical nanotubes with external
diameters of 20—70 nm and inner diameters of 2—30 nm. The
structural size and morphology of the ZnS helical nanotube is
comparable to that of zinc—cholate helical fibers. An intimate
investigation revealed that the diameter and helix pitches of
helical nanotubes can be also varied (Supporting Information
Figures S6 and S7). As the incubation time increases, diameter-
tunable nanotubes without helicity are attained. In the zinc—
cholate system with 12 h incubation, ZnS nanotubes with average
external diameters of 62 nm and inner diameters 20 nm are
obtained. When the incubation time of the zinc—cholate system
was increased to 24 h, ZnS nanotubes with larger size were achieved.
In all these cases, the diameters of zinc—cholate nanofibers are
found to be greater than the inner diameters of ZnS nanotubes
but smaller than their outer diameters.

Mechanism of the Self-Templating Method. Asshown above,
Zn$ nanotubes with tunable sizes and morphology can be prepared
through a self-templating method in zinc—cholate supramolecular
systems. On the basis of the aforementioned results, the mechanism
of Zn$ nanotubes formation is outlined in Scheme 1, which involves
three steps: (1) sulfide ions from Na,$ solution and metal ions in
Zn—cholate hydrogel encounter on the surface of zinc—cholate
nanofibers; (2) the wall of ZnS nanotube is built up on the reaction
interface; (3) as the reaction proceeds, self-assembled nanofibers are
consumed and inorganic nanotubes are consequently attained. A
snapshot of the intermediate state of nanotube formation (Step 2) is
presented in Supporting Information Figure S8 to demonstrate the
connection between zinic—cholate nanofibers and as-prepared ZnS
nanotubes. During the deposition process, the zinc—cholate supra-
molecular nanostructure acts as both zinc source and soft template
for the subsequent preparation. It can be inferred from the
proposed mechanism that the inorganic nanotubes will have
smaller inner diameters and larger outer diameters compared
with the size of the supramolecular nanofiber. Besides, the
formation of ZnS nanotube is mainly attributed to the
solubility difference between ZnS and zinc—cholate complex.

Scheme 1. Schematic Diagram of the Self-Templating Pro-
tocol
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Benefiting from the diversity of available replacement reac-
tions, this self-templating approach is expected to be extended
for fabricating various 1D inorganic nanotubes.

Preparation of Metal Sulfide Nanotubes. A series of metal—
cholate supramolecular nanofibers driven by Cu*",Ni*", Cd*", and
Co”" are observed (Figure 3a—d). The diameter distributions of
nanofibers are shown in Supporting Information Figure S9a—d. On
the basis of these metal-driven nanofibers, inorganic nanotubes of
various metal sulfides are synthesized via the self-templating
approach. SEM (Figure 3e—h) and TEM (Supporting Information
Figure S10a—d) images indicate CuS, NiS, CdS, and CoS nano-
tubes are achieved in high yield and good uniformity. EDS micro-
analysis (Supporting Information Figure S10m—p) and powder
XRD (Supporting Information Figure S10g—t) have proven the
successful synthesis of covellite structured CuS (JCPDS no. 06-
0464), NiAs-type NiS (JCPDS no. 77-1624), zinc blende structured
CdS (JCPDS no. 10-0454), and jaipurite structured CoS (JCPDS
no. 75-0605). ED patterns indicate that hexagonal phase Cu$ and
NiS nanotubes are single crystal (Supporting Information Figure
S10e,g) while face-centered cubic phase CdS and hexagonal phase
CoS nanotubes are polycrystalline (Supporting Information Figure
S10ik). HR-TEM reveals that the tubes are highly crystallized and
gives typical interplanar spacing (Supporting Information Figure
S10£hyjl). For example, the HRTEM image of CuS nanotubes
shows an interplanar spacing of 0.304 nm (Supporting Information
Figure S10f), which corresponds to the (102) plane. It is note-
worthy that the diameter of the soft template is bigger than the inner
diameter of inorganic nanotubes while smaller than the outer one
(Figure 4i—1).

It should be noticed that Na,S is used as a sulfide source to
prepare NiS, CdS, and CoS nanotubes while thioacetamide (TAA) is
used for CuS nanotubes. When Na,S solution is added to the
copper—cholate sample, immediate precipitate without regular
nanostructures will form. It is suggested that the choice of sulfide
source is determined by the strength of metal—sulfide affinity
which can be expressed by the solubility product constant. The
solubility product constant of metal sulfide follows the sequence
as Kopnis) (3.2 % 10"%) > Kop(cos) (4.0 x 1072Y) > Kop(zas)
(1.6 x 10 ") > Kyycas) (8.0 x 10 7) > Kyycus) (63 X
107%).? It can be noted that the Kp(cus) is greatly smaller than
Kepmisy Kep(casy Ksp(cosy and Kgp(zas); in other words, the
deposition of Cu$ from supramolecular fibers is highly active. In
the presence of Na,S, the deposition of CusS is so fast that the
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Figure 3. TEM images of nanofibers in the system of (a) Cu—cholate; (b) Ni—cholate; (c) Cd—cholate; and (d) Co—cholate at 25 °C. Metal sulfide
nanotubes prepared from self-templating strategy: (e) CuS; (f) NiS; (g) CdS; and (h) CoS. The corresponding diameter statistics are shown in i—1.

Figure 4. Zinc chalcogenides nanotubes prepared by self-templating
strategy. SEM images (a, b) and TEM images (¢, d) for ZnSe nanotubes
(a, ¢) and ZnTe nanotubes (b, d).

controlled growth of nanomaterials induced by soft template
is more difficult and irregular CuS precipitations are obtained.
Compared with Na,S, TAA is a gentle sulfide source that can
generate CuS nanotubes in a more moderate speed. This rule
of self-templating approach is instructive for choosing the
reactant agent.

Preparation of Zinc Chalcogenide Nanotubes. One-dimen-
sional nanotubes of metal selenides and metal tellurides could be also
be produced through the self-templating approach following similar
experimental procedures. For example, well-defined ZnSe and ZnTe
nanotubes are readily synthesized from zinc— cholate supramolecular
systems when NaHSe and NaHTe are used as depositing agents
(Figure 4 and Supporting Information Figure S11). EDS micro-
analysis demonstrates that the atomic ratio of Zn/Se or Zn/Te in
these nanotubes was roughly 1:1. The diameter of as-prepared

inorganic nanotubes is proven to be in agreement with self-
assembled nanofibers.

Bl CONCLUSIONS

In conclusion, we have developed a general self-templating
approach to synthesize 1D inorganic nanotubes under mild
conditions with a one-step process and massive products. The
adjustable shape and size of supramolecular architectures allow
the preparation of tunable 1D inorganic nanotubes by temporal
and thermal controls. Benefiting from the diversity of available
replacement reactions, this self-templating approach can be easily
extended to create different kinds of 1D inorganic nanotubes.
Moreover, it can be rationally envisioned that multiple composi-
tional nanotubes may be constructed when multi-metal-ion
assembly and/or multi-reactant-agent is employed in this
synthetic strategy. This strategy is therefore believed to provide
a simple and convenient route to create 1D inorganic nanoma-
terials with controllable shape, size, and helicity. We hope that
this study may help provide understanding of nature’s creation of
the inorganic species in the process of biomineralization.
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