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Abstract: Implementing the solution chemistry, herein, we
report the sealing of both ends of Sb,S; semiconductor
nanotubes following the diffusion-controlled deposition of
the sealing material, AgSbS,. As a consequence, unique
dumbbell-shaped hollow nanocapsules having a binary—ter-
nary epitaxial heterojunction were formed in solution. Whereas
these capsule-shaped nanostructures were obtained by the
introduction of Ag’ nanocrystals just after the formation of
Sh,S; nanotubes, the addition of Ag’ at the beginning of the
process, prior to the formation of nanotubes, changed the
growth pattern, and solid nanorods of Sb,S; were formed. The
details of the chemistry involved in the formation of these
nanostructures were investigated and are discussed herein.

N anotubes are one of the special kind of nanomaterials
whose architecture needs a different growth pattern than that
of the solid 1D nanostructure."! These nanomaterials have
structure-dependent properties with wide application in
electron transport, devices, sensors, storage materials, and
catalysis.”) There has been a revolution in the architecture of
different nanomaterials, and several fascinating nanostruc-
tures have been developed,® but little attention has been paid
to these hollow tubular-shaped nanostructures. When the
architectural parameters are controlled, nanotubes can also
be functional materials like other well-studied 0D, 1D, and 2D
solid nanostructures. Furthermore, the hollow nanostructure
can also be transformed into capsule-shaped or hybrid hollow
nanostructures by the sealing of their exposed ends with the
same or a different material. The difficulty in designing such
hybrid functional nanomaterials is related to the complicated
formation mechanism of nanotubes, which normally proceeds
through template synthesis or sheet wrapping mechanism.!#!
Moreover, to date, the sealing or closing of nanotubes with
the same materials remains unrealistic, as it requires a differ-
ent growth pattern at the exposed ends to that for tube
formation. Furthermore, epitaxy formation is essential for
either sealing or creation of heterojunction at the edge of the
exposed ends of the tubes,and this process also depends on
the availability of energetically favorable facets in the
materials. Hence, the sealing of nanotubes needs a special
strategy, and even after decades, when nanomaterials syn-
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thesis seems to have been covered quite comprehensively,
research in this direction has yet to be explored.

Previous studies have revealed that the key factor in
tuning the shape of the nanostructures is solution chemistry,
which regulates the surface-ligand binding, interface chemis-
try, and the creation of facets of different reactivity.”!
Recently, it was shown that apart from solution chemistry,
simply the introduction of some selective ionic impurities can
alter the route of an ongoing growth process and drastically
affect the shape and phase of the host nanostructures.”*%°
These results suggest that several possibilities for the design
and synthesis of such nanostructures remain to be discovered.
Moreover, all these exciting studies in solution chemistry have
dealt with solid nanostructures rather than the tubular or
hollow 1D nanostructures.

We report herein the formation of high-quality tubular
nanostructures of Sb,S;, as a model semiconductor system, by
the thermal decomposition of a single-source precursor in
solution. We studied the effects of Ag” by introducing it at
different stages of the reaction. We observed that the
treatment of Ag’ particles just after the formation of the
nanotubes sealed both ends of the tube during annealing and
led to dumbbell-shaped hollow nanocapsules with a binary—
ternary semiconductor heterojunction. Interestingly, when
Ag’ was introduced at the beginning of the reaction, prior to
nanotube formation, it altered the reaction process and
resulted in the formation of 1D solid nanorods of Sb,S;
instead of dumbbell-shaped hollow nanostructures. In one
case, the Ag’ formed AgSbS, ternary semiconductors at the
exposed ends of Sb,S; tubes with clear phase separation by
a diffusion mechanism to seal the tubes; in the other case, it
was doped into the lattice of the Sb,S; nanorod. We report
herein architectures beyond the nanotube and discuss the
chemistry used for the formation of nanocapsules of inorganic
materials by colloidal techniques. Furthermore, the mecha-
nistic aspects of the formation of the 1D heterostructures with
an internal hollow space and the effect of the mode of
introduction of foreign ions were investigated and are
discussed herein.

Antimony sulfide is known for the formation of tubular
nanostructures.’®” The synthesis of hollow tubes of Sb,S; by
a solvothermal method™ and a chemical-vapor-transport
method™ has been reported previously. Herein, we describe
the synthesis of high-quality hollow nanotubes on the basis of
a colloidal technique by the thermal decomposition of the
single-source precursor antimony diethyldithiocarbamate
(Sb-DDTC) in a coordinating alkyl amine solvent at about
210-220°C. The alkyl thiol tert-dodecylmercaptan (2,3,3,4,4,5-
hexamethyl-2-hexanethiol) was introduced as a growth-con-
trolling agent and to maintain good dispersion of the nano-
tubes. The introduction of silver at different stages of the
reaction led to different nanostructures. The evolution of
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different nanostructures with and without Ag’, and according
to the timing of its introduction, is illustrated in Figure 1.
Figure 2a,b shows high-angle annular dark field
(HAADF) and transmission electron microscopy (TEM)
images (see also Figure S1 in the Supporting Information) of
the nanotubes formed, which had a diameter of approxi-
mately 120-150 nm and a length of approximately 1200-
1500 nm. A high-resolution TEM (HRTEM) image (Fig-
ure 2¢) suggests that the phase of the nanostructure is
orthorhombic and the tube is viewed along the [101]
direction. The observed planes showed d spacings of 0.79
and 0.345 nm corresponding to the (101) and (11-1) planes of

Hollow Tube

AgP
A\

Sb Precursor

Capsule

Figure 1. Sb,S; tube formation and the evolution of different kinds of
nanostructures depending on the timing of the introduction of Ag’.
Whereas the introduction of Ag° prior to tube formation results in
solid nanorods, post treatment of Ag® into the nanotubes produces
phase-separated ternary AgSbS, at the exposed ends of the tubes to
form capsule-shaped nanostructures.

Figure 2. a) HAADF-STEM and b) bright-field TEM images of Sb,S; nanotubes. ¢) HRTEM image of
a Sb,S; nanotube and d) an atomic model constructed on the basis of the HRTEM image. The inset
in (c) is the selected-area FFT pattern, and that in (d) shows an atomic model of the tube viewed

along the major axis. e,f) TEM images of the intermediate samples showing tube formation through
the rolling of sheets.
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bulk orthorhombic Sb,S;, respectively. An atomic model
corresponding to the HRTEM image with a similar viewing
direction is depicted in Figure 2 d. The peak positions in an X-
ray powder diffraction pattern of the nanotubes (Figure 3)
correspond to the orthorhombic phase of Sb,S; (JCPDF
#741046).

These nanotubes were typically formed at 210°C with an
annealing time of 15 min, which allowed almost complete
decomposition of the single-source precursor, and became
crystalline during the course of annealing. For the synthesis,
a suspension of Sb-DDTC in a mixture of oleylamine and tert-
dodecylmercaptan was swiftly injected into hot 1-hexadecyl-

Sb,S, - AgSbs,

Sb,S,
] | ‘ Cubic AgShS, | |
1 I | Orthorhombic Sb,S;
20 30 40 50 60

26/ degrees —»

Figure 3. Powder XRD patterns of Sb,S; nanotubes and Sb,S;—AgSbs,
sealed nanotubes. Peaks marked with dots are not observed for Sb,S;
and are thus assigned to cubic AgSbs,.

amine in the reaction flask. Tube
formation was readily detected by
the naked eye, as the solution
color changed from orange to
black soon after the injection of
the precursors (within 5 min). To
understand the formation mecha-
nism, we collected the intermedi-
ate samples at different stages of
the reaction. Interestingly, we
observed that these tubes are
formed through the rolling of
thin sheets (Figure 2e,f; see also
Figure S2). A similar mechanism
was predicted previously for
a larger Sb,S; tube synthesized
by the chemical-vapor-transport
method.™ However, in this
study, we captured the intermedi-
ate with proper control of forma-
tion by a colloidal technique.
Herein, we mostly focus on
architecture beyond nanotubes
for the design of new functional
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materials through the sealing of two open ends of the tube
with different semiconductor materials. It has been estab-
lished that with Sb*", Ag" can form ternary sulfide com-
pounds.”® Considering this advantage, we introduced AgCl
dissolved in oleylamine at 220°C into the reaction system
after the formation of the nanotubes. It is known that AgCl
forms Ag’ when heated in a fatty amine,” as reflected by the
plasmon absorption of the solution (see Figure S3). Upon the
introduction of these preformed Ag’ particles into the
reaction flask containing Sb,S; nanotubes just after their
formation, the new semiconductor material was found to
deposit on both open ends of the tubes. Furthermore, by
examining the reaction mixture at different stages of the
reaction, we observed that the two open ends of the tubes
were entirely sealed during the course of annealing. The
disappearance of Ag’ particles was reflected by the prompt
diminishment of the corresponding plasmon absorption.
Typical TEM and HAADF images of the (nanocapsule-like)
dumbbell-shaped hollow sealed tubes are shown in Figure 4
(see Figures S4 and S5 for more images). The contrast
differences in both bright- and dark-field images (Fig-
ure 4a—¢) between the tips and the tubes clearly suggest the
existence of two distinct shapes and phase boundaries in this
hybrid nanostructure. Elemental mapping (Figure 4b, right)
suggests that the tips of this nanocapsule contain Ag, Sb, and
S, whereas the tube portion contains only Sb and S. Energy-
dispersive X-ray spectroscopy (EDX) of the tip area confirms

Figure 4. a) TEM and b) HAADF-STEM image of a typical sealed nanotube. The right-hand image in (b)
shows the mapping of elements Sb, S, and Ag. c) Wide view of a TEM image showing sealed tubes.

d,e) TEM images of single sealed tubes. f) HRTEM image showing the heterojunction. The simulated
HRTEM images and representative atomic models from the selected areas 1 and 2, which present AgSbs,
and Sb,S;, respectively, are also shown next to the corresponding HRTEM images. The viewing direction
for AgSbS, and Sb,S; is [112] and [100], respectively. g) Magnified TEM image showing the junction of the
two materials. h,i) Intermediate TEM images showing patches of the AgSbS, material at both ends of the

tubes.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the presence of nearly equal atomic percentages of Ag and Sb
(see Figure S6), thus indicating that the material might be
AgSbS,. This composition was confirmed by the measure-
ment of more than five different tips of this hybrid nano-
structure. The skeleton of the nanostructure remained hollow,
as reflected by the intensity profile of the line scan elemental
mapping data (see Figure S7). By subtracting the peaks of
Sb,S; hollow tubes from the XRD patterns of these hollow
dumbbells (Figure 3), it was confirmed that AgSbS, was in the
cubic phase (JCPDF #170456). Accordingly, we analyzed the
HRTEM image and studied epitaxy formation at the inter-
face. The TEM images in Figure 4 f,g show a clear junction
between the two semiconductors. Simulated HRTEM images
of the marked areas (1 and 2) in Figure 4 f show the different
planes with their d spacings. Corresponding atomic models
are also depicted on the right. Details of the fast Fourier
transforms (FFTs) of the selected areas 1 and 2 are shown in
Figure S8 of the Supporting Information. From the analysis, it
was observed that the (012) plane of the binary Sb,S;
nanotubes closely matches the (111) plane distance of ternary
AgSbS,. In the two phases, the b axis remains parallel, which
suggests that the epitaxy is formed along the [010] direction of
both materials.

The major issues that remain here are how the sealing
occurs and what the driving forces are for the creation of the
phase-separated ternary materials at both ends of the tubes.
We first analyzed the hurdles and the practical difficulties in
designing such sealed hollow
tubular nanostructures. It is
clear that the procedure for
the formation of these nano-
structures is different to that for
solid rods, as the nanostructures
are cylindrical in shape with
a hollow space inside. To seal
these tubes, a different kind of
growth pattern is required at
the exposed end of the tube.
Typically, it is difficult for the
same constituent to seal the
open ends of the tube, as tube
formation follows the conven-
tional mechanism of sheet
wrapping. Hence, possibly, it
would be easier for a different
material to nucleate at the
exposed ends of the tube, and
this material would grow differ-
ently and seal the open ends of
the tubes during the subsequent
stages of the reaction. Further-
more, if a preformed particle of
the same or a different material
occupies the exposed ends of
the tube, it might entirely block
the open ends of the tube
through epitaxy formation at
the interface. Neither of these
strategies seems straightfor-
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ward for a colloidal method, as such procedures need
sophisticated reaction techniques and extreme control over
the reaction path. The most important factor is the lattice
matching of the appropriate facets of the sealing materials
with the exposed facets at the two ends of the tube. Hence, the
selection of the sealing material remains the key issue for the
synthesis of the capsule-shaped nanostructure from a nano-
tube. Previous studies have revealed that dumbbell-shaped
nanostructures with noble-metal tips typically have solid 1D
nanostructures.” In these cases, the rods provide a greater
interfacial area, whereby lattice continuity and epitaxy
formation with the 0D particles are relatively straightforward.
In contrast, such epitaxy formation with exposed ends of the
nanotube is difficult from a practical point of view. We
therefore sought to uncover the mechanism of this unusual
chemical-sealing protocol based on a colloidal technique.

To investigate this mechanism, we recorded images of
nanostructures at an intermediate stage of the reaction
(Figure 4h,i). These images suggest that small patches of
new materials are deposited randomly on the open ends of the
tubes. Further analysis of several more TEM images (see
Figure S9) led us to conclude that the deposition of these
materials in patches continues until the open ends are entirely
blocked. As the control reaction without Ag” produced only
hollow nanotubes, it can be assumed that Ag” initiates the
formation of the new material at the exposed ends of Sb,S;
tubes. We observed neither pure Ag’ particles nor silver
sulfide directly attached to the tubes. The peaks in an XRD
spectrum of the sample collected a few minutes after the
injection of Ag” nanocrystals (within 10 min) resembled those
of the final product. Hence, we predict that the Ag’ particles
while dispersed in the reaction medium target the open ends
of the tube, and then the diffusion of Sb and S into Ag" or vice
versa initiates the formation of AgSbS, (see Figure S10 for
a schematic representation of the sealing of a tube by ternary
materials). A similar diffusion mechanism was also reported
for different silver- or copper-based ternary semiconductor
nanocrystals.'! However, in this study it was explored for the
first time with respect to Sb,S; tubular nanostructures.
Furthermore, we suggest that the Ag’ particles target
simultaneously both exposed ends of the tube, which are
less passivated and therefore more reactive than the main part
of the tube, to initiate the formation of AgSbS,, which has
a different growth pattern to that of the nanotube. As
discussed above, the tubes are formed by a sheet-wrapping
mechanism and do not have alternate cation and anion facets
along the major axis as typically observed in the 1D nano-
structure (in the wurtzite phase).’” Moreover, both Sb and S
atoms are present in both exposed (101) facets, and con-
sequently, the alternative adsorption of cations and anions is
less probable in this case. Hence, the diffusion of Sb*" and S*~
to Ag® or vice versa is the expected mechanism for the
formation of the new material that seals both exposed ends of
the nanotubes. The epitaxy formation also relates to the
minimum lattice mismatch between Sb,S; and AgSbS, along
the favorable direction [010]. Hence, the entire sealing
process follows the strategy based on the control of solution
chemistry for the formation of binary and ternary semi-
conductor junction.
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While investigating the timing of Ag” introduction into the
reaction medium, we observed that the entire procedure of
sheet wrapping and the formation of hollow binary Sb,S;
tubes can take a different turn. When the Ag’ particles at
a much lower concentration (<10% relative to Sb) are
introduced at the beginning of the reaction, prior to the
formation of the tubes, solid nanorods rather the hollow
nanostructures are formed. Figure 5a shows a representative

Figure 5. a) TEM image of the nanorods. b) HAADF image and line
scan for the element Sb in a typical rod. The inset in (b) shows the
counts of Sb with respect to length for a single nanorod.

TEM image of Sb,S; nanorods obtained by introducing Ag’
particles before the injection of Sb-DDTC into the hot alkyl
amine solvent. These nanostructures are solid 1D structures,
as supported by line scan elemental mapping, in which the
counts of the elements varied with the thickness of the
nanostructures (Figure 5b). The rods possessed the same
orthorhombic phase (see XRD pattern in Figure S11a) as
observed for the hollow Sb,S; nanotubes. Elemental analysis
(EDX) suggests that these nanostructures contain approx-
imately 1% Ag (relative to Sb; see Figure S12). To under-
stand the mechanism, we trapped intermediate samples (see
Figure S13), and observed that the nanorods are also formed
from Sb,S; sheets. In this case, the added Ag’ particles are
expected to be converted into silver antimony sulfide (see
XRD pattern in Figure S11b) and are attached to the sheets,
which hinders the rolling of sheets as required for tube
formation and rather facilitates rod formation through
squeezing of the sheets. Initially, the rods were found to be
formed with uneven diameters (see Figure S13), and during
the course of annealing the diameters become uniform. This
proposed mechanism is in contrast to the formation of typical
1D nanostructures, whereby cations and anions are alterna-
tively adsorbed on the reactive polar facets of the nano-
structures. However, the core mechanism for the formation of
these solid nanorods requires further investigation. Undoubt-
edly, both the rods and the tubes are formed from the thin
sheets by different growth processes.

In conclusion, we have reported herein the chemical
sealing of hollow nanotubes in solution. By the simple
addition of Ag’ impurity, the hollow nanotubes of Sb,S;
were successfully sealed, and the internal hollow space was
maintained. Functionally, this strategy led to a new material,
Sb,S;—AgSbS,, with a binary-ternary semiconductor hetero-
junction. Tube formation and sealing did not occur, but
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instead solid 1D nanorods were formed, when the Ag’
impurity was introduced prior to nanotube formation. Our
results suggest that although an enormous amount of research
has been carried out in the development of new protocols for
the designing of colloidal nanomaterials, unexplored avenues
that could lead to new fundamental science as well as novel
important and useful materials are yet hidden. There is no
doubt that this finding will be helpful for further under-
standing of solution chemistry for the design of different kinds
of nanomaterials.
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