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Since the discovery of carbon nanotubes,1 researchers have
focused on unraveling their intriguing properties and finding
applications. “Inorganic” nanotubes, however, could have at least
as many diverse properties and applications as their carbon
counterparts. Their availability in bulk prepared via rational
synthesis techniques could greatly facilitate the development of this
new area of materials science. Inorganic materials have a wide range
of useful properties that might be exploited in nanotube and
nanowire form, including high-temperature superconductivity for
low-loss electrical power delivery, optical nonlinearity, photolu-
minescence, enormous magnetoresistivity for information storage,
and ferroelectric and ferromagnetic properties for quantum comput-
ing and spintronics applications.2,3 Semiconducting hollow nano-
tubes could be advantageous in nanoscale electronics, optoelec-
tronics, and biochemical sensing applications.4 Generally, however,
it is a synthetic challenge to produce high quality and quantity
inorganic nanotubes. In most cases, special nonequilibrium condi-
tions of synthesis are used to force materials that do not normally
form nanotubes to do so. Such methods, which include chemical
vapor deposition, flash and discharge evaporation, often give
mixtures of various shapes and sizes.5 Several purification steps
may be needed to obtain nanotubes of the same size, resulting in
low yields and added cost. To date, examples of inorganic nanotube
materials include MS2 (M ) Mo,6 W,7 Ta8), BN,9 NbSe2,10 V2O5,11

magnetite (Fe3O4),12 and LiMo3Se3
13 with remarkable physical and

chemical properties.
Here we describe an inorganic semiconducting system which

spontaneously grows as single wall nanotubes in∼95% yield
(PXRD). We report the preparation of high quality crystalline
SbPS4-xSex (0e x e 3), which adopts an infinite nanotube structure
of ∼1.3 nm diameter.14 We determined the crystal structure of the
little known SbPS4 system15 using single-crystal X-ray diffraction
and high-resolution transmission electron microscopy (HRTEM).
We also report the isostructural SbPS4-xSex (1e x e 3) analogues.

The structure of SbPS4 consists of a unique tubular arrangement
of Sb3+ ions and [PS4]3- tetrahedra (Figure 1A).16 Pairs of SbPS4
units which are connected through Sb-S bonds are arranged in
isosceles triangles. These triangular units are stacked with a 60°
rotation and linked through Sb-S-P bonds to form a hollow tubular
structure (Figure 1B). Three S atoms of each [PS4]3- unit bind to
three formally Sb3+ ions, each of which belongs to adjacent
isosceles triangles. The fourth terminal S atom and the putative
lone pair of electrons of all Sb3+ ions point toward the interior of
the tube.

SbPS4 naturally crystallizes in a unique nanotube form. The van
der Waals gap between the SbPS4 nanotubes is around 1.6 Å. The
external diameter of the tube is around 13 Å, and the trigonal
antiprism-shaped cavity formed by the internal sulfur atoms has a
diameter of around 2.3 Å and a height of 3 Å (excluding van der
Waals radii). Both the interior and the exterior surfaces of the
nanotubes are lined with sulfur atoms. The weak inter-tube van

der Waals (vdW) interactions are responsible for considerable
sliding of the tubes passed one another. This results in loss of
crystallographic registry and in fiber-like diffraction properties,
which makes it extremely difficult to find suitable single-crystal
samples for structure determination. The overall packing of the
tubes, however, remains close hexagonal. Functionalized S-rich
surfaces of this type and vdW gaps can be reactive toward heavy
metals, and such materials can be used as environmental remediation
agents.17

The fibrous nature of SbPS4 is obvious by visual inspection.
Scanning Electron Microscopy (SEM) shows the formation of
bundles of SbPS4 nanotubes with different diameters in the range
of 0.2-20 µm. The length of the fibers reaches centimeter length
scales. HRTEM18 verified the presence of individual nanotubes and
the formation of bundles due to van der Waals interactions (Figure
2A). The diameter of an individual nanotube is∼1.4 nm, as
measured from the TEM image, which is very close to the value
of 1.3 nm found by the crystallographic model. The selected area
electron diffraction pattern of Figure 2A (inset) verified the single
crystalline organization of the nanotubes and their growth direction
along the shorta-axis.

The SbPS4 nanotubes are orange-yellow with an optical band
gap at 2.57 eV. They are transparent in the mid-infrared region
down to∼600 cm-1. The material is insoluble in common polar
solvents at room temperature, such as water,N,N-dimethylforma-
mide, N-methylformamide, and ethylenediamine, and nonpolar
solvents, such as carbon disulfide, benzene, and hexane. Remark-

Figure 1. (A) Structure of SbPS4 nanotubes perspective viewed along the
direction of the crystal growth of the tube (a-axis). (B) Structure of one
isolated nanotube. The arrangement and stacking of antimony atoms along
the a-axis is shown with red triangles. Yellow atoms are S, black P, and
red Sb atoms. The Sb-S bond distance range is 2.49(1)-2.62(1) Å. The
P-Sb and P-St are 2.07(1) and 2.00(1) Å, respectively (Sb and St are
bridging and terminal S atoms).
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ably, the material is insoluble even in concentrated hydrochloric
acid, which can easily dissolve possible Sb2S3 impurities. Mass
spectrometry (MS) on the acid-treated SbPS4 shows evaporation
of absorbed HCl molecules at∼120 °C (<10-5 Torr), indicating
small molecule accessibility of the cavities in the nanotubes (see
Supporting Information, Figure 3S). The material can be dispersed,
however, with sonication in polar solvents, such as DMF, NMF,
and acetonitrile, to form nanoaggregates of bundles of SbPS4. This
can be seen experimentally by TEM (Figure 2B).

Interestingly, up to three S atoms can be substituted with Se
atoms in the [PS4]3- tetrahedron to give the isostructural phases
SbPS4-xSex (1e x e 3).19 The gradual substitution of the S atom
with the larger and heavier Se atom affects the size and diameter
of the nanotubes uniformly. The expansion of the cell is shown in
Figure 3A from the shift of the position of the (020) reflection.
The diameter distribution of the nanotubes in every SbPS4-xSex

(0e x e 3) analogue is extremely narrow since no broadening or
multiple phases are present in the powder pattern. As a result of
the difference in the diameter of the SbPS4-xSex nanotubes and the
S substitution, the electronic properties also change accordingly.
The band gap (Eg) decreases from 2.57 eV for SbPS4 to 1.90 eV
as the amount of Se increases in the SbPS4-xSex series. Specifically,
for SbPS3Se,Eg drops to 2.42 eV, for SbPS2Se2 to 2.13 eV, and
for SbPSSe3 to 1.90 eV (Figure 3B). Electronic band calculations
at the density functional theory (DFT) level suggest a direct band
gap in SbPS4 with the top of the valence band based predominantly
on S p-orbitals and the bottom of the conduction band based on Sb
p-orbitals (see Supporting Information, Figure 11S). This is
consistent with the observed narrowing of the energy gap with Se
substitution.

A simple reaction of the elements under thermodynamically
controlled equilibrium conditions suffices to produce high yield of

bundles of inorganic semiconducting SbPS4-xSex nanotubes. In fact,
this is a rare example of well enough crystallized nanotubes to be
able to determine their atomic structure. Manipulation of the band
gap was achieved by gradual substitution of sulfur atoms in the
[PS4]3- unit by selenium atoms. The nanometer scale diameter of
the SbPS4-xSex nanotubes and their inner tunnel space may be used
for guest-host chemistry for small molecules or atoms (<2.3 Å in
size). Further work to explore the optical and absorption properties
of these materials is currently underway.
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Figure 2. (A) TEM image of a SbPS4 bundle. The uniform diameter and
alignment of the individual nanotubes are apparent. Selected area electron
diffraction pattern (inset) indicates single crystalline character on the
nanoscale. (B) HRTEM image of individual nanofiber bundles of SbPS4

after dispersion by sonication in DMF. Additional images are given in the
Supporting Information.

Figure 3. (A) Shift of the (020) reflection in the powder X-ray pattern of
the SbPS4-xSex analogues as a result of the sulfur substitution in the [PS4]3-

unit. (For cell parameters, see Supporting Information, Table 1S.) (B) Optical
band gap measurement of the SbPS4-xSex series (ground samples). The gap
decreases as the amount of Se increases.
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