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Hollow and Polygonous Microtubes of
Monocrystalline Indium Germanate
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Since the identification of carbon nanotubes in 19911 a
challenging research field has been launched in materials
science, solid-state physics, and chemistry, ensuring a wide
range of exciting practical applications. Over the last decades
there has been a continuous interest in exploring layered or
nonlayered materials that form tubular structures. Generally,
the generation of inorganic tubular forms has been based on
layered binary inorganic compounds, such as BN, MoS,, WS,,
VS,, GaS, VO,, TiO, etc.”! The tubular forms of elemental or
binary inorganic compounds with 3D nonlayered crystal
structures have usually been fabricated by using carbon
nanotubes, porous membranes, or removable nanowires as
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templates® to give amorphous or polycrystalline nanotubes.
Single-crystalline tubes have occasionally been generated
based on epitaxial casting. Germanates have attracted
attention as important catalyst materials, scintillators for
detection of low-energy solar neutrinos in agreement with
Raghavan’s nuclear reaction, and porous ceramic materials
for humidity sensors.!! Indium germanate (In,Ge,O,) has a
specific laminar thortveitite-type (Sc,Si,0;) structure.”!
Herein, we demonstrate the successful synthesis of ternary
indium germanate tubes with sub-micrometer diameters and
present a thorough analysis of their morphological and
structural characteristics.

Carbon-assisted thermal evaporation of an In,0;/GeO,
powder mixture under a stream of Ar in a horizontal
resistance furnace results in the formation of a white product
on the inner wall of the tube (downstream), where the
temperature is around 600 °C during heating. As shown in the
scanning electron microscopy (SEM) image (Figure 1a), the
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Figure 1. a) SEM image of In,Ge, O, tubes; b) high-magnification SEM
image of a single tube revealing the open tip; c) XRD pattern of the
product.

product is composed of numerous whiskers whose length
reaches hundreds of micrometers. High-magnification SEM
images (Figure 1b) reveal that these whiskers have open tips
and display tubular geometries. The cylinder pores of the
tubular whiskers are either hexagonal or round. The powder
X-ray diffraction (XRD) pattern of the product (Figure 1c¢)
suggests that it is composed of pure monoclinic In,Ge,0;
(JCPDS card 26-0768: a=6.658, b=8.784, c=4.927 A, p=
102.48°; space group: C2/m). No characteristic peaks from
other impurities, such as In,03, GeO,, In, or Ge, are detected
in the XRD pattern.

Detailed structural and chemical analyses of the products
were carried out by TEM, high-resolution TEM, electron
diffraction (ED), and energy-dispersive X-ray spectroscopy
(EDS). Figure 2 shows a TEM micrograph of a typical
In,Ge, O, tube. The diameter of this tube is about 600 nm
and its cavity width is about 200 nm. Energy-dispersive X-ray
spectra generated with an electron nanoprobe (diameter of
around 50 nm) were collected from various regions of the
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Figure 2. Typical TEM image of hollow In,Ge,O; microtubes (left) and
a representative EDS spectrum (right) of a hollow In,Ge,O; microtube.

In,Ge,0O; tube. They verify the uniformity of the indium and
germanium compositions—the overall ratio of indium to
germanium is close to 1:1. A typical EDS spectrum is shown in
Figure 2.

Figure 3a clearly demonstrates that the tip of the
In,Ge,0; tube is open. The corresponding selected-area
electron diffraction (SAED) pattern is depicted in Figure 3b.
This pattern can be indexed as that recorded along the [110]
zone axis of a monoclinic In,Ge,0; crystal. Electron diffrac-
tion (ED) patterns taken from various domains of the tube
were strikingly similar, which clearly suggests its single-
crystalline nature. Other In,Ge,0; tubes were also confirmed
to be perfect single crystals. Streaking of the reflections in the
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Figure 3. a) TEM image of an isolated open-ended hollow In,Ge,0O,
microtube; b) SAED pattern of a hollow In,Ge,O, microtube recorded
along the [110] zone axis, and c) its corresponding underfocused
SAED pattern; d) a high-resolution TEM image of the hollow In,Ge,0,
microtube along the [110] direction.
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underfocused electron diffraction pattern (Figure 3 ¢) implies
that the preferred tube growth direction is parallel to the
(003) plane. High-resolution TEM images additionally reveal
that the as-obtained In,Ge,0; tubes are structurally uniform
single crystals. An HRTEM image taken at the edge of a
In,Ge, 0, tube (Figure 3d), shows clearly resolved fringes
separated by 3.90 and 2.15 A, which correspond to the (221)
and (111) lattice spacings of a monoclinic In,Ge,O; crystal,
respectively.

Another SAED pattern (Figure 4a), obtained after the
In,Ge,O; tube was tilted inside the TEM, is shown in
Figure 3a. The latter agrees well with the [110] zone axis of
monoclinic In,Ge,0,. As before, streaking of the reflections

Figure 4. a) SAED pattern of a hollow In,Ge,O; microtube recorded
along the [110] zone axis, and b) its corresponding underfocused
SAED pattern, which reveals that the preferential growth direction is
nearly parallel to the (002) plane; c) a high-resolution TEM image of
the microtube wall along the [110] direction (d;;; =3.90 A;
di;=3.25 A, as marked by double lines).

in the underfocused ED pattern (Figure 4b) implies that the
preferred growth direction is parallel to the (002) plane.
Figure 4c depicts the HRTEM image corresponding to the
[110] zone axis. The lattice fringes of the (111) and (111)
planes, with a d spacing of 3.90 and 3.25 A, respectively, can
be clearly seen. This indicates that the (002) plane is parallel
to the edge of the In,Ge,O, tube. As seen from these images,
this tube is a structurally uniform single crystal, the tube edge
is clean, and there is no amorphous layer covering the surface.
Upon taking the ED patterns and HRTEM images into
account, one can suggest that the preferred growth direction
of the tube is close to the [100] axis of the In,Ge,O, crystal.

Apart from the anisotropic growth of inorganic com-
pounds in a solution modified by specific molecules,”
anisotropic growth in the vapor phase generally results from
the vapor—solid (VS) or vapor-liquid-solid (VLS) growth
mechanisms.® The key feature of the VLS growth mecha-
nism is that one end of a 1D nanostructure is capped with an
alloy droplet. During the VLS growth process, this metal
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particle may act as a preferential site for the absorption of
incoming vapors to form a liquid alloy. Once the absorbed
reactant is supersaturated within the liquid alloy droplet at a
given temperature, it nucleates. Further condensation of the
reactant vapors results in the continuous axial growth of a 1D
structure. In contrast, the anisotropic growth during the VS
growth process might be controlled by some kinetic and
intrinsic crystallographic properties. Temperature and super-
saturation are therefore the two dominant factors affecting
the morphology of the products during the VS growth process.

As there are no metal-containing caps at the single-
crystalline In,Ge,0O; tubes, it is assumed that a VS growth
process lies behind the present growth. During the synthesis,
In,0; and GeO, can react with the carbon powder to produce
gaseous In,O and GeO. From a thermodynamic point of view,
the equilibrium pressures of gaseous In,O and GeO at 1000°C
are similar to each other and reach over 100 kPa. In,O and
GeO, which are brought by the Ar flow to the lower-
temperature furnace zone (=~ 600°C), can recombine with the
residual oxygen in the furnace to form In,Ge,O,—a stable
ternary oxide of indium and germanium at ambient pres-
sure.’) Figure 5 displays a schematic illustration of a mono-
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Figure 5. Network structure in of a hollow In,Ge,O; microtube.

crystalline In,Ge,O, tube. In the In,Ge,0O; crystals, each In
atom is coordinated to six O atoms to form an {InOg}
octahedron. These {InOg4} octahedra lie in a nearly hexagonal
arrangement in the (001) plane and share edges to form a
distorted honeycomb ensemble with the composition
{[In,04]°"},.. Each Ge atom is coordinated to four O atoms
to form a tetrahedron. Two {GeQ,} tetrahedra share one
corner to form a [Ge,0;]°*~ group. The monoclinic In,Ge,O,
lattice can therefore be described as a stacking of alternating
parallel sheets of InO, octahedra and isolated [Ge,O;]*"
groups (see Supporting Information). As demonstrated in
the right-hand bottom panel of Figure 5, a honeycomb sheet

f {InOg¢} octahedra can be viewed as a building block
composed of edge-sharing, one-dimensional {In,O,,,,} chains
along the [100] axis. This anisotropic crystallographic feature
may lead to the one-dimensional growth along the [100] axis.
Analogous preferential growth patterns have also been
frequently documented in some elemental or binary com-
pounds composed of chain-like building blocks.!'"l The
formation of a specific tubular form may be attributed to
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several kinetic factors. When the evaporation temperature
increases, the pores of tubular In,Ge,O; become larger.
During the VS growth process, the interplay between the
rates of deposition and surface diffusion becomes important.
Generally, raising the temperature increases the growth rate
exponentially according to the Arrhenius relation (k=Ae <
RT). At a higher growth temperature, the edge-growth rate
prevails over the diffusion rate, giving rise to the growth of
tubular In,Ge,0,. An analogous growth mechanism has also
been proposed for Sb,S;, AIN, GaN, InP, and MgO nano-
tubes.''8 It is notable that this growth scenario is quite
different from that of layered compounds (such as C, BN, and
MoS,), which form nanotubes by molecular layer rolling.!?

Finally, the optical properties of In,Ge,O, tubes were
analyzed by means of high-spatial-resolution cathodolumi-
nescence (CL) spectroscopy and imaging. To visualize the
spatial distribution of the luminescence from a single
In,Ge,0O; tube, a CL image was recorded at room temper-
ature and at a wavelength of 560 nm. Figure 6a shows the
SEM image of an individual In,Ge,O; tube. Its corresponding
CL image is depicted in Figure 6b. These images suggest that
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Figure 6. a) Thermal field emission SEM image of a hollow In,Ge,0O,
microtube; b) monochromatic CL image recorded at room temper-
ature; c) CL spectrum of a hollow In,Ge,O; microtube.

the In,Ge,0O; tube is optically uniform except for a small,
bright dot within the pore region. The CL spectra collected
from the various points over the In,Ge,0; tube show similar
emissions (see Supporting Information). The CL spectrum
(Figure 6¢) recorded over the entire In,Ge,O; tube at room
temperature shows a broad emission centered at around
560 nm. This luminescence may originate from the honey-
comb sheets of {InOg} octahedra since the germanate groups
most likely do not behave as luminescent centers in In,Ge,0O,
as was confirmed during a study on Sc,Ge,O; crystals with a
very similar structure.”

In summary, monocrystalline, sub-micrometer In,Ge,O,
tubes have been generated by carbon-assisted thermal co-
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evaporation of In,O; and GeO,. Within an In,Ge,0O; tube, the
InOg octahedra laminae are parallel to the [100] preferential
growth axis. The tube generation has been discussed from
both thermodynamic and kinetic points of view. It is notable
that the diameter of these In,Ge,O, tubes is similar to the
wavelength and mean free path of photons."** Therefore,
these novel tubular structures may find interesting potential
applications as waveguides or microlasers.

Experimental Section

The indium germanate tubes were synthesized by a vapor transport
and condensation process. A quartz crucible containing a ground
mixture of In,O; (1.11 g), GeO, (0.84 g), and activated carbon (0.20 g)
powders was placed in the center of a quartz tube within a tube
furnace. The furnace was heated to 1000°C at a rate of 20 Kmin™,
kept at this temperature for 2 h, and then allowed to cool to room
temperature. The whole process was carried out under a constant flow
of pure Ar at a rate of 200 stdem’min~'. A white product was
collected from the inner wall of the quartz tube. The overall yield was
around 10% based on the amount of In,O;. The product was
characterized by powder XRD (RINT 2200) with Cug, radiation (1 =
1.5418 A), scanning electron microscopy (SEM, JSM-6700F), and by
means of a high-resolution transmission electron microscope
(HRTEM; JEM-3000F) equipped with an energy-dispersive X-ray
spectrometer (EDS). Cathodoluminescence (CL) spectra were col-
lected at room temperature with a high-spatial-resolution CL system
attached to a thermal field-emission scanning electron microscope
(TFE-SEM, Hitachi S4200) performing at 5kV and 1.2 nA.
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