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Well-Aligned ªNano-Box-Beamsº
of SnO2**
By Ying Liu, Jian Dong, and Meilin Liu*
Because of its unique physical, optical, electrical, and catalytic properties, semiconducting SnO2 has been used for a
wide range of applications including optoelectronics,[1] gas
sensing,[2] energy storage (e.g., lithium batteries),[3] and energy conversion (e.g., solar cells).[4] The promise that nanostructures may dramatically improve the desired properties of materials for many applications has stimulated great enthusiasm
in synthesizing novel nanostructures of all shapes.[5] Quasione-dimensional SnO2 nanostructures such as nanowires,
nanoribbons, and nanobelts have been successfully synthesized by thermal evaporation of SnO or SnO2 powders in a
vacuum or an inert gas environment,[6±9] or by other low-temperature methods.[10,11] In general, the nanostructures prepared by direct thermal evaporation methods have good crystallinity and a high aspect ratio. However, one-dimensional
(1D) structures synthesized by existing methods are usually
mixtures of several distinctly different morphologies and are
randomly oriented due to prolonged exposure to high temperatures and isothermal growing environments. Alignment of
these 1D nanostructures in a particular direction is vital to
both fundamental investigation and practical applications.
Usually, 1D structures tend to have circular cross-sections to
minimize surface energy,[12±15] e.g., nanorods, nanowires, nanoribbons, and nanotubes. Nanobelts with rectangular cross-sections have also been synthesized for several semiconducting
oxides.[6,7,9] To date however, nanotubes with square or rectangular cross-sections, similar to the shape of a box-beam, have
not yet been reported.
Stimulated by the synthesis of nanotubes with remarkable
mechanical, electrical, and optical properties,[16,17] we have
successfully synthesized, for the first time, well-aligned arrays
of nano- and microtubes of SnO2 with square or rectangular
cross-sections (box-beams), on quartz substrates via a simple
vapor deposition process in an open atmosphere.[18±20]
Shown in Figure 1 are some typical microscopic features of
the as-grown SnO2 box-beams, synthesized at 1150 C for
30 min (where the synthesis temperature refers to the temperature of the substrate surface). At low magnifications, the de-
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Figure 1. Typical microscopic features of SnO2 box-beams synthesized at
1150 C for 30 min. a) Top view of a box-beam array. b) Cross-sectional
view of a box-beam array on a quartz substrate. c) SnO2 box-beams with
an end cap of multiple facets. d) A SnO2 box-beam with a partially broken end plane. e,f) Broken SnO2 box-beams showing the hollow structure and wall thickness.

posited SnO2 box-beams seem to be of similar size (as seen
from the top view of the box-beam array shown in Fig. 1a),
and are oriented vertically with respect to the quartz substrate
surface (as seen in the cross-sectional view of the box-beam
array shown in Fig. 1b). Each box-beam is estimated to be
0.5±2.0 lm wide and up to 7 lm long. While most of the boxbeams appear to be of similar size and well aligned, some
small box-beams with slightly different orientations are also
observed. This is because the temperature decreased rapidly
toward the surface of the substrate, which was cold on the
other side. The degree of supersaturation of SnO2vapor increased rapidly with the decrease in temperature near the
substrate surface. Further, energy-dispersive X-ray spectroscopy (EDS) analysis of the box-beam arrays indicated that
the atomic ratio of tin/oxygen is approximately 1:2, implying
the stoichiometry of SnO2. Judging only from the appearance,
as seen in Figure 1c, at a higher magnification, one would conclude that the SnO2 deposits appear to be solid rods. How-
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ever, closer examination revealed that they are actually hollow with sealed ends. Figure 1d shows an individual SnO2
box-beam with a partially broken end cap. Another two broken box-beams, as seen in Figures 1e,f, clearly show that they
are hollow and have well-defined (both outer and inner)
square or rectangular cross-sections. The wall thickness of the
box-beam shown in Figure 1f is about 50 nm.
Shown in Figure 2a is a top view (a scanning electron microscopy (SEM) micrograph) of SnO2 box-beams synthesized
at 950 C for 30 min. While the sizes of these box-beams are
much smaller than those shown in Figure 1, their essential mi-

Figure 2. SnO2 box-beams synthesized at 950 C for 30 min. a) Top view
of box-beam arrays. b) A TEM image of a single SnO2 box-beam. c) A
HRTEM image and the corresponding SAED pattern near the internal
surface of a SnO2 box-beam. d) A schematic showing the growth orientation of the box-beams.

croscopic features remain similar, although their orientation
does not appear to be as vertical as with their micro-sized
counterparts, probably due to larger flexibility of the smaller
size SnO2 tubes. Shown in Figure 2b is a transmission electron
microscopy (TEM) bright-field image of a single SnO2 boxbeam, taken oriented with one of its side surfaces perpendicular to the electron beam. The contrast between the thin dark
perimeter and the light large area in the center implies that it
has a hollow structure. The cross-sectional width of these
nanotubes varies from 50±150 nm and the thickness of the
wall is about 3.5±5 nm. The contrast in the TEM image also
shows the sealed cap of the SnO2 nanotube. Shown in Figure 2c is a HRTEM image taken near the edge of the same
SnO2 nanotube, together with an insert of the corresponding
selected-area electron diffraction (SAED) pattern, indicating
that each SnO2 tube is a single crystal with rutile structure
354
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(a = 3.26  and c = 3.16 ). The crystal structure was also
confirmed by X-ray diffraction analysis (JCPDS Card
No. 41±1445). The four peripheral surfaces were determined
to be {110} planes and the tubular crystals grew along the
[001] direction, as schematically shown in Figure 2d. The
same crystallographic growth direction for SnO2 nanorods
was also observed by Zhang et al.,[11] although other growth
directions have also been reported, including [112Å],[11] [110],
[203],[21] [301],[8] and [101].[6,7,9] While there are no planar defects (such as dislocations and twins) observed within asgrown SnO2 nanotubes and box-beams, the surfaces of the
tubes are abrupt on the atomic scale; planar steps or atomic
terraces are clearly observable, as seen in Figure 2c.
It is clear from the comparison of the box-beams shown in
Figure 1 with those in Figure 2 that the sizes (or the cross-sectional width) of the SnO2 box-beams were reduced from microscale to nanoscale when the synthesis temperature was reduced from 1150 to 950 C (achieved by pulling the substrate
away from the center of the flame). The wall thickness and
the length of the box-beams were also reduced with the decrease in synthesis temperature. Thus the sizes of the boxbeams are tunable by adjusting synthesis conditions, which is
important not only to scientific investigation of nanostructures, but also to fabrication of functional devices. Further,
even smaller SnO2 tubes or box-beams with higher aspect
ratios could be synthesized by carefully adjusting synthesis
conditions.
The growth mechanism of 1D SnO2 nanostructures synthesized by thermal evaporation methods is well described by a
vapor±liquid±solid (VLS) model.[6,8,22,23] It is believed that the
tiny liquid metallic tin droplets formed inside the reaction
chamber due to high temperature and low oxygen partial
pressure serve as both catalyst and active sites for SnO2 vapor
adsorption and subsequent SnO2 deposition. The VLS mechanism is supported by the observation of a spherical particle of
tin at the tip of each nanostructure. In our case, it is found that
each SnO2 box-beam is closed with an end cap, which is either
a single flat plane, as seen in Figure 1d, or consists of multiple
facets, as seen in Figure 1c. Thus, one possible growth mechanism would be that each nanotube starts with an end cap, followed by insertion of SnO2 at the interface between SnO2 and
the substrate through direct condensation of SnO2 vapor, lifting up the tube to grow longer. This is one of the mechanisms
identified for the growth of carbon nanotubes. [24] More careful observation of each individual tube indicates that the top
part has slightly larger dimensions than at of the base, which
supports this ªlifting upº growth mechanism since the top part
continues to grow laterally as it is lifted up during growth.
While the detailed growth mechanism of this new nanostructure is yet to be determined, the most probable growth process can be described as follows. First, SnO2 vapor phase is
formed within the high-temperature flame through the following reaction:
2 Sn[OOCCH(C2H5)C4H9]2 + 45 O2 ®
2 SnO2 + 32 CO2 + 30 H2O
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Figure 3. Several other growth patterns of SnO2 tubes/box-beams
synthesized at 1150 C for 1 h. a) Small SnO2 box-beams grown on the
surface of a large box-beam. b) A small SnO2 tube grown within a large
tube. c) Multiple tubes grown on the outside surface of a box-beam.

gas flow and temperature turbulence, some SnO2 box-beams
were broken during synthesis, leaving open ends. New and
smaller box-beams can nucleate and grow within the broken
ones, utilizing the two existing inner walls of the larger ones
to lower the nucleation energy, as seen in Figure 3b. Also, nucleation of new SnO2 box-beams can occur on the outside surAdv. Mater. 2004, 16, No. 4, February 17

face of existing box-beams, as shown in Figure 3c. In this case,
only one side surface of the existing box-beam is used for nucleation and growth. Multiple layer tubes can be synthesized
by this mechanism.
Successful growth of SnO2 box-beams is important both for
fundamental understanding of new nanostructures and for
creation of novel functional devices. One of the attractive features of these box-beams is that their sizes (or cross-sectional
widths) are tunable from nano- to microscale by adjusting the
synthesis conditions. Also, the SnO2 box-beams are aligned
vertically to the substrate surface, which could be critical to
fabrication of functional devices. Furthermore, the fabrication
process is simple and cost effective; synthesis is carried out in
open air without any chamber or controlled atmosphere.
While the detailed growth mechanism of SnO2 box-beams
is yet to be confirmed, this new nanostructure with tunable
size may have significant scientific and technological implications: they could be the building blocks of, or a template for,
many functional devices, especially those relevant to energy
storage and conversion such as nanobatteries, nanoscale fuel
cells, and nanosensors. In fact, nano-box-beams of SnO2 could
be used as a sensing element for gas sensors, an electrode for
lithium batteries, and an n-type semiconductor for harvesting
solar energy. They can also be used as a template for construction of other nanodevices such as three-dimensional batteries
and fuel cells. The advantages offered by this unique nanostructure include considerably accelerated transport of gas/
liquid in and out of the box-beams; significantly increased
active surface area and increased flexibility in surface modification for chemically or biologically selective catalysis, enhanced transport of ionic and electronic defects in the solid
state (perpendicular to the wall thickness) due to shorter diffusion lengths, a greatly increased population of defects at surfaces/interfaces for fast electrode kinetics, and quantum interactions at the nanoscale, which are yet to be fully exploited.
When used for gas sensing, for example, SnO2 nano-boxbeams could display extremely fast response because the internal channel will facilitate fast transport of gas in and out of
the box-beams, the large surface area will enhance the gas±
SnO2 interactions, and the small wall thickness (3.5±5 nm)
will tend to diminish the time needed for SnO2 to reach a new
equilibrium when the sample gas is changed, in addition to
the quantum confinement effect that has yet to be evaluated.
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The generated SnO2 vapor is carried along the flame, followed by nucleation and growth under suitable conditions including degree of supersaturation, availability of nucleation
sites, crystallographic orientation, and the rate of SnO2 vapor
transport. Nucleation through condensation occurs as the hot
flame carrying SnO2 vapor contacts the quartz substrate,
which is relatively cold. The fast flow of SnO2 vapor with the
flame towards the substrate and the degree of supersaturation
(because the substrate is colder) are believed to be essential
to the formation of these unique nanostructures. Also, it appears that nucleation and growth of well-aligned box-beams
did not occur until a layer of SnO2 with sufficient thickness
was accumulated on the substrate (see Fig. 1b), providing
more energetically favorable planes for 1D growth in different directions. The more closely packed {110} crystallographic
planes are preferred as the peripheral surfaces of the boxbeams due to their slow growth rate and relatively low surface
energy, while faster growth is encouraged in the <001> directions since {001} planes are more loosely packed.
SnO2 tubes/box-beams can also nucleate and grow on existing tubes/box-beams, as shown in Figure 3a. Proof of preferential growth on existing SnO2 structures can also be observed
on SnO2 tubes with open ends. For reasons such as vigorous

Experimental
The vapor deposition process utilized is also called combustion
chemical vapor deposition, which is capable of fabricating particles,
dense films, and porous films with a variety of morphologies and microstructures [18,19]. The precursor solution was prepared by dissolving tin(II)-2-ethylhexanoate (Aldrich) in absolute ethanol. The resulting solution was then pumped into a specially designed nanomizer,
where the precursor solution was mixed with high-purity oxygen, producing a microscale mist in a flame. Metal oxides formed during combustion were then deposited on the substrates residing inside or near
the flame. Quartz substrates of dimensions 5 mm  5 mm were cut
from standard quartz microscope slides (76.2 mm  25.4 mm  1 mm)
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and ultrasonically cleaned in ethanol before use. Depositions were
made at 950 C and 1150 C for 30 min and 60 min.
The as-grown box-beams were characterized using an X-ray diffractometer (XRD, Phillips PW 1800), a scanning electron microscope
(SEM, Hitachi S800 FEG), and a transmission electron microscope
(TEM/HRTEM, JEOL 4000EX) equipped with an energy-dispersive
X-ray spectroscopy (EDS) attachment.
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Dramatic Enhancement
of Photorefractive Properties
by Controlling the Electron Trap
Density in a Monolithic Material**
By Wei You, Zhanjia Hou, and Luping Yu*
To optimize the photorefractive (PR) effectÐa reversible
spatial modulation of the refractive index by a photo-induced
space±charge field in a nonlinear optical materialÐeach process in the PR effect, including charge generation, migration,
trapping, and space±charge field modulation of the refractive
index via the linear electro-optical effect, must be finely
tuned.[1±4] Although intensive studies of the structure±property relationship of nonlinear optical chromophores, different
conductive polymer backbones, and photosensitizers have
been conducted in organic photorefractive materials,[5±9] few
studies have been reported on the effect of trapping density,[10,11] which is crucial in the build-up of the space±charge
field. Here, we demonstrate that addition of a small amount
of an electron trapping molecule, M1, in monolithic molecular
materials made from M0, can control the electron trapping
density and dramatically improve the PR properties.
The structure of the electron-deficient molecule, M1, is
shown in Figure 1, in which the core (M in Fig. 1) is more
electron-deficient than the photorefractive molecule, M0. It is
expected that photogenerated electrons from M0 will be
trapped by the core of M1 due to charge transfer. To ensure
the miscibility of M1 and M0 in the mixture, side groups similar to M0 were introduced into M1. Ultraviolet±visible (UVvis) spectra show the absorption maxima of 594 nm and
534 nm for M0 and M, respectively. The absorption spectrum
of M1 combines the features of both M and M0.
Cyclic voltammetry studies revealed that the highest occupied molecular orbital (HOMO) energy level of molecule M
is around ± 5.827 eV, lower than the HOMO energy level of
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