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Abstract: Single-crystalline CrSi, nanostructures with a unique
hexagonal nanoweb morphology have been successfully syn-
thesized for the first time. These nanowebs span 150—200
nm and are composed of <1120> nanowire segments with a
thickness of 10—30 nm. It is proposed that surface charges on
the {1010} sidewalls and the minimization of electrostatic energy
induce the nanoweb formation. Calculations of the electrostatic
energies were used to predict the transitions between different
modes of bending, which agreed well with the experimental
observations.

Synthesis with control of composition, crystalline structure, and
morphology is a ubiquitous goal in nanoscience and nanotechnol -
ogy, enabling potential applications.® Advances in nanowire
synthesis, ab initio materials design, and self-assembly of hierarchi-
cal nanostructures are of vital importance.? Recently, transition-
metal silicides have attracted growing attention in fields such as
electronics, photoelectrochemistry, and energy conversion.® Among
these functiona silicides, CrSi, is a notable narrow-gap semicon-
ductor that is promising for solar cell and thermoelectric (TE)
applications;” it is also regarded as a structural material for the
aerospace industry because of its high melting point and oxidation
resistance.® To date, there have been a few studies on CrSi,
nanowires.® Here we report the first synthesis of single-crystalline
CrSi, nanowebs, which present a fascinating nanoarchitecture and
a unique formation mechanism.

We grew the CrSi, nanostructures on silicon substrates in a
horizontal tube furnace via the vapor transport method [see the
experimental detailsin the Supporting Information (Sl)]. Modulation
of the flow of carrier gas has been shown to effectively induce
morphological and compositional changes in the general vapor-
based synthesis.” It can change the local dynamics environment in
the vicinity of the growth front, affecting the supersaturation and
the simultaneous growth. In our experiments, we found that real-
time adjustment of the gas flow and vapor concentration exerts a
profound influence on the growth morphology of the CrSi,
nanostructures (for further discussion of the role of modulated Ar
flow, see the Sl). As shown in the scanning electron microscopy
(SEM) image in Figure 1a, CrSi, nanostructures with an unprec-
edented hexagonal spider-web-like morphology were observed when
we abruptly ramped up the flow rate of Ar gas during growth. Their
phase was confirmed by X-ray diffraction (Figure S6 in the Sl).
These CrSi; nanowebs usually span 150—200 nm and are composed
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Figure 1. (a) SEM image of CrSi, nanowebs showing either clockwise or
counterclockwise rotations. (b) Top view of the coherent structure. (c) Tilted
view highlighting the nanorod “stem” under the nanoweb. (d) Close-up view
showing the rectangular cross section.

of nanowire segments with a thickness of 10—30 nm (Figure 1b).
Both clockwise and counterclockwise rotations were observed. The
perspective views in Figure 1b,c suggest that these nanowebs are
supported by individual perpendicular “stems’ underneath, and the
growth of these straight nanorod stems presumably precedes the
nanoweb formation. The close-up SEM image in Figure 1d suggests
that the nanowire segments in nanowebs have a rectangular cross
section.

Transmission electron microscopy (TEM) observations revealed
that the nanowebs possess hexagonal symmetry (Figure 2a) and
grow along the <1120> directions (Figure 2b). The sidewalls of
the nanowire segments are {1010} planes. These nanowebs show
high crystallinity, and no structural defects were found in the high-
resolution TEM (HRTEM) images (Figure 2c,d). This structural
integrity was maintained even at the turning corners (Figure $4).
The calculated lattice constant (0.22 nm) and the corresponding
fast Fourier transform (FFT) pattern agree well with the C40
structure of CrSi, (JCPDS card no. 35-0781), which was further
confirmed by the energy-dispersive X-ray spectroscopy (EDS) data
shown in Figure 2e—g.

The nanoweb morphology reflects the symmetry of the crystal
structure of CrSi,, which has a polar space group of P6,22 (No.
180) without a center of symmetry and is known to cause the
anisotropic TE properties in bulk single crystals.® An important
attribute of this particular crystal structure is that it presumably
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Figure 2. (a b) Typical TEM images of CrSi, nanowebs with the growth
directions along <1120> and sidewalls of {1010} planes. (c, d) HRTEM
images taken along the ¢ zone axis on the turning corner and the nanowire
segment. The inset in (d) is the corresponding FFT pattern. (e—g) EDS
element maps of a CrSi, nanoweb. The scale bars represent 100 nm.
gives charged {1010} crystalline planes (Figure 3a and Figure S8;
also see the additional discussion in the S1),° that is, the corre-
sponding sidewalls in each nanowire segment are oppositely charged
(see the Figure 3e inset). The associated electrostatic interaction
and the energy minimization are closely linked with the nanoweb
formation, as in the formation mechanism proposed for ZnO
nanohelixes, nanosprings, and nanorings.*® Zhou et al.** also found
that the crystal structure and surface atomic arrangement play key
roles in forming silicide nanostructures. Figure 3b simulates the
intensity contours of the electric field induced by the charged
sidewall planes near an isolated nanoweb corner, and the electro-
static interactions generated by these charged sidewalls presumably
modulate the growth directions during formation of the nanoweb.
Figure 3e depicts the possible situations of bending with different
angles between the adjacent segments. These four possibilities
preserve the preferred {1010} crystalline surfaces. In addition to
the most frequent 120° bending between segments (bending | in
Figure 3e), which gives the regular hexagonal nanowebs, we also
observed 60° bending (bending 1), which switches the nanoweb
rotation from counterclockwise to clockwise (Figure 3c) or vice
versa (Figure 3d). For the other possible types of bending shown
in Figure 3e, bending 1V, which could give zigzag nanowires, was
seldom observed,*? and bending |11 corresponding to straight growth
was also rare.

These observations are consistent with the scenario that the
electrostatic interaction dictates the growth. Figure 3f shows a
comparison of the electrostatic energies (Egecro) fOr bendings |, 11,
and |11 (for calculation details, see the SI), which reveals the critical
role of the distance d between the parallel segments. If d is less
than a critical value, which was estimated to be 16—25 nm in our
case, bending | has the minimum electrostatic energy; otherwise
the energy of bending Il is the lowest. Bending 111 aways has the
highest energy. The experimental results are consistent with
the model, as shown in a couple of examples here: in Figure 3c,
the nanoweb switches from bending | to bending |1 when d changes
from 17 nm (d;) to 29 nm (d,), and Figure 3d shows another case
where d increases from 11 nm (ds) to 17 nm (d,) and then to 19

15876 J. AM. CHEM. SOC. = VOL. 132, NO. 45, 2010

+ Bending 11l

| -+ Bending |
""" - e w1 Bending Il
g 3.00
.s 2.004
I.IT 1 ooﬂ' | 1

Figure 3. (@) Plane view of the crystal structure of C40 CrSi; along the ¢
axis, showing the positively or negatively charged { 1010} planes. The inset
shows the unit cell. (b) Simulated electric field intensity contours around
one nanoweb corner. (c, d) SEM images of nanowebs showing transitions
between bendings | and Il. () Schematic of a nanoweb illustrating all
possible types of bending at its end that preserve the equivalent sidewalls.
The inset depicts the charged sidewalls at a nanoweb corner. (f) Influence
of the distance between parallel segments on the electrostatic energies of
various types of bending.

nm (ds), preceding the expected transition. Furthermore, when such
transitions between different bending angles occurred near the
nanoweb center during the early growth stage, forklike morphol-
ogies were often observed (for more details, see the Sl).

In conclusion, single-crystalline CrSi, nanowebs with high
structural integrity and unique morphology have been synthesized
for the first time. The growth is likely driven by the minimization
of electrostatic energy associated with the charged sidewalls. This
new member of the family of silicide nanostructures may find
analogies in other materials systems and facilitate the construction
of functional nanodevices.
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Supporting Information Available: Experimental details of the
synthesis of CrSi, nanowebs, straight nanowires, and zigzag nanowires;
SEM images; XRD pattern of as-synthesized nanowebs; TEM images
of nanoweb centers; HRTEM image of a nanoweb corner; discussion
of forklike nanowebs; atomic model of CrSi, depicted along the a axis;
and the calculation of the electrostatic energy. This material isavailable
free of charge viathe Internet at http://pubs.acs.org.
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