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ABSTRACT

There are two mass diffusion processes regarding the vapor ~ —liquid —solid (VLS) growth of nanostructures: one is inside the catalyst droplet
toward the liquid —solid interface; the other is along the side surface planes of the growing nanostructures. In this letter, microscale, modulated

mass diffusion scenarios are exhibited through the synthesis of two types of ZnS nanostructures in an Au-catalyzed VLS process: periodically
twinned nanowires  originated from periodical fluctuation between diffusion rate inside the catalytic droplet and the growth rate on the liquid -
solid interface; the formation of  asymmetrically polytypic nanobelts  is related to one certain side surface bounded by high surface-energy
plane, which serves as a preferential diffusion direction of reactant adatoms. The results may have important impact on the understanding of

the physical and chemical process of the VLS mechanism. These longitudinally and latitudinally tunable crystalline structures enrich the

family of one-dimensional nano-building blocks, and may find potential applications in nanotechnology.

One-dimensional (1D) nanostructures, with tunable size, nanowire superlatticé$,and hierarchically branched nano-
morphology, phase, as well as crystallographic orientation wires?!2 In this mechanism, the liquid metallic nanodroplets
exhibiting distinct physical and chemical performance, are act as catalysts to adsorb and dissolve reactant species and
one of the most attractive research fields in today’s researchguide the growth of nanowires with controlled diameters.
in nanotechnology? Designing, controlling, and rational  Four consecutive steps are invol¥eds shown in Figure 1:
growth of 1D nano-architectures with complex structure (1) the adsorption of reactant species on both the catalyst
configurations therefore play a central role in this field.  droplet surface and the side surface of growing nanostruc-
Vapor—solid (VS) and vaporliquid—solid (VLS) growth  tures; (2) the dissolution of the species at the droplet surface;
mechanisms are widely applied to steer and interpret the (3) the diffusion of the species inside the droplets; and (4)
growth of various 1D nanostructures via vapor routes. From precipitation, incorporation, and crystal growth at the ligid
the viewpoint of growth kinetics, the VS mechanism solid interface. Thus, there are also two types of mass
emphasizes that surface diffusion of reactant species andjiffusion processes during the VLS growth: one is inside
preferential incorporation at high-surface-energy sites feedthe catalyst droplet and then to the liguisolid interface;
and maintain the continuous growth of nanostructéréghe the other is from the side surface of the growing nanostruc-
process can embody the intrinsic crystallography of materials tres toward the catalyst droplet for dissolutiéTherefore,
into nanostructures to form well-faceted structuréghe the nature of the catalyst droplets and the side surface planes
VLS mechanism, first found in the early 196Usas achieved ¢ the growing nanostructures can influence the mass
even greater success in recent years for the growth ofyifrysion process. Meanwhile, modulating experimental
semiconductor nanowiré8, nanowire heterostructurés, conditions can also modify the mass diffusion procedure,
and thus desired nanostructures can be achieved.
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Figure 2. SEM images of two types of ZnS nanostructures. a and
b are low- and high-magnification images, respectively. (c) Both
types of the nanostructures are terminated by catalytic particles,
and the nanobelts show tapering features toward the gold particle.
(d) Typical bending contour of a ZnS nanobelt.

Figure 1. Schematic illustration of detailed, continuous VLS
growth steps for 1D nanostructures.

at 200 kV), and energy-dispersive X-ray spectroscopy (EDX,
at high temperature. A group of 1D ZnS nanostructures, suchOXFORD, equipped with TEM). In this letter, we focus on
as nanowire$8 nanobeltd? nanocable$? nanotubed? and the products that are deposited at 160050°C. There are
other morphologie® has been synthesized successfully also other types of ZnS nanostructures at different substrate
through high-temperature vapor routes, but most of thesetemperature zones, which are valuable comparisons for
structures are dominated by HWZ. In this paper, based onunderstanding the controlled synthesis of desired structures.
careful exploration of important experimental parameters, we These structures’ characterizations, as well as detailed
report the synthesis of two types of ZnS nanostructures via €xperimental design and analysis, can be found in the
an Au-catalyzed VLS process: (1) periodically twinned CZB Supporting Information.
nanowires (PTNWSs) and (2) asymmetrical polytypic nano-  Figure 2a and b reveals low- and high-magnification
belts (APNBSs), in which CZB ZnS straight strips parallel to FESEM images of the two kinds of ZnS nanostructures.
the belt axis were embedded in HWZ nanobelts throughout Detailed observations reveal that a small amotH20—30%)
the entire length. The two types of nanostructures exhibit of the products is long ZnS nanowires with uniform
microscale pictures of mass diffusion inside the catalytic diameters around 66100 nm. One of these nanowires can
droplet and on the side surface, respectively. Each of thembe observed in the upper-right part of Figure 2c. The
can be simply distinguished by their quite different mor- nanobelts, at a significant percentage70—80%) of the
phologies although they are obtained under similar conditions yield, have a typical width of £3 um, a thickness of 46
of high substrate temperature and high supersaturation ratio80 nm (Figure 2d), and lengths of hundreds of micrometers.
The synthesis of ZnS nanostructures was performed in aAll of the ZnS nanobelts show tapered morphology toward
horizontal tube furnace under atmospheric presstif&ZnS their ends, where an Au nanoparticle is located at the tip of
powder (1 g, 99.99%) loaded in an alumina boat was placedthe nanobelt (lower-left part in Figure 2c). This is distinctly
in the central heating zone of the alumina tube in the furnace. different from previously reported metal oxide or sulfide
Several slices of single-crystal Si (100) with a thin gold nanobelts with uniform width that were grown without
coating film of~5 nm were placed downstream as deposition catalyst’
substrates. Initially, the alumina tube was purged by high  The products were further characterized by using TEM.
purity Ar for 2 h and then the Ar gas was switched off. Most of the ZnS nanowires~90%) reveal sequentially
Second, the system was heated to 180@&t 25°C/min and bright/dark contrast stripes throughout the entire length of
maintained at this temperature for 5 min. Third, the system the wires (Figure 3a, b). Different from hexagonal nanowires
was heated to 120TC in 1 min and maintained at the peak reported by several groups, a selected area electron diffraction
temperature for another 30 min. During the peak temperature(SAED, Figure 3c) pattern taken from the wire in Figure 3b
heating, high-purity Ar was introduced into the reaction shows a CZB structure from the [110] zone axis, indicating
system as carrier gas at 50 sccm. After the system was cooledhe existence of a twin defect along the [111] growth
naturally, white wool-like or powder-like products grew on direction. This is the second distinct feature of our samples.
the substrates. The morphological and structural features ofA high-resolution TEM image (Figure 3d) further reveals
these products were investigated by field emission scanningperiodically alternating twins along the [111] axis of the
electron microscopy (FESEM, SIRION 200, FEI, at 10 kV), wire: atomic sharp twin boundaries appear ever@Zn—S
transmission electron microscopy (TEM, JEM-2010, JEOL, layers. The zigzag angles are 24@70.5 + 70.5), in
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Figure 3. TEM images of PTNWs. a and b are typical alternating bright/dark stripes along the wires. Gold particles are terminated at their
ends; the inset in a is a close-up view of the bright/dark stripes in a ZnS wire. (c) SAED pattern recorded from the nanowire in b, showing
obvious twinning features labeled by normal and dashed lines. (d) HRTEM image of one nanowire showing periodical twin structures. The
amorphous coating on the wire in d is a surface-oxidized sheath.

accordance with the relative rotational angle of (111) twin and HWZ phases coexist in a single ZnS nanobelt. Generally
crystals in face-centered cubifc) structures. Twin crystals ~ speaking from the structure point of view, a stacking of
along{111} facets infcc structures are observed occasionally ABABAB layers forms a hexagonal structure, whereas a
due to their crystallographic characteristics; however, the stacking of ABCABC constitutes a cubic ph&3a this way,
occurrence of such ordered twin defects in our PTNWs via the two phases can be transformed by simply introducing
VLS growth is considered to be originated from intrinsic so-called “stacking faults”. Although stacking faults some-
successive self-oscillatiors. times occur in ZnS nanostructur€82%®and CZg 111} and

For the ZnS nanobelts, TEM observation reveals a high HWZ{000Z facets are atomically identical, it is rarely seen
width-to-thickness ratio and gradually narrowing toward the that planar defects with a high density within a width of
catalytic nanoparticles at the ends. It is worth noting that hearly 50 nm appear at certain locations, which must be
straight strips parallel to the belt axis are always embeddedrelated to some particular growth mode. In addition, EDX
inside the belt throughout the entire length, as shown in spectroscopy analyses indicate that both of the PTNWs and
Figure 4a and b. The typical widths of the strips are-80 APNBs are composed of Zn and S, whereas Au is present
nm. An SAED pattern (Figure 4c, taken from the belt in only in the catalytic nanoparticles. No other detectable
Figure 4b) indicates that the nanobelt contains both HWZz impurity is found.
and CZB phases. HRTEM images (Figure 4d and e) clearly It is emphasized that the liquid droplet is a unique
reveal that the strip (as interlayer) is the CZB phase, whereascharacteristic of VLS growth. The above-mentioned detailed
the left- and right-hand parts of the strip are HWZ structure. steps related to the droplets are the key to the growth
The detailed orientation relationships are HWZ(0Q@ZB- procedures and the formation of nanostructures. Under
(111) and HWZ[210]||CZB[011]. Moreover, the interfaces  steady-state supply of vapor reactants, either of the last two
of the two phases are atomic smooth (Figure 4d). Such asteps may become rate-determining under different condi-
tapered nanobelt looks like an Au-guided nanowire with tions2425the crystal growth at the liquielsolid interface at
another segment including HWZ and CZB phases, which low temperature, or the diffusion inside the catalyst droplets
grew only on one side of its lateral surface planes of the at high temperature. In our case, the deposition temperature
wire. Our assumption is reasonable because the solubilityis high and the crystal growth rate is directly related to the
of an Au droplet is essentially identical during growth; thus, availability of chemical species in the droplet and its diffusion
the wires and the tapered segments attached are not initiatedate through the droplet; thus, a fast growth of the nanowire
only by the gold particle. Taken together, the nanowire grows leads to the depletion of ZnS species in the liquid droplets,
along the [010] direction and is bounded by orthogonal which then depresses the crystal growth rates and increases
{2110} and +(0001) planes as side surfaces; a belt-like the contact angle between the solution droplet and solid ZnS
segment is attached by {11} facet of CZB strip onto  wire?? due to reduced wettability at the liquidolid interface
only one basal surface of the HWZ phase, but with the (as shown in Figure 5a and Stage 1 in the schematic model
opposite side surface left flat and without growth. As a of Figure 5b). Accordingly, under constant supply of vapor
whole, a well-faceted ZnS APNB is built up, where CZB reactants, the concentration of chemical species in the droplet
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Figure 4. TEM images of ZnS APNBs. a and b are typical polytypic nanobelts at different magnifications. (c) The SAED pattern clearly
indicates the coexistence of HWZ and CZB phases, which are denoted by normal and dashed lines, respectively. d and e are HRTEM
images from the boxed areas in c, revealing that the gold-assisted HWZ ZnS nanowire is attached by CZB part on only one side surface.

can increase slightly in a little while. As a result, the of positive (0001)-Zn and negative (0083 layers along
wettability and growth rate are increased (stage 2). Hence,the polarizedC axis2°2 much similar to the widely studied
the next segment of growth is initiated, again leading to hexagonal ZnO3° in which the (0001)-Zn plane is chemi-
depletion in chemical species in the droplet (stage 3). During cally more active than the (00PD plane and the surface
the entire process, nanowires grow continuously with a energy of the (0001)-Zn plane is the highest among those of
periodically modulated growth rate due to the periodic all of the low-index crystal planes. Thus, for HWZ ZnS
change/modulation of available chemical species in the nanowires growing along the [0@]Ldirection (Figure 5c),
droplet?226 This process is proposed by assuming that the both the droplets and the chemically active (0001)-Zn side
rate at which the atomic species forms a crystalline structuresurface planes simultaneously become two preferential
is faster than the diffusion rate of the chemical species diffusion directions to exhibit the competitive process and
through the catalyst droplet. In the meantime, because ofinitiate the tapered nanobelt growth under a relatively high
the change in wettability of the liquigsolid interface, the  supersaturation ratio. Compared with the growth of the high-
droplet will reshape periodically between nearly spherical temperature stable HWZ wires through the intermediate
and nearly ellipsoidal, followed by successive release of dissolution and precipitation in droplets (this process nor-
surface and interface energy. Therefore, planar twin defectsmally reduces barriers for chemical reaction and reduces the
are formed periodically to release the stored enéfdy. activation energy of nucleatiéf), direct sink and fast
Recently, Helveg et &P did observe the periodical reshaping incorporation of adatoms on the (0001)-Zn side surface
of catalyst particles by in situ imaging the catalyst-induced planes usually favor the high-temperature metastable CZB

growth of carbon whiskers. Givargizéand Snoeck et &P phase, which is kinetically controll€d. The segments
also proposed that the shape change could occur during thegrowing without the assistance of droplets, nevertheless, tend
catalyst-assisted growth of crystal filaments. to form a thermodynamics-favored HWZ phase at such high

Actually, prior to the dissolution at step 2, the reactant deposition temperatures, which is analogous to the case for
adatoms on the side surfaces undergo a “competitive diffu- ordinary ZnS nanobelts through the VS process (Supporting
sion” process between the liquid droplets and other reactive Information Figure S4). Thereby, the CZB dominates merely
sites on the side surface. Generally, owing to the ideal at confined locations of APNBs. However, the occurrence
roughnes® of liquid droplets, most adatoms will be dis- of the CZB phase is also evidence corroborating our
solved into the droplet through side-surface diffusion. viewpoint of surface diffusiof? At this stage, one question
Nanostructures grown via the VLS mechanism are thereforestill remains open: What is the driving force to the original
characterized by wire-like morphologies because their side phase selection for the two types of nanostructures? This
surfaces are bounded by low-energy facets. However, HWZ issue may be related to the different sizes of catalytic droplets
ZnS can be described schematically as alternating stackingand should be elucidated in the future.
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Figure 5. (a) The variation of contact angl@)(with regard to liquid-solid interface wettability. b and ¢ are schematic models for the
formation of ZnS PTNWSs and APNBSs, respectively. Twin boundaries are indicated by dark green slices in b.
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