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Heteronanostructures, which are nanosized single structures
consisting of more than one component, can possess multiple
properties simultaneously.1 Since noble-metal nanostructures exhibit
shape- and size-dependent properties,2 single-component noble-
metal nanostructures with one or more domains of different shapes
or sizes epitaxially extended can be categorized as another type of
heteronanostructure. In this regard, Klajn et al.3 reported the
synthesis of heterodimeric sphere-prism nanostructures via meta-
stable gold supraspheres. In addition, Chen et al.4 reported the
fabrication of Au rod-sheath heteronanostructures that exhibit a
significant electromagnetic enhancement at the junction of the rod
and sheath. Here we report a one-step, high-yield synthesis of one-
dimensional (1D) Ag heteronanostructures in aqueous solution.
Besides the usual fcc phase of Ag, the heteronanostructures also
contain a rare hcp (4H polytypic) phase, which favors the
asymmetrical growth. We have found the variance of crystal
structures in different segments of the heteronanostructures to be
correlated with the formation process of such novel nanostructures.

In a typical synthesis, 10 mL of 25 mM sodium dodecyl sulfate
(SDS) and 5 mM AgNO3 aqueous solution was put in a 50 °C
water bath under magnetic stirring. After 5 min, 5 mL of 5 mM
ascorbic acid (AA) aqueous solution was added rapidly. The
solution was allowed to react for 5 min at 50 °C, after which the
products were collected by centrifugation.

Figure 1a provides a scanning electron microscopy (SEM) image
of the sample, which shows that the products are 1D nanostructures
with two distinct segments. One segment is rod-shaped with a
hexagonal cross section (Figure 1a inset), and the other is needle-
shaped with a gradually decreasing diameter. The ratio (rN/R) of
the needle and rod lengths is between 1 and 1.5. The products can
be called rod-needle heteronanostructures (RNHSs). Figure 1b
(also see Figure S1 in the Supporting Information) shows the X-ray
diffraction (XRD) pattern of the RNHSs. Besides the typical peaks
of fcc Ag, a peak also appears at ∼35.9°, which can be indexed to
4H Ag.5

Figure 1c is a transmission electron microscopy (TEM) image
of a single RNHS, and the electron diffraction (ED) patterns taken
from the needle and rod segments are shown in Figure 1d,e,
respectively. According to the TEM image and ED patterns, the
RNHS contains (111)/[112]-type growth twins,6 and the growth
direction is along the <111> direction. These results were further
confirmed by high-resolution TEM (HRTEM) observations (Figure
1f). In addition, the presence of weak spots between the main spots
in Figure 1d,e indicates that the needle segment has more (111)
stacking faults than the rod segment. This is probably the reason
that the needle segment is not as straight as the rod segment. In
the needle segment, the HRTEM image also shows the existence
of local 4H phases and other stacking faults (Figure 1g). The crystal
structure of RNHSs is very similar to that of Ag nanorices obtained
by Liang and co-workers7 through a polyol process. Continuous

formation of (111) twins, local 4H phases, and other stacking faults
along one direction breaks the crystal symmetry of fcc Ag. This
demonstrates an alternative mechanism for formation of 1D Ag
nanostructures.

To reveal the growth process of the RNHSs, we took products
with a short reaction time of 15 s. As shown in Figure 2a, the
products are needle-shaped without an abrupt change in diameter
along the long axis. In the sample shown in Figure 1a, an RNHS
with a broken rod segment was imaged (Figure 2b), showing that
the rod segment is formed through growth around the needle
segment. According to these observations, we suggest the growth
process of the RNHSs shown in Figure 2c. At the early stage,
growth along the long axis leads to the formation of needles. Next,
growth along the short axis causes the formation of rods around
the thicker parts of the needles. We believe the high occurrence
ratio of local 4H phases and other stacking faults in the thinner
parts of the needles inhibits the growth along the short axis, which
leads to the formation of RNHSs rather than rods. Control
experiments conducted at 40 and 60 °C also support this formation
mechanism (Figure S2).

The rN/R for the RNHSs could be controlled by changing the
concentration of AA or AgNO3. For example, when the concentra-
tion of AA was doubled while the other experimental conditions

Figure 1. (a) SEM image of the rod-needle heteronanostructures (RNHSs)
obtained with 5 mM AA and 5 mM AgNO3. The lower-left inset is an
enlarged SEM image of a single RNHS. The upper-right inset shows that
the rods have hexagonal cross sections. (b) XRD pattern of the RNHSs. (c)
TEM image of a single RNHS. (d, e) ED patterns taken from the needle
and rod segments, respectively. (f, g) HRTEM images taken from the square-
enclosed regions in (c).
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remained the same, Ag nanorods (i.e., rN/R ) 0) accompanied by a
few RNHSs with small rN/R (<0.5) were obtained (Figure 2d). It is
worth pointing out that the 4H peak in the XRD pattern of this
sample was very weak (Figure S3), which is consistent with the
formation mechanism of the RNHSs we suggested above. On the
other hand, RNHSs with large rN/R (between 2.5 and 4) were
obtained when the concentration of AgNO3 was cut in half to 2.5
mM (Figure 2e). The RNHSs were up to several micrometers in
length.

When the concentration of AgNO3 was further decreased to 1.25
mM, irregular hexagonal plates were obtained (Figure 3a). Interest-
ingly, most of the plates had a tip on one of their corners (shown
by arrows in Figure 3a). When the concentration of AgNO3 was
kept at 1.25 mM and the concentration of AA was decreased to
2.5 mM, regular hexagonal plates with belt-shaped tails were
obtained (Figure 3b). These tadpole-like products can be called
plate-belt heteronanostructures (PBHSs). The PBHSs had thick-
nesses of ∼30-70 nm (Figure 3b inset) and lengths of several
micrometers.

Figure 3c shows a TEM image of a single PBHS. The ED pattern
taken from the plate segment of the PBHS is shown in Figure 3d.
As for usual Ag plates, the spots enclosed by the square and circle
could be assigned to the {220} and forbidden 1/3{422} reflections,
respectively. The latter indicates the presence of twin planes in the
{111} plane perpendicular to the electron beam.8 These twin planes
are thought to be responsible for the formation of Ag plates.9 Figure
3e (also see Figure S4) shows the ED pattern taken from the belt
segment of the PBHS. The spots marked with white and black
arrows correspond to crystal planes with spacings of 2.43 and 2.51
Å, respectively. In addition, the angle between the reciprocal vectors
of the two spots is 61°. According to the values of the spacings
and the angle, the two spots can be assigned to (011j1j) and (101j0)
of 4H Ag,10 not fcc Ag. Thus, the zone axis of this electron
diffraction pattern is [1j21j3]. The HRTEM image further confirmed
that the belt segment has a 4H structure (Figure S5). We also took
the ED pattern from the plate-belt junction of the PBHS (Figure
S6), which can be looked as the superposition of the spots shown
in Figure 3d,e. The plate and belt segments indeed have different
crystal structures. Huang et al.11 recently reported the synthesis
(via surfactant-assisted galvanic reductions) of belt-like Ag particles,
which also have a 4H structure. Further studies are needed to reveal
the relationship between the belt-like morphology and the 4H
structure.

In summary, this work demonstrates that we can fabricate 1D
Ag RNHSs and PBHSs, which are formed through two different
mechanisms. For RNHSs, the 4H and fcc phases coexist but have
different densities in different segments, while for PBHSs, the fcc
and 4H crystal structures exist in the plate and belt segments
respectively. Condition-sensitive coexisting phase preferences can
be applied as a new way of controlling the shape and thus the
properties of Ag nanostructures.
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Figure 2. (a) SEM image of the sample with a short reaction time of 15 s.
(b) SEM image of an RNHS with a broken rod segment. (c) Scheme
illustrating the formation process of the RNHSs. (d, e) SEM images of the
samples obtained with (d) 10 mM AA and 5 mM AgNO3 and (e) 5 mM
AA and 2.5 mM AgNO3. All of the scale bars represent 500 nm.

Figure 3. SEM images of the samples obtained with (a) 5 mM AA and
1.25 mM AgNO3 and (b) 2.5 mM AA and 1.25 mM AgNO3. The inset
shows that the thickness of the plates was ∼30-70 nm. (c) TEM image of
a single plate-belt heteronanostructure (PBHS). (d, e) ED patterns taken
from the plate and belt segments, respectively, of a PBHS.
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