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Gold nanowires with well-defined crystallographic surfaces could
serve as a model system for studies like plasmonic waveguides1

and tip enhanced Raman spectroscopy.2 While much success has
been achieved in making single crystalline (or multiply twinned)
nanowires of other fcc metals including Ag3,4 and Cu,5 such gold
nanowires have long been a missing piece in the toolbox of
plasmonics nanomaterials. Various methods such as lithography6

and templated synthesis7,8 have been reported for making gold
nanowires. However, such nanowires were usually polycrystalline
in nature and/or have less defined surfaces. To the best of our
knowledge, the synthesis of well-defined Au nanowires has been
limited to those with either very large (>100 nm9) or ultrathin
diameters (<2 nm10,11 and <10 nm12). Here we report a room
temperature acidic solution route to synthesize gold nanowires with
diameters tunable between 16 and 66 nm and lengths up to 10 µm.

Our synthetic method was based on the well-known three-step
seeding synthesis that was originally developed for preparing gold
nanorods.13 First, 3-4 nm seed particles are prepared by rapid
reduction of a gold precursor (i.e., HAuCl4) with a strong reducing
agent (e.g., NaBH4). Then the seed particles are added to a growth
solution containing HAuCl4, ascorbic acid, and hexadecyl-trim-
ethylammonium bromide (CTAB).14 Ascorbic acid rapidly reduces
the gold salt from its Au(III) to Au(I) state, leading to a colorless,
meta-stable solution at room temperature. The addition of seeds
induces in situ autocatalytic reduction of Au(I), thus enlarging the
seed particles. CTAB is used as a structural directing agent for
producing nanorods, likely due to the stabilization of the side surface
from preferential adsorption on the (100) surface.15 The diameters
of such made gold nanorods were typically less than 10 nm with
an aspect ratio smaller than 10.13,14 Later a three-step seeding
approach was reported to yield nanorods with an aspect ratio of up
to 18.5,13 which was further extended to >20.16,17 Thus it appears
that longer nanorods can be obtained if one can further extend the
growth. In an analogy to radical polymerization, if the number of
the initiator sites (seed) is reduced, a longer polymer chain
(nanowires) should be obtained. Therefore, we set out to do
synthesis using significantly less seeds. We also discovered that
nanowire growth was promoted in acidic solution. By combining
the two factors, we were able to greatly increase the aspect ratio
of the products to over 200.

The as-made nanowires can be easily observed under an optical
microscope due to strong scattering (Figure 1a),18 which would be
very difficult for the ultrathin nanowires.10-12 The brighter wires
were found to be bundles of two or more nanowires when observed
under SEM. The ease of optical microscope observation opens up
the possibility of micromanipulating for further studies on individual
nanowires. The lengths of the nanowires reached up to 10 µm,
which was confirmed by SEM (Figure 1b). The diameter of the
nanowires was found to be ∼31.5 nm based on TEM analysis
(Figure 1c). The wires have sharp tips that may make them
potentially useful for tip enhanced Raman spectroscopy.2 Electron
diffraction patterns were acquired from multiple individual nanow-

ires, all of which show interpenetrated two sets of patterns similar
to Figure 1d, which is an overlap of the 〈112〉 and 〈100〉 zone
patterns from an fcc structure.15 Such patterns have been observed
with short Au nanorods, and nanowires of other fcc metals (e.g.,
Ag, Cu), all of which have pentagonal cross-sections and are
multiply twinned along the long axis.4,5 Our Au nanowires have
the same 〈110〉 growth direction along their long axis with the sides
bound with the {100} surface.

The length and the diameter of the nanowires can be tuned by
controlling the seed concentration and pH of the growth solution.
Figure 2 and S2 show the SEM and TEM images of nanowires
produced with various amounts of seed solution and pH values. In
a pH ) 1 growth solution, nanowires with lengths of ∼1-2 µm
(Figure 2a) were obtained. As expected, longer nanowires of 7-10
µm in length were indeed obtained with less seeds (200 µL) (Figure
2b). However, when the seed volume was further reduced (20 µL),
the lengths of the resulting nanowires decreased to ∼5-7 µm
(Figure 2c). Meanwhile, we observed an increase in the amount of
byproductsirregularly shaped particles and flakes. These types of
particles were also obtained in control experiments where the growth
solution itself was allowed to age for several hours (Figure S2a,
S2b). This suggests that there were competing self-nucleated side
reactions along with the seed catalyzed wire-forming reaction.
Therefore, the optimal amount of the seeds for producing long
nanowires should be on the order of a few hundreds of microliters.

Figure 1. Gold nanowires produced by a three-step seeding method in
acidic growth solution. (a) Dark-field optical microscopy, (b) SEM, (c) TEM,
and (d) selective-area electron diffraction (SAED). (d) Interpenetrating 〈112〉
and 〈100〉 zone patterns, distinguished by italics and bold typeface,
respectively. The scale bars represent 10 µm in (a) and (b), and 100 nm in
(c).
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The seed concentration also affected the diameters of the products.
When the seed volume was reduced from 2 mL, 200 to 20 µL, the
diameters increased from ∼16 nm, 32 to 66 nm, respectively (Figure
2, insets).

Figure 2d, b, e, and f show nanowires produced by changing
the volume of HNO3 from 200 µL, 100 µL, 50 µL, to 0 µL (no
addition), respectively, while keeping the amount of seed constant
(200 µL). With 200 µL of HNO3 (pH ) 0.8), the growth solution
quickly gelled and the resulting products were microplatelets and
nanowires of 4-5 µm in length (Figure 2d). The longest nanowires
with best yield were obtained using 100 µL of HNO3 (pH ) 1.1)
in the synthesis (Figure 2b). Shorter nanowires were produced with
less HNO3 (Figure 2e, pH ) 1.4). Without HNO3 (pH ) ∼4), only
thick nanorods (>50 nm) with submicron lengths were obtained.
The average diameter of the wires increased with a decreased
amount of HNO3. From Figure 2d, b, e, to f, the average diameters
increased from 29, 32, 44, to 56 nm, respectively. In summary, the
general trend observed was that less seed led to thicker and longer
wires, whereas lower pH (when >1) gave thinner and longer wires.
By tuning these two parameters, gold nanowires with different
diameters and lengths can be made.

The growth of nanowires was favored in acidic solutions even
without seeds. The growth solution itself only produced irregularly
shaped particles upon aging (Figure S2a). However, with the
addition of nitric acid, a small amount of nanowires started to appear
(Figure S2b). The role of acid was further investigated by replacing
HNO3 with HCl, H2SO4, and NaNO3. Similar results were obtained
with HCl. For the diprotic H2SO4, comparable results were obtained
but only at half of the concentrations needed for the monoprotic
HCl or HNO3. With NaNO3 the products were similar to those
obtained without acid. This suggests that it was indeed the low pH
value, rather than the counterions that promoted the nanowire
growth.

The nanowire synthesis was often accompanied by the formation
of particles and plates that were likely initiated by competing
unseeded homogeneous nucleation. Since seeds can lower the
nucleation energy barrier, the seeded reaction will proceed faster
than the unseeded ones. Therefore, the yield of the nanowires should
be higher when the Au(I) to Au(0) reaction is suppressed. This

was achieved at lower reaction temperatures. Figure 3 shows
samples prepared at 60, 30, and 20 °C. Indeed the amount of
byproduct was significantly reduced at lower temperature. 20 °C
seemed to be the lower temperature limit due to the crystallization
and precipitation of CTAB. This may also explain why nanowire
growth was promoted by adding acid since the reduction rate was
much lowered in acidic solutions.

In conclusion, gold nanowires with diameters 20-50 nm and
aspect ratio over 200 can be produced by using a reduced amount
of seeds in acidic growth solutions. These gold nanowires have a
well-defined surface, thus filling the missing spot in the tool box
of metal plasmonic nanostructures.
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Figure 2. SEM and TEM (insets) images showing the effects of the seed
(a-c) and acid (b, d-f) concentrations on the gold nanowire products. In
(a-c), the volume of added HNO3 was kept constant at 100 µL (pH )
1.15). (a) 2 mL, (b) 200 µL, and (c) 20 µL of seed solutions were added to
22.5 mL of final growth solution, respectively. In (d-f) the volume of seed
solution was kept constant at 200 µL. (d) 200 µL, (e) 50 µL, and (f) 0 µL
of HNO3 were added to the final growth solution, respectively. Scale bars
for SEM images are 5 µm, except in (f) where it represents 1 µm. Black
scale bars in TEM images represent 20 nm.

Figure 3. SEM images of gold nanowires synthesized at different
temperatures: (a) 60, (b) 30, and (c) 20 °C. Scale bars ) 10 µm.
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