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Monodispersive size-controlled gold nanoplates were synthesized with high purity from the reduction
of hydrogen tetrachloroaurate by reduced amount of sodium citrate, which kinetically controls the reaction
pathway, in the presence of poly(vinyl pyrrolidone) (PVP). With the insufficient addition of the reductant,
the molar ratio of sodium citrate and PVP relative to hydrogen tetrachloroaurate played an important
role in determining the geometric shape and size of the product. These nanoplates were single crystals
with planar width of 86-500 nm and thickness of ¥0 nm, exhibiting strong surface plasmon absorption
in the near-infrared (NIR) region of 762000 nm. The gold nanoplates were used as the synthetically
provided nanoblocks to fabricate single-crystalline nanocomponents, such as a nanoscaled gear or a
nanoscaled letter.

1. Introduction attracted a growing interest in materials resetréh and

can be a promising candidate in this approach of post-

electrical properties that depend strongly on both size andsyth.eS'S. shaping of the nanocrystals. Since they can also
exhibit size-dependent surface plasmon absorption in the

shapé 2 and are of interest as nanoscaled building blocks, ible—near-infrared (vis-NIR) region. the svnthesis of size
templates, and components in chemical/biological sensors’ > ! (vis- )r gion, the sy SIS Of Stze-
controlled gold nanoplates with good purity and yield is of

and electronic/optical devicés? In the last several years, . . . 2 .

many groups have concentrated on shape-controlled metap"_aat importance in a wide range of applications in nano-

nanostructures, such as prisms, rods, wires, cubes, belts, angc'ence gnd technology. Herein, we rgport on the 'syntheS|s
even branched multipods, and have often achieved a highmc the slze- an(_d shgpe-controlled_ smgle-crystalllne gpld

yield 3711 Besides, it has long been a pursuit in the develop- nanoplates in high yield and purity with a narrow size

ment of nanotech research to apply the synthetically provideddIStrIbUtlon by chemical reduction of hyd.rogen' tetrachlor'o—
“hottom-up” nanoblocks to the “top-down” device and aurate by a reduced amount of sodium citrate, which

systemi213Nanoparticles, wires, and tubes were adopted in kinetically adjusts the reaction pathway to a stepwise self-

the demonstration of various functional devices, bringing the S€€ding growth of the nanoplates. Also, we demonstrate
advent of nanoscience and technol6§y* while the ap-  Machining of the nanoplates to form nanocomponents of
plication of the nanocrystals to micro/nanoelectromechanical 2Pitrary shape, such as a nanogear and a nanoletter.
systems is strongly restricted so far. Planar thin nanopatrticles,

or nanoplates, which were originally observed as a residual 2. Experimental Section

byproduct in the synthesis of spherical nanoparticles, have

Inorganic nanoparticles exhibit a wide range of optical and

Gold nanoplates were synthesized as follows. An aqueous
solution of 250 mL of 1 mM HAuCJ was heated for 30 min with
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Figure 1. (a) Low- and (b) high-magnification SEM images of gold
nanoplates. The “width” is defined as the vertical internal bisector line and i
the opposite straight line between two edges in the case of triangles and }
hexagons, respectively (dotted lines). (c) FE-SEM images of edges of
individual hexagonal and triangular gold nanoplates. The edge of the
nanoplates is not vertical but slightly tilted. (d) TEM image of an individual
triangular Au nanoplate. The inset shows a diffraction pattern recorded by
aligning the electron beam perpendicular to the triangular face of the
nanoplate. In the [111] zone axis, the diffracted spots are indexgzP@
(boxed spot) and 1{8122 (triangled spot) Bragg reflections, corresponding
to lattice spacing 1.44 and 2.50 A, respectively. (€) XRD pattern of the
same batch of sample, confirming the crystal structure of fcc gold. The [ ]
molar ratios of the reducing agent and the repeating units of PVP to HAuCI
were 0.5 and 5, respectively.
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Figure 2. (a—d) FE-SEM images of gold nanoplates with average width

. e e . - . and thickness of 45@ 29 and 39+ 4 nm (a), 310+ 25 and 28+ 3 nm
Low- and high-magnification field emissierscanning (b), 158+ 13 and 18+ 3 nm (c), and 96+ 12 and 14+ 2 nm (d). Molar

electron microscopy (FE-SEM) images of the gold nanoplates ratio of the repeating unit of PVP (MW 55 000,n ~ 500) to HAuUCk
with an average width and thickness of 310 and 28 nm, 225 T €, 00 B0 (0 B0 0 ek in paneihs Specta 24
respectively, are shown in parts a and b of Figure 1, €SPEC-\yere obtained fF;om thg corresponding sapmp}ed.gl'he soluticf)ns of larger
tively. The width and thickness of the nanoplates were gold nanoplates were suspended yOor the absorption measurement to
measured in FE-SEM and transmission electron microscopyaveid the absorption due to,B. (f) Aspect ratio (width/thickness) as a
(TEM) images. These plates are comparatively monodisper-fLInCtlon of the molar ratio of PVP to Au.

sive, either triangular or hexagonal, and comprised only of .

pure gold (Figure 1 and Supporting Information Figures S1 the nanoplates increase from 96 and 14 to 450 and 39 nm,
and S2). The edge of the plate is slightly tilted, reflecting €SPectively (Figure 2da). Color change of the reaction
the stability of specific facets of the nanocrystal (Figure 1c), Mixture, attributable to the formation of nanoplates, occurred
and the surface of the plate is very flat (Supporting OVer2 long period of time with increasing PVP concentration,
Information Figure S3). A TEM image of an individual gold M€aning a slowdown of the nucleation and growth of the
nanoplate and convergent beam electron diffraction (CBED) Plates™® It seems that the size of the nanoplate was
pattern are shown in Figure 1d, supporting the single determined by the relative amount of the nutl¢hat were

crystallinity of the nanoplate (Supporting Information Figure initially formed by .th_e reduc_tion by sodium citrate, with
S4). The hexagonal nature of the diffraction spots clearly "¢SPeCt0 the remaining gold ions that were not fully reduced
indicates that the thin nanoplates are highly [111] oriented © AU” the fewer the initial nuclei, the larger the resulting
with the flat top normal to the electron beam. An additional nNanoplates. The size of the nanoplates is also found to be
set in the ED pattern, corresponding to{#22 with a 2.5 dependent upon the molar ratio of sodium citrate to HAuCI

A spacing, is also observed. The XRD pattern recorded from AS the molar ratio of sodium citrate to HAuGWas changed
the same sample batch is also displayed in Figure le. It isfrom 0.7 to 0.3 while t_he molar ratio o_f the repeating unit of
worth noting that the intensity ratios of the (200) and (220) PVP to HAUCk was fixed at 5, the size of the nanoplates

peaks to the (111) peak were much lower than the bulk value V&S increased (Supporting Information Figure S5). In this
(0.1 and 0.17 versus 0.52 and 0.32), indicating that thesetase also, the color change occurred slowly in the larger plate
nanoplates were dominated by11} fa(;ets. case. As inferred from the reaction rate (color change), the

The size of the gold nanoplates was controlled by changing gl\J/rrFlberr ?jf nLchIeli:]n Soil,[L: t|?n derc]:rez:l]?restiwrl]th Ifi'th?r w;crea;]smwg
the concentration of PVP, while the molar ratio of the or decreasing citrate concentration. Figure <€ shows

reducing agent to HAuGlwas kept at 0.5 (Figure 2al). : — :
When the molar ratio of the repeating unit of PVP to HAuCI ggg E?;Jfr:'zgfs,q"’fm\?vsén'érLgf'\ée_‘.rz,\?gt‘ah %éngw:;??ﬂoaztelrgo%%giz
is increased from 0.1 to 8, the width and the thickness of 306.

3. Results and Discussion
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s after (b), ad 1 h after (c) addition of a reducing agent. Coin-like (b) and irregularly shaped (c) Au nanoplates are indicated by arrows. The molar ratio
of sodium citrate to HAuGlwas 0.5. (d, e) TEM image and ED pattern of (d) a coin-like and (e) an irregularly shaped gold nanoplate. In the [111] zone
axis, the diffracted spots are indexed{22G (boxed spot) and 1{3122 (triangled spot) Bragg reflections, corresponding to lattice spacing 1.44 and 2.5

A, respectively.

the UV—vis—NIR absorption spectra of the samples de-
scribed in Figure 2ad. For each sample, the distinct
absorption peak in the longer wavelength region is attributed
to in-plane dipole plasmon resonance of gold nanoplates. The
out-of-plane dipole resonane€530 nm is sufficiently weak
that it is barely discernible. Other peaks in the spectra are
considered to be the contribution of multipole resonances
(for example, a broad band at 732 of spectrum 2 or at 930 00T 200 nm
nm of spectrum 1, which could be assigned to be the in- Figure 4. (a) Nanoletter, and (b) nanogear fabricated out of gold nanoplates.
plane quadrupole modes of gold nanoplaté#)s shown in
Figure 2e, a size-sensitive in-plane dipole plasmon absorptionmolar ratio of sodium citrate to HAuglwas 0.5. The
band of the nanoplates shifted from red to NIR region with circumference of nanoplates, however, was very irregular
increasing width of the nanoplates (4 to 1 in Figure 2e). in this case compared to the triangular or hexagonal
Since the aspect ratio (width to thickness) of the nanoplatesnanoplates prepared with the PVP. In the earlier stage of
increases with increasing plate size (Figure 2f), we can the reaction (Figure 3a), round-shaped or stingray-like plates
assume that the remaining gold ions undergo autocatalyticappeared. After completion of the reaction (parts b and c of
reduction on the preferred surfaces of the initial nuélei, Figure 3), coin-like or irregularly shaped rounded nanoplates
since the reduction potential of gold ion on the gold surface were formed. Parts d and e of Figure 3 show the TEM image
becomes positive compared to the case of atom,[AAU' and CBED pattern, respectively. The electron diffraction
(+1.68 V) and AuwnfAu' (—1.5 V)].2* Then the formation ~ pattern was obtained by directing the electron beam perpen-
of the nanoplates can be a result of kinetically preferred dicular to the planar face of the nanoplate. The hexagonal
growth in the lateral direction of the small gold nuclei. When nature of the diffraction spots clearly indicates that the planar
the molar ratio of sodium citrate to HAugCis higher than surfaces of the nanoplates, regardless of the synthetic
1, the product was dominated by nanopatrticles with irregular condition, arg 111} -faceted. From the comparison between
or spherical shape. We believe that a small amount of sodiumFigures 1, 2, and 3, we can conclude that PVP leads the
citrate, as in the case of our experiments, produces a smalfformation of triangular or hexagonal plates with relatively
number of nuclei in the solution and leaves a sufficient monodisperse size distribution, as well as that the insufficient
amount of gold ions that can take part in the further growth addition of reductant is the key parameter driving the
of the nuclei by heterogeneous reaction on the preferredformation of the gold nanoplates.
surface, leading to the lateral growth of the nuclei, that is, These gold nanoplates can be used as single-crystalline
the growth of the nanoplates. No detectable gold ions are substrates for the fabrication of arbitrary-shaped nanocom-
remaining in the solution at the end of the reaction, indicating ponents by postmachining. Figure 4 shows examples of the
the complete incorporation of gold ions onto the nanoplates. nanocomponents. A nanoletter and a nanogear were fabri-
Figure 3 shows that gold nanoplates can also be formedcated by focused ion beam (FIB) machining of the gold
without the addition of PVP if only the reductant is not nanoplates prepared by the above-described chemical syn-
sufficiently added into the reaction mixture. In this case, the thesis. The single-crystalline nanogear may be transferred
to another place for further fabrication of nano-assembly.

(20) (F:’ﬁtrosklia.lg-gl\él.:l c\;\éagg,lg. L.; Green, T. C.; El-Sayed, M.JAPhys. The nanoletter could be regarded as the smallest printing
em. . . . .
(21) Jana, N. R.; Gearheart, L.; Murphy, C.Ghem. Mater2001 13 type. To our knowledge, this is the first example of

2313. machining a synthetically provided nanoblock to nanoscaled
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components, which might be useful in the realization of which can be an example of the convergence of “top-down”
nanoelectromechanical systems and in the fundamentaland “bottom-up” approaches in the nanotechnology develop-
studies of metal nanostructures. We are sure that much morenent. The{111} -faceted single-crystalline gold nanoplate
complexed nanocomponents, such as nanowheels, nanosawpyrovided by this work can be an excellent platform for
etc., which may pave the way to the realization of nano/ molecular self-assembly, promising NIR absorGémsnd a
micro-machines, can also be fabricated out of the nano-key component in nano/biosensors and cancer hyperther-
plates?? mia2* as well as an excellent substrate for nanomachining.
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