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The synthesis of gold nanoplates was carried out in an aqueous solution by thermal reduction of HAUCl, with
trisodium citrate in the presence of cetyltrimethylammonium bromide (CTAB) surfactant in just 5—40 min. The sizes
of the gold nanoplates can be varied from as small as tens of nanometers in width, to several hundreds of nanometers,
and even a few microns in width by changing the reagent concentrations, solution temperature, and the reaction
time. A [CTAB]/[HAuCI,] ratio of 6 in the reaction solution was found to be favorable for the formation of gold
nanoplates. The nanoplates possess well-defined shapes with sharp edges. The small nanoplates exhibit mainly
a triangular shape, while larger nanoplates show a mixture of triangular, hexagonal, truncated triangular, and other
symmetrical structures. The nanoplates are composed of essentially (111) lattice planes, as revealed by both XRD
and TEM results. Nanoplates with widths from several hundreds of nanometers to a few microns absorb light
strongly in the near-infrared region. The growth mechanism of these nanoplates was investigated. The ability to
synthesize gold nanoplates with these different size ranges in large scale in aqueous solution using simple CTAB
capping surfactant should allow more diverse applications of gold nanoplates.
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Triangular and Hexagonal Gold Nanoplates

synthesis of nanoplates with sharp edges and a relatively The formation of gold nanoplates of different sizes follows
monodisperse patrticle size distribution over a wide size rangebasically the same procedure with changes mainly in the reagent
from tens of nanometers to a few microns has not been concentrations, solution temperature, and reaction time. For the
demonstrated. In fact, unlike the general approach of synthesis of large hexagonal and triangular gold nanoplates a few
surfactant capping used for the preparation of gold nano- Microns in width, 30 mL of an aqueous solution containing 8.33
particles and nanorods, simple methods of using surfactant™ 104 M trisodium citrate was heated with stirring in a three-
molecules such as cetyltrimethylammonium bromide (CTAB) neck flask over a heating mantle. To prevent the loss of water, the
as capping agents for the synthesis of gold nanoplates insolutlon was refluxed by connecting the middle negk of the f!ask

. . to a condenser. When the temperature of the trisodium citrate
pure aqueous solution were not reported until recefilye ' .

. solution reached 50C, 20 mL of an orange aqueous solution

et al. reported the synthesis of gold nanosheets by the

. fah uti f d ol containing 1.25x 103 M HAuUCI, and 7.50x 103 M CTAB,
preparation of a homogeneous solution of HAL&Hd poly- also heated to 50C, was injected into the hot trisodium citrate

(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) gq\ytion. Preheating of the two solutions before mixing reduces
(PEQ:PPQPEQy, Pluronic P123) block copolymer in e reaction time and can give better control of the distribution of
tetrahydrofuran (THF) followed by thermal evaporation of pjate sizes. The resulting solution turned from orange to light yellow
THF at 70°C.°> The nanosheets are very largelQ um in and then to colorless in 5 min. The loss of solution color is attributed
width and 100 nm in thickness), but many of them appear to the reduction of A8 to Aut by trisodium citraté3 The solution
to be fractured. Preparation of gold nanoplates with an temperature gradually increased to ®2after heating for 30 min
anionic phospholipid under photoirradiation was delineated and stayed at this temperature for 10 more minutes to allow the
by Tominaga and co-workers. The nanoplates are severalreaction to proceed to completion. After 40 min, the heat was
hundred nanometers in width and many of them have cavitiesremoved, and the solution had a golden appearance, suggesting the
in the middle of the platesKirkland et al. prepared triangular ~ Presence of large gold structures dispersed in the solution. The large
gold nanoplates from a boiling aqueous solution of HAYCI golden nanoplates slowly precipitated to the bottom of the flask in
citric acid monohydrate, and NaOf The nanoplates are 1 h. The colorless solution was removed to collect the nanoplates.
mostly less than 100 nm in width and some large multiply ~ Synthesis of medium-sized gold nanoplates (hundreds of na-
twinned particles are present (tens of nm in diameter). In NOMeters in width) followed the same procedure used to prepare
contrast to the limited methods available for the preparation Iarge_gold nanoplates except the cc_mcentratnon of trlsodlgm citrate
of gold nanoplates, the growth of silver nanoplates seems to"/@s increased to 1.6% 107 M, which favors the formation of
more successfdl Thus the ability to synthesize gold smallgr napoplates. When the two reagent solutions, with the
nanoplates with well-defined shapes and some degree 01‘I r'soqmm citrate solution r_meated 0 §Q..and the HAUQ‘_.CTAB

. ) . . solution at 50°C, were mixed, the initial orange solution turned
particle size control should be very desirable for their greater

licati d the d ; funi f colorless, then light blue, and finally brown. The brown color
applications and the demonstration of unique teatures. suggests the formation of relatively large gold nanostructures, but

Here, we report the synthesis of gold nanoplates with well- it s still not as metallic in appearance as that for the micron-sized
defined triangular and hexagonal shapes. The plates can beold nanoplates. At this point (usually around 15 min), the solution
prepared to have three different particle size ranges from ahas reached a temperature of 85, and the flask was separated
few microns to several hundred nanometers and then tofrom the heating mantle. After-58 h of cooling, all the top brown
several tens of nanometers in width. They are produced bysolution containing the smaller particles was removed to collect
a simple thermal reduction approach in aqueous solution in the brown precipitate.
the presence of CTAB surfactant. The unique optical To further reduce the size of the nanoplates to tens of nanometers
properties of these plates were characterized, and theirin width, 15 mL of an aqueous solution containing 16203 M
possible growth mechanisms were investigated by varying trisodium citrate was heated to 88. Then 10 mL of an aqueous

the synthetic conditions. solution containing 1.25¢ 10~3 M HAuCl,; and 7.50x 103 M
CTAB heated to 50C was injected into the hot trisodium citrate
Experimental Section solution. A smaller solution volume was used to rapidly increase

the solution temperature. The orange solution turned colorless and
Hydrogen tetrachloroaurate(lll) trihydrate (Aldrich), cetyltri- then light blue in about 5 min with the final solution temperature
methylammonium bromide (Aldrich), and sodium citrate dihydrate reaching 82°C. Then the flask was separated from the heating
(Mallinckrodt, trisodium salt) were used as received. Ultrapure mantle and cooled. To collect the nanoplates, the cooled solution
deionized water (18.3 ® cm™) was used for all solution  was centrifuged at 3000 rpm for 15 min in 5 mL portions (Hermle

preparations. Z323 centrifuge). The supernatant was removed, and the precipitate
was redispersed in deionized water for another round of centrifuga-
(19) Kuo, C. H.; Chiang, T.-F.; Chen, L.-J.; Huang, M.ltAngmuir2004 tion to remove the surfactant.
20, 7820. . . . .
(20) (a) Jin, R.; Cao, Y.; Mirkin, C. A.: Kelly, K. L.; Schatz, G. C.; Zheng, SEM images were obtained using a JEOL JSM-6330F scanning
J. G. Science2001, 294, 1901. (b) Jin, R.; Cao, Y. C.; Hao, E.;  electron microscope. TEM characterization was performed on a
Métraux, G. S.; Schafz, G. C.; Mirkin, C. Nature2003 425 487.  JEQL JEM-1200CXII electron microscope operating at 120 kV
() Sun, Y. Mayers, B.; Xia, YNano Lett2003 3, 675. (d) Callegari, o 7 o | pe op b 9 o it &
A.; Tonti, D.; Chergui, M.Nano Lett.2003 3, 1565. (€) Chen, S.; ~ Optical images o large gold nanoplates were obtained with an
Carroll, D. L.J. Phys. Chem. B004 108 5500. (f) Chen, S.; Carroll, Olympus BX51 optical microscope fitted to a digital camera. PXRD
D. L. Nano Lett-2002 2, 1003. (g) Maillard, M.; Giorgio, S.; Pileni, atterns were acquired using a Rigaku Mptiffractometer with
M.-P.J. Phys. Chem. B003 107, 2466. (h) Pastoriza-Santos, |.; Liz- P - q _ g A E . .
Marzan, L. M. Nano Lett.2002 2, 903. (i) Maraux, G. S.; Mirkin, a Cu Ko radlatlgn atl = 1.5418 A. The UV-vis absorption spectra
C. A. Adv. Mater. 2005 17, 412. were taken using a JASCO V-570 spectrophotometer.
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The nanoplates revealed the golden color and metallic shine
typical of bulk gold. The image also shows a high percent
yield of the gold nanoplates synthesized with relatively few
spherical nanoparticles present. Figure 2 gives the size
distribution histograms for the three sets of nanoplate samples
prepared in this study. A wider plate size distribution can
be expected for the larger plates, since slight differences in
the growth rate over longer reaction times can produce a
wider size range. Recent reports on the synthesis of large
gold plates (with sizes of hundreds of nm to tensuaf)

also appear to show wide size distributions for the large
plates. However, smaller nanoplates exhibit a narrower size
distribution (see Figure 2c).

The crystal structure of these nanoplates was characterized
with powder X-ray diffraction (XRD) patterns. Figure 3 gives
the powder XRD pattern of the large gold plates. The
expected diffraction peaks for the face-centered cubic
structure of gold are present. However, an exceedingly strong
(111) diffraction peak was recorded. In contrast, the (200)
diffraction peak is very weak. The (220) diffraction peak is
also present, but its intensity is also very weak, less than
one-third of that of the (200) peak. Thus the nanoplates are
essentially composed of (111) lattice planes, a result con-
sistent with previous reports on the structural characterization
of gold nanoplate%.”-%-17 The formation of nanoplates with
essentially{ 111} facets may be the result of the lower free
energy of the (111) planes relative to those of the (100) and
(110) planegt

The medium-sized nanoplates were examined using trans-

. mission electron microscopy (TEM). Figure 4a show
giélll\i/lre 1. (a)fSEM igage_ of thfe micron-lsized gokf plate?h Inset 'IshftJ)WS a typical TEM images of these nanoplates. Again a mixture
B o D St ot of riangular, hexagonal, and truncated riangulay nanoplates
showing their golden color. The magnification $200. were observed. The relative distribution of the three shapes
in this size range is more random and can vary somewhat
from sample to sample, since nanoplates of this size range

The large gold nanoplates can be conveniently observedare produced after a relatively short period of rapid nanoplate
using scanning electron microscopy (SEM). Figure 1a shows growth. The percentage of triangular nanoplates is intermedi-
a typical SEM image of the largest nanoplates that have beenate between that of the small-sized nanoplate samples and
synthesized using the described method. The nanoplates havehe micron-sized samples. The yield of the medium-sized
hexagonal, triangular, and truncated triangular (or asymmetricnanoplates is also high after the removal of the top brown
hexagonal) shapes. The combined concentration of hexagonagolution, although some highly faceted nanoparticles were
and truncated triangular nanoplates appears to be higher thagbserved. The average width of the nanoplates is4&%
that of the purely triangular plates. Purely triangular plates nm, and their thicknesses, as determined from the SEM
may account for less than one-third of the total nanoplates images (data not shown), are around-20 nm. Figure 4d
synthesized, while hexagonal nanoplates represent more thagives the TEM image of a single triangular nanoplate. The
one-third of the total nanoplate structures. Some sphericalplate surface appears to be flat and the edges are sharp. The
gold nanoparticles are also present which may be removedcorresponding selected-area electron diffraction (SAED)
by centrifugation. All of the nanoplates also exhibit sharp pattern of this nanoplate obtained with the electron beam
edges. Even though these plates are considered to beerpendicular to the planar surface of the nanoplate is shown
relatively large (3.2t 0.4 um), they are thin enough that in Figure 4e. The diffraction pattern indicates that the
the electron beam can penetrate through a stack of overlayinghanoplate is single and crystalline, and its surface is bounded
plates and allow the outlines of the underlying plates to be py {111} facets>7¢-17 Similar electron diffraction patterns
seen. The inset of Figure 1a shows an SEM image of thewere observed for the hexagonal nanoplates. The results are
side view of two overlapping nanoplates for the determina- consistent with the XRD pattern data for the large gold
tion of the plate thickness. The thicknesses of these platesnanoplates. In addition, nanoplates with unusual structures
are about 3555 nm. The plates are large enough that they have also been found. As shown in Figure 4b and 4c, some
can be directly observed in an optical microscope. Figure
1b shows an optical image of the large nanoplate®0Q). (21) Wang, Z. L.J. Phys. Chem. R00Q 104, 1153.

Results and Discussion
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15+ of the hexagonal nanoplates are not quite hexagonal in shape

but contain additional edges. One of these quasi-hexagonal
nanoplates is shown in Figure 4f. The particle structure is
formed by truncating all six corners to form six more edges.
The corresponding SAED pattern for this quasi-hexagonal
— nanoplate is shown in Figure 4g, which is similar to those
for the triangular and hexagonal nanoplates with the plate
0 +——v S § NN ¥ N | E e surface bounded b{111} facets.
0 20 40 60 80 100 120 140 160 180 200 The smallest gold nanoplates prepared in this study were
plate width {(nm) analyzed with TEM, shown in Figure 5. Most of the
nanoplates exhibit triangular structure with sharp edges and
st A e gl | @ flat surfaces. Some highly faceted particles with pentagonal
Figure 2. Size distribution histograms of the gold nanoplates. (a) Micron- PR
sized gold plates. (b) Medium-sized nanoplates with widths of hundreds of and hexagonal Shapes were also observed.' However, trian
nm. The size distribution plot reflects the presence of a variety of nanoplate gular nanoplates still compose a large fraction of the gold
shapes. (c) Small-sized nanoplates. These nanoplates are mainly triangulahgnostructures formed, as shown by the-tiNs absorption
in shape. The width values for hexagonal and truncated triangular plates . .
spectrum. The average width of the nanoplates is-828

were determined by measuring the lengths across opposite edges, and fol )
triangular plates, they are the heights of the triangles. nm, and the plate thicknesses are arourd® nm. Some

10

precentage frequency

[L]
1
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centered at around 950 nm. The band positions are close to
those reported for truncated tetrahedral gold nanocry&tals.
A shoulder band at 526530 nm is attributed to the surface
plasmon resonance absorption of more spherically shaped
' particles'® The UV—vis absorption spectrum for the medium-
' sized gold nanoplates shows significant increase in absorption
in the near-IR region (Figure 5b). Three bands centered at
576, 642, and 842 nm can be identified. Similar spectral
features and the strong absorption in the near-IR region have
Figure 5. (a and b) TEM images of small gold nanoplates. Scale=bar been observed for triangular na_noprlsms with edge Ie_ngths
50 nm. Plate thickness can be estimated from the inset in (a) with slightly Of several hundred nanometérSince our sample contains
larger nanoplates. Scale bar50 nm. a mixture of nanoplate shapes over a range of sizes, we
cannot unambiguously assign these absorption peaks. The
absorption spectrum for the micron-sized gold nanoplates
shows a steep increase in the absorption from 500 to 600
nm, and then the absorption increases steadily into the near-
IR region. When the spectral features of these different gold
nanoplate samples are compared, the medium-sized nanoplate
sample shows absorption characteristics resembling those of
the large plates. The strong near-IR light absorption of these
large gold nanoplates may be useful in biomedical applica-
tions813
We investigated the factors affecting the formation of gold
nanoplates by varying the reaction parameters and comparing
the resulting gold nanostructures. A major factor facilitating
the formation of gold nanoplates appears to be the reaction
400 60 so 1000 1200 temperatures (8286 °C). At these temperatures, the reduc-
Wavelength (nm) tion of AuCl,~ ions by trisodium citrate proceeds sufficiently
Figure 6. UV—vis absorption spectra for the three different-sized gold fast _tO_ _supply g(_)ld nUC|e_| or gold seed part_lc_:les. The
nanoplates: (a) small, (b) medium, and (c) micron-sized nanoplates. POSSibility that a high reaction temperature condition favors
Cpectral discontmuity at 1165 nm s the resut of a gratngldetector onange. - 10 rOWAh of gold nanoplates is also supported by several
pec " reports in which the reaction temperature was increased
triangular plates were also found to arrange edge-to-edge.directly or indirectly by heating, photoirradiation, or micro-
These nanoplates have the same crystal structure as the largavave radiatiorf,2-1%.17
ones. The interactions of CTAB with the gold seed particles
It is interesting to note that the small nanoplates are mainly under such a high-tempera‘[ure condition may favor the
triangular in shape, while the larger plates exhibit hexagonal growth of platelike gold nanostructures; the use of other
and truncated triangular structures. It is presumed thatsyrfactants such as dodecyltrimethylammonium bromide and
triangular nanoplates are dominant when their sizes are stillsodium dodecyl sulfate under otherwise identical reaction
within 150 nm in width, but they may transform into conditions as those used for the preparation of large gold
hexagonal, truncated triangular, and other symmetrical nanoplates produced mainly highly faceted gold nanoparticles
structures as the nanoplate size increases. Our preliminaryand some triangu|ar nanop|ates_ Of course, the reason for
results show that when the reaction for the synthesis of smallthe effectiveness of CTAB over other surfactants tested may
nanoplates was suddenly quenched with the hot flask placedpe attributed to its substantially lower critical micelle
in an ice bath, some triangular plates with round crystalline concentration (cmc). The cmc value for CTAB at 8D is
protrusions growing from all three angles of a triangle were 1.0 mM22 The CTAB concentration in the reaction mixture
observed (Supporting Information Figure 1). This structural js 3 mM, thus micelles should have been formed to control
feature may suggest the mechanism by which triangular the size and shape of the gold nanoparticle seeds. With the
plates grow in size or transform into plates of other shapes. help of trisodium citrate to facilitate the formation of
Further work is necessary to determine the existence andnanoparticles with platelike morphology (see discussion
mechanism of the shape transformation of gold nanoplates.pelow), small nanoplates begin to form.

Because of the different colors exhibited by these nano- e relative concentrations of HAUCCTAB, and triso-
plates, optical properties of the nanoplates can be charactery; m citrate were also found to affect the formation and size
ized with UV—vis absorption spectroscopy. Figure 6 Shows ¢ g1 nanoplates. Under a higher trisodium citrate con-

the UV—vis absorption spectra of the three different-sized .aniration condition, the reduction of AuClions should
nanoplate samples. For the small triangular nanoplates, there

IS a strong surface plasmon resonance banebas nm and . (22) Myers, D.Surfactant Science and TechnolpgZH: New York, 1988;
a broad but weak band in the near-infrared (near-IR) region pp 118-119.

p ¢

Absorbance

0.0 +————
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go faster and form more gold nuclei. This condition may Conclusion

favor a rapid formation of nanoplates with smaller sizes. We |, summary, gold nanoplates with three different ranges
found that by doubling the concentration of trisodium citrate f sizes from tens of nanometers to a few microns in width
from that used for the synthesis of micron-sized gold plates ,5ye peen prepared using a simple thermal reduction
(8.33x 107*Mvs 1.67x 10" M), medium-sized nanoplates  gnnroach with CTAB surfactant in aqueous solution. The
can be produced in just 15 min. When the reaction time was nanoplates are formed in relatively short periods of time (that
increased to 40 min, the resulting nanoplates did increase injg 540 min), compared to the hours or days of time

size but were not as large as the micron-sized plates. On thgequired in some room-temperature nanoplate preparation
other hand, by reducing the reaction time used to syntheS|zeprocedure§,_7,20e,zofA [CTABJ/[HAUCI ;] ratio of 6 in the

the micron-sized plates the nanoplates produced are smalleryeaction solution was found to be favorable for the formation
but they are still much larger than the medium-sized of gold nanoplates. The nanoplates show triangular, hex-
nanoplates. It should be noted that trisodium citrate may play 4gonal, truncated triangular, and other symmetrical shapes.
a role in inducing the formation of the (111) planes, in These nanoplates are composed of essentially (111) lattice
addition to serving as a reducing agent, and facilitate the planes, as revealed by both XRD and TEM results. The
growth of nanoplates. The ability of trisodium citrate to affect 3n0piates exhibit different colors depending on their sizes.
the crystal growth of ZnO to form platelike ZnO nanostruc- The apjlity to synthesize gold nanoplates under such typical
tures under a hydrothermal synthesis condition have beenyrenaration conditions as those generally used for the growth
described, in which the growth of ZnO along ti@Ol? of spherical gold nanoparticles should allow greater applica-
orientation was inhibited by the binding of citrate ioHs: tions of these nanoplates and demonstration of new ideas.

In another report, the synthesis of gold nanoplates by pogsible research directions using these triangular and
aspartate reduction was successful, but not with several Othe'hexagonal nanoplates include creation of novel superstruc-

amino acids testetiThe presence of multiple carboxylate (res through self-assembly or surface modification of the
ions in both aspartate and trisodium citrate molecules may nanoplates and binding of these nanoplates to biological,
be related to their crystal structure modifying ability. Th.is photosensitive, and electrically responsive molecules for
argument has recently been proven to be reasonable with &,4ye| property observations. For example, two-dimensional
report using oxalic acid to prepare hexagonal gold micro- ge|t assembled superstructures of the small-sized triangular
plates” In addition to the effect of the concentration of nangpiates may be fabricated on substrates if their sizes are

trisodium citrate on the plate size control, the relative reasonably uniform and the yield is relatively high.
[CTAB]/[HAUCI 4] ratio may also be important for nanoplate

formation. A [CTABJ/[HAuCL,] ratio of 6 was used for the .Acknoyvledgment. We thank the National Science Coun-
synthesis of nanoplates: the use of different reagent ratiosC!! f Taiwan for a grant (NSC 92-2113-M-007-042) and
may give lower yields of nanoplates. All of these results the Department of Chemistry, National Tsing Hua University,
suggest that the relative concentrations of all reagents need®’ @ startup fund. We also thank Tian-Fu Chiang for
to be controlled to optimize the growth of nanoplates with a 2sSistance in the TEM characterization of some of our
particular size range and reduce the presence of highlySAMPIes.
faceted nanoparticles. Supporting Information Available: TEM images of the
reaction for the synthesis of small nanoplates which was suddenly
(23) Tian, Z. R.; Voigt, J. A.; Liu, J.; Mckenzie, B.; Mcdermott, M. J.; quenched by placing the hot flask in an ice bath. This material is

Rodriguez, M. A.; Konishi, H.; Xu, HNature Mater.2003 2, 821. available free of charge via the Internet at http://pubs.acs.org.
(24) Kuo, C.-L.; Kuo, T.-J.; Huang, M. HJ. Phys. Chem. R005 109,
20115. IC051758S
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