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A Way To Control the Gold Nanocrystals
Size: Using Seeds with Different Sizes and
Subjecting Them to Mild Annealing
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ABSTRACT We demonstrate that the sequence of reactants plays a key factor in the final size of Au
nanocrystals. The growth mechanism markedly differs with seed size and/or internal crystallinity. Conversely to
what could be expected when the multiple-twinned particle (MTP) seeds are rather large (3.5 nm) they control the
nanocrystal growth. When the single domain seeds are very small (1.5 nm) the majority of nanocrystals produced
are large icosahedral (85%) nanoparticles as predicted from a theoretical model.
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uch attention has been paid
over the past decade to noble
metal nanocrystals because of
their potential use as advanced materials
in new electronic and optical devices. Reduction of the size of noble metals down to
a nanometric scale is accompanied by large
modifications in their optical properties, including the appearance of new resonances.
The possibility of adjusting the surface plasmon resonances by modifying the size,
shape, structure, and the environment of
these nanocrystals has been the focus of
this research for much of 10 years.1,2
Various chemical methods have been
developed to control the size and shape of
these nanocrystals by changing the preparative conditions such as the kind and/or
the amount of protecting agent.3,4 In many
cases the same synthesis does not produce
the same final size and shape. This phenomenon may be attributed to either the presence of some impurities, and/or additives,
present in a very low concentration in the
reactants.5 Most of the syntheses reported
in the literature give very few details of the
various steps of the chemical reaction.3
Gold nanocrystal syntheses have been
extensively studied during the past
decade.6 A rather large number of groups
have carried out thermal treatments of Au
nanocrystals with the view of controlling
the size, shape, and size distribution:7⫺13
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The control of nanocrystal size in the
nanometer range, with a rather large size
distribution, is obtained either by changing
the molar ratio of gold to alkanethiol,8 by
annealing from 150 to 250 °C in air,9 or via
a thermal process in which the chain length
and the concentration of the alkylthiols is
manipulated.10 In the last case, a quantitative correlation between size selectivity and
these two parameters is established. Control of size and shape can also be accomplished by thermal treatment in solution.11
The size distribution is controlled by a process called digestive ripening, which consists in heating a colloidal suspension at or
near the solvent boiling point in the presence of a surface active ligand.12 Rather
large (220 nm) icosahedral nanocrystals are
obtained by thermal processing in the
aqueous phase.13
In this paper, we demonstrate that the
crystal growth mechanism of gold nanocrystals markedly changes with the sequence of reactants added during the synthesis. We have also proposed growth
mechanisms to explain the observed
phenomenon.
RESULTS AND DISCUSSION
Let us first recall that many symmetric
clusters can be constructed from the close
packing of hard spheres. With fcc gold crystals, the clusters, considered as compact
packing of spheres, are cubooctahedra,
decahedra, and icosahedra. The surface of
a cubooctahedral cluster consists of eight
(111) planes and six (100) planes with closed
atomic shells. The cuboctahedron represents the most stable form. The decahedra
and icosahedra are structures with 5-fold
symmetry and are called multiple-twinned
particles (MTP). In fact, decahedral clusters
consist of five deformed tetrahedral subwww.acsnano.org
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units twinned by their {111} planes, whereas icosahedral clusters originate from the twinning of 20, (111)
faces, deformed
tetrahedral subunits.
Syntheses of Au seeds with different sizes are described: The main difference between them is related
to the sequence of reactant addition during the chemical process. The reactants remain unchanged as do
their concentrations and the volume of the vessel used
to produce the nanocrystals. To prevent coalescence,
nanocrystals need to be coated by a surfactant (or polymer). Here dodecanethiol molecules are used as the
coating agent and are bound to the Au surface via a
quasi-covalent bridge. The syntheses described below
are highly reproducible and based on the revisited
Brust⫺Schiffrin method that is known for its ability to
produce a large amount of nanocrystals.7 Briefly, an
aqueous solution (30 mL) containing 3 mM
HAuCl4 · 3H2O is added to 50 mM of tetradecylammonium bromide (TDAB) in 80 mL of toluene. After 10 min
stirring, the organic phase turns orange, the colorless
aqueous phase is then removed. It is after this step that
the synthesis varies:
(i) Procedure I: 1 mL of 1-dodecanethiol ([C12SH] ⫽
4.2.10⫺3 mol/L) is added to the organic phase. The orange organic phase turns colorless, as has been observed.14 This color change is attributed to formation
of a polymeric Au(I) thiolate species. Sodium borohydride ([NaBH4] ⫽ 0.4 mol/L) in aqueous solution (25 mL)
is then added and the biphasic phase is stirred for 3 h
after which the aqueous phase is removed.
(ii) Procedure II: Instead of adding dodecanethiol before the chemical reduction, as in procedure I, 25 mL
of 0.4 M sodium borohydride (NaBH4) solution is added
first, and the solution is then stirred for 3 h. The aqueous phase is removed, and 1 mL of 1-dodecanethiol is
added to the organic phase.
In both cases the solvent is removed and the crude
solid is dried under vacuum overnight and then dissolved again in 5 mL of toluene. At the end of the synthesis a drop of solution is deposited on a TEM grid covered by amorphous carbon. From procedure I, as shown
by the Figure 1 inset, there is formation of rather small
nanocrystals with an average diameter of 1.5 nm and a
25% size distribution. This is in good agreement with
published data.9 The high resolution transmission electron microscopy (HRTEM) image shows that most of the
nanocrystals are characterized by a single crystalline
phase corresponding to cubooctahedra (Figure 1).
From procedure II, as shown in Figure 2A, there are
rather large and highly crystalline nanoparticles (3.5
nm) with a 20% variation in the size distribution. The
dark-field image (Figure 2B) shows that only parts of the
nanocrystals are diffracting, indicating multiply twinned
(MTP) particles formation. The bright butterfly-like patterns correspond to the presence of well-oriented icosahedral nanoparticles (see later).

Figure 1. High resolution TEM image of seeds I. The insets
display the TEM image over a long distance and the nanocrystal size distribution.

Hence, by changing the period at which dodecanethiol is added, the final size and crystallinity of Au
seeds change. As described above, at the end of each
synthesis, seeds having different average sizes (1.5 and
3.5 nm) and crystallinities (cubooctahedral and icosahedral), called seeds I and II for simplicity, respectively,
are produced. In the following, the two different seeds
dispersed in toluene are subjected to the same annealing treatment. The solution is annealed progressively in
air with a heating rate of 10 K · min⫺1. After 16 min the
solution temperature reaches 463 K and it is kept at this
temperature for 30 min. At 463 K, toluene is evaporated (Tboilling ⫽ 383 K), the surfactant (TDAB) is now in
the liquid state (Tmelting ⫽ 353 K), and the solution turns
orange with the appearance of a black precipitate. The
colloidal solution is left in the laboratory and returns
slowly to room temperature. At the end of the process
the dark precipitate is trapped in a viscous orange solution. Note, by following the same procedure as described above in the absence of HAuCl4 · 3H2O, the viscous orange liquid is still formed indicating that a
complex chemical reaction between the two surfactants (TDAB and C12SH) and the NaBH4 takes place to
form this colored byproduct. Toluene (10 mL) is then

Figure 2. (A) Bright-field and (B) dark-field image of seeds II.
The inset displays the nanocrystals size distribution.
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Figure 3. TEM images of the annealed seeds I. Size distribution (A), high
resolution (B), dark-field (C) and electron diffraction (D) of the resulting
nanocrystals.

added to the solution, and the nanocrystals are progressively precipitated with the addition of ethanol. After removing the supernatant solution, the precipitate is dispersed in hexane (6 mL) and a drop of solution is
deposited on a TEM grid. Figure 3 shows that seeds I,
subjected to the annealing process as described above,
produce 85% very well faceted hexagonal particles, 9%
triangular, and 6% pentagonal nanoparticles. The size
distribution (Figure 3 insert), assuming a diameter of
the circle surrounding each particle, is bimodal with average diameters of 25 and 35 nm, respectively. Note
that small nanocrystals with a diameter in the range of
a few nanometers (from 4 to 10 nm) are still present.
To characterize the structures of these nanoparticles with different shapes, bright- and dark-field images are obtained of isolated nanoparticles (Figure 4).
The hexagonal shaped nanoparticles are characterized
by six diffraction spots of corresponding {111} planes,
forming an angle of 60° between them (Figure 4A). The
dark-field image of one spot shows bright butterflylike patterns (Figure 4B). Similarly, the dark-field images of the other two spots also show illumination of
the two other series of [111] orientations (Figure 4C,D).
This is consistent with an icosahedral crystal on the
3-fold axis.15 The HRTEM image shows that the {111}
planes of icosahedral particles are in front of their
neighbors (Figure 3B). Formation of single crystal octahedrons oriented in the [111] axis can be eliminated because the overall particle is not equally imaged owing
to the change in the diffracting condition and particle
orientation. Pentagonal nanoparticles (Figure 4E) are
characterized by two diffractions corresponding to the
{111} and {220} reflections in the same direction (Figure
4F). The corresponding dark-field image of {111} reflections shows nonuniform brightness due to the
variation in the projected thickness of the segment
of the particle that is being imaged (Figure 4G). This
3624
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is confirmed by the dark-field image of the {220} reflection where the illuminated part (Figure 4H),
shows some equal thickness fringes that reveal a
3D shape like a tetrahedron oriented along [111].
From this it is concluded that pentagonal particles
are in fact decahedra seat on one of these {111}
faces. The triangular shape (Figure 4I) shows two
pairs of {111} and one of {200} reflections (Figure
4J) with a bright dark-field image (Figure 4K), indicating formation of a single crystal as already
observed.16,17 Some elongated particles in the
monolayer (Figure 4L) are also seen. By tilting the
sample by 32° (Figure 4M), the elongated crystals
show a tilted triangle indicating that they are, in fact,
triangular single crystals sitting on their edges. From
this structural study we concluded that 85% icosahedral, 9% triangular, and 6% decahedral crystals were
produced. Thus, thermal treatment of 1.5-nm cubooctahedral Au nanocrystals induces formation of
large icosahedral particles.
By replacing seeds I (1.5 nm) by II (3.5 nm) dispersed in toluene and subjecting them to the same
thermal treatment as described above, Au nanocrystals
with local and long-range ordering are observed (Figure 5A and insert). The average diameter and variation
in size distribution are 5.8 nm and 9%, respectively (Figure 5A insert). The dark-field image (Figure 5B) corresponding to Figure 5A shows well-defined nanocrystals with various contrasts, indicating the formation of
MTP. Figure 5 panels C and D show the same image at
a larger magnification with the appearance of a very
large number of butterfly-like patterns, corresponding
to 111 diffraction spots of hexagonal particles15 and indicating formation of icosahedral nanoparticles. This is
confirmed by HRTEM with the appearance of welldefined icosahedral particles (Figure 5E,F). Hence, the

Figure 4. Diffraction pattern (A), dark-field images (B, C, and
D) formed by using 111 reflections of hexagonal particles.
Diffraction pattern (F), bright- (E) and dark-field images (G
and H) formed by using 111 and 220 reflections of pentagonal particles, respectively. Diffraction pattern (J), bright- (I)
and dark-field (K) image formed by using 111 reflections of
triangular particles. Elongated nanocrystals at tilt 0° (L) and
tilt 32° (M).
www.acsnano.org
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sis a drop of solution is deposited on a TEM grid. In going from Figure 6A to Figure 6D, the TEM images
correspond to syntheses carried out on increasing the
relative amount of 1.5 nm cubooctahedral seeds. Because the size distribution is very low (6%⫺8%) large
monolayers are observed. Conversely to what was expected, the increase in the nanocrystals size with an increase in the percentage of 1.5-nm seeds is very slight
(Figure 6E) with a very low size distribution. From the
data given above it can be concluded that the presence
of even a very low amount (5%) of the large seed size
(3.5 nm) favors the formation of relatively small nanocrystals (5.3⫺8 nm), with a very low size distribution favoring the Au nanocrystals long-range ordering.
As the seeds are dispersed in toluene it is rather
difficult to give direct proof of the growth mechanism during the annealing process. Nevertheless, a
tentative explanation can be given taking into account data obtained with seeds I and II deposited on
a TEM grid covered by a rough surface of amorphous carbon and subjected to annealing under
the same thermal conditions as described earlier. After maintaining the TEM grid at 463 K for 30 min,
Figure 5. TEM images of the annealed seeds II. Bright-field
(A) (size distribution inset) and dark-field image (B), local
the sample is cooled to room temperature. For
bright-field (C) and dark-field (D) and high resolution (E,F)
1.5-nm cubooctahedral seeds (I), as shown in Figure
of the resulting nanocrystals.
7A, the nanocrystals remain isolated on the substrate with an average size slightly larger than that
size of the seeds for thermal treatment induces formaof the seeds before annealing (4.7 ⫾ 0.9 nm). Howtion of mainly icosahedral nanocrystals differing markever, very surprisingly, conversely to what is usually
edly by their sizes. These alterations in the final Au
observed, with an improvement in the nanocrystalnanocrystal size raise an interesting question. Is it poslinity by annealing, the internal structure of the
sible to control the nanocrystal size by mixing the seeds seeds evolves from cubooctahedral to a mixture
of different sizes? To answer this question, the 1.5-nm
composed of polycrystalline (see arrows in Figure
and 3.5-nm nanocrystals produced as described above
7A) and cubooctahedral nanoparticles. The calculated melting point of 1.6-nm Au particles, 500 K,18
are mixed in various proportions. The thermal treatis very close to that of the thermal treatment (463 K)
ment is performed as above. At the end of the syntheimposed on the 1.5-nm Au seeds.
Because of the presence of a
rather large size distribution
(Figure 1 insert) it is reasonable
to assume that most of the seeds
are completely melted with a
rather small proportion being in
the premelting process. This
change in nanocrystallinities
(Figure 7A) with the appearance
of a polycrystalline phase in coexistence with the cubooctahedral nanoparticles (see arrow) is
a straightforward proof that
some of the seeds (I) melt during the thermal treatment and
recrystallization takes place during the cooling.
This is consistent with the deFigure 6. Relationship between the final nanocrystals size and the percentage of
crease
in the nanoparticle melt1.5 nm precursors in the mixture before annealing (E), 25% (A), 33% (B), 67% (C),
ing
temperature,
observed
and 75% (D).
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Figure 7. TEM image of seed I (A) and II (B) deposited on amorphous
carbon and submitted to the same thermal treatment as those in solution.

experimentally19,20 and from calculation,18 with the
particle size. Note that it is consistent with the crystallization process in the cooling of 4-nm liquid Au
particles, followed by molecular dynamics simulation,18 from which the polycrystalline fcc structure
is considered as the most energetically stable structure of Au particles. The Au nanocrystals sizes remain
in the same order of magnitude (4.7 nm) compared
to the seeds (1.5 nm) as observed in Figure 7A. This
slight increase in the nanoparticle size by thermal
treatment can be explained as follows: the smallest
nanoparticles melt and the liquidlike clusters tend to
diffuse on the substrate. However this diffusion process is reduced by the strong interaction between
atoms and small clusters on the substrate.21 For the
larger particles (above to 1.5 nm), the core of the
nanocrystals remains solid whereas the adatoms
tend to melt and strongly interact with the substrate inducing an increase in the nanoparticle size.
On increasing the seed size to 3.5 nm (seeds II), the
calculated melting point is estimated to be 950 K.18
The thermal treatment of seeds II (3.5 nm) deposited
on a TEM grid as described above with seeds I shows
coalescence of the seeds over a very large area (Figure 7B) with either nanocrystals stuck together or as
ramified islands. Such behavior is expected because
the diffusion of large Au clusters is rapid on graphite surfaces and the increase in the diffusion with the
cluster sizes.21⫺24 These data are consistent with
the liquid shell model where the freezing of molten
particles gives rise to icosahedral nanoparticles considered as the most stable structure.25 From these
results it is concluded that 3.5-nm Au seeds dispersed
in solution and subjected to mild annealing (463 K)
do not melt. As has been demonstrated25 experimentally and from molecular dynamics, large clusters diffuse rapidly to minimize surface energy. This
3626
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diffusion is described as a Brownian motion induced
by the internal vibrations of the cluster and/or the vibrations of the substrate. This explains the rather
large number of Au {111} surfaces as MTPs.
From the data collected above we have concluded that when a thermal treatment is employed,
the mechanism of Au nanocrystal growth markedly
differs with the seed size. Small seeds subjected to
this thermal treatment reach a liquidlike phase,
which leads to the formation of mainly large icosahedral particles which are the most stable Au fcc
structures. Conversely, when the seed size is larger,
they no longer melt, and migration of atoms/adatoms between nanocrystals becomes the predominant growth and shaping mechanism. To a first approximation, it is reasonable to claim that during the
annealing process the nanocrystals melt as the surfactant (353 K). As mentioned above, after annealing
at 463 K the sample is left in the laboratory without
any precautions. This favors a slow cooling rate and
consequently formation of ordered nanosurfaces
with a 5-fold symmetry. By simulation25⫺27 it is
found that crystallization of the interior atoms as
well as the external ones leads to an icosahedral
structure. The finding that, at equilibrium, the Au
nanoparticles consist of 85% icosahedral particles is
explained by the fact that the Au (111) surface has
the lowest surface energy.25 This confirms that the
kinetics of nucleation and growth in clusters play a
key role in determining the structure of the nanocrystals and various forms can be produced under
identical conditions due to the stochastic nature of
nucleation.18,25 This explains why other shapes are
produced as well. From this, it is concluded that
small cubooctahedra (1.5 nm) melt during the thermal treatment and a slow cooling rate favors formation of large icosahedral nanocrystals with the presence of small amounts of other structures.
Conversely to what was expected, the increase in
the nanocrystals size with increasing the percentage of 1.5-nm seeds is very slight (Figure 6E) with a
very low size distribution. Hence, even with a rather
large amount of 1.5-nm seeds (95%), large Au nanocrystals are not produced. Thus the annealing mechanism of a mixture of 1.5-nm and 3.5-nm seeds (I
and II, respectively) can be explained as follows: During the thermal treatment, seeds (I) melt with formation of liquidlike particles that prefer to adhere to
the {111} faces of MTP solidus larger particles (seeds
II) with a minimization of energy inducing a slight increase in the nanocrystals sizes with a very low distribution. The drastic change in the final nanocrystals size with small seeds compared to what is
obtained with either larger ones or a mixture of the
two (I and II) indicates that it is energetically more
difficult to produce new solidus nanocrystals from
www.acsnano.org

CONCLUSIONS
The seed size is the key parameter in the final structure: 1.5-nm cubooctahedral seeds coalesce to produce
large icosahedral nanocrystal nanoparticles, whereas
3.5-nm icosahedral seeds produce 5.8-nm nanocrystal
icosahedra. From the two syntheses described above,
the precursors having various structures (cuboctahedron and MTP) make it possible to reach the same final shape as MTP particles with various sizes. For example, ⬃13000 cubooctahedral nanocrystals with

METHODS SECTION
Materials. All products and solvents were from a variety of
sources and used without purification: tetrakis(decyl)ammonium bromide (TDAB) (Aldrich, ⬎99%), hydrogen tetrachloroaurate(III) hydrate (Aldrich, 99.9%), toluene (Riedel-deHaën,
⬎98%), 1-dodecanethiol (Aldrich, ⬎98%) and sodium borohydride (Aldrich, 99%). The water used was purified with a
Milipore system (18.2 M⍀).
Characterization. The conventional transmission electron microscopy observations were made using a Jeol 1011 at an accelerating voltage of 100 kV. Electron diffraction, brightand dark-fields were used to characterize the structure and
shape of the Au nanocrystals. The high-resolution transmission electron microscopy study was carried out at 400 kV using a JEM 4000EX.
The Au nanocrystals coated with 1-dodecanethiol and
dispersed in toluene were deposited on conventional electron microscopy grids covered by an amorphous carbon film.
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