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Shape-Con trolled Synthesis of Colloidal 
Platinum Nanoparticles 

Temer S. Ahmadi, Zhong L. Wang, Travis C. Green, 
Arnim Henglein, Mostafa A. El-Sayed* 

The shapes and sizes of platinum nanoparticles were controlled by changes in the ratio 
of the concentration of the capping polymer material to the concentration of the platinum 
cations used in the reductive synthesis of colloidal particles in solution at room tem- 
perature. Tetrahedral, cubic, irregular-prismatic, icosahedral, and cubo-octahedral par- 
ticle shapes were observed, whose distribution was dependent on the concentration 
ratio of the capping polymer material to the platinum cation. Controlling the shape of 
platinum nanoparticles is potentially important in the field of catalysis. 

Colloidal metal particles are of interest 
because of their use as catalysts ( I ) ,  pho- 
tocatalysts (2) ,  adsorbents and sensors ( 3 ) ,  
and ferrofluids (4) and because of their 
applications in optical (5), electronic (5), 
and magnetic devices (3). Catalytic reac- 
tivity depends on the size and the shape of 
the nanoparticles, and therefore the syn- 
thesis of well-controlled shapes and sizes 
oB colloidal varticles could be critical for 
these applications. 

Many studies on colloidal particles have 
focused on the control of varticle sizes and 
their growth kinetics and have related par- 
ticle size and catalytic activity (6). More- 
over, research has shown that the degree of 
polymerization (1) and the concentration 
of the stabilizing polymer (2, 7) influence 
the size distribution, stability, and catalytic 
activity of colloidal particles. For example, 
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a recent study (7) has shown that a higher 
ratio of capping material to metal produces 
smaller ALI particles. However, shape con- 
trol has been much more difficult to 
achieve, and the influence of varticle shave 
on catalytic activity has not been reported 
to date. 

The morphology of colloidal Au has 
been studied (8, 9), and shape-controlled 
synthesis of Au particles forming platelike 
trigons has been explained (10) in terms of 
the Kossel-Stranski theory of face-selective 
growth of crystals. Shape-controlled synthe- 
sis of polymer-protected Cu particles exhib- 
iting platelike hexagonal morphology has 
also been reported (1 1). Recently, the mor- 
phologies of Pt colloidal particles were stud- 
ied by means of ultraviolet-visible spectro- 
photometry and transmission electron mi- 
croscopy (TEM) (12). A parameter S, de- 
rived from the optical spectrum, has been 
suggested as a measure of particulate shape 
and the degree of dispersion (12). 

In this report, we describe a method for 
the synthesis of colloidal Pt nanoparticles 
with controlled shapes. By changing the 
ratio of the collcentration of the capping 
material to that of Pt2+ at room tempera- 
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ture, we were able to change the distribu- 
tion of Pt nanoparticle shapes. 

The Pt nanoparticles were prepared by 
the method of Rampino and Nord (1 3) and 
Henglein et al. (14). A solution of 1 X lop4 
M K2PtC14 was prepared in 250 tnl of 
water, to which we added 0.2 ml of 0.1 M 
sodium polyacrylate (sample 1).  We then 
bubbled Ar gas through the solution for 20 
min. We then reduced the Pt ions by 
bubbling H2 gas at a high flow rate 
through the solution for 5 min. The reac- 
tion vessel was then sealed, and the solu- 
tion was left overnight. After 12 hours, 
the solution turned lightly golden and the 
absorption spectrum showed the formation 
of colloidal Pt. We prepared samples 2 and 
3 by adding to the starting solution 1.0 
and 0.5 ml of the 0.1 M polyacrylate so- 
lution, respectively, and following the 
same procedure. The initial ratios of the 
coi~centratioi~ of the capping material to 
that of the metal cation in the solution 
were therefore 1 : 1, 5 : 1, and 2.5 : 1 in sam- 
ples 1, 2, and 3, respectively. 

Because the coi~cei~tration of the cap- 
ping polymer was changed in the prepara- 
tion of samples 1 through 3, the pH values 
of the starting solutions were also different. 
The variation of pH in the three solutioi~s 
was small; it changed from 7.5 to 7.65 when 
the concentration of the polymer was 
changed by a factor of 5 (going from sample 
1 to sample 2) .  In our synthesis, we adjusted 
the initial pH of the solutions to 7.5 in all 
three solutions. 

We investigated the structures of the Pt 
particles using a Hitachi HF-2000 field 
emission gun TEM (200 kV) with a point- 
to-point image resolution of better than 
0.23 nm and a lattice resolution of 0.1 nm. 
We recorded the experimental images dig- 
itally using a charge-coupled device camera, 
which allows subsequent processing and 
quantitative modeling. We prepared the 
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Fig. 1. (A) Low-magnification E M  image of sam- 
ple 1, showing the size and shape distribution of 
the cubic particles. (B) High-resolution lattice irq- 
age of a cubic Pt oriented with [I001 paralld to the 
incident beam; the Fourier transform of the lattice 
image gives the optical diffractogram of the parti- 
cle (inset), which explicitly shows the presence of 
the (1 00) facet. 

Fig. 2. (A) Low-magnification E M  image of sam- 
ple 2, indicating the abundance of tetrahedra. (B) 
High-iesolution image of a tetrahedral particle; the 
Fourier transform of the lattice image gives the 
optical diffractogram of the particle (inset). These 
particles are different from the rounded-comer tri- 
angular platelets observed in Au and Ag (16). 

TEM specimens by dispersing Pt particles 
on amorphous C films that were less than 
20 nm thick. 

Sample 1 predominately contained par- 
ticles with a square outline (Fig. l ) ,  
whereas samples 2 and 3 contained high 
proportions of particles with a triangular 
outline (Fig. 2). By tilting the samples in 
the TEM, we were able to determine the 
three-dimensional sha~es of the ~articles. 
The particles with square outlines were 
found to be cubic, and those with triangu- 
lar outlines were tetrahedral. 

We measured the shape and size distri- 
butions of the particles from enlarged pho- 
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Fig. 3. Histogram showing the abundance of dii- 
ferent shapes within each sample. Cubes are pre- 
dominant in sample 1 and tetrahedra are predom- 
inant in sample 2. The shape abundances were 
measured from enlarged TEM images; we mea- 
sured about 450 particles for each sample. 

Size (nm) 

Fig. 4. (A) Size distribution of cubic particles 
formed in sample 1. (B) Size distribution of tetra- 
hedra in sample 2. We obtained the size distribu- 
tions from enlarged TEM images by counting 400 
particles from each sample. Three trials for each 
sample were performed (a total of 1200 counts). 

tographs of the TEM images (Fig. 3). Sam- 
ple 1 contained 80% cubic particles, and 
sample 2 was dominated by tetrahedra with 
some small percentages of polyhedra and 
irregular-prismatic particles. These shapes 
have previously been observed in Pt col- 
loids (14). Sample 3 contained a mixture of 
tetrahedra, polyhedra, and irregular-pris- 
matic ~articles. 

Thi  formation of tetrahedral and cubic 
particles in samples 1, 2, and 3 has been 
reproduced three times. In each preparation 
of sample 2, about 60 2 10% of the relative 
population of particles had tetrahedral 
shapes. The formation of cubic particles in 
sample 1 was reproducible to within 
60 + 20%. Whenever the concentration of 
cubic particles in sample 1 decreased, the 
concentration of other identifiable shapes 

also decreased, but the concentration of 
sha~eless  articles increased. 

w e  measured the size distribution of 
each shape of the particles formed in edch 
sample from the enlarged TEM images. For 
cubes and tetrahedra, the longest side of the 
twodimensional images was used in the size 
distribution, whereas for polyhedra the 
loneest diameters were considered. In sam- " 
ple 1, the cubic structure was dominant and 
other structures were minor. The average 
size of the cubic particles in sample 1 was 
11.0 ? 0.5 nm (Fig. 4A), with sizes ranging 
from 4 to 18 nm. The size distribution of 
tetrahedra formed in sample 2 ranged froq 
4 to 10 nm, with an average size of 
7.0 ? 0.5 nm (Fig. 4B). Sample 3 showed a 
similar size distribution, with an average size 
of 8.0 + 0.5 nm. The difference in the av- 
erage sizes between samples 2 and 3 is with- 
in the error range of the measurements. 
Similar average particle sizes (8.0 nm) were 
found for the polyhedra in samples 2 and 3, 
although the size distribution was wider in 
sample 3 than in sample 2. On average, 
smaller particles of irregular-prismatic struc- 
ture were formed in sample 2 than in sam- 
ple 3. In the latter, a wider distribution of 
irregular-prismatics was formed. 

Our results demonstrate that using the 
same capping material, the same salt, the 
same temperature, and the same solvent but 
changing the ratio of the concentration of 
the capping material (sodium polyacrylate) 
to that of Pt ions produces different shapes 
of Pt nanoparticles. Cubes and tetrahedra 
are probably different expressions of the 
same type of nuclei, that is, face-centered- 
cubic. What determines the final sha~es of 
these particles is the relative growth rate on 
11001 and 11111. . , 

The mechanism of shape- or morpholo- 
gy-dependent synthesis of colloidal nano- 
particles is not yet known. To determine 
the factors responsible for the control of the 
shape of Pt nanoparticles, a detailed study 
of the dependence of the shape distribution 
on such solution properties as pH, ionic 
strength, viscosity, and temperature will 
need to be done (15). 
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A Benzene-Thermal Synthetic Route to 
Nanocrystalline GaN 

Yi Xie, Yitai Qian,* Wenzhong Wang, Shuyuan Zhang, 
Yuheng Zhang 

A thermal reaction of Li3N and GaCI, in which benzene was used as the solvent under 
pressure has been carried out for the preparation of 30-nanometer particles of gallium 
nitride (GaN) at 280°C. This temperature is much lower than that of traditional methods, 
and the yield of GaN reached 80%. The x-ray powder diffraction pattern indicated that 
sample was mainly hexagonal-phase GaN with a small fraction of rocksalt-phase GaN, 
which has a lattice constant a = 4.100 angstroms. This rocksalt structure, which had 
been observed previously only under high pressure (at least 37 gigapascals) was ob- 
served directly with high-resolution electron microscopy. 

Hexagonal GaN with the wurtzite struc- 
ture is a direct band-gap semiconductor 
with wide band gap (3.39 eV at room tem- 
perature) (1). It has potential applications 
in light-emitting devices in the visible to 
ultraviolet region (2). GaN with the rock- 
salt structure has been detected previously 
with energy-dispersive x-ray-diffraction for 
samples prepared in diamond-anvils. The 
phase that forms at ultrahigh pressure (237  
G P ~ )  disappeared as the pressure was re- 
leased (3). 

Johnson et al. (4) first prepared hexago- 
nal GaN through the following reaction at 
temperatures above 900°C: 

Nitrides of lanthanide and transition 
metals (M) can be synthesized through sol- 
id-state metathesis reactions such as: 

MC1, + Li,N + MN + LiCl 

in the temperature range from 600 to 
1100°C (7). However, the reaction of 
GaC13 with Li3N through a similar process 
for the preparation of GaN failed (8). 

' 2Ga + 2NH3 + 2GaN + 3H2 
20 30 40 50 60 70 80 

Usually, powder samples of hexagonal GaN 20 (degrees) 

were synthesized by placing some source Fig. 1. An XRD pattern of nanocrystalline GaN. 
materials such as GaC13 or Ga (CH,), un- 

We report on the reaction of Li,N with 
GaC13 in benzene at 280°C under pressure 
in an autoclave. Nanocrystalline GaN was 
produced through what may be a liquid- 
solid reaction: 

benzene 
GaCl, + Li3N + GaN + 3LiC1 

We call this technique a benzene thermal 
process, which is similar to a hydrothermal 
process, except that benzene is substituted 
for water. 

In order to ensure the quality of the 
chemical reagent, Li3N (9) and anhydrous 
GaC13 (10) were synthesized according to? 
~reviouslv re~orted methods. , A 

An appropriate amount of GaC13 solu- 
tion in benzene and Li3N powder was put 
into a silver-liner stainless steel autoclave of 
50-ml capacity, and then the autoclave was 
filled with benzene up to 75% of the total 
volume. The air dissolved in the solution 
was driven off by passing argon gas through 
the solution. The autoclave was maintained 
at 280°C for 6 to 12 hours and then allowed 
to cool to room temperature. A dark-gray 
precipitate was collected that was washed 
with absolute ethanol to remove LiCl. The 
final product was dried in vacuum at 100°C 
for 2 hours. 

The x-ray powder diffraction (XRD) 
pattern was recorded on a Japan Rigaku 
Dmax yA x-ray diffracto~eter with CuKa 
radiation (A = 1.54178 A). In the XRD 
pattern (Fig. I) ,  reflections marked with 
dots can be indexed to the hexagonal cell of 
GaN with lattice constants a = 3.188 P\ 
and c = 5.176 P\, which are near the re- 
ported values (1 1). However, an unusually 
strong (002) peak in the pattern indicates a 
preferential orientation of [001] in nano- 
crystalline GaN. Other small reflections 
(marked with circles) can be indexed to 
cubic GaN in rocksalt structure with a = 
4.100 P\, whichis greater than the reported 
value of 4.006 A at 50 GPa (3). The curve 
of volume versus pressure (3) shows that the 

der flowing ammonia at temperatures from 
600" to 1000°C (5) .  Recently, precursors 
such as [H2GaNH213 or Ga(C2H5)3NH3, 
which already have a Ga-N bond, could be 
pyrolysized to produce GaN at relatively 
low temperatures, but posttreatment tem- 
peratures >500°C are needed (6). 
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