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ABSTRACT  
Monodisperse Au nanoparticles (NPs) have been synthesized at room temperature via a burst nucleation of 
Au upon injection of the reducing agent t-butylamine-borane complex into a 1, 2, 3, 4-tetrahydronaphthalene 
solution of HAuCl4·3H2O in the presence of oleylamine. The as-synthesized Au NPs show size-dependent 
surface plasmonic properties between 520 and 530 nm. They adopt an icosahedral shape and are polycrystalline 
with multiple-twinned structures. When deposited on a graphitized porous carbon support, the NPs are highly 
active for CO oxidation, showing 100% CO conversion at –45 °C. 
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Introduction

The synthesis of catalytically active Au nanoparticles 
(NPs) has attracted great attention since Haruta’s
discovery that small (<5 nm) Au NPs catalyze 
the oxidation of carbon monoxide (CO) at low 
temperatures [1 8]. Such NPs have also shown 
selective catalysis in oxidation or hydrogenation 
reactions [9 14]. Catalytically active Au NPs are 
often prepared by co-deposition of an Au salt with 
a metal oxide in order to establish an epitaxial 
relationship between Au and the oxide support. 
This requirement, however, has made the synthesis 
of Au nanocatalysts extremely challenging as the 
NPs prepared from such co-deposition methods 
are either not uniform and lack the required size 
control, or have very limited epitaxial links with 
the oxide support. Currently monodisperse Au 

NPs with size smaller than 10 nm are commonly 
synthesized by the reduction of HAuCl4 in an organic 
solvent, often with thiol molecules as stabilizing 
surfactants [15 17]. Although these monodisperse 
Au NPs have been studied extensively for their 
surface plasmonic properties and for their potential 
bioimaging applications [18 20], they are generally 
not catalytically active.

Here we report a facile organic phase synthesis of 
monodisperse Au NPs with sizes tunable from 1 nm 
to 10 nm using oleylamine (OAm) as NP stabilizer. 
The Au NPs are synthesized by a burst nucleation 
method using t-butylamine-borane complex, a 
reducing agent that was used recently [21] for the 
preparation of monodisperse Au and its alloy NPs 
via the reduction of Au (PPh3)Cl in the presence of 
thiols at 55 °C. The morphology, size-dependent 
surface plasmonic properties, and catalytic activity 
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in CO oxidation of the as-synthesized Au NPs have 
been investigated.

1. Experimental

The syntheses were carried out using commercially 
available reagents. Hydrogen tetrachloroaurate (III) 
hydrate (HAuCl4·3H2O) was purchased from Strem 
Chemicals. Tert-butylamine-borane complex (TBAB, 
97%) and morpholine-borane complex (MB, 95%) 
were purchased from Sigma Aldrich. Oleylamine 
(OAm) (C18 content: 80% 90%) and 1,2,3,4-tet-
rahydronaphthalene (tetralin, 95% 98%) were 
purchased from Acros Organics.

1.1   Synthesis of 1 10 nm Au NPs

In a typical synthesis of 6 nm Au NPs, an orange 
precursor solution of tetralin (10 mL), OAm (10 
mL), and HAuCl4·3H2O (0.1 g) was prepared in air 
at room temperature (r.t., ~20 °C) and magnetically 
stirred under N2 fl ow for 10 min. A reducing solution 
containing 0.5 mmol of TBAB, tetralin (1 mL), and 
OAm (1 mL) was mixed by sonication and injected 
into the precursor solution. The reduction was 
instantaneously initiated and the solution changed 
to a deep purple color within 5 s. The mixture was 
allowed to react at r.t. for 1 h before acetone (60 mL) 
was added to precipitate the Au NPs. The Au NPs 
were collected by centrifugation (8500 rpm, 8 min), 
washed with acetone and redispersed in hexane. The 
synthesis achieved nearly quantitative yield as the 
solution after NP precipitation was colorless.

In general, the Au NPs could be dispersed in 
various non-polar, or weakly polar, solvents, such 
as hexane, toluene, and chloroform. The Au NPs 
synthesized by MB reduction of Au salts were very 
similar in size and morphology to those synthesized 
using TBAB and are not discussed further in this paper.

By carefully controlling the reaction temperature, 
Au NPs with different sizes could be readily 
synthesized. For example, to prepare 2 nm Au NPs, 
the Au precursor mixture was heated to 40 °C using 
a heating mantle for 10 min. A reducing solution was 
then injected into the light-yellow colored precursor 
solution, and the reaction mixture was kept at that 
temperature for 1 h before cooling to r.t. To synthesize 

10 nm Au NPs, the reaction mixture was cooled down 
to 2 °C using an ice-water bath. It took about 5 min 
for the reaction mixture to become deep purple after 
injection of the reducing agent. The reaction mixture 
was subsequently kept at 2 °C for 1 h before warming 
to r.t. Reaction temperatures required for the syntheses 
of Au NPs with different sizes are listed in Table 1.

Table 1   Average size of Au NPs synthesized at different temperatures

Reaction temperature (°C) Avg. Au NP size (nm)

2 9.5

10 8.1

15 7.3

20 6.4

25 5.3

35 3.3

40 2.4

1.2   NP characterization

Samples for transmission electron microscopy (TEM) 
analysis were prepared by drying a dispersion of 
the particles on amorphous carbon-coated copper 
grids. Particles were imaged using a Philips EM 420 
(120 kV). High-resolution TEM (HRTEM) images 
were recorded using a Jeol JEM-2010 (200 kV). Au 
NPs deposited on a graphitized porous carbon 
support were imaged by a Joel JSM-6060 scanning 
electron microscopy (SEM). X-ray diffraction (XRD) 
patterns of the particle assemblies were collected on 
a Bruker AXS D8-Advance diffractometer with Cu 
Kα radiation (λ= 1.5418 Å). UV/vis spectra were 
recorded on a Perkin Elmer Lambda 35 spectrometer. 

1.3   NP catalyzed CO oxidation

To perform the CO oxidation reaction tests, 6 nm Au 
NPs were deposited on a graphitized porous carbon 
support (Carbopack 120/400 mesh, Supelco). The 
catalyst was packed into a U-shaped silica tube 
(4 mm i.d.) in an Altamira AMI 200 microreactor 
and calcined at 300 °C in 8% O2/He mixture for 1 h 
in order to remove the OAm surfactant. The catalyst 
was subsequently cooled down and the gas stream 
was switched to 1% CO (balance air, < 4 ppm H2O) at 
a fl ow rate of 37 cm3/min (space velocity 41 900 cm3/
(h·gcat)). A portion of the product stream was extracted 
periodically with an automatic sampling valve and 
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twinned icosahedral structure is frequently observed 
in fcc metallic NPs having small sizes [22 24]. 
Maximization of the {111} planes in an icosahedron by 
forming twinned planes minimizes the surface energy 
and compensates the extra strain energy generated by 
the twinned defects [25]. 

The size of the Au NPs is dependent on the 
reaction temperature at which the reducing agent is 
injected. For example, 2 nm Au NPs were prepared 
by injecting the reducing solution at 40 °C, while 
reactions carried out at 15 °C and at 0 °C gave uniform 
7 nm and 10 nm Au NPs, respectively. By controlling 
the reaction temperature, we could finely tune the 
sizes of Au NPs in steps of ca. 1 nm (Table 1 and Fig. 2). 
However, cooling the reaction below 10 °C led to 
the decrease in solubility of the HAuCl4 precursor in 
tetralin/OAm mixture and consequently a slightly 
wider size distribution in the Au NPs (Fig. 2(f)).

The formation of Au NPs under the synthesis 
conditions employed can be explained by the classic 
La Mer theory [26, 27]. Upon injection of the reducing 
agent at room temperature, a burst nucleation 
event occurs, which is indicated by the observation 
of an immediate color change. At relatively high 
temperatures (room temperature for example), this 
burst nucleation consumes most of the precursors, 
leading to fast nucleation and growth processes, 
and smaller Au NPs. In the synthesis, the size of 
the Au NPs is strongly dependent on the reaction 
temperature, and independent of the concentration 
of the precursor or on the reaction time aliquots 
removed at different reaction times after the injection 
showed little size change. As shown in Fig. 3(a), 
a linear correlation can be seen between reaction 
temperature and nanoparticle size.

XRD of the Au NP assemblies show typical fcc Au 
diffraction patterns (Fig. 3(b)). However, the strongest 
(111) peak shifts slightly to higher angle as the 
particle size decreases. This peak shift may originate 
from the change in lattice constant resulting from 
the strain in the twinned structures. The grain size 
estimated from the XRD patterns using Scherrer’s
equation is smaller than that measured from the 
TEM images, indicating that the icosahedral NPs 
are polycrystalline. UV/vis spectra of the Au NPs 
dispersed in hexane exhibit the characteristic Au 

analyzed by means of a dual-column GC with a 
thermal conductivity detector. 

2. Results and discussion

Figure 1 shows transmission electron microscopy 
(TEM) images of the 6 nm and 9 nm Au NPs 
synthesized in this work. Figure 1(a) shows the 6 nm 
Au NPs which have a standard deviation in their 
diameter of less than 7%. Figure 1(b) shows the self-
assembled 6 nm Au NP superlattice array. It was 
obtained by direct deposition of the 6 nm Au NP 
hexane dispersion on an amorphous carbon coated 
copper grid followed by slow evaporation (5 min) of 
hexane. The assembly shows typical hexagonal close 
packing of the Au NPs. HRTEM studies of the NPs 
reveal that each NP tends to adopt an icosahedral 
morphology with multiple-twinned structures. An 
icosahedron has 20 {111} facets, and has three types 
of rotational axes: twofold, threefold, and fivefold. 
Figure 1(c) shows HRTEM images of three 9 nm Au 
NPs imaged along three different rotational axes. 
The interplanar distance measured from the adjacent 
lattice fringes is 0.236 nm, corresponding to the (111) 
planes of face centered cubic (fcc) Au. This multi-

（a） （b）

（c）
Figure 1   (a) TEM image of the 6 nm Au NPs; (b) TEM image of the 
self-assembled 6 nm Au NP superlattice; (c) HRTEM images of the 9 
nm Au icosahedral NPs with different orientations. The insets show 
corresponding schematic illustrations of the icosahedron. A twinned 
plane is marked in red
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（a） （b） （c）

（d） （e） （f）

Figure 2   TEM images of the Au NPs synthesized at different temperatures: (a) 40 °C, (b) 35 °C, (c) 25 °C, (d) 15 °C, (e) 
10 °C, and (f) 2 °C

Figure 3   (a) Average size of Au NPs synthesized at different temperatures. The size was measured from the respective 
TEM images; (b) XRD patterns of the Au NPs of different sizes

（a） （b）

surface plasmon absorption between 520 and 530 nm 
(Fig. 4). As the NP size increases, the peak intensity 
increases with its position being slightly red-shifted: 
this is commonly observed for Au NPs as a result of 
the increased electron density in larger NPs [15].

We chose 6 nm Au NPs as an example catalyst for 
CO oxidation as they were readily synthesized at r.t. 

Our preliminary catalytic studies show that the 6 nm 
Au NPs deposited on a graphitized porous carbon 
support followed by calcination at 300 °C under He 
+ O2 (8%) can catalyze the oxidation of CO at low 
temperature. Figure 5(a) shows the high-resolution 
scanning electron microscopy (HRSEM) image of 
the Au NPs deposited on the carbon support and 
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onto carbon supports; such materials are inactive 
for CO oxidation because of the lack of metal-oxide 
interfaces [28]. 

The enhanced catalysis of the Au NPs prepared 
in this work may be due to the presence of the 
twinned boundaries in the polycrystalline structure. 
Detailed structural and catalytic studies on these 
monodisperse Au NPs are underway.

3. Conclusions

We have developed a facile organic phase synthesis 
of monodisperse non-thiol capped Au NPs via a burst 
nucleation of Au upon injection of a t-butylamine-
borane complex. The Au NPs have icosahedral shape 
and are polycrystalline with twinned structures. They 
are highly active for CO oxidation, achieving 100% 
CO oxidation conversion at –45 °C. We are currently 
studying the structural and catalytic properties 
of these Au NPs on various supports in order to 
develop a new class of Au catalyst for the controlled 
oxidation of organic molecules.
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