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The present study found that gold nanoparticles with nanosizes below 100 nm can be synthesized by a 
wet-chemical route, carried out by induced autocatalytic method. The successive liking of the 
neighboring nanoparticles seeds by benzenedimethanethiol (BDMT) followed by the induced reduction 
of Au (III) ions leads to the formation of well defined nanostructure assembly. The size and shape of 
gold nanoparticles were relatively achieved in a good uniformity. Surface analysis and imaging 
techniques provided a direct evidence for the successful fabrication of the gold nanostructure. 
Electrochemical measurements revealed that all of the nanoparticles surfaces are not involved in the 
adsorption of BDMT.  
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INTRODUCTION 
 
Establishing well-defined interconnected arrays of gold 
nanostructure which can be further addressed is seen to 
be the key goal for the advancement of nanofabrication 
methodologies. Gold nanoparticles are amongst the most 
intensively used form of nanostructure. Their size related 
properties offer potential applications ranging from 
electronic to radiation dosimetry and therapy. For 
example, gold nanoparticles absorb X-rays, γ-radiation 
and more strongly than most tissues, and causes more 
dose to be locally deposited (Cho, 2005; Petras et al., 
2008; Walker, 2008). In addition, radioactive gold nano-
particles present attractive prospects in radiotherapy. 
They have imageable gamma emissions for dosimetry 
and pharmacokinetic studies (Cho, 2005; Petras et al., 
2008; Walker, 2008). Also, gold nanoparticles are finding 
their way to neutron materials research facilities (reactors 
and accelerators) where, in most cases, the materials are 
not initially radioactive but they become radioactive 
during the irradiation process (Walker, 2008). Therefore, 
a controllable preparation of nanostructures with different 
shapes and exposed surfaces is very important. Gold 
nanostructures, with unique morphologies, might find use 
in many areas. Various approaches for fabricating gold 
nanostructures with various morphologies, such as rods, 
cubes, prisms, disks and plates have been reported (El-
Deab and Ohsaka, 2007). 

Two- and three-dimensional arrays of nanoparticles 
can be readily formed through chemical self-assembly 
methods (Brust et al.,   1995;   1994;  Fink   et   al.,  1997; 

Hostetler and Murray, 1997; Whetten, 1996; Markovich et 
al., 1997; Dirk, 2005). For instance, alkanethiol capped 
gold nanoparticles can form well-defined arrays of 
uniformly spaced nanoparticles with large ordered 
domain sizes (Brust et al., 1995; 1994; Fink et al., 1997; 
Hostetler and Murray, 1997). It remains, however, a 
challenge to ‘wire’ such assemblies into nanoscale 
devices (Dirk, 2005). In this context, a promising 
approach is suggested in this study to fabricate the 
contacts, followed by self assembly of the nanoparticles 
networks within the defined contact patterns. The main 
objectives of the present study are to prepare the gold 
nanostructures capped by BDMT and to characterize 
their properties using different electroanalytical as well as 
microscopic techniques.  
 
 
MATERIALS AND METHODS  
 
Synthesis of gold nanoparticles  
 

All chemicals used in this study were of analytical grade reagent 
and were used as received without further purification in laboratory. 
Gold nanoparticles were prepared by induced autocatalytic method 
in presence of dithiol. Different volumes of 10 mM aqueous solution 

of NaAuCl4 (200, 150 and 100 µl) were added dropwisely with 
continuous vigorous stirring to 5 ml of different samples of ultra 
super saturated aqueous solution of BDMT. BDMT aqueous 
solution was prepared by the vigorous stirring addition of 5 ml of 50 
mM of ethanol solution of BDMT to deionized water to complete 20 
ml. To induce the formation of gold nanoparticles enough amount of  
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Figure 1. The X-ray photoelectron spectra of BDMT capped Au nanoparticle structures for (a) Au 4f and (b) S 2p regions.  

 
 
 
a freshly prepared 1 mM aqueous sodium borohydride 
solution was added to each one of the previous samples 
with contentious vigorous stirring. 
 
 
Characterization 
 
After the fabrication of the gold nanostructures, it was 
immobilized on different metal substrates (copper and gold 
sheets or electrode) by immersion of the metal substrate 
for 30 min in the freshly prepared gold nanoparticles 
solution. The immobilized gold nanostructure was 
characterized by atomic force microscope (AFM), scanning 
electron microscope (SEM), X-ray photoelectron 
spectroscopy (XPS) and electrochemical measurements. 

X-ray photoelectron spectroscopy (XPS) analysis was 
performed      by      ESCA3400     electron     spectrometer 

(SHIMADZU) using monochromatized X-ray source with 
Mg Kα (hν = 1253.6 eV) radiation. Atomic force 
microscopic (AFM) images were obtained using an AFM 
Nanoscale Hybrid Microscope VN–8000–KEYENCE in 
direct contact mode. The SEM images of the electrode 
surface were observed using a JSM-T220 scanning 
electron microscope (JEOL, Japan) at an acceleration 
voltage of 15 kV and a working distance of 4 to 5 mm. 
The gold electrode was mechanically polished with 
aqueous slurries of successively fine alumina powders 
(down to 0.06 µm) and was sonicated for 10 min in Milli-Q 
water. The poly-gold electrode was further 
electrochemically pretreated in N2-saturated 0.5 M H2SO4 
solution by cycling the potential scan in the potential range 
of -0.2 to 1.5 V vs. Ag/AgCl/KCl (sat.) at 100 mV s

-1
 for 10 

min or until the cyclic voltammetry (CV) characteristic for a 
clean    poly-gold    electrode   was   obtained   prior    each 

measurement. The CV measurement was performed using 
a computer controlled BAS 100 B/W electrochemical 
analyzer at room temperature. 

 
 
RESULTS 
 
Preparation and chemical characterization  
 
XPS spectra of BDMT capped gold 
nanostructures are shown in Figure 1. Figure 1(a) 
shows two peaks for gold 4f5/2 and 4f7/2 electronic 
states. The sulfur 2p peaks are shown in Figure 
1(b). AFM image for gold sheet and SEM image 
for copper sheet  after  the  assembly  of  the  gold 
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Figure (2). (a) SEM image for copper sheet and (b) AFM image for gold sheet after the assembly of the gold nanoparticle 
on their surfaces after immersion for 30 min in the gold nanoparticles solution. 
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Figure (3). CVs for the ORR at 0.1 Vs

-1
 of ORR in 0.1 M H2SO4 for (a) bare gold 

electrode, (b) gold electrode after immersion for 30 min in gold nanoparticle three-
dimensional network solution, (c) gold electrode after immersion for 30 min in gold 
nanoparticles three-dimensional network solution and then in ultra super saturated 
aqueous solution of BDMT for each immersion and (d) gold electrode after immersion 
for 30 min in ultra super saturated aqueous solution of BDMT. 

 
 
 

nanoparticle on their surfaces by the immersion for 30 
min in the gold nanoparticles solution are shown in 
Figures 2(a) and 2(b), respectively. The average size of 
nanoparticle was about of 75 nm, although a range of 
sizes from 50 to 100 nm were observed. 

Figures (3) and (4) show two electrochemical  sensitive  

experiments to characterize self assembled molecules 
(SAMs) of BDMT capped gold nanostructures on ploy-
crystalline gold electrode. Figure 3 shows CVs for oxygen 
reduction reaction (ORR) at 0.1 Vs

-1
 of ORR in 0.1 M 

H2SO4 for (a) bare gold electrode, (b) gold electrode after 
immersion for  30 min  in  gold  nanoparticle  solution,  (c) 
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Figures (4). CVs at 50 mVs

-1
 for the reductive desorption in N2-saturated 0.5 M KOH for (a) 

gold electrode after immersion for 30 min in gold nanoparticle three-dimensional network 
solution, (b) gold electrode after immersion in gold nanoparticle three-dimensional network 
solution and then in ultra super saturated aqueous solution of BDMT for 30 min for each 
immersion and (c) gold electrode after immersion for 30 min in ultra super saturated aqueous 
solution of BDMT 

 
 
 

gold electrode after immersion in gold nanoparticles 
solution as well as in ultra super saturated aqueous 
solution of BDMT for 30 min for each immersion, and (d) 
gold electrode after immersion for 30 min in ultra super 
saturated aqueous solution of BDMT. Figure (4) shows 
the CVs at the sweep rate of 50 mVs

-1
 for the reductive 

desorption of SAMs in N2-saturated 0.5 M KOH for (a) 
gold electrode after immersion for 30 min in gold 
nanoparticle three-dimensional network solution, (b) gold 
electrode after immersion in gold nanoparticle three-
dimensional network solution and then in ultra super 
saturated aqueous solution of BDMT for 30 min for each 
immersion and (c) gold electrode after immersion for 30 
min in ultra super saturated aqueous solution of BDMT. 
 
 
DISCUSSION 
 
The gold particles are grown through two steps for the 
growth of nanoparticles. In the first step, small gold seeds 
are generated by the pre-addition of aqueous sodium 
borohydride. In the second step, the induced formed 
nanoparticle seeds were bridged with the partially 
aromatic molecule of benzenedimethanethiol (BDMT). 
The partially aromatic BDMT  is  chosen  as  the  bridging 

molecule since it exhibits higher conductance than a 
comparable length saturated dithiol molecule. It stabilizes 
and links the neighboring gold particle seeds which 
formed by the addition of the one drop of 1 mM aqueous 
solution of sodium borohydride. Consequently, the liking 
of the neighboring particles seeds induces further 
reduction of another Au (III) ion and facilitates the 
bridging of the gold. The successive liking of the 
neighboring particles by BDMT followed by the induced 
reduction of other Au (III) ions leads to the formation of 
gold nanoparticle having 3-D network as described in the 
following scheme: 
 
 nAu (III) + 3n e

-
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+
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mAu (III) +....... →……… (Like reaction (1))                  (6) 
  
 Aum +... →… (Like reaction (2), (3), (4) and (5))           (7)  
 

The formed gold nanostructure should have a uniform 
size through the uniform growth of the seeds. The gold 
nanoparticle growth is driven by the diffusion and 
dramatic effect on surface energy of the seeds. XPS 
spectra and SEM as well as AFM images provided a 
confirmation for the successful fabrication of the gold 
nanostructures according to the suggested scheme in 
Reactions 1 to 7. Figure 1(a) shows the XPS spectra of 
BDMT capped gold. The Au 4f5/2 and 4f7/2 peaks at 
binding energy (BE) 87.7 and 84.0 eV, respectively, are 
characteristic of bulk metallic state of gold. Absence of 
any observable shift of peak binding energy indicates that 
the fraction of atoms involved in bonding is low in the 
clusters (Markovich et al., 1997).  

Even for a cluster of 2.8 nm core diameters, only 10% 
of the total numbers of atoms are bound to thiolate 
groups (Brust et al., 1994, Fink et al. 1997; 
Venkataramanan et al., 1999; Jorg et al., 2003) and the 
absence of Au (I) and Au (II) in the XPS spectrum is not 
unexpected. Final state effects do not seem to be shifted 
the peak position greatly in this size range as seen earlier 
(Brust et al., 1994, Fink et al., 1997; Venkataramanan et 
al., 1999; Jorg et al., 2003). The increase of the height of 
the XPS spectra of Au 4f is qualitatively correlated to the 
amount added of NaAuCl4 solution which can be further 
confirmed from the sulfur 2p regions shown in Figure 
1(b).  

The thiolate peak in the clusters, as well as planar 
monolayer, is observed in the range 162 to 164 eV 
binding energy (Brust et al., 1994, Fink et al., 1997; 
Venkataramanan et al., 1999; Jorg et al., 2003). The 
presence of shoulders within the sulfur peaks indicates 
the presence of more than one kind of sulfur 
(Venkataramanan et al., 1999). As shown in Figure, the 
peak binding energy is shifted from the characteristic 
thiolate position. The intensity in the high binding energy 
side of the XPS spectrum to the X-ray beam is attributed 
to induced damage of the monolayer. Although the nature 
of the surface sulfur group is unclear, it may be noted that 
even in relatively clean UHV conditions, photochemical 
degradation is observed (Fink et al., 1997). X-ray induced 
disulfide formation could also contribute to the beak 
width, but it has not been confirmed independently. 

Figures 2(a) and 2(b) show the SEM and AFM images, 
respectively, for copper and gold sheets after the 
assembly of the gold nanoparticle on their surfaces by 
the immersion for 30 min in the gold nanoparticles 
solution. The assembly of the gold nanostructure on the 
metal substrate can be explained by a reaction similar to 
Reaction (7). The average size of nanoparticle is about of 
75 nm although a range of sizes from 50 to 100 nm are 
observed. A decrease in the overall surface energy of the 
of 75 nm although a range of sizes from 50 to 100 nm are 
observed. A decrease in the overall surface energy of the 

 
 
 
 
electrodeposited gold nanostuctures might reasonably 
account for the observed aggregation of gold 
nanoparticles. No superlattice formation is evident, which 
would have been the case of each functional groups of 
the BDMT molecule. Geometrically this is not possible, as 
the size of the clusters is much larger than the 
dimensions of BDMT, and therefore, not all the molecules 
can be involved in intercluster bonding. However, it is 
possible for a considerable fraction of the adsorbates to 
do so, and this should be the reason for the 
agglomeration of the particles [Figure 1(b)]. In addition, 
the morphology structure of the gold nanoparticles 
reflects the geometry of the –S– groups to the underlying 
substrate and the partial coagulation of the nearby gold 
nanoclusters during their stages of assembly. The 
mechanistic details of reaction and the partial coagulation 
reasons are not well known. It is reasonable to assume, 
however, that the attachment of the –S– groups results in 
the inhibition of the growth of the metal clusters in some 
directions and allows to growth in other directions in a 
manner similar to the presence of stabilizer around the 
gold atom. That is, the metal core growth in some 
directions is prohibited by the binding of the stabilizing 
ligand –S– group. It was proposed that the presence of a 
large ligand on the surface of the nanoparticles would 
result in the retarding of the metal cores growth, as 
suggested by many authors (Brust et al., 1995; 1994; 
Fink et al., 1997; Hostetler and Murray, 1997). Using 
different bulky stabilizer in the media throughout the 
steps of synthesis may control the size and the 
crystallographic orientation of the nanoparticle if this 
would be a consequence of steric crowding of the 
nanoparticle surface.  

The oxygen reduction reaction (ORR) at gold electrodes 
in alkaline solutions is well known to be very dependent 
on the crystallographic orientation of the gold surface (El-
Deab, 2005). Figure 3 reflects three important catalytic 
features of the Au electrode loaded with the Au 
nanoparticles, that is, (i) a significant negative shift of the 
O2 reduction peak from -80 mV (in the case of electrode 
3(a)) to -250 mV upon loading of the Au particles 
(electrode 3(b)), (ii) a considerable decrease in the peak 
current (in the case of electrode 3(b)), and (iii) no 
catalytic effect for O2 reduction is observed for electrodes 
3(c) and 3(d). At the bulk Au electrode, the reduction 
peak at -80 mV vs. Ag/AgCl/KCl (sat.) is due to the 2-
electron reduction of O2 to H2O2 and the further reduction 
of H2O2 to H2O was not observed under the present 
experimental conditions, since the H2 evolution occurred 
predominantly and in addition the reduction of H2O2 on 
Au is very slow.  

These results suggest that not all the surfaces of the 
assembled gold nanoparticles and of the gold electrode 
are involved in the intercluster bonding and that should 
be the reason for the catalytic effect of the assembled 
gold nanoparticles on the gold electrode [Figure 3 (b)]. 
That is, the most important characteristic for the 3-
dimontional SAMs is that  the  surface  on  which  adsorption 



 

 
 
 
 
occurs in the latter is three dimensional as the name itself 
indicates. This would make the molecules at the surface 
diverging as they move away from the gold surface and 
this is not the case of the electrode in Figures 3 (c) and 3 
(d). Due to this, there is a definite possibility of the 
interpenetration of the BDMT molecules to the electrode 
surface through the assembled gold molecules as 
occurred to the electrode in Figure 3(c). 

 In another trial to probe the change of the specific 
activity of the bulk Au electrode upon loading of the Au 
nanoparticles, the cyclic voltammograms for the reductive 
desorption of the SAMs of BDMT were measured. Figure 
4(c) shows the existence of one characteristic reductive 
desorption peaks for the bulk polycrystalline Au/BDMT 
electrode at ca. -1210 mV and two shoulders appeared in 
the second cycle of desorption at ca. -1150 and -890 mV 
versus Ag/AgCl/KCl (sat.). The origin of the peak and 
shoulders is attributed to the existence of different crystal 
faces of Au on the polycrystalline Au surface. Similar 
peaks with lower currents appeared for electrode as 
shown in Figure. 3(a). As obviously can be observed, 
there is a difference between the amounts adsorbed of 
BDMT molecules on the three different electrodes. This 
can be concluded from the increase in the peak current 
from electrode 3(a) to electrode 3(b). It is also reflected 
on the total charge consumed during the reductive 
desorption of BDMT of Au nanoparticles. The total charge 
consumed is proportional to the total amount of BDMT 
adsorbed on the Au electrode. These results confirm the 
previous discussions about not all of the surfaces are 
involved in the adsorption of BDMT. In a recent investi-
gation of the adsorption of BDMT on planar surfaces, 
BDMT is adsorbed with one thiol group in the case of 
gold, both the thiol groups are bonded with. This 
difference in the amount adsorbed can be attributed to 
completely different adsorbate geometries. Con-
sequently, it is possible for a fraction of the adsorbates to 
do so, and that should be the reason for the catalytic 
effect of the assembled gold nanoparticles on the gold 
electrode. 

 
 

Conclusion 
 

 The study suggests that the role of BDMT is key factor 
for producing the nanostructure gold in certain 
morphologies. The successful fabrication of polyhedral 
gold exemplifies the exquisite shape control that can be 
achieved through careful growth-rate regulation along 
different crystallographic directions. The gold nano-
particles may be generally applicable to other material 
systems. 
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