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Abstract

A monolayer of chemically prepared gold nanoparticles (AuNPs, with an initial average particle size of 2.3 nm) was immobilized on three
Au substrates with different roughness. 1,4-Benzenedimethanethiol (BDMT) was used as the immobilizing binder to connect the AuNPs to the
underlying Au substrates. Surprisingly, the AuNPs were found to aggregate during their immobilization to different extents depending on the
substrate roughness. Transmission electron microscopy (TEM), atomic force microscopy (AFM), and UV-vis spectrophotometry were used to
probe the aggregation phenomena of AuNPs in the solution phase (i.e., before immobilization) and after being anchored on the different Au
substrates. The extent of AuNPs’ aggregation is inversely proportional to the Au substrate roughness (which is directly related to the surface
coverage of the self-assembled monolayer (SAM) of the BDMT binder). AuNPs with average particle size of 4.0, 5.5 and 8.0 nm were obtained
upon the immobilization onto Au substrates with roughness factor of 3.07, 2.49 and 1.1, respectively.

© 2008 Published by Elsevier B.V.
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1. Introduction

Nanoscale materials attract continuously growing interests
due to their unprecedented fascinating properties over their cor-
responding bulk materials, such as the high effective surface
area, catalytic activity, quantum confinement, etc. [1-6]. The
stimulus for this growth can be traced to new and improved
approaches of making and assembling, positioning and con-
necting, imaging and measuring the properties of nanomaterials
with controlled size and shape, composition and surface struc-
ture, charge and functionality, for use in the macroscopic
real world [7]. Gold nanoparticles (AuNPs) are extensively
studied in view of their potential applications in electronics,
optoelectronics, as well as chemical and electrochemical catal-
ysis [4,8,9]. The layer-by-layer (LBL) technique, among the
anchoring techniques, is a facile and flexible procedure used
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for the preparation of super-structured nanoparticles arrays
[10-15].

We have recently reported on the LBL-based fabrica-
tion of three-dimensional alternative multilayer arrays of
citrate-stabilized gold nanoparticles on gold substrate [16,17].
1,4-Benzenedimethanethiol (BDMT) was used as a cross-linker
to connect the nanoparticles together in a three-dimensional net-
work. Surprisingly, a two to three times increase of the average
particle size of the anchored AuNPs has been observed [18].
This revealed the occurrence of aggregation during the nanopar-
ticles’ immobilization on the BDMT layer. The catalytic activity
of AulNPs is inherently related to their particle size, and this
urged us to investigate the reason behind the observed aggre-
gation and possibly to control its extent. This would enable
the fabrication of anchored AuNPs with tunable size suitable
for a desired application. In solution phase, several groups
have addressed, controlled and sometimes utilized the AuNPs’
aggregation phenomenon [9,19-22]. Basically, a group of stabi-
lizers including low molecular weight surfactants, organic thiols,
thiol-functionalized ionic liquid, inorganic ligands and various
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polymeric materials have been used to isolate the AuNPs and
prevent their aggregation in the solution phase [9,18,19,23]. The
molar ratio of Au atoms to the stabilizer is a crucial parameter
which determines the final average size of the AuNPs [23]. In
some cases, citric acid was used as a photochemical reducing
agent of the Au ions which act as a stabilizer for the prepared
AuNps as well [24]. In that case, the pH of the medium also
contributes in defining average size of AuNPs [24]. In ethano-
lic solution, Liao et al. [20] have observed a spontaneous linear
aggregation of AuNPs and the dipole—dipole interaction was
believed the driving force for this aggregation. On the other hand,
a reversible aggregation/deaggregation process of the AuNPs
has been achieved in a dithiol-containing solution [19].

So far, little information is available regarding the aggrega-
tion of AuNPs during their immobilization onto solid substrates.
The aim of this work is to investigate and possibly to con-
trol the aggregation of AuNPs immobilized on gold substrates
using BDMT as a cross-linker. Three Au substrates with dif-
ferent roughness factor (r.f.=real area/geometric area) were
employed in this study. The results showed a dependency
of the extent aggregation on the substrate morphology (i.e.,
roughness). The aggregation phenomena of AuNPs in solutions
containing BDMT or cystamine is also addressed and inter-
preted.

2. Experimental
2.1. Electrodes preparation and pretreatment

Three Au substrates were utilized, namely, polycrystalline
gold (poly-Au), poly-Au with electrochemically (EC) deposited
gold nanoparticles (EC-poly-Au), and atomically flat Au(11 1)
single crystal electrodes. The Au(l11) electrode was softly
cleaned by successive sonication in acetone, ethanol, and de-
ionized water. Conventional procedures were applied to clean the
poly-Au electrodes (¢ = 1.6 mm). Typically, the electrodes were
mechanically polished with emery paper (2000-grade), then with
aqueous slurries of successively finer alumina powder (particle
size down to 0.06 wm) with the help of a polishing microcloth.
The poly-Au electrodes were, then, electrochemically cleaned
by cycling the potential between —0.2 and 1.5V vs. Ag | AgCl
in N saturated 0.5 M H,SOy at scan rate of 10 Vs~ for 10 min
or until the cyclic voltammogram characteristic of a clean Au
surface is obtained. The EC-poly-Au electrode was prepared by
depositing AuNPs electrochemically onto the poly-Au electrode
by applying a potential step electrolysis from 1.1t0 0.0 Vvs. Ag |
AgClfor 60 s in an acidic aqueous solution of 0.5 M H,SO4 con-
taining 1.0 mM Na[AuCly] and 100 uM 1™ ions. Thus, AuNPs

Table 1

of average particle size of about 10-20 nm were electrodeposited
onto the poly-Au electrodes (denoted hereafter as EC-poly-Au)
[25-27]. Then, the EC-poly-Au electrode was cleaned elec-
trochemically to remove the adsorbed iodide ions. The real
surface area of the different Au substrates was estimated by
calculating the charge consumed during the reduction of the Au
surface oxide monolayer (formed during the anodic scan) in N»-
saturated 0.5 M H»>SO4 solution (peak located at ca. +900 mV
vs. Ag | AgCl [28]) using a reported value of 400 wC cm™2 [28].
The roughness factor (r.f.) was estimated accordingly for each
electrode (cf. Table 1).

2.2. Chemical immobilization of the AuNPs

Chemicals of analytical grade were used in this study. The
chemical immobilization of the AuNPs onto the three different
Au substrates has been performed in three consecutive steps.
Firstly, a colloidal solution of citrate-stabilized AuNPs (average
particle size =2.3 nm) was chemically prepared according to a
well-established procedure [18]. Typically, 1 ml of 1% NaAuCly
(Wako, Japan) was added to 90 ml of water at room temperature
(25 £ 1 °C) and the solution was stirred for 1 min. Subsequently,
2ml of 38.8 mM sodium citrate followed by another 1 ml of
freshly prepared 0.075 wt% NaBHj4 in 38.8 mM sodium cit-
rate were dropwise added and the colloidal solution was left
under stirring for about 10 min. The thus-prepared colloidal
AuNPs solution is, then, stored in a dark bottle at 4 °C. Sec-
ondly, a dithiol binder (i.e., with two terminal thiol groups)
is self-assembled onto the Au substrates. BDMT molecule
is a typical binder which forms a self-assembled monolayer
(SAM) onto the surface of gold electrodes (through the for-
mation of a covalent Au-S bond with the loss of one thiol
proton). The other free thiol group of the BDMT molecule
(facing the solution side) has a strong tendency to anchor the
AuNPs through the formation of Au-S covalent bond [29].
Thus, a monolayer of BDMT has been self-assembled onto
the different Au substrates by soaking the clean Au electrodes
into an ethanolic solution of 1.0mM BDMT (Aldrich) for
1 h. The surface coverage of the BDMT monolayer (I"'spmT)
is found to depend on the morphology (i.e., surface rough-
ness) of the underlying Au substrate (cf. Table 1). Lastly, the
as-prepared BDMT-SAM-modified Au electrodes were subse-
quently washed well with copious amount of ethanol and water,
and then immersed in the citrate-stabilized AuNPs colloidal
solution for 12h at room temperature to allow for the immo-
bilization of the AuNPs atop of the BDMT monolayer. The
electrodes were, then, rinsed well with water and moved to
measurements.

The dependency of the average size of AuNPs immobilized on BDMT-modified gold substrates on the substrate roughness and the BDMT’ surface coverage

Substrate Roughness factor Tepmr (x 10° mol cm™2)2 Average size of AuNPs (nm)
Au(l11) 1.10 0.914 8.2
Poly-Au 2.49 2.145 5.5
EC-poly-Au 3.07 2.558 4.0

2 The surface coverage is normalized based on the geometric surface area.
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2.3. Characterization of the AuNPs

Transmission electron microscopic (TEM) images were cap-
tured using a JEM-2010F analytical microscope operated at
an acceleration voltage of 200kV with a resolution of 0.1 nm
and a magnification factor (x) of 50-1,500,000. Atomic force
microscopic (AFM) image was obtained ex situ using an AFM
Nanoscale Hybrid Microscope VN-8000-KEYENCE, in the
direct contact mode. The UV—vis spectra of the different thiol-
containing AuNPs colloidal solutions were obtained using a
Hitachi spectrophotometer (Hitachi U-3300 with 10-mm length
quartz cell).

3. Results and discussion

The UV-vis spectral analysis of the citrate-stabilized col-
loidal solution of the AuNPs has been frequently utilized to
probe their average particle size. The appearance of a peak at
ca. 516 nm (cf. Fig. 2A) reflects the formation of AuNPs with
an average size of 2.3 nm [30-32], in agreement with the obser-
vation of previous report [18]. And this, of course, does not
deny the formation of a very small amount (i.e., undetectable
under the present experimental conditions) of bigger AuNPs. It
is believed that a negatively charged citrate sphere is surrounding
the individual AuNPs in the colloidal solution inducing a repul-
sive interaction between the nanoparticles and, thus, stabilizes
the AuNPs and reduces their aggregation. Fig. 1 shows a typi-
cal TEM image of AuNPs monolayer immobilized on poly-Au
electrode with the assistance of BDMT as a binder. Investiga-
tion of this image revealed an average particle size of around
5.5 nm for the anchored AuNPs monolayer. This value is a lit-
tle larger than twice that of the chemically prepared AuNPs
in the citrate-stabilized colloidal solution. This inferred that
a few AuNPs aggregated during the anchoring process. The

10 nm
 —

Fig. 1. TEM image for chemically anchored AuNPs immobilized over poly-
crystalline gold substrate.

aggregation phenomena of AuNPs have been addressed in the
solution phase [9,18,19]. However, to the best of our knowledge,
the aggregation control of AuNPs during their immobilization
onto solid substrates is not yet addressed. Several factors are
believed to influence the extent of AuNPs aggregation during
their anchoring on gold electrodes. Some of these factors are
related to the substrate itself and others are related to the binder
and/or stabilizer. In a trial to explore the origin of the aggre-
gation phenomenon of the AuNPs during their immobilization,
the following points should be stressed. The anchoring of the
AuNPs by the BDMT monolayer occurs due to the formation of
—S—Au covalent bond between the terminal —SH group (of the
BDMT) and the AuNPs (in the solution phase). This necessitates
an instantaneous uncovering of the physically adsorbed citrate
sphere away from the AuNPs. Thus, a physical-chemical model
might furnish a plausible explanation of the replacement of the
citrate sphere (away from the surface of the AuNPs) with the
thiol covalent bond formation.

The extent of the removal of the citrate sphere (i.e., de-
shielding of the AuNPs) is a crucial parameter that likely
depends on the surface concentration of the BDMT monolayer
(I'spmT) and thus controls the extent of AuNPs aggregation. To
confirm this, we have examined the effect of the binder concen-
tration on the extent of aggregation of citrate-stabilized AuNPs
in the solution phase. Various amounts of BDMT (in the puM
range) were added to a constant volume of the citrate-stabilized
AuNPs colloidal solution. Surprisingly, an immediate precipi-
tation of the AuNPs was always observed independent of the
amount of BDMT added. This indicated that a high degree of
aggregation occurred in the AuNPs colloidal solution. In this
case, BDMT acted as a powerful cross-linking agent as it has
two active terminal thiol (-SH) groups. In the solution phase,
the two thiol groups (attached to one BDMT molecule) are able
to induce the removal of the citrate sphere away from the sur-
face of the colloidal AuNPs and thus to bond covalently with
the AuNPs in all dimensions. In view of the relative dimen-
sions, one should also realize that one Au nanoparticle can bond
to more than one BDMT molecule, and each BDMT molecule
can connect two AuNPs. Therefore, a high molecular weight
cross-linked BDMT-AuNPs 3D network is formed and precip-
itated. It is worth mentioning here that such huge aggregation
did not occur when AuNPs were anchored on BDMT-modified
poly-Au electrodes since only one thiol group of the BDMT
molecule is freely allowed to interact with AuNPs. Whereas,
the other —SH group of the BDMT is being consumed to cova-
lently immobilize the BDMT molecules on the surface of the
poly-Au electrode. The binder-induced aggregation in the solu-
tion phase was further investigated using another thiol (binder)
compound with lower cross-linking ability, typically cystamine
(HS-CH,—CH,—NH>). It has two terminal functional groups;
one is the mercapto (—SH) group and the other is the amine
(-NH3) group. The —SH group and the positively charged amino
groups bond covalently and electrostatically, respectively, to
the citrate-stabilized AuNPs [16,17]. Thus, the uncovering of
the citrate sphere is less predominant. And consequently, the
probability of aggregation and the formation of the 3D network
decreases in the solution phase. That was verified by the addition
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Fig. 2. UV-vis absorption spectra of AuNPs’ colloidal solutions containing (A)
0OpM, (B) 2 uM, (C) 10 M, and (D) 20 uM cystamine.

of different amounts of cystamine (in the uM range) to a col-
loidal solution of citrate-stabilized AuNPs. Fig. 2 represents the
UV-vis absorption spectra of various AuNPs solutions after the
addition of different concentrations of cystamine. The spectrum
of a blank AulNPs colloidal solution (cystamine-free, curve A)
has an optical absorption peak at 516 nm arisen from the sur-
face plasmon resonance [30-32]. Curves B, C, and D of Fig. 2
show, respectively, the spectra of AuNPs colloidal solutions after
the addition of 2, 10, and 20 uM of cystamine. A gradual red
shift accompanied by a peak broadening was observed upon
the increase of the cystamine concentration, concurrently, with
a change in the colloidal AuNPs solution from red to purple.
The red shift and the color change are together a direct evidence
for the particle size increase [33]. Higher concentrations of cys-
tamine (>20 wM) resulted in a precipitation of AuNPs similarly
to BDMT. Therefore, it can be concluded that the origin of aggre-
gation during immobilization of AuNPs on poly-Au electrode is
the instantaneous binder-induced removal of the citrate sphere
away from the surface of the AuNPs. During that short time of
de-shielding, several AuNPs aggregate to decrease their overall
surface energy.

The effect of the substrate roughness (i.e., microtopography)
has been further investigated using smooth Au(1 1 1) and rough
EC-poly-Au electrodes. The EC-poly-Au electrode was made by
electrodepositing AuNPs form an acidic bath containing 1.0 mM
Na[AuClys] and 100 uM I~ ions. The particle size distribution
of the electrodeposited AuNPs was ca. 10-20 nm [25-27]. The
electrodeposition of AuNPs on poly-Au substrate was done to
increase the roughness of the electrode. The roughness factors
(r.f.) of the EC-poly-Au and Au(1 1 1) electrodes were, respec-
tively, 3.07 [34], and 1.1 [35], whereas the r.f. of the poly-Au
electrode was 2.49. The TEM image shown in Fig. 3 illustrates
the morphology of the AuNPs after their immobilization onto
the EC-poly-Au substrate. Interestingly, a smaller average size

Fig. 3. TEM image for the AuNPs chemically immobilized on EC-poly Au
substrate. Zones A, B and C are, respectively, for poly-Au substrate, electro-
chemically deposited Au nanoparticles, and the chemically anchored AuNPs.

(4.0nm) was obtained for the anchored AuNPs (zone C). This
means that the aggregation of the AuNPs occurred to a lesser
extent than that observed on the poly-Au electrode (see Fig. 1).
Immobilization of AuNPs was next performed on a single crys-
talline Au(1 1 1) substrate and the sample was pictured by AFM.
Fig. 4 displays a three-dimensional AFM image for the Au(1 1 1)
substrate after the chemical immobilization of a monolayer of
AuNPs using the BDMT binder. Investigation of the surface
profile of this sample revealed a thickness of 8.2nm for the
AuNPs layer, i.e., a higher extent of aggregation occurred on
the Au(1 1 1) than that on poly-Au substrate. These results point
out that the decrease of the Au substrate roughness leads to a
higher extent of aggregation of the anchored AuNPs.

In fact, the change of the Au substrate roughness is associated
with a change of the surface concentration of the BDMT-SAM
binder (i.e., I'gpmTt) Which might affect the extent of aggre-

0.00 [nm]

Fig. 4. Three-dimensional AFM image for AuNPs immobilized on Au(111)
single facet substrate.
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gation of the anchored AuNPs. To estimate the BDMT surface
coverage (I'spmr), the reductive desorption patterns of a full
monolayer of BDMT-SAM (formed at the three different Au
substrates) have been measured in Nj-saturated 0.5M KOH
solution and the results are shown in Fig. 5. The surface of
poly-Au electrode is considered to compose, mainly, of three
low-index crystallographic orientations (Au(111), Au(100),
and Au(1 1 0)) with a huge number of kinks and steps [36]. Each
single-crystalline domain exhibits a different binding strength
toward the self-assembled thiol, which results in the appearance
of multiple desorption peaks. However, in the case of BDMT-
SAM, broad peak accompanied by a small shoulder appeared
in the reductive desorption pattern of the three different sub-
strates (see Fig. 5, curve a). Another interesting point is the
existence of a negative shift of about 40mV in the desorp-
tion peak in the case of BDMT-SAM-modified EC-poly-Au
substrate (curve b) and a positive shift of about 240 mV for
that of the BDMT-SAM-modified Au(1 1 1) substrate (curve c)
in comparison to that of BDMT-SAM-modified poly-Au sub-
strate (curve a). The lateral interaction among the hydrophobic
BDMT molecules is likely the reason preventing the appearance
of a sequentially separated desorption pattern similar to the case
of a short chain thiol-SAM (e.g., cysteine) [36]. Integration of
the faradaic charge associated with reductive desorption of the
BDMT-SAM is used to estimate I'gpmt. The values of I'gpmt
for the three Au electrodes are listed in Table 1. This table shows
that I'gpmr increases with increasing the substrate roughness
which is associated with a decrease of the average particle size of
the subsequently anchored AuNPs. A high surface coverage of
BDMT reduces their aggregation by efficiently binding them to
the surface. This means that a high surface coverage of BDMT
molecules is required to reduce the aggregation and stabilize
the anchored AuNPs. On the other hand, at low I'gpmT, the
probability of nanoparticle—nanoparticle interaction increases
to relief the excess surface energy and consequently the extent
of aggregation increases. The scheme in Fig. 6 illustrates the
immobilization of AuNPs on two different substrates (smooth
and rough). It shows clearly that the BDMT surface coverage is
critical to control the extent of aggregation.

[e}8
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-200 poly-Au
—— EC-poly-Au
Au (111)
-300

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2
EN vs. Ag/AgCI
Fig. 5. Linear scan voltammetry for the reductive desorption of BDMT assem-

bled on (a) poly-Au, (b) EC-poly-Au, (c) single crystalline Au(1 1 1) substrates
measured in 0.5 M KOH solution (scan rate 50mV s~ 1).
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Fig. 6. A schematic representing the effect of the BDMT surface coverage on
the extent of AuNPs’ aggregation.

It has been previously thought that nanoparticles preserve
their morphology when immobilized from solutions to sub-
strates, and therefore the anchored AuNPs would retain their
morphology similar to that in the solution phase before anchor-
ing [20]. Our results showed that it is not always true, and
in some cases a morphological change (e.g., aggregation) of
nanoparticles may occur upon immobilization. The use of
rougher/smoother Au substrates and employing AuNPs with
different average particles size are currently under way.

4. Conclusions

This study is concerned with the investigation of the aggre-
gation phenomena of the chemically prepared citrate-stabilized
AuNPs during their immobilization onto Au substrates with
different surface roughness. A monolayer of BDMT was self-
assembled on the electrodes and was, then, used as an anchoring
agent for the AuNPs. The immobilization process of the AuNPs
necessitates the uncovering of the AuNPs (i.e., removal of the
citrate sphere away from the AuNPs) to allow for the —S—Au
covalent bond formation. The extent of the instantaneous uncov-
ering of the citrate shield depended on the surface concentration
of the thiol binder (which was, in turn, related to the roughness
of the underlying Au substrate). That is, AuNPs of an aver-
age size of about 8.2 nm are formed at a smooth Au substrate
(Au(111), r.f.=1.1), whereas, AuNPs of smaller average size
(about 4.0nm) were anchored onto a relatively rough substrate
(EC-poly-Au, r.f. =3.07).
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