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Bisthiol-Assisted Multilayers’ Self-Assembly of Gold

Nanoparticles: Synthesis, Characterization, Size

Control and Electrocatalytic Applications
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Summary: The layer-by-layer (LBL) approach has been utilized to self-assemble

multilayers films of citrate-stabilized gold nanoparticles (AuNPs) on polycrystalline

gold (poly-Au) substrates. 1,4-benzenedimethanethiol (BDMT) was used as a cross

linker to bind every two successive AuNPs layers. The transmission electron micro-

scopy (TEM), and X-ray photoelectron spectroscopy (XPS) techniques were employed

to confirm the existence of the alternative layers of AuNPs and BDMT in the self-

assembled multilayers film. The AuNPs modified poly-Au electrode showed a

significant electrocatalysis towards the reduction of oxygen (a positive potential

shift of about 100 mV was observed in the reduction peak potential compared to that

obtained at the bare poly-Au electrode). The AuNPs tend to aggregate during their

assembling to different extent which markedly depends on the substrate geometry

and roughness. An effort was dedicated to understand and control the aggregation

phenomenon.
Keywords: electrocatalysis; gold nanoparticles; hydrogen peroxide; layer-by-layer; oxygen

reduction; self assembly
Introduction

Advances in nanotechnology are currently

of a significant impact on several scientific

fields, boosting the development of a

variety of important technologies. The

impact of these rapidly developing techno-

logies is particularly significant in the

electrochemical industry, where a number

of nanoparticle-based arrays have been

introduced for sensing and catalytic appli-

cations.[1,2] Among several reasons, the

fascinating physical and chemical proper-

ties of metal and/or metal oxide nano-

materials are quite reasonable causes for
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the rapid progress in nanotechnology both

in fundamental studies and technological

applications. These includes the high effec-

tive surface area, catalytic activity, quan-

tum confinement, etc.[3–8] Gold nanoparti-

cles (AuNPs), in particular, attract a rapidly

increasing attention due to their potential

applications in electronics, optoelectronics,

as well as chemical and electrochemical

catalysis.[6,9,10] Several approaches have

been proposed to assemble the AuNPs

either chemically through an electrostatic

or covalent immobilization or electroche-

mically on different substrates.[1,11–14] Yet,

the chemical deposition approaches excel

the electrochemical ones in the smaller

average particle’s sizes of the produced

AuNPs. No doubt, the size shrinkage of

AuNPs is expected to influence their

physical and chemical properties.[15,16]

The capture of metal nanoclusters through

the coordination with anchored ligands

such as thiol terminated organic molecules
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was early suggested Wang et al.[17,18] This

concept (i.e., capturing by coordination)

was further developed to use dithiol double-

ended organicmolecules which can be bound

covalently to the metal substrate by one end

while keeping the other end (with a free

thiol terminal group) pointing to the

solution phase to allow for the confinment

of the small metal nanoclusters atop this

organic layer.[19,20] As one of the interesting

approaches to chemically self- assemble the

AuNPs, the layer-by-layer (LBL) techni-

que, the concept of which was developed

for the construction of multicomposite films

from aqueous solution[21,22], was proved

facile and flexible for the preparation of

super-structured arrays of 3-dimensional

nanoparticles sturctures.[23–28] Nanoparti-

cles films prepared by LBL exhibited an

independent repeated electrochemical

behavior for the electroactive Os3þ/Os2þ

and Ru3þ/Ru2þ redox centers.[29] Olek

et al.[30] have also used the LBL approach

to prepare a high concentration of nanotubes

with a homogeneous distribution within a

polymer matrix. Moreover, the LBL techni-

que could be used to fabricate well-designed

structures of covalently-linked multilayers of

metallic nanoparticles on (3-aminopropyl)

trimethoxysilane (APTMS)-coated glass,[31]

gold,[32] and indium tin oxide (ITO) sub-

strates using different bisthiol crosslin-

kers[12]. These tailored nanoparticles-based

structures were found to possess unique

optical and spectroscopic properties.[33]

Recently, our group has investigated the

electrochemical reduction of oxygen at

AuNPs electrochemically deposited on

different substrates.[13] These nanoparticles

exhibited an extraordinary electrocatalytic

activity towards oxygen reduction. Cysta-

mine, and 1,4-benzenedimethanethiol

(BDMT) have also been utilized to chemi-

cally immobilize AuNPs on poly-Au sub-

strates.[34] A significant increase in the

cathodic peak current and a 130 mV-

positive shift in the cathodic peak potential

have been observed,[34] indicating that the

AuNPs modification resulted in a good

electrical communication with the under-

lying electrode surface.
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Herein, we report on the synthesis,

characterization, size optimization and

applications of 3-dimensional mono- and/

or multilayer(s) of AuNPs self-assembled

on the surface of gold electrodes of different

roughnesses using the LBL approach and

BDMT as a cross linker.
Experimental Part

Electrodes’ Preparation and Pretreatment

Three different Au substrates were utilized,

namely, polycrystalline gold (poly-Au),

poly-Au with electrochemically (EC)

deposited gold nanoparticles (EC-poly-

Au), and atomically flat Au (111) single

crystal electrodes. The Au (111) electrode

was softly cleaned by successive sonication

in acetone, ethanol, and deionized water.

Conventional procedures were applied to

clean the poly-Au electrodes (f¼ 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 mm) with the help of a polishing

microcloth. The electrodes were then

electrochemical cleaned in N2 saturated

0.5 M H2SO4 by cycling the potential

between �0.2 and 1.5 V vs. AgjAgClj
NaCl(sat.) reference electrode at scan rate

of 10 V s�1 for 10 min or until the cyclic

voltammogram (CV) characteristic of a

clean Au electrode is obtained. The EC-

poly-Au electrode was prepared by the

electrochemical deposition of AuNPs onto

the thus-cleaned poly-Au electrode by

applying a potential step electrolysis from

1.1 to 0.0 V vs. AgjAgCljNaCl(sat.) refer-

ence electrode for 60 s in an acidic bath of

0.5 M H2SO4 solution containing 1.0 mM

Na[AuCl4] and 100 mM I� ions. Thus,

AuNPs of average particle size of 10–20 nm

were electrodeposited.[35–37] Then, the EC-

poly-Au electrode was cleaned electroche-

mically to remove the adsorbed iodide ions.

Synthesis of a Multilayers Film of AuNPs

The detailed procedure to prepare the

citrate-stabilized AuNPs’ colloidal solution
, Weinheim www.ms-journal.de
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has been reported previousely.[38] Typi-

cally, 1 ml of 1% NaAuCl4 was added to

90 ml of water at room temperature. After

1minute of stirring, 2ml of 38.8mM sodium

citrate was added. Subsequently, 1 ml

of freshly prepared 0.075% NaBH4 in

38.8 mM sodium citrate was added and

the colloidal solution was stirred for 5–

10 minutes and stored in a dark bottle at

4 8C. The average size of AuNPs in this

colloidal solution was about 2.6 nm

in diameter.[38] Assembling the BDMT

layer on the Au substrate was done by

soaking the cleaned Au electrodes in an

ethanolic solution of 1 mM BDMT for one

hour. The BDMT-modified Au electrodes

were, subsequently, washed well with

copious amount of ethanol and water,

and then kept in the Au colloidal solution

for 12 hr at room temperature to allow for

the capturing of the AuNPs atop the

BDMT monolayer. The thus-prepared

electrodes were rinsed again with water

before measurements. Hereafter the BDMT-

modified Au electrodes will be referred as

BDMT1 and AuNPs-anchored BDMT-Au
Figure 1.

A schematic illustration for the anchoring of the AuNPs

group-terminated self-assembled monolayer). (1) bare

solution for 1 hr, and then (2) the BDMT-modified Au elect
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electrodes will be referred as Nano1 (see

Figure 1). The BDMT molecules are

adsorbed on Au surface in a perpendicular

orientation with the lose of one thiol

proton.[39] At Nano1 electrode, the AuNPs

are covalently bonded with the mercapto-

terminal groups.

Fabrication of BDMT andAuNPsmulti-

layers was done by repeating the above

procedures (soaking in BDMT then Au

colloidal solutions) times the number of

layers needed. For example, to fabricate

Nano10 the above procedure was repeated

10 times.

Electrochemical and Materials

Characterization

The electrochemical measurements were

performed in a two-compartment three

electrode cell with a gold working electrode

(diameter 1.6 mm), a Pt wire auxiliary

electrode and anAgjAgCljNaCl(sat.) refer-

ence electrode. To investigate the oxygen

reduction reaction, O2 gas was bubbled for

10min into 0.1Mphosphate buffered solution

(PBS) (pH¼ 7.0) to ensureO2-saturation, and
from their colloidal solution on the BDMT (mercapto

Au electrode is immersed in 1 mM BDMT ethanolic

rode is immersed in a colloidal AuNPs solution for 12 hr.

, Weinheim www.ms-journal.de
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kept flowing over the solution during the

measurements. The cyclic voltammograms

(CVs) were recorded using a computer-

controlled electrochemical analyzer CHI

604A. JEM-2010F analytical transmission

electron microscope was used to capture

the TEM images. The XPS spectra were

recorded by ESCA3400 electron spectro-

meter (SHIMADZU) using an unmono-

chromatized X-ray source with Mg Ka

(1253.6 eV) anode. Atomic force micro-

scopic (AFM) image was obtained ex-situ

using an AFM Nanoscale Hybrid Micro-

scope VN–8000 –— KEYENCE, in the

direct contact mode. Note that the XPS and

the AFM measurements were performed

on planar Au substrates whereas the TEM

imaging was performed on a Au mesh

(2000-ppi grade). The Au meshs were

prepared in a similar way to that employed

for the planar poly-Au electrode except for

the polishing step.
Results and Discussion

The Formation of BDMT and Au

Nanoparticles Multilayers

Parts A-C of Figure 2 show the typical TEM

images of Nano1, Nano2, and Nano10 mesh

electrodes after immobilzation on poly-Au

substrate. One can easily estimate the

layers and their average thickness. In

Figure 2A, one can almost see a uniform

single layer of AuNPs with few uncovered

sites on the mesh electrode surface.
Figure 2.

TEM images for (A) Nano1, (B) Nano2, and (C) Nano10. T

identify the abbreviations.
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According to this image, the average

thickness of this layer is about 5.5 nm.

Recalling the original average size of

AuNPs in the colloidal Au solution before

immobilization on the BDMT layer was

2.6 nm,[38] it can easily be anticipated that

two or more Au nanoparticles were aggre-

gated during their immobilization process

atop the BDMT layer. This aggregation

process is worthwhile to be investigated in

order to identify its reasons and conse-

quently to control it. This might be done to

prepare well-designed AuNPs cluster

arrays with the prospective size for a target

application. Figures 2B and C show TEM

images for the Nano2 and Nano10 electro-

des, respectively. The average thickness of

layers in these images is 10–11 nm and 50–

60 nm for Nano2 and Nano10, respectively.

This confirms the formation of 2 and 10

layers, respectively, each of which has a

thickness of (ca. 5.5 nm). Therefore, the

TEM investigation could ascertain the

formation of successive AuNPs’ layers.

However, unfortunately, the investigation

could not show clearly the distance between

two successive AuNPs’ layers. In fact, this

distance corresponds to the length of the

BDMT molecule, which is very short

(0.8 nm),[40] a length that is very difficult

for any imaging technique to detect.

The XPS measurements were then

carried out to confirm the confinement of

BDMT in-between the AuNPs’ layers.

Selected XPS measurements were taken

for BDMT4 and Nano4 electrodes. The
he arrows indicate the AuNPs layers. See Figure 1 to

, Weinheim www.ms-journal.de
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spectra in both cases showed a broad band

in the range 160–164 eV, in agreement with

a previous finding for the S2p peak.[41] On

the other hand, the S2p peak area of

BDMT4 was relatively larger than that of

Nano4, as in the case of Nano4, the BDMT

layer lies beneath the AuNPs-layer,

whereas in the BDMT4 the BDMT is a

surface topmost layer. As well known, XPS

is a surface technique, i.e., surface topmost

layers contribute more for photoemission

signals than deeper layers. This proves the

existence of BDMT layer as a covalent

cross linker between the AuNPs layers.

Electrochemical Results

The electrocatalytic activity of the AuNPs’

layers towards the reduction of oxygen has

been examined in O2-saturated 0.1 M PBS

solution. Figure 3 represents the CVs

obtained for the reduction of oxygen at

(a) bare, (b) BDMT1, (b0, dotted line)

Nano1, (c) BDMT2, (c0, solid line) Nano2,

and (d, dashed line) Nano10 electrodes in

0.1 M O2-saturated phosphate buffer solu-

tion (pH7.0). Potential scan rate: 100mVs�1.

The 2-electron reduction of oxygen to

hydrogen peroxide at the poly-Au elec-
Figure 3.

CVs obtained for the oxygen reduction at (a) bare, (b)

BDMT1, (b0, dotted line) Nano1, (c) BDMT2, (c0, solid
line) Nano2, and (d, dashed line) Nano10 electrodes in

0.1 M O2-saturated phosphate buffer solution (pH 7.0).

Potential scan rate: 100 mVs�1.
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trode occurred at around �0.22 V

(Figure 3a), while the BDMT1 electrode

did not show any voltammetric response for

the reduction of oxygen within the

employed potential window (Figure 3b).

We suppose that the hydrophobic nature

and compactness of the BDMT monolayer,

and/or the shortage of Hþ(H3O
þ) near the

BDMTmonolayer are behind this behavior

of oxygen reduction on BDMT1. Proceed-

ings the reaction through either an inner

sphere or outer sphere mechanismmay also

contribute. It is believed that the outer

sphere mechanism is open to all redox

active systems, while inner sphere mechan-

ism, which is likely the mechanism for the

oxygen reduction, requires the substitution

of labile reactants and products.

At Nano1 electrode, a well-defined wave

for the reduction of oxygen was observed at

�0.12 V, which is 100 mV less negative than

that obtained at the poly-Au electrode,

implying that the immobilized Au nano-

particles efficiently catalyze the reduction

of oxygen. The sharp cathodic peak asso-

ciated with an enhancement in the peak

current reflects a fast electron transfer

kinetics at the Nano1 electrode. The reduc-

tion process was proved to be diffusion-

controlled at the nanoparticle-immobilized

electrode, as evidenced by the linear

increase of peak current with the square

root of potential scan rate.[34]

Interestingly, there was no response for

the reduction of oxygen, after assembling

the second BDMT layer (BDMT2 elec-

trode, Figure 3c). The second AuNPs’ layer

(Nano2) restored the catalytic activity

towards the oxygen reduction (Figure 3c0).

This behavior (i.e., losing of the electro-

catalytic activity for oxygen reduction on

BDMT monolayers and restoring it over

AuNPs monolayers) has repeated for all

the next layers as a zigzag response up to 20

alternative layers of BDMT andAuNPs (10

layers for each). It is interesting that the

response for the oxygen reduction is

completely suppressed when BDMT is

assembled as a topmost layer, while a renewed-

electrocatalytic response is obtained at the

AuNPs’ modifies electrode (see Figure 3d for
, Weinheim www.ms-journal.de



Figure 4.

TEM image for the AuNPs chemically immobilized on

EC-poly-Au substrate. Zones A, B and C are, respectively,

for poly-Au substrate, electrochemically-deposited Au

nanoparticles, and the chemically-anchored AuNPs.
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Nano10). Further work is required to

understand the nature of the electron

transfer through the layers.

AuNPs’ Aggregation

The TEM images (shown in Figure 2)

inferred that few AuNPs aggregated during

the anchoring process. This kind of aggre-

gation has not been observed in the

colloidal solution due to the strong stability

of the negatively charged AuNPs by the

citrate shield. A considerable attention is

being paid in the literature to clarify and

control the aggregation phenomena of

AuNPs in the solution phase.[10,38,42] On

the other hand, when AuNPs are immobi-

lized on solid substrates, several factors are

believed to influence the extent of their

aggregation. Some of these factors are

related to the substrate and others to the

binder and/or stabilizer. The influence of

the substrate roughness on the extent of

aggregation has been investigated. Thus,

AuNPs have been chemically immobilized

on smoothAu (111) and rough EC-poly-Au

electrodes using BDMT as a cross binder.

The electrodeposition of AuNPs on a poly-

Au substrate was done to increase the

roughness of the electrode. The TEM

image in Figure 4 shows the morphology

of the AuNPs after their chemical immo-

bilization onto the EC-poly-Au substrate.

Interestingly, a smaller average size (4.0

nm) was obtained for the chemically-

anchored AuNPs (zone C). This means

that the aggregation of theAuNPs occurred

at a lesser extent than the case of the poly-

Au electrode (see Figure 2A).

Immobilization of AuNPs was next

performed on a smooth Au substrate with

smaller roughness factor (i.e., single crystal-

line Au (111) substrate) and the sample was

pictured by AFM (data are not included).

Surface investigation of the this sample

revealed a thickness of 8.2 nm for a one

AuNPs layer, i.e., a higher extent of

aggregation occurred during the anchoring

process onto the Au (111) than that on the

poly-Au. Hence, these results confirmed

that decreasing the substrate roughness

increases the extent of aggregation. We
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
believe that the substrate roughness may

influence the extent of aggregation, at least,

through changing the surface coverage of

the binder. Further investigation will be

necessary to completely understand and

control the aggregation phenomenon.

The current results in this paper con-

firmed strongly the good electrical commu-

nication of the AuNPs with the underlying

electrode surface, and further proved the

electrocatalytic behavior of AuNPs towards

the oxygen reduction reaction. In addition,

serving the alternative AuNPs’ layers as a

renewed activated-electrode surface is a

new finding, that will definitely open the

doors for further applications in the

electrochemical catalysis. Furthermore,

our fabrication scheme for the three-

dimensional AuNPs self-assembly film with

the smooth electron transfer and controlled

layer’ thickness can be utilized in the

molecular devices development.
Conclusion

We have demonstrated the fabrication of

AuNPs’ multilayers arrays which were
, Weinheim www.ms-journal.de
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assembled onto different Au substrates

using BDMT as a binder. The formation

of repeatedly uniform AuNPs’ layers with

average monolayer thickness of about

5.5 nm was confirmed using TEM iamging

and the necessity of the BDMT for the

multilayer formation has been verfied by

the XPS measurements. The AuNPs’ layers

immobilized on mercapto-terminated self-

assemblies of BDMT achieved good elec-

trical communication with the underlying

electrode surface, and further, worked as a

renewed activated-electrode surface. This

AuNPs’ layers showed a good electrocata-

lytic activity towards oxygen reduction

(100 mV positive shift) and efficiently

restored the catalytic activity that was

entirely inhibited by the preceding BDMT

layer. The aggregation phenomenon of the

AuNPs during their assembly has been

investigated and was found to depend,

among other factors, on the substrate

geometry and roughness.
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