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ABSTRACT

Polyelectrolyte (PE)/gold nanoparticle hybrid films that can be utilized as efficient electrochemical sensors were prepared by infiltrating
4-(dimethylamino)pyridine-stabilized gold nanoparticles (DMAP—Auyp) into PE multilayers preassembled on indium tin oxide (ITO) electrodes.
Quartz crystal microgravimetry (QCM) and UV-vis spectroscopy showed that via this infiltration method, composite films with densely packed
DMAP-Auye Were obtained. Electrochemical experiments revealed that the presence of gold nanoparticles in the PE multilayers could significantly
improve the electron-transfer characteristics of the films, which showed high electrocatalytic activity to the oxidation of nitric oxide (NO). The
sensitivity of the composite films for measuring NO could be further tailored by controlling the gold nanoparticle loading in the film.

Metal nanoparticles have attracted extensive interest becauseispersions is often difficult to obtait¥. ?* Previous reports

of their unique electronic, optical, and catalytic properties. showed that the surface coverage of gold nanoparticles
The integration of metal nanoparticles into thin films is adsorbed from aqueous solution onto substrates is less than
particularly important for various applications, for example, about 309#%2223 A common approach to increase the
in biological sensing and in the preparation of optoelectronic nanoparticle loading on surfaces includes using additional
nanodevices:® The use of gold nanoparticle building blocks  |inker molecules to bind extra nanoparticles to the sur-
for the creation of electrochemical sensing devices is also facel92224 However, from a catalysis viewpoint, the dis-
promising?®~1° Although gold is a poor catalyst in bulk form,  advantage of this method is that the typically covalently
nanometer-sized gold nanoparticles can exhibit excellentyound molecules will adversely affect the catalytic reactivity
catalytic activity due to their relative high surface area-to- of the nanoparticle® Recently, we demonstrated that
volume ratio, and their interface-dominated properties, which metallic-composite films comprising a dense packing of gold
significantly differ from their bulk counterpart$.**Haruta  nanoparticles can be achieved by infiltrating gold nanopar-
and co-workers have demonstrated that gold nanoparticles;cies stapilized by the ligand 4-(dimethylamino)pyridine
(<10 nm) sup_ported on oxides dlsp_lay hlgh ca_talytlc activity (DMAP—AUys) into preformed poly(sodium 4-styrene-
for the_chem|cal and electrochemical oxidation of carbon sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)
monoxide (CO) and methan&l.Gomean and co—workgrs multilayer films?é The nature of the adsorbed ligand as well
_reported that the h|gh cgtaly-nc activity of gold nanoparticles as the polyelectrolyte (PE) adsorption matrix resulted in the
in catalyzing CO oxidation is related to the band gap of a formation of dense nanoparticulate filiffsUnlike many

metallic-insulator transition for particles in the range of a other ligand-capped metal nanoparticle systems where the

few nanometers: ligand is covalently attached (e.g., thiol-stabilized nanopar-
The preparation of thin films with a high density of metal ticles), DMAP can be readily removed from the gold

nanoparticles is often desired for catalysis and electrdnics. el ; h h water rinstiaThis i
Films of close-packed metal nanoparticles can be achieveg'anoparticie: surtace tnrough water nnsmgrihis 15 an

via self-assembly of metal nanoparticles from organic media Important .feature_ of.the DMAF_'AUNP system ,W'th r_egard
onto solid support&-18 However, the formation of dense to catalysis applications. In this paper, we investigate the

films of metal nanoparticles from aqueous nanoparticle utility of these PE/ANP composite films in electrocatalysis.

The focus of this work is to study the electron-transfer
* Corresponding author. Fax:+61 3 8344 4153. E-mail: fcaruso@  characteristics of Au nanoparticles in PE multilayers, and

“”Lmhﬁgli'egghi‘f(' Institute the capacity of such films (with varying gold nanoparticle
*The University of Melbourne. loadings) to act as electrochemical sensors.
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Figure 1. Frequency change as a fun(_:tion of the number of layers Figure 2. UV —vis absorption spectra of a DMARAUe dispersion

for the assembly of a PE/DMAPAune film on a QCM electrode. (a) and films of PEI/(PSS/PARHPSS/Aup (b), PEI/[(PSS/PAHY
The large frequency changes (layers 7, 12, 17, 22, and 27) pgs/ay), (c), PEI/[(PSS/PAHYPSS/Aug]s (d), and PEI/[(PSS/
correspond to DMAPAqu deposition. The first layer deposited PAH),/PSS/Aug]4 (€) on ITO substrates. The inset shows that the
was PEI. One cycle of six layers corresponds to (PSS/BIRSE/ absorbance maximum increases with the number of DMAByp

Aunp. deposition cycles (n).

The PE multilayer films used as matrices for DMAP . . .
Aunp infiltration were prepared by first adsorbing poly- the uncharged amine groups of PAHIt is possible that

(ethylenimine) (PEI) onto a solid support (gold, silicon or some reS|du§1I_ DMAP may b_e present in the f|Im§.
ITO), followed by five alternating layers of PSS and PAH The deposition of successive P_E/gold nanopamcl_e layers
through the layer-by-layer (LbL) techniq&&The first layer was further characterized by UWis spectroscopy. Figure
of PEI was used as a primer layer. The negatively charged,2: CUrve &, shows the UWis spectrum of the DMAP
outermost layer (PSS) was exploited for adsorbing the Aunp dispersion. The surface plasmon absorption peak is
positively charged DMAP-Aune. The PE-modified sub- located at 517 nm. Following the sequential deposition of
strates were immersed into the gold nanoparticle dispersionmultilayer films on ITO using the same procedure used to
for 60 min and washed with pure water. Thicker composite Prepare the films on QCM electrodes, the surface plasmon
films were obtained by repeatedly depositing five layers of résonance peak position shifted to about 590 nm (Figure 2,
PE and gold nanoparticles [i.e., (PSS/PARBS/Aug]. curve b). The red-shift of the surface plasmon is due to a
We first used QCM to quantitatively characterize the reduced nanopartictenanoparticle distance (i.e., more dense
formation of PE/gold nanoparticle composite films. Figure Packing) in the film as compared with DMARAUp
1 shows the frequency changes associated with the formatiorflispersed in wate¥;** and also due to the change of the
of the films on QCM electrodes. Infiltration of DMAPAUNp refractive index as a result of the surrounding PE m&#rix.
into the PE films resulted in a significant decrease in the It is also noted that with increasing the film thickness, no
QCM frequency: the average frequency change for a sin(‘:ﬂefurther broadening of the surface plasmon absorption band
deposition of DMAP-Aue is ca. 3600 £ 580) Hz, which occurs, but a systematic blue shift in the peak maximum
corresponds te~3150 nd® or ~4.5 x 102 particles cm2 occurs. Compared with the maximum absorption wavelength
A surface coverage of~2.8 x 1012 particles cm? is of 590 nm (curve b) for the first “gold nanoparticle layer”,
expected, assuming the gold nanoparticles (6 nm diameter)the maximum absorption wavelength of the “fourth nano-
form a nanoparticle layer in a 2D hexagonal close packing Particle layer” shifted to 577 nm (curve e), i.e<13 nm blue
structure (surface coverage ratio of 74%). The similar Shift. This indicates that the average nanoparticiano-
frequency Changes for the DMARAUNpP adsorption steps partiCle distance increases with ianeaSing film thiCkneSS,
indicate that similar amounts of nanoparticles were depositedWhich may be explained by variations in the layer structure
with each adsorption step (within15%). The QCM results and/or nanopatrticle loading. Despite such a blue shift the
indicate that the DMAP-Auyp surface coverage (per deposi- maximum absorbance increases regularly with the number
tion) is approximately 1.6 times that expected for a close- Of deposited DMAP-Aunp layers (Figure 2, inset).
packed, monolayer nanoparticle coverage. As we reported The surface morphology of a PE/Au nanoparticle hybrid
earlier?® the dense packing of nanoparticles in the film is film was investigated by atomic force microscopy (AFM).
attributable to the reversible binding nature of the DMAP Figure 3 shows AFM images of a PEI/(PSS/PARES
ligand stabilizing the gold nanoparticles and the PE matrix multilayer film assembled on a silica substrate before (a)
used to immobilize the gold nanoparticles. After infiltrating and after (b) exposure to a DMAFAuUne dispersion. The
DMAP—Aunp into the PE films and washing with water, it PE film on the silica surface is rather smooth, with a root-
is postulated that DMAP is removed from the gold nano- mean-squared (RMS) roughnessdf nm. After infiltration
particle surfac® (hence, in the films the nanopatrticles are of the gold nanoparticles, the film becomes considerably
denoted Anp) and that the nanoparticles are stabilized by rougher (RMS~6 nm). AFM tip convolution effects magnify
the PE chains; for example, via weak covalent bonding with the observed diameters of the nanoparticte2d—70 nm).
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Figure 3. AFM images of a PEI/(PSS/PAHPSS film before (a)
and after (b) infiltration of DMAP-Aunp.
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Figure 4. Cyclic voltammograms of a bare ITO electrode (a), and
ITO electrodes modified with PEI/(PSS/PA¥RSS/Aup (b), PEI/
[(PSS/PAHYPSS/Awg), (c), and PEI/[(PSS/PAHPSS/Aug]3 (d)

in pH 7.0 PBS. Scan rate 50 mV/s.

The films prepared were examined for electrochemical
activity. Figure 4, curves-bd, show the cyclic voltammo-
grams (CVs) of the composite films with various layers of

gold nanopatrticles in pH 7.0 phosphate buffer solution (PBS).

It can be seen that in the potential region from 0 to 1.3 V
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Figure 5. Cyclic voltammograms of 10 mM #e[CN} in pH

7.0 PBS at a bare ITO electrode (a), and ITO electrodes modified
with PEI/(PSS/PAHYPSS (b), PEI/(PSS/PAKPSS/Ayp (c), and
PEI/[(PSS/PAHYPSS/Ayg]s (d). Scan rate= 50 mV/s.

there is an oxidation peak atl.1 V and a reduction peak
at~0.3 V. As bare ITO electrodes (Figure 4, curve a) and
PE multilayer-modified electrodes (data not shown) have no
current response in this potential region, the redox peaks are
attributed to the oxidation and subsequent reduction of
surface gold oxide (Aug formation on the gold nano-
particles as a result of the positive potential polarizatio®.
These data are indicative of the presence of gold nano-
particles and the chemical reversibility of the surface reaction.
With thicker films (i.e., a higher gold nanoparticle content),
the redox peaks of Au increase (Figure 4, curves c,d). It can
also be noted that the reduction potential of gold becomes
slightly negatively shifted with increasing gold nanopatrticle
content because of the increasing difficulty for the electron-
transfer reaction between the gold nanoparticles and the
electrode with increasing film thickness.

To examine the electronic communication behavior be-
tween the immobilized gold nanoparticles and the electrode,
we investigated the electrochemical behavior gfF&{CN}
at the PE/gold nanopatrticle film-coated ITO surfacer-&
[CN]s is a substance that undergoes reversible electrochemi-
cal reaction on various electrodes and is widely used as an
electrochemical probe to investigate the characteristics of
films on electrode surfacé83’ Figure 5a shows the CV of
K3Fe[CN} at bare ITO electrodes in pH 7.0 PBS. The data
show an almost reversible electrochemical response for K
Fe[CNk. The peak separatiorAE,, the potential difference
between the oxidation peak potential and the reduction peak
potential, which is inversely proportional to the electron-
transfer raté) is 232 mV at 50 mV st on bare ITO. After
coating the ITO electrode with six layers of PEs (PEI(PSS/
PAH),PSS), there is no visible current response fgFé
[CN]s (curve b) due to the sluggish electron-transfer kinetics
through the PE filn¥83” However, after infiltration of gold
nanoparticles into the PE multilayer film, almost reversible
CVs of KsFe[CNJ are seen (Figure 5, curve c), with nearly
the same current response and a slightly laygp (350
mV) compared with that obtained for the bare electrode.
Nearly reversible CVs were obtained for the electrode
prepared via three infiltration cycles of DMARAune (Figure
5, curve d). It is noted that this electrode has 16 layers of
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PE on the surface. This is in stark contrast to six-layer PE-
coated electrode (Figure 5, curve b), which shows no
electrochemical response. This reveals that the gold nano-
particles in the PE layers improve the electron transfer
between KFe[CNL and the electrode. The results also
provide evidence for infiltration of DMAP Aunp into the
entire film. Although the nanoparticles are likely stabilized
by the PE chains, they act as “electron antennae”, effectively
facilitating electron transfer throughout the film.

Nitric oxide (NO) is a neuronal signal in the central
nervous system. The discoveries made in the 1980s that NO
could be synthesized by mammalian cells and could act as
a physiological messenger and cytotoxic agent elevated the
importance of its detectioff:** Among the various methods
for measuring NO, electrochemical techniques are of great
significance not only in that they are direct, simple and rapid,
but also in that they are applicable in vit®*?Here, we use
sodium nitrite (NaN@) as a precursor of NO to investigate
the electrocatalytic activity of gold nanoparticles in the PE
multilayers.

In acid solution (pH< 4), NaNQ can generate free NO
by the following disproportionation reactid#**
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Successive addition of a stock nitrite solution into the bulk
solution was made to generate a series of concentrations of
NO. At a bare ITO electrode, there is nearly no response Figure 6. (A) Cyclic voltammograms of a bare ITO electrode in

for NO (Figure 6A, curve a). In contrast, at a DMARuUNp
infiltrated PE-precoated electrode, a new oxidation pe
appears at~0.82 V and the peak current increases with
increasing concentration of NaN@rigure 6A, curves bh),

(a) pH 2.0 PBS containing 0.5 mM NaNGnd a PEI/[(PSS/PAH)

ak PSS/Ayp]s-modified electrode in pH 2.0 PBS containing (b) O,

(c) 0.05, (d) 0.15, (e) 0.25, (f) 0.35, (g) 0.45, and (h) 0.55 mM
NaNGQ;, Scan rate= 50 mV/s. (B) Calibration curves of the
amperometric responses of ITO electrodes modified with PEI/(PSS/

which suggests that the nanoparticles are catalytic to thePAH),/PSS/Awr (a) and PEI/[(PSS/PAHPSS/Awe]s (b) to

oxidation of NO. Similar electrocatalytic behavior of NO at
a platinum electrode modified by a monolayer of gold

nanoparticles and Nafion was recently reported by Jin and

co-workers® The suggested electrocatalytic oxidation mech-
anism is that NO in solution first loses an electron to form
NO* with the help of Au nanoparticles at the electrode
surface. The formed NOcan then be further oxidized to
form other more stable nitrogen produtis.

different concentrations of NaNO

In summary, we have demonstrated the preparation of
films comprising a dense packing of gold nanoparticles by
infiltrating DMAP—Aunp into PE multilayer precursor films.
The nanoparticle amount on the modified substrates increases
regularly with the number of deposited DMARAuUNr layers.

The presence of gold nanoparticles greatly improves the

Figure 6B compares two calibration curves corresponding conductivity and the electron transfer ability of the film.

to the amperometric responses of two films, PEI/(PSS/RBAH)
PSS/Awp and PEI/[(PSS/PAHIPSS/Aup]3, assembled on
ITO electrodes. The film prepared with three cycles of

Additionally, the electronic and catalytic properties of the
gold nanoparticles can be exploited to utilize the films for
the electrochemical detection of NO. The sensitivity of the

DMAP—Aunpe deposition has a higher response than that films is dependent on the gold nanoparticle content, thus

prepared from a single DMAPAunp deposition for the same
concentration of NaNg which suggests that the sensitivity

of the sensor can be controlled through the film thickness,

or more specifically the gold nanoparticle content in the film.
For the electrode coated with PEI/[(PSS/PARBS/Aup|3,

providing an alternative means for tuning their electrocata-
lytic activity, which can be easily controlled through variation
of the Auwp loading. With the rapid developments in
nanoparticle preparation, surface modification, and assembly,
the emergence of novel applications of these and other

a linear dependence of the peak current on the nitrite nanoparticle-related films are likely to impact the areas of
concentration in the range from 0.05 to 0.5 mM is obtained sensing, catalysis, and optoelectronics.

and the detection limit is about 0.010 mM Nap\hen using
cyclic voltammetry. This value is lower than that previously
reported for hemoglobin-based NO sensors (0.10*mM
0.018 mM®), which also employ acidic nitrite as a source
of NO.
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