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Redox behaviour of an array of dodecanethiol-coated silver nanoparticles, self-assembled on
the gold electrode surface by dithiol linkers, is dominated in aqueous electrolytes by a re-
versible faradaic process that has been attributed to the anodic oxidation of silver
nanoparticles. The nanoparticle array may be switched between the oxidised and reduced
states repeatedly without any significant loss of electroactive material, thus showing a re-
markable stability under electrochemical conditions. The mainly capacitive high-frequency
electrical response of the nanoparticle array/electrolyte interface is characterised by a low
value of capacitance, typical of a self assembled monolayer (SAM) of long-chain alkanethiols
on gold; it has been associated with the compact organic layer interposed between the
nanoparticles and the gold substrate. At lower frequencies, the interface displays a poorer
electrical behaviour with both capacitive and resistive elements, which was associated with
the more disordered organic layer located on the outer side of the film.

Keywords: Silver nanoparticles; Electrochemistry; Cyclic voltammetry; Electrochemical im-
pedance spectroscopy; Self assembled monolayers.

The wide interest in the recent years in nanoscale engineering has been tes-
tified by the huge and permanently increasing amount of available litera-
ture on this topic, which describes many attempts to realise devices in the
nanoscale range capable of performing useful functions®?, such as minia-
turised sensing units®* and data processing elements®® for various applica-
tions’. Facing the problem from a chemical point of view, there is a need
for systems extremely well characterised at the molecular level, since deal-
ing with nanoscale materials means exploring properties derived from
quantum-level phenomena and not (or not only) from macroscopic proper-
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ties. In this context, nanoparticles are attracting much interest since their
properties can be tuned on changing their dimensions® and/or the species
linked on their surface, imparting them extremely varied chemical, electri-
cal and optical characteristics® . In particular, self-assembly of metal
nanoclusters on a variety of substrates, forming either 2D or 3D structures!?
and superstructures®®, has been widely investigated over a number of
years'?~4, Various strategies for the fabrication of such systems have been
reported which generally exploit bifunctional ligands to accomplish either
the interparticle linking and/or their anchoring onto the substrate sur-
face'?-14, Nanoparticles arrays of either metallic or semiconducting materi-
als, organised into controlled architectures on relevant electronic sub-
strates, have been, for instance, investigated for the fabrication of new
generations of electronic devices and for sensor applications!*. Electro-
chemistry has provided useful tools for the characterisation of such sys
tems126:12h.12),12k,13¢,15,16  and, in particular, most of the electrochemical in-
vestigations on monolayer-protected nanoparticles have focused on the pe-
culiar, size-dependent electrical properties of the nanoparticles/electrolyte
interface!®. Surface assemblies of gold or silver nanoparticles on gold or
Al,O4 electrodes display in fact (sub)attofarad molecular capacitor charac-
teristics'®, similar to those of solutions of non-anchored nanoparticles'®. By
contrast, other important aspects of the electrochemical behaviour of these
systems, such as the stability of the organised assembly on electrochemical
modifications of the nanoparticle surface, e.g., the anodic growth of oxide
films, have received relatively less attention*.

We would like therefore to present here a detailed electrochemical study
of monolayer-coated silver nanoparticles covalently linked to a gold elec-
trode. Besides its implication in electronic devices, such system may also be
potentially interesting, due to the reported biological activity of silver/silver
oxide nanoparticlest’, for the realisation of antimicrobial coatings in bio-
medical devices. The strategy that we have followed for the construction of
the nanoparticle array, takes advantage from the great affinity that gold
and silver have for the thiol function. We have synthesised silver nano-
particles bearing dodecane-1,12-dithiol on the surface, one of the terminal
SH function being linked to the silver surface and the other, to be linked to
the gold electrode.
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EXPERIMENTAL

Materials

Decane-10-thiol (1), all salts and solvents were obtained from Aldrich and used as supplied.
Water of MilliQ grade was used.

Synthesis of Dodecane-1,12-dithiol (2)

1,12-Dibromododecane (6.0 mmol) and thiourea (7.8 mmol) were refluxed in water (15 ml)
for 20 h. Next, 1.5 m sodium hydroxide (10 ml) was added and the reflux continued for an-
other 6 h. A white precipitate appeared on cooling. It was filtered off after having set pH to
1.0 by adding a concentrated solution of sulfuric acid and copiously washed with water to
afford 0.42 mmol of pure product. *H NMR (300 MHz, CDCly; &, ppm): 2.5 (q, 4 H, CH,SH),
1.6 (quintet, 4 H, CH,CH,SH), 1.3 (m, 16 H, (CH,)gCH,CH,SH).

Preparation of Modified Silver Nanocrystals

Ag-(1+2) nanoparticles were prepared as already reported!®, using a solution of capping

agents at a 9:1 molar ratio of 1 and 2. The nanocrystals formed were precipitated by addi-
tion of ethanol, filtered off and washed with ethanol to obtain a dry gray powder
redispersible in chloroform. The modified nanoparticles were used without any further puri-
fication. Transmission electron micrographs (TEMs) were obtained using a Philips CM 100
transmission electron microscope (Fig. 1).
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Particle size histograms of as-produced silver nanoparticles by statistical analysis. Inset: trans-
mission electron microscopy micrograph of as-prepared silver nanoparticles. For TEM investi-
gations, a drop of nanoparticle solution in CH,CI, was transferred onto holey carbon foils
supported on conventional copper microgrids. A Philips CM 100 transmission electron micro-
scope, operating at 80 kV, was used
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Electrode Modification

The electrodes used for nanoparticle immobilisation were 200 nm thick gold films evaporated
in high vacuum on conductive fluorine-doped SnO, glass (sheet resistance of 8-10 Q cm™).
After immersion in a dilute solution of silver colloid in dichloromethane, the modified gold
electrode was thoroughly rinsed with dichloromethane and dried before use.

Electrochemical Instrumentation and Measurements

Electrochemical experiments were performed in 1 x 1071 m Na,SO, aqueous solutions (pH
6.5), using a two-compartment electrochemical cell equipped with a saturated calomel elec-
trode (SCE) and a platinum spiral as counter electrode. Cyclic voltammetric (CV), chrono-
amperometric and electrochemical impedance spectroscopy (EIS) experiments were carried
out with an Autolab Model PGSTAT 30.

RESULTS AND DISCUSSION

Cyclic Voltammetry

The redox properties of the silver nanoparticle-modified gold electrodes
were investigated by cyclic voltammetry and chronoamperometric experi-
ments, which also allowed to estimate the surface coverage of the silver
colloid. After modification, the gold electrode was transferred into the two-
compartment electrochemical cell, containing an aqueous 1 x 107 M Na,SO,
solution. Figure 2a shows the CV curve obtained by performing repetitive
potential scans under the above conditions. The first scan, from negative to
positive potentials, displays a very broad oxidation peak in the region cen-
tred at 0.48 V, labelled as A’, and in the reverse scan a much narrower re-
duction peak at 0.10 V, labelled as B'. In the second scan, the height of the
broad anodic peak is greatly diminished while a narrow peak appears at
0.22 V (A) whose height increases progressively in the following scans. At the
same time, a new cathodic peak (B) increases at 0.07 V at the expense of that
at 0.10 V. A similar behaviour was also found in aqueous LiClO, solutions.
The presence of isopotential points in the CV curves (at 0.09 and 0.24 V),
associated with the conversion between two electroactive systems showing
slightly different redox properties'®, would suggest that, during the first few
potential scans, a significant reorganisation takes place in the silver colloid
layer. Such a conversion would occur on the voltammetric time scale with-
out any loss of electroactive material, as the overall charge underneath the
two either anodic (A, A") or cathodic (B, B') peaks remains constant. The
limiting CV pattern, obtained after ca ten scans, is shown in Fig. 2b: the
peak morphology is that typical of redox processes involving surface-
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confined species?®. As expected for such a system, the peaks height was
found to increase linearly with scan rate?®. Furthermore, integration of the
CV curve showed that, at any scan rate from 0.01 to 0.5 V s™1, nearly the
same charge is exchanged in the anodic and cathodic peaks (55.4 vs
55.0 uC cm2, respectively), as also confirmed by chronoamperometric ex-
periments. The two peaks in Fig. 2b are therefore coupled to each other as
partners of a reversible redox couple confined at the surface of the gold
electrode. In agreement with such a hypothesis, Fig. 3 shows that reduction
process B is only observed when the electrode first undergoes the oxidation
process A, and vice versa. It also indicates that, on the time scale of the CV
experiment, both processes are quantitative.

Such a reversible redox process is clearly associated with the presence of
the silver colloid on the gold surface. Under the employed experimental
conditions, in fact, the unmodified gold electrode only displays a purely ca-
pacitive behaviour, characterised by a much larger capacitive current than
in the modified electrode (dashed line in Fig. 2b). The low double-layer ca-
pacitance observed in the latter case, on the other hand, is typical of elec-
trodes carrying self-assembled monolayers (SAM) of long-chain thiols2.,
The CV response of the gold substrate supporting a SAM of dodecanethiols
is compared in Fig. 2b (dot-and-dash) with the preceding ones, displaying
in fact a greatly diminished capacitive current comparable to that of nano-
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a Consecutive cyclic voltammetric curves of as-prepared Ag colloid film on Au electrode in an
aqueous 1 x 107! M Na,SO, solution. The dashed line corresponds to the first scan; b full line:
as in a after ca ten scans, dashed line: clean Au surface, dot-and-dashed line: Au modified by a
dodecanethiol SAM. Scan rate: 0.05 V s, T = 25 °C
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particle-modified electrodes. The oxidation and reduction peaks in Figs 2
and 3 are therefore attributed to a process involving silver nanoparticles
and, in particular, to the formation of a silver oxide or hydroxide layer over
the colloid surface, during the positive scan, and to the corresponding
reductive stripping, during the reverse scan. At the operating pH, the for-
mation of an (hydr)oxide silver layer is in fact thermodynamically allowed
at potentials higher than 0.1 V (vs SCE)?2. Such a hypothesis was confirmed
by comparison with a massive silver electrode modified with a SAM of
dodecanethiols, displaying a very similar CV behaviour. Furthermore, a si-
milar CV behaviour, also attributed to the formation of a densely packed
monolayer of hydroxide species, has been reported for colloidal gold
nanoparticles confined on ITO via an (aminopropyl)siloxane film314,

In order to estimate the surface density of silver nanoparticles on the
gold electrode surface, the charge exchanged at the CV peaks (Fig. 2) was
considered. By combining such a value with (i) the monolayer capacity of
silver (280 uC cm=2)23, (ii) the diameter of silver particles as obtained by the
TEM measurements, and (iii) assuming that the entire surface of each
nanoparticle undergoes the redox process, the surface density of the self-
assembled colloid monolayer was estimated to be 9.7 x 10° particle cm—2.
Such a low value would correspond to a rather loose packing of the silver
nanoparticles on the gold surface, the upper limit, corresponding to the
dense packing as shown from the TEM image, being 4 x 102 particle cm=2.

-0.2 0.0 0.2 0.4
E, V vs SCE

Fic. 3
Two consecutive CV curves of Ag colloid film onto Au electrode in an aqueous 1 x 1071 m
Na,SO, solution, after initial conditioning as shown in Fig. 2a. Potential sequences: first scan
(full line) +0.15/-0.18/+0.3 V, second scan (dashed line) +0.15/+0.3/-0.18 V. Scan rate: 0.1 V st
T=25°C
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The CV experiments would therefore indicate that only 5% of the gold sur-
face is covered. However, the very low capacitive current measured at the
modified electrodes, and the results of the electrochemical impedance spec-
troscopic investigation (vide infra), suggest that such a coverage is underes-
timated, likely due to the fact that the silver surface actually involved in
the redox process is only a fraction of the whole nanoparticle surface. This
would not be surprising in view of the well-known highly blocking proper-
ties of SAMs of long-chain thiols on coin metals (vide infra)?®.

Electrochemical Impedance Spectroscopy

EIS investigation of the modified electrode/solution interface was carried
out under the same conditions used in the CV and chronoamperometric
experiments, since EIS allows a much closer inspection of the electrical
structure of the interface with respect to capacity measurements based on
CV or chronoamperometry?*. EIS has been largely used for investigating the
kinetics of redox processes occurring at n-alkanethiol-coated electrodes?'25,
and was also used to study the electrochemical properties of metal nano-
particle colloids, either in solution or immobilised on conductive sup-
ports'>6, In EIS, the current is measured under potentiostatic control, i.e.
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Complex plane plots of the impedance (a) and complex capacitance (b) of Ag colloid film on
Au electrode in an aqueous 1 x 107" m Na,SO, solution, after initial conditioning as shown in
Fig. 2a. The frequency range was 0.1 Hz-100 kHz. Applied potentials (in V): -0.30 (e ), -0.05
(a), 0.20 (O), 0.45 (m), 0.70 (D)
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at a constant bias, while a small-amplitude sinusoidal voltage signal is
applied to the electrochemical cell?*. Excitation frequencies (f) between
1 mHz and 1 MHz can be used, thereby permitting in principle the investi-
gation of phenomena on time scales ranging over 9 decades, which may
be resolved in the EIS spectra according to their relaxation time. In Fig. 4,
the impedance data recorded at various biases, from negative (-0.3 V) to
positive values (+0.7 V), i.e. across the region where oxidation of nano-
particles occurs, are shown.

Two alternative presentations of the data sets were used. In Fig. 4a, the
out-of-phase component of the impedance, -Im(Z), is plotted vs the in-
phase one, Re(Z), -Im(Z) and Re(Z) being parametric functions of the fre-
quency (z-plot or Nyquist plot)2°?24, Such a presentation emphasises the
interface response at relatively low frequencies. In Fig. 4b, the complex ca-
pacitance C is plotted (c-plot), where C = 1/jwZ, j = +/-1 and w the angular
frequency (= 2mf)?7. The c-plot emphasises the interface response at higher
frequencies with respect to the z-plot?°¢26, The electrical response of the
(modified) electrode/electrolyte interface at various frequencies of the sinu-
soidal perturbation is usually described in terms of equivalent circuits200:24,
such as that shown in Scheme 1, which reproduces the behaviour of the
present system.

The EIS data shown in Fig. 4b evidence the blocking (capacitive) behav-
iour (series RC arrangement) characterising the interface at high (f > 100 Hz)
frequency. The response at low frequency (Fig. 4a) reflects, instead, a poorly
defined structure whose electrical behaviour is represented in the equiva-
lent circuit of Scheme 1 by resistance R, and capacitance C,. The R and C
elements in the equivalent circuit of Scheme 1 were evaluated by fitting
procedures, using the CNLS method described by Boukamp?8. In the circuit
of Scheme 1, Ry represents the solution resistance, Cy, the double layer ca-
pacitance, while R, and C, are elements responsible for the interface behav-
iour at f < 1 Hz?°. The best-fit values of the various elements in the circuit
of Scheme 1 are reported as a function of potential in Table I.

SCHEME 1
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As expected, the value of Ry (the solution resistance) is essentially con-
stant at the various potentials since such an element is not related to elec-
trochemical processes occurring at the interface. Also Cy was found to be
almost invariant with potential. By contrast, R, changes with potential.
However, its value at 0.7 V is only twice as high as that at -0.3 V; such an
element cannot therefore be associated to a faradaic process occurring at the
interface. The observed dependence of both R, and C, on potential is possi-
bly a consequence of the oxide-layer formation on the nanoparticle surface.

The low value for double layer capacitance Cg, is in agreement with the
low capacitive currents measured by CV and is compatible with the pres-
ence of a rather compact organic layer on the gold electrode. In the case of
a gold substrate modified with a SAM of dodecanethiol, the corresponding
value was in fact ca 3.0 uF cm™2. The very similar C, values obtained for the
two systems would therefore suggest that the monolayer-coated silver

TaBLE |
Calculated parameters from computer fitting (normalised to the electrode geometric area),
using the equivalent circuit in Scheme 1 for the Ag colloid film on Au in an aqueous 1 x
10! m Na,SO, solution (T = 25 °C)

E,V Ry, Q cm? Cyp» HF cm™ R, kQ cm? Y, x 1F, Q cm? s? (9)?
-0.30 88 33 1.50 1.6 (0.7)
~0.05 89 3.4 155 1.7 (0.7)

0.20 88 3.3 2.09 2.0 (0.7)

0.45 88 38 2.94 1.0 (0.7)

0.70 88 38 3.02 1.0 (0.7)

2 gee note?®.

Fic. 5
Schematic representation and corresponding equivalent circuit of self-assembly of surface-
active monolayer-coated Ag nanoparticles on Au electrode
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nanoparticles are able to form a very compact film on the gold electrode,
at variance with the low coverage value estimated from the CV charging ex-
periments.

The structure of the silver nanoparticles film, as emerging from the analy-
sis of the EIS data, characterised by a compact inner layer (having low ca-
pacitance) and a disordered outer one, may in principle explain the low
charges associated with the oxide-layer formation, as deduced from the CV
and chronoamperometric experiments. The oxidation process would in fact
involve principally the fraction (<<1) of the nanoparticle surface that faces
the aqueous solution and is free of thiols, being therefore in direct contact
with the electrolyte (Fig. 5). Finally, the occurrence of the large-amplitude
faradaic processes associated with the anodic growth/cathodic dissolution
of silver oxide on/from the nanoparticle surface, and the relatively large
double-layer capacitance displayed by the nanoparticle film, would explain
why quantised capacitance charging phenomenal®16 are not observed in the
present system.

CONCLUSIONS

Self-assembling of monolayer-protected silver nanoparticles onto a gold
electrode was obtained by using dithiol linkers. The nanoparticles were
electrochemically surface-active, undergoing, in aqueous electrolyte, a re-
versible anodic oxidation process. Remarkably, the assembly remains stable
over repetitive oxidation/reduction of the nanoparticle surface. Electro-
chemical impedance spectroscopy was used in order to characterise the
electrochemical interface: all the impedance spectra, obtained at various
potentials in the region of surface electroactivity of nanoparticles, were
simulated by a relatively simple equivalent circuit in which two different
capacitive elements account for the response, at high and low frequency, of
the interface. Such elements were associated, respectively, to an inner and
compact alkanethiol layer interposed between the gold surface and the
nanoparticles, and an outer and relatively looser alkanethiol layer located
outside. The latter layer would allow easy permeation of electrolyte to large
fractions of the silver surface thus explaining the observed CV behaviour.

This work was carried out with partial support by the University of Bologna (“Funds for Selected Re-
search Topics”), MIUR (PRIN 2002, prot. 2002035735), and C.N.R. (Agenzia 2000). We would like
to thank Dr G. Falini for his help in the TEM investigation.
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