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Abstract

The deposition of nanocolloidal gold particles under the influence of an externally applied electric field is studied in situ by means of
spectroscopic ellipsometry. The variation of the relative coverage with time, as a function of applied potential, is determined using a
principal component analysis. Calibration of the absolute coverage is done by means of ex situ electron microscopy. The results reveal
that the deposition rate is directly related to the electrochemical current. A threshold potential exists for current and therewith also depo-
sition to occur. The spatial distribution of nanoparticles deposited in an applied field exhibits a higher degree of order as compared to the
random, irreversibly deposited nanocolloids at chemically functionalized surfaces. The experimental findings are discussed in terms of a
simple electrochemical model.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the past decade, impressive and promising
advancements have been reported in the field of bottom-
up self-assembly. Despite recent achievements, true control
over the formation of single and multicomponent arrays
still remains one of the ‘holy grails’ and is pursued by many
groups. For example, electrostatically driven self-assembly
and chemically oriented routes to self-organization of
nanoparticles, employing well-defined functionalities to
induce specific affinity between composing entities, have
been studied extensively [1–3].

In recent work, we have shown that nanoparticle depo-
sition driven by electrostatic attraction between particles in
suspension and a chemically charged substrate results in
randomly deposited colloidal thin films [4,5]. Due to the
irreversibility of the adsorption process, the resulting films
show short-ranged local ordering in the radial direction,
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but azimuthal ordering is absent. Particles remain well-sep-
arated as a result of the electrostatic double layer repulsion,
implying that the surface coverage remains limited. For a
number of envisaged applications a higher coverage and
a more ordered spatial distribution of the particles would
be desirable.

Well-ordered multilayered superstructures and ordered
monolayer films, prepared by electrophoretic deposition
of micron-sized latex particles, were reported almost simul-
taneously by Trau and co-workers [6] and Böhmer [7]. Since
then, considerable effort has been devoted to electropho-
retic deposition of (sub)micrometer sized colloidal particles.
Highly ordered structures such as three-dimensional colloi-
dal crystals (opals) [8–10] and ordered two-dimensional
films of a binary mixture of colloids [11] have been
described in literature. The driving force for self-assembly
in these systems has been investigated [6,8,11–13] and is
generally ascribed to electrohydrodynamic flow [12–16].
Electrohydrodynamic flow is caused by movement of ions
due to a gradient in the local electrical field, which results
from variations in the charge distribution around an
adsorbed particle. As the flow is a response to the variations
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Fig. 1. (top) Transmission electron microscopy (TEM) image showing
octadecylamine stabilized gold nanoparticles, as used in this work.
(bottom) Size-distribution of the gold nanoparticles yielding an average
diameter of 8.6 nm and a standard deviation of 13%.
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in the charge density, it only persists if the variations in the
charge distribution are maintained, i.e. when an electric cur-
rent flows.

There are less-frequent reports of electrophoretically
deposited films of particles with dimensions in the low-
nanometer range. Bailey et al. have shown unordered films
deposited by means of electrophoresis on substrates that
were pre-patterned using micro contact printing [17].
Another example is from Gao et al. [18], who deposited
CdTe nanoparticles on pre-patterned ITO electrodes.
Inverse opals made by electrophoretic deposition of small
particles into voids left between an ordered multilayer film
of large particles have been shown by Gu et al. [10].

Based on the available literature, one can conclude that
electric field assisted deposition of nanoparticles has been
studied to some extent. Generally, the assembled nanopar-
ticulate films do not exhibit significant ordering. The films
deposited by Giersig and Mulvaney [19] constitute the only
exception to this rule as far as we are aware. These films
show very nice ordering, due to the fact that the particles
are mobile even after deposition on the electrode surface.
There are a number of factors that make deposition of
ordered films of nanoparticles and their investigation more
challenging, as opposed to their micron-sized counterparts.
First, for aqueous suspensions of nanocolloids, the thick-
ness of the double layer is often comparable to the particle
size, giving rise to considerable interparticle repulsion. Sec-
ond, Brownian motion for small particles is more impor-
tant than for larger particles, therewith inhibiting
ordering of the film. Furthermore, electro-osmotic flow
arising from electrophoretic motion of ions in the aqueous
liquid near charged surfaces, including the substrate, inter-
feres with the well-defined motion of the charged particles
[20]. A last important issue is that nanoparticles can not be
observed easily, whereas deposition of larger particles is
readily observed using conventional microscopy [6–
8,11,13–15].

In this work we describe deposition experiments, in
which positively charged gold nanoparticles are deposited
under the influence of an externally applied electric field.
Spectroscopic ellipsometry [21,22] enables us to monitor
the adsorption of nanoparticles in situ, allowing a study
of the influence of the applied voltage on the deposition
process. Additionally, the spatial distribution of the parti-
cles on the electrode is analyzed from electron microscopy
images obtained after deposition. Based on the results, a
mechanism for electrophoretic deposition from an aqueous
suspension is proposed.

2. Experimental

2.1. Nanoparticle synthesis

For the deposition experiments in the presence of an
external electric field, octadecylamine stabilized gold parti-
cles are used, such as shown in Fig. 1. From the particle
size distribution, the average diameter and the polydisper-
sity are determined to amount to 8.6 nm and 13%,
respectively.

These particles are synthesized as described by Aslam
et al. [23]. Typically, 100 mL of an aqueous solution of
1 mM HAuCl4 (99.999% Aldrich; due to the hygroscopic
nature of the solid, it is stored as a stock solution) is heated
to 60 �C. Then 190 mg molten octadecylamine is slowly
added, resulting in an octadecylamine concentration of
7 mM. Due to the formation of a gold–octadecylamine
complex, the solution immediately obtains a bright yellow
colour. The temperature is increased to 85 �C. After a few
minutes, the solution turns colourless, indicating the reduc-
tion of AuCl�4 . After approximately 10 min, a pink colour
slowly develops, which indicates that gold colloids are
slowly being formed. After 20 more minutes, the solution
has the bright dark red colour that is characteristic for gold
nanoparticles.

After cooling the solution to room temperature, the par-
ticles are precipitated using centrifugation at 20,000 rpm
(approximately 45 · 103g) for 4 h. The supernatant, con-
taining most of the excess octadecylamine, is discarded
and the particles are re-dispersed in ultra-pure water. The
octadecylamine concentration is reduced to less than 1&
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Fig. 2. Schematic top-view representation of the electrochemical cell used
to perform in situ spectroscopic ellipsometry during adsorption measure-
ments in the presence of an electric field. A potentiostat is used to apply a
field to the working electrode, which consists of a metal film on a glass
substrate, as described in the text. Between the substrate and the glass
prism, a thin film of immersion oil is present. The light path is indicated by
the thick line.
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of the initial concentration by repeated centrifugation. The
resulting concentrated solution can be stored for a few
months without noticeable degradation.

As octadecylamine is a weak base, the surface charge of
the particles will depend on the pH of the suspension.
When hydrogen gas evolves at the cathode, hydroxide ions
are produced simultaneously and the pH of the suspension
will increase locally. To prevent variation of the surface
charge during the experiment, a pH buffer solution is used
as background electrolyte. A mixture of sodium benzoate
(Sigma) and hydrochloric acid (Merck) with a concentra-
tion ratio of 1.65:1 is used to achieve a pH of 4. The con-
centration of sodium benzoate is typically 10 mM. After
adding the hydrochloric acid, the ionic strength is equal
to the initial sodium benzoate concentration.

2.2. Substrate and deposition cell

The particles are to be deposited onto a transparent
sample that serves as the working electrode. The samples
(Ssens) consist of a metal-coated round BK7 glass substrate
with a diameter of 25 mm. The coating of the substrate is
designed to make the optical transmission (40%) as uni-
form as possible in the visible range of the spectrum; the
outermost layer of the substrate is a gold film with a thick-
ness of 5 nm. Prior to the experiments, samples are cleaned
by immersion in an acidic piranha solution (a 2:1 mixture
of concentrated H2SO4 and H2O2), typically for 5–10 s.
Atomic force microscopy reveals that the morphology of
the surface is not changed. Longer exposure will give rise
to enhanced roughness and will eventually lead to dissolu-
tion of the metal film. After this treatment, the gold surface
is oxidized and consequently has a negative surface charge.
Without further treatment of the sample, this surface
charge induces an electrostatic attraction between the par-
ticles and the substrate, resulting in an uncontrolled depo-
sition process. To prevent this, the surface oxide is reduced
by immersing the sample in ethanol for an hour. After
cleaning and reduction of the surface, a wire is glued to
the sample using a two-component silver epoxy glue. This
connecting wire is not in contact with the suspension dur-
ing the experiment.

A dedicated cell is used for the electric field assisted
deposition experiments. A schematic top-view of the cell
is shown in Fig. 2. To enable optical access, the sample is
mounted on a BK7 glass prism. To prevent optical reflec-
tion at the prism-substrate interface, the gap between the
substrate and the prism is filled with a refractive index
matching fluid (Immersion oil, n = 1.515, DIN 58884,
Merck). A PTFE (Teflon) coated o-ring with an inner
diameter of 14 mm is used to prevent leaking of the suspen-
sion, leaving an effective electrode area of 1.5 cm2. The
counter electrode consists of a platinum plate with an area
of approximately 1.8 cm2. The distance between the work-
ing and counter electrode can be varied between 0 and
5 mm; typically, the distance amounts to 1–2 mm. A satu-
rated calomel electrode (SCE) is taken as reference; all
potentials are given with respect to SCE. This electrode is
inserted in a separate compartment, which is connected
to the main compartment through a narrow channel. An
EG&G Princeton Applied Research PAR-273A potentio-
stat is used to apply the potential and to measure the
current.

The cell is attached to a sample stage that can be tilted in
two directions: (i) around the normal of the triangular sides
of the prism enabling fine adjustments of the angle of inci-
dence and (ii) around the normal of the long side of the
prism. This construction allows the cell to be aligned for
ellipsometry measurements.

2.3. Spectroscopic ellipsometry

In situ monitoring of the electric field assisted deposition
is done using a home-built spectroscopic ellipsometer
[24,25]. Essential components include a white light source,
a monochromator, a detector and two polarizers, one of
which continuously rotates [21,22]. In reflection ellipsome-
try, the change of the polarization state of linearly polar-
ized light is measured upon reflection at an interface. The
complex reflection coefficient q is defined as

q ¼ rp

rs

¼ tanðWÞ expðiDÞ ð1Þ

where rp and rs are the reflection coefficients for the parallel
and perpendicular polarizations, respectively. Historically,
the quantity q is expressed in the two angles W and D [21].

The cell used in the experiments was introduced in the
previous section (Fig. 2). We employ a total internal reflec-
tion configuration, i.e. the sample is illuminated from the
back side through a prism. The incident beam is totally
reflected at the substrate-suspension interface, implying a
high reflection intensity; the light wave does not propagate
into the solution. Adsorbed particles are probed by the
exponentially decaying evanescent wave in the suspension.
The benefit of this setup is that the gap between the elec-
trodes can be made arbitrarily small. A second advantage
is that the measurements are not affected by absorption
of the light in the suspension.
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Fig. 3. Electric field induced deposition of gold nanoparticles. Initially,
the potential is equal to the open circuit potential. Subsequently, the
applied potential is varied from �0.35 V to �0.85 V in steps of 0.1 V. The
upper figure shows the current as a function of time. The moments at
which the potential is made more negative are clearly visible. The lower
figure shows the particle coverage on the substrate. The data show that for
deposition to take place, the potential is required to be more negative than
a threshold value. In the inset, the dependence of the deposition rate on
the current is shown.
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In addition to the reflection q at the inner surface of the
glass cell, the light is also refracted at the air/glass interface
upon entering the prism, and also at the glass/air interface
upon exiting the prism (see Fig. 2). Therefore, the addi-
tional contribution to the polarization change of the light
must be taken into account. The total measured reflection
coefficient qexp is related to q through

qexp ¼
tag
p

tag
s
� q �

tga
p

tga
s

ð2Þ

where tag
p;s and tag

p;s are the Fresnel transmission coefficients
at the air/glass and glass/air interface, respectively, for par-
allel and perpendicular polarized light.

Considering the air/glass and glass/air interfaces, Eq. (2)
can be rewritten to

qexp ¼
1

cosðha � hgÞ
� q � 1

cosðhg � haÞ
¼ q

cos2ðha � hgÞ
ð3Þ

in which ha = 45� (defined by the 90� top angle of the
prism) and hg are the incident and refracted angles, respec-
tively, with respect to the normal of the short sides of the
prism. The incident angle h0 on the inner surface of the
glass cell is given by h0 = 45� + hg. The angle hg is related
to ha through Snell’s law. Since hg depends on the refractive
index of the prism, and the latter is a function of the pho-
ton energy of the light, the incident angle h0 also varies
slightly with the photon energy. Using the refractive index
of BK7 optical glass, we find that the effective incident an-
gle h0 decreases from 72.92� to 72.37� between 1.5 eV and
3.5 eV. Now that we know the wavelength-dependent
refraction angle in the prism, the correction factor
cos2 (ha � hg) in Eq. (3) can be calculated as a function of
photon energy. Since the BK7 glass is transparent over
the entire measured photon energy range (0.8–3.5 eV), the
refraction angle hg, and consequently also the correction
factor, is a real, non-complex quantity. Therefore, the cor-
rection factor only influences the experimentally deter-
mined value of W.

2.4. Principal component analysis

Ellipsometry spectra recorded during adsorption are
analyzed using a principal component analysis (PCA). As
demonstrated previously [26], PCA is a statistical technique
that allows us to analyze a set of spectra without optical
modeling. Summarizing our previous work, a set of spectra
of gold nanoparticles deposited on a substrate can be rep-
resented by a single principal component and the corre-
sponding coefficient

qi

q0

� 1 � ciY ð4Þ

In this equation qi is the ith spectrum of the set, q0 is the
spectrum of the substrate before deposition. Y is the prin-
cipal component of the set, and ci is the coefficient for the
ith spectrum. Once the components are known, every spec-
trum of the set is completely characterized by the value of
the coefficient ci. This number is closely related to the cov-
erage of the substrate with particles and is therefore used as
the coverage measured in arbitrary units. In this way,
trends in the ellipsometry spectra can be conveniently ex-
tracted from the measurements, which is sufficient for the
investigation of the influence of the applied voltage or
other parameters on the deposition process. If real quanti-
tative information has to be obtained from the spectra, a
calibration can be applied. A much more extensive discus-
sion on PCA and its application to ellipsometry spectra is
presented elsewhere [26].

3. Results

3.1. Field assisted deposition

To study the process of nanoparticle deposition and the
effect of an electric field, we performed a quasi-static exper-
iment in which the applied potential is decreased to more
negative values in small steps. The current through the cell
is measured and ellipsometry spectra are simultaneously
recorded. The results are shown in Fig. 3.

Initially, an open circuit potential of approximately
+0.2 V is measured. After 42 min the voltage was switched
to �0.35 V. Subsequently, the potential is decreased in
0.1 V steps every 35 min, until a voltage of �0.85 V is
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reached. The moments at which the potential is changed
are clearly observed in the current (upper part of Fig. 3).
Upon changing the potential, the current exhibits a distinct
peak due to charging of the electrical double layer at the
surface. More importantly, no significant, continuous cur-
rent is observed as long as the potential is more positive
than �0.65 V. At more negative potentials, the magnitude
of the current increases. Based on cyclic voltammetry
experiments, the current is ascribed to the reduction of ben-
zoate species, since hydrogen evolution only occurs at
potentials more negative than approximately �1.1 V.

In the lower graph of Fig. 3, the time-dependence of the
surface coverage is shown. The coverage is obtained from
the simultaneously measured ellipsometry spectra. Analysis
of the spectra using PCA yields a quantity that is propor-
tional to the surface coverage. To obtain an absolute sur-
face density of particles, the PCA results are calibrated
using scanning electron microscopy (SEM) on the sample
after the deposition experiment. An example of such an
SEM image corresponding to the experiment in Fig. 3 is
shown in Fig. 4 (left). Further details pertaining to the
morphological characterization of the deposited layers will
be discussed in the following section.

At the start of the experiment in Fig. 3, the first points
already deviate markedly from zero, suggesting a fast ini-
tial deposition process, even before the first ellipsometry
spectrum is obtained. To verify that this signal indeed is
due to adsorbed particles, we inspected the actual ellipsom-
etry spectra obtained in the initial stages of the experiment.
Spectra measured during the first few minutes already exhi-
bit a feature near 2.4 eV, which can be ascribed to the sur-
face plasmon resonance of the gold nanoparticles. This
indicates that indeed particles are adsorbed in a rapid
pre-deposition process as soon as the suspension is inserted
in the cell. Possibly, the substrate has obtained a negative
charge due to oxidation of the surface during mounting
of the sample and initial alignment and calibration proce-
dures. The thus induced attractive particle-substrate inter-
action, combined with the efficient transport of
Fig. 4. Scanning electron microscopy images of nanocolloidal gold films depos
after the deposition experiments shown in Figs. 3 (left) and 5 (right). The cov
nanoparticles toward the surface upon injection of the
liquid, gives rise to a rapid pre-deposition.

After the initial adsorption, the surface coverage
increases only very slowly, even when a potential as nega-
tive as �0.65 V is applied. As mentioned above, at these
voltages no significant current is observed, which implies
that the applied potential is shielded by the electrical dou-
ble layer at the electrode. Consequently, there is no electric
field in the bulk of the suspension, and particles do not
experience a net driving force toward the surface of the
electrode. Only particles that diffuse into the double layer
are sensitive to an electric field, and will be adsorbed at
the electrode. Still, at potentials as negative as �0.65 V, a
much faster film growth can be expected. However, it has
been reported that the double layer potential of a gold elec-
trode in contact with an aqueous electrolyte is considerably
smaller than the externally applied potential [27]. Upon
applying a potential, hydroxyl groups at the gold surface
accept or donate a proton, therewith reducing the double
layer potential. The reduction of the double layer potential
also depends on the acidity (pH) of the solution but is typ-
ically 85–90%, therewith explaining the low deposition rate
in our experiments. When the voltage is stepped to
�0.75 V, the lower part of Fig. 3 reveals that adsorption
starts immediately. A subsequent 0.1 V step of the applied
potential leads to an increase of the deposition rate by a
factor of 1.9. Apparently, there is a threshold for deposi-
tion to be initiated. Its value is generally found to be
between �0.65 V and �0.75 V, which corresponds quite
well with the threshold of approximately �0.65 V for cur-
rent flow, observed in the upper graph of Fig. 3. From this
observation we conclude that the deposition rate is closely
related to the current flowing through the cell.

In Fig. 5 the result of a second field assisted adsorption
experiment is shown. As with the previous measurement,
the absolute surface coverage has been obtained from the
ellipsometry spectra by calibration of the relative PCA
results using the SEM image in Fig. 4 (right). Approxi-
mately 20 min after the start of the experiment, the poten-
ited in the presence of an external electric field. Depicted is the morphology
erages amount to 41% and 9%, respectively.
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Fig. 5. Electric field assisted deposition experiment showing the influence
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adsorption. The upper graph shows the current as a function of the
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is shown. The values of the applied voltage are indicated in the upper
graph.
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tial is stepped from the open circuit value to �0.75 V. Sub-
sequently, after 45 min, the negative potential is further
increased to �0.85 V, and stepped back after another
45 min. Upon changing the voltage to �0.85 V, the deposi-
tion rate is increased by a factor of 1.8, in good agreement
with the factor of 1.9 observed in the previous experiment.
After switching the voltage back to �0.75 V, the deposition
rate decreases again to a value that is approximately equal
to the initial value.

Comparison of Figs. 3 and 5 reveals that, despite the rel-
ative similarities mentioned above, the absolute deposition
rates differ by approximately one order of magnitude. Also,
the initially deposited nanoparticle density is 50% lower in
Fig. 5. Generally, when comparing several similar experi-
ments, often such marked differences are observed.
Although the precise cause of these discrepancies is
unclear, we assume them to be due small variations of
the surface charge on the particles in various experiments,
either arising from slightly different synthesis conditions or
ionic strengths of the particle suspensions. If the variations
are limited, both the ionic strength and the particle surface
charge do not influence the electrochemical processes, i.e.
the absolute current observed. However, the effective elec-
trophoretic force on the particles is strongly dependent on
these quantities.

After the adsorption of the gold nanoparticles in the
presence of an electric field, we attempted to desorb the
particles by reversing the applied potential. Upon switching
the voltage to +0.4 V, an instantaneous increase in the
optical signal is observed, giving rise to an apparent 1%
step in the effective surface coverage (lower part of
Fig. 5). We attribute this change to electroreflection, a
change of the dielectric properties of a metal due to modi-
fication of the electron density at the electrode surface,
which is in turn caused by an applied voltage. After this
change we do not observe a decrease of the coverage, not
even when the voltage is increased to +0.7 V. This experi-
mental observation deviates from the results of Giersig
and Mulvaney [19]. They conclude that desorption of par-
ticles occurs when the applied potential is reversed. An
explanation for the difference between their and our exper-
iments may be sought in terms of the Van der Waals forces
between particles and substrate. In their case, these forces
are much smaller since they use a carbon coated copper
grid as substrate whereas we have a metallic substrate.
Therefore, in our situation the particles are expected to
be more strongly bound to the electrode. Their immobility
inhibits the formation of large ordered domains in the col-
loidal films.

3.2. Film morphology

To investigate the morphology of the nanocolloidal
films, deposited in the presence of an external electric field,
the samples are removed from the deposition cell, carefully
rinsed and dried. Subsequently, electron microscopy
(SEM) is used to study the spatial distribution of the nano-
particles. Images obtained after the deposition experiments
in Figs. 3 and 5 are shown in Fig. 4. In both experiments a
very similar spatial distribution is observed. When compar-
ing the present results with irreversibly deposited nanopar-
ticle layers on chemically functionalized surfaces [4,5,28], a
number of important differences are discerned. First, the
spatial distribution of particles deposited under the influ-
ence of an electric field is considerably more inhomoge-
neous. Clusters of 20–50 particles coexist with relatively
large areas without particles. Close inspection reveals that
some of the clusters show some azimuthal order. These
observations indicate the presence of a long-ranged attrac-
tive force between the particles. The second observation is
that in several locations on the surface, a second layer is
adsorbed. The pictures also show some dark spots in the
image. These are probably due to organic pollution of
the dried samples, most likely originating from the benzoic
acid buffer.

To enable a more quantitative comparison between the
films deposited using a chemically modified substrate
[4,5,28] and those made by electric field assisted deposition,
the two-dimensional radial distribution function of a film
deposited in the presence of an electric field is calculated.
The radial distribution function g(r) expresses the probabil-
ity to find a particle at a distance r from another particle
[4]. Unfortunately, the nanoparticulate films in Fig. 4 exhi-
bit a number of particles in a second layer, these are not
suitable for the calculation of a two-dimensional radial dis-
tribution function.
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Using a less negative deposition voltage of �0.75 V, the
coverage is markedly lower and particles are primarily dis-
tributed in a single layer. A typical image is shown in
Fig. 6. The two-dimensional autocorrelation function (inset
in Fig. 6) is calculated from the manually determined par-
ticle centers of all particles. This approach has the advan-
tage that the convolution with the particle size is
eliminated, rendering the autocorrelation image much
sharper. The radial distribution function is calculated by
evaluating all particle–particle distances. The calculated
distribution function is normalized using the requirement
that its value should be one at infinity and is plotted as a
function of the distance divided by the position of the first
Fig. 6. Scanning electron microscopy image after electric field assisted
gold nanoparticle deposition at �0.75 V for 250 min (top) and the radial
distribution function calculated from this image (bottom). The radial
distribution function g(r) is plotted as a function of r/r0, where
r0 = 10.9 nm is the average minimum particle–particle distance. The
dashed line represents the large distance limit. Positions where peaks are
expected for perfect hexagonal order are indicated by arrows. The inset
shows the two-dimensional autocorrelation function of the particle
distribution.
maximum r0. The result is shown in the lower part of
Fig. 6.

The position r0 = 10.9 nm of the first maximum reflects
the nearest-neighbour distances observed in the SEM
images. From the TEM experiment (Fig. 1), the diameter
of the metallic nanoparticles was determined at 8.6 nm,
implying that the surface-to-surface interparticle separa-
tion is 2.3 nm. Since the length of the octadecylamine mol-
ecule on the surface of the gold nanoparticles amounts to
approximately 1.5 nm, this means that the interparticle
gap is 24% smaller than twice the length of the stabilising
molecule. Giersig and Mulvaney noticed a similar phenom-
enon for larger gold particles stabilised with different thiols
[19]. It is ascribed to intertwining of the stabilizing
molecules.

At distances up to four nearest-neighbour separation
lengths, more maxima are observed, indicating that radial
ordering persists up to a distance of a few particle diame-
ters. The height of these peaks is progressively lower since
the number of larger clusters becomes smaller. In Fig. 6,
the theoretical peak positions for a perfectly hexagonal lat-
tice are indicated by arrows. It is clear that the observed
peak positions do not match with the calculated distances.
This demonstrates that the azimuthal correlation is lost at
larger distances, probably owing to the fact that the parti-
cles are relatively strongly bound to the surface.

4. Discussion

The correspondence between nanoparticle deposition
and electrochemical current, as observed in Figs. 3 and 5,
appears to indicate that the reduction reaction at the work-
ing electrode provides a driving force for deposition. A
simple model, schematically represented in Fig. 7, may
explain the experimental findings.

At low voltages, below the aforementioned threshold
value, the applied potential is completely shielded by the
double layer formed at the electrode surface. Consequently,
there is no net field in the bulk of the suspension at dis-
tances from the electrode surface exceeding the spatial
extent of this double layer, i.e. the Debye length. In this sit-
uation, shown in the left part of Fig. 7, only particles which
approach the electrode within the Debye length will experi-
ence an attractive force, and a very low, negligible adsorp-
tion rate is expected.

Upon applying larger negative voltages, the reduction of
species at the electrode locally creates excess negative space
charge. Diffusion and Coulombic repulsion will lead to dis-
tribution of the charge throughout the bulk of the suspen-
sion. At large distances from the electrode, the charge is
compensated by that generated at the counter electrode,
therewith maintaining a constant net flow of charge in
the electrolyte solution. The charge distribution constitutes
a field gradient with a large spatial extent compared to the
Debye length, providing a migration force on the sus-
pended particles. This situation is depicted in the right part
of Fig. 7. Quinn et al. [29] use a very similar mechanism to



Fig. 7. Schematic representation of the charge distribution in the cell and the resulting potential distribution. The left and the right figures depict the
situation in the absence and in the presence of an electrochemical current, respectively, arising from the applied potential.

Fig. 8. Scanning electron microscopy image after immersion of a
negatively charged (not reduced) substrate into the nanocolloidal gold
suspension for typically 1 h, without an applied electric field.
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analyze the particle flux toward an electrode. In their
experiments, they electrochemically detect electrophoreti-
cally deposited latex beads on a gold micro-electrode. In
our model, the transition between the two situations
sketched in Fig. 7 corresponds to the threshold value of
approximately �0.75 V. The model may also account for
the observation in Fig. 3 that at �0.65 V current is already
detected while deposition does not occur. Apparently, the
electric field is not sufficiently strong to overcome the
Brownian motion of the nanoparticles in suspension.

In the above discussion, only the migration of the parti-
cles toward the substrate is considered. The question which
remains to be answered is: What happens at the surface? As
described in the previous section, the nanoparticle clusters
exhibit a short-range order. To induce an ordering process,
a long-range attractive particle–particle interaction needs
to be present. Two possible candidates for such forces are
(i) electrohydrodynamic forces occurring during the
adsorption process, or (ii) capillary forces acting upon dry-
ing of the deposited layers. Since most particles appear to
be in a monolayered structure, we discard the possibility
of cluster formation in the suspension prior to deposition.

Electrohydrodynamic forces have been described to give
rise to the formation of hexagonally ordered clusters and
extended monolayers of much larger particles at electrode
surfaces [8,11–13]. In these cases the clusters are imaged
by in situ optical microscopy, so drying effects do not play
a role. In our experiments this is uncertain, because SEM
images are obtained after drying of the layers. To estimate
the contribution of capillary forces, we performed a depo-
sition experiment without applied field, i.e. in the absence
of electrohydrodynamic. A gold substrate is cleaned in a
piranha solution, after which the surface is not reduced
thus leaving it negatively charged. Subsequently, the sam-
ple is rinsed and immediately immersed in a nanocolloidal
gold suspension with an identical composition as used for
the field assisted experiments.
After removal from the colloidal suspension, the SEM
image shown in Fig. 8 is obtained. The attractive interac-
tion between the surface and the positively charged nano-
particles indeed gives rise to adsorption of a small
number of gold particles. In fact, this low density of nano-
particles adsorbed even in the absence of an applied poten-
tial is in agreement with the initial deposition observed in
Figs. 3 and 5. Only qualitative proof can be given by this
method, since removal of the sample from the suspension
gives rise to detachment of an unknown fraction of the par-
ticles as they are only electrostatically, i.e. not chemically
bound to the surface.

Most of the gold nanoparticles in Fig. 8 appear as
monomers, while only a few small clusters, mostly dimers,
are observed. Since the number of particles on the surface
is relatively small, capillary forces are absent on large parts
of the surface. These only come into play when particles are
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close together. Since the few clusters still exhibit an inter-
particle distance which is on average markedly larger than
for the field assisted deposited layers, this suggests that cap-
illary forces may have a small contribution to the forma-
tion of the films, but that they are not predominant.
Therefore, primarily electrohydrodynamic flow induced
interactions are considered to be responsible for the forma-
tion of the clusters observed in Fig. 4.

5. Conclusions

Nanocolloidal gold particles are deposited from an
aqueous benzoate/benzoic acid solution at metal-coated
glass substrates, in the presence of an externally applied
electric field. A relatively high, positive surface charge orig-
inates from the octadecylamine stabilizing agent on the
nanoparticle surfaces, and enables electric field assisted
deposition at negative potentials.

The mechanism governing the deposition process is
investigated by studying the influence of the applied poten-
tial. At low voltages, the current is negligible and deposi-
tion does not occur. At higher voltages, a strong increase
in both the current and the deposition rate is observed.
We propose a mechanism in which the larger polarization
of the electrode results in the electrochemical reduction of
the benzoic acid. This reaction gives rise to a net space
charge in the suspension, therewith constituting an electric
field that extends through the entire cell. This field provides
the driving force for deposition of the nanoparticles. Vari-
ations of the deposition rate in different experiments is
ascribed to slight differences of either the surface charge
of the particles and/or the ionic strength of the suspension.

The spatial distribution of the nanoparticles within the
adsorbed layers, formed by field assisted deposition, exhibit
significant clustering, which suggests the influence of a
long-ranged attractive force. Although capillary forces play
a role during drying of the film, electrohydrodynamic flow
is the most important interaction. The radial distribution
function, determined from ex situ electron microscopy
images, shows that the degree of order at the surface is
markedly improved as compared to randomly deposited
nanocolloidal films at chemically derivatized surfaces. In
addition to the enhanced radial order within the film, the
clusters also reveal a limited degree of azimuthal ordering.
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