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ABSTRACT: Patterned arrays of gold nanoparticles (AuNPs) are prepared using
scanning electrochemical microscopy by electrochemical reduction of a gold salt at a
platinum ultramicroelectrode positioned on top of an unbiased gold surface, modified
with a biphenyl dithiol self-assembled monolayer (SAM). The synthesized AuNPs are
chemisorbed on the thiolated SAM, and by moving the microelectrode in a lateral
direction across the surface while applying a reduction potential, particle-like lines are

generated.

B INTRODUCTION

Fabrication of patterned arrays of gold nanoparticles (AuNPs)
have attracted a great deal of interest for many applications
including catalysts,"” sensors,® and electronic devices develop-
ment,** due to their unusual particle—size—degendent optical,
electrical, magnetic, and chemical properties.” Particle arrays
can be prepared by different techniques and grocedures, mainly
by lithography,” including photolithography,” ' electron beam
lithography,"'~** dip-pen nanolitho§raphy,15_17 soft lithogra-
phy such as microcontact printing,l 1% and nanoimprinting.20
In addition, these have been fabricated by scanning-probe-
based lithographies*' ~>° (atomic force microscopy, scanning
tunnel microscopy, scanning near-field optical microscopy, and
scanning beam lithography) combined with the use of template
self-assembly techniques from nanoparticles in solution.
Electrochemical particle synthesis and deposition using
scanning electrochemical microscopy (SECM) offers an
alternative approach for the formation of micrometer and
submicrometer patterns of AuNPs on surfaces.>>*' SECM has
been shown to be a powerful tool for the deposition of metals
on polymer films>* and on either conducting®** or non-
conducting substrates.*>*® Also, SECM has been employed in
various ways for local deposition of metal NPs.>’~* Typically,
they follow a tip generation/substrate collection approach
where a metal ultramicroelectrode placed in close proximity to
a surface is anodically dissolved to electrogenerate a flux of
metal ions that are further reduced after diffusion to the
substrate resulting in the formation of nanoparticles. The
reduction can be accomplished at an externally biased
conductive substrate applying an appropriate reduction
potential. Following this method, Mandler et al. locally
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deposited AuNPs onto silicon arranged in micropatterns from
a gold UME.*** This approach has been further extended to
the nanoparticle deposition of other metals such as silver** and
cobalt,*® UME being made of the same metal, and to other
surfaces (i.e,, indium tin oxide)®” and interfaces (i.e., liquid—
liquid).***” In this way, the process of metal adsorption,
nucleation, and growth on surfaces has been analyzed
quantitatively by Unwin et al.** In other approaches, reduction
of the metal ions has been achieved by a reducing agent present
in solution or electrogenerated by the substrate such as a redox
mediator*' or more recently by direct electron transfer through
redox enzymes.48 Also, metal ion reduction has been obtained
in unbiased copper and silver substrates by galvanic
replacement.*” In another strategy, UME is used to generate
the reduced form of a reversible redox mediator that diffuses to
the substrate and injects charge to reduce metallic species
present in solution or embedded in a polymeric matrix.*’

All these strategies have different requirements and
limitations. For example, the success of the formation of
specific surface patterns depends on the generation of a
continuous flux of metal ions and the ability of keeping
constant a very small probe—substrate distance during
scanning, thus allowing the diffusion of metal ions to the
surface instead to the solution bulk.>’~** It is also necessary to
maintain acidic conditions to avoid the formation of metal
oxides during the anodic dissolution of the microelectrode. For
nonconducting surfaces, the experimental conditions must
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avoid oxidation of the reducing agent at the SECM tip while at
the same time allowing the anodic generation of the metal
ions.

This paper reports an alternative and simple way for
patterning gold surfaces with AuNPs using SECM by taking
into account the considerations mentioned above. In contrast
with previous methods,”' ~* the approach developed here is
based on the “in situ” electrosynthesis of AuNPs by
electrochemical reduction of a gold salt at a platinum
ultramicroelectrode positioned on top of an unbiased gold
surface modified with a biphenyl dithiol self-assembled
monolayer (SAM). The synthesized AuNPs are chemisorbed
on the thiolated SAM present at the gold surface (Figure 1). By
shifting the microelectrode position across the thiol-modified
surface while applying to it a reduction potential, particle-like
lines can be generated at the surface.
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Figure 1. Schematic drawing of gold nanoparticle patterning of a gold
surface modified with a SAM of biphenyl-4,4’-dithiol by SECM.
AuNPs are electrosynthesized at the tip by electrochemical reduction
of chloroaureate ions and attached by chemisorption to the thiolated
SAM. The structures are not drawn to scale.

B EXPERIMENTAL METHODS

Chemicals. Potassium hexachloroiridate(IV) technical
grade, phenol (99%), hydrogen tetrachloroaurate(Ill) trihy-
drate (>99.9% trace metals basis), and biphenyl-4,4’-dithiol
were obtained from Sigma-Aldrich and used as received. Water
was purified with a Millipore Milli-Q system. All solutions were
prepared just prior to use.

UMEs Preparation. A pipet puller (PE-21, Narishige
group) was used for UMEs preparation. An approximately 20
mm long 25 ym diameter Pt wire (Alfa Aesar, 99,95%) was
inserted into a 100 mm long glass capillary with an outer
diameter of 1.2 mm and an inner diameter of 0.68 mm in such a
way that the Pt wire was located in the middle part of the
capillary. The glass capillary was placed at the center of the
heater in the puller chamber. The following values served for
adjusting the heater level and the magnet level to produce the
preferred electrodes: heater: 50; submagnet: 10; main magnet:
100. Using this method, each capillary—microwire section
produces two needle-shaped electrodes. Electrical connection
to the inside end of the Pt wire to a copper wire was made with
silver epoxy.

Scanning Electrochemical Microscopy. SECM measure-
ments were carried out with a CH Instruments model 900B
SECM placed on a homemade antivibration table. The

electrochemical cell was located on a XYZ positioning stage,
and the distance between the tip and the sample was controlled
using a stepper motor (coarse approach) combined with a
piezoelectric nanopositioning system (fine approach, X, Y, Z
resolution: 1.6 nm, Newport 423 series). All voltammetry and
SECM measurements were performed in a grounded Faraday
cage using a three-electrode configuration formed by a platinum
wire auxiliary electrode, Ag/AgCl saturated reference electrode,
and the fabricated Pt ultramicroelectrode.

The sample substrates were glass slides (1.1 cm X 1.1 cm)
covered with evaporated gold layers (0.2—0.3 um) deposited
over a chromium adhesion layer (Gold Arrandee) suitable for
flame annealing to obtain Au(111) terraces. Prior to use, the
gold surfaces were cleaned by exposure to “piranha” solution
(3:1 concentrated H,5S0,/30% H,0,) followed by exhaustive
rinsing with distilled water. Caution: piranha solution reacts
violently with most organic materials and may result in explosion or
skin burns if not handled with extreme caution. The gold surfaces
were subsequently annealed for 2 min in a gas flame.

SAM-Functionalized Gold Substrates Preparation.
Gold substrates were immersed for 24 h at room temperature
in a 1 mM solution of biphenyl-4,4’-dithiol (Sigma-Aldrich) in
absolute ethanol (HPLC grade, Sigma-Aldrich). The electrodes
were subsequently rinsed with ethanol and dried in nitrogen.

Scanning Electron Microscopy (SEM). SEM imaging was
carried out with a field emission-scanning electron microscope
FE-SEM FEI Nova NANOSEM 230.

B RESULTS AND DISCUSSION

A difliculty in patterning on rough surfaces or large areas is that
the probe can crash and be damaged. To circumvent this, a
flexible Pt tip like a fiber was used in a similar way to previously
reported for carbon ultramicroelectrodes (UMEs).>' On
approaching the modified surface, the tip can establish a soft
physical contact between probe apex and sample and remained
the active electrode area at a given distance. For this purpose,
Pt UMEs fabricated by heating and pulling a 25 pym Pt
microwire inserted into a borosilicate glass capillary were
employed. As the glass is drawn out, the Pt thins out and
drastically reduces the radius of the wire, thus providing a close-
fitting seal between the glass and the metal wire inside it. The
Pt UMEs thus produced showed hemispherical shape as
observed by optical and scanning electron microscopy and were
electrochemically characterized by their voltammetric response
for the reduction of 1 mM K,IrCls in 0.1 M KCI. Figure S1
shows a fully retraceable and well-shaped sigmoidal curve
corresponding to the reduction of Ir(IV) to Ir(IIl) with a flat
diffusion plateau, typical of UMEs.

From the steady-state limiting current, i, = 1.2 nA, and
assuming a hemispherical geometry, a radius of 2.4 ym was
calculated for the electrochemical active surface from>”*"3275¢

i = 27nFDC¥r (1)
where C* and D are the bulk concentration (1 mM) and
diffusion coeflicient ((8.2 + 0.4) X 107° cm? s71)*” of IrCl>",
respectively, 7, is the apparent radius of the exposed section of
the tip, n is the number of electrons transferred per ion reduced
(in this case n = 1), and F is Faraday’s constant. Values of r,,
are apparent values because they are based on an assumed
geometry and an assumed mode of transport. Although at the
simplest level the tip electrode can be approximated as a true
hemisphere embedded in insulating plane of infinite area, the

dx.doi.org/10.1021/jp406980b | J. Phys. Chem. C 2013, 117, 22087—22093



The Journal of Physical Chemistry C

exposed tip can also appear to be either a flattened
hemispheroidal or a coneshaped electrode surrounded by a
finite insulating sheath. For those geometries, analytical
equations for the diffusion-limited current have been also
described.**~®' However, on the basis of the comparisons
between them, it has been previously concluded that the
current is insufficiently sensitive to the precise geometry to
allow subtle differences in geometry to be determined by
voltammetric measurements.®’ Therefore, eq 1 can be
considered useful in providing a rough estimation of the
exposed surface area of the electrodes since the hemispherical
model for data analysis has been reported to be within the
limits of acceptable experimental error.%’

The electrochemical generation of AuNPs involves the
reduction of AuCl,” at the tip electrode. This process occurs
through a nucleation and growth mechanism and was
investigated at the UME tip by cyclic voltammetry. Typical
cyclic voltammograms are shown in Figure 2. A characteristic
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Figure 2. Cyclic voltammograms of a 2.4 ym radius Pt UME in 0.1
mM HAuCl, and 0.1 M KCl at a scan rate of 100 mV/s: (A) first scan;
(B) second and third scans.

nucleation and growth loop is observed (Figure 2A) at
potentials more negative than 0.4 V. The hysteresis observed
disappears on successive scans since particle growth occurs on
the nuclei remaining on the electrode surface (Figure 2B). The
anodic stripping peak due to the dissolution of the gold
deposited through the formation of a gold chloride complex is
observed at 1.02 V. The stripping current in the second and
successive scans is higher than that for the first, indicating
increasing gold electrodeposition after nucleation.

The amount of gold electrodeposited on the Pt micro-
electrode estimated from the charge under the oxidation peak
was 16.6 X 107 mol cm™. From these results an electrode
growth potential of —0.2 V vs Ag/AgCl was chosen for the
electrosynthesis of AuNPs so that the electrochemical
reduction of gold ions took place under diffusion control.

A key issue for predicting particle size is the electro-
deposition time; this was estimated by equating the hemi-
spherical diffusion current to the charge according to®

2anFDC*r

wp = (nFdy,/My,)(dV,,/dt) = nFdy,

Zﬂrzapp(drapp/dt) /My, )

where V,, is the volume of the Au nanoparticle, dy, is the
density of Au, and M,, is the molar mass of Au. Hence, for an
applied potential supporting diffusion-limited current, the time-
dependent deposition current conditions and nanoparticle
radius for N gold particles growing in isolation are given by®®

i(t) = anFN((2DC*)’My,t/dy,)'? (3)

r(t) = (2DC*M,t/dy,)'"? )

From eq 4 and taking D,y = 1.0 X 10~° cm?® s™! calculated
from the diffusion-limited current in Figure S1 (this value is in
agreement with that reported in the literature®*®°), an
electrodeposition time of 0.1 s would yield 15 nm radius
particles. This electrodeposition time was chosen to carry out
the AuNPs patterning of the gold surface modified with a self-
assembled monolayer (SAM) of biphenyl-4,4'-dithiol (see
experimental details, Supporting Information). To achieve
particle deposition on the target substrate, the tip—sample
distance must be kept very close to the metal surface to make
sure that the SECM tip is placed within the range of interaction
between them.

For this the tip was approached to the surface using first a
coarse approach and then a fine piezoelectric control approach
before scanning the surface.

Figure S2A shows the normalized current It = ir/ir, as a
function of the normalized distance L = d/r,, for the approach
curve tracking the electrochemical reduction of K,IrClg
recorded with a slow approach rate of the tip to the sample
surface. When the tip was positioned at a relatively long
distance from the surface, d > 10r,,,, a steady-state current, iy o,
was rapidly established due to hemispherical diffusion of IrClg*~
(Figure S2B, Supporting Information). This current remained
constant at 1.2 nA with very low electrochemical noise until the
tip reached the vicinity of the SAM-modified gold surface,
where diffusion to the ultramicroelectrode was hindered and
the steady-state current, i, gradually decreased compared with
it Electron transfer through the biphenyl-SAM indicates
negative feedback behavior but with a still observable charge
transfer. When the tip hit the gold surface, as indicated by a
steep increase in current, it was immediately retracted ~0.1 ym
and once more approached very slowly to the surface (Figure
S2B, Supporting Information). The current started again to
decrease, and the approach was stopped this time in the onset
of the enhanced current flow as indicative of the beginning of a
physical contact of the tip with the surface. It should be noted
that although a flexible tip is used, which can bend and flex in
contact with the surface, in order to avoid tip crash and
resulting sample damage after landing, the slowest tip approach
speed and rate allowed are employed. However, we are aware of
what the control of the tip—substrate distance at that
nanometer-per-minute level is affected by mechanical and
thermal drift due to expansion and contraction of coméponents
of SECM stage associated with temperature changes.®®®®

Once the distance between tip and substrate was adjusted, a
solution of HAuCl, was injected to the cell to obtain a
concentration of 0.1 mM while simultaneously having present
the Ir complex in the medium. The SECM tip was then moved
in the X—Y direction at a speed of 0.8 mm s™' following a
parallel line pattern with the lines spaced 20 pm. Nanoparticle
electrosynthesis along the X-direction was carried out by
stopping the tip every 0.02 s for 0.1 s while the potential was
held at —0.2 V.
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Figures 3 and 4 show the SEM images of the substrate
obtained after this electrochemical procedure, revealing the

Figure 3. SEM image of the patterning of micrometer-sized lines of
AuNPs over a gold surface following potential electrodeposition for
0.1 s at —0.2 V in the presence of 0.1 mM of HAuCl, using a SECM
tip of ~4.8 um of diameter. Scale bar = 200 ym.

patterning of micrometer-sized lines separated by a distance of
approximately 20 pm. The width of each line was
approximately 2.3 pm, smaller than the diameter of the
microelectrode employed, which can be associated with the tip
area close enough to the gold surface for tip—substrate particle
transfer. It is noteworthy that scraping the tip along the surface
is not observed, confirming the soft of the physical contact
between both during the transfer process.

In a zoomed image (Figure 4C) it is possible to distinguish
that every line was formed mostly by Au nanoparticles densely
and homogeneously distributed along the line some of them
grouped forming assemblies. Nanoparticle distribution obtained
from this image is shown in Figure S3 (Supporting
Information). The average nanoparticle diameter is 32 + 7
nm, which is in agreement with that expected from the above
calculations for an electrodeposition time of 0.1 s considering
gold particles growing in isolation. It seems to indicate that the
two requirements for the formation of dimensionally uniform
metal particles, instantaneous nucleation and diffusion-con-
trolled growth, were both satisfied for the electrodeposition of
metal particles of this size. In the image the electrodeposition of
smaller and larger particles is also observed, the latter
presumably formed by particle sintering due to Oswald
ripening or particle coalescence. In this way, the single most
important mechanism of distribution broadening for the growth
of randomly nucleated metal particles on electrode surfaces has
been explained in terms of “interparticle diffusion coupling”
between particles.”~”" It has been reported that the growth for
individual metal particles on the surface depends on the
number and proximity of neighboring particles. Under
conditions of diffusion-controlled growth, a rapid enough
depletion of reactant occurs at the particle surface, establishing
a depletion layer surrounding each particle.”” When two
particles are enough close, their depletion layers can overlap,
giving rise to a slower growth. This dispersion in the growth
rates of individual particles on the surface leads to smaller
particles than that expected.

The size of the nanoparticles and the width of the patterned
line can be altered either by varying the electrodeposition time
or the radius of the UME employed. Figure S shows thinner
deposition lines obtained by decreasing the tip size and
increasing the electrodeposition time to 1s. In this case, the
width was ~700 nm, but the line became partially metalized
due to the sintering of the nanoparticles (Figure SB) as a
consequence of a major gold deposition.

It is proposed that the formation of the lines occurs as
follows: gold atoms formed can nucleate and grow either on the

Figure 4. SEM images at different magnifications of the patterning of
micrometer-sized lines of AuNPs over a gold surface modified with a
SAM of biphenyl-4,4'-dithiol following potential electrodeposition for
0.1 s at —0.2 V in the presence of 0.1 mM of HAuCl, using a SECM
tip of ~4.8 um of diameter. Scale bars correspond to 20, S, and 1 ym,
respectively.

Pt-tip electrode itself or at sites on the SAM modified surface.
In the first case, as the amount of gold and therefore the size of
nanoparticle formed increase, the contact between the tip and
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Figure 5. SEM images at different magnifications of the patterning of
micrometer-sized lines of AuNPs over a gold surface modified with a
SAM of biphenyl-4,4'-dithiol following potential electrodeposition for
1 s at —0.2 V in the presence of 0.1 mM HAuCl, using a SECM tip of
~1.5 pum diameter. Scale bars correspond to 20 gm and 500 nm,
respectively.

the particle becomes weak compared with the forces that are
established between the nanoparticle and the thiol groups in
the SAM.>> Thus, when the tip is moved across the SAM
modified surface after the electrodeposition cycle, the contact
between the tip and the nanoparticle is broken, giving rise to
the attachment of the particle onto the thiol-modified surface.
Thus, binding of the nanoparticles formed to the thiol groups
on the substrate provides the required adhesion to the
substrate.

Control experiments carried out in similar conditions as
described above, but in the absence of gold salt did not result in
the formation and deposition of any particle (Figure S4,
Supporting Information). On the contrary, experiments
performed on a bare gold surface without thiol-SAM gave
rise to the deposition of some particles randomly distributed
across the surface presumable attached by Au—Au interactions
(Figure SS, Supporting Information). However, no particle-like
lines were observed, thus providing clear evidence about the
key role of the SAM in the patterning process.

22091

B CONCLUSIONS

To summarize, patterned arrays of gold nanoparticles can be
fabricated by direct electrosynthesis and deposition using
SECM in a simple way. Flexible UMEs were employed to
minimize the possibility of tip crashing onto the surface, thus
allowing its precise approach. This work opens the possibility of
using this technique for patterning different types of particle-
like patterns on different surfaces including nonconductive
substrates since biasing the surface is not required.

B ASSOCIATED CONTENT

© Supporting Information

Electrochemical characterization of Pt ultramicroelectrodes;
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