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a b s t r a c t

A method describing the assembly and characterization of a heterogeneous mixed monolayer composed
of 2-aminoethane thiol (AET) and 11-mercaptoundecanoic acid (MUA) on a planar polycrystalline Au
electrode is presented. A single component self-assembled monolayer (SAM) of AET was stable on the
metal within a narrow range of potentials but at more negative polarizations, cyclic voltammetry (CV)
and capacitance measurements confirmed reductive desorption of AET from the Au(111), Au(100) and
Au(110) facets of the surface consecutively. By truncating the negative potential limit, desorption of
AET occurred selectively from facets with Au(111) character and diffused away from the interface thus
limiting oxidative readsorption on the return to positive potentials. The extent of oxidative readsorption
was found to be dependent not only on the time spent at the desorption limit but also on electrode geom-
etry and configuration. The largest degree of readsorption occurred on a planar electrode when set in a
hanging meniscus configuration. As a result, a modified desorption procedure involving 20 truncated
desorption pulses each with a duration of 1 min was utilized to limit readsorption. This produced mono-
layer voids at the Au(111) facets which were subsequently backfilled with MUA to create the heteroge-
neous mixed monolayer. Surface characterization was achieved with Electron Backscattered Diffraction
(EBSD) which produced a map of a small section of the metal surface crystallography and with Lateral
Force Microscopy (LFM) which verified MUA adsorption on the Au(111) facets and AET on all other
low index planes.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Among the numerous methods to coat surfaces with organic
molecules [1] self-assembled monolayers (SAMs) of alkylthiols on
noble metals [2] remains a popular choice due to the ease of mono-
layer formation. There have been many investigations on the char-
acterization and manipulation of alkylthiol SAMs on noble metals
and the properties of the interface have been included in a variety
of reviews [3–8]. Recently, the interest in Au-thiol chemistry has
been renewed due its relation to nanotechnology as it was discov-
ered that alkylthiols are efficient stabilizing ligands for gold nano-
particles (AuNPs) [9]. Since this discovery, different synthesis
strategies have been employed to fabricate AuNPs with a variety
of alkylthiols [10,11] and monolayer protected AuNPs as (as well
as a variety of other nanoparticles) are now being used for analyt-
ical applications [12]. AuNPs capped with a mixture of different li-
gands have also been characterized [13] and have been shown to
ll rights reserved.
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provide versatility in the amphiphilic [14] drug delivery [15] or
biosensing [16] properties of the nanomaterial. For mixed capping
ligands, it is particularly important to exert control over the distri-
bution of the mixed thiols on the nanoparticle surface in a repeat-
able and facile manner and in this regard phase segregated mixed
monolayers may play an important role.

It has been the focus of our research group to develop an elec-
trochemical method to control the heterogeneous mixing of two
different thiols on bulk Au surfaces [17] with the intent of tuning
this procedure for AuNP assemblies. In this case, the AuNPs would
need to be assembled in an electric field and this may be achieved
using dithiol tethers [18–21] however, care must be taken since
these tethers may adsorb as monolayers and bilayers on the sur-
face [22–24].

The development of an electrochemical procedure to control the
distribution of two or more domain segregated thiols on the sur-
face of AuNPs may further increase the flexibility and function of
the nanomaterial; however, before this can be achieved, the elec-
trochemical procedure should be refined on macroscale surfaces.
On bulk electrodes, the fabrication of phase segregated mixed thiol
monolayers has been achieved with non-electrochemical methods
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including co-incubation, place exchange reactions, lithography,
micro-contact printing and others [25]. In some of these examples,
a single component SAM is selectively disrupted to expose voids
that may be backfilled with a different molecule. While electro-
chemical methods have also been used to generate monolayer
voids on bulk surfaces [26,27], these have relied on the electro-
chemical manipulation of a pre-formed mixed monolayer that
was already phase segregated on the nanometer scale.

More recently, it has been demonstrated that the surface of a
metallic electrode can be exploited in selectively modifying sin-
gle-component SAMs. For example, some reports [28,29] have
demonstrated that single-component SAMs can be selectively des-
orbed from the metal at a cathodic potential that is dependent on
the surface crystallography of the substrate. This selective desorp-
tion has been exploited at polycrystalline Au electrodes to remove
portions of a single-component SAM from one of the metal surface
facets followed by backfilling the voids created with new mole-
cules [17,30,31]. Importantly, it is the diffusion of the desorbed
thiolate away from the metal surface at negative potentials that
limits their ability to oxidatively readsorb on the surface when po-
tential is made more positive. Since this is dependent on a number
of parameters including temperature, concentration, solubility,
electric potential and electrode geometry, further investigations
are necessary to determine the most reproducible conditions of
creating monolayer voids. Moreover, once the voids are backfilled
with a new molecule, spectroscopic or surface probe analysis of
the final mixed monolayer in relation to the electrode surface crys-
tallography is still required.

In our previous investigation [17], 2-aminoethane thiol (AET)
was selectively desorbed from only the Au(111) facets of a poly-
crystalline Au bead electrode and the voids backfilled with 11-mer-
captoundecanoic acid (MUA). In a 0.250M KOH electrolyte, it was
determined that the most efficient method to produce monolayer
voids at Au(111) facets involved the application of a single poten-
tial step from 0 to �0.80 V vs. SCE for 15 min. After backfilling with
MUA, electrochemical analyses displayed a signature for MUA on
the Au(111) facets and AET on Au(110) and Au(100). The desorp-
tion event was monitored via differential capacitance, in a manner
similar to other reports [32–34] but only crude monolayers of AET
(i.e. formed with 10 min incubation) were used.

In this present study, mixed AET/MUA monolayers formed over
10 min and 16 h assembly times are further characterized. More
significantly, this present study was primarily conducted on a pla-
nar polycrystalline Au electrode whose surface was further charac-
terized with Electron Backscattered Diffraction (EBSD) and Lateral
Force Microscopy (LFM).

EBSD is a scanning-electron microscope (SEM)-based technique
that uses electrons from a highly focused beam to generate diffrac-
tion patterns. With these patterns, information regarding the crys-
tallographic orientation of a material with which the electrons
have interacted, can be obtained. In this study, EBSD has been em-
ployed to map out the surface facets on planar polycrystalline Au
in a manner similar to that reported for different Au samples
[35]. In particular, facets with character ranging between
Au(111), Au(110) and Au(100) have been quantified and a map
of these facets was used in comparison with LFM to determine
the presence or absence of a particular thiol on each face. LFM is
a form of contact mode imaging in Atomic Force Microscopy
(AFM) where the tip is rasterred laterally across the surface where
horizontal deflections in the cantilever rather than vertical deflec-
tions are recorded as the tip passes regions of high and low friction.
LFM has been used to validate the distribution of mixed thiol mon-
olayers formed with l-contact printing [36]; however, to our
knowledge, it has not been used in combination with EBSD to
map the distribution of a two-component thiol SAM that is formed
as a function of substrate surface crystallography.
This study addresses the critical issues related to basic, but
essential characterization of these mixed monolayers produced
with an electrochemical approach. It also serves to highlight the
important role that electrode geometry and configuration plays
in the fabrication of the AET/MUA mixed monolayer.
2. Materials and methods

2.1. Electrochemical

All CVs were collected with a VoltaLab� PGP 201 potentiostat/
galvanostat at a sweep rate of 25 mV s�1. Differential capacitance
was determined following a methodology previously described
[37]. Here, a sinusoidal voltage (25 Hz, 5 mV rms) from a dual-
phase lock-in-amplifier (Stanford Research Systems SR530) was
superimposed onto the linear potential ramp output from the
PGP 201. The in-phase and out-of-phase components of current
were analyzed with the SR530 and used to calculate capacitance
with the interface being modeled as a series RC circuit. All electro-
chemical data was collected with National Instruments data acqui-
sition cards controlled with in-house software (LabVIEW).

The electrochemical studies were conducted in a three-elec-
trode cell containing a working, counter and reference electrode.
The working electrode was either planar polycrystalline Au or a
spherical polycrystalline Au bead. The bead electrode was created
by melting the end of a Au wire (Alfa Aesar, 99.99%, 0.5 mm diam.)
until a sphere with a geometric area of approximately 0.1 cm2 was
formed. The planar electrode was fashioned by another Au bead
that was mounted in an epoxy and polished flat using finer grades
of sandpaper in succession (400, 600, 1000 grit) and further pol-
ished to a mirror finish using different grades of diamond suspen-
sion (6, 3, and 0.25 lm, LECO). Between each polishing cycle, the
electrode was sonicated in purified water (Barnstead Easypure
Rodi, 18.2 MX cm), followed by extensive rinsing. This resulted
in a planar working electrode with a polished circular geometric
area of approximately 0.04 cm2. After the high-quality finish was
obtained, the epoxy was dissolved in chloroform and the sample
was electropolished in 10% perchloric acid (Fisher Scientific, 70%).

Prior to each electrochemical investigation, the glass compo-
nents of the cell were cleaned in a heated mixture of sulfuric acid
and nitric acid (50:50 by volume; Fisher Scientific) then rinsed
with copious amounts of purified water. The supporting electro-
lyte, 0.250M KOH (Sigma Aldrich, 99.99%) was added to the cell fol-
lowed by Ar (Air Liquide, 99.999%) purging to minimize oxygen re-
entering the cell. A constant blanket of Ar was maintained above
the electrolyte after being passed through purified water for hydra-
tion. In an effort to reduce Ar-induced vibrations of the electrolyte
surface, the flow rate was maintained at <35 mL min�1. Such a flow
rate was suitable for capacitance measurements but was increased
during CVs. After the electrolyte was degassed, the working and
counter electrodes were introduced to the cell after having been
flame annealed. When the planar Au electrode was used, it was ar-
ranged in a hanging meniscus configuration [38,39] to ensure that
only the polished surface was exposed to the electrolyte. For the
bead electrode, only the spherical portion was submerged in the
electrolyte so as to minimize the amount of wire exposed to the
solution. The counter electrode consisted of a Pt coil and was also
flame annealed prior to its introduction to the cell. The reference
was a saturated calomel electrode (SCE) connected to the solution
through a salt bridge.

For SAM preparation, the Au working electrode was annealed,
rinsed with purified water and/or ethanol (95%) and then intro-
duced into a solution containing 1 mM of thiol dissolved in an
appropriate solvent. For 11-mercaptoundecanoic acid (MUA, Sigma
Aldrich, 95%) and 3-mercaptopropionic acid (MPA, Sigma Aldrich,
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99%), ethanol was used as the solvent. Due to the limited solubility
of 2-aminoethane thiol (AET, Sigma Aldrich, 98%) in ethanol, the
solvent used was a 50:50 mixture (by volume) of ethanol to water.
All SAMs were allowed to form on the electrodes for a total time of
either 10 min or 16 h followed by extensive rinsing with ethanol
and water. Further details of the electrochemical characterization
and manipulation of the SAMs using CV and capacitance are de-
scribed in Section 3.

2.2. Electron Backscattered Diffraction

The EBSD measurement was performed with an HKL EBSD sys-
tem and a JEOL 6400 scanning electron microscope operated at
20 kV with a 1 nA beam current. The Au sample was prepared by
a polishing procedure similar to that described above; however
for EBSD analysis, the Au bead was polished flat on both sides to
produce a cylindrical puck that could be easily mounted in the
EBSD chamber. Prior to EBSD characterization, the sample was an-
nealed at 400 �C for 3 h to expose the grain boundaries and micron-
sized facets [35]. The annealed sample was mounted on a pre-tilted
specimen holder at 70� to the detector which is required for EBSD
analysis. The EBSD system was calibrated using a Si wafer and then
a forescatter image of the Au sample was used to initially examine
the surface quality and to select areas for further EBSD analysis.
The orientation map was constructed from Euler angles and grain
boundary components and the pole figure analysis was employed
further to determine detailed orientation information regarding
the facets on the Au surface.

During EBSD analysis, a region of interest was marked by two
surface defects including a vertical scratch and Au pit within the
image area. These were used to mark the mapping region and en-
sure that EBSD and LFM characterization were conducted on the
same region of the surface. After EBSD characterization, the sample
was not exposed to any further flame annealing in the butane
flame to ensure that the surface crystallography would be unmod-
ified between electrochemical investigations. Any further cleaning
of the Au surface to remove excess thiol was conducted using a
Piranha solution (3:1 H2SO4:30% H2O2. Caution: Piranha solution
is extremely reactive and should be handled with care).

2.3. LFM

Lateral Force Microscopy (LFM) was performed with a Bruker
Multimode AFM IIID in contact mode using a Sharp Nitride Lever
with a force constant of 0.06 N m�1 (Bruker probes SNL-10). All
images were collected on the thiol coated surface outside of the
electrochemical cell after the sample was rinsed with copious
amounts of ethanol and then dried in air. The sample was mounted
in the AFM and the region of interest located with an optical micro-
scope (using the two surface defects as guides). All images were
obtained on a 75 lm by 75 lm area while collecting one height
and two friction channels simultaneously as the tip was rasterred
laterally (90� scan angle) across the surface at a frequency of
1 Hz. The first friction image was collected during a scan trace
while the second was obtained during the retrace. For image anal-
ysis, the two friction images were subtracted from each other to
enhance differences in frictional force and all images were cropped
within the same region of interest.
3. Results and discussion

3.1. Reductive desorption of AET from a polycrystalline Au bead

The electrochemical characterization of a polycrystalline Au
bead electrode with and without AET modification is presented
in Fig. 1. In the absence of AET (dotted line), both CV (a and b)
and capacitance measurements (c and d) are characteristic of poly-
crystalline Au in a KOH electrolyte [17]. In the absence of AET, be-
tween 0 and �0.5 V vs. SCE, both capacitance and CV reveal large
capacitive values due to the adsorption of hydroxide ions [40]
which is not evident at more cathodic potentials. At values more
negative than �0.6 V vs. SCE, only capacitive character is noted
in both CV and capacitance plots, with the exception of hydrogen
evolution at the most negative potential noted in the CVs. Given
that differential capacitance has a lower sensitivity to hydrogen
evolution, the capacitive currents remain stable at this negative
potential limit.

When the electrode is modified with an AET layer formed over
10 min or 16 h (solid line), significant differences between trends
for coated and uncoated electrodes are evident. The CVs are
marked with depressed capacitive currents at anodic potentials,
signifying the presence of a low dielectric material on the metal
surface. This depression is more clearly emphasized in the differen-
tial capacitance plots which show a pronounced reduction from
approximately 100 to 20 lF cm�2 at 0 V vs. SCE for both the
10 min and 16 h AET layers. For the negative scan between 0 and
�0.6 V vs. SCE, AET is stable, as shown in both CV and capacitance
plots until ca. �0.7 V vs. SCE where selective reductive desorption
is marked by the three distinct peaks at �0.75, �1.13 and �1.32 V
vs. SCE. These peaks were previously attributed to the desorption
of AET from regions with Au(111), Au(100) and Au(110) character
respectfully [17]. However, we make note that these desorption
peaks from the polycrystalline Au surface are broad compared to
those from single crystals [28] and likely represent the desorption
from surface facets with a range of near-Au(111), Au(100) and
Au(110) character.

While the general observations between CV and capacitance
plots in Fig. 1 are similar, some differences are also noted. For in-
stance, the capacitance values for both 10 min and 16 h AET layers
merge with those of the unmodified electrode at the negative po-
tential limit of �1.4 V vs. SCE, signifying complete desorption
and removal of the thiols from the metal surface. This observation
is not as evident in the CV plots due to the sensitivity to hydrogen
evolution which convolutes the reductive desorption currents.
However, it is noted that there is additional wave nature in the
CVs at ca. �0.9 and �1.0 V vs. SCE which are not resolved with
capacitance. Since it is possible that AET can bind to the metal sur-
face through sulfur as well as nitrogen [41], the additional wave
nature may stem from different adsorption arrangements of AET
on the surface.

The results presented in Fig. 1 demonstrates that AET monolay-
ers can be formed on the polycrystalline Au bead electrodes and
can be reductively desorbed over a wide range of negative polar-
izations. Furthermore, there do not appear to be any distinct differ-
ences in the reductive desorption properties of these layers as a
function of incubation time, at least not between 10 min or 16 h
used in this study. However, before these layers could be charac-
terized with EBSD and LFM on a planar Au electrode, a comparative
study between bead and planar electrodes was performed to eval-
uate whether any differences in the desorption process as a func-
tion of electrode geometry exist.

3.2. Desorption and readsorption from bead and planar polycrystalline
Au electrodes

Comparisons between the reductive desorption and readsorp-
tion characteristics of AET at bead and planar polycrystalline Au
electrodes is presented in Fig. 2. Here, only differential capacitance
is provided because the properties at the negative potential limit
are not convoluted with hydrogen evolution. The capacitance ob-
tained for bead electrodes modified with AET layers formed over



Fig. 1. Reductive desorption of AET from a polycrystalline Au bead electrode revealed in CV (a and b) and differential capacitance (c and d) plots. The Au electrode was
characterized in both the absence (dotted line) and presence (solid line) of AET. In (a and c) the AET layers were formed from a 10 min assembly time and in (b and d) a 16 h
assembly time was used.
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periods of 10 min and 16 h are presented in Fig. 2a and b. The
capacitance from the planar electrode set in a hanging meniscus
arrangement and modified with equivalent 10 min and 16 h AET
layers are given in Fig. 2c and d. Again, the dotted line represents
the differential capacitance measured in the absence of AET.

For the bead electrode modified with AET formed over 10 min
(Fig. 2a), the desorption curve (solid line) is identical to that pre-
sented in Fig. 1c. However, on the positive potential scan, a peak
is noted at �1.13 V vs. SCE which may correspond to the oxidative
readsorption of the thiolates onto the Au(100) facets. However,
readsorption is incomplete because (1) the peak during the positive
scan is smaller than that attributed to desorption and (2) the capac-
itance at the most positive readsorption potential (0 V vs. SCE) is
elevated above 50 lF cm�2 from the initial value of ca. 20 lF cm�2.
These observations confirm that the desorption process disrupts
the AET layer in a manner that is irreversible and a third consecu-
tive readsorption curve (dashed-dotted line) shows characteristics
of a significantly disrupted AET layer. For example, the readsorption
peak at �1.13 V vs. SCE is low and the capacitance at the positive
limit is elevated to a value above 80 lF cm�2 and begins to take
the general shape of the capacitance curve of an uncoated metal
(dotted line). All of these desorption characteristics for the AET lay-
ers formed over 10 min (Fig. 2a) are nearly identical to the results
obtained for a bead electrode modified with 16 h AET (Fig. 2b), thus
demonstrating that for the two incubation times studied, there is
minimal effect on the irreversible desorption/readsorption event.

The irreversible readsorption of thiols is consistent with previ-
ous reports on different metal/SAM systems [42,43] and may be re-
lated to diffusion of a desorbed thiolate away from the metal
surface. It has been suggested that the desorbed thiolates exist as
micelles [44] whose solubility in the bulk electrolyte is related to
the length of the alkyl chain. Generally, shorter chain thiolates
are more soluble resulting in less readsorption because they diffuse
away from the electrode surface before the readsorption potential
is established.

While the diffusion of desorbed thiolates would also be ex-
pected at the planar electrode, the desorption and readsorption
scans presented in Fig. 2c and d reveals some fundamental differ-
ences between it and the Au bead suggesting that readsorption
may be more reversible at the planar surface. These differences
are most notably observed in Fig. 2c and d at the negative limit
where the capacitance for an AET modified electrode (solid line) re-
mains separated from the capacitance of the unmodified layer by
approximately 10 lF cm�2 for both 10 min and 16 h AET layers.
On the return scan (dashed line), there are now two peaks at
�1.30 and �1.13 V vs. SCE that are interpreted as being due to
readsorption onto the Au(110) and Au(100) facets. These read-
sorption peaks are more pronounced than that for the bead elec-
trode. Lastly, the capacitance at the positive potential limit on
the return scan is only slightly elevated and after the third read-
sorption cycle (dash-dotted line), and the capacitance is elevated
to approximately 50 lF cm�2 at 0 V vs. SCE in contrast to values
above 80 lF cm�2 for the bead electrode.

If the capacitance of the AET coated electrode (CAET) is normal-
ized to the bare electrode (CBARE) at a positive potential (taken here
to be 0 V vs. SCE), the relative disruption of the AET layers with
each potential scan can be monitored. This analysis is presented
in Fig. 2 where the AET disruption at the bead (s) and planar (h)
electrodes over the different incubation times are compared. For
both the 10 min (Fig. 2e) and 16 h (Fig. 2f) AET modification times,
the capacitance ratio at both the bead and planar electrodes show a
general increase with scan number. However, the increase is less
pronounced for the planar electrode than for the bead electrode.
To indicate the reproducibility of this process, triplicate analyses
were performed for the AET layers formed over 10 min and the
standard deviations are represented by the error bars for the 3rd
cycle. Clearly, the disruption of AET with each cycle is consistent
for a given electrode and incubation time and it can be concluded
that readsorption is more pronounced at the planar electrode.

This limited diffusion of the desorbed AET thiolates away from
the interface of the planar electrode could influence the develop-
ment of the mixed monolayer during the selective desorption
and backfilling process. The diffusion of the thiolate from the pla-
nar electrode may be enhanced by extending the holding time at
the desorption potential limit. This concept was tested using a
slightly modified desorption procedure described next.



Fig. 2. Comparison of the capacitance plots for AET desorption from a Au bead (a and b) and planar Au (c and d) electrode. The capacitance for the unmodified electrodes is
given by the dotted line. The capacitance for AET modified electrodes during the first desorption (solid bold line), first readsorption (dashed line) and third readsorption scans
(dash dotted line) are also presented. The variation in normalized capacitance after each scan measured at 0 V vs. SCE is presented in (e and f) for Au bead (circle) and planar
electrodes (square). In all cases the planar electrode was set in a hanging meniscus configuration and the sweep rate was 25 mV s�1.
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3.3. Slow re-spreading of AET on planar Au

For this component of the study, only AET layers formed over
10 min were characterized as the desorption and readsorption
characteristics of the AET layers formed over 16 h had not yet been
found to be distinctly different. To investigate the influence of
desorption time on the oxidative readsorption of AET on planar
Au, a slow potential scan to �1.4 V vs. SCE was imposed, holding
at this potential for 2 min followed by a potential sweep back to
0 V vs. SCE to induce oxidative readsorption.

The results of this analysis are presented in Fig. 3a where the
bold line represents the negative scan. At the negative potential
limit, the capacitance for the AET coated electrode is again slightly
elevated; however, when held at this potential for 2 min, the
capacitance decays to approximately 25 lF cm�2 indicating com-
plete desorption. On the positive scan (dashed line), only one read-
sorption peak is observed at �1.13 V vs. SCE and at 0 V vs. SCE, the
capacitance reaches a value near 50 lF cm�2 coinciding well with
the value obtained after three potential cycles shown in Fig. 2c
(dash-dotted line). As such, the extended holding time at the
desorption potential appears to limit the oxidative readsorption
of AET onto the planar electrode to an appreciable extent. How-
ever, a surprising result was noted after the readsorption scan
while holding the potential at 0 V vs. SCE for an extended period
of time. Here, the capacitance decayed from 50 lF cm�2 to a value
close of 20 lF cm�2 within 5 min. This value is close to that ob-
tained for the originally formed layer. This decay is presented in
the triplicate analysis of Fig. 3b (AET planar) and the same analysis
for the bead electrode is also shown (AET bead) although the decay
is not as sharp. These results point to a unique observation related
to a geometric influence. On a subsequent desorption scan after the
2 min at desorption and 5 min at adsorption potentials (dash-dot-
ted line in Fig. 3a), the capacitance begins near 20 lF cm�2 and the
peaks attributed to the desorption of AET from the Au(100) and
Au(110) facets are again pronounced, suggesting that the decay
in capacitance resulted from additional adsorption of AET onto
the metal. Qu and Morin [34] have engaged in an electrochemical
quartz crystal microbalance (EQCM) study to demonstrate that thi-
ols can oxidatively deposit onto Au in a two-step mechanism. The
first step is rapid nucleation and growth until the surface is cov-
ered by about 80–90% at which point slower Langmuir kinetics
dominate. However, in their study, the thiol was added directly
to the supporting electrolyte at a concentration of 1 mM which
provides excess adsorbate at the interface. In our study, the elec-
trolyte does not contain additional AET in the bulk electrolyte
and readsorption can only occur from AET molecules that were
originally desorbed from the electrode. Some spectroelectrochem-
ical investigations using water insoluble surfactants have shown
that the desorbed molecules may become trapped beneath planar
electrodes when set in the hanging meniscus arrangement [45].



Fig. 3. (a) Differential capacitance of planar polycrystalline Au electrode modified
with 10 min AET. The bold and dashed lines represent the desorption and
readsorption scans respectively. At the desorption limit, the potential was held for
2 min before readsorption. The dash-dotted line represents a second desorption
scan after the readsorption potential of 0 V vs. SCE was maintained for 5 min. (b)
Decay in the capacitance measured at the readsorption potential of 0 V vs. SCE
during 5 min for AET (bold line) and MPA (thin line) on both bead and planar
electrodes. (c) Capacitance decay measured at the readsorption potential of 0 V vs.
SCE for the conditions indicated in the graph.
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Therefore, it is possible that the decay in capacitance observed at
positive potentials represents slow respreading of AET that are nei-
ther in the bulk electrolyte nor in the immediate vicinity of the me-
tal (i.e. a non-specifically adsorbed interfacial species). The
hypothesis of a trapped thiolate species being present was tested
further in four independent experiments.

Firstly, it is possible that the decay in capacitance is a result of a
specific Au–AET interaction because AET has been shown to bind
with Ag through either sulfur or nitrogen [41]. In this regard, it is
possible that the slow decrease in capacitance at positive poten-
tials corresponds to thiol rearrangement on the surface rather than
their occurrence as an interfacial species. MPA was chosen for a
comparative study because it has a similar alkyl chain length com-
pared to AET but also has a carboxylic acid moiety. Both the planar
and bead surfaces were modified with a layer of MPA and were ex-
posed to the same desorption/readsorption holding procedure as
AET. After cycling back to 0 V vs. SCE and holding for 5 min, MPA
exhibits a decay in capacitance when on the planar electrode but
not on the bead as shown in Fig. 3b. However, the decay in capac-
itance occurs to a lesser extent than AET, presumably because MPA
is negatively charged in 0.250M KOH and has greater solubility in
the electrolyte. These results confirm that the decay in capacitance
is not specific to a Au–AET interaction.

Secondly, the decrease in capacitance could be attributed to the
manner in which the SAM was formed. In the incubation proce-
dure, the whole electrode was submerged into the thiol solution
and the walls of the planar electrode will also be coated with
AET. When transferred to the electrochemical cell in the hanging
meniscus arrangement, the walls are not in contact with the elec-
trolyte. Because of this, the thiols on the wall should not be des-
orbed from the electrochemical procedure. When the potential is
cycled to 0 V vs. SCE, these thiols that are adsorbed on the walls
could potentially diffuse along surface to the planar face. This pos-
sibility was eliminated when considering the results presented in
Fig. 3c (drop cast). Here, the SAM was formed by drop casting
the thiol solution onto the planar face of the electrode without
exposing the walls to the surfactant. This layer was then subjected
to the same desorption/readsorption holding process and the de-
cay in capacitance at 0 V vs. SCE was again evident.

Thirdly, if the interfacial thiolates are non-specifically adsorbed
on the surface, they might be susceptible to rinsing. To test this
possibility, the SAM formed from drop casting was exposed to a
second desorption/readsorption scan. However, after a few seconds
at 0 V vs. SCE, the electrode was removed from the electrochemical
cell and rinsed with water for approximately 30 s, the results of
which are shown in Fig. 3c (rinse). Clearly, the decay in capacitance
occurs initially until the electrode was removed (marked by the
gap in the capacitance data). After the electrode was rinsed and re-
placed in the cell, the capacitance was stable over 4 min. It is
important to note that the capacitive decay was initially evident
and only became stable after the surface was rinsed. Furthermore,
the stable capacitance near 50 lF cm�2 which is well below that
for a bare electrode near 90 lF cm�2 indicating that the rinsing
procedure did not remove the thiols that were chemically bound
to the metal.

As a final test, the influence of electrode configuration was stud-
ied to evaluate whether the unusual behavior could arise from the
planar geometry of the electrode or from its configuration in the
hanging meniscus arrangement. For this study, the planar elec-
trode was wrapped in Teflon and modified with AET. In one study,
a hanging meniscus was formed and in a separate study, the elec-
trode was submerged into the electrolyte. As the walls of the elec-
trode were insulated from the electrolyte, the effective area of the
electrode remains the same for each study. As shown in Fig. 3c
(wrap/meniscus and wrap/submerge), the unique decay in capaci-
tance appears to be a function of the hanging meniscus since the
sharp decrease is not noted when the electrode is submerged.

From these experiments it can be speculated that the desorp-
tion process may result in the production of an interfacial thiolate
with limited diffusion at the planar electrode when set in the hang-
ing meniscus arrangement. However, to verify this more com-
pletely, a detailed spectroscopic study such as light scattering
[46] should be conducted. Regardless of the exact mechanism,
the unusual respreading of AET on the planar electrode when set
in the hanging meniscus arrangement is worth noting and could
affect the ability to form the mixed monolayer with reproducibil-
ity. As such, the concept of rinsing away the speculated intermedi-
ate species to limit the respreading phenomenon was revisited.
The results of this analysis for AET layers formed over 10 min are
presented next.

3.4. Full desorption of AET

The most efficient electrochemical method suitable to remove
AET from the entire planar Au surface was developed in the next
stage of this study. Initially, a 10 min SAM of AET was formed on
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the planar electrode and exposed to a potential pulse to �1.4 V vs.
SCE for a pre-determined holding time. Afterward, the potential
was pulsed back to 0 V vs. SCE and the capacitance measured. This
procedure was accomplished in triplicate for each desorption time
studied. In this study, the slow respreading process at 0 V vs. SCE
was interrupted by removing the electrode and rinsing the surface
with water for 30 s. After the electrode was rinsed, it was placed
back into the electrochemical cell and the ratio of CAET/CBARE deter-
mined, the results of which are shown in Fig. 4 (h). When the layer
is not exposed to electrochemical desorption, the normalized
capacitance remains consistent at approximately 0.25 indicating
the presence of AET. For the first desorption holding time of
2 min, the normalized capacitance increases and although the error
bars are significant, the values obtained are consistently above
0.25, indicating that the rinsing limits the respreading although
not reproducibly. As the desorption holding time is increased, the
normalized capacitance trends toward unity with a reduction in
the error bars. However, even after 30 min, the value never reaches
unity, thus indicating that a portion of the surface still contains
thiol. This is a longer desorption time required for the bead elec-
trode as determined in our previous study [17], and suggests that
some AET remains trapped. In the case of physically adsorbed sur-
factants on Au electrodes set in the hanging meniscus arrange-
ment, it was found that the layer can be more significantly
disrupted on the application of multiple desorption/readsorption
pulses [39]. Presumably, multiple potential steps could modify
the interfacial tension and solvent organization at the interface
which may in turn disrupt the layer. This concept was applied to
AET in a pulse program that provided a 1 min desorption pulse fol-
lowed by a 10 s readsorption pulse. This was cycled 20 times for
AET coated on the planar Au and resulted in a normalized capaci-
tance of near unity as shown in Fig. 4 (4). The multiple potential
pulse procedure appears to completely remove AET from the sur-
face, a result further evident by the fact that the electrode did
not need to be rinsed and the slow respreading process was not ob-
served. Given that potential pulsing is a procedure suitable to re-
move AET from the entire planar surface, limiting the desorption
limit to �0.80 V vs. SCE should render AET voids only at the
Au(111) facets given that this value slightly more negative than
the desorption peak attributed to AET from Au(111) as determined
in Fig. 1b. These voids can be subsequently backfilled to generate a
mixed monolayer and the results are presented next.

3.5. Mixed monolayer formation

The capacitance plots shown in Fig. 5a represent the negative
potential scans for three distinct layers on planar Au with each
Fig. 4. Average normalized capacitance for a 10 min AET modified electrode
exposed to various holding times at the desorption potential of �1.4 V vs. SCE. The
capacitance was normalized to the bare electrode at 0 V vs. SCE after the electrode
was exposed to a rinsing procedure (h) or 20 desorption pulses to �1.4 V vs. SCE
each with a duration of 1 min (4).
layer initially created with 10 min SAMs. The thin bold line repre-
sents the desorption scan of an AET layer that was previously ex-
posed to 20 truncated desorption potential pulses to �0.80 V vs.
SCE each with a duration of 1 min. When compared to the desorp-
tion scan of undisrupted AET in Fig. 1c, a few differences are noted.
Firstly, the capacitance of the disrupted AET layer in Fig. 5a is ele-
vated at 0 V vs. SCE because some of the AET molecules have been
removed from the surface. Also, at �0.75 V vs. SCE, there is no peak
observable in Fig. 5a, demonstrating that AET has been removed
from the Au(111) surface facets. This conclusion is further sup-
ported by the fact that the desorption peaks of AET from
Au(100) and Au(110) facets are maintained at �1.13 and
�1.32 V vs. SCE. The voids were backfilled by exposing the inter-
face to an MUA solution for 10 min to create the heterogeneous
mixed monolayer. A single component monolayer of MUA can also
undergo reductive desorption by the application of a negative po-
tential. This desorption of a single component MUA layer is repre-
sented in the dashed line of Fig. 5a. While the general trend is
similar to AET, one distinct difference is the peak at �1.0 V vs.
Fig. 5. (a) Differential capacitance and (b) CV desorption curves for of planar
polycrystalline Au electrode modified with different SAMs. The thin line represents
a SAM of AET with voids at Au(111) surface facets created by the truncated
desorption pulse procedure. The dashed line corresponds to a single component
SAM of MUA and the bold line represents the desorption scan for the mixed
monolayer of MUA on Au(111) and AET on Au(100) and Au(110). (c) A comparison
of the differential capacitance desorption scans for mixed monolayers created from
10 min AET layer (solid line) and from a 16 h AET layer (dash-dotted line).



Fig. 6. (a) Height image of an unmodified Au surface collected in contact mode with regions of interest labeled with I, II, III and IV. (b) EBSD image of the surface and (c) color
key (poll figure) representing the surface crystallography of the EBSD image. (d) LFM image of a single component AET SAM formed in 10 min. (e) Mixed monolayer of MUA/
AET after a 10 min AET SAM was exposed to the selective desorption/backfilling procedure. The bright regions correspond to high frictional forces from MUA while the dark
regions are consistent with AET. (f) Mixed monolayer of MUA and AET formed from the 16 h AET SAM.
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SCE which corresponds to the desorption of MUA from the
Au(111) facets of the metal and at more negative potentials, the
desorption from Au(100) and Au(110) are convoluted in one peak.
Then, if the monolayer voids in AET exist only at the Au(111) sites,
backfilling with MUA should result in a peak at �1.0 V vs. SCE cor-
responding to MUA while the two peaks more negative should be
consistent with AET. The bold line of Fig. 5a, represents the desorp-
tion of the mixed monolayer formed by backfilling the voids with
MUA for 10 min. Although this process would result in a crude
backfilled layer, the shorter backfilling time was required in order
to avoid place exchange of AET for MUA at the other facets. As is
evident from this plot, the characteristics of desorption maintain
both MUA and AET features, thus supporting the formation of the
mixed monolayer.

Similar information can also be extracted from the negative
scan of the CVs shown in Fig. 5b. Here, the thin solid line represents
the reductive desorption of the 10 min AET layer previously ex-
posed to the truncated desorption procedure. In comparison with
Fig. 1a, the desorption peak attributed to the Au(111) facet is ab-
sent at �0.75 V vs. SCE, while desorption from the Au(100) and
Au(110) facets are still evident in Fig. 5b. For comparison, the neg-
ative sweep for a single component MUA layer is given by the
dashed line in Fig. 5b, revealing a negative shift in the desorption
potential from the Au(111) facet at a potential approaching
�1.0 V vs. SCE and convoluted desorption from the Au(100) and
Au(110) facets at more negative potentials. For the mixed mono-
layer (bold line), although shifted, the desorption from Au(111)
is more characteristic of MUA appearing at potentials more nega-
tive than �0.75 V vs. SCE which would be characteristic of AET.
However, the presence of AET character is noted with second
desorption peak at �1.2 V vs. SCE which appears broader. Although
the remainder of the curve is masked by hydrogen evolution, the
desorption currents for the mixed monolayer show properties con-
sistent with the occurrence of MUA at Au(111) facets and AET at
the other low index planes.

As a final step in the electrochemical characterization, the
capacitance for a mixed monolayer formed from an initial 16 h
AET layer is compared with that of a 10 min AET layer in Fig. 5c.
In both cases, MUA was backfilled for the standard 10 min incuba-
tion period. Immediately apparent is the identical position of all
three peaks. The desorption peaks at �1.0 V vs. SCE, corresponding
to MUA desorption from Au(111) sites is maintained for both incu-
bation times. The same observation is made for the peaks at �1.13
and �1.32 V vs. SCE, corresponding to the desorption of AET from
the Au(100) and Au(110) facets respectively. In fact, the only clear
difference between the two scans is a slightly larger peak at
�1.32 V vs. SCE which may indicate more AET adsorption after
16 h.

The detailed electrochemical analysis that has been presented
herein, clearly demonstrates that mixed monolayers of AET/MUA
can be fabricated on planar polycrystalline Au electrodes using
the multiple desorption/backfilling procedure. The electrochemical
desorption characteristics have been used to support the concept
that MUA exists on Au(111) sites while AET exists on other low in-
dex planes. Further validation of this is given in the surface probe
analysis described next.

3.6. EBSD and LFM characterization of the mixed monolayer

As a final step in the characterization process, the surface of a
planar polycrystalline Au sample was prepared and characterized
with EBSD as described in the experimental section. The purpose
of this was to generate a distribution map of the principal facets
[(100), (110) and (111)] present over the Au surface and in con-
junction with LFM, establish a visual distribution of each thiol on
the surface. Results of this examination are presented in Fig. 6.

Fig. 6a is a AFM-height mode image that reveals the micron
sized facets of the polycrystalline Au surface delineated by a num-
ber of grain boundaries. On this image, four quadrants are labeled
which show unique LFM behavior. Some unique features of this
surface include a polishing line (left) and surface pit (top right)
on the image which were used as a reference for the EBSD analysis.
The EBSD characterization is presented in Fig. 6b (note the polish-
ing line is faintly visible in the left of the image) and the color key
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is provided in Fig. 6c. The color key (also known as a pole figure)
shows three extremities which indicate ideal (111), (100) and
(110) character. When compared to the EBSD image, it is clear that
the surface does not contain pure (111), (100) and (110) domains
but rather a variety of crystallographic orientations that range in
character. However, all regions of the EBSD image that appear in
a shade of blue,2 red or green can be considered to have a high de-
gree of (111), (10 0) and (110) respectfully. In the top half of the im-
age, there is a large portion that corresponds closely to Au(111)
character (Region I) and another region that corresponds to
Au(100) and Au(110) character (Region II). In the lower half of
the image, two other regions are noted that are more intermediate
(Regions III and IV).

An LFM image of this surface after modification with 10 min
AET is presented in Fig. 6d. This shows a relatively uniform distri-
bution of friction across the surface, a feature consistent with the
properties of a single component SAM that is terminated by one
functional group (in this case and amine group). The only devia-
tions in frictional forces are noted at the scratch and pit owing to
unusual tip deflection at these surface defects. Fig. 6e shows the
LFM image of the interface after exposure to the potential pulse
desorption/backfilling procedure. In this image, the heterogeneous
distribution of frictional forces are clearly made visible. The bright
regions represent high friction from MUA and correlate perfectly
with the Au(111) facets represented in blue on the EBSD map.
The darker areas on the LFM image correspond to the low frictional
AET regions on the Au(100) and Au(110) facets. In particular, the
LFM images are most clear in Regions I and II because of they are
nearly pure Au(111) or non-Au(111) facets. Regions III and IV
are slightly less well-defined because of the intermediate character
of the surface crystallography within these zones. These same con-
clusions can be made for a mixed monolayer formed from an initial
16 h AET layer as presented in Fig. 6f. However, Region III less well-
defined possibly indicating that the desorption of 16 h AET layers
require more than 20 desorption pulses in order to effectively clean
all Au(111) sites of AET. It is noteworthy that the general trend of
high frictional forces at Au(111) sites is consistent across both sur-
faces, reflecting the selectivity of the electrochemical desorption/
backfilling process.
4. Conclusions

The electrochemical formation of a heterogeneous mixed SAM
of AET and MUA on planar polycrystalline Au has been demon-
strated and it can be concluded that electrode geometry has an
influence on the fabrication process. The electrochemical results
support the hypothesis of selective reductive desorption followed
by thiolate diffusion into the bulk, thereby limiting the amount of
species that can readsorb onto the metal through an oxidative
process. While both spherical and bead electrodes exhibit read-
sorption events, the process is more pronounced at the planar
electrode when set in a hanging meniscus arrangement which
may stem from interfacial thiolates that do not diffuse away from
the interface as readily compared to bead electrodes. In order to
efficiently clean the planar electrode of all AET, a potential
pulsing procedure has been developed and implemented, result-
ing in a modification to the general approach used of forming
the heterogeneous mixed monolayer of AET/MUA on planar
polycrystalline Au. Both electrochemical results and surface char-
acterization with EBSD and LFM confirm the selectivity of this
process.
2 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
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