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The behavior of adsorbed CTAB and CTAOH on gold single crystal electrodes has been studied in solu-
tions with different pH values. For the different single crystal electrodes, the adsorbed adlayer formed by
CTA™* cations is in contact with the surface when the electrode charge is negative. As the surface charge
becomes positive, the adlayer detaches from the surface and water molecules permeate through it, giving
rise to characteristic peaks in the voltammogram. Charge and laser-induced jump temperature measure-
ments show that the composition of the adlayer contains not only the CTA* cations but also anions,
which are required to stabilize the adlayer. In alkaline solutions, the higher solubility of CTAB/CTAOH in
alkaline solutions leads to the partial desorption of the adlayer when these species are not present in the
solution. When CTAB or CTAOH are dissolved in the alkaline cell solution, the adlayer is strongly bonded

Adsorption behavior

to the surface in the whole potential window due to the negative charge of the surface.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
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1. Introduction

The adsorption of organic molecules on metallic surfaces is
a subject of paramount importance because of its wide implica-
tions in multiple applications. Historically, the initial electrochem-
ical studies were devoted to understanding the adsorption phe-
nomenon and its applications to prevent corrosion [1]. However,
the significance of this field goes far beyond that intended in those
initial studies, and a myriad of applications are emerging nowa-
days in multiple fields such as the design of biomimetic systems
and molecular nanoelectronics. The presence of adsorbed organic
molecules on a metal modifies its properties. Thus, it has been
used to tune the electronic properties of the substrate materials
[2], to immobilize other molecules on the adlayer to build sensors
[3], to form biomimetic membranes to study membrane processes
[4], or in the synthesis of nanoparticles with special properties, be-
cause they act as surfactants and direct the growth of the nanopar-
ticles [5].

In this context, cetyltrimethylammonium bromide (CTAB) has
been widely used as a surfactant in the growth of metallic
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nanoparticles [6-8]. CTAB can be considered as a salt with a bro-
mide anion and quaternary ammonium cation (CTA"). This CTA*
cation consists of three methyl groups and a hexadecyl group
bonded to the nitrogen atom. Thus, the cation contains a polar hy-
drophilic head around the positively charged nitrogen atom and a
hydrophobic tail (the hexadecyl group), giving rise to its surfactant
properties. When used in the growth of nanoparticles, the syn-
thetic procedure generally involves the creation of an initial seed,
followed by one or several growth steps. Thus, their final shape de-
pends on the exact conditions of the synthesis [7], where the con-
centration of surfactant, the ionic strength, and the specific chemi-
cal nature of the anions present in it are key parameters, stressing
the importance of the adsorption behavior of this species on the
surface in directing the growth [8-15].

Once the CTAB has been used for the synthesis of the nanopar-
ticles, it has to be eliminated from the metallic surface, where
it remains adsorbed, because it modifies the properties of the
nanoparticles. This is especially important if the nanoparticles are
to be used in biomedical applications because of the toxicity of
this molecule. In fact, CTAB has antibacterial properties because it
can permeate cellular membranes and interact with the cell DNA
[16]. Thus experiments have been carried out to replace it from
gold nanoparticles with other molecules [17]. CTAB forms a bilayer
structure on gold nanorods, where the polar heads of the cations

0013-4686/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.electacta.2021.138947
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2021.138947&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:herrero@ua.es
https://doi.org/10.1016/j.electacta.2021.138947
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.M. Gisbert-Gonzdlez, M.V. Oliver-Pardo, FJ. Sarabia et al.

are in contact with the gold surface and the tails are directed to
the solution [18-20]. The hydrophobic nature of the tails drives the
adsorption of the second layer of CTA* cations by the direct inter-
action of the tails. In the formation of the bilayer, the anion is also
involved [13-15].

All these previous results highlight the importance of study-
ing the adsorption behavior of CTA* layers on gold. As in any
other chemisorption process, the surface structure of the substrate
will have a significant influence on the interactions between the
adsorbing molecule and the surface. For these reasons, the use
of single-crystal electrodes is an excellent tool to simplify the
experimental response and thus, to understand these processes.
Previous results with the Au(111) surface have shown that CTA*
cations form a stable layer in perchloric acid solutions [21]. De-
spite this stability, the distance between the adlayer and the elec-
trode surface is modulated by the surface charge; when the elec-
trode charge is negative, the adlayer is in direct contact with the
surface. As the charge is made positive, the adlayer detaches from
the surface due to coulostatic repulsion. In this work, additional
insights into the behavior of the CTA* adlayers are obtained, high-
lighting the role of the pH, counteranion, and surface structure in
this process. For this, the adsorption behavior of CTAB will be stud-
ied voltammetrically on gold basal planes and its behavior will
be compared with that of CTAOH. The laser-induced temperature
jump method will also be used to gain insight into the role of the
anions in the stabilization of the adlayer.

2. Experimental

Gold single crystal electrodes were fabricated according to a
modification of Clavilier’'s method [22,23]. For this, a 0.5 mm
gold wire was melted, and a single crystal bead was formed af-
ter a slow cooling down procedure. The single crystal bead was
then mounted in a four-cycle goniometer for its orientation and
was cut according to the desired orientation with emery paper
and polished until mirror finishing with diamond paste. Prior to
any electrochemical experiment, the electrode was annealed in a
propane/oxygen flame to burn and remove any organics that may
have been adsorbed on the surface and to restore the surface order.

The solubility of CTAB is very low in acidic solutions and for
this reason, the adlayers were formed at open circuit in an aqueous
solution of CTAB or CTAOH. Since CTAB/CTAOH can form micelles
when the concentration is above 1 mM, concentrations below and
above this critical value were tested. Once the adlayer has been
formed, the electrode is rinsed with water and transferred to the
electrochemical cell, in which the electrode is immersed at 0.1 V.

Electrochemical experiments were carried out in a glass cell
with a reversible hydrogen electrode (RHE) as reference and
a gold counterelectrode. Supporting electrolyte solutions were
prepared using concentrated perchloric acid (Merck Suprapur®),
NaOH (Merck Suprapur®), and ultrapure water (18.2 M2 cm, Elga
Vivendi). CTAB/CTAOH solutions were prepared using CTAB, (BioUl-
tra, for molecular biology, > 99.0%, Sigma-Aldrich) and CTAOH (10
wt. % in H,0, Sigma-Aldrich). All solutions were deoxygenated with
Ar (N50, Air Liquide). Voltammetric experiments were carried out
at room temperature using a wave signal generator (EG&G PARC
175), potentiostat (eDAQ 161), and digital recorder (eDAQ e-corder
401) workstation. Cyclic voltammograms were recorded at 50 mV
s 1.

2.1. Laser-induced jump temperature method
The laser-induced temperature jump method (litjm) has been

used to obtain data regarding the water orientation at the inter-
phase from which the magnitude of the interfacial electric field can
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Figure 1. A) Stable voltammetric profiles for the unmodified Au(111) electrode and
the CTAB and CTAOH modified Au(111) electrodes in 0.1 M HCIO4. The vertical lines
mark the position of the pzc, (dashed line) and pzc; (dotted line) of the unmodified
Au(111) surface. B) Charge curves obtained from the integration of the voltammet-
ric profiles. The vertical lines reflect the point at which the curves cross the zero
charge value.

be inferred. The details of this method are given elsewhere [24,25].
For these experiments, an additional electrode is required to be
used as reference to measure the laser-induced potential change.
In this case, a gold electrode was used, which was polarized at
the same potential as the working electrode. The pulsed laser is
used to raise the temperature of the working electrode, and the
relaxation of the open circuit potential after this perturbation is
measured. For this, the circuit between the working and reference
electrodes is opened 200 us before the laser pulse, and the change
of the potential (AE) with respect to the fourth electrode is mea-
sured vs. time under constant charge conditions.
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Figure 2. Voltammetric profiles of the unmodified and CTAB modified Au(111) electrode in 0.1 M HClO4 up to 1.7 V and 1.2 V. The profiles for the CTAB-Au(111) up to 1.2 V
and that recorded in the same potential region after the oxidation have been enlarged 5 times to better observe the peaks. Scan rate: 50 mV s,

To get additional insight into the electric field across the inter-
phase, the values of the thermal coefficient, (%)* can be obtained.
These values can be calculated from the transients according to the
procedure described in detail in [24,25]. In summary, when the po-
tential response to the temperature is fast, the transient AE vs t
can be modeled using the following expression:

1(0E t

where AT, is the initial temperature change after the pulse and
t, is the duration of the laser pulse (5 ns in this case). AT, can
be obtained from the laser intensity, the reflectivity of the surface,
and the values of the thermal diffusivity and thermal conductivity
of the metal and the aqueous solution according to the expression
described in [24,25]. For the present conditions, this value of AT,
stands for 26.4 K. Then, the values of the thermal coefficient can
be obtained from the slope of AE vs. t/2.

A brilliant Q-switched Nd:YAG laser (Quantel) was used for the
litjim measurements. It delivers 5 ns laser pulses at a frequency
of 532 nm. To regulate the temperature jump on the electrode
surface, the energy of the laser was limited to 16 m] cm™2 by
combining the effect of an attenuator from Newport Corporation
(Model M-935-10) and the Q-switched time. Laser pulses were
synchronized with the transient measurements by the use of
a Tektronix Model TDS 3054B oscilloscope and a potentiostat-
galvanostat. In general, 250 potential transients at each desired
potential were averaged by the oscilloscope The laser energy was
measured by collecting the beam in a pyroelectric sensor head
(Model LM-P10i). Additionally, the diameter of the laser (4 nm)
was controlled to match the diameter of the electrode (ca. 2.5
mm) by a system of lenses.

3. Results and discussion

3.1. Behavior of CTAB/CTAOH on the Au(111) electrode in acidic
solutions

Previous work has shown that CTA*™ forms adlayers on the
Au(111) surface [21]. The adsorption of CTA* is carried out at open
circuit from a solution containing 1 mM CTAB or CTAOH. After the
adsorption, the electrode was transferred to the electrochemical
cell, where the adlayer was characterized in 0.1 M HClO4. The sta-
ble voltammetric profiles of the modified electrodes are shown in
figures 1A and 2. As can be observed, the adlayer is stable in the
whole potential window between hydrogen evolution and water
oxidation. It should be noted that the initial profiles obtained after
the immersion of the electrode in the case of the adlayer formed
in CTAB solutions are different and evolve upon cycling. This evolu-
tion is due to the progressive desorption in the low potential range
of the Br~ anions that were initially incorporated into the adlayer.
Eventually, the stable profile is obtained.

Although the adlayer is stable in the whole potential window,
its configuration changes with the electrode potential. Thus, the
distance between the adlayer and the electrode surface is gov-
erned by the surface charge of the electrode. At potentials negative
to the pzc, the CTA* adlayer is attracted to the surface through
coulombic interactions, whereas when the surface charge becomes
positive, the adlayer detaches from the surface, giving rise to the
peaks at 0.8-0.9 V [21]. These peaks are due to the permeation
of water and ions through the adlayer species and the subsequent
change of the capacitance of the interphase (figure 1A). Above 1.2
V since the Au(111) electrode is in contact with a layer of elec-
trolyte, the oxidation of the surface takes place in similar con-
ditions to those obtained for the unmodified electrode. Thus, the
voltammetric peaks corresponding to the oxidation/reduction pro-
cess of the Au(111) surface for the CTA* modified electrodes are
nearly identical to those obtained for the unmodified electrode.
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Figure 4. Thermal coefficients for the gold single crystal electrodes modified by CTAB and CTAOH layers obtained from the transients in figure 3.

Moreover, the surface oxidation/reduction process does not affect
the stability of the adlayer, as can be deduced from the invariabil-
ity of the voltammetric profiles in the region where E<1.2 V before
and after the oxidation. It should be noted that the voltammetric
differences between the adlayer formed in CTAB and CTAOH solu-
tions are small, indicating that the adlayers have similar proper-
ties, despite being formed from different solutions. Also, the con-
centration of the CTAB/CTAOH solution used for the formation of
the adlayer and the immersion time has also no effect in the
range between 0.1-10 mM, (Figures S1-S2), since the voltammo-
grams are almost independent of the immersion time and con-
centration, implying that the adlayer has reached the maximum
coverage under the present conditions. Additionally, since the crit-
ical micellar concentrations are ca. 1 mM and 0.86 mM for CTAB
and CTAOH, respectively, the presence of micelles in the solution
does not affect the formation of the adlayer. This result indicates
that hemimicelles are not formed during adsorption. Although the
concentration of CTAB/CTAOH in the solution where the adlayer is
formed does not affect it significantly, for all the figures displayed
in this manuscript the CTAB/CTAOH concentration was 1 mM and
the electrode was immersed for 15 s in the corresponding solution.

Additional information on the structure of the adlayer can be
obtained from the charge analysis. The charge is obtained from the
integration of the voltammetric profiles, using an integration con-
stant. For the unmodified Au(111) electrode, the integration con-
stant is easily obtained because the charge should be zero at the
potential of zero charge. Due to the reconstruction phenomena
of the Au single-crystal surfaces [26-28], two pzc’s have been re-
ported, one for the unreconstructed (1x1) surface (pzcy) and one
(22x/3) for the reconstructed surface (pzc;) [29-31]. The stability
domains of each surface structure are determined by the surface
charges and thus, the (22x./3) is favored when the surface charge
is negative whereas the (1x1) structure is stable at positive poten-
tials [32,33]. The transition between both structures is determined

mainly by the kinetic of the processes, being the lifting of the re-
construction a fast process and the reconstruction a slow one [32].
This difference in the kinetics of both processes gives rise to un-
symmetrical (with respect to the x-axis) voltammetric profiles. In
this sense, it can be considered that the profiles in the negative
scan direction correspond mainly to the unreconstructed surface.
For this reason, the negative scan direction has been integrated for
the charge analysis. For the CTAB/CTAOH Au(111) modified surface,
it has been assumed that the charge at 1.2 V, i.e, the potential
at which the adlayer is detached from the surface, is the same as
that obtained for the unmodified surface. It should be remembered
that the voltammetric profiles above 1.2 V for the CTA* modified
electrodes and the unmodified Au(111) surface are almost identical,
which supports this charge value assignment.

Charge curves for the Au(111) electrodes are shown in figure 1B.
For the modified electrodes, the charge curve crosses the zero
value at ca. 0.70 V, that is, just at the onset of the peaks that
mark the detachment of the adlayer from the Au(111) surface. This
would suggest that the pzc for these modified electrodes has been
displaced to more positive potentials with respect to the unmod-
ified electrode. The displacement of the pzc to more positive po-
tentials is the expected consequence of the specific adsorption of
cations on the electrode surface. However, due to the complex na-
ture of the adlayer, in which anions should be involved in the
stabilization of the adlayer, additional information from the in-
terphase is required in order to determine the surface charge of
the electrode and the interfacial field. It should be noted that the
charge analysis carried out here cannot distinguish between the
free charge of the electrode, which generates the electric field in
the interphase, and that due to the adsorption processes of the
different surface species. This difference is especially important for
metals, such as platinum, with a large adsorption capacity. For this
latter type of metals, two pzc can be defined: the potential of zero
free charge (pzfc) and the potential of zero total charge (pztc) [34].
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Figure 5. A) Stable voltammetric profile for the unmodified Au(100) electrode and
the CTAB and CTAOH modified Au(100) electrodes in 0.1 M HCIO4. The vertical lines
mark the position of the pzc, (dashed line) and pzc, (dotted line) of the unmodi-
fied Au(100) surface. B) Charge curves obtained from the voltammetric profiles. The
vertical lines reflect the point at which the curves cross the zero charge value.

The pzfc is the potential at which the surface charge is zero and,
thus, the field across the interphase is also zero. It is the equiv-
alent to the pzc of non-adsorbing metals, such as gold. On the
other hand, the pztc is the potential at which the charge of the
interphase plus the charge exchanged in the adsorption processes
is null. In these cases, the pztc is the value that can be directly
measured, whereas the determination of the pzfc requires non-
thermodynamic assumptions.

One of the methods that can be used to estimate the pzfc is
litjm described above because the potential transients recorded in
coulostatic conditions reflect the changes in the orientation of wa-
ter molecules in the interphase upon the heating process due to
the laser pulse. Thus, the potential at which the transient is zero
corresponds to a situation in which water molecules are not pref-
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erentially oriented and the entropy of formation of the interphase
is maximum, that is, the potential of maximum entropy (pme). The
pme is very close to the pzfc because the electric field is the major
force in the orientation of the water molecules in the interphase
[24,25]. For gold, which is considered a non-adsorbing metal, the
pme and pzc differ in less than 50 mV.

Transients using the litjm for the CTA* modified electrodes
were recorded, as shown in figure 3. As can be seen, the pme for
the Au(111) modified electrodes are ca. 0.10 and 0.02 V for the
CTAB and CTAOH modified electrodes, respectively. The large dif-
ference between these pme values and those for which the charge
is zero measured from figure 1B clearly indicates that the adlayer
structure is complex, containing not only the CTA™ cations but
also additional species, probably anions, and water molecules. At
the pme, the electrochemical behavior and the in-situ FTIR spec-
tra shows that CTA* adlayer is attached to the surface with the
amino group close to the surface and the long alkyl chain (tails)
pointing out towards the solution [21]. Due to the hydrophobic na-
ture of the tails, water molecules are most likely excluded from the
molecular adsorbed layer, and, thus, the litjm experiments should
reflect mainly the change in the orientation of water molecules on
top of the adlayer. When the CTA* adlayer is attached to the sur-
face, the electric field on the water molecules in the interphase is
the result of the net charge resulting from three contributions: the
surface charge, the adsorbed CTA* cations, and also the possible
anions involved in the stabilization of the adlayer. The water on
top of the adlayer is mainly responding to the overall charge re-
sulting from these three contributions. On the other hand, the pzc
value obtained from the integration of the voltammogram would
contain only the surface charge, assuming that, in the attachment
of the CTA™ adlayer to the surface, no faradaic process is involved,
i.e., the charge of the CTA* adlayer is considered part of the solu-
tion side of the interphase. Thus, at 0.7 V and to compensate the
overall positive charge of the CTA* adlayer, the surface charge be-
comes negative. However, the interfacial water is still experiencing
a positive charge because the sum of the surface charge plus the
charge of the CTA* cations and the anions in the adlayer is still
positive. The opposite effect was described for the adsorption of
anions on Au(111) or Pt(111) that turns the laser-induced potential
transients negative at potentials above the pzc where they should
be positive [24,25]. The coadsorption of anions has already been
proposed for other quaternary ammonium salts on Au(111) elec-
trodes, in which the formation of an ion-pair in the adlayer has
been suggested [35]. In fact, this ion-pair formation can explain the
stability of the adlayer on the surface in perchloric acid solutions,
since cetyltrimethylammonium perchlorate is an insoluble salt.

Additional information can be obtained from the thermal co-
efficients obtained from the transients (fig. 4). As can be seen,
the thermal coefficients for the Au(111) electrode in the region
between 0.6-0.8 V in which the peaks appear to show a large
variation, reflecting the interfacial changes due to the attach-
ment/detachment of the CTA* adlayer.

3.2. Behavior of CTAB/CTAOH on the Au(100) electrode in acidic
solutions

The same experiments for the Au(111) were repeated for the
Au(100) electrodes. In figure 5, the voltammograms under the dif-
ferent conditions are shown. It should be also noted that the
Au(100) surface is also affected by reconstruction phenomena [36-
39]. After the annealing and at low potentials, the top-most layer
of the surface adopts a hexagonal arrangement, very similar to that
of the (111) surface, whereas at positive potentials with respect to
the pzc, the nominal (1x1) surface structure is obtained. In the
positive scan direction, the lifting of the reconstruction is signaled
by the peak appearing at 0.80 V.
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Figure 6. Voltammetric profiles of the unmodified and CTAB modified Au(100) electrode in 0.1 M HCIO4 up to 1.7 V and 1.2 V. The profiles for the CTAB-Au(100) up to 1.2
V and that recorded in the same potential region after the oxidation have been enlarged 10 times to better observe the peaks. Scan rate: 50 mV s,

As can be seen in figure 5A, the modification of the Au(100)
electrode with the CTAB/CTAOH leads to the appearance of new
peaks in the region between 0.6-0.9 V. Moreover, at potentials
more positive than 0.9 V, the voltammograms of the unmodified
and CTA* modified surfaces are almost identical. In this case, the
peaks in the region of 0.6-0.9 V have a different morphology than
those observed for the Au(111) surface. However, the qualitative
behavior is the same as that observed for the Au(111) electrode, al-
though, the process giving rise to those peaks appears to be more
irreversible, peak potentials and their multiplicity are also differ-
ent. For the Au(100), a peak at 0.79 followed by a very sharp peak
at ca. 0.88 V is seen in the positive scan direction. This latter peak
coincides with the peak associated with the lifting of the recon-
struction in the unmodified surface. Conversely, a single peak is
observed in the negative scan direction at 0.73 V.

When the scan is extended up to the region in which the sur-
face is oxidized, the voltammograms in figure 6 show the same
behavior as that reported for the Au(111) electrode, that is, the
voltammetric profile in the region for E>1.2 V is nearly the same
as that observed for the unmodified electrode. This fact suggests
that the mechanism explaining the adlayer behavior on the Au(111)
electrode is also applicable to the Au(100) electrode. Thus, at po-
tentials negative to the pzc, the CTA* adlayer is attached to the
Au(100) surface. As the potential increases and the surface charge
becomes positive, the adlayer detaches. This mechanism can also
explain the difference in the irreversibility of the peaks for the
Au(111) and Au(100) electrodes, because, at positive potentials, the
surface is unreconstructed whereas at negative potentials the re-
constructed surfaces are slowly formed. For the Au(100), the pzc
of the reconstructed surface is ca. 0.24 V more positive than that
of the unreconstructed surface, whereas for the Au(111), the dif-
ference between the pzc of the reconstructed and unreconstructed
surfaces is ca. 0.1 V. The larger irreversibility of the peaks in the
Au(100) electrode can be related to the larger difference in ener-
getics between the unreconstructed and reconstructed surfaces on
the Au(100) electrode, as the position of the pzc’s shows.

Charge measurements were also carried out for this electrode,
using the same protocol applied for the Au(111) electrode. In gen-
eral, the results show a similar trend to that observed for the
Au(111), that is, the potential at which the charge becomes zero
shifts to more positive potential values, as expected for a layer
formed by cations. In this case, the potential at which the charge
is zero for the adlayer formed in the CTAOH solutions is at sig-
nificantly lower potential values than that for the CTAB adlayer.
The difference may arise from small modifications in the adlayer
structure due to the different environments in which they were
formed. Thus, the adlayer formed in the CTAOH containing solu-
tion has shaper peaks and slightly smaller currents at low poten-
tials, where pure capacitive processes are observed. This behavior
is normally associated with a more compact adlayer or a less de-
fective one.

On the other hand, the litjm experiments, which serve to deter-
mine the charge of the electrode+adlayer, provide a value for the
pme which is significantly more negative than the pzc of the un-
modified surface (figure 3). In fact, for the modified electrodes, the
pme is very close to 0, clearly showing that the negative charge
present in the unmodified Au(100) electrode is compensated by
the positive charge of the CTA™ adlayer so that the electric field
that the water molecules above the adlayer experienced is zero.
Also, the major changes in the thermal coefficients obtained from
the transients are observed in the region where the peaks are lo-
cated, a clear indication that major changes in the structure of the
interphase are taking place during those peaks.

3.3. Behavior of CTAB/CTAOH on the Au(110) electrode in acidic
solutions

The (110) surface of fcc metal is complex because it can also
be considered as a stepped surface having 2 atom-wide (111) ter-
races separated by monoatomic (111) steps. This type of surface
gives rise to an open structure in which the second layer of atoms
is “accessible” from the surface. Moreover, the Au(110) surface ex-
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periences a (1x2) reconstruction, also known as missing row, in
which every other row is eliminated, giving rise to a stepped sur-
face with 3 atom-wide (111) terraces separated by diatomic (111)
steps [40,41]. As happens with the other two basal planes of gold,
the (1x2) reconstruction is stable only at potentials negative to
the pzc. However, in this case, the voltammogram in perchlo-
ric acid solution is almost reversible with respect to the x-axis
(figure 7) and no specific signals can be associated with the lift-
ing of the reconstruction. It should be noted that the energetics
of the reconstructed and unreconstructed surfaces are very sim-
ilar because the value of the pzc for both structures is almost
the same [42]. Thus, the expected changes in the interaction of
the surface with the species in the interphase should be almost
negligible.

The modifications observed in the voltammograms when the
electrode is immersed in the CTAB/CTAOH solutions are much less
defined than those observed in the previous electrodes (figure 7).
In fact, only broad signals can be observed in the voltammo-
gram, which are different from those observed for the unmod-
ified surface. In any case, the double layer current at low po-
tentials is smaller than that recorded for the unmodified surface,
which reveals the presence of an adsorbed layer. The absence of
pronounced peaks in the voltammograms of the modified Au(110)
electrodes results in charge curves that are very similar to those
obtained for the unmodified surface. As expected, the potential for
which the charge for the modified electrode is zero is slightly more
positive than that measured for the unmodified electrode. These
results indicate that the modification of the electrode properties
by the adsorption of the CTA™ species is less important than in the
previous cases, probably reflecting the more complex nature of the
surface. On the other hand, the presence of the adlayer is evident
in the litjm measurements. The pme measured for these adlayers
with the litjm are displaced to negative values, in agreement with
the results for the other surfaces, indicating that the qualitative be-
havior of the adlayer is the same, independently of the symmetry
of the electrode surface. However, the changes in the thermal co-
efficients are gradual without any steep increase as those observed
for the other two electrodes in the same potential region where
the peaks appear. This fact suggests that the changes in the dis-
tance of the adlayer are also gradual with the electrode potential,
in agreement with the absence of sharp and well-marked peaks in
the voltammogram.

When the upper electrode potential is set in the oxide region,
the voltammogram of the modified Au(110) electrode is almost
identical to that obtained for the unmodified surface (figure 8),
as happens with the other basal planes. However, the voltammet-
ric profile after the oxidation shows some changes, with the loss
of some of the previous characteristics, probably due to the par-
tial desorption/oxidation of the adlayer. This fact could be related
to the open nature of the topmost layer of the Au(110), in which
the interaction of the adsorbed molecules with the second layer of
Au is possible. Thus, the distances between the different atoms ex-
posed on the surface and the adlayer are not uniform, and some
interaction between the adsorbed OH and the CTA™ layer is possi-
ble, giving rise to partial desorption upon oxidation.

3.4. The behavior of the CTAB/CTAOH layers in NaOH solutions

Previous results have shown that the potentials for the peaks
related to the permeation of water through the adlayer are associ-
ated with an increase of the distance between the adlayer and the
electrode surface are independent of the pH in the SHE scale in
acidic solutions [21]. These results demonstrated that this process
is governed by the electrode charge. Thus, at positive charges, the
CTA™ adlayer is repelled, and at negative charges, the adlayer is at-
tracted towards the surface. In alkaline media, the electrode charge
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Figure 7. A) Stable voltammetric profile for the unmodified Au(110) electrode and
the CTAB and CTAOH modified Au(110) electrodes in 0.1 M HClO,4. The vertical lines
mark the position of the pzc, (dashed line) and pzc, (dotted line) of the unmodi-
fied Au(110) surface. B) Charge curves obtained from the voltammetric profiles. The
vertical lines reflect the point at which the curves cross the zero charge value.

at E<1.2 V (RHE) is always negative, and it would be expected
that the adlayers were stable in this potential range and remain in
contact with the electrode surface preventing any electrochemical
adsorption process from the anions of the supporting electrolyte.
However, the observed results are different. Figure 9 shows the
voltammograms for the CTAB/CTAOH modified electrodes. As can
be seen, the modifications of the profiles after the formation of
the adlayer are small. In the case of the Au(111) and Au(100) elec-
trodes, the signals due to the lifting of the reconstruction, triggered
by the initial adsorption of OH, are somehow smaller than those
recorded in the absence of the adlayer. The appearance of these
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Figure 8. Stable voltammetric profiles of the unmodified and CTAB modified Au(110) electrode in 0.1 M HCIO4 up to 1.7 V and 1.2 V. The profiles for the CTAB-Au(110) up
to 1.2 V and that recorded in the same potential region after the oxidation have been enlarged 10 times to better observe the peaks. Scan rate: 50 mV s,

initial signals related to the adsorption of OH on both electrodes
clearly indicates that the coverage of the CTA™T is small, because,
otherwise, the adsorption of the OH would have been inhibited by
the presence of an adsorbed adlayer in close contact with the elec-
trode surface. Moreover, the profile in the surface oxidation region
(figures S3) is almost identical to those obtained in the absence of
the adsorbed adlayer. These results point out that the adlayer has
been partially desorbed after its transfer to the alkaline solutions.
In order to get additional insight into this process, the effect of pH
and ionic strength of the solution was examined. As can be seen
in figure S4, coverages of the adlayer increase with the diminution
of the pH and the increase of the ionic strength, clearly indicating
that the adlayer is not stable in very alkaline solutions.

The major difference between perchloric and NaOH solutions
regarding CTAB and CTAOH is that these species are insoluble in
perchloric acid but soluble in NaOH solutions. Thus, it can be pro-
posed that the reason for the lower coverages is the partial des-
orption of the adlayer due to dissolution. In order to corroborate
this, 1 mM CTAB and CTAOH were dissolved in 0.01 M NaOH solu-
tions and the voltammograms in these solutions were recorded. As
can be seen in figure 10, the profiles in this solution are completely
different from those recorded previously. In this case, the peaks re-
lated to the lifting of the reconstruction are completely suppressed.
Moreover, when CTAB is present in the solution, additional sharp
peaks are observed, which are absent in the CTAOH solution. In
this latter case, only small peaks are observed in the voltammetric
profile at low potentials. Thus, these peaks observed in the pres-
ence of CTAB in solution have to be related to the presence of Br-,
indicating that the anion has also a role in the formation and sta-
bilization of the adlayer. Probably, those peaks are due to the ad-
sorption/desorption of Br~ anions in the adlayer. For the Au(100)
electrode, the qualitative behavior (figure S5) is the same, that is,
a larger coverage is obtained and significant differences in the be-
havior of the CTAB and CTAOH solutions are observed. These ef-
fects have been also observed for the adsorption of quaternary am-
monium salts with shorter alkyl chains. The presence of a shorter
alkyl chain increases the solubility of the adlayer, and a reversible
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Figure 9. Stable voltammetric profiles for the unmodified Au(111) and Au(100)
electrodes and the CTAB and CTAOH modified electrodes in 0.1 M NaOH.
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Figure 11. Stable voltammetric profiles for the Au(111) electrode in 0.1 M NaOH in the absence and presence of 1 mM CTAB up to 1.7 V and 1.2 V. The intial profile for the
CTAB-Au(111) up to 1.2 V and that recorded in the same potential region after the oxidation have been enlarged 10 times to better observe the peaks. Scan rate: 50 mV s,

adsorption behavior is observed even in neutral conditions. Under
these circumstances, the presence of bromide modifies the adsorp-
tion behavior due to the coadsorption of the bromide anion and
the quaternary ammonium cation [43,44]. Also, for these salts, the
peaks at low potentials (as those observed in figure 10) are re-
lated to the desorption of the adlayer [45]. All these results in-

dicate that the adsorption behavior of the quaternary ammonium
salts is the result of a delicate balance between the mutual interac-
tions of the quaternary ammonium cation, the counter-anion, the
electrode surface, and the water molecules.

Additional information can be obtained when the electrode po-
tential is scanned in the oxide formation region. As can be seen in
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Figure 12. Evolution of the profile of the CTAB modified Au(111) electrode upon cycling in 0.1 M HClO,4 after the transfer from a solution containing 0.01 M NaOH and 1

mM CTAB. The arrows show the evolution of the profile. Scan rate: 50 mV s,

figure 11 for the Au(111) and in figure S6 for the Au(100), the for-
mation of the oxide is inhibited and the profile differs significantly
from that obtained in absence of CTAB/CTAOH. This is the expected
behavior of the adlayers, because the attractive interaction due to
the negative charge on the electrode surface and the positive po-
lar heads of the CTA* cations hinders the adsorption of OH and
eventually the surface oxidation process. Thus, the lower coverage
of the CTA™ layers obtained in figure 9 is due to the dissolution
of the adlayer. Moreover, the profile after the oxidation changes, a
clear indication that the oxidation of the surface also leads to the
partial oxidation of the adlayer and a modification in its structure.
Since the adlayer is in contact with the surface when the adsorp-
tion of OH takes place, the interaction of adsorbed OH and CTA*
favors its oxidation process.

Further proofs of the similar nature of the formed adlayers in
alkaline solution are obtained when the electrode is transferred
to a 0.1 M HCIO4 solution (figure 12). The electrode is emersed
at 1.2 V (RHE) from the 0.01 M NaOH solution and immersed at
the same potential (RHE scale) in the 0.1 M HCIO4 solution. As can
be seen, the voltammetric profile evolves to the stable profile ob-
tained in this solution, shown in figure 1. The initial currents ob-
served at low potentials are corresponding to the gradual desorp-
tion of the Br~ anions, in a very similar evolution of the profile as
that obtained when the adlayer is formed in neutral solutions (see
figure 1A in reference [21]). Similar behavior is observed for the
Au(100) electrode (figure S7).

4. Conclusions

The results presented here show the complex behavior of the
CTA* adlayers adsorbed on the Au electrode surface. At potentials
below the pzc of the clean Au surface, the adlayer is in contact
with the surface because the negative charge of the electrode at-
tracts the positive polar heads of the CTA* cations. As the surface
charge becomes positive, the adlayer detaches from the surface and

1

water molecules permeate through it, so that the behavior of the
electrode covered by the adlayer is almost identical to that ob-
tained in its absence, as the voltammetric profiles for the oxida-
tion of the surface show. However, if the electrode charge becomes
negative again, the adlayer re-attaches to the electrode surface.

Charge measurements and litjm show that the composition of
the adlayer contains not only the CTA* cations but also anions.
The charge measurements show that the potential at which the
total charge zero shifts to more positive potentials, in agreement
with the expected results for an adlayer formed by cations. How-
ever, the analysis of the electric field above the adlayer, which can
be assessed by the litjm, shows that the water molecules on top of
the adlayer experience a positive charge at those potentials. Thus,
the CTA* adlayer must also contain anions, which neutralize part
of the positive charge of the adlayer, in such a way that the field
experienced by the water molecules on top of the adlayer is still
negative. The anions probably also serve to stabilize the adlayer.
This behavior of the adlayer is observed in the whole pH window.
However, the higher solubility of CTAB/CTAOH in alkaline solutions
leads to the desorption of the adlayer when these species are not
present in the solution. When CTAB and CTAOH are dissolved in
the electrolytic solution, the behavior shows the formation of an
adsorbed layer, which is strongly bonded to the surface due to the
negative charge of the surface. Moreover, the differences between
the behavior of CTAB and CTAOH reveal that the anion is involved
in the adlayer. In fact, when the adlayer formed in the alkaline so-
lution containing CTAB is transferred to a perchloric acid solution,
the voltammograms show the gradual and progressive desorption
of the bromide anions.
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