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a b s t r a c t 

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 

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 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The adsorption of organic molecules on metallic surfaces is 

 subject of paramount importance because of its wide implica- 

ions in multiple applications. Historically, the initial electrochem- 

cal studies were devoted to understanding the adsorption phe- 

omenon and its applications to prevent corrosion [1] . However, 

he significance of this field goes far beyond that intended in those 

nitial studies, and a myriad of applications are emerging nowa- 

ays in multiple fields such as the design of biomimetic systems 

nd molecular nanoelectronics. The presence of adsorbed organic 

olecules on a metal modifies its properties. Thus, it has been 

sed 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- 

ause they act as surfactants and direct the growth of the nanopar- 

icles [5] . 

In this context, cetyltrimethylammonium bromide (CTAB) has 

een widely used as a surfactant in the growth of metallic 
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anoparticles [6-8] . CTAB can be considered as a salt with a bro- 

ide anion and quaternary ammonium cation (CTA 

+ ). This CTA 

+ 

ation consists of three methyl groups and a hexadecyl group 

onded to the nitrogen atom. Thus, the cation contains a polar hy- 

rophilic head around the positively charged nitrogen atom and a 

ydrophobic tail (the hexadecyl group), giving rise to its surfactant 

roperties. When used in the growth of nanoparticles, the syn- 

hetic procedure generally involves the creation of an initial seed, 

ollowed by one or several growth steps. Thus, their final shape de- 

ends on the exact conditions of the synthesis [7] , where the con- 

entration of surfactant, the ionic strength, and the specific chemi- 

al nature of the anions present in it are key parameters, stressing 

he importance of the adsorption behavior of this species on the 

urface in directing the growth [8-15] . 

Once the CTAB has been used for the synthesis of the nanopar- 

icles, it has to be eliminated from the metallic surface, where 

t remains adsorbed, because it modifies the properties of the 

anoparticles. This is especially important if the nanoparticles are 

o be used in biomedical applications because of the toxicity of 

his molecule. In fact, CTAB has antibacterial properties because it 

an permeate cellular membranes and interact with the cell DNA 

16] . Thus experiments have been carried out to replace it from 

old nanoparticles with other molecules [17] . CTAB forms a bilayer 

tructure on gold nanorods, where the polar heads of the cations 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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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 HClO 4 . The vertical lines 

mark the position of the pzc u (dashed line) and pzc r (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. 
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re in contact with the gold surface and the tails are directed to 

he solution [18-20] . The hydrophobic nature of the tails drives the 

dsorption of the second layer of CTA 

+ cations by the direct inter- 

ction of the tails. In the formation of the bilayer, the anion is also 

nvolved [13-15] . 

All these previous results highlight the importance of study- 

ng the adsorption behavior of CTA 

+ layers on gold. As in any 

ther chemisorption process, the surface structure of the substrate 

ill have a significant influence on the interactions between the 

dsorbing molecule and the surface. For these reasons, the use 

f single-crystal electrodes is an excellent tool to simplify the 

xperimental response and thus, to understand these processes. 

revious results with the Au(111) surface have shown that CTA 

+ 

ations form a stable layer in perchloric acid solutions [21] . De- 

pite this stability, the distance between the adlayer and the elec- 

rode surface is modulated by the surface charge; when the elec- 

rode charge is negative, the adlayer is in direct contact with the 

urface. As the charge is made positive, the adlayer detaches from 

he surface due to coulostatic repulsion. In this work, additional 

nsights into the behavior of the CTA 

+ adlayers are obtained, high- 

ighting the role of the pH, counteranion, and surface structure in 

his process. For this, the adsorption behavior of CTAB will be stud- 

ed voltammetrically on gold basal planes and its behavior will 

e compared with that of CTAOH. The laser-induced temperature 

ump method will also be used to gain insight into the role of the 

nions in the stabilization of the adlayer. 

. Experimental 

Gold single crystal electrodes were fabricated according to a 

odification of Clavilier’s method [ 22 , 23 ]. For this, a 0.5 mm

old wire was melted, and a single crystal bead was formed af- 

er a slow cooling down procedure. The single crystal bead was 

hen mounted in a four-cycle goniometer for its orientation and 

as cut according to the desired orientation with emery paper 

nd polished until mirror finishing with diamond paste. Prior to 

ny electrochemical experiment, the electrode was annealed in a 

ropane/oxygen flame to burn and remove any organics that may 

ave been adsorbed on the surface and to restore the surface order. 

The solubility of CTAB is very low in acidic solutions and for 

his reason, the adlayers were formed at open circuit in an aqueous 

olution of CTAB or CTAOH. Since CTAB/CTAOH can form micelles 

hen the concentration is above 1 mM, concentrations below and 

bove this critical value were tested. Once the adlayer has been 

ormed, the electrode is rinsed with water and transferred to the 

lectrochemical cell, in which the electrode is immersed at 0.1 V. 

Electrochemical experiments were carried out in a glass cell 

ith a reversible hydrogen electrode (RHE) as reference and 

 gold counterelectrode. Supporting electrolyte solutions were 

repared using concentrated perchloric acid (Merck Suprapur®), 

aOH (Merck Suprapur®), and ultrapure water (18.2 M � cm, Elga 

ivendi). CTAB/CTAOH solutions were prepared using CTAB, (BioUl- 

ra, for molecular biology, ≥ 99.0%, Sigma-Aldrich) and CTAOH (10 

t. % in H 2 O, Sigma-Aldrich). All solutions were deoxygenated with 

r (N50, Air Liquide). Voltammetric experiments were carried out 

t room temperature using a wave signal generator (EG&G PARC 

75), potentiostat (eDAQ 161), and digital recorder (eDAQ e-corder 

01) workstation. Cyclic voltammograms were recorded at 50 mV 

 

−1 . 

.1. Laser-induced jump temperature method 

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

sed to obtain data regarding the water orientation at the inter- 

hase from which the magnitude of the interfacial electric field can 
2 
e inferred. The details of this method are given elsewhere [ 24 , 25 ].

or these experiments, an additional electrode is required to be 

sed as reference to measure the laser-induced potential change. 

n this case, a gold electrode was used, which was polarized at 

he same potential as the working electrode. The pulsed laser is 

sed to raise the temperature of the working electrode, and the 

elaxation of the open circuit potential after this perturbation is 

easured. For this, the circuit between the working and reference 

lectrodes is opened 200 μs before the laser pulse, and the change 

f the potential ( �E ) with respect to the fourth electrode is mea- 

ured 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 HClO 4 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 -1 . 
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To get additional insight into the electric field across the inter- 

hase, the values of the thermal coefficient, ( ∂E 
∂T 

) , can be obtained. 

hese values can be calculated from the transients according to the 

rocedure described in detail in [ 24 , 25 ]. In summary, when the po-

ential response to the temperature is fast, the transient �E vs t 

an be modeled using the following expression: 

E = 

1 

2 

(
∂E 

∂T 

)
�T o 

√ 

t 

t o 
(1) 

here �T o is the initial temperature change after the pulse and 

 o is the duration of the laser pulse (5 ns in this case). �T o can

e obtained from the laser intensity, the reflectivity of the surface, 

nd the values of the thermal diffusivity and thermal conductivity 

f the metal and the aqueous solution according to the expression 

escribed in [ 24 , 25 ]. For the present conditions, this value of �T o 
tands for 26.4 K. Then, the values of the thermal coefficient can 

e obtained from the slope of �E vs. t 1/2 
. 

A brilliant Q-switched Nd:YAG laser (Quantel) was used for the 

itjm measurements. It delivers 5 ns laser pulses at a frequency 

f 532 nm. To regulate the temperature jump on the electrode 

urface, the energy of the laser was limited to 16 mJ cm 

-2 by 

ombining the effect of an attenuator from Newport Corporation 

Model M-935-10) and the Q-switched time. Laser pulses were 

ynchronized with the transient measurements by the use of 

 Tektronix Model TDS 3054B oscilloscope and a potentiostat- 

alvanostat. In general, 250 potential transients at each desired 

otential were averaged by the oscilloscope The laser energy was 

easured by collecting the beam in a pyroelectric sensor head 

Model LM-P10i). Additionally, the diameter of the laser (4 nm) 

as controlled to match the diameter of the electrode (ca. 2.5 

m) by a system of lenses. 

n

3 
. Results and discussion 

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

olutions 

Previous work has shown that CTA 

+ forms adlayers on the 

u(111) surface [21] . The adsorption of CTA 

+ is carried out at open 

ircuit from a solution containing 1 mM CTAB or CTAOH. After the 

dsorption, the electrode was transferred to the electrochemical 

ell, where the adlayer was characterized in 0.1 M HClO 4 . The sta- 

le voltammetric profiles of the modified electrodes are shown in 

gures 1 A and 2 . As can be observed, the adlayer is stable in the

hole potential window between hydrogen evolution and water 

xidation. It should be noted that the initial profiles obtained after 

he immersion of the electrode in the case of the adlayer formed 

n CTAB solutions are different and evolve upon cycling. This evolu- 

ion is due to the progressive desorption in the low potential range 

f the Br - anions that were initially incorporated into the adlayer. 

ventually, the stable profile is obtained. 

Although the adlayer is stable in the whole potential window, 

ts configuration changes with the electrode potential. Thus, the 

istance between the adlayer and the electrode surface is gov- 

rned by the surface charge of the electrode. At potentials negative 

o the pzc, the CTA 

+ adlayer is attracted to the surface through 

oulombic interactions, whereas when the surface charge becomes 

ositive, the adlayer detaches from the surface, giving rise to the 

eaks at 0.8-0.9 V [21] . These peaks are due to the permeation 

f water and ions through the adlayer species and the subsequent 

hange of the capacitance of the interphase ( figure 1 A). Above 1.2 

 since the Au(111) electrode is in contact with a layer of elec- 

rolyte, the oxidation of the surface takes place in similar con- 

itions to those obtained for the unmodified electrode. Thus, the 

oltammetric peaks corresponding to the oxidation/reduction pro- 

ess of the Au(111) surface for the CTA 

+ modified electrodes are 

early identical to those obtained for the unmodified electrode. 
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Figure 3. �E vs. time laser-induced transients recorded for the gold single crystal electrodes modified with CTAB or CTAOH layers. Laser beam energy: 2 mJ/pulse. 

4 
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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 . 
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oreover, the surface oxidation/reduction process does not affect 

he stability of the adlayer, as can be deduced from the invariabil- 

ty of the voltammetric profiles in the region where E < 1.2 V before

nd after the oxidation. It should be noted that the voltammetric 

ifferences between the adlayer formed in CTAB and CTAOH solu- 

ions are small, indicating that the adlayers have similar proper- 

ies, despite being formed from different solutions. Also, the con- 

entration of the CTAB/CTAOH solution used for the formation of 

he adlayer and the immersion time has also no effect in the 

ange between 0.1-10 mM, (Figures S1-S2), since the voltammo- 

rams are almost independent of the immersion time and con- 

entration, implying that the adlayer has reached the maximum 

overage under the present conditions. Additionally, since the crit- 

cal micellar concentrations are ca. 1 mM and 0.86 mM for CTAB 

nd CTAOH, respectively, the presence of micelles in the solution 

oes not affect the formation of the adlayer. This result indicates 

hat hemimicelles are not formed during adsorption. Although the 

oncentration of CTAB/CTAOH in the solution where the adlayer is 

ormed does not affect it significantly, for all the figures displayed 

n this manuscript the CTAB/CTAOH concentration was 1 mM and 

he electrode was immersed for 15 s in the corresponding solution. 

Additional information on the structure of the adlayer can be 

btained from the charge analysis. The charge is obtained from the 

ntegration of the voltammetric profiles, using an integration con- 

tant. For the unmodified Au(111) electrode, the integration con- 

tant is easily obtained because the charge should be zero at the 

otential of zero charge. Due to the reconstruction phenomena 

f the Au single-crystal surfaces [26-28] , two pzc’s have been re- 

orted, one for the unreconstructed (1 ×1) surface (pzc u ) and one 

22 ×√ 

3) for the reconstructed surface (pzc r ) [29-31] . The stability 

omains of each surface structure are determined by the surface 

harges and thus, the (22 ×√ 

3) is favored when the surface charge 

s negative whereas the (1 ×1) structure is stable at positive poten- 

ials [ 32 , 33 ]. The transition between both structures is determined 
5 
ainly by the kinetic of the processes, being the lifting of the re- 

onstruction a fast process and the reconstruction a slow one [32] . 

his difference in the kinetics of both processes gives rise to un- 

ymmetrical (with respect to the x-axis) voltammetric profiles. In 

his sense, it can be considered that the profiles in the negative 

can direction correspond mainly to the unreconstructed surface. 

or this reason, the negative scan direction has been integrated for 

he charge analysis. For the CTAB/CTAOH Au(111) modified surface, 

t has been assumed that the charge at 1.2 V, i.e., the potential 

t which the adlayer is detached from the surface, is the same as 

hat obtained for the unmodified surface. It should be remembered 

hat the voltammetric profiles above 1.2 V for the CTA 

+ modified 

lectrodes and the unmodified Au(111) surface are almost identical, 

hich supports this charge value assignment. 

Charge curves for the Au(111) electrodes are shown in figure 1 B. 

or the modified electrodes, the charge curve crosses the zero 

alue at ca. 0.70 V, that is, just at the onset of the peaks that

ark the detachment of the adlayer from the Au(111) surface. This 

ould suggest that the pzc for these modified electrodes has been 

isplaced to more positive potentials with respect to the unmod- 

fied electrode. The displacement of the pzc to more positive po- 

entials is the expected consequence of the specific adsorption of 

ations on the electrode surface. However, due to the complex na- 

ure of the adlayer, in which anions should be involved in the 

tabilization of the adlayer, additional information from the in- 

erphase is required in order to determine the surface charge of 

he electrode and the interfacial field. It should be noted that the 

harge analysis carried out here cannot distinguish between the 

ree charge of the electrode, which generates the electric field in 

he interphase, and that due to the adsorption processes of the 

ifferent surface species. This difference is especially important for 

etals, such as platinum, with a large adsorption capacity. For this 

atter type of metals, two pzc can be defined: the potential of zero 

ree 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 HClO 4 . The vertical lines 

mark the position of the pzc u (dashed line) and pzc r (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. 
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he pzfc is the potential at which the surface charge is zero and, 

hus, the field across the interphase is also zero. It is the equiv- 

lent to the pzc of non-adsorbing metals, such as gold. On the 

ther hand, the pztc is the potential at which the charge of the 

nterphase plus the charge exchanged in the adsorption processes 

s null. In these cases, the pztc is the value that can be directly 

easured, whereas the determination of the pzfc requires non- 

hermodynamic assumptions. 

One of the methods that can be used to estimate the pzfc is 

itjm described above because the potential transients recorded in 

oulostatic conditions reflect the changes in the orientation of wa- 

er molecules in the interphase upon the heating process due to 

he laser pulse. Thus, the potential at which the transient is zero 

orresponds to a situation in which water molecules are not pref- 
6 
rentially oriented and the entropy of formation of the interphase 

s maximum, that is, the potential of maximum entropy (pme). The 

me is very close to the pzfc because the electric field is the major 

orce in the orientation of the water molecules in the interphase 

 24 , 25 ]. For gold, which is considered a non-adsorbing metal, the 

me and pzc differ in less than 50 mV. 

Transients using the litjm for the CTA 

+ modified electrodes 

ere recorded, as shown in figure 3 . As can be seen, the pme for

he Au(111) modified electrodes are ca. 0.10 and 0.02 V for the 

TAB and CTAOH modified electrodes, respectively. The large dif- 

erence between these pme values and those for which the charge 

s zero measured from figure 1 B clearly indicates that the adlayer 

tructure is complex, containing not only the CTA 

+ cations but 

lso additional species, probably anions, and water molecules. At 

he pme, the electrochemical behavior and the in-situ FTIR spec- 

ra shows that CTA 

+ adlayer is attached to the surface with the 

mino group close to the surface and the long alkyl chain (tails) 

ointing out towards the solution [21] . Due to the hydrophobic na- 

ure of the tails, water molecules are most likely excluded from the 

olecular adsorbed layer, and, thus, the litjm experiments should 

eflect mainly the change in the orientation of water molecules on 

op of the adlayer. When the CTA 

+ adlayer is attached to the sur- 

ace, the electric field on the water molecules in the interphase is 

he result of the net charge resulting from three contributions: the 

urface charge, the adsorbed CTA 

+ cations, and also the possible 

nions involved in the stabilization of the adlayer. The water on 

op of the adlayer is mainly responding to the overall charge re- 

ulting from these three contributions. On the other hand, the pzc 

alue obtained from the integration of the voltammogram would 

ontain only the surface charge, assuming that, in the attachment 

f the CTA 

+ adlayer to the surface, no faradaic process is involved, 

.e., the charge of the CTA 

+ adlayer is considered part of the solu- 

ion side of the interphase. Thus, at 0.7 V and to compensate the 

verall positive charge of the CTA 

+ adlayer, the surface charge be- 

omes negative. However, the interfacial water is still experiencing 

 positive charge because the sum of the surface charge plus the 

harge of the CTA 

+ cations and the anions in the adlayer is still 

ositive. The opposite effect was described for the adsorption of 

nions on Au(111) or Pt(111) that turns the laser-induced potential 

ransients negative at potentials above the pzc where they should 

e positive [ 24 , 25 ]. The coadsorption of anions has already been

roposed for other quaternary ammonium salts on Au(111) elec- 

rodes, in which the formation of an ion-pair in the adlayer has 

een suggested [35] . In fact, this ion-pair formation can explain the 

tability of the adlayer on the surface in perchloric acid solutions, 

ince cetyltrimethylammonium perchlorate is an insoluble salt. 

Additional information can be obtained from the thermal co- 

fficients obtained from the transients ( fig. 4 ). As can be seen, 

he thermal coefficients for the Au(111) electrode in the region 

etween 0.6-0.8 V in which the peaks appear to show a large 

ariation, reflecting the interfacial changes due to the attach- 

ent/detachment of the CTA 

+ adlayer. 

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

olutions 

The same experiments for the Au(111) were repeated for the 

u(100) electrodes. In figure 5 , the voltammograms under the dif- 

erent conditions are shown. It should be also noted that the 

u(100) surface is also affected by reconstruction phenomena [36- 

9] . After the annealing and at low potentials, the top-most layer 

f the surface adopts a hexagonal arrangement, very similar to that 

f the (111) surface, whereas at positive potentials with respect to 

he pzc, the nominal (1 ×1) surface structure is obtained. In the 

ositive scan direction, the lifting of the reconstruction is signaled 

y 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 HClO 4 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 -1 . 
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As can be seen in figure 5 A, the modification of the Au(100) 

lectrode with the CTAB/CTAOH leads to the appearance of new 

eaks in the region between 0.6-0.9 V. Moreover, at potentials 

ore positive than 0.9 V, the voltammograms of the unmodified 

nd CTA 

+ modified surfaces are almost identical. In this case, the 

eaks in the region of 0.6-0.9 V have a different morphology than 

hose observed for the Au(111) surface. However, the qualitative 

ehavior is the same as that observed for the Au(111) electrode, al- 

hough, the process giving rise to those peaks appears to be more 

rreversible, peak potentials and their multiplicity are also differ- 

nt. For the Au(100), a peak at 0.79 followed by a very sharp peak 

t ca. 0.88 V is seen in the positive scan direction. This latter peak 

oincides with the peak associated with the lifting of the recon- 

truction in the unmodified surface. Conversely, a single peak is 

bserved in the negative scan direction at 0.73 V. 

When the scan is extended up to the region in which the sur- 

ace is oxidized, the voltammograms in figure 6 show the same 

ehavior as that reported for the Au(111) electrode, that is, the 

oltammetric profile in the region for E > 1.2 V is nearly the same

s that observed for the unmodified electrode. This fact suggests 

hat the mechanism explaining the adlayer behavior on the Au(111) 

lectrode is also applicable to the Au(100) electrode. Thus, at po- 

entials negative to the pzc, the CTA 

+ adlayer is attached to the 

u(100) surface. As the potential increases and the surface charge 

ecomes positive, the adlayer detaches. This mechanism can also 

xplain the difference in the irreversibility of the peaks for the 

u(111) and Au(100) electrodes, because, at positive potentials, the 

urface is unreconstructed whereas at negative potentials the re- 

onstructed surfaces are slowly formed. For the Au(100), the pzc 

f the reconstructed surface is ca. 0.24 V more positive than that 

f the unreconstructed surface, whereas for the Au(111), the dif- 

erence between the pzc of the reconstructed and unreconstructed 

urfaces is ca. 0.1 V. The larger irreversibility of the peaks in the 

u(100) electrode can be related to the larger difference in ener- 

etics between the unreconstructed and reconstructed surfaces on 

he Au(100) electrode, as the position of the pzc’s shows. 
7 
Charge measurements were also carried out for this electrode, 

sing the same protocol applied for the Au(111) electrode. In gen- 

ral, the results show a similar trend to that observed for the 

u(111), that is, the potential at which the charge becomes zero 

hifts to more positive potential values, as expected for a layer 

ormed by cations. In this case, the potential at which the charge 

s zero for the adlayer formed in the CTAOH solutions is at sig- 

ificantly lower potential values than that for the CTAB adlayer. 

he difference may arise from small modifications in the adlayer 

tructure due to the different environments in which they were 

ormed. Thus, the adlayer formed in the CTAOH containing solu- 

ion has shaper peaks and slightly smaller currents at low poten- 

ials, where pure capacitive processes are observed. This behavior 

s normally associated with a more compact adlayer or a less de- 

ective one. 

On the other hand, the litjm experiments, which serve to deter- 

ine the charge of the electrode + adlayer, provide a value for the 

me which is significantly more negative than the pzc of the un- 

odified surface ( figure 3 ). In fact, for the modified electrodes, the 

me is very close to 0, clearly showing that the negative charge 

resent in the unmodified Au(100) electrode is compensated by 

he positive charge of the CTA 

+ adlayer so that the electric field 

hat the water molecules above the adlayer experienced is zero. 

lso, the major changes in the thermal coefficients obtained from 

he transients are observed in the region where the peaks are lo- 

ated, a clear indication that major changes in the structure of the 

nterphase are taking place during those peaks. 

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

olutions 

The (110) surface of fcc metal is complex because it can also 

e considered as a stepped surface having 2 atom-wide (111) ter- 

aces separated by monoatomic (111) steps. This type of surface 

ives rise to an open structure in which the second layer of atoms 

s “accessible” from the surface. Moreover, the Au(110) surface ex- 
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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 u (dashed line) and pzc r (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. 
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eriences a (1 ×2) reconstruction, also known as missing row, in 

hich every other row is eliminated, giving rise to a stepped sur- 

ace with 3 atom-wide (111) terraces separated by diatomic (111) 

teps [ 40 , 41 ]. As happens with the other two basal planes of gold,

he (1 ×2) reconstruction is stable only at potentials negative to 

he pzc. However, in this case, the voltammogram in perchlo- 

ic acid solution is almost reversible with respect to the x-axis 

 figure 7 ) and no specific signals can be associated with the lift-

ng of the reconstruction. It should be noted that the energetics 

f the reconstructed and unreconstructed surfaces are very sim- 

lar because the value of the pzc for both structures is almost 

he same [42] . Thus, the expected changes in the interaction of 

he surface with the species in the interphase should be almost 

egligible. 

The modifications observed in the voltammograms when the 

lectrode is immersed in the CTAB/CTAOH solutions are much less 

efined than those observed in the previous electrodes ( figure 7 ). 

n fact, only broad signals can be observed in the voltammo- 

ram, which are different from those observed for the unmod- 

fied surface. In any case, the double layer current at low po- 

entials is smaller than that recorded for the unmodified surface, 

hich reveals the presence of an adsorbed layer. The absence of 

ronounced peaks in the voltammograms of the modified Au(110) 

lectrodes results in charge curves that are very similar to those 

btained for the unmodified surface. As expected, the potential for 

hich the charge for the modified electrode is zero is slightly more 

ositive than that measured for the unmodified electrode. These 

esults indicate that the modification of the electrode properties 

y the adsorption of the CTA 

+ species is less important than in the 

revious cases, probably reflecting the more complex nature of the 

urface. On the other hand, the presence of the adlayer is evident 

n the litjm measurements. The pme measured for these adlayers 

ith the litjm are displaced to negative values, in agreement with 

he results for the other surfaces, indicating that the qualitative be- 

avior of the adlayer is the same, independently of the symmetry 

f the electrode surface. However, the changes in the thermal co- 

fficients are gradual without any steep increase as those observed 

or the other two electrodes in the same potential region where 

he peaks appear. This fact suggests that the changes in the dis- 

ance of the adlayer are also gradual with the electrode potential, 

n agreement with the absence of sharp and well-marked peaks in 

he voltammogram. 

When the upper electrode potential is set in the oxide region, 

he voltammogram of the modified Au(110) electrode is almost 

dentical to that obtained for the unmodified surface ( figure 8 ), 

s happens with the other basal planes. However, the voltammet- 

ic profile after the oxidation shows some changes, with the loss 

f some of the previous characteristics, probably due to the par- 

ial desorption/oxidation of the adlayer. This fact could be related 

o the open nature of the topmost layer of the Au(110), in which 

he interaction of the adsorbed molecules with the second layer of 

u is possible. Thus, the distances between the different atoms ex- 

osed on the surface and the adlayer are not uniform, and some 

nteraction between the adsorbed OH and the CTA 

+ layer is possi- 

le, giving rise to partial desorption upon oxidation. 

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

Previous results have shown that the potentials for the peaks 

elated to the permeation of water through the adlayer are associ- 

ted with an increase of the distance between the adlayer and the 

lectrode surface are independent of the pH in the SHE scale in 

cidic solutions [21] . These results demonstrated that this process 

s governed by the electrode charge. Thus, at positive charges, the 

TA 

+ adlayer is repelled, and at negative charges, the adlayer is at- 

racted towards the surface. In alkaline media, the electrode charge 
8 
t E < 1.2 V (RHE) is always negative, and it would be expected 

hat the adlayers were stable in this potential range and remain in 

ontact with the electrode surface preventing any electrochemical 

dsorption process from the anions of the supporting electrolyte. 

owever, the observed results are different. Figure 9 shows the 

oltammograms for the CTAB/CTAOH modified electrodes. As can 

e seen, the modifications of the profiles after the formation of 

he adlayer are small. In the case of the Au(111) and Au(100) elec- 

rodes, the signals due to the lifting of the reconstruction, triggered 

y the initial adsorption of OH, are somehow smaller than those 

ecorded 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 HClO 4 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 -1 . 
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a Figure 9. Stable voltammetric profiles for the unmodified Au(111) and Au(100) 
nitial signals related to the adsorption of OH on both electrodes 

learly indicates that the coverage of the CTA 

+ is small, because, 

therwise, the adsorption of the OH would have been inhibited by 

he presence of an adsorbed adlayer in close contact with the elec- 

rode surface. Moreover, the profile in the surface oxidation region 

figures S3) is almost identical to those obtained in the absence of 

he adsorbed adlayer. These results point out that the adlayer has 

een partially desorbed after its transfer to the alkaline solutions. 

n order to get additional insight into this process, the effect of pH 

nd ionic strength of the solution was examined. As can be seen 

n figure S4, coverages of the adlayer increase with the diminution 

f the pH and the increase of the ionic strength, clearly indicating 

hat the adlayer is not stable in very alkaline solutions. 

The major difference between perchloric and NaOH solutions 

egarding CTAB and CTAOH is that these species are insoluble in 

erchloric acid but soluble in NaOH solutions. Thus, it can be pro- 

osed that the reason for the lower coverages is the partial des- 

rption of the adlayer due to dissolution. In order to corroborate 

his, 1 mM CTAB and CTAOH were dissolved in 0.01 M NaOH solu- 

ions and the voltammograms in these solutions were recorded. As 

an be seen in figure 10 , the profiles in this solution are completely

ifferent from those recorded previously. In this case, the peaks re- 

ated to the lifting of the reconstruction are completely suppressed. 

oreover, when CTAB is present in the solution, additional sharp 

eaks are observed, which are absent in the CTAOH solution. In 

his latter case, only small peaks are observed in the voltammetric 

rofile at low potentials. Thus, these peaks observed in the pres- 

nce of CTAB in solution have to be related to the presence of Br - ,

ndicating that the anion has also a role in the formation and sta- 

ilization of the adlayer. Probably, those peaks are due to the ad- 

orption/desorption of Br - anions in the adlayer. For the Au(100) 

lectrode, the qualitative behavior (figure S5) is the same, that is, 

 larger coverage is obtained and significant differences in the be- 

avior of the CTAB and CTAOH solutions are observed. These ef- 

ects have been also observed for the adsorption of quaternary am- 

onium salts with shorter alkyl chains. The presence of a shorter 

lkyl chain increases the solubility of the adlayer, and a reversible 

electrodes and the CTAB and CTAOH modified electrodes in 0.1 M NaOH. 

9 
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Figure 10. Stable voltammetric profile for the Au(111) electrode in 0.01 M NaOH in the absence and presence of 1 mM CTAB or 1 mM CTAOH in solution. Scan rate 50 mV 

s -1 . 

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 -1 . 
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dsorption behavior is observed even in neutral conditions. Under 

hese circumstances, the presence of bromide modifies the adsorp- 

ion behavior due to the coadsorption of the bromide anion and 

he quaternary ammonium cation [ 43 , 44 ]. Also, for these salts, the

eaks at low potentials (as those observed in figure 10 ) are re- 

ated to the desorption of the adlayer [45] . All these results in- 
10 
icate that the adsorption behavior of the quaternary ammonium 

alts is the result of a delicate balance between the mutual interac- 

ions of the quaternary ammonium cation, the counter-anion, the 

lectrode surface, and the water molecules. 

Additional information can be obtained when the electrode po- 

ential 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 -1 . 
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gure 11 for the Au(111) and in figure S6 for the Au(100), the for- 

ation of the oxide is inhibited and the profile differs significantly 

rom that obtained in absence of CTAB/CTAOH. This is the expected 

ehavior of the adlayers, because the attractive interaction due to 

he negative charge on the electrode surface and the positive po- 

ar heads of the CTA 

+ cations hinders the adsorption of OH and 

ventually the surface oxidation process. Thus, the lower coverage 

f the CTA 

+ layers obtained in figure 9 is due to the dissolution 

f the adlayer. Moreover, the profile after the oxidation changes, a 

lear indication that the oxidation of the surface also leads to the 

artial oxidation of the adlayer and a modification in its structure. 

ince the adlayer is in contact with the surface when the adsorp- 

ion of OH takes place, the interaction of adsorbed OH and CTA 

+ 

avors its oxidation process. 

Further proofs of the similar nature of the formed adlayers in 

lkaline solution are obtained when the electrode is transferred 

o a 0.1 M HClO 4 solution ( figure 12 ). The electrode is emersed

t 1.2 V (RHE) from the 0.01 M NaOH solution and immersed at 

he same potential (RHE scale) in the 0.1 M HClO 4 solution. As can 

e seen, the voltammetric profile evolves to the stable profile ob- 

ained in this solution, shown in figure 1 . The initial currents ob- 

erved at low potentials are corresponding to the gradual desorp- 

ion of the Br - anions, in a very similar evolution of the profile as

hat obtained when the adlayer is formed in neutral solutions (see 

gure 1 A in reference [21] ). Similar behavior is observed for the 

u(100) electrode (figure S7). 

. Conclusions 

The results presented here show the complex behavior of the 

TA 

+ adlayers adsorbed on the Au electrode surface. At potentials 

elow the pzc of the clean Au surface, the adlayer is in contact 

ith the surface because the negative charge of the electrode at- 

racts the positive polar heads of the CTA 

+ cations. As the surface 

harge becomes positive, the adlayer detaches from the surface and 
11 
ater molecules permeate through it, so that the behavior of the 

lectrode covered by the adlayer is almost identical to that ob- 

ained in its absence, as the voltammetric profiles for the oxida- 

ion of the surface show. However, if the electrode charge becomes 

egative again, the adlayer re-attaches to the electrode surface. 

Charge measurements and litjm show that the composition of 

he adlayer contains not only the CTA 

+ cations but also anions. 

he charge measurements show that the potential at which the 

otal charge zero shifts to more positive potentials, in agreement 

ith the expected results for an adlayer formed by cations. How- 

ver, the analysis of the electric field above the adlayer, which can 

e assessed by the litjm, shows that the water molecules on top of 

he adlayer experience a positive charge at those potentials. Thus, 

he CTA 

+ adlayer must also contain anions, which neutralize part 

f the positive charge of the adlayer, in such a way that the field 

xperienced by the water molecules on top of the adlayer is still 

egative. The anions probably also serve to stabilize the adlayer. 

his behavior of the adlayer is observed in the whole pH window. 

owever, the higher solubility of CTAB/CTAOH in alkaline solutions 

eads to the desorption of the adlayer when these species are not 

resent in the solution. When CTAB and CTAOH are dissolved in 

he electrolytic solution, the behavior shows the formation of an 

dsorbed layer, which is strongly bonded to the surface due to the 

egative charge of the surface. Moreover, the differences between 

he behavior of CTAB and CTAOH reveal that the anion is involved 

n the adlayer. In fact, when the adlayer formed in the alkaline so- 

ution containing CTAB is transferred to a perchloric acid solution, 

he voltammograms show the gradual and progressive desorption 

f the bromide anions. 
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