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Abstract The properties of the confined aqueous layer

potentiodynamically formed on polycrystalline gold in

aqueous phosphate and sodium dodecylsulphate solutions

were studied using voltammetry, ellipsometry, and contact

angle measurements. The nature of the incipient oxide layer

was analyzed as a function of the cycling time in the double

layer-oxide monolayer potential region. The replacement of

the electrolyte by hexane allows the increase of the optical

signal. Different potential cycling conditions change the

homogeneity of the confined aqueous incipient oxide layer

leading to different structural characteristics.
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1 Introduction

The interface gold/electrolite plays a critical role in many

processes, such as catalysis, membrane material growth

and electrochemical sensors. It is a prototype of adsorbate/

substrate interaction. On the other hand, drops of organic

solvents immiscible in water, work as a template for the

production of gold nanoparticles [1–5]. Besides, the con-

tact angle (CA) of captive drops (CD) allows the surface

energy to be evaluated, as in the case of nanofiltration and

the development of less fouling membrane materials [6, 7].

The CD technique allows placing bubbles or droplets on a

solid surface, where they are held captive in a cell filled

with some immiscible fluid. The effect of the electro-

chemical potential on the surface properties of electrodes

and membranes can be measured ‘‘in situ’’. The complete

hydration of the surface avoids hydrophobic contributions

to the surface tension produced by adsorbed air or empty

vacuoles [8–10].

In this article, cyclic voltammetry and other potential

perturbation techniques complemented with CA and elli-

psometric measurements were employed on massive gold

to characterize the interfacial region. Comparative experi-

ments are shown, in which the metal is in contact with

immiscible solvents like hexane and anisole.

This work investigates the effect of the potential cycling

on the confined aqueous layer formed on gold in phosphate

solutions, pH 6.7, and in dodecylsulphate solutions when the

metal is covered by several organic immiscible solvents.

2 Experimental

Experiments were made at room temperature in two

aqueous buffer solutions: solution a, a phosphate buffer

solution pH 6.7 (K2HP4O7 0.25 M, KH2P4O7 0.25 M) and

solution b, a 0.1 M sodium dodecylsulphate solution.

Experimental conditions were similar to those described

in a previous work [11–13]. The electrode was made by
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fitting axially a polycrystalline gold plaque (99.99 % pur-

ity, 1.5 mm thick) into a Teflon sheath. The gold plaque

was then polished to a mirror finish with alumina of 0.3 and

0.05 lm. The sampled ellipsometric area of the electrode,

vertically placed in the cell, was approximately 1 mm2 and

the electrode geometric area 0.4 cm2.

The counter electrode was a gold wire placed around the

working electrode. A Pt/H2 electrode coupled to a Luggin–

Haber capillary tip was used as a reference electrode for all

potential measurements.

Ellipsometry was used illuminating the electrode with

monochromatic light in the visible wavelength range

(400 nm \ k\ 700 nm) with an incident angle of 70.128�.

Optical data were obtained by interposing filters corre-

sponding to five k (405, 450, 492, 546 and 580 nm).

All experiments were performed using hydrogen refer-

ence electrode in the same electrolyte and with nitrogen

bubbling. The fresh polished electrode dipped in the cell

was scanned by five cycles from Ec = 0.04 V to Ea = 1.55

or 1.7 V at a sweep rate v = 0.1 V s-1.

The experimental procedures were as follows:

2.1 Contact angle measurements

In the case of CA measurements a drop of solvent was

introduced by a micro syringe in the cell and deposited on

the gold surface polarized at open circuit voltage Eoc and the

image of the bubble was registered using optical magnifi-

cation. Then, the CA was calculated with the ImageJ pro-

gram and an appropriate subroutine plug-in [14–17].

2.2 Ellipsometric measurements

The following procedure was applied in both a or

b solutions.

The ellipsometric parameters D and w, were recorded at Eoc.

2.2.1 Procedure I

The potential was scanned from the cathodic limit Ec up to

anodic limit Ea at a sweep rate v = 100 mV s-1 during a

time t and a new set of ellipsometric parameters D and w
were recorded at Eoc. The electrolyte was then evacuated

and the cell was washed with distilled water and filled with

hexane. Special care was taken to avoid modifying the

alignment of the cell during each experiment. A new set of

ellipsometric parameters D and w, was recorded at Eoc.

2.2.2 Procedure II

The same as Procedure I but after the ellipsometric mea-

surement at Eoc the electrolyte was changed and a new set

of D and w data was obtained.

3 Calculations

The simplest model assumes a single homogeneous film.

The real part of the refraction index of the film, n, the

imaginary part of the refraction index or absorption coef-

ficient, k, and the thickness, d, are calculated using the

gradient technique [18, 19].

In the case of inhomogeneous layers, the high number of

parameters makes the determination of the structure very

cumbersome. However, the single homogeneous film

model is a good first approximation in the description of

the interface and these indices correspond to effective

optical indices for the composite hydrated oxide/occluded

electrolyte layer [18, 19].

The optical constants of the substrate were calculated

assuming a simple water/gold interface free of optical

surface layers. The D and w data corresponding to the gold

surface dipped in hexane can be calculated with the n and

k values obtained in the aqueous media assuming a hexane/

gold interface free of aqueous adsorbed surface layers.

Fig. 1 Current i versus potential E voltammograms obtained scan-

ning at 100 mV/s between Ec = 0.04 V and different Ea = 1.7 V,

1.55 V. Full line show the repetitive voltammogram observed after

cycling and dotted lines show the first scans starting at Eoc.

a phosphate buffer solution, b SDS solution, c SDS solution after

previous 20 min cycling in buffer solution between 0.04 V and 1.7 V
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The fitting procedure minimises the function G

G ¼ RðDex
ij � wthe

ij Þ
2 þ Dex

ij � wthe
ij

� �2

the� size� of � the

� marks� should � be� the� same

where the sub index j corresponds to the optical data

measured at different kj and the sub index i to different

deposits or thickness di of the confined water layer.

In the simplest process, the layer grows in thickness

with constant compactness and composition bearing stable

n and k values. The increase in the amount of optical data

for a given thickness layer, e.g. measuring the D and w data

at different k, leads to univocal values of thicknesses and

optical constants.

The optimum theoretical Dij
the, wij

the values are obtained

minimizing the function G by means of a standard gradient

method [20].

4 Results

4.1 Voltammetric data

Figure 1 shows the simultaneous current, i, and the

potential, E, voltammograms during repetitive cycling at

0.1 V/s with the formation (anodic scan peak) and reduc-

tion (cathodic scan peak) of the Au2O3 monolayer. The

repetitive scans show a slight shift of the waves to more

cathodic potentials, which frequently is ascribed to the

cleanness of the surface and the elimination of contami-

nants, Fig. 1a. On the other hand, previously reported data

show that during the potential cycling the oxide is not

completely reduced to metallic gold and an adsorbed layer

of highly hydrated incipient oxide gradually grows [12].

In solution b, the anodic and cathodic peaks corre-

sponding to the oxide layer show a decrease in current

related to that observed in solution a, which expands to

higher anodic potentials indicating a strong anion adsorp-

tion, Fig. 1b. When the cycled electrode of Fig. 1a is dipped

in 0.1 M SDS solution, the voltammogram of Fig. 1c can be

seen. In this case, the redox charge corresponding to the

formation and reduction of the oxide layer decreases related

to that observed on the fresh polished electrode.

4.2 Contact angle measurements

Figure 2 shows a plot of the contact angle h versus radius

R of hexane and anisole drops dipped in buffer solution.

The plotted radius corresponds to the immiscible drops

spontaneously detached from the micro syringe dipped in

the phosphate solution. For both solvents the CA shows

very high values (between 162� and 180�). In spite of the

dispersion of the results, a tendency to reduce the angle

with increasing radius can be observed in the case of

hexane drops. The buoyancy force produces a significant

deformation at the foot of the hexane drop. This effect is

not observed with anisole due to the very similar density of

anisole and water [21].

Figure 3 shows the effect of the electrode potential on

the CA. There is no significant effect of the potential on the

Fig. 2 Contact angle h versus radius R for drops of hexane and

anisole dipped in phosphate solutions and in contact with the polished

and cycled gold electrode

Fig. 3 Contact angle h versus potential E for drops of a hexane

dipped in SDS solution, R = 0.4 mm, b anisole in SDS solution,

R = 0.6 mm, and c anisole in phosphate solution, R = 0.7 mm. The

drops initialy are added on the polished and cycled gold electrode at

the potential Eoc
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CA in the case of hexane drops immersed in both solutions

a (not shown) or b, Fig. 3a. Nevertheless, in solution b a

lower value of the CA (146�) related to the CA in solution

a (163�) is observed due to adsorption of the anions on the

hexane/water and on the gold/water interface. Moreover, in

the case of anisole drops a significant decrease of the CA

occurs with slow response time at potentials corresponding

to the oxide layer formation, Fig. 3b and c. The sequence

of data of Fig. 3 is obtained after successive intervals of

2 min starting at the Eoc.

4.3 Ellipsometric data

Figures 4 and 5 show the measured D/w values corre-

sponding to the polished electrode (full points), the values

obtained after cycling (open dotted points) and those in the

presence of hexane (open points). It can be noted that the

change in the D values increases with the cycling time.

The slight differences in the D/w values corresponding

to the bare electrode in the different experiments (full

points in Figs. 4 and 5) are related to a window effect, that

is, slight variations in the alignment of the optical cell

during the electrode replacement. This systematic error

modifies the calculated value of the substrate optical con-

stants, but the resulting fitted values of both the optical

constants and the thickness of the film are not altered. The

dotted curves show the theoretical curves calculated for

increasing thickness intervals of 20 nm and constant opti-

cal indices corresponding to an aqueous layer growth on

the free surface of gold dipped in hexane. The arrows in

Fig. 4 indicate the shift in the D/w values (open poins)

measured 2 min and 12 min after having filled the cell with

hexane.

5 Discussion

The CA experiment results shown in Fig. 2 lead to the

conclusion that the gold surface retains a strongly adsorbed

layer of confined water. For hexane and other solvents like

butyl acetate and benzene [21], practically no changes in

CA were found as a function of the applied potential in

solution a for holding time up to 10 min. Even after

polarization at 1.7 V no significant change in the CA was

observed for drops of different immiscible solvents. Only

in the case of anisole, and after holding times at 1.7 V

longer than 10 min, a systematic decrease in CA is

detected. Recent work shows that the polarization at 1.7 V

induces the formation of the gold oxide layer even for the

electrode completely covered with a large drop of the

solvent [21]. This is direct evidence that a confined aque-

ous layer remains between the metal and the immiscible

solvent drop.

In the case of the air/gold/liquid interface, it is reported

that different CA versus E data can be obtained in one

experiment only starting at Eoc and measuring the meniscus

rise at potentials gradually higher than Eoc in both direc-

tions, either cathodic or anodic to Eoc [22]. A period of

about 2 min was required to achieve a constant reading.

In the case of the measurement shown in Fig. 3 the CA

decrease depends also on the previous holding time at the

0.04 V B E B 1.2 V potential range. The hysteresis is

higher than that observed for the air/gold/liquid interface

[22]. Several processes rule this behavior including the

Fig. 4 Ellipsometric measurements in aqueous buffer solution

obtained at Eoc (full points), and after cycling between 0.04 V and

1.70 V for: 2 min, 15 min and 30 min in the same solution (open

dotted points), and finally after replacing the electrolyte by hexane

(open points)

Fig. 5 Ellipsometric measurements in aqueous SDS solution

obtained at Eoc (full points), after cycling between 0.04 V and

1.55 V for: 2 min, 20 min and 30 min in the same solution (open

dotted points), and finally after the remplacing of the electrolyte by

hexane (open points)
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confined aqueous layer, anion adsorption at both the metal/

liquid and the liquid/liquid interface and the hydrogen

bonds at the aqueous/anisole interface.

The Laplace equation can be applied to obtain the ideal

shape of the drop in practical systems when the gravity

has some perceivable effects. The Eötvös number is

defined as Eo = R2 Dq g/2 c, with c = interfacial tension,

Dq = density difference between the two phases,

g = acceleration due to gravity, and R = radius of curva-

ture of the drop at its apex. The difference of the CA

measured with the spherical fitting and at the foot drop,

increases for increasing Eo values and for increasing CAs

[23].

For angles higher than 150 � the deformation becomes 3

or 4 orders of magnitude higher than for angles lower than

50�, assuming fixed R, Dq and c values [23].

For the various immiscible solvents the CA lies near to

180� at the foot of the drop. More work is being done to

improve the accuracy in the measurements and to calculate

the CA and the contact area for each solvent drop inde-

pendently of buoyancy effects, in order to estimate the

surface energy of the water/confined water interface [17].

The hydrogen bonded network in the thin confined aqueous

layer can be distorted due to strong and long range

attractive water-surface interactions [24].

Figures 6, 7 and 8 show the calculated optical indices

and thicknesses of the aqueous confined layers in the

wavelength optical region. The refractive indices of solu-

tions a and b have similar values, while hexane shows

higher optical indices, Fig. 6 [25, 26]. Previous reported

data show that the incipient oxide layer grown in acid has

higher refractive index than water and it increases with the

cycling time. The relatively low difference in the optical

indices of the confined aqueous layer and the aqueous
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Fig. 6 Refractive index for different wavelengths of hexane, buffer

phosphate and SDS aqueous solution

Fig. 7 Refractive and absorption indices of the confined incipient

oxide layer adsorbed on gold in phosphate buffer solution after

cycling between 0.04 V and 1.70 for 2 min (filled diamond), 15 min

(filled square) and 30 min (filled circle)

Fig. 8 Refractive and absorption indices of the confined incipient

oxide layer adsorbed on gold in SDS solution after cycling between

0.04 V and 1.55 for 2 min (filled square), 20 min (filled circle) and

30 min (filled diamond)
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media produces a slight change in D/w for increasing

thickness. The change of the electrolyte by hexane largely

increases the ellipsometric response. In both solutions

a and b the high fitted values of n corresponding to the

aqueous layer formed for a cycled time of 2 min indicate

strong hexane/incipient oxide interactions.

Several investigations have reported the calculated

thicknesses of the liquid/liquid interfaces. The interfacial

thickness increases when the surface tension decreases, e.g.

anisole/air 7.8 Å, water/air 4.49 Å [27]. Moreover, in the

case of immiscible liquid/liquid interfaces higher thick-

nesses are reported, e.g. hexane/water 23.50 Å [28].

The ‘‘dipolar width’’ describes the distance required for

a dielectric environment to change from one phase to

another and research is devoted on modeling this region

[29].

The very low compact incipient oxide/electrolyte inter-

face can interact with the hexane/water interface. The

higher hexane/water surface tension may produce a change

of the initial interfacial roughness with a dynamics that

involves times of more than 10 min to obtain stationary D/

w values. In the case of composite materials the effective

medium theory using either Maxwell–Garnett or Brugg-

eman formalisms relates the optical constant of the com-

posite fibre phase and that of the electrolyte to the volume

fraction of the components providing the effective optical

constants for the composite incipient oxide electrolyte.

For the low cycled gold electrode the immiscible liquid/

liquid interfaces probably attain higher roughness thick-

nesses comparable with an optical composite layer (aque-

ous incipient oxide/hexane) with effective optical index

values close to those of the hexane.

6 Conclusions

The gold electrode is progressively covered with a highly

hydrated layer of incipient gold oxide that grows in

thickness and compactness with the cycling time. This

adsorbed aqueous thin layer is strongly retained in contact

with immiscible solvents. The replacement of the electro-

lyte by hexane increases the ellipsometric response. A

transient of several minutes to attain the stationary optical

response indicates dynamic processes at the liquid/liquid

interface formed in contact with hexane. The incipient

oxide layer formed after 2 min cycling probably outlines a

thicker or rougher hexane/aqueous interface. Long cycling

time generates a more compact hydrated incipient oxide

and a flatter solvent/incipient oxide interface.
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