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It is a widespread opinion that the electrochemical behavior of gold
in aqueous media has been thoroughly studied, and the interface
stress changes of gold can be explained by monolayer oxide
formation/removal and adsorption phenomena. However, in spite
of the voluminous literature on this subject, an understanding of
these systems and processes is far from complete. The combination
of in-situ interface stress measurements and dual dynamic
voltammetry brings new insights into the complexity of such
systems. One remarkable result is that in the oxide reduction
region of gold in sulfuric acid solutions a sudden change in the
slope of the interface stress vs. electrode potential curve recorded
during the negative-going scan of the cyclic voltammogram can be
observed. By applying the dual dynamic voltammetric method to a
gold/gold rotating ring-disk electrode (RRDE) it could be shown
that the sharp change in the slope of the surface stress vs. potential
curve recorded in the oxide reduction region of gold in sulfuric
acid solutions is accompanied by the formation of soluble,
electrochemically reducible gold species which can be detected at
the ring electrode.

Introduction

When molecules and/or ions are adsorbed on a solid surface (solid/liquid interface), the
adsorbed species affect the energetics of the interface and the electrical properties such as
the conductance, resistance and capacitance. The formation of an interface between an
electronic conductor and an ionic conductor is accompanied by a spatial separation of
charge, such that electric potential differences may appear between the adjacent phases.
The thermodynamic properties of this region (e.g. the interface between a metal and an
electrolyte solution) directly influence the electrochemical processes, therefore, an
understanding of the thermodynamics of interfaces is of importance to all surface
scientists and electrochemists. The intensive parameter conjugate to surface area (1)
(often called the “surface tension”, “specific surface energy”, “interfacial tension”,
“interface stress” or “surface stress”) is an important parameter in the thermodynamic
theory of electrochemical systems, since from a thermodynamic point of view electrodes
are in fact capillary systems, because any interaction between the electronic conductor
and the remainder of the system takes place via the interface region (2). It is not



surprising, therefore, that the interest in the structure and properties of charged
solid|liquid interfaces has increased steadily throughout the past decades and stimulated
interesting discussions and debates in the electrochemical community (3,4). Nevertheless,
the understanding of fundamental aspects of interfacial electrochemistry is also important
for other fields, such as materials science, nanoscience, biology, medical science, sensor
and battery research, as well as for technologies based on electrochemical techniques.

During the past decades several methods were suggested for measurements of changes
of the “surface tension” (“interface stress) of “solid electrodes”. (A solid electrode is a
multicomponent, multiphase electrochemical system that contains an electronically
conducting solid phase in contact with an ionically conducting liquid phase). The
suggested methods usually yield changes in surface stress as a function of the electrode
potential (5). In most cases the variation in interface stress is obtained indirectly by
measuring the potential dependence of the strain (i.e. electrode deformation), and the
change of the stress is calculated using the appropriate form of Hooke’s law. The
experimental data are cited in several papers as “proofs” for different theories and
statements, but often without any critical analysis of the experimental methods, or the
reliability of the experimental data. Gold in contact with different electrolyte solutions is
a particularly attractive model system for such investigations (3).

It is a widespread opinion that the electrochemical behavior of gold in aqueous media
has been thoroughly studied, and the interface stress changes of gold can be explained by
monolayer oxide formation/removal and adsorption phenomena. The oxide formation on
gold has been the subject of numerous electrochemical studies involving single- or
polycrystalline gold surfaces in contact with different electrolyte solutions (6-9). On the
basis of these studies the coexistence of (at least) three different compounds of gold at the
surface was assumed and a mechanism for the early stages of oxidation of gold based on
an increasing degree of adsorption of OH groups at the surface was proposed accounting
for the competition of anion adsorption as well. According to the results the strength of
the metal-oxygen bond differs for the different species which are formed ranging from a
low value, approaching the condition of physical O-adsorption, to a relatively high bond
energy corresponding to chemical surface oxide.

Nevertheless, there are some peculiarities that are worth being discussed and clarified:

i) On the basis of rotating ring disk electrode (RRDE) measurements an additional
dissolution process besides the dissolution of gold during oxide formation that is
corresponding to the oxide reduction was proposed long time ago by Cadle and
Bruckenstein (10). More recently, utilizing the rotating ring-disk electrode (RRDE) setup
and the phase-shifted dual cyclic voltammetry method it could be shown that the
reduction of the surface oxide layer of a polycrystalline gold disk immersed into sulfuric
acid solutions is accompanied by the formation of soluble, electrochemically reducible
gold species which can be detected on the ring electrode (11). This observation has been
confirmed by other studies such as (12) and (13-16).

i) In some cases a sudden change in the slope of the interface stress vs. electrode
potential curve recorded during the negative-going scan of the cyclic voltammogram
could be observed in the oxide reduction region of gold in perchloric and sulfuric acid
solutions (17,18).

Unfortunately, the results reported in the literature are comparable to a limited extent
only because they were obtained under different experimental conditions: in different
solutions, at different sweep rates, at different temperatures and concentrations, etc. The



aim of this study is to show that under well-controlled experimental conditions the
formation of a soluble gold species and the sudden change in the slope of the interface
stress vs. electrode potential curve occur within the same potential range suggesting a
close link between the two phenomena.

Experimental

Dual Dynamic Voltammetry

“PINE AFE7R8” RRDE tips (collection efficiency: 22 %) were used in the dual
dynamic voltammetry experiments in a standard four electrode cell; both the disk
(geometric surface area Aq = 0.1642 cm?,) and the ring (Ar = 0.0370 cm?) were made of
polycrystalline gold. The gap size between the ring and the disk was 178 um. The
electrode surface was firmly polished with diamond suspensions (Struers) down to a
diamond particle size of 0.25 um. The RRDE tip was then rinsed with pure ethanol and
Milli-Q water, after that it was cleaned ultrasonically for one minute, and washed
extensively with ultrapure water. All the glass parts used in the experiments were
immersed in piranha solution for several hours, rinsed with de-ionized water, and cleaned
by steam.

The electrochemical cell contained a separate reference compartment being connected
to the cell by a Luggin capillary positioned ~1 mm below the RRDE surface. A NaCl
saturated calomel electrode (SSCE) was applied as reference and a gold plate with large
surface was used as a counter electrode. The 0.05 mol-dm™ H2SO;4 solution was made by
dilution of concentrated sulfuric acid (Merck, “for analysis” or “ultrapure”) with high
purity (“Milli-Q”’) water. Measurements were carried out at room temperature and in Ar
atmosphere. Solutions were purged with oxygen-free argon (Linde 5.0) before use and an
inert gas blanket was maintained throughout the experiments.

The RRDE measurements were carried out at 25.0 °C by using our self-built
electrochemical workstation (19) incorporating a bi-potentiostatic assembly of XPot
devices manufactured and modified specially for our needs by Zahner Elektrik, Kronach,
Germany. The oxide on the gold surface was formed by potential cycling up to the so
called “Burshtein minimum” at which electrode is assumed to be covered with one
monolayer of adsorbed oxygen and the formation of three-dimensional structures
(“higher Au-oxides”) is negligible. The bending beam experiments were performed
within the same potential range.

Bending beam experiments

The changes of the interface stress (Ayx) of an electrode consisting of a thin metal film
on one side of an insulating plate in contact with an electrolyte solution can be estimated
from the changes of the radius of curvature (Rc) of the cantilever by using an expression
based on Stoney’s equation (20,21):
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where Es, v, and ts are Young’s modulus, Poisson’s ratio, and thickness of the plate,

respectively, h is the distance between the lower end of the electrode holder and the
reflection point of the laser beam; 1 is the distance between the optical window and the
reflection point on the electrode, |2 is the distance between the optical window and the
position sensitive (photo)detector (PSD) plane, w =11 + >, and Ay is the change of the
position of the light spot on the PSD (see Fig.1), and ns; is the refractive index of the
solution (22,23). The values of A(1/Rc) = Aps/ki can be calculated, if the changes of the
deflection angle of a laser beam mirrored by the plate are measured (3,5).

Cantilever beams used for the measurement of interface stress changes were made by

evaporating a 100 nm thick gold layer on a very thin layer of titanium evaporated on one
side of a glass plate (supplier: Matsunami Glass Ind., Ltd., Japan, total length:
Is =60.0 mm, width: ws =5.0 mm, thickness: ts = 147 um, Poisson’s ratio: vs =0.230,
Young’s modulus: Es=7.09-10*° N m2, refractive index: ng=1.522) after a careful
cleaning of the surface of the substrate. X-ray diffraction patterns revealed that the Au
films were preferentially (111)-oriented. The geometric area of the electrode was
A =4.0cm x 0.50 cm = 2.0 cm?. According to Eq. [1], ki = 331.6 N.
A battery-powered potentiostat (Jaissle Model 1001 T-NC) was used for the interface
stress measurements. Control voltage was supplied by a function generator (Hewlett—
Packard 3314A) or by a data acquisition card. A National Instruments 6034E DAC was
used for the computer-based acquisition of the analog output signals of the PSD and the
potentiostat. The software for controlling and data acquisition was developed in the
National Instruments LabVIEW® environment. A  position-sensitive detector
(Hamamatsu Inc., S1300) attached to a signal processing unit (Hamamatsu C4757), the
He-Ne laser (Melles Griot 05-LHP-151) and the electrochemical cell (gas-tight cell made
of Pyrex® glass) were assembled on an optical bench in order to avoid vibrations. The
distance between the level of the solution in the cell and the reflection point of the laser
beam (h) was measured with the help of a cathetometer (type KM-6).

h

Figure 1. Schematic representation of a typical electrochemical (optical) bending beam
setup (normal incidence of the light beam). Ay is the displacement of the light spot on the
position sensitive detector (PSD) if the radius of curvature changes from R¢ to R¢, 11 is the
distance between the clamped end of the probe (cantilever, electrode) and the optical
window, |2 is the distance between the optical window and the photodetector (PSD), h is
the distance between the solution level and the reflection point, dow is the thickness of the
optical window, respectively. A: optical window, B: position sensitive photodetector
(PSD), C: electrolyte solution, D: laser, E: electrode (cantilever) in different positions.



The electrochemical bending beam experiment was performed in a gas-tight cell
made of Pyrex glass equipped with an optical window (made of optical crown glass) at
25.0 °C. The electrochemical cell and the sulfuric acid solution (aliquots of the same
solution prepared for the dual dynamic voltammetry measurements) have been purged
with high purity, oxygen-free argon gas (Linde 5.0) before use and an argon gas blanket
was maintained throughout the experiments. A conventional three-electrode
configuration was used, with a cantilever working electrode, a counter electrode (a
cylindrical gold plate in contact with the electrolyte solution), and an aqueous sodium
chloride saturated calomel reference electrode (SSCE). The refractive index of the
0.05 mol-dm3 H,SO4 solution was measured at 25.00 °C with a Zeiss PR 2 refractometer
(ns,i (A =633nm) =1.3320).

Results and discussion

In conventional RRDE experiments the potential (or the current) of at least one of the
working electrodes is held constant. It was recently shown, however, that independent
and dynamic potential programs can also be applied simultaneously to the disk and the
ring electrodes (11,24-26). By means of “dual potentiodynamic control”, the sensitivity
of the RRDE system can significantly be increased. As an example of dual dynamic
potential control, dual cyclic voltammetry was applied to investigate the dissolution of
gold upon potential cycling.
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Figure 2. Controlling waveforms of the disk and the ring electrodes. The vertices of the
triangular waveform applied to the disk electrode are at —400 and 1450 mV, while the
ring electrode is polarized in the interval of 910 and 355 mV. Sweep rates:
Vdisk = 100 mV/s, Vring= 30 mV/s.

The measurements were carried out by using a gold disk/gold ring RRDE tip, and
cyclic voltammograms (CVs) were recorded simultaneously at both working electrodes
(disk and ring). The disk electrode was polarized between —400 mV and 1450 mV (vs.
SSCE), while the resulting products were collected by polarizing the ring electrode
between 355 mV and 910 mV (vs. SSCE). The frequency (period) of both triangular



controlling waveforms (i.e., that controlling the disk and that controlling the ring
potential) was the same, however the two waveforms were of opposite phase. Thus the
perturbing triangular potential waveforms were perfectly synchronized (”’synchronous
dual cyclic voltammetry” (SDCV), see Fig. 2).
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Figure 3. Cyclic voltammograms obtained simultaneously from the disk (a) and ring (b)
electrodes. Solid and dashed lines mark the measured CVs when the electrode is rotating
(at 500 min™?t) and when it does not rotate (0 min™t). The plot in (c) shows the difference
between the solid and dashed curves in (b). (Prior to processing, the data were smoothed
using an 11 point Savitzky-Golay smoothing algorithm.) Egisk and Ering are electrode
potentials of the ring and the disk, lsisk and lring are the corresponding disk and ring
currents, Alring is the corrected ring current, respectively. Sweep rates: Vdisk = 100 mV/s,
Vring =30 mV/S

Performing the measurements with rotating (500 min?) and stationary (0 min™?)
RRDE tips, the resulting ring voltammograms were different (compare the continuous
and dashed lines, respectively, in Fig. 3(b)). In the absence of rotation, disk-generated
products cannot reach the surface of the ring and thus no actual collection takes place.
However, ring signals in this case contain all possible features related to electrical cross-
talk (27,28). Ring voltammograms measured on a rotated tip on the other hand show
collection-related features as well, which are then superimposed on the previous
voltammogram. Information related to actual collection can thus be obtained by
subtracting the two ring voltammograms (i.e., calculating the difference of rotated and
non-rotated ring CVs). This is shown in Fig. 3(c). The careful application of this method
allows us to distinguish between electrical cross-talk and actual collection. Note that
mass transport does not limit neither the formation nor the reduction of the oxide layer on
gold, disk CVs measured on rotating and stationary electrodes are essentially identical.



A very important advantage of this technique (compared to constant ring potential
experiments) is that by the continuous potential cycling, the surface of the ring electrode
is kept clean and no loss of detection sensitivity can be experienced.

The cyclic voltammogram recorded at the gold disk, the collection-related ring signal,
and the (1/R¢) vs. E curve of gold recorded in 0.05 M H>SOa solution at sweep rates of
100 mV st are shown in Fig. 4. The change in the radius of curvature of the cantilever is
about 0.005 m™* in the potential range from —0.4 V to 1.45 V vs. SSCE (Fig. 4(c)). This
corresponds to ~1.66 N/m interface stress change. As it can be seen in Figs. 4(b) and 4(c)
the sudden change in the slope of the interfacial stress vs. electrode potential curve
recorded during the negative-going scan of the cyclic voltammogram coincides with the
detection of a reducible species by dual cyclic voltammetry.
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Figure 4. Cyclic voltammogram recorded at the gold disk (a) and the collection-related
ring signal (b), calculated as shown in Fig. 3. Electrolyte solution: 0.05 mol-dm= H2SO.a.
(c): changes of the curvature AR:! of the gold coated cantilever with the electrode
potential in the same solution. (The interface stress change (A ) is proportional to AR¢™,
the original curve was smoothed using an 11-point Savitzky—Golay filtering algorithm.)
Ering, Edisk, and Ec are electrode potentials of the ring, disk, and the cantilever electrodes,
respectively, ldisk IS the disk current, Alring is the corrected ring current (see Fig. 3(c)).
Sweep rates: Vdisk = 100 mV/s, Veantitever = 100 mV/S, Vring = 30 mV/s.

Conclusions

By the application of dual dynamic voltammetry it could be shown that the sharp
change in the slope of the interfacial stress vs. potential curve recorded in the oxide
reduction region of gold in sulfuric acid solutions is accompanied by the formation of
soluble, electrochemically reducible gold species which can be detected at the ring
electrode. Both phenomena (i.e. the formation of a soluble gold species and the sudden
change in the slope of the interface stress vs. electrode potential curve) occur within the



same potential interval suggesting that both may have the same origin or one may be the
cause of the other.
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