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Gold dissolution: towards understanding of noble
metal corrosion

Serhiy Cherevko,* Angel A. Topalov, Aleksandar R. Zeradjanin, loannis Katsounaros
and Karl J. J. Mayrhofer*

The electrochemical dissolution of gold is an intricate topic and even though it has been studied for more
than 50 years, its understanding remains rather limited. In the current work, we obtain unique information
on gold dissolution by using a setup composed of a micro-electrochemical scanning flow cell (SFC) and
inductively coupled plasma mass spectrometry (ICP-MS). Thus, comprehensive online gold dissolution
profiles during the initial stage of oxidation as a function of the potential, time and pH are presented. A
microscopic model explaining the experimental findings is proposed. According to this model, two
dissolution mechanisms take place in two different potential regions: at low anodic potentials the
dissolution is driven by the place-exchange between metal and adsorbed hydroxyl/oxygen ions, while at
higher potentials the oxygen evolution reaction taking place on the surface of gold oxide initiates

www.rsc.org/advances concomitant gold loss.

1. Introduction

Gold is a commonly used material in electrochemistry. Due to
its chemical inertness and resistance to oxide formation
within the stability potential window of water, gold is a
material of choice for many electrode reactions.' In general,
gold is considered as an ideally inert electrode in these
studies, even though it is known that it is susceptible to
dissolution in the presence of complexing agents like CN™,
Cl™ or Br~,>* which often restricts its application to solutions
free from those species. However, also in the absence of such
complexing agents Au can still dissolve at positive potentials,
an effect that is frequently neglected. Despite its importance,
our knowledge on the fundamentals of gold dissolution is
based on few works only. More than a century ago, in 1907,
Campbell observed gold dissolution on the anode and its
deposition on a platinum cathode, when a voltage of 10 V was
applied in a two-electrode cell.” The authors, however did not
find Au in solution, which is probably due to the insufficient
detection limits of the methods used at that time. Most likely
due to such limitations, there was no significant progress for
decades, so that only in late 1960s and early 1970s with the
rapid development of new electrochemical equipment and
techniques the issue was revisited. Early voltammetric results
on the oxidation/reduction of noble metals and particularly on
gold revealed a charge imbalance between oxidation and
reduction,® which was attributed to the anodic dissolution of
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metals.” In particular, Rand and Woods found that during the
gold electrode cycling between +0.6 and +1.54 Vggg in 1 M
H,S0,, the anodic charge was by 3.8 + 0.2 pC cm™ > higher
than the cathodic one, and they attributed this to the
dissolution of gold during the positive-going sweep. Post
analysis of the electrolyte performed by atomic absorption
spectroscopy after 1040 cycles, confirmed the voltammetric
data since the amount of dissolved gold corresponded (using
the Faraday’s law) to a similar charge of 3.6 + 0.4 uC cm™ 2. In
addition, extensive work on the investigation of the anodic
dissolution of certain noble metals, including gold, was done
at the Karpov Institute of Physical Chemistry in Moscow by
Kolotyrkin, Chemodanov and others, by means of highly
sensitive radiometric determination of corrosion products in
electrolyte.®® On the other side, Cadle and Bruckenstein
showed that gold dissolves also during the reduction of gold
oxide using a rotating ring-disk electrode (RRDE) setup.” In
their experiments, gold was polarized at an anodic potential
for 5 min, and then a negative-going sweep was recorded,
where dissolution was observed. Similarly, Vesztergom et al.
have also shown the existence of cathodic dissolution of gold
using an RRDE setup and a phase-shifted double cyclic
voltammetry method.""

Recently, Tsuru et al. applied a double electrode flow cell to
study the dissolution of platinum,'*"* palladium' and,
particularly, gold."> The amount of dissolved gold was
calculated using the currents recorded on the collector
electrode when the potential on the generator electrode was
in the region 1.35-1.6 Vgyg (during the positive-going scan)
and 1.4-1.1 Vg (during the negative-going scan). The authors
observed that gold dissolves during both directions of the
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sweep, and the integration of the absolute currents recorded
on the collector electrode yielded a charge of 4.2 pC cm™> per
cycle between +0.4 and +1.6 Vgyg.

While most of the previous works were driven solely by
scientific curiosity and aimed at a fundamental understanding
of the gold dissolution process, nowadays our interest is
extended and related to practical applications as well. The lack
of knowledge on the electrochemical gold oxidation and
dissolution may retard the expansion and exploitation of new
industrial applications. Gold was already proposed for several
catalytic and sensor applications such as alcohol oxidation,'®
especially in combination with platinum and palladium in
alkaline media,"”™*° CO oxidation®*** and glucose oxidation.*
Gold-platinum alloys are also considered as active and stable
oxygen reduction reaction (ORR) catalysts in proton exchange
membrane fuel cells (PEMFCs)**?" or lithium-air bat-
teries.>** Moreover, unlike platinum, such alloys are poor
catalysts for methanol oxidation, making them good candi-
dates for methanol-tolerant cathodes in direct methanol fuel
cells (DMFCs).>*

For low-temperature fuel cell applications, the potential at
the cathode may reach values as high as +1.5 Vgyg during
start-up or shut-down of the cell.>*” Under these conditions,
several degradation mechanisms may take place®® including

1*>*° This work includes a

the dissolution of the noble meta
comprehensive study of the stability of gold under transient
and steady state potential perturbations, using a novel setup in
which a commercial inductively coupled plasma mass spectro-
meter (ICP-MS) is utilized to detect the amount of gold
dissolved during electrochemical experiments in a scanning
flow cell (SFC). The current study complements previous works
from our group on the rhodium,*" platinum®® and gold*
dissolution, aiming for a better understanding of the electro-
chemical dissolution of gold and noble metals in general, and
eventually for the design of more stable catalysts.

2. Experimental

Before each experiment, the electrode (foil or disk) was
polished with 1 and 0.3 um alumina suspensions on a
polishing cloth (Struers, MD Mol) followed by a short
sonication in water, extensive washing in ultrapure water
(PureLab Plus system, Elga, 18 MQ, TOC < 3 ppb) and drying
in a flow of argon. All potentials in this work are presented
with respect to the reversible hydrogen electrode (RHE)
potential, which was acquired against a Ag/AgCl electrode
using a Pt disk electrode (5 mm diameter disk sealed in
Teflon®), MaTeck, Germany) in the corresponding electrolyte
after hydrogen saturation. The electrolytes (0.1 M H,SO,) were
freshly prepared from superpure concentrated sulfuric acid
(Merck, Germany) by dilution in ultrapure water. The
potentiostat (Gamry Reference 600, USA), electrolyte, gas flow,
and SFC components were automatically controlled using an
in-house built LabVIEW software.** Programmed measure-
ment protocols were used to avoid any user interaction with
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the setup during measurements and thus increase reliability of
the results.

2.1. Experiments in the scanning flow cell coupled with online
elemental analysis

A 0.1 mm thick 99.99% polycrystalline gold foil purchased
from Aldrich or a gold disk (5 mm diameter, MaTeck,
Germany) was used as a working electrode. The working
electrode was placed on an xyz-positioning table and a
tungsten needle was connected to the foil/disk to make an
electrical contact. All experiments were performed in an in-
house-built flow cell similar to the one reported in our
previous paper.*' During measurements, the electrolyte was
pumped to/from the cell by a standard ICP-MS (NexION 300X,
Perkin Elmer) pump with constant flow rate of 140-150 pL
min~" through Tygon® tubing (380 um inner diameter) from
a reservoir of argon-saturated 0.1 M H,SO, to the V-shaped
channels of the polycarbonate cell and further downstream.
The electrolyte was mixed with an internal standard (**’Re, 7.5
pg L™, mixing ratio 1 : 1) in a Y-connector after the cell and
was introduced into the ICP-MS. Calibration of the ICP-MS was
made on each experiment day. The exposed area on the
working electrode was ca. 1 x 10”2 cm®. Data are normalized
to the exposed geometric area of the working electrode, unless
otherwise stated. A homemade Ag/AgCl micro-reference
electrode or a commercial saturated Ag/AgCl electrode
(Metrohm, Germany) and a graphitic rod were used as the
reference and the counter electrode, respectively.
Electrochemical cleaning/activation of gold was performed by
recording 30 cycles between 0 and +1.8 Vg at 200 mV s~ *
with simultaneous detection of gold dissolution. Then, the
electrode was held at open circuit potential or a predefined
potential in the double-layer region for 180-300 s to stabilize
the dissolution signal on the background level. More details
on the cell design, the setup and on the ICP-MS measurements
can be found in the experimental part of a previous report.*'

2.2. Experiments in a conventional three-electrode cell

A conventional three-electrode cell made of Teflon® with all
electrode compartments separated by Nafion® membranes
(Tschurl modification)** was used in additional measure-
ments. The working electrode was a gold disk of 5 mm in
diameter (MaTeck, Germany) embedded in a Teflon®
cylinder. The gold activation procedure was the same as
described above for the SFC setup, with the only difference
that dissolution products were not recorded. A saturated Ag/
AgCl electrode and a graphite rod served as the reference and
the counter electrode, respectively.

3. Results

3.1. System validation

To make sure that the chosen electrode preparation procedure
is appropriate, gold voltammograms in deaerated solution
were recorded using both the SFC and a conventional three-
electrode setup (see Fig. 1). The curves obtained with the two
different techniques match each other well in the region of
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Fig. 1 CVs taken on a gold foil electrode in the SFC setup (thick black line) and
on a gold disk electrode in a conventional three-electrode cell setup (thin gray

line) in 0.1 M H,S04, showing double layer charging, formation of gold oxide

and oxide reduction. Scan rate: 50 mV s~ .

gold oxidation and oxide reduction. The small difference in
the oxide formation region may be attributed to the difference
in hydrodynamic conditions in the two setups, which may
have an effect on the electrochemical cleaning step, e.g
presence/absence of re-deposition of dissolved gold. It should
be noted that one may find different cyclic voltammogram
(CV) profiles of gold/gold oxide system in various reports.
Reasons of such diversity is the difference in electrode
preparation (influence of grain size, exposed surface orienta-
tions, purity, etc.), electrode history (polishing and cleaning
procedure), affinity of gold to poisoning by impurities, surface
reconstruction during potential excursions, etc.

The voltammograms recorded in both setups display similar
characteristics as described in literature;”"** which can be
explained following the most established mechanism of gold
oxidation proposed by the Conway school.*>*® In the positive-
going sweep, in the so-called double-layer region (i.e. below ca.
+1.2 to +1.3 Vryg), the surface of gold is covered by adsorbed
supporting electrolyte anions (e.g. HSO,~ and/or SO,>7), while
the coverage with OH,q4s/O,4s Species is relatively low. Beyond
+1.2-1.3 Vgyg the adsorbed anions of the supporting electro-
lyte are gradually displaced by OH,qs/Oaqs, and even Au-OH/O
place-exchange, ie. incorporation of O into the sub-surface
layers, occurs. At even higher potentials and longer times, the
formation of bulk phase oxide(s)/hydroxide(s) or hydrous
oxide(s) takes place.**' It should be noted, that there is
uncertainty about the exact nature of the adsorbed oxygenated
species such as OH,gs/Oaqs Or oxide(s)/hydrous oxide(s). For
the sake of convenience, only the term oxide will be used in the
text below, still bearing in mind that it may consist of several
forms of oxides, hydroxides or hydrous oxides. Only when the
nature of the oxide state is crucial to the discussion, a
distinction between oxides will be emphasized, particularly
between adsorbed and place-exchanged oxygen.

The CVs were recorded up to a potential close to the
Burshtein minimum, corresponding to the onset of oxygen
evolution reaction (OER).>> The negative potential limit in the
measurements with the SFC setup was limited to the onset for
the ORR, because in this setup (contrary to the conventional
cell) residual oxygen was still present even after prolonged
purging.*’ The roughness factors (ratio of real to geometric
surface area) of the two electrodes were estimated by
integration of the oxide reduction peaks in the negative-going
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scan from +1.3 V to +0.95 V, and were ca. 1.4 (Au disk) and ca.
1.5 (Au foil). Here, the assumption was made that at the
Burshtein minimum, the electrode is covered by one mono-
layer of adsorbed oxygen with a transferred charge of 400 pC
ecm™2.5% In all other measurements described hereinafter, the
roughness factor was used as a fingerprint of the electrode
preparation procedure, in order to ensure good reproducibility
of the results.

3.2. Potentiodynamic dissolution of gold-the effect of upper
potential limit

The cyclic voltammogram on gold in 0.1 M H,SO, electrolyte
together with the dissolution profile recorded online in Fig. 2a
shows that there is a concurrency of the gold dissolution and
gold oxidation. Due to the presence of planes with different
crystal orientation as well as crystal defects of lower coordina-
tion number, however, the exact determination of an onset
potential for the dissolution on a polycrystalline gold electrode
during the positive-going sweep is not straightforward.
Therefore, rather than discussing a single potential value it
is better to consider a potential range for the onset of
dissolution. At potentials ca. 100-150 mV below the onset
potential for significant OH,q4/O.qs adsorption (ca. +1.3 Vgyg),
some small, almost negligible amount of gold dissolves in
parallel to a minor increase in the current at ca. +1.1 Vgyg
most likely due to oxidation of defects (data not shown). A
correlation between magnitude of anodic current in this
potential region and amount of surface defects was indeed
observed by Kolb et al.>* Very recently Compton et al. have
shown that due to higher density of surface defects gold
nanoparticles show more significant oxidation currents
compared to a bulk gold electrode.’® Thus, oxidation of
nanoparticles at much lower potentials and, as a result,
dissolution should be taken into account, for instance, in
degradation studies on platinum nanoparticles during oxygen
reduction.®® Alternatively, the possibility of OH/O adsorption
within the surface pattern of adsorbed (bi-)sulfate ions was
reported by Conway et al.*® Higher amounts of dissolved gold
are detected when the upper potential limit (UPL) during
cycling exceeds the onset for gold oxidation (E > ca. +1.3 Viyg,
as highlighted in the inset in the Fig. 2a). Above this potential,
gold dissolves both anodically and cathodically, as can be seen
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Fig. 2 (a) Dissolution profile shown in line with cyclic voltammogram. The inset
shows a magnified view of the area corresponding to the onset of dissolution.
(b) Dependence of dissolved gold per cycle on the upper potential limits (UPL) of
applied cycles. Open squares present data obtained from the experiments with
increasing UPL and open triangles show results with decreasing UPL. The inset
shows the same data presented in log scale. Electrolyte: 0.1 M H,SOy; scan rate:
10mvs
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by the sharp increase of detected amount of gold in the
positive-going sweep, and the peak in the dissolution signal
upon reduction of the oxide (i.e. below ca. +1.2 Vgyg), in the
negative-going sweep (in this work we also use the term
“cathodic dissolution”, bearing in mind that this is a process
during cathodic reduction of gold oxide).

In a previous work” we showed that the reductive
dissolution of gold dominates when the UPL is kept in a
relatively low potential region (<ca. +1.6 Vgyg), similarly to
Pt** and Rh.*" However, at higher potentials (>ca. +1.6 Vgyg),
anodic gold dissolution is the main cause of gold loss. Thus
the rate of dissolution increases rapidly in the oxygen
evolution region, and the total amount of gold dissolved
during one cycle increases with the increase of the UPL, as can
be seen in Fig. 2b. When the same electrode location is used
for repetitive investigations using different UPLs, there is
some ambiguity on whether there is any effect of the electrode
history, since morphological changes may occur during
consecutive cycles. To reject this hypothesis, an experimental
series with decreasing UPL was performed. While generally the
same trend for Au dissolution was obtained (see Fig. 2b and
inset, where dissolution is shown in log scale), slightly higher
amounts of Au dissolved at the same UPL especially in the
high potential region. Interestingly, a similar difference in the
exact dissolution amounts upon increasing and decreasing the
UPL was also reported by Kolotyrkin et al for platinum
dissolution in an acetate electrolyte, which was attributed to
the non-stationary nature of platinum dissolution at suffi-
ciently low time scales.’

3.3. Potentiodynamic dissolution of gold-the effect of the scan
rate

To study whether the time scale of the experiment besides the
potential value itself affects gold dissolution, the effect of the
scan rate using a fixed potential window (+0.4 to +1.8 Vgyg)
was studied and the results are presented in Fig. 3. Given that
the time at which gold is prone to dissolution is shorter at
higher scan rates, it is not surprising that an increase in the
scan rate results in decreased quantities of dissolved gold per
cycle. However, it is particularly interesting that such a decline
is almost linear with the square root of the scan rate, as the
slope of the log[Au] vs. log v diagram (Fig. 3b) is —0.56 + 0.09
(R* = 0.998). This may be an indication of a single diffusion-
controlled Faradaic reaction of gold dissolution, similarly to
what was proposed by Conway et al.”> for observations in the
presence of complexing C1~ or Br™ anions.

The simple relation found between dissolution quantity and
scan rate, allows correlating and comparing literature data
obtained with different scan rates. A re-calculation of the data
of Rand and Woods” and of Tsuru et al.™ to the main scan rate
used in the current work (i.e. 10 mV s™'), yields a dissolution
amount of ca. 5 and 4 ng cm~ > cycle” ', respectively, which are
close to the value of 5-7 ng em™* cycle™! observed here for
similar UPLs. It should be noted that a decrease in the
dissolution amount with scan rate was also observed on Rh
and Pt,***" without, however, following such a simple
dependence as for Au. This is most likely related to the fact
that, contrary to gold, the dissolution during oxide reduction

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) Effect of scan rate on dissolution of gold during potential cycling
between +0.4 and +1.8 Vgye. (a) Dissolution profile is presented together with
potential transients (potential cycles followed by potential steps in case of high
scan rates). (b) Dependence of gold dissolution amount on the scan rate
presented on the log—log scale. Electrolyte: 0.1 M H,SO,.

is the dominant dissolution process for those metals in the
whole potential range.

3.4. Gold dissolution during formation/reduction of bulk
oxide. It is generally accepted that gold forms bulk oxides at
high anodic potentials (ca. above +1.8 to +2 Vgyg) and that the
formed phases are hydrous oxides with a varying, complex
nature of hydration.*® In order to study the effect of bulk oxide
formation and reduction on gold dissolution, a constant
potential of +2.0 Vgyg was applied for different times and
always followed by a reduction ramp. The reduction peak
shifts to more negative potentials for longer polarization
times, indicating that the formation/reduction of such oxides
is a highly irreversible process (Fig. 4a). Unlike the compact
layer, whose thickness is limited by 2-3 layers only, bulk oxide
may grow in virtually unlimited number of layers, depending
on the potential and time of polarization.’>*' In our case,
formation of a total of 4.5 MLs was achieved for an oxidation
period of 105 s.

While the anodic dissolution is enhanced at longer
polarization times, the amount of gold dissolved during the
reduction of the oxide does not show any significant increase.
This suggests that the reduction of the complete bulk hydrous
oxide is not associated with gold dissolution, but that the
reduction of the compact oxide is dominating the cathodic
gold dissolution. This is rather surprising, considering the
surface roughening introduced by the formation of hydrous
and porous bulk oxide.”>"**>¢

3.5. Potentiodynamic dissolution of gold-the effect of the re-
deposition

Among the possible reasons for the decrease of the dissolved
amount of Au with scan rate and for the independence from
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Fig. 4 (a) Negative linear potential scans showing the reduction of gold oxides
formed during anodization over various times. Charges obtained by integration
of the cathodic peaks and corresponding number of gold oxide monolayers
(assuming that one monolayer charge is 400 nC cm™2 and taking into account
the roughness factor of the electrode of 1.45) are indicated in the table. (b)

Corresponding dissolution profile, wherein the dotted lines correspond to the

onset of gold oxide reduction. Scan rate during ramps: 10 mV s~ .

the formation/reduction of bulk oxide, one may consider a
time effect and possible re-deposition of dissolved gold. To
estimate the effect of re-deposition, additional experiments
were carried out, where the cycle was interrupted during the
backward scan and the potential was held at different values
(Estep), as it is shown in Fig. 5a.

As we do not know the exact nature of the dissolved Au
species and their activity at the vicinity of the electrode as a
function of the potential and scan rate, it is impossible to
calculate the deposition potential of the dissolved species.
However, we can make the assumption that re-deposition can
be possible only at potentials lower than those of the onset of
gold oxidation. This sounds reasonable, if one considers that
dissolved gold species do not deposit at potential of +0.8
Vsug (much lower than the maximum Egrgp of +1.26 Viyg
applied in the current work). As one can see from the Fig. 1, at
this potential, the surface is still covered by oxide, and re-
deposition of gold on the oxide is not likely to happen. If re-
deposition was taking place at the lower potentials in this
experiment, one should expect a decreased amount of gold
detected downstream. However, the amount of dissolved gold
detected in the ICP-MS was almost the same (deviation is
within 1%) regardless of the value of Egrgp. Thus, even if some
re-deposition takes place microscopically, its effect must be
negligible for the scan rates utilized in the current work. Based
on this, the results presented in section 3.4 on the
independence of cathodic dissolution on the bulk oxide
formation cannot be attributed to re-deposition of dissolved
gold.

16520 | RSC Adv., 2013, 3, 16516-16527
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Fig. 5 (a) Potential-time programs which consist of a positive-going sweep, an
incomplete negative-going sweep and a potential step. (b) Dependence of the

dissolved gold quantity on the lower potential limit of potential scans (step

potentials Esrep) shown in (a). Scan rate: 20 mV s~ .

3.6. Potentiostatic dissolution of gold

Fig. 6a presents dissolution profiles of gold during potential
hold experiments at different potentials. At potentials below
the onset of gold oxidation (ca. +1.3 Vgyg) the dissolution rate
remains below the detection limit. However, as soon as the
potential is stepped to a value where gold oxidation takes
place, continuous dissolution starts to appear. An initial
dissolution peak right after the potential step is followed by a
gradual decrease in the dissolution rate until an almost stable
value is achieved after ca. 1000 s of polarization (Fig. 6a). In
this respect, gold behaves differently to platinum and
rhodium, the dissolution of which is suppressed to below
the detection limit after the same timeframe.***' In order to
obtain the amount of dissolved gold at different potentials, the
integral over the area below the corresponding dissolution
profiles was taken and plotted as a function of the applied
potential (inset in Fig. 6a). Taking into account that one
monolayer of gold corresponds to ca. 410 ng cm >** the
estimated number of dissolved layers gradually increases with
the polarization potential, similarly to what was observed in
experiments where the UPL was varied (inset on the Fig. 2b).

The small peaks on the dissolution profiles at around 8500 s
correspond to dissolution during cathodic ramps that were
applied after the constant potential step, to get information on
the amount of gold oxide(s) formed during each potential step.
The corresponding voltammetric profiles are shown in Fig. 6b.
Again, with increase of the polarization potential, more oxide
forms on the surface of gold, while the reduction peak
potentials shift to more negative values due to the formation
of more stable oxides. The presence of at least two different

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Potentiostatic dissolution of gold. (a) Dissolution of gold at different
applied potentials (for potential values, see legend in 6b). For the sake of
clearness, the initial section corresponding to the dissolution of gold during
electrochemical cleaning is not shown. The total amount of dissolved gold and
the corresponding number of lost gold monolayers against the step potential is
shown in the inset. (b) Corresponding gold oxide reduction profiles following
polarization at different potentials for 7200 s. The inset shows the dependence
of the reduction charge and the number of gold oxide monolayers on the
applied potential.

oxide states is clearly seen by the small shoulder on the
descending section of the peaks. The number of formed oxide
layers increases from 0.75 (at +1.5 Vgyg) to 3 monolayers (at
+1.95 Vgpyg), indicating the qualitative analogy between the
dissolution curve and the oxide isotherm in this region.
According to the classical theory of corrosion of metals, a
constant dissolution rate should correspond to equal rates of
oxide formation and metal dissolution.”” To verify this
statement, the gold electrode was oxidized over different
times and each step was followed by a cathodic ramp.
Afterwards, CVs with 50 mV s~ with UPL corresponding to
the Burshtein minimum®” were taken to exclude any sig-
nificant surface area change. The dissolution signal was
recorded continuously as shown in Fig. 7a for three different
applied polarization potentials. The dissolution rate changes
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with time for all studied potentials, and no complete steady
state of dissolution is reached even after 3600 s of polarization.
The amount of dissolved gold during each step (open symbols)
and the dissolution rate at the end of each step (filled symbols)
are plotted in Fig. 7b for E = 1.9 Vgyg.

The charge associated to the oxidation of gold, which is
corresponding to oxide coverage, depends linearly on the
logarithm of the polarization time, as shown in Fig. 7c (left axis).
Conway et al. suggested that such a relationship is indicative of
an activation-limited reaction, in which the Gibbs free energy of
activation increases linearly with time.”® The growth of gold oxide
however follows also the g~ " vs. log(f) law (see Fig. 7c, right
axis),””* indicating that the oxide growth is governed by the
high-field-strength raised between metal and electrolyte fronts —
known as the Cabrera-Mott model.** The same tendency was
also found for E = 1.5 Vg and E = 1.7 Vg (data are not shown).
Thus the gold oxide growth may be explained by both kinetics
laws - i.e. a direct logarithmic law for AuO thickness up to 2 MLs
and an inverse logarithmic law when the oxide thickness
becomes higher than 2-3 MLs,*" so that solid conclusions
cannot be drawn. However, while the high field strength may
only emerge when the two interfaces are separated by a relatively
thin and insulating oxide, Conway’s model is also applicable for
the case of partially covered surfaces. Therefore, particularly in
the studied potential range and experimental time scale where
the oxide coverage is relatively low, the gold oxidation is likely to
be governed by the electrochemical surface potential change with
O/OH adsorption and Au-O/OH place-exchange. It should be
additionally noted that for all applied potentials, a constant
growth of gold oxide was found, however we did not find any
significant increase in the electrode surface area (roughness
factor) due to oxidation/dissolution. Thus, the obtained oxida-
tion law is an intrinsic property of gold rather than an artifact due
to surface area increase.

3.7. Effect of pH

The electrochemical oxidation and electrochemical dissolu-
tion of Au possess quite similar standard potentials, however
can eventually be distinguished by the fact that protons are
involved only in the former one, while the latter is governed by
the concentration of gold ions only. The electrochemical
oxidation of gold can be expressed as®

2Au + 3H,0 — Au,0, + 6H" + 6e~
E° =1.457 + 0.0591 log[H'] (1)
or

Au + 3H,0 — Au(OH), + 3H" + 3e~
E° =1.511 + 0.0591 log[H'] (2)

and the electrochemical dissolution of Au and formation of
Au®' ions can be described as:®*

Au — A" + 3e”
E° = 1.498 + 0.0197 log[Au®"] 3)

Assuming that the discharge of water and the adsorption of

OH or O are fast processes and always in equilibrium for the
scan rates employed in the current work, an effect of the pH
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Fig. 7 Time scale effect on gold dissolution and oxidation. (a) Dissolution profiles of gold vs. time under different polarization potential (see figure legend). (b)
Corresponding dependence of the total amount of dissolved gold (open symbols) and rate of dissolution at the end of each step (filled symbols) on polarization time.
(c) Charge associated to the oxidation of gold as a function of polarization time. For the sake of clearness, only data for £ = 1.9 Vgye are presented in (b) and (c).

should reveal whether dissolution is controlled by metal
oxidation or by gold ionization.

Fig. 8 shows the variation of the CVs and the dissolution
signals for different concentrations of sulfuric acid electrolyte.
It should be noted, that the change of the pH was always
accompanied with an unavoidable change in the concentra-
tion of (bi-)sulfate anions. The use of high concentrations of
sulfate salts (such as Na,SO,) to keep the concentration of
electrolyte anions the same for all measurements, is not
feasible since a high concentration of alkali metal cations
cause complications in the ICP-MS measurements.
Nevertheless, it will be shown below that the impact of the
proton and of the (bi-)sulfate concentration can be sufficiently
decoupled.

When the CVs are plotted versus the pH-corrected RHE scale,
they coincide relatively well (Fig. 8a), due to the fact that

16522 | RSC Adv., 2013, 3, 16516-16527

oxidation/reduction are indeed processes with protons
involved in the corresponding rate-determining steps (RDS).
The slight shift of the onset potential for gold oxidation to
more positive values with increasing H,SO, concentration is
due to the competition between the adsorption of OH/O and
(bi-)sulfate anions, i.e. a more positive potential is required for
oxygenated species to displace (bi-)sulfate adsorbed species, as
shown by Angerstein-Kozlowska et al.*®

The dissolution signal together with the potential profile is
shown in Fig. 8b. The signal corresponding to gold dissolution
during the initial cleaning step is also included, to highlight
that the dissolution signal increases almost exponentially with
H* concentration during these fast scans (200 mV s~ '). The
dissolution rate also grows with H' concentration in the case
of a slow scan rate of 2 mV s~ . Particularly, while the rate of
anodic dissolution scales linearly with proton concentration,

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Effect of the electrolyte on gold dissolution during potential cycling. (a)
CV curves recorded in three different electrolyte concentrations. The inset
presents a magnified view of the onset of gold oxidation. (b) Dissolution of gold
in three electrolytes during potentiodynamic conditions.

the rate of cathodic dissolution rather follows an exponential
dependence, identical to that observed during the fast initial
potential scans.

A similar effect of the dependence of gold dissolution on pH
during anodic and cathodic process is seen for a prolonged
constant potential step, followed by a cathodic ramp (Fig. 9a).
The rate of anodic dissolution drops to an almost constant
value after ca. 1000 s, with the ratio between dissolution rates
in different electrolytes remaining stable. On the other hand,
the dissolution rate during oxide reduction massively
increases with pH decrease, as shown in the Fig. 9b, while
the charge during oxide reduction (and thus the oxide
coverage) is almost the same for all electrolytes (inset in
Fig. 9a).

4. Discussion

Below, we will first summarize the most important experi-
mental findings:

(a) During a positive-going sweep, the onset of gold
dissolution coincides with the onset of massive OH/O
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Fig. 9 (a) Dissolution of gold in three electrolytes during potentiodynamic
conditions. Corresponding reductive linear-sweep voltammograms are shown in
the inset. (b) The magnified views of the dissolution profile at last minutes of the
steady-state dissolution and during dissolution in the cathodic route. Higher
magnification of the area highlighted with a gray box is shown in the inset.

adsorption and, most likely, Au-OH/O place-exchange.
During the negative going sweep, the rate of gold dissolution
increases when gold oxide reduction starts;

(b) When the potential cycling at sweep rate of 10 mV s~
does not exceed ca. +1.6 Vgiyg, dissolution during oxide
reduction is the dominating dissolution process; for cycles
with higher upper potential limits gold dissolves mainly
anodically;

(c) The total amount of dissolved gold within a cycle
decreases with increase in scan rate;

(d) Gold ions dissolve and diffuse away from the vicinity of
the electrode, so that gold re-deposition is negligible within
the time scale of the experiments;

(e) During anodic polarization experiments, a constant rate
of gold dissolution is not achieved even after 7200 s at all
studied potentials apart from E = +1.95 Vgyg;

(f) The dissolved amount vs. potential graph follows roughly
the same trend as the formed oxide amount vs. potential;

(2) The oxide growth kinetics can be described with both a g
vs. log(¢) and a ¢~ " vs. log(t) dependence, while the dissolution

1
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rate decreases much slower (approximately it obeys log(Au) vs.
log(t) law);

(h) The onset potential of dissolution, expressed in the RHE
scale, is almost the same for electrolytes of different pH; small
differences are attributed to the different concentration of
counterions HSO,  and/or SO,>";

(i) The amount of dissolved gold during anodic and
cathodic dissolution increases with increasing acidity; a
change in the pH has a more pronounced effect on the
dissolution during oxide reduction;

(j) The reduction of bulk hydrous gold oxide does not have a
significant effect on gold dissolution.

The consistency between the onset of gold oxidation and
transient dissolution in all experiments implies that both
processes are closely linked to each other. Particularly, the
observed shift of the dissolution onset potential with pH on
the SHE scale reveals that one proton is involved in the rate
determining step (RDS) of gold dissolution. Since the direct
electrochemical dissolution does not involve protons (eqn (3)),
gold dissolution at these potentials is governed by the kinetics
of oxide formation. The increase in the dissolution rate with
increasing acidity is then a sign of the shift of the water
dissociation equilibrium, resulting in depressed amounts of
hydroxyl ions in the vicinity of the electrode.

While the exact nature of the oxide still remains unre-
solved, the oxidation process of gold can tentatively be
ascribed to OH/O adsorption and place-exchange between
gold and oxygen ions, which commence in parallel.*>*”*
Interestingly, Au®" ions, which are the thermodynamically
stable species in acidic solution formed at sufficiently positive

View Article Online

! do not

potentials according to the Pourbaix diagram,®
dissolve massively at such positive potentials due to passiva-
tion of the surface by gold oxide. During place-exchange,
however, this passivity is probably disturbed either during
surface reconstruction or during possible migration of gold
ions from the gold matrix through the thin layer of gold oxide
to the oxide/electrolyte interface. This leads to the exposure of
gold ions to the electrolyte, which then experience a competi-
tion between two processes: (i) water discharge and conse-
quent adsorption of OH/O that leads to re-passivation, and (ii)
gold ion diffusion away from the electrode vicinity to the
solution that leads to macroscopically observed dissolution.
The extent of dissolution generally depends on the extent of
the competition between these two processes, in particular for
increasing acidity the re-passivation of the surface after place-
exchange becomes less efficient. It is worth noting that the
kinetics of the water discharge and OH/O adsorption is very
facile in all cases, so that the observed rate of dissolution is
overall relatively low.

Even though more work is required to derive an exact
model for gold dissolution during transient conditions, it is
still possible to consider a scheme that is consistent with the
experimental observations. This tentative microscopic model
(Scheme 1) of transient dissolution of gold includes processes
taking place on the electrode during formation of oxide (a-c)
and its reduction (c-e). As can be seen from the scheme, the
main precursor of dissolved gold ion is the de-passivated ion
formed anodically or cathodically as a result of place-exchange
between O/OH and Au. It seems that the mechanism of the
transient dissolution of gold at low potentials is similar to that

Transient dissolution

Oxidation

Q0000000
Q0000000
00000000

00000000
00000000

Reduction

00000000

Scheme 1 Proposed model of the transient dissolution of gold. For simplicity, gold in all valences is presented as "Au’’ and oxygenated species are shown as 0" (a)
Gold in the double-layer potential range. (b) Reversibly adsorbed O/OH ions on the surface of gold at potentials less than, or close to, ca. +1.3 V. Presence of O/OH
jons on the surface protects gold from dissolution (passivation). Almost at the same potential place-exchange between O/OH and Au ions take place (de-passivation).
After a simple act of the switch between the O/OH and Au ions, the two possibilities of the dissolution of Au and stabilization (re-passivation) are highlighted (c).
During gold reduction, desorption of reversibly adsorbed O/OH causes de-passivation and gold dissolution (d). Reduced roughened surface is shown in (e).
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of other noble metals which are prone to the formation of
passivating oxides, ie. Pt and, to less extent, Rh. Our
observation that dissolution during the negative-going sweep
is the main origin of dissolution, suggests that more exposed
Au ions and thus more dissolution occur during the surface
reduction on those metals.

If the dissolution of gold was entirely driven by place-
exchange in the entire potential region studied, one would
expect a decrease in the dissolution rate approaching zero with
time, regardless of the model the oxide growth follows. While
this situation was indeed observed for platinum,*® gold
dissolves almost at a constant rate at highly positive
potentials. In addition, if dissolution was only due to place-
exchange, one should expect proportionality between the
charge associated with oxide formation and the amount of
gold dissolving. However, for potentials above ca. +1.5 Vryg, it
evolves from Fig. 7b and c that such a relationship does not
exist (note that the dissolution amount is proportional to time
in the log-log scale in Fig. 7b, but the charge corresponding to
the formed oxide is linearly dependent to the time on the
semi-log scale in Fig. 7c). The above observations indicate that
there must be another process besides the place-exchange
which contributes to additional gold corrosion at steady high
potentials.

In a very recent work by the group of Koper® it has been
shown that the oxygen evolved during OER on gold is formed
from oxygen ions in the oxide, the so-called “surface route” or
“oxide route”.®® In this case one might expect a temporal local
loss of passivation of the surface and thus an enhanced metal
dissolution due to the same competition between (i) re-
passivation and (ii) dissolution described above for the effect
of place-exchange. In addition, the authors proposed that
already at a potential as low as +1.54 Vi some oxygen starts
evolving as a result of the formation of Au,0; from AuOOH,
which is well in line with the observation for continuous gold
dissolution starting already at that potential. The contribution
becomes more dominating at higher potentials, when the OER
rate is steadily increasing. It is worth mentioning that in
contrast the enhanced stability of platinum in the OER
region®® may thus be related to the fact that the reaction on
platinum is going through a “solution route”.**

Since the formation of molecular oxygen on gold involves
the participation of gold oxide at higher potentials, gold
dissolution differs compared to other metals. This contribu-
tion of the OER in gold dissolution becomes more significant
with increasing the potential, because the rate of the OER
increases exponentially with potential. Eventually, anodic
dissolution becomes the dominant dissolution process, while
the cathodic dissolution is not significantly enhanced any-
more. A model that can capture the nearly steady-state
dissolution of gold during a constant oxygen evolution rate
is sketched in Scheme 2.

Certainly, it needs to be emphasized that the elucidation of
the exact dissolution mechanism is not straightforward, due to
the uncertain and complex nature of the oxide species as well
as the unresolved mechanism of noble metals passivation.®>®®

This journal is © The Royal Society of Chemistry 2013
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Steady state dissolution

Scheme 2 Proposed model of the steady state dissolution of gold. As in the
Scheme 1, gold in all valences is presented as ""Au’’ and oxygenated species are
shown as “O". (a) Oxidized passivated surface. Due to the logarithmic law of
oxide growth, dissolution of gold is almost negligible at this stage after a
relatively short period of time. (b) Oxygen evolution taking place on the surface
of oxide-covered gold electrode (de-passivation). Formation of O, from surface-
surface and surface-solution oxygens is highlighted. Such de-passivation state of
gold at high anodic potentials is not stable resulting in re-passivation due to the
O/0H adsorption or dissolution. Both processes are presented in (c).

Thus, further research efforts need to be directed towards a
complete and combined investigation of gold oxidation and
corrosion. Also other aspects, as for instance a possible effect
of formation of hydroxyl radicals initiating and/or accelerating
gold dissolution should be included.®®”> Nevertheless, the
proposed models can capture all the experimentally observed
aspects of gold dissolution described in this work. In
summary, the local de-passivation of the surface during oxide
formation/reduction as well as oxygen evolution is determin-
ing transient and steady-state dissolution of gold, respectively.
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