
A
p

S
a

b

a

A
R
R
A
A

K
3
M
O
A
E

1

s
m
p
n
r
i
p
e
s
o

0
d

Electrochimica Acta 56 (2011) 8291– 8298

Contents lists available at ScienceDirect

Electrochimica  Acta

jou rn al hom epa ge: www.elsev ier .com/ locate /e lec tac ta

u  dissolution  during  the  anodic  response  of  short-chain  alkylthiols  with
olycrystalline  Au  electrodes

cott.  R.  Smitha, Eduard  Guerrab,  Stefan  Siemanna, Jeffrey  L.  Shepherda,∗

Department of Chemistry and Biochemistry, Laurentian University, Sudbury, Ontario P3E 2C6, Canada
School of Engineering, Laurentian University, Sudbury, Ontario P3E 2C6, Canada

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 12 May  2011
eceived in revised form 28 June 2011
ccepted 28 June 2011
vailable online 6 July 2011

eywords:
-Mercaptopropionic acid
eso-2,3-dimercaptosuccinic acid
xidative desorption
u dissolution
lectrochemical impedance spectroscopy

a  b  s  t  r  a  c  t

The  electrochemical  characteristics  of polycrystalline  Au  in  LiClO4 electrolyte  solutions  containing  3-
mercaptopropionic  acid  (MPA)  or meso-2,3-dimercaptosuccinic  acid  (DMSA)  were  studied  with  linear
sweep  voltammetry  (LSV)  and  electrochemical  impedance  spectroscopy  (EIS)  over  a  wide  range  of  pos-
itive potentials  vs.  Ag/AgCl.  The  EIS  data  exhibited  linear  capacitive  behaviour  at  0.0  V with  either MPA
or  DMSA  added  directly  to the  electrolyte  suggesting  the  formation  of  an  adsorbed  layer  of  the  alkylthiol
on  the electrode  surface.  Above  this  potential,  a single  well-defined  impedance  loop  appeared  for  elec-
trolyte solutions  containing  DMSA  or MPA,  an observation  indicative  of a charge  transfer  reaction  that
could  be related  to several  processes  including  oxidative  desorption,  oxidation  of  the  alkylthiol,  or  Au
oxidation/dissolution.  To  test  for Au  dissolution,  the  electrode  was  held  at 0.8 V vs. Ag/AgCl  for  12  h  in  elec-
trolytes  containing  MPA  or DMSA  followed  by  surface  analysis  with  Atomic  Force  Microscopy  and  solution
analysis  with  Atomic  Absorption  Spectroscopy.  When  the  electrolyte  contained  MPA,  the  extended  poten-
tial holding  procedure  resulted  in  significant  roughening  of  the  electrode  with  no detectable  quantities
of  Au in  the  electrolyte.  X-ray  photoelectron  spectroscopy  (XPS)  analysis  of  the  Au surface  revealed  an
additional  species  in  the  Au  4f7/2 spectrum  indicating  the  presence  of  an  insoluble  electrochemically  gen-

erated Au(I)–MPA  species.  When  the  electrolyte  contained  DMSA,  the  Au  electrode  appeared  smoother,
56.6  ± 9.6  ppb  of  Au  was  detected  in  the  electrolyte  and  the  XPS  analysis  displayed  a single  species  in the
Au 4f7/2 spectrum  indicative  of  metallic  Au  after  the  potential  holding  procedure.  Both  observations  with
MPA  and  DMSA  support  the  charge  transfer  resistance  to  be  at least  partially  related  to  the  corrosion  of
Au,  but  also  suggest  that an  electrochemically  generated  Au–DMSA  species  is  soluble  and  of  potential
industrial  relevance.
. Introduction

Over the past couple decades, alkylthiols have been intensely
tudied because of their ability to form compact self-assembled
onolayers (SAMs) on noble metals, most notably Au [1].  Their

roperties when adsorbed on Au surfaces have been the focus of
umerous investigations which include those related to corrosion
esistance, lubrication, and also the development of biochem-
cal/chemical sensors [2,3]. Because of their broad use, the
roperties and stability of alkylthiol SAMs on Au have been
xtensively studied and reviewed [4]. From an electrochemical per-

pective, it is well known that alkylthiol SAMs behave differently
ver a wide range of electrode polarizations. Near the potential of

∗ Corresponding author. Tel.: +1 705 675 1151x4387; fax: +1 705 675 4844.
E-mail address: jshepherd@laurentian.ca (J.L. Shepherd).

013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.06.092
© 2011 Elsevier Ltd. All rights reserved.

zero charge (pzc) SAMs are stable but will undergo desorption at
significantly negative or positive potentials.

Reductive desorption of a thiol SAM in a basic electrolyte has
been one of the most common electrochemical methods to char-
acterize and manipulate alkylthiols on Au and the mechanism is
relatively well described [5–8]. In contrast, the oxidative response
of alkylthiol SAMs has remained unclear as the electrochemical
peaks are convoluted and too large to be considered to originate
from a simple one-electron process [9].  Because of this, several
mechanisms have been identified. In the earliest reports, a three
electron mechanism for oxidative desorption was proposed as
described by Eq. (1) [5]:

AuSR + 2H2O → Au(0) + RSO2H + 3e− + 3H+ (1)
Others have identified different desorbed species produced by
the oxidative process including; acids, and/or sulphinates [10]. The
mechanism for the oxidative response of alkylthiols has been fur-
ther studied [11] and found to be dependent on the electrolyte

dx.doi.org/10.1016/j.electacta.2011.06.092
http://www.sciencedirect.com/science/journal/00134686
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onditions. Calvente et al. have calculated that in the presence of
 0.01 M NaOH electrolyte, the oxidative process corresponded to
 twelve electron mechanism [12] while others have reported a
ve-electron process (Eq. (2))  in 0.1 M H2SO4 [13]:

uSR + 3H2O → Au(0) + RSO3
− + 5e− + 6H+ (2)

Moreover, if the applied potentials are significantly positive,
esorption of the alkylthiol can coincide with oxidation of the
u surface [9,14] and/or oxidation of the alkylthiol species itself

2,11,15].
Recently, when applying significantly positive potentials, Mus-

rove et al. noted a visually roughened surface after the oxidative
esorption of a long-chain alkylthiol in a basic (pH = 10) elec-
rolyte [16] pointing to a Au etching event included in the oxidative
rocess. This etching occurred on a much larger scale than pre-
ious reports of potential induced corrosive interaction between
-cysteine and Au which was monitored at the atomic scale with
TM [17]. While it is also known that Au can be etched during
hiol SAM formation under passive conditions from non-dearated
rganic solvents [18], it has been recently proposed that Au oxides
ay  play an important role in the thiol-mediated dissolution pro-

ess [19]. Therefore, the event of Au oxidation may  influence the
xidative desorption of alkylthiol SAMs and refinements might be
ade in order to make dissolution of Au concomitant with its

xidation. This could be industrially relevant if the extraction of
ppreciable amounts of Au can be achieved in oxygen containing
queous electrolytes as opposed to organic solvents.

As previously mentioned, Au etching by alkylthiols has been
ocumented to occur on the atomic scale during SAM forma-
ion from organic solvents. Previous STM and AFM studies have
escribed Au etching/pitting during the passive adsorption of long-
hained alkylthiols in non-aqueous solvents in the presence of
xygen. The focus of these studies pertained to the role of etching
n the substrate morphology during monolayer formation [20–27].
hile some studies have also reported nanogram quantities of

u in the non-aqueous solvent after prolonged periods of SAM
ssembly time [18,22,27],  the extent of Au dissolution is usually
imited and found to be extremely dependent on the type of alkylth-
ol and solvent used during SAM formation [18]. For example,
ondag-Huethorst et al. observed the greatest number of Au pits
nd the largest amount of dissolved Au in solution for SAMs formed
ith short-chained alkylthiols (n = 3) [27]. However, Au corrosion
ay  be enhanced using electrochemical methods. For example,
akkouri et al. used STM to observe the corrosion behaviour dur-

ng the oxidative response of l-cysteine at a polarized Au electrode
17]. In this study, the alkylthiol was dissolved at a low concentra-
ion in a perchlorate electrolyte and the potential of the Au was
wept between −0.42 V and 0.41 V vs. SCE. Because this dissolu-
ion occurred in an aqueous electrolyte, it may  be relevant to an
ndustrial leaching process where alkylthiols may  be used to leach
u with oxygen as the oxidant. Therefore, short-chained alkylth-

ols, some of which are relatively non-toxic and water soluble,
ay  be candidates for implementation in such industrial leach-

ng processes. Thus, further electrochemical characterization of the
xidative response of short-chain alkylthiols with polycrystalline
u electrodes in aqueous electrolytes is needed to better under-
tand the process by which alkylthiols interact with the Au surface,
nd how the Au atoms are leached into the electrolyte solution.

In this study we will characterize polycrystalline Au electrodes
n LiClO4 electrolytes that contain either 3-mercaptopropionic
cid (MPA) or meso-2,3-dimercaptosuccinic acid (DMSA). These
olecules were chosen because they are short-chained, acid ter-

inated thiols for which the solubility will be dependent on

lectrolyte pH. Furthermore, they are similar in structure but DMSA
s a known chelator for heavy metals such as Hg but it has been
nderstudied for the extraction of Au. The electrochemical charac-
a Acta 56 (2011) 8291– 8298

terization will be achieved by employing linear sweep voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS) at anodic
potentials where the alkylthiols may  undergo numerous cycles of
oxidative interaction at the Au surface and potentially induce Au
dissolution.

This investigation is unique from those typically performed on
SAMs in that the electrolyte contains the alkylthiol. Usually, SAMs
are formed externally from the electrochemical cell from ethanolic
solutions [1].  Hence, during typical reductive or oxidative des-
orption studies in an aqueous electrolyte, these SAMs would be
irreversibly desorbed from the Au surface, making the characteriza-
tion of the desorption processes by EIS difficult (due to the extended
time period required for data collection). Because of this, passive
SAMs are generally characterized with EIS in a potential range near
the pzc where the SAM is known to be stable [28] but investigations
have also been conducted at more cathodic potentials as well [29].
More recently, EIS characterization of alkylthiols added directly to
the electrolyte solution have been studied at increasingly more
cathodic potentials to monitor the reductive desorption process
[30]. However, EIS at more anodic potentials with the alkylthiol
present in an aqueous electrolyte has not been extensively studied.
To our knowledge, an EIS investigation to monitor Au corrosion dur-
ing the anodic response of the electrode in an aqueous electrolyte
containing MPA  or DMSA has not been reported to date.

This report has focused on the characterization of a polycrys-
talline Au electrode in a neutral 0.1 M LiClO4 aqueous electrolyte
solution containing either MPA  or DMSA (that has been added
directly to the electrochemical cell) at several anodic potentials.
LSV and EIS were employed to better elucidate the chemical reac-
tions that dominate the metal/solution interface, which may  lead
to an optimization of the overall efficiency of alkylthiol-mediated
Au leaching into aqueous solutions.

2. Experimental

2.1. Materials

Experiments were carried out in a traditional three electrode
glass cell that was  washed in a 50:50 (v/v) mixture of heated sul-
furic and nitric acid (Fisher Scientific) prior to each experiment.
The working electrode consisted of a polycrystalline Au electrode
that was formed from heating the tip of a Au wire (Alfa Aesar,
99.99%, 0.05 cm diam.) to the point of melting. The newly formed
bead (ranging from 0.22 cm2 to 0.23 cm2) was then quenched in
ultrapure water (Barnstead Easypure Rodi, 18.2 M� cm)  and then
introduced into the electrochemical cell. A Ag/AgCl reference elec-
trode (Metrohm), connected to the electrolyte solution through a
salt bridge, and a counter electrode consisting of a Pt wire coiled on
one end were used in all electrochemical measurements. All exper-
iments were conducted at room temperature, pH ∼ 6, with a 0.1 M
LiClO4 (95%, Sigma Aldrich Reagent Grade) electrolyte solution. The
electrolyte was deaerated with argon (Air Liquide, 99.999%), and a
constant flow was maintained over the surface for the remainder
of the experiment to prevent oxygen from re-entering the cell.

2.2. Electrochemical procedure

An Autolab PGSTAT100 potentiostat coupled with a Frequency
Response Analyzer module was used for all electrochemical inves-
tigations. Prior to adding either 3-mercaptopropionic acid (MPA,
Sigma–Aldrich, 99%) or meso-2,3-dimercaptosuccinic acid (DMSA,
Sigma–Aldrich, 97%), the electrolyte cleanliness was  investigated

with cyclic voltammetry (CV) of a freshly flame annealed Au elec-
trode. When a clean and stable CV was  obtained, the desired
alkylthiol was  added directly to the electrolyte solution to achieve
a 10 mM concentration and the solution pH was  then adjusted to
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Fig. 1. LSV at a sweep rate of 5 mV/s of a polycrystalline Au electrode in a 0.1 M
Scott.R. Smith et al. / Electroc

 using a solution of ∼0.1 M KOH (Sigma–Aldrich, 99.99%). The Au
lectrode was allowed to incubate in the electrolyte solution for
0 min  at the open circuit potential to allow the formation of a crude
AM on the Au surface. Linear sweep voltammetry (LSV) investiga-
ions were carried out at a sweep rate of 5 mV/s from 0 V to 1.4 V
s. Ag/AgCl.

EIS measurements were conducted with these same electrolyte
olutions containing the desired alkylthiol by applying a DC poten-
ial at 0.1 V increments between 0 V and 1.4 V vs. Ag/AgCl, with a
uperimposed AC potential signal that ranged between 10 kHz to

 Hz with a rms amplitude of 10 mV.  Prior to each 0.1 V DC incre-
ent, the Au electrode was allowed to incubate in the electrolyte

olution at 0 V for a total of 10 min. All EIS data was evaluated using
 Kramers–Kronig transformation and was found to be stable over
he reported frequencies.

.3. Au surface characterization using AFM, AAS, and XPS

Au surface analysis was accomplished with a Au bead electrode
hat was polished flat with successive grades of diamond suspen-
ion of size 6, 3, and 0.5 �m (LECO) with extensive rinsing between
ach suspension. The newly polished surface was rinsed with water,
ame annealed in the butane flame, and then imaged with a Bruker
ultimode AFM IIID in contact mode. A scan rate of 0.5 Hz com-

ined with 512 samples per line was used to capture all AFM images
t all selected scan sizes. Following imaging, the electrode was  held
t a constant potential of +0.8 V vs. Ag/AgCl in an electrolyte solu-
ion of 0.1 M LiClO4 for 36 h and then imaged again to determine
f any surface roughening had occurred from the electrolyte alone.
his was followed by holding the electrode for another 12 h at a
onstant potential of 0.8 V vs. Ag/AgCl in a 0.1 M LiClO4 containing
ither MPA  or DMSA (10 mM in both cases).

Aliquots of the electrolyte solutions were collected after each
lectrochemical potential holding treatment and analyzed with a
erkin Elmer Atomic Absorption graphite furnace (AAnalyst 600)
or quantification of dissolved Au–thiol species. A 20.0 �L injection
f each aliquot of electrolyte solution collected was mixed inside
he graphite furnace with a 3.0 �L Au modifier consisting of 3.0�g
f Mg(NO3)2 and 5.0 �g of Pd(NO3)2. An AAS Au standard solution
Sigma–Aldrich, 1002 ± 4 mg/L) supplemented with 0.1 M LiClO4
ither in the absence or presence of 10 mM MPA  or 10 mM DMSA
erved as the absorbance calibrant.

A 300 × 700 �m area of the polished Au samples were ana-
yzed by X-ray photoelectron spectroscopy (XPS) at Surface Science

estern (London, ON, Canada) using a Kratos Axis Ultra X-ray pho-
oelectron spectrometer. A pass energy of 160 eV and 10 eV was
mployed in the survey scan and high resolution analysis, respec-
ively. The XPS analysis was performed on four samples including
assive SAMs of MPA  and DMSA, as well as the Au samples treated
lectrochemically in the MPA  and DMSA environment. The samples
ere rinsed before analysis, but not flamed.

. Results and discussion

.1. Anodic LSV characterization of LiClO4 containing alkylthiols

The LSVs for a polycrystalline Au electrode in a 0.10 M LiClO4
lectrolyte solution containing 10 mM of either MPA or DMSA are
isplayed in Fig. 1. In the absence of alkylthiol, a characteristic LSV
f polycrystalline Au is obtained which matches well with that
eported in the literature [14]. The increase in current at positive
otentials (>0.8 V vs. Ag/AgCl) has been previously attributed to

xide formation on the electrode surface, and the onset of oxygen
volution can be observed at sufficiently larger potentials. A dis-
inct difference in the LSV is observed upon the addition of either

PA  or DMSA to the electrolyte solution.
LiClO4 electrolyte solution in the absence (solid line, 25-fold magnification) and
presence of 10 mM MPA (dotted line), or 10 mM DMSA (dashed line).

At a MPA  concentration of 10 mM there is an increase in the
current density beginning at a potential ca.  0.6 V vs. Ag/AgCl, and a
continual increase until it reaches a plateau at ca.  1.0 V vs. Ag/AgCl.
The increase in current density at anodic potentials for passive
alkylthiol SAMs has previously been attributed to oxidative des-
orption of the SAM from the surface [31], and at larger potentials,
a passivation of the Au surface can be observed [19] resulting from
a combination of oxidation of the Au surface [14], oxidation of
the alkylthiol itself [2,11,15], and/or possibly corrosion of Au as
a Au–alkylthiol species [16,18,19].  A similar increase in the current
density is observed upon the addition of DMSA to the perchlorate
solution, albeit not as extensive, perhaps because DMSA forms a
more defective layer on the surface compared to MPA.

From the LSVs shown in Fig. 1, in the absence of MPA and DMSA,
Au oxidation was  observed to occur at potentials >0.8 V vs. Ag/AgCl.
Therefore, the rise in current detected between 0.5 V and 0.8 V vs.
Ag/AgCl in the presence of MPA  and DMSA, may  be the result of a
combination of predominately oxidative desorption of the alkylth-
iol from the surface, oxidation of the alkylthiol in solution, and/or
Au oxidation with possible dissolution of Au atoms.

3.2. EIS characterization of LiClO4 containing alkylthiol

Further analysis of the metal/solution interface was  accom-
plished with EIS using standard equivalent circuits to model the
oxidative process over a range of anodic potentials. EIS should con-
firm the association of the RC equivalent circuit at potentials where
the SAM is stable (0.0 V to <0.5 V vs. Ag/AgCl) as no charge transfer
reactions are expected to occur. The EIS data should also support the
inclusion of an additional charge transfer resistance in the equiva-
lent circuit related to the observed increase in the current density
at potentials >0.5 V vs. Ag/AgCl.

Fig. 2 represents the collected EIS data in Nyquist plots at poten-
tials ranging from 0.0 V to 0.8 V vs. Ag/AgCl for a 0.1 M LiClO4
electrolyte in the absence or presence of 10 mM  MPA  or DMSA.
In the absence of either alkylthiol, at 0.0 V vs. Ag/AgCl (Fig. 2a) the
EIS data displays linear capacitive behaviour. However, in the pres-
ence of a dissolved alkylthiol, the data exhibits a nearly vertical
behaviour attributed to the existence of an adsorbed thiol layer on
the surface. This data fits well with the equivalent circuit displayed
in Fig. 3a, representing a series RC circuit of solution resistance
and interfacial capacitance. SAMs of alkylthiols in this potential
range (commonly termed the double layer region) have often
been characterized by such an equivalent circuit model [29,32–34].
Moreover, the EIS data collected in the absence of alkylthiols

matches well with reports in the literature for a polycrystalline
Au electrode in a similar, non-adsorbing electrolyte solution in the
same potential range [35,36].
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Fig. 2. Nyquist plots collected at (a) 0.0 V (b) 0.2 V (c) 0.4 V (d) 0.6 V and (e) 0.8 V
vs. Ag/AgCl of a 0.1 M LiClO4 electrolyte with either 0 mM alkylthiol (©), 10 mM
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Fig. 3. Electrochemical equivalent circuits used for EIS fitting for the oxidative des-
PA  (�), or 10 mM DMSA (�) dissolved in the electrolyte solution. Inset: magnified
IS data collected at 0.8 V vs. Ag/AgCl. It should be noted that 10 mM DMSA is an
pproximation as the solubility limit is reached in the neutral electrolyte.

The equivalent circuits are used to represent the behaviour of
he metal/solution interface as real resistors and capacitors. In
ig. 3a, Rs represents solution resistance and the CPE (constant
hase element, abbreviated as Q) represents the double layer capac-

tance of the metal/electrolyte interface correcting for a non-ideal
esponse due to effects that arise from surface roughness of the

u electrode [37]. Using these equivalent circuits, several parame-

ers can be extracted by fitting the EIS data to known equations for
esistors and capacitors. For example, the parameter n is extracted
rom fitting Eq. (3) to the EIS data, where Z is the impedance in ˝,  ω
orption of MPA  from Au. Rs represents solution resistance, CPE is the constant phase
element, and Rct denotes the charge transfer resistance.

is the angular frequency (2�f) in radians, j is an imaginary number,
and Yo (Farads) and exponent n are the fitted parameters. Using Eq.
(3), n will give a measure of how well the CPE resembles an ideal
capacitor. The value can range from 0.0 to 1.0, where a value

1
Z

= Yo(jω)n (3)

of 1.0 would suggest the metal/solution interface is behaving as
a real capacitor. The surface of the Au electrode is not perfectly
smooth and therefore will give rise to frequency dispersion across
the surface. Thus, a bare Au electrode will not attain a value of 1.0.
However, when the Au surface is modified with a SAM of an alkylth-
iol, this frequency dispersion is minimized and a value of n close to
1.0 is achievable. The extracted values of n from the collected EIS
data in Fig. 2 are displayed in Table 1.

Using the equivalent circuit in Fig. 3a, the extracted values of n at
0.0 V vs. Ag/AgCl are observed to increase with the addition of MPA
or DMSA in the electrolyte relative to the value of n extracted in
the absence of alkylthiol. It can also be inferred from the data that
MPA  has formed a more compact and less defective layer on the
Au surface as it exhibits a more vertical impedance behaviour, as
well as a higher value of n, compared to DMSA. Therefore, at 0 V vs.
Ag/AgCl, the metal/solution interface resembles an ideal capacitor
when the alkylthiol is present in the electrolyte. From this analysis
it is clear that a densely packed layer of MPA  or DMSA has formed
on the electrode surface.

At 0.2 V vs. Ag/AgCl (Fig. 2b), a comparable linear impedance
behaviour is observed in the absence of alkylthiol and with 10 mM
MPA  (as in the case of 0.0 V vs. Ag/AgCl), again suggesting that MPA
is stable on the Au surface at this potential. The small increase
in the value of n suggests that the layer has become less defec-
tive over the time span of collecting the EIS data. However, in the
presence of DMSA in the electrolyte, the value of n decreases indi-
cating a change in the properties of the metal/solution interface
and the equivalent circuit model must be modified to account for
the appearance of an impedance loop.

This deviation in the trend between unmodified Au and DMSA-
modified Au electrodes indicates that a series RC circuit no longer
best represents the metal/solution interface. The emergence of this
impedance loop occurs at a less positive potential (0.2 V vs. Ag/AgCl)
than the corresponding rise in current seen in Fig. 1b (∼0.5 V vs.
Ag/AgCl), presumably due to the higher sensitivity of EIS to changes
at the metal/solution interface. The equivalent circuit that best fits
the new impedance loop corresponds to the Randles cell shown in
Fig. 3b. In the Randles cell, an added resistance in parallel, termed
Rct, represents a charge transfer resistance, which may account for
a charge transfer reaction like oxidative desorption of the alkylth-
iol, Au corrosion/dissolution, or oxidation of the alkylthiols and/or
the Au surface. While some reports have also noted a potential

induced protonation/deprotonation of carboxylic acid terminate
SAMs [29,30,38],  this occurs at more negative potentials and likely
does not play a role here.
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Table  1
Results of the EIS data fitting for electrolyte solutions containing of MPA  or DMSA with ±1 sd of triplicate experiments. Rs and Rct denote solution resistance and charge
transfer resistance respectively, Yo and n are fitted parameters using Eq. (3).  RQ and R(RQ) represent a series RC circuit and a Randles cell, respectively, with a CPE (Q)
substituted for the capacitor.

V (vs. Ag/AgCl) Alkylthiol Rs (�)  Rct (�) Yo (�F) n Circuit

0.0 0 mM alkylthiol 142.3 ± 14.1 1.99 ± 1.07 0.955 ± 0.017 RQ
10  mM MPA 117.8 ± 0.7 1.23 ± 0.04 0.985 ± 0.012 RQ
10  mM DMSA 101.4 ± 21.7 2.48 ± 0.43 0.973 ± 0.008 RQ

0.2  0 mM alkylthiol 139.7 ± 15.7 1.69 ± 0.60 0.955 ± 0.023 RQ
10  mM MPA  118.7 ± 3.1 1.28 ± 0.04 0.986 ± 0.013 RQ
10  mM DMSA 101.9 ± 14.9 586.1 ± 226.8 2.13 ± 0.07 0.987 ± 0.003 R(RQ)

0.4  0 mM alkylthiol 139.6 ± 16.5 2.12 ± 0.27 0.941 ± 0.013 RQ
10  mM MPA 119.2 ± 3.0 1347.7 ± 266.8 1.46 ± 0.04 0.980 ± 0.012 R(RQ)
10  mM DMSA 102.3 ± 15.0 332.3 ± 28.7 1.76 ± 0.05 0.984 ± 0.001 R(RQ)

0.6  0 mM alkylthiol 138.9 ± 17.7 2.41 ± 0.82 0.940 ± 0.017 RQ
10  mM MPA  119.6 ± 2.9 29.4 ± 6.7 1.75 ± 0.06 0.971 ± 0.007 R(RQ)
10  mM DMSA 104.4 ± 15.6 248.1 ± 85.1 1.29 ± 0.07 0.985 ± 0.005 R(RQ)
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corrosion/dissolution and/or oxidation of the alkylthiols would be
expected to be occurring at this potential. Cross-sectional analy-
sis of the AFM images (represented by the white line in Fig. 5a
and b) are displayed in Fig. 5c and d. From Fig. 5a and c, it is clear
0.8  0 mM alkylthiol 133.9 ± 18.4 

10  mM MPA 113.9 ± 1.7 

10  mM DMSA 109.9 ± 9.7 

The well-defined impedance loop for electrolytes containing
0 mM MPA  occurs at slightly more positive potentials (>0.4 V vs.
g/AgCl) suggesting that MPA  has a larger double layer region
here it is stable on the Au surface relative to DMSA.

Table 1 displays the equivalent circuit model that best fits all of
he corresponding EIS data from Fig. 2 as well as the values of the
xtracted circuit parameters. From these values it can be seen that
t potentials >0.4 V vs. Ag/AgCl with MPA  and >0.2 V vs. Ag/AgCl
ith DMSA, the simple Randles circuit best fits the data, suggest-

ng that a Faradaic reaction is occurring under these conditions.
he value of Rct is observed to decrease with increasing potential,
uggesting that the charge transfer reaction is increasing as the
otential is increased.

The smallest impedance loop in Fig. 2, and therefore the lowest
ct values for both MPA  and DMSA occurred at 0.8 V vs. Ag/AgCl.
owever, at potentials >0.8 V vs. Ag/AgCl (data not shown) the
IS data becomes complicated with the introduction of significant
u-oxide formation on the electrode surface and the greater inter-

erence of possible oxidation of the bulk alkylthiols. The Rct value
as observed to increase at 1.0 V vs. Ag/AgCl (compared to 0.8 V,
ata not shown) suggesting passivation of the Au surface by an
xidized product and a decrease in the Faradaic process. There-
ore, Fig. 2 and Table 1 were restricted to data collected at <1.0 V
s. Ag/AgCl due to the complexity of deciphering the source of Rct

bove this potential. Rct at potentials lower than 0.8 V vs. Ag/AgCl
ay  be related to the oxidative desorption of the alkylthiol from

he electrode surface, oxidation of the alkylthiol molecule present
n the bulk electrolyte, and/or Au dissolution, as discussed earlier.

While Rct has previously been associated with gold dissolution
or systems containing a known Au lixiviant in the electrolyte solu-
ion such as thiourea and thiocyanate [37], our electrodes treated
ith MPA  at positive potentials were visibly matte and were poten-

ially being roughened by the electrochemical procedure. Because
f this, there is possible roughening of the Au electrode surface
fter the EIS measurements. The influence that the change in sur-
ace area may  have on the extracted Rct values was  investigated
urther at 0.8 V vs. Ag/AgCl. For this, Nyquist plots were collected
onsecutively every 8 min  for a total of 12 h where the extracted
alues of Rct with 10 mM MPA  or DMSA in the electrolyte were
lotted against time as shown in Fig. 4. When DMSA was  present

n the electrolyte, Rct remained fairly constant but decayed slightly
ver the first hour. The value of Rct begins at 5.07 k� but remained
onstant over the remaining 12 h near a value of 4.50 k�.  This subtle

ecay may  be attributed to a small change in the surface area of the
lectrode, presumably due to alkylthiol-induced Au corrosion. Con-
rary to this observation, when MPA  was present in the electrolyte,
he Rct value is seen to drop significantly over time, decaying from
4.25 ± 1.85 0.882 ± 0.011 RQ
 ± 0.1 2.91 ± 0.26 0.927 ± 0.003 R(RQ)

 ± 6.7 1.64 ± 0.53 0.963 ± 0.013 R(RQ)

a  value of 3.42 k� to 1.29 k�,  implying that the electrode surface
area was increasing considerably over time. The difference between
the rates of change in the Rct values of MPA  and DMSA suggests that
there is a significant difference between the interaction of MPA  and
DMSA with the surface of the Au electrode at +0.8 V vs. Ag/AgCl.

Further investigations were performed to decipher the interac-
tion of the alkylthiols with the Au surface using AFM, XPS, and AAS.
All of these studies were performed after holding the potential of
the electrode at 0.8 V vs. Ag/AgCl with the alkylthiol dissolved in
the electrolyte. This may  help to better understand what chemi-
cal processes Rct is associated with at potentials below significnat
Au-oxide formation (<1.0 V vs. Ag/AgCl).

3.3. Monitoring of alkylthiol-mediated corrosion of Au with AFM
and AAS

AFM and AAS were employed to monitor the changes in sur-
face of the Au electrode and the extent of the dissolution of Au
as an unknown Au–alkylthiol species, respectively. Fig. 5 displays
the AFM images of a freshly polished Au electrode surface after a
constant potential of +0.8 V vs. Ag/AgCl was applied for (a) 36 h in
0.1 M LiClO4 (control), followed by (b) the additive of 10 mM MPA
and holding the potential for another 12 h. A constant potential of
0.8 V vs. Ag/AgCl was selected because the lowest Rct value was
observed at this potential. Moreover, only oxidative desorption, Au
Fig. 4. Change of Rct shown over time in the collected EIS data at 0.8 V vs. Ag/AgCl
of  a polycrystalline Au electrode in 0.1 M LiClO4 electrolyte with 10 mM of MPA (�)
or 10 mM DMSA (�).
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ig. 5. AFM images, cross sections and their respective three dimensional plots wer
iClO4 solution for 36 h [(a), (c) and (e)], or a 0.1 M LiClO4 solution containing 10 mM

hat the roughening of the surface is limited in the absence of the
lkylthiol. No roughening was expected under these conditions as
ignificant Au-oxide formation was not anticipated to be occur-
ing at this potential. However, after 12 h at 0.8 V vs. Ag/AgCl with
PA  dissolved in the electrolyte solution, the electrode was  clearly

oughened as evident in Fig. 5b and d. The rms roughness values
aken from the cross-sectional analysis of several images collected
t different locations on the Au surface revealed a 6.12 (±1.87) fold
ncrease compared to the rms  roughness value of the polished Au
urface. The three dimensional plots of the AFM images are also
hown in Fig. 5e and f which more clearly reveal a visual increase in
he surface roughness. This increase in roughness could account for
he decrease in Rct during the Nyquist analysis at 0.8 V vs. Ag/AgCl
ince the surface area of the electrode appears to be increasing
ith time. In contrast, the same experiment performed under the

ame conditions but with 10 mM DMSA in the electrolyte (data not
hown) revealed only a very minimal increase in the rms  value cor-
esponding to a 1.07 (±0.02) fold increase compared to the polished
lectrode. This observation is consistent with the constant value of
ct noted in Fig. 4.

The observed roughening of the electrode surface in MPA
ontaining solutions supports the EIS observations that the intro-
uction of Rct in the Randles cell model could be attributed to the
orrosion of Au as well as to the other factors discussed previously.
owever, AAS results of the collected aliquots of the electrolyte

olution, from several separate experiments, after 36 h in 0.1 M
iClO4 and an additional 12 h in a 10 mM MPA  solution resulted
n no detectable quantities of Au species in either solution. While
he lack of dissolved Au species for the 0.1 M LiClO4 electrolyte is

ot surprising, some soluble Au might have been expected if the
bserved surface roughening was the result of a soluble Au–MPA
orrosion species. Upon integrating the measured current vs. time
n after a polished Au electrode had been held at +0.8 V vs. Ag/AgCl in either a 0.1 M
 for 12 h [(b), (d), and (f)].

plot during the potential holding procedure at 0.8 V vs. Ag/AgCl
similar to the method employed by Zhang and Nicol [39], the total
charge yielded a theoretical maximum of ∼66 ppm Au in solu-
tion, assuming a one electron process for our system. This value
is well within the detection limits of AAS but assumes that the total
charge passed during the procedure is completely associated with
the dissolution process. Realistically, the total charge passed would
be attributed to a combination of processes that are simultane-
ously occurring, thus, 66 ppm of Au is an overestimate and suggests
that MPA  oxidation, oxidative desorption of MPA  or Au passiva-
tion/corrosion are the predominate reactions occurring and not Au
dissolution.

When MPA  was  replaced with DMSA in the electrolyte,
56.6 ± 9.6 ppb of Au was detected in the electrolyte, supporting the
observation of the alkylthiol-mediated leaching of Au atoms into
the aqueous solution as a soluble Au–DMSA species. This is a result
similar to what has been observed in the literature for alkylthiols
dissolved in organic solvents such as ethanol and tetrahydrofuran
[18,22,27]. However, as the integrated charge predicted 19 ppm of
DMSA-mediated dissolved Au in solution (theoretical maximum
assuming a one electron process), it can be concluded that relative
to the 56.6 ppb quantified by AAS, Au leaching is not the predomi-
nate charge transfer process at this potential. These results further
suggest that at these positive potentials, MPA  may  be producing
a Au–MPA species that is not soluble in the electrolyte solution
and therefore passivates the metal surface thereby contributing to
the observed roughening in the AFM images. This roughening by
MPA  coincides well with our previous investigation that studied
MPA-induced dissolution of Au [40] in the presence of chloride, a

known Au lixiviant [41,42]. If MPA  is inducing corrosion of the Au
surface, XPS may  be able to distinguish between the Au surface
atoms in different electronic states.
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Table  2
High resolution XPS analysis of polished polycrystalline Au samples after formation
of  an alkylthiol SAM at the open circuit potential in a 0.1 M LiClO4 electrolyte with
10  mM of either (A) MPA  or (B) DMSA, and after an applied constant potential (+0.8 V
vs.  Ag/AgCl for 12 h) with 10 mM of (C) MPA or (D) DMSA.

Sample Atomic %

Au C O S

A 38.9 40.5 17.0 3.6
B  36.1 43.0 13.6 2.1
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Fig. 6. High resolution XPS with peak analysis of a polycrystalline Au electrode after
12  h of a constant potential of +0.8 V vs. Ag/AgCl in a 0.1 M LiClO4 electrolyte solution
C  18.3 52.7 21.5 7.5
D  40.2 45.0 11.2 3.6

.4. XPS surface analysis of the Au electrode

The results of the XPS survey scan of the polished Au electrodes
re displayed in Table 2 depicting the atomic percentage of the
urface constituents located within 7–10 nm of the surface. Con-
rol samples A (MPA passive SAM) and B (DMSA passive SAM)
ere collected on polycrystalline Au electrodes with polished sur-

aces. These substrates were allowed to incubate in the 0.1 M LiClO4
lectrolyte containing 10 mM MPA  or DMSA at the open circuit
otential for 10 min. Samples C (electrochemically treated in MPA)
nd D (electrochemically treated in DMSA) were collected using
imilar electrolytes but a potential of 0.8 V vs. Ag/AgCl was  applied
o the polished Au electrodes for a total of 12 h.

The atomic constituents of the Au surface for Samples A and B
re similar in that they contain primarily Au, as well as carbon, oxy-
en, and sulfur, a finding consistent with a SAM of either alkylthiol.
owever, clear differences arise between sample A and C that are
ot observed between samples B and D. The atomic percentage of
u found in sample C decreased with the applied potential while the
ercentage of carbon, oxygen and sulfur increased, suggesting the
assivation of the surface with an oxidized Au–MPA species that

s not soluble in the aqueous solution. Sample D shows no clear
ndication of change at the surface suggesting that any oxidized
u–DMSA species dissolves into the aqueous solution, as suggested

rom the AFM and AAS results.
Fig. 6 depicts the high-resolution analysis of the Au surface

nd provides further evidence of the surface passivation of Sam-
le C. Samples A, B and D show only a single species (peak) in
he Au 4f7/2 spectrum (Fig. 6a, data for sample D). The peak cen-
ered at 83.92–83.95 eV is characteristic for metallic Au [1].  Sample

 (Fig. 6b) displays an additional peak centered at 84.38 eV (18.2%
otal peak area) which has previously been attributed to a Au(I)
pecies [1,43,44]. This suggests that an oxidized Au(I)–MPA species
s present on the Au surface, and further supports the speculation
hat the Au–MPA species is insoluble and has passivated the surface,
hereas the Au–DMSA species is soluble and has diffused away

rom the Au surface. This may  be related to the chelating ability of
MSA.

DMSA is known to form stable aqueous complexes with toxic
etals, for example Hg and As [45,46]. However, DMSA has been

eported to also form stable aqueous complexes with Au(I) and
u(III) [47]. While the identity of the Au oxidation state of the
u–DMSA complex formed in this investigation is unknown, it can
e expected that the solubility of the resulting product may  be
reatly influenced by the oxidation state of the Au atoms and may
lay a role in the different solubility observations between the MPA
nd DMSA complexes.

. Conclusions
We have reported the electrochemical characteristics of Au in
n electrolyte containing MPA  and DMSA under anodic potentials,
s well as Au corrosion monitored with AFM, AAS and XPS. EIS
with 10 mM of either (A) DMSA or (B) MPA.

was employed to elucidate the chemical reactions that dominate
the oxidative processes at increasingly anodic potentials up to Au-
oxide formation (<1.0 V vs. Ag/AgCl).

Regarding MPA, passive SAMs have been intensely character-
ized in the literature including EIS investigations in the presence
of a one electron redox probe in the different electrolyte solutions
[31,48–50].  These studies were performed at a constant potential
where the MPA  SAM is known to be stable. However, EIS char-
acterization of Au in an electrolyte solution containing MPA  at a
potential above 0.4 V vs. Ag/AgCl revealed a single, well-defined
impedance loop that was  fit to the Randles cell equivalent circuit
model. The fitting of the Randles cell model suggested that the
inclusion of a charge transfer resistance was necessary to account
for the impedance loop. From the EIS observations, Rct was found to
decrease with increasing potential with the alkylthiol present in the
electrolyte and also decrease with time when successive Nyquist
plots were collected.

The Randles cell model and Rct have been used in the past to
account for Au dissolution of different leaching molecules such as
thiourea and thiocyanate [37]. Combined with the visual rough-
ening of the Au electrodes, Rct was speculated to be related to Au
dissolution in the alkylthiol solutions, as well as oxidative desorp-
tion of the alkylthiol from the surface and possibly oxidation of the
alkylthiol in the bulk solution.

AFM monitoring of the Au surface after treatment in 10 mM MPA
(at an applied potential of 0.8 V vs. Ag/AgCl), confirmed roughen-
ing of the Au electrode surface, and supported the assignment of Rct

as being partially related to Au corrosion. However, AAS failed to
detect a Au–MPA species present in the electrolyte solution indi-
cating possible passivation of the surface. XPS results supported
the assignment of the resulting Au(I)–MPA species as insoluble and

passivating the Au surface.

DMSA is an acid-terminated alkylthiol that is structurally dis-
tinct from MPA. Passive SAMs of DMSA have been characterized
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sing voltammetry for their potential use as an electrochemical
ensor for copper ions [51]. In addition, the formation of a DMSA
AM has been examined using EIS at potentials near the pzc (similar
o the studies performed using MPA), where a one electron redox
robe is employed to determine the crystallinity of the SAM [52].
owever, as is the case of MPA, the interaction of electrolytes con-

aining DMSA with Au substrates at larger positive potentials where
u dissolution may  occur has not been characterized using EIS. EIS
f Au in the DMSA electrolyte solution with the potential above
.2 V vs. Ag/AgCl was observed to fit to the Randles cell equivalent
ircuit at less positive potentials compared to MPA  suggesting that
u dissolution may  occur at less positive potentials as well. How-
ver, similar to MPA, the lowest Rct values were observed to occur at
.8 V vs. Ag/AgCl, but Rct was found to decrease slower with respect
o time.

Monitoring of the system containing 10 mM DMSA at 0.8 V vs.
g/AgCl with ex situ AFM revealed significantly less roughening
f the Au electrode, however contrary to MPA, AAS detected 56.6
±9.6) ppb of dissolved Au in solution. Surface analysis by XPS did
ot detect any oxidized Au on the electrode surface suggesting that
he Au–DMSA species was leached into the aqueous solution.

Therefore, from the EIS and AFM/AAS data, it can be concluded
hat MPA  is etching Au from the surface through an anodic interac-
ion and should be occurring at its fastest rate with larger potentials.
owever MPA  and Au maybe forming an insoluble Au(I)–MPA

pecies that could be readsorbing onto the electrode surface and
ontributing to the observed roughening, whereas DMSA is form-
ng a soluble Au–DMSA species that is easily detected in solution by
AS. XPS analysis confirmed that the Au–DMSA species was  solu-
le and consequently leached into the aqueous electrolyte solution
here it could be detected.

Future investigations will include attempts to solubilize the
u–alkylthiol species by adjustments of pH and temperature,
hich may  help in resolving the chemical and mechanistic
ature of the Au–alkylthiol species by separating the overlapping
hemical processes of Au dissolution and oxidative desorption
rom oxidation of the alkylthiol molecules. Other directions
nclude implementing in situ electrochemical AFM which may
llow for monitoring of the dissolution process of Au in real
ime.
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