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ABSTRACT
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ELECTRODES AND OXIDE ORES
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Advisor:
Professor Jacek Lipkowski

This thesis presents electrochemical and SERS studies of the interfacial
interactions of thiosulfate and some related electrolytes with pure gold electrodes and
oxide ores.
In the first study, development of a nanoparticle modified gold electrode is
presented with the first recorded SERS characterization of a hydrophilic self-assembled
monolayer (SAM) of 1-thio-β-D-glucose (TG) adsorbed to a gold surface using
electrochemical surface enhanced Raman spectroscopy (EC-SERS). Gold nanoparticles
were deposited on the gold electrode surface and then subjected to electrochemical
desorption to remove all contaminants. The TG SAM was observed as partially oxidized
in the -0.60 to -0.20 V vs. SCE region with a large retention of water near the gold
surface.
In the second study, SERS spectra of gold nanorods (AuNRs) exposed to
electrolyte solutions of tetrathionate, trithionate, sulfide, the [Au(S2O3)2]3- complex, and
thiosulfate are discussed. The band positions of each species are compared to those
recorded with the thiosulfate electrolyte over an extended period of time. Initially, in a
thiosulfate electrolyte the interfacial region consisted of thiosulfate and the gold-

thiosulfate complex. At longer exposure it was concluded the layer that inhibits gold
dissolution is predominantly sulfides, cyclo-S8, and polysulfide chains.
Using shell-isolated nanoparticles (SHINs), the interaction of thiosulfate with
bulk gold electrodes or oxides ore samples was studied with SERS. A novel analytical
procedure to correct for fluctuations in surface enhancement is presented. The relative
change in the quantity of the [Au(S2O3)2]3- complex, and elemental sulfur bands related to
the passive layer, were found to coincide well with the electrochemically determined gold
leaching rate. Furthermore, the first reported interaction and subsequent removal of
several passive layer constituents from the gold surface by copper and ammonia is
presented. Finally, differences in passive layer growth were observed between untreated
and pressure-oxidation (POX) treated oxide ore samples exposed to the thiosulfate
electrolytes. The passive layer observed of the untreated oxide ore-SHINs-electrolyte
interface was found to contain metal-sulfides and polysulfide chains (

) after

longer exposure. In comparison, the passive layer observed with the POX treated sample
was found to be predominantly metal-sulfides with only a small quantity of polysulfide
chains. The pretreatment process was concluded to destroy or sufficiently inactivate
minerals present in the ore that catalyze thiosulfate decomposition.
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CHAPTER 1

Introduction

1.1

Synopsis and Background
For hundreds of years, gold has been a heavily sought after precious metal for its

high value, desirable luster, long temporal stability, its chemical inertness, thermal and
electrical conductivity, and a wide range of commercial applications [1]. Gold is
commonly found as elemental microscopic particles and most recently has been
predominantly extracted from oxide ores, i.e. ores with low sulfide content, using
cyanidation as the principle extraction technique. The industrial process of leaching gold
from ore using cyanide has drawn considerable concerns regarding the operational safety
and environmental issues surrounding the disposal of spent leaching effluents in tailings
ponds. More recently, the inability to efficiently extract gold from refractory ores, most
particularly preg-robbing ores, has been a major concern as well. Preg-robbing ores
adsorb the gold-cyanide complex and prevent its elution from the ore [1]. Because of
these issues, recent studies have focused mainly on the exploration of thiosulfate as an
alternative, environmentally-friendly complexing ligand to extract gold with similar
kinetics to cyanide. Several publications have suggested that thiosulfate may be a suitable
complexing ligand for leaching gold from these preg-robbing ores [2–4], and would
represent a basis to considerably expand many current gold mines or successfully develop
new mines around the world.
Gold leaching with thiosulfate has very high initial kinetics, but is suggested to be
eventually inhibited by the decomposition of the thiosulfate molecule into several
1

different sulfur species. Like thiosulfate, these by-products adsorb onto the surface of the
gold particles found in the host ore but may remain there for an extended period of time,
blocking reagents from reaching the underlying gold atoms and preventing full recovery
of gold from the ore [5–7]. Therefore, the complexity of the thiosulfate leaching system is
significantly higher relative to cyanide leaching. Because of the enormous economical
impact of successfully developing a gold leaching process employing thiosulfate, Barrick
Gold Corp. has recently attempted to use thiosulfate to leach gold from an oxide ore.
Oxide ores are already commonly mined and successfully employed in a cyanide lixiviant
with a high efficiency. Gold recovery by cyanidation of the oxide ore has been reported
to be quite efficient ~90%, suggesting that the gold atoms are not completely
encapsulated by an inert mineral. Unfortunately, the efficiency with thiosulfate was
observed at ~27%. The likely cause of low gold recovery with thiosulfate was speculated
to be due to passivation of the gold by decomposition products. To improve the
extraction efficiency, further understanding of the interaction between the gold
particulates, the minerals present in the ore, the thiosulfate anions and the many proposed
additives is needed.
During the attempt to study leaching of gold from an oxide ore with thiosulfate,
Barrick Gold Corp. also observed the extraction efficiency to be extremely dependent on
whether the ore was pretreated through a pressure oxidation (POX) process prior to gold
leaching. POX processes are typically employed prior to the gold-cyanidation process to
decompose sulfides, carbonaceous and telluride minerals [1]. These minerals may cause
poor gold recovery by either: (i) encapsulating gold particulates, (ii) consuming large
quantities of reagents, and/or (iii) adsorbing the gold-cyanide complex from solution. If
2

the oxide ore was pretreated in a POX process to oxidize the refractory minerals, the gold
recovery, using the thiosulfate based approach, was observed to be significantly higher.
Therefore, it was suggested that the pretreatment process destroys or inactivates most
gangue minerals present in the oxide ore that may interact with thiosulfate. To the best of
our knowledge, the reported literature to date that has not collectively investigated the
complex interactions between thiosulfate, the different minerals present in oxide ores,
and the gold particles using a methodology that is representative of an industrial leaching
process by encompassing all of the interactions that may exist.
The objective of this project was to develop a novel methodology to investigate
these interactions between the thiosulfate lixiviant, bulk gold surfaces, and complex ore
samples in hopes to better understand the industrial process of gold leaching. Pure gold
electrodes and ore samples were employed separately to study the interactions with a
thiosulfate electrolyte. Spectroscopic techniques were employed to characterize and
identify the species of the passive layer responsible for limiting the gold leaching
kinetics, which are likely formed by thiosulfate oxidation at the mineral surface followed
by adsorption on the gold surfaces. Data obtained through complementary
electrochemical techniques to measure the gold leaching kinetics, as well as the rate of
formation of a passive layer that impedes the leaching kinetics was used for comparison
with the spectroscopic data. By studying the interaction of thiosulfate with gold and the
oxide ores, it was believed that clarification into the reason(s) for increased thiosulfate
oxidation could be determined in hopes of developing a plausible technique or
methodology for mitigating these effects and increasing the gold leaching kinetics as
efficiently and profitably as possible. It remains unknown what interaction(s) are
3

responsible for the lower than expected gold recovery observed using thiosulfate and any
study that explains these questions would be beneficial in furthering the understanding of
thiosulfate leaching of gold in the presence of different minerals in an industrial
operation. Potential lixiviant additives that have been previously identified in the
literature to enhance gold leaching were investigated with spectroscopic techniques for
the first time in order to comparatively determine the role of each additive in the growth
and/or removal of the passive layer.

1.2

Objectives and Rationale
The desired long term objective of this work was to develop a unique and novel

methodology to achieve a thorough understanding of the complex beneficial and/or
detrimental interactions that exist between the gold particulates, the oxide ore, and the
chemical reagents that comprise the lixiviant solution. Through this work, it was expected
that the following objectives would be accomplished:
1. Development of a simple and novel gold electrode, free of convoluting
background Raman bands, capable of supporting in situ electrochemical surface
enhanced Raman spectroscopy (EC-SERS) studies needed to characterize the
interfacial stability of a range of desired adsorbates and pure electrolytes under
typical gold leaching conditions. It was expected that the identified band
positions, shape, and relative intensities of the investigated adsorbates on gold
electrodes would aid in further studies of identifying species from complex mixed
films typically observed in gold-thiosulfate systems.
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2. The second objective was to attend Xiamen University in Xiamen, China as a
visiting student under the supervision of professor Zhong-Qun Tian, for
collaboration to learn, develop, and refine the skills necessary for the analytical
technique titled shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS). Use of SHINERS to study the gold-thiosulfate system aimed to
quantitatively characterize the behaviour of thiosulfate with a bulk gold electrode.
With SHINERS it was believed that the changes in the relative spectral intensities
observed in the recorded spectra would solely result from changes in the
concentration of each species at the gold-electrolyte interface and not a result of
changes in the substrate morphology which has plagued many of the previous
SERS studies.
3. The interfacial role of different additives on improving the gold extraction
efficiency and leaching kinetics with different additives was also investigated
with SERS and complemented with independently recorded electrochemical
measurements. The stability of the passive layer formed on a bulk gold surface at
extended exposure to a thiosulfate lixiviant was probed upon the addition of Cu2+
and ammonia to the lixiviant. Further implementation of the SHINERS based
methodology was conducted to investigate the behaviour of the thiosulfate
lixiviant in the presence of oxide ores. Attempts to further understand which
particular minerals present in the oxide ore are problematic, in terms of reacting
with thiosulfate and responsible for suppressing the gold recovery efficiency
would aid in future endeavors to mitigate these effects in an industrial setting.
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1.3

Brief Outlook
Upon achieving a thorough understanding of the interactions that may exist

between the gold particles, the oxide ore samples, and the thiosulfate lixiviant there is a
high potential for the gold industry, and in particular Barrick Gold Corp., to develop an
environmentally-friendly industrial leaching process involving a thiosulfate lixiviant. The
added benefit that may result where thiosulfate may be applicable for leaching gold from
ore that contains high quantities of refractory minerals that are difficult to leach gold with
a cyanide lixiviant could translate into significant economic benefits for the gold and
Canadian industry. With an industrial scale operation employing thiosulfate, the gold
industry can look to extend the thiosulfate leaching process to include known gold
deposits that are high in refractory minerals and have therefore remained untouched with
potentially economical significance.

1.4

Scope of Thesis
This thesis has been organized into 11 chapters, where chapter 1 introduces the

rationale and overall objections that motivate the thesis. Chapter 2 summarizes the gold
hydrometallurgical process, with a focus on pressure oxidation pretreatment and several
gold leaching methods. Also included is a review of the relevant literature with a focus on
the chemical and physical parameters of the gold leaching process. More specifically, a
theoretical overview of the electrochemical and Raman spectroscopic techniques are
discussed in chapters 3 and 4, respectively. An introduction into the formation of the
electric double layer, electrode potentials, kinetics of electrochemical reactions, and the
fundamentals of basic electrochemical techniques used to manipulate and characterize the
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metal-solution interface are discussed in chapter 3. Chapter 4 is a summary of the theory
behind Raman scattering of photons, applied methods for achieving surface enhancement,
and a theoretical description of spectral analysis with generalized two-dimensional crosscorrelation spectroscopy. Chapter 5 describes the materials, experimental setup and
instrumentation for each analytical technique employed.
Chapters 6 through 10 present research organized in the form of either a journal
manuscript as readied for journal submission, or summarizes a journal article that has
been previously published and attached directly afterwards for reference. The published
article discussing the development of a novel electrode designed to achieve maximum
surface enhancement during characterization with Raman spectroscopy without
convoluting background peaks is presented using 1-thio-β-D-glucose as a test molecule in
Chapter 6. Chapter 7 discusses the published journal article on the stability
characterization of a range of pure electrolytes in typical gold leaching conditions with
surface enhanced Raman spectroscopy using arrays of gold nanorods. Chapter 8
summarizes the published paper discussing the first implementation of shell-isolated
nanoparticles for characterizing the thiosulfate gold leaching reaction with a bulk gold
electrode and quantitatively tracking the changes of several species present at the goldelectrolyte interface. Using this procedure, Chapter 9, in the form of a manuscript
intended for submission for publication, investigates the interaction of copper and
ammonia with the passive layer that forms on the gold surface in the presence of the
thiosulfate lixiviant. The identified interfacial species are compared with electrochemical
measurements of the rate of gold dissolution. Finally, Chapter 10 uses shell-isolated
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nanoparticle-enhanced Raman spectroscopy to probe the interfacial interactions between
oxide ore samples received from Barrick Gold Corporation and a thiosulfate electrolyte.
Finally, Chapter 11 summarizes the overall results obtained throughout this thesis.
The possible impact of the information gathered for the gold mining industry and future
directions are also discussed.
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CHAPTER 2

Background and Literature Review

In the past, gold had been typically found as large elemental nuggets in naturally
occurring placer deposits [1]. As these deposits continued to be exhausted physical
separation techniques, such as gold panning and others, were developed to collect
successively finer grains of gold from these placer deposits. With the emergence of
successful underground mining techniques, gold began to be profitable mined from
deposits very deep below the Earth's surface. However, within the last one hundred years,
more sophisticated techniques, i.e. cyanidation and mercury amalgamation, have been
developed out of a need to extract small quantities of gold and other precious metals from
large volumes of complex ores. The most commonly employed modern process is the
hydrometallurgical process, which typically involves leaching and separation of the
desired metals from the host ore using a lixiviant solution, i.e. an aqueous solution
containing an oxidant, a complexing ligand, and other desirable additives. Several
modern aspects to the industrial hydrometallurgical process of gold extraction from its
host ore are discussed below.

2.1

Fundamentals of the Hydrometallurgical Process of Gold Extraction
The current hydrometallurgical process of gold extraction from its host ore

involves several crucial steps that are designed to achieve maximal gold extraction
efficiency while minimizing the capital input. However, the operational costs and overall
extraction efficiency can be dependent on many important factors prior to the ore
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beginning the hydrometallurgical process. Underground mining and transportation of the
host ore can be a very energy intensive process, driving the operational costs extremely
high. Currently, reducing these costs consist of either processing the ore on site to reduce
transportation cost, or employing large scale gravitational techniques to concentrate the
gold particles prior to shipping the ore for hydrometallurgical processing. Other energy
intensive processes are often needed as well, like ore milling which involves crushing the
ore into extremely fine particulates, micron to sub-micron in size, so that all of the gold
becomes liberated and free to interact with the lixiviant solution [1]. Once the ore has
reached the hydrometallurgical extraction process, there are several stages needed to
overcome common issues and concerns that may arise and prevent the cost of processing
the gold from climbing any further.
2.1.1

The Hydrometallurgical Process Overview
The simplified hydrometallurgical process can be divided into six main stages that

are needed to achieve high gold extraction efficiencies, see Figure 2.1. The six stages
include; pretreatment, leaching, purification and concentration, recovery, refining, and
effluent treatment [1]. When a profitable ore deposit is discovered, the industry will mine
the gold containing ore, concentrate the gold through gravitational separation techniques,
and transport it to the nearest hydrometallurgical plant capable of processing the precious
metals.
After transportation and sufficient milling, chemical pretreatment of the ore is
commonly employed as the first stage of the extraction process as it is needed to render
any refractory minerals that may lower the extraction efficiency inert, decompose gangue
minerals that may encapsulate the gold particulates which prevents interaction with the
10

Figure 2.1: Generalized flow diagram (left) and the principle reactions (right) that
are involved at each stage of the hydrometallurgical process of gold extraction,
modified from [1,2].
lixiviant solution, or adjust the pH prior to leaching [1]. High pressures, temperatures,
and/or oxidant concentrations are typically employed in large industrial sized tanks. Once
all of the refractory minerals become inactivated or destroyed, the ore is subjected to the
lixiviant solution in order extract the gold and other desirable elements into solution,
where they can be eluted from the ore and collected for further processing. Purification
and concentration is commonly accomplished using activated carbon or ion exchange
resins to adsorb the dissolved metal complexes from solution and separate them from the
lixiviant solution. The lixiviant solution can then be recycled back into the leaching stage
to save costs. Desorption of the metal complexes from the resin into a fresh solution is
typically controlled with pH, where selective precipitation or electrowinning can then be
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used to collect the solid metals. Further refining techniques to increase the metal purity,
for example, hydrorefining or electrorefining, may be employed depending on the
intended commercial use of each of the collected metals [1]. All of the collected waste
solutions and unwanted ore are often pumped into very large tailings ponds which are
continually monitored and treated appropriately to reduce any environmental impact.
Obtaining more metals than just gold can increase the profitability of the
hydrometallurgical process considerably. Therefore, it is often desirable that the lixiviant
solution dissolve several precious metals since recovery and refining techniques are quite
successful at further separating different metals from one another [1]. However, the
efficiency and applicability is dependent on the type of minerals present in the ore, the
lixiviant reagents that are employed, and the POX pretreatment process, which will be
discussed more in depth next.
2.1.2

Pressure-Oxidation (POX) Pretreatment Process
While milling techniques can be utilized to control many parameters, i.e. particle

size, shape, and liberation of large gold grains, the overall gold extraction efficiency can
be dependent on a number of other important considerations. For example, inclusions of
very fine gold particles in larger mineral grains, reactivity of the minerals present with
lixiviant reagents, and galvanic coupling between gold and nearby minerals. Oxide ores,
which mainly consist of silicates and a varying combination of phosphates, carbons (e.g.
hydrocarbons, humic acids, and/or elemental carbon), carbonates, sulfates, iron oxides,
and small amounts of sulfides, are one of the most commonly mined ores in North
America due to their relative abundance and the ease by which gold extraction occurs
through cyanidation [1]. Gold is often found in oxide ores as elemental microscopic
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particles in a range of conditions and must be physically liberated to ensure all gold can
interact with the lixiviant solution and is extracted during leaching [3]. Some reactive
minerals can be particularly problematic with either cyanide (e.g. carbonaceous and
copper bearing ores), or thiosulfate (e.g. pyrite and chalcopyrite), based leaching systems
as they consume immense quantities of the reagents [3]. Furthermore, during the leaching
stage some of these reacted minerals or reagents will adsorb and form an inhibitory layer
on the gold surfaces, thereby preventing lixiviant interaction and lowering the gold
extraction efficiency. Finally, carbonaceous matter is capable of adsorbing the aqueous
gold-cyanide complex and preventing separation of the gold from the ore [1,3].
Therefore, destruction, passivation, or dissolution of these problematic minerals
through chemical means is often required prior to the leaching stage to ensure full
extraction of gold from the host ore. Figure 2.2 illustrates typical inclusions of gold
particulates commonly found in sulfide minerals as a simple example but are common in
a wide range of other minerals as well. Gold can often be liberated by milling techniques
if large gold grains or inclusions are encapsulated in the sulfide minerals, as depicted in
Figure 2.2A and 2.2B [1]. However, POX pretreatment of the ore is often applied if the
desired gold grains are completely encapsulated in the sulfide minerals, which are
problematic with conventional cyanide leaching systems, or if fine gold grains cannot be
efficiently liberated by milling alone, such as those depicted in Figure 2.2C - 2.2F.
Increased pressure, temperature and oxidant concentration may all be varied in an attempt
to either; (a) dissolve or inactivate particular minerals and expose the inaccessible gold,
and/or (b) passivate mineral surfaces to prevent lixiviant interaction [1]. Temperatures of
approximately 40 - 60°C [4], and a number of different oxidants have been proposed to
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be effective depending on the intended experimental conditions or the target minerals.
Some common oxidants include; ozone (O3), hypochlorite (ClO-), permanganate,
(MnO4-), perchlorate (ClO4-), chlorate (ClO3-), and oxygen (O2) [1].

Figure 2.2: Depiction of typical types of gold deportment in sulfide minerals,
modified from [1].
Not all minerals are problematic, it has been shown in previous studies that a gold
electrode immersed in an ore slurry to study the gold leaching behaviour were
underreporting the galvanic contributions that exist [5]. Galvanic interactions arise due to
permanent electrical contact between the mineral and gold particulates that exist in the
industrial leaching operations [1,6]. These galvanic interactions were shown to enhance
gold dissolution when the open circuit potential of gold is less than that of the mineral,
i.e. EOCP (Au) < EOCP (mineral), which is often the case for minerals like pyrite and
chalcopyrite in cyanide based leaching systems [5]. When this situation occurs, reduction
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Figure 2.3: Illustration of galvanic interactions between gold particulates and
neighbouring minerals in a cyanide-oxygen based lixiviant, modified from [5]
of the oxidant is thermodynamically favoured to occur on the mineral surface and the
gold atoms that are in electrical contact become oxidized. The cyanide molecules will
complex the oxidized gold atoms as schematically depicted in Figure 2.3. Whereas
minerals that were observed to impede gold dissolution through galvanic interactions,
when EOCP (Au) > EOCP (mineral), included sphalerite, chalcocite, and stibnite, which
suggests that oxidation of the gold atoms is less favoured [5]. Liu and Yen observed
similar behaviour in a cyanide based leaching study where an increased gold dissolution
rate was reported with sulphide minerals like pentlandite, chalcopyrite, pyrrhotite,
sphalerite, molybdenite, arsenopyrite and pyrite [7]. However, decreased dissolution rates
were observed with minerals such as; galena, stibnite and chalcocite. Aghamirian and
Yen reported better dissolution rates with galvanic coupling between gold and minerals
such as galena, pyrite, and pyrrhotite, but noticed decreased dissolution in the presence of
chalcocite and chalcopyrite [6]. Due to the observed discrepancies reported in the
literature, it is therefore extremely important to understand the mineral composition of
15

the ore in order to determine the best pretreatment process in order to ensure optimal
leaching efficiency.
2.1.3

Principles of Gold Leaching
The oxidation and subsequent complexation/dissolution of elemental gold with

cyanide, Equation 2.1, is a thermodynamically favoured reaction when employing the
reduction of dissolved oxygen to hydroxide as the oxidant, Equation 2.2 [1,8].
;

E0 = 0.67 V vs. SHE

(EQ 2.1)

;

E0 = 0.40 V vs. SHE

(EQ 2.2)

In heterogeneous systems like the hydrometallurgical process of gold leaching, the
kinetics of gold dissolution may be governed by several intermediate reactions. The
principle of gold leaching follows five typical electrochemical steps: mass transfer of
reactants to the surface, surface adsorption, chemical reaction and charge transfer at the
surface, desorption and/or stabilization, and mass transfer of products into the bulk
solution [9,10]. Each of these intermediate steps may dictate the rate at which gold
dissolution occurs. These reactions are driven by three types of mass transport of ionic
and/or molecular species across the interfacial region which include; (a) diffusion as a
result of a concentration gradient, (b) migration from an electrostatic gradient, and (c)
convection resulting from active stirring or agitation of the solution [10].
Diffusion is often the rate determining step in industrial hydrometallurgical
processes and therefore becomes rate determining parameter that controls the kinetics of
the electrochemical dissolution of gold [1]. Many issues and impediments that arise
during gold leaching stem from decomposition of the reagents or products with other
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species/minerals present within the system. The decreased concentration of reagents will
drastically affect the concentration gradient that drives the gold dissolution reaction.
Furthermore the presence of unwanted side reactions will affect the mass transport of the
reagents/products across the interfacial region inhibiting the dissolution kinetics.
Selection of appropriate lixiviant reagents and optimized operating parameters is essential
in maximizing gold extraction efficiency but is only possible through vigorous research
and development of all possible interactions that may occur. The next section is devoted
to summarizing some of the proposed lixiviants that have been reported in the literature.

2.2

Chemistry of Gold Leaching
The principles of gold leaching remain fairly consistent regardless of the type of

oxidant and complexing ligand employed but are strictly managed to remain under
diffusion control. Therefore, many aspects which govern the rate of diffusion of aqueous
species, i.e. pH, temperature, solubility, etc., often vary considerably depending on the
type of reagents that are employed. Cyanidation has become the predominant method of
gold leaching due to its ability to achieve high extraction efficiencies with relatively high
kinetics. Therefore, it is often considered the standard for development of alternative
leaching systems which will be discussed below.
2.2.1

The Cyanide Leaching System
The overall reaction of gold with cyanide is simplified from Equations 2.1 and 2.2

into the following spontaneous electrochemical reaction,

V vs. SHE [1]:
(EQ 2.3)
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The stability constant,

, of the gold-cyanide complex in aqueous solutions has been

reported by Senanayake to be approximately 38.3 suggesting the cyanide has a strong
affinity for the oxidized gold atoms [11].
The mechanism of the electrochemical surface reaction of gold with cyanide has
been suggested by Zamborini and Crooks to be broken into three main steps [12]. The
first step involves the adsorption of the first cyanide molecule to the gold surface,
followed by the one electron oxidation of the gold atom, and finally the complexation
with the second cyanide molecule and subsequent dissolution into the aqueous solvent.
Wadsworth et al. have suggested that gold dissolution in this manner occurs at the highest
kinetic rates from crystalline step edges [13]. A very basic lixiviant is needed for
Equation 2.3 to prevent cyanide becoming volatile at pH < 8.0 [1]. Many safety
monitoring and adjustment systems are often needed to ensure the safety of nearby
workers and to optimize the gold leaching kinetics. Optimal leaching in alkaline
conditions, pH ~ 10.5, is generally considered to occur at room temperature or slightly
above due to the greater solubility of dissolved oxygen, which decreases as temperature
rises [1].
The rate at which the gold dissolution reaction proceeds, RAu, is often reported
through monitoring the change in mass of a bulk gold electrode with time, dm/dt,
immersed in a cyanide solution, according to Equation 2.4, where M and A are the
relative atomic weight of gold and area of the exposed electrode, respectively [4].

(EQ 2.4)
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Employing a quartz crystal microbalance (QCM), Jeffrey et al. monitored the rate of
mass loss with time of a pure gold electrode in a 5 mM CN- electrolyte (air saturated) to
be approximately 1 μmol m-2 s-1 [4]. The gold dissolution rate was observed to be
dependent on the dissolved oxygen concentration, as well as the presence of silver atoms
mixed in the solid gold electrode. Jeffrey et al. also reported a 40 times increase in RAu
with a 5% silver impurity in the gold electrode which they claimed was more
representative of gold dissolution in industrial samples [4]. It is likely that the presence of
silver enhances gold dissolution through galvanic interactions as oxygen reduction is
favoured on silver relative to gold.
The cyanide based leaching system has enjoyed many years as a profitable
process due to its simple, reliable chemistry and excellent gold dissolution kinetics. The
ability of cyanide to not only leach gold, but silver, copper, iron and many other metals
simultaneously has driven the overall profitability of the process considerably higher.
Unfortunately, the continued exploitation of gold resources that are best coupled with
cyanide leaching has fueled the development of an alternative lixiviant.
Cyanide is well known to bind to the iron containing protein cytochrome C
oxidase, where it inhibits cellular respiration at very low concentrations. Therefore, there
are significant safety concerns for workers and the surrounding ecosystems. Wildlife are
naturally attracted to cyanide tailings ponds as a source of water as they are designed to
have high surface area with minimal depth to increase cyanide release into the
atmosphere. Often however, metal-cyanide complexes may remain in the tailings ponds
and become ingested, most commonly by migrating birds, where the cyanide becomes
liberated in the acidic gut of the animal. Furthermore, release of large quantities of
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untreated tailings has led to several severe environmental disasters due to poor tailings
management. Therefore, from a safety and environmental view there is a strong need for
environmentally-friendly alternative lixiviants to cyanide.
Many alternatives, such as chloride, thiosulfate, thiourea, and thiocyanate, have
been previously suggested as possible replacements for cyanide as a gold complexing
ligand with varying degrees of success. Their applicability in leaching gold in an
industrial setting primarily depends on their relative toxicity, their environmental impact,
and their ability to leach gold from refractory ores. However, the optimal leaching
parameters vary considerably relative to each suggested ligand and must take into
account the interactions that may exist between the reagents, the gold particulates, and
the many different types of minerals that may be present.
2.2.2

The Chloride Leaching System
Chloride complexation with gold has been well reported in the literature for many

years, where four chloride atoms will complex with a single gold atom, Equation 2.5, to
spontaneously produce a soluble square planar tetrachloroaurate complex [1].
;

V vs. SHE

(EQ 2.5)

Similar to cyanide, the reported mechanism begins with chloride adsorption to the gold
surface, followed by further complexation and dissolution [1]. However, unlike cyanide,
the Au(III) state is preferred as the linear Au(I)-chloride complex is relatively unstable in
comparison. The kinetics of gold dissolution mediated by chloride was reported by
Jeffrey et al. to be significantly higher, ca. 14 times, relative to cyanide [4].
Unfortunately, poor selectivity for just precious metals, adsorption of the gold-chloride
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complex on silicate minerals, and high corrosion of supporting structures has restricted
implementation of chloride as the primary gold lixiviant. The chloride leaching system
has been very successful as a secondary gold purification processes, i.e. electro-refining,
where very high gold purities are desired [1].
2.2.3

The Thiosulfate-Ammonia-Copper Leaching System
Many sulfur containing ligands, for example thiosulfate, thiourea, and thiocyanate

have been recently investigated as they readily bind to gold through strong covalent
bonds. The main drawback of thiourea is a result of its classification as a carcinogen and
that it suffers from high reagent consumption [14–17]. Thiocyanate also readily degrades
to cyanide which results in costly safety and operational monitoring and it forms an
insoluble silver-thiocyanate complex which reduces profitability [1]. Lastly thiocyanate
suffers from much slower kinetics relative to cyanide [18]. However, thiocyanate has
been proposed to be a successful additive to the thiourea leaching system resulting in
synergistic effects [16,17]. Most recent research and development studies have focused
mainly on the exploration of thiosulfate as an alternative, environmentally-friendly
complexing ligand to selectively leach gold with similar kinetics to cyanide. Several
publications have suggested that thiosulfate may be a suitable complexing ligand for
leaching gold from preg-robbing ores that have high quantities of carbonaceous matter
which is problematic with cyanide [3,19,20]. Furthermore, thiosulfate has a lower
toxicity (> 2500 mg kg-1, ORL-RATLD50) relative to cyanide (6.4 mg kg-1) suggesting
greater worker safety and less environmental concern.
The overall thiosulfate leaching process, with dissolved oxygen as the supporting
oxidant (see Equation 2.6), is the combination of the reduction of dissolved oxygen to
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hydroxide and the oxidation of Au to Au(I) in the presence of two thiosulfate molecules
[1].
(EQ 2.6)
From a thermodynamic perspective, the dissolution of gold in the presence of thiosulfate
and oxygen is favourable to proceed spontaneously, i.e. ΔG0 < 0, to form the stable goldthiosulfate complex,

V vs. SHE.

Gold leaching with thiosulfate has very high initial kinetics, but is eventually
inhibited by the decomposition of thiosulfate which may remain adsorbed onto the gold
particles found in the ore, blocking the lixiviant reagents from reaching the gold atoms
and preventing full recovery of gold [21–23]. Because of the enormous economical
impact of successfully developing a gold leaching process employing thiosulfate, the gold
industry (namely Barrick Gold Corporation) has recently attempted to leach gold from an
already available oxide ore, which they commonly mine and successfully employ a
cyanide lixiviant to leach the gold.
Previous research of the thiosulfate leaching system has used a wide range of
techniques, for example; Raman spectroscopy [24,25], atomic absorption spectroscopy
[26,27], chromatography [28], electrochemistry [29,30], and others [31]. Several of these
investigations have suggested thiosulfate oxidation into many different species in solution
and on the gold surface under typical gold leaching conditions as the predominant
problem with the gold leaching process. For example, depending on the investigative
conditions, thiosulfate has been previously proposed to be oxidized into tetrathionate
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(Equation 2.7), and/or disproportionate into sulfite and sulfide shown in Equation 2.8 and
2.9 respectively [19].
(EQ 2.7)

(EQ 2.8)

(EQ 2.9)
Decomposition of tetrathionate reported in the literature into trithionate and thiosulfate
has been observed to occur (Equation 2.10), as well as trithionate decomposition into
thiosulfate and sulfite (Equation 2.11) [28,31,32].
(EQ 2.10)

(EQ 2.11)

However, Equation 2.10 and 2.11 were developed for solution studies, but the interfacial
decomposition of tetrathionate and trithionate should be expected to be significantly
different. Unfortunately there are few studies that have characterized the gold-electrolyte
interface in the presence of these species.
Identification and characterization of the surface species adsorbed on an electrode
surface has been accomplished with the increased sensitivity of surface enhanced Raman
spectroscopy (SERS) for a wide range of applications and adsorbates [33]. Each
polarizable bond located at the gold surface will give rise to a unique vibrational band,
for example, the Au-S vibrational band has been observed at 287 cm-1 [21]. Characteristic
vibrational bands of solution species may also be probed through normal Raman
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spectroscopy, such as thiosulfate in solution, vs(S-O) and vs(S-S), are observed at 1000
cm-1 and 446 cm-1, respectively, but can be expected to shift slightly once adsorbed onto
the gold surface [21,25]. As discussed earlier, thiosulfate is known to decompose and
produce surface passivating species like tetrathionate (S4O62-), trithionate (SO32-), and
sulfate (SO42-). Identification of each may be possible using their own unique vibrational
bands shown in Table 2.1 [21,25]. Changes in the spectral intensity of each vibrational
band in the SERS spectra are directly correlated with the quantity of each species present
at the surface and may be observed to either increase or decrease throughout the gold
leaching investigation. Furthermore, the position of each unique band observed serves as
a marker to identify which species are adsorbed on the electrode surface and therefore
can be employed to correlate to which species are passivating the surface and inhibiting
gold leaching, and whether the mineral present is beneficial or detrimental to gold
leaching.
However, studying the behaviour of interfacial species using the leaching solution
dissolves the nanostructures designed to achieve optimal surface enhancement in SERS
investigations causing a loss of sensitivity with time and preventing thorough
investigations of the passivating species over extended time scales. For example, Watling
et al. used electrochemically roughened gold substrates to identify the interfacial species
with SERS in thiosulfate solutions [34]. Due to the high gold dissolution kinetics,
characterization of the gold surface was limited to very short leaching times (ca. 15 min).
Other possible species that may be present in typical leaching investigations may
include cyclo-S8, and/or polysulfide chains (

) which may be formed through
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electrochemical oxidation of sulfide and subsequent polymerization. Cyclo-S8 can be
easily characterized through the presence of three typical bands, i.e. δas(SSS), δs(SSS),
Table 2.1: Summary of Raman vibrational bands for common sulfur oxyanions
dissolved in an aqueous solution [21].
Sulfur oxyanion

vs(S-O) (cm-1)

vs(S-S) (cm-1)

Thiosulfate

1000

446

[Au(S2O3)2]3-

1019

419

Tetrathionate

1040

387

Trithionate

1052

420

Sulfate

983

-

and vs(SS), positioned at 152, 218, and 474 cm-1, respectively. These bands are
commonly characterized by a typical full width half maximum (FWHM) of
approximately 13 cm-1 [21,32,34–43]. Chains of polymeric sulfur typically possess one
broad band positioned ca. 459 cm-1 [21,34–36,39,42,43]. In a wide range of experimental
conditions, previous research has shown that amines and other good nucleophiles, i.e.
cyanide, phosphines, carbanions, etc., can cause spontaneous ring opening of cyclo-S8
forming polysulfides which can then undergo further attack via S-S bond cleavage,
thereby causing complete degradation. The decreased S-S bond strength observed in
polysulfides, which is approximately 2.4 kJ mol-1 less than cyclo-S8, is consistent with
experimental observation of polysulfides being more susceptible to nucleophilic attack
and degradation relative to cyclo-S8. Therefore, it is expected that S8 ring opening may be
the rate determining step [44]. From these observations it could be hypothesized that
additives like ammonia, and other beneficial additives under typical gold leaching
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conditions may be observed to chemically interact with the elemental sulfur layer that has
been previously observed to form at the gold-electrolyte interface.
Fortunately, many reports have already investigated the potential of several
lixiviant additives to increase the gold extraction efficiency during thiosulfate based
leaching systems. For example, redox couples (i.e. Cu2+/1+), amines [45], phosphines,
thiols, carbanions, ethylenediaminetetraacetic acid, and other species have been
suggested to improve the extraction efficiency of gold [19,22,24,46–48]. The copper
redox couple has been suggested as a better oxidant relative to dissolved oxygen due to
increased solubility and mass transport to the gold surface in typical leaching conditions
[1]. The Cu(II) added to the lixiviant has been observed to increase the oxidation of the
gold atoms, thereby increasing the overall leaching kinetics [9,46]. The simplified
leaching process, with copper as the supporting oxidant, is the combination of the
electrochemical reduction of Cu(II) to Cu(I) and the oxidation of Au(0) to Au(I), in the
presence of thiosulfate, is describe by [4]:
(EQ 2.14)

Amines, specifically ammonia (pKa = 9.24), have been suggested to assist in
thiosulfate gold dissolution and transport of gold atoms into the bulk electrolyte
according to [52]:
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Ammonia has also been reported to improve the stability of Cu2+ in aqueous solutions
and limiting the oxidation of thiosulfate [4, 21, 51]. In the presence of copper and
ammonia, gold oxidation and subsequent dissolution in the thiosulfate leaching system is
speculated to occur via reduction of the copper(II) tetraammonia complex coupled with
the exchange of two ammonia ligands to form a gold(I)-ammonia complex as described
by [45, 52, 53]:
(EQ 2.16)

Free thiosulfate ions are then able to displace the ammonia ligands to produce the
thermodynamically favoured gold(I) thiosulfate complex:
(EQ 2.17)
Finally, in the presence of excess ammonia, dissolved oxygen is able to regenerate the
copper(II) tetraammonia complex via [4]:
(EQ 2.18)

As suggested by Molleman and Dreisinger [4], and more recently by Lampinen et al. [3],
it is extremely important to control the thiosulfate to ammonia ratio for regeneration of
the copper tetraammonia complex and ensuring a high extraction efficiency of gold from
the host ore.
Unfortunately, no reported literature has observed any direct evidence of the
interaction by which these particular reported additives influence the overall gold
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extraction efficiency, specifically in the interfacial region. However, leaching kinetic
measurements by Nicol et al. in the presence of Cu2+ found no significant difference in
the initial rate of gold dissolution between sodium, calcium or ammonium thiosulfate
electrolytes [35]. The authors did observe significant differences in the SERS spectra
recorded at the gold-electrolyte interface at extended leaching times. Therefore, it is
speculated that these cations may play a prominent role in gold extraction at extended
time scales, i.e. they may inhibit the formation of the passive layer either through
stabilizing the lixiviant reagents or by inhibiting or degrading the elemental sulfur species
known to passivate the gold electrode surface.
To improve gold dissolution kinetics and/or decrease oxidation of thiosulfate
many organic additives, like thiourea or alkanethiols, have been proposed to improve the
complexation of gold for dissolution into the aqueous solution [24, 47, 50]. Because each
identified additive may have a different role in enhancing the kinetics of gold leaching, it
is possible that a combination of several of these additives may lead to synergistic
enhancement effects resulting in efficient gold recovery from the ore.
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CHAPTER 3

Interfacial Electrochemistry: Fundamental Theory and Applications

This chapter describes basic fundamental concepts and theories of electrochemistry and
its applied knowledge obtained from studies pertaining to the metal-solution interface in
gold leaching investigations. The chapter will begin with a description of the electric
double layer, thermodynamics of electrode potentials, followed by the fundamentals of
reaction kinetics at the metal-solution interface, and finally conclude with an introduction
into common potential step and voltammetry methods.

3.1

Fundamental Concepts of Electrochemistry
Electrochemistry involves studying the interconnected relationship between

electricity and chemical processes that typically, but not limited to, occur in solution or at
the metal-solution interface [1]. Many electrochemical techniques have the ability for
simultaneous quantitative and qualitative characterization and manipulation of chemical
species in a very wide range of applications, e.g. catalysis, corrosion, metal plating,
energy storage and production, electroanalytical sensors, and many others [1]. The
general discussion here will be limited to control of the applied potential difference
between two electrodes, often two metals immersed in a common electrolyte solution
connected through an external circuit, and recording fluctuations in the resulting current
due to molecular changes/reactions that occur at the metal-solution interface.
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3.1.1

The Electric Double Layer
Several physical and chemical processes can occur simultaneously at the metal-

solution interface depending on the nature of the metal, the species present in the aqueous
solution, and the applied potential difference, E. For example, in the presence of an
aqueous electrolyte, a potential difference arises between a metal in contact with an
electrolyte solution due to an organization of charges on either side of the interface. At
the metal side of the interface, this charge density, denoted σM, results from the excess or
deficiency of electrons which are counterbalanced by the solution charge, σS, due to the
presence of ions at the solution side of the interface. The result is the formation of an
electric double layer whose structure and properties, i.e. distribution of all charges at the
metal-solution interface, have been most thoroughly described by the Gouy-ChapmanStern (GCS) theory [1,2].
When ions are transported by convection they arrive at the interfacial boundary
layer. The boundary layer is formed due to solution species that are transported from the
bulk electrolyte to the electrode surface by convection to the point where the solution
reaches zero velocity, i.e. x(v=0), where x is the distance from the electrode surface
measured outward to the bulk solution. However, within the boundary layer, ions may
migrate to the metal in response to an electrostatic attraction to counterbalance the metal
surface charge that is present giving rise to the formation of the double layer. The
physical separation of charge, or potential difference, at the metal-solution interface
arises because solution ions are limited in their approach to the metal surface, as depicted
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Figure 3.1: The electric double layer as most accurately described by the GCS
theory comprised of; the IHP at x1, the OHP at x2, and the diffuse layer, taken
from [1].
in Figure 3.1. The first layer, the inner Helmholtz plane (IHP), typically consists of a
combination of solvent molecules and unsolvated anions. The unsolvated anions are
separated from the metal surface by their ionic radius, indicated as x1, and may physically
or chemically adsorb onto the metal surface but cannot completely counterbalance the
charge on the metal. Therefore, the excess charge on the metal surface gives rise to a
second plane in the GCS theory called the outer Helmholtz plane (OHP), where large
solvated ions build up, at distance x2, in the solution. Collectively the IHP and OHP make
up the inner layer of the electric double layer. Extending outward from the OHP is the
beginning of the diffuse layer that extends into the bulk electrolyte [1,2].
The electric double layer can then be modeled as a series network of two
capacitors as shown in Figure 3.2a. These two capacitors collectively relate the charge
buildup at the Helmholtz layer (CH) and the diffuse layer (CD). From Figure 3.2b the
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Figure 3.2: (a) A model network of two capacitors in series representing the
CH of the inner and outer Helmholtz layers and CD of the diffuse layer, and
(b) potential profile plot depicting the change in charge density across the
electric double layer as a function of distance, x, from the metal surface
according to the GCS theory, modified from [1,2].
potential profile at the metal-solution interface can be observed to decrease with distance
as it extends out into the solution. First, the potential decreases linearly through the inner
layer and nonlinearly to zero through the outer layer, as the ions counteract the charge on
the surface. Therefore, the total capacitance of the electric double layer (Cdl), or
distribution of charge at the metal-solution interface will be related to the concentration
of ions present in the inner layer. Cdl can be simplified to Equation 3.1 as the electric
double layer resembles two capacitors in series.
(EQ 3.1)

If concentrated electrolytes are used, then CD will be extremely large relative to CH and,
thus, Cdl can be approximated as equal to CH. This approximation represents the ideal
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case, where any changes in the metal-solution interface occur in the inner layer and
changes in the diffuse layer will not affect Cdl [1].
3.1.2

Electrode Potentials
Chemical processes that occur at the metal-solution interface, like the formation

of the electric double layer, are driven by a potential difference between two electrodes.
This potential difference arises due to the movement of electrons to achieve a
thermodynamic equilibrium [3]. An electrochemical half-cell reaction, for example the
reduction of species O to R which occurs at the test electrode (i.e. cathode in this case)
according to:
(EQ 3.2)
will reach a thermodynamic equilibrium where the species distributed in solution can be
expressed by the reaction quotient, Q [3]:
(EQ 3.3)
where aO and aR are the activities of species O and R in solution, respectively. Often the
activities of O and R are replaced with the concentration values in Equation 3.3, however
such an approximation is only valid when dealing with dilute concentrations of O and R
and a large excess of inert supporting electrolyte species [3].
Typically, electrochemical investigations involve half-cell reactions that occur at
the two electrode-solution interfaces. To study the half-cell reaction of one electrode, a
stable reference electrode is chosen with a known constant potential. The potential
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difference of the electrochemical cell, Ecell, is measured between the electrode of interest
(test or working electrode) and the reference electrode, or more generally defined as [3]:
(EQ 3.4)
If the potential difference of the electrochemical cell is positive, i.e.

, the

reaction of O to R will proceed spontaneously as ΔG < 0, according to:
(EQ 3.5)
Under standard state conditions, e.g. 1 M concentrations of O and R, and room
temperature and pressure, the measured cell potential becomes equivalent to the standard
potential, i.e.

.

For an electrochemical system in equilibrium, the cell potential,

, will follow

the Nernst equation, Equation 3.6, which describes the relationship between

and the

concentration ratio of electroactive species O and R in solution [1–3]:
(EQ 3.6)
According to the Nernst equation, a change in electrode potential must be accompanied
by a change in the concentration ratio of O and R to maintain equilibrium. Likewise, a
change in the concentration of O or R must be accompanied by a change in Ecell.
The potential at which the charge density on the metal surface becomes zero, i.e.
σM = 0, is termed the potential of zero charge, Epzc [1]. Application of a potential more
negative or positive, with respect to Epzc, through the use of an external circuit will result
in the increase or decrease of electron density at the electrode surface allowing for strict
control over the chemical processes that may occur at the metal-solution interface. The
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electrochemical conversion of O to R, or vice versa, will result in a charge transfer
reaction with a measureable quantity of electrons transferred across the metal-solution
interface that is directly related to the number of species that have become either oxidized
or reduced. Unfortunately in practice, the application of an applied potential to an
electrochemical cell for a chemical process to occur often requires an overpotential, η, at
each electrode to drive the electron transfer reaction. As well, additional voltage is
needed to overcome the impedance of; (i) charges moving in solution, (ii) the test
electrode, (iii) the reference electrode, and/or (iv) the external circuits. Use of high
concentrations of inert electrolytes, Luggin capillaries, a three-electrode system, and test
electrodes designed with a surface area much smaller than the reference and secondary
electrodes is often sufficient to eliminate or minimize these common impedances in
electrochemical cells.
3.1.3

Kinetics of Electrode Reactions
The total charge, q, that passes through an electrical circuit in a given interval of

time is proportional to the quantity of a chemical process to occur at each electrode. In
other words, the charge needed to convert x number of moles of reactant O to its reduced
form R, according to the generalized Equation 3.2, can be calculated through Faraday's
Law of electrolysis [1,3–5]:

(EQ 3.7)
The kinetic rate at which O is converted to R of the forward, vc, and reverse, va, reaction
are explicitly defined as:

(EQ 3.8)
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(EQ 3.9)

At equilibrium, the rate of the forward and reverse reactions must be equivalent so there
will be no net current, i.e. inet = ic + ia = 0, and therefore

.

The kinetics of heterogeneous reactions that occur at the metal-solution interface,
for example gold leaching, may be controlled by either the electron transfer reaction at
the metal solution interface, or the mass transport of ionic and/or molecular species
across the metal-solution interface. Mass transport may occur by; (a) diffusion as a result
of a concentration gradient, (b) migration from an electrostatic gradient, and (c)
convection resulting from actively stirring or agitating the electrolyte solution [1,3–5].
Specifically, the gold leaching reaction is often diffusion limited due to the slow
dissolution of oxygen from the air and transport through solution to the gold surface [6].
Kinetic studies of electrochemical reactions that are mass transport limited are
experimentally studied under forced convection to the electrode surface. Immersion of a
planar rotating disk electrode (RDE), at a rotation speed ω (s-1), in an electrolyte will
draw the solution to the electrode surface as depicted by the flow patterns schematically
displayed in Figure 3.3 [1].
At distances very close to the electrode surface, the formation of a Nernst
boundary layer arises as depicted in Figure 3.4. Diffusion is considered the only method
of mass transport for distances that are less than the Nernst boundary layer thickness, δN,
described as [1,4]:

(EQ 3.10)
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where D is the diffusion coefficient of the species of interest, v is the kinematic viscosity
of the solution, and ω is the electrode rotation rate (s-1). At distances greater than δN,
convection of the electrolyte solution caused by the rotating electrode is sufficient to
maintain the concentration of reagent species equal to their bulk concentration,

. At

Figure 3.3: Solution flow patterns created by rotation of planar electrode, from
[1].
distances where x < δ, i.e. within the Nernst diffusion layer, species are said to be under
diffusion control due to the concentration gradient that exists between the bulk electrolyte
and the electrode surface. Therefore, the concentration of the reactant species, for
example O, decreases as you move closer to the electrode surface, as seen in Figure 3.4,
due to reduction to species R at the electrode surface. The transport of O across this
boundary layer is driven by the concentration gradient between the gold interface and the
bulk electrolyte which has been previously described by Fick's First Law [1,2,4,5]:

(EQ 3.11)

where dn is the number of moles of reactant species flowing through a plane parallel to
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Figure 3.4: Concentration profile of a reactant as a function of distance, x, from
the electrode surface [1,2,5].
the electrode surface with surface area, A, during a given period of time, dt, and is
equivalent to the flux, j [4]. The flux of species reaching the electrode surface will
determine the rate at which the electrochemical reaction occurs. In the gold leaching
system, the mass transport of the dissolved oxygen and thiosulfate to the electrode
surface will determine ic and ia, which at equilibrium will be equal but opposite in
magnitude [4].

(EQ 3.12)

(EQ 3.13)

The linear approximation of the concentration profile within the Nernst diffusion layer
allows for the simplification of Equation 3.12 to:

(EQ 3.14)

The electron transfer rate of electrochemical reactions that are mass transport limited
should maintain CO = 0 at the surface and the observed current becomes further
simplified to [1,5]:
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(EQ 3.15)

Combining Equations 3.10 and 3.15 we obtain the Levich equation, Equation 3.16, that
describes the cathodic limiting current of species O being reduced to R at an electrode
surface with a well stirred bulk electrolyte [1]:
(EQ 3.16)
For thiosulfate leaching of gold, the anodic and cathodic reactions can be broken
down into Equations 3.17 and 3.18 respectively [10]:
; E0 = 0.15 V vs. SHE
; E0 = 0.405 V vs. SHE

(EQ 3.17)
(EQ 3.18)

The flux of a given chemical species, for example thiosulfate (S2O32-), to a gold RDE
surface under diffusion control can be described by the Levich equation of the form [7]:
(EQ 3.19)

where

is the flux of thiosulfate (mol m-2 s-1),

is the diffusion coefficient of

thiosulfate (m2 s-1), v is the kinematic viscosity of the solution (8.904 x 10-7 m2 s-1), ω is
the RDE rotation speed (rad s-1), and

is the bulk thiosulfate concentration (mol

m-3). When at low thiosulfate concentrations the dissolution rate, RAu, of gold is
proportional to the flux of thiosulfate to the gold surface:
(EQ 3.20)
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At large thiosulfate concentrations, which are typical of industrial practices, the reaction
is no longer limited by thiosulfate, but rather it becomes limited by the mass transport
rate of dissolved oxygen to the gold surface:
(EQ 3.21)

However, at a specific thiosulfate concentration,

, a critical point exists in

between these two conditions where the system flips between diffusion control by
thiosulfate and oxygen:
(EQ 3.22)
then:

(EQ 3.23)

which can be simplified and rearranged into:

(EQ 3.24)

Finally, knowing the typical concentration of dissolved oxygen (at sea level

2.6 x

10-4 mol L-1), and the diffusion coefficients of dissolved oxygen (2.76 x 10-9 m2 s-1) and
thiosulfate (1.08 x 10-9 m2 s-1), the minimum concentration of thiosulfate needed to
ensure the gold dissolution process remains controlled by the mass transport of dissolved
oxygen can be theoretically calculated as 3.89 x 10-3 mol L-1. This suggests that to ensure
optimal leaching kinetics, the concentration of thiosulfate in solution should theoretically
be maintained above a value of 3.89 mM.
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3.2

Electrochemical Techniques
Typical electrochemical cells consist of three electrodes; (i) a working electrode

(WE) where the physical or chemical processes of interest occur, (ii) a counter electrode
(CE) needed to complete the electric circuit in solution to measure the current response to
the applied potential, and (iii) a reference electrode (RE) which is used as a reproducible
and stable potential reference [1,5]. The RE is often separated through a salt bridge from
the electrolyte solution as it is typically comprised of a saturated chloride solution which
could otherwise leak into the electrolyte and interfere at the metal-solution interface. The
potential of the RE ideally does not change throughout the course of an electrochemical
investigation, therefore any changes in the system may be related to changes at the metalsolution interface of the WE.
3.2.1

Fundamentals of Potentiostatic Methods
Variation of E of the working electrode results in the energy level of the electrons

at the metal surface to either rise or fall as shown in Figure 3.5. As discussed earlier, the
electric double layer of the metal-solution interface forms as a result of the increase or
decrease in electron density at the metal surface. The current response, i.e. flow of
electrons, from the change in E can be derived from two different processes known as
capacitive and Faradaic currents. A potentiostat is employed to change the energy level of
the electrons and build up a desired charge on the metal surface, either positively or
negatively. The capacitive currents arise due to the migration of electrolyte ions in
solution during the charging or discharging of the electric double layer. However, if the
energy level of the electrons is sufficient, a Faradaic charge transfer of an electron to
solution species may occur.
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For example, Figure 3.5A depicts the Faradaic charge transfer, reducing species A
at the metal-solution interface, because the energy level of the electrons in the metal has
increased higher than the lowest unoccupied molecular orbital (LUMO) of A by
increasing the applied potential more negatively. Likewise, if the energy level of the
electrons falls below the highest occupied molecular orbital (HOMO) through increasing
E more positively (Figure 3.5B), an oxidation of A to A+ will occur at a finite potential
due to the favourability of the electrons to transfer from A into the metal producing an
oxidation current that is measureable by the potentiostat [1].

Figure 3.5: Electron energy level diagrams of an electrode surface relative to
the LUMO and HOMO of an electrolyte species A residing at the metalsolution interface depicting (a) reduction and (b) oxidation currents [1].
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3.2.2

Potential Sweep Voltammetry
With the aid of a potentiostat, potential step and sweep methods can monitor the

change in charge distribution within the electric double layer, i.e. current response, to the
applied potential. For an electrode surface that is ideally polarized and the potentiostat is
recording capacitive currents, the entire electrochemical system can be described as a
single capacitor (C), i.e. Helmholtz layer, in series with a solution resistance (R), often
termed a series RC circuit. The buildup of charge at the metal-solution interface
resembles that of a pure capacitor which can be explicitly described as:
(EQ 3.25)
where, C is capacitance (F m-1), εo is the permittivity of free space (F m-1), ε is the
dielectric constant of the capacitor, and d is the distance of the IHP in units of meters.
The quantity of charge, q, that results in response to an applied potential, E, to the
working electrode is proportional to the double layer capacitance, Cdl, at the metalsolution interface [1]:
(EQ 3.26)
Typical potential sweep methods, for example linear sweep voltammetry (LSV)
or cyclic voltammetry (CV), involve variation of the applied electrode potential with time
(

), termed the sweep rate, either linearly or in a triangular waveform, respectively.

Differentiation of Equation 3.26 with time describes the current response of an RC circuit
measured by the potentiostat as [2]:

(EQ 3.27)
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Through Equation 3.27 it can be observed that the current measured for a series RC
circuit is directly proportional to the capacitance, i.e. the charge distribution, at the metalsolution interface and the sweep rate. Commonly, voltammograms plot the observed
current versus potential, where a typical CV of a series RC circuit results in a box-like
pattern. However, since the measured current is dependent on the capacitance of the
metal-solution interface, the resulting box-like CV pattern will increase or decrease in
width according to d and ε of the species present at the interface as described by Equation
3.26. For a working electrode immersed in a non-adsorbing electrolyte, large capacitive
currents would be expected due to the large dielectric value of water. However, a
working electrode modified with a low dielectric material, very narrow box-like patterns
would be expected.
Modeling the electrochemical system as a series RC circuit begins to fail when
Faradaic events, i.e. electron transfer events, occur at the metal-solution interface. This
often occurs when electroactive species exist within the electrolyte solution. For example,
the presence of redox couples like the cupric/cuprous (Cu2+/Cu+) or the ferric/ferrous
(Fe3+/Fe2+) couples that are dissolved directly into the electrolyte solution result in large
current peaks superimposed on the small capacitive currents, commonly known as
oxidative/reductive waves. Considering the scenario where the applied potential on the
WE begins positive of ECu2+/Cu+ (see Figure 3.5), then the predominant species present in
the solution will be Cu2+. However, modulation of the potential negative of ECu2+/Cu+,will
result in electrochemical conversion of Cu2+ to Cu+ and a reductive current response will
be observed as seen in Figure 3.5B.
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Figure 3.6: (a) A typical potential ramp used in cyclic voltammetry experiments
imposed on the WE and (b) the resulting cyclic voltammogram in the presence of
a one electron redox probe, i.e. Cu2+/Cu+, modified from [1].
As the potential increases more negatively Cu2+ will be continually reduced to Cu+ until
the surface concentration at the electrode surface reaches zero, any further reduction will
only occur by mass transport of Cu2+to the electrode surface. This is observed near Eλ at
the most negative potentials shown in Figure 3.5B. Reversal of the potential sweep rate to
a positive direction results in the opposite electrochemical reaction where Cu+ becomes
oxidized to Cu2+ [1].
3.2.3

Mixed Potential Theory
Characterization of the gold leaching current may be accomplished through

electrochemical investigations near the corrosion potential, EM, which occurs when
. The electrochemical characterization of the gold leaching current, i.e. rate of
gold dissolution, employs LSV where a linear positive potential ramp is imposed on the
working electrode while continuously monitoring the resulting current [1,8]. The overall
leaching process is the algebraic sum of the combination of two half reactions, the
reduction of dissolved oxygen, Equation 3.28, and the oxidation of Au to Au(I) in the
presence of two thiosulfate molecules, Equation 3.29 [6].
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(EQ 3.28)
(EQ 3.29)
From the collected voltammogram, the corrosion potential, or mixed potential (EM), is the
potential at which the cathodic and anodic currents, resulting from Equations 3.28 and
3.29, completely cancel, resulting in a total net zero current. The modified Butler-Volmer
equation, defined explicitly as [8,9]:

(EQ 3.30)

describes the measured current in terms of the characteristics of the solution species
present. The slope of a tangent i at EM can be related to the leaching current (iM)
involving the thiosulfate lixiviant, considering the cathodic and anodic half reactions
depicted in Equations 3.28 and 3.29, where η is the overpotential in volts, R is the ideal
gas constant, T is temperature in Kelvins, F is Faradays constant, n the number of
electrons transferred in the reaction, αAu and αO2 are the electron transfer coefficients for
the reduction of O2 and the gold complex respectively [8]. The value of αO2 and αAu,
which are independent of potential, can be determined from the slope of the logarithm of
the absolute current observed versus the applied potential at large η as shown in Figure
3.6 [1]. They have been previously reported as 0.5 and 0.23 for αO2 and αAu, respectively
[8,10].
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Figure 3.6: Tafel plot depicting the anodic and cathodic reactions of a simple Au
leaching process, modified from [1].
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CHAPTER 4

Raman Spectroscopy: Fundamental Theory and Applications

This chapter describes the fundamental and applied knowledge underlying the Raman
spectroscopic studies of the gold-thiosulfate interface. The chapter begins with an
introduction to the fundamentals of Raman scattering, followed by the theory of
scattering enhancement, a select overview of applied methods in achieving surface
enhancement in experimental investigations, and finishes with an introduction to analysis
of changes in observed spectral intensities using generalized two dimensional correlation
spectroscopy.

4.1

Fundamentals of Raman Spectroscopy
Raman spectroscopy has been a commonly employed technique for obtaining

molecular level information of a sample system that can be interpreted to: (a) identify
unknown sample species and their chemical structure, (b) distinguish multiple chemical
species simultaneously in complex mixtures and their change in environmental
surroundings, (c) characterize the chemical behaviour of different species upon exposure
to an external perturbation, (d) determine the molecular orientation of a sample species
upon adsorption onto a substrate surface, and/or (e) determine the quantity of species
present in a particular sample [1]. In particular, Raman spectroscopy holds a large
advantage over other vibrational spectroscopies for in situ studies of electrochemical
reactions as there is a weak background scattering from water or glass, and is able to
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characterize vibrational transitions that occur well below the capabilities of IR
spectroscopy where typical sulfur-sulfur and metal-ligand vibrations are observed.
4.1.1

Rayleigh and Raman Scattering
Raman spectroscopy begins with irradiation of a desired sample with a

monochromatic laser source that may not necessarily match the energy needed to excite
the sample species to an excited state, e.g. electronic or vibrational. As depicted in the
potential energy diagram of Figure 4.1, the sample molecule is excited to a higher energy
state through an energy transfer process where the energy gained by the molecule is equal
to the energy of the incident photons, Eex, as shown in Equation 4.1:
(EQ 4.1)
where h is Planck's constant (
, and

), c is the speed of light

is the wavenumber of the irradiating photons (in units of

cm-1). Because the energy of the incident laser photon does not specifically match that of
the discrete quantum states of higher energy levels in the sample molecule, e.g. excited
electronic or vibrational states, it is said that the sample is excited to a virtual excited
state, a non-discrete quantum state, that is short lived before decaying back towards the
ground state by emission of the gained energy as scattered radiation. The virtual state
may be considered a short lived perturbation of the electron cloud in a sample molecule
caused by interaction with the electric field of incident photons [2].
The second possible excitation of the sample to the virtual excited state that may
transpire, displayed as a dashed arrow in Figure 4.1, illustrates the excitation of a sample
molecule that populates the first vibrational level in the ground electronic state by a
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Figure 4.1: Schematic illustration of a potential energy diagram of Rayleigh
and Raman (Stokes and anti-Stokes) scattering, modified from [1,3,4].
photon to a virtual excited state. The Boltzmann equation, Equation 4.2:
(EQ 4.2)

describes the ratio of molecules that will populate the first excited vibrational state, N1,
relative to the ground state, N0, as a function of temperature (T in units of Kelvins), where
ΔE is the transition energy or energy difference between the excited and ground states,
and kB is the Boltzmann constant (

) [3]. At room temperature, the

ground state vibrational level will be predominantly populated suggesting that a greater
number of transitions from the ground state will occur.
The emitted radiation is predominantly elastically scattered, where the energy of
the emitted photon, Es, matches that of the incident photon, Eex = Es. However, when the
sample decays to the ground electronic state a small quantity of scattered photons may be
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emitted that is (a) shifted lower in energy, when the excited molecule returns to a higher
vibrational level, termed Stokes scattering, or (b) shifted higher in energy, when the
molecule returns to a lower vibrational level than it originated from, termed anti-Stokes
scattering [2,4,5]. From Figure 4.1, it can be observed that the energy of the Stokes and
anti-Stokes scattered photons will both be shifted by ΔE, the transition energy, which is
also equivalent to the infrared absorption energy of the same vibrational transition [2,3].
As seen in Equation 4.3, ΔE is proportional to the Raman shift, i.e.

, which can be

directly compared to IR absorption peaks as they represent the same vibrational
transitions. However, the mechanism for excitation of both techniques are quite different
[4]. A Raman spectrum plots the number of scattered photons detected, i.e. intensity, at
each particular Raman shift sampled.
(EQ 4.3)
4.1.2

Raman Vibrational Transitions
Light is commonly described as a circularly polarized, electromagnetic wave. As

depicted in Figure 4.2, a plane polarized photon of a propagating electromagnetic wave
has two components: (i) the electric field, and (ii) the magnetic field, which oscillate

Figure 4.2: Illustrative depiction of the electric and magnetic field
components of electromagnetic radiation [3].
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Figure 4.3: Illustration of common molecular vibrations; (A) stretching
modes, and (B) bending modes, modified from [3].
sinusoidally at 90 degrees relative to one another. As mentioned previously, the electric
field component of the incident photons may cause a temporary distortion in the electron
cloud of a sample molecule, which depending on the energy of the incident photons, may
induce a molecular transition as depicted in Figure 4.2. Since a sample molecule may
contain a number of chemical bonds, a single sample molecule may contain numerous
molecular transitions that are typically categorized as either stretching or bending
vibrations. Stretching vibrations are characterized by an oscillating change in internuclear
distance between two atoms, whereas a bending vibration involves a change in the angle
between two chemical bonds [3]. The incident radiation from the laser, contains a time
dependent fluctuating electric field strength, described by Equation 4.4:
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(EQ 4.4)
where E0 is the electric field amplitude, t is time in seconds, and

is the wavenumber

(cm-1) of the laser employed [1]. The fluctuating electric field strength causes a timedependent net change in the charge distribution in a chemical bond to occur called a
dipole moment, , where the electrons in the sample species are preferentially displaced
in one direction. The energy difference for displacement of the electron cloud in a
chemical bond to induce a stretching vibration, as observed from Equation 4.5 derived for
a simple diatomic molecule, will be dependent on the two masses of the atoms, i.e. m1
and m2, involved in the transition and the force constant, k, of the chemical bond [3,4].

(EQ 4.5)

For a transition to be Raman active, a short-lived distortion of the electron
distribution in a chemical bond within the sample species must transpire, termed a change
in polarizability, followed by relaxation of the excited species by emitting a photon to
return to a lower energy state, i.e. Rayleigh or Raman scattering. The efficiency, or ease,
of displacing these electrons as a function of time is termed the polarizability,
where

is dependent on the magnitude of

incident on the sample and

,
of

the displaced electrons in the molecule as described in Equation 4.6 [4].
(EQ 4.6)
As the electrons are displaced farther from their resting position, they become more
easily polarized but only become Raman active transitions if the change in

with

respect to change in equilibrium position does not equate to zero. The value of

of a
58

particular chemical bond undergoing an excited vibration from its equilibrium position
will oscillate according to Equation 4.7 shown below:

(EQ 4.7)

where

is the internuclear separation as a function of time at a given instant with

respect to its equilibrium position, Equation 4.8:
(EQ 4.8)
and

is the polarizability at equilibrium [1]. Combining Equations 4.4, 4.6 - 4.8, an

expression for the induced dipole moment as a function of time can be obtained [1]:
(EQ 4.9)

The first term in Equation 4.9 describes the induced dipole moment from Rayleigh
scattering as there is no change in the wavenumber of the scattered photon. The second
term describes the contribution of the Raman scattering, where it becomes apparent that a
change in polarizability is required when a vibrational transition transpires, i.e.
, for the transition to be Raman active and be observed.
4.1.3

Intensity of Raman scattering
Because Stokes and anti-Stokes Raman scattering contain similar molecular

information, all future discussion will be in terms of Stokes Raman scattering. The main
drawback with Raman spectroscopy is low quantity of observed Raman scattered
photons. Use of high powered lasers can increase the quantity of incident photons, but the
relative intensity of Raman scattered photons can be several orders of magnitude lower.
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Therefore, notch filters are typically employed to remove the strong Rayleigh photons
from the Raman scattered photons. The measured intensity of a single Raman shift is
proportional to the Raman cross-section of the studied sample and the population of
molecules that reach the virtual excited state [3,6]. As previously discussed, the
population of vibrational states is temperature dependent (see Equation 4.2), however as
the intensity is directly proportional to number of molecules excited it is also reasoned
that the intensity of Stokes scattering is concentration dependent as well, among many
other variables. The intensity of a Raman active transition has been explicitly defined as
[7,8];

(EQ 4.10)

where Imn is the observed spectral intensity of a vibrational transition, I0 is the irradiating
laser power density,

is the Raman shift, σ and ρ are the scattered and incident

photon polarization directions,

the polarizability tensor, N is a measure of adsorbate

density on the electrode surface, A is the illuminated surface area in cm2, and Ω is defined
at the solid angle of the collection optics which is related to the numerical aperture value
of the microscope objective employed. The terms QT0Tm stem from the efficiency of the
detector, transmittance of the collection optics and the throughput of the spectrometer [8],
and therefore the sensitivity for any Raman instrument can be improved through
improving the instrumental photon optics and collection efficiencies.
The polarizability tensor term in Equation 4.10, (ασρ)mn, is a measure of a sample's
response to an incident electric field for any given sample molecule undergoing a
molecular transition from the ground state, m, to a transition state or virtual state, r, and
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decaying back to a higher vibrational level, n, in the ground electronic state can be
expressed as [7];

(EQ 4.11)

where

is the incident wavenumber of the exciting photons,

and

are the

wavenumbers of the scattered radiation from the virtual state (r) to the vibrational levels
m and n in the ground electronic state, and (Mσ)mr, (Mρ)rn, (Mρ)mr, and (Mσ)rn, are the
transition dipole moments of the sample associated with the excitation from the m
vibrational level up to the virtual state and subsequent relaxation to the vibrational level
n. Typically, Raman investigations incorporate the use of molecules with a large quantity
of delocalized electrons, e.g. pyridine, rhodamine 6G, or many others, as they are easily
polarized and therefore possess a large polarizability tensor. However, a great deal of
applications for Raman investigations, specifically thiosulfate based reactions with gold,
still suffer from a very low intensity of Raman scattered photons. Methods to further
improve the observed Raman scattered photons specifically for the gold-thiosulfate
system will be discussed below.

4.2

Raman Scattering from Molecules Adsorbed on Metal Surfaces
As discussed, the main drawback in implementing Raman spectroscopy as an

analytically sensitive technique stems from the low probability of Raman scattered
photons, even with the many instrumental improvements that have been adopted in the
recent past to help circumvent this issue. For example, some of the recent developments
to improve the number of scattered photons detected include; (i) using high powered
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lasers with a shorter wavelengths, (ii) notch filters to eliminate convolution with Rayleigh
scattering, (iii) increasing the radiation path length for increased sample interaction, (iv)
incorporation of sensitive photomultiplier tubes and cooled charged coupled devices
(CCDs) to improve the signal to noise ratio, (v) employing objectives with large
numerical apertures to increase the collection efficiency of scattered photons, and (vi)
increasing the electric field strength through plasmonics at the surface of noble metals
[4]. Furthermore, the molecules of a single component aqueous solution will adopt
relatively similar environmental surroundings through hydration of the dissolved species
with water molecules and will freely rotate with respect to the incident laser polarization.
Therefore, very narrow Raman bands are expected to be observed. Unfortunately,
studying sample molecules adsorbed to electrode surfaces present many additional issues
like changes in band position upon adsorption, band broadening, and a low observed
intensity may complicate the analysis of recorded spectra. For example, molecules given
enough time to adsorb to an electrode surface will preferentially adopt a similar
orientation and become fixed for a certain period of time. Raman bands that are observed
of adsorbed molecular species have the strongest intensity occur from vibrations that
possess a change in polarizability that occurs along the surface normal, i.e.
(perpendicular to the electrode surface). Vibrations that have some polarizability
component that occurs in the z direction, i.e.

and

, will be observed to have the

second strongest band intensity, followed by all of the other vibrations with a change in
polarizability [9]. Additionally, the surface coverage of adsorbates may be on the order of
10-10 mol cm-2 or less meaning there are very few sample molecules to produce Raman
scattered radiation [10]. Finally, other factors like loss of the hydration sphere upon
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adsorption, differences in the electrode crystalinity and morphology, and external
perturbations like the applied electrochemical potential will also affect the observed
Raman band shape, position, and intensity [10].
Coupled with the low probability of scattered Raman radiation occurring,
increasing the electric field strength is needed for most practical applications to increase
the detection sensitivity of Raman spectroscopy of adsorbates on electrode surfaces. As
most Raman instruments currently come optimally equipped for detecting low intensity
scattered radiation, discussion here will be limited to further improvement of Raman
intensities achieved mainly through two surface enhancement phenomena; (a) resonance
Raman scattering due to chemical interactions between the adsorbed molecules and the
metal surface and (b) electromagnetic field enhancement from increased electric field
strength within a few nanometers of an electrode surface through surface plasmon
resonance [10–12].
4.2.1

Resonance Raman Spectroscopy
Raman investigations are not confined to small vibrational and/or rotational

changes like IR spectroscopy. Instead resonance Raman spectroscopy typically observes
102 - 106 improvement in spectral intensities if a laser wavelength is chosen to closely
match that of an electronic absorption transition. Upon excitation to an excited electronic
state rather than a virtual state, as illustrated in Figure 4.4, the excited molecules/species
may decay back to the ground state through two mechanisms; (i) resonance Raman
scattering, or (ii) fluorescence [3]. Unfortunately, matching the laser wavelength and that
of an electronic excitation is not always trivial and therefore, resonance Raman studies
are confined to only a select number of possible systems.
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There are two possible methods to overcome this issue, employing a different
metal to alter the EPZC [6], or induce a charge transfer effect of an electron from an
electrode surface to the LUMO of a sample adsorbate that is in close proximity to the
metal surface. The latter method can be simply accomplished for a wide range of metal
electrodes and adsorbates by modulation of the applied electrode potential, either positive
or negative of the EPZC [8]. As illustrated in Figure 4.5, modulating the applied electrode
potential more negatively results in a sharp increase in the observed spectral intensity
when the energy difference between the ground vibrational level and a vibrational level
of an excited electronic level match the incident laser energy, i.e. E2 in Figure 4.5. When
this occurs, the sample molecule will be excited to the higher electronic state Ψ(E2),
where scattering of Raman photons will have a much higher probability of occurring.
However, increasing the potential further to Ψ(E3) may result in the energy of the laser
being too large for excitation to the excited state and the observed spectral intensity will
diminish.
Unfortunately, modulating the potential may lead to unwanted effects, such as
desorption of the adsorbate from the electrode surface, electrochemical oxidation or
reduction resulting in unstable products, or unfavourable conformation changes in the
molecular orientation on the electrode surface. However, charge transfer phenomena
modulated with applied potentials may be easily coupled with surface enhancement of the
electric field strength for a few select types of metals as discussed in the next section.
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Figure 4.4: Schematic comparison of resonance Raman and fluorescence,
modified from [3].
4.2.2

Surface Enhanced Raman Spectroscopy (SERS)
Due to the low intensity of scattered photons observed from adsorbates on

electrode surfaces in Raman spectroscopy, enhancement of the electric field strength of
the incident laser photons may be needed to increase the detection sensitivity for many
practical applications. Surface enhanced Raman spectroscopy (SERS) spectra are often
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Figure 4.5: Schematic illustration of photon induced charge transfer from the
electrode to an adsorbate at increasingly negative potentials, modified from
[8].
collected in a similar fashion as normal Raman spectra, however the sample of interest
may be deposited, i.e. physisorbed or chemisorbed, directly on a metal or electrode
surface. Therefore, the incident laser is focused onto a desired location on the electrode
surface for Raman characterization. For a very select few metals, the electric field of the
incident photons may excite a coherent oscillation in the electron density at the electrode
surface termed surface plasmon resonance (SPR) [13]. Silver and gold are especially
useful in this regard, as the plasmons absorb light in the visible to near IR region. As
depicted in Figure 4.6, two main types of SPR exist; (a) propagating surface plasmons,
and (b) localized surface plasmons. Propagating surface plasmons result when photons
incident on an electrode surface couple with the surface conduction electrons inducing an
oscillation in the electron density at the surface that can propagate up to several microns
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Figure 4.6: Illustrative depiction of (a) a propagating surface plasmon on a
metal or electrode surface and (b) a localized surface plasmon upon
interaction with the electric field component of incident radiation that is
confined to a metal nanoparticle, modified from [13].
across the surface. Whereas, photons that interact with small metal nanoparticles, i.e.
metal particles with one dimension smaller than the wavelength of the incident photon,
excitation of an oscillation of electron density that is confined or localized to the
nanoparticle may occur [13]. Due the presence of the irradiating laser and the SPR, the
sample molecules that are present within a few nanometers, < 10 nm, of a free-electron
electrode or metal surface such as copper, silver, or gold, may experience an increased
electric field strength by several orders of magnitude [5]. To achieve maximum
electromagnetic enhancement of the incident electric field intensity, a laser excitation
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wavelength should be chosen to directly match the location of the LSPR. Furthermore, it
has been proposed that the SERS intensity of a given vibration, ISERS, is strongly
dependent on the distance from the surface according to the following relation:

(EQ 4.12)

where a is the average size of the nanopatterned feature, and r is the distance between the
nanoparticle surface and the vibration [14].
Many aspects of the metal nanoparticle determine its ability to couple with
incident photons to produce the localized surface plasmon resonance (LSPR), for
example size, shape, material, and local surroundings. Depending on the sample of
interest or the intended application, SERS investigations have used colloidal metal
nanoparticles either suspended in solution or patterned on substrate surfaces for detection
and/or characterization of sample species. Once the sample of interest has adsorbed to a
colloidal metal surface, the enhanced electric field can then interact with the nearby
interfacial species.
Optimization of the electric field enhancement is predominantly accomplished
through tuning of the surface plasmon resonance with the electric field of the incident
radiation, which can be accomplished by controlling the geometry and dimensions of the
metal nanostructures employed in the SERS investigation [15]. Furthermore, lightning
rod and coupling effects also play an extremely important role when nanoparticles are in
close proximity, either to each other, or to a metal surface. The electric field strength can
also be further improved through deposition of a uniform array of nanoparticles onto a
metal surface so that as many nanoparticles as possible are spaced within a few
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nanometers of each other. Therefore, fabrication of nanostructures that are optimized in
geometry, dimension and deposition uniformity for each chemical and instrumental
system becomes extremely important and a few examples, in terms of their applicability
for studying the gold-thiosulfate system, will be reviewed in the next section.

4.3

SERS Substrates Designed for Electric Field Enhancement
Of the techniques employed to study the Au leaching process, SERS is

exceptionally useful as it has a high surface sensitivity for simultaneously identifying
multiple species adsorbed on metallic surfaces through characteristic vibrational bands
[16] and has been successfully implemented in the past for characterizing the stability of
thiosulfate and other electrolytes at the Au-electrolyte interface. Due to the low
probability of scattered radiation in Raman spectroscopy, surface enhancement is
commonly used to increase the detection sensitivity for practical applications.
A substrate that optimally enhances the electric field strength at the gold surface
to interact with nearby interfacial species is needed for detecting species like thiosulfate
anions from a gold leaching solution that have chemisorbed onto the Au nanostructures.
Unfortunately, fabricating these gold nanostructures for implementation in SERS
investigations, specifically for gold leaching, becomes increasingly complex as the
thiosulfate anions not only interact with the nanofabricated gold surface but ultimately
leach the gold atoms into solution causing a continual loss of both the nanostructure on
the gold surface and the Raman surface enhancement with time. Therefore, characterizing
the change in interfacial species related to the gold leaching system can be extremely
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convoluted. Several potential methods for specifically studying the gold-thiosulfate
system with SERS are reviewed below.
4.3.1

Roughened Substrates
Surface enhancement of the Raman spectral features of an adsorbate on a metal

surface was first observed from a roughened silver substrate [17]. Since then three
prominent methods to achieve optimal roughness for SERS investigations have been
reported which include gold or silver dissolution by aqua regia, and deposition of metal
atoms through oxidation-reduction cycles (ORCs) of a metal electrode immersed in a KCl
or similar electrolyte.
Roughening of gold substrates through dissolution of surface atoms by aqua regia
is a simple procedure which occurs rapidly through two steps, as described by Equations
4.13 and 4.14:
(EQ 4.13)

(EQ 4.14)
where oxidation of the gold atoms by nitrate, forming nitrite and Au3+, is followed by
complexation with chlorine atoms to form a soluble square planar tetrachloroaurate
complex. Because the dissolution of gold across the substrate surface occurs randomly,
the roughness of the remaining substrate for SERS investigations can be controlled by the
length of time in the solution, concentration of nitric and hydrochloric acids, and the
temperature of the solution. The main disadvantage of roughened substrates with this
method result from the irreproducible surface morphology, and chlorine atoms may
adsorb and remain on the substrate surface, even after numerous rinses.
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Roughening through deposition of gold or silver directly onto a desired substrate surface
may be accomplished either through metal sputtering techniques (ejection of metal atoms
by collision with energetic particles), or through electrochemical reduction of metal
atoms from solution. To achieve optimal surface roughness for SERS, roughening of an
electrode surface employing ORCs was previously reported by Fleischmann et al. [17,18]
and Gao et al. [19]. Lipkowski et al. determined that the best electrochemical conditions
to roughen a gold electrode for SERS ocurred between 20 and 30 cycles in a KCl
electrolyte [10]. In the procedure the gold atoms were oxidized by the applied anodic
potential and dissolved upon complexation with the chloride atoms according to Equation
4.14. Upon sweeping the applied potential back to the negative limit, dissolved gold
atoms were allowed to re-adsorb and become reduced to Au0 in a random distribution on
the electrode surface, thereby roughening the surface.
Unfortunately the main drawback of employing roughened substrates for SERS
includes their non-uniformity resulting in a very poor signal to noise ratio and their
susceptibility to be quickly dissolved under typical gold leaching conditions. Many
groups have since looked to optimize the surface enhancement phenomena through
nanofabrication methods like nanosphere or e-beam lithography. These techniques have
shown vast improvements in the sensitivity of SERS to small concentrations of
adsorbates due primarily to reproducible arrays of nano-features over large areas.
However they are typically very small features that would not be expected to provide
sufficient surface enhancement in SERS investigations of the gold-thiosulfate system for
extended time frames. Therefore, some recent work has looked to designing novel SERS
substrates that would be stable over longer time frames under typical leaching conditions.
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4.3.2

Spherical Nanoparticles
Gold nanoparticles have been reported to be synthesized in a variety of shapes

and sizes through many different chemical and physical means which is ideal for
achieving maximal surface enhancement for SERS investigations. The chemical approach
to fabrication of nanoparticles involves the use of a tetrachloroaurate salt dissolved in an
aqueous solution and a reducing agent in the presence of a capping ligand. In special
cases like citrate, citrate anions reduce the gold atoms and act as the capping ligand. The
simplicity and reproducibility of synthesizing nanoparticles that are optimally designed
for a range of applications has resulted in numerous reports of their use. By controlling
the reaction conditions used during synthesis, several various shapes have been reported,
for example spheres, clusters, stars, shells, triangles, plates, and rods. Spherical
nanoparticles have been commonly employed in SERS studies for many years with a
wide range of synthesis techniques now available.
Direct control over the size of the spherical nanoparticles may be simply
accomplished through control of the amount of reagent placed in the reaction vessel. For
example the number of gold atoms that comprise a single gold nanoparticle can be
determined through Equation 4.15:

(EQ 4.15)
where N is the average number of gold atoms per nanoparticle, ρ is density of the metal
used (19.3 g cm-3 for face-centered cubic gold), M is the atomic weight of the metal
(197.97 g mol-1 for gold), and D is the diameter of the nanoparticle in units of
nanometers. Knowing the average number of gold atoms per nanoparticle, the
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concentration of nanoparticles in a given volume of solution, [AuNPs], can be estimated
according to Equation 4.16:
(EQ 4.16)
where [AuNPs] is the molar concentration of nanospheres in solution (mol L-1), NT is the
total number of gold atoms and is equivalent to the quantity of gold salt initially added to
the reaction, V is the volume of the reaction mixture in litres, and NA is Avogadro's
constant. A two-step seed mediated approach to synthesize large AuNPs is often
employed to achieve a greater homogeneity in the diameter of the spherical nanoparticles.
Direct control over the size of the larger gold nanoparticles formed from the smaller
nanoparticle seeds can be also accomplished with the quantity of stock HAuCl4, added to
the reaction mixture, which is estimated through Equation 4.17:

(EQ 4.17)

where Nseed is the moles of Au atoms found in each gold seed, VHAuCl4 is the volume of
HAuCl4 added to the gold seed mixture, [HAuCl4] is the molar concentration of stock
HAuCl4, Di and Df are the diameter of the initial gold seeds used and the final diameter of
the gold nanoparticle desired, respectively [20].
Spherical gold nanoparticles have many advantages, including the ability to use
wet methods to synthesize nanoparticles with a range of different materials, control over
the size and shape which allows tuning with the Raman laser, and simple
functionalization chemistry with a wide range of different capping ligands that have been
already suggested. Unfortunately the use of capping ligands is necessary to prevent
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agglomeration and sedimentation of the nanoparticles from solution. The presence of
capping ligands presents many experimental difficulties in their displacement or removal.
These ligands often result in a convoluting Raman background that may mask the desired
sample spectral bands. Furthermore, the surface of the nanoparticles is exposed to the
thiosulfate lixiviant, which under typical gold leaching conditions may result in the
leaching of atoms from the nanoparticles. The leaching of gold from the nanoparticles
during experimental studies of thiosulfate leaching process is extremely problematic
since at longer leaching times the surface enhancement effect will be lost and
characterization of the passivating species can be extremely difficult.
4.3.3

Gold Nanorods
A more recent method devised to overcome the poor stability and non-uniformity

of SERS substrates in gold leaching solutions employs an array of gold nanorods
(AuNRs) grown along the surface normal [21]. A commercially available nanoporous
alumina disk, ca. 0.2 μm pore size, is immobilized on a gold coated glass slide.
Electrodeposition of gold from a 0.1 M KAu(CN)2 combined with a 0.1 M

KCN

electrolyte solution occurs at a constant potential, ca. -0.95 V vs. SCE. The gold atoms
are electochemically deposited in the pores of the porous alumina disk, where many
nanorods are formed simultaneously by growing vertically into solution. The length of
the AuNRs is controlled by the length of deposition time, where rods 25 μm in length
were achieved after 6 hours of deposition. One of the major benefits of the AuNRs
substrate results from the stability of the substrate after being subjected to an
electrochemical cleaning procedure which allows for complete removal of all competing
adsorbates on the gold surface. Without any competing ligands the AuNRs offers a
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reproducible surface that is free from convoluting SERS bands that may overlap with
bands of the desired sample or free of adsorbates that may out-compete for adsorption
sites on the substrate surface.
Additionally, it was found that surface enhancement is independent of the AuNRs
length, and the SERS characterization of the gold leaching system reported improved
temporal measurements (ca. 10 hrs) relative to the electrochemically roughened gold
substrates reported in the literature [22]. In addition, the AuNRs templated electrode
provided a more uniform distribution of surface enhancement over a greater surface area
leading to an increased sensitivity and reproducibility. Most importantly, the high aspect
ratio of the AuNRs provided the added stability in the SERS intensity during the leaching
process. Although the AuNRs displayed increased stability in gold leaching solutions
relative to the roughened electrodes, some of the concerns raised includ the diameter of
the nanorods is limited to 0.2 μm and cannot be further optimized with the Raman laser,
and exposure to the thiosulfate based electrolytes for several hours would lead to
morphological changes that would eventually lead to loss of surface enhancement.
One of the main problems with tracking changes in the spectral band intensities
from SERS spectra of the gold-thiosulfate interface during gold leaching is due to
changes in surface enhancement with time as the nano-features are leached into solution.
Therefore, any changes in the band intensities must be attributed to changes in the
enhancement of Raman scattering at the surface as well as changes in the quantity of
species present at the Au surface. For example, leaching of the AuNRs by thiosulfate can
be expected to cause a change in surface enhancement with time as the shape and size of
the nanorods begin to change. Unfortunately, with no internal standard to normalize the
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changes in the band intensity due solely to the change in surface enhancement,
decoupling of these two phenomena cannot be achieved.
4.3.4

Shell-Isolated Nanoparticles (SHINs)
Recently, many reports have focused on coating spherical nanoparticles with a

wide range of different types of materials. A few examples include SiO2 [23–25], SnO2
[26], Al2O3, and MnO2 [27]. Selection of an appropriate shell coating depends on the
intended application and experimental conditions. Typically, the metal nanoparticle core
is encapsulated in a uniform shell that prevents chemical or electrical interactions with
the desired substrate [27]. As discussed previously, metal nanoparticles are often
stabilized with capping ligands that increase their stability in solution through a high
surface charge, e.g. citrate, preventing agglomeration for an extended period of time.
Without a high surface charge, these shell-isolated nanoparticles (SHINs) deposit in a
uniform monolayer or bilayer array on the desired substrate that may conform to any
morphology leading to thousands of metal nanoparticles in a single array over a very
large area, thereby optimally enhancing the spectral signal that results from the substrate
surface.
Li et al. recently fabricated gold nanoparticles (diameter ca. 55 and 120 nm),
which were coated with a thin SiO2 layer, ~ 1-5 nm, to prevent agglomeration as well as
interactions with the electrode surface [24]. These coated nanoparticles, which to date
have not been used to study a gold leaching system, may provide a more stable SERS
signal in a gold leaching solutions over an extended time period compared to uncoated
nanostructures. It is expected that the SiO2 coating will block lixiviant interactions with
the gold nanoparticle core, thereby preventing loss of surface enhancement with time, and
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allow for characterization of lixiviant interactions with an underlying exposed Au
substrate.

4.4

Generalized Two-Dimensional Correlation Spectroscopy (2DCOS)
Generalized two-dimensional correlation spectroscopy (2DCOS) analysis

provides a 2D spectrum of the relative change in spectral features, with respect to a
reference spectrum. The 2DCOS method is often employed to aid in spectral
deconvolution of many overlapping bands and aids in determining the order of observed
changes in the spectral intensities. 2DCOS spectra are generated from a collection of
sequentially acquired spectra for a given sample influenced by an external perturbation
(i.e. time, temperature, chemical, mechanical, magnetic, optical, electric field, etc.) that
induces variations in the observed spectral features (e.g. IR, Raman, X-ray) [28–31].
Discussion here will be limited to variations in Raman spectral intensities,
observed at each sampled wavenumber,
time,

,

, where j = 1, 2, ..., n, and sampled immersion

, as the external perturbation, where k = 1, 2, ..., m. Equation 4.18 displays the

dynamic changes in spectral intensity as a function of the external perturbation,
expressed as [31];

(EQ 4.18)

which are generated relative to the time-average spectrum,

, calculated using

Equation 4.19:
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The analysis gives two types of correlations, synchronous 2DCOS spectra,

,

resulting from simultaneous changes and asynchronous 2DCOS spectra,

,

which arise from sequential or unsynchronized changes in the measured spectral series,
defined as [31];
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(EQ 4.21)

where Nik is the Hilbert-Noda transformation matrix expressed as [27];

(EQ 4.22)

The auto-correlation peaks are observed as positive symmetric peaks along the
diagonal,

, in the synchronous 2DCOS spectra. These autocorrelation peaks

represent variation in the spectral intensity that occurs as a function of time at that
particular frequency. A strong autocorrelation peak suggest that the change in the spectral
band is strong as a function of time, while weak autocorrelation peaks or the absence of
an autocorrelation peak indicate that the spectra are weakly dependent on time. Crosscorrelation peaks are found in the off-diagonal positions in synchronous 2DCOS spectra,
. Positive cross-peaks indicate that bands at and

increase/decrease

simultaneously, while negative cross-peaks imply that one band is increasing while the
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other band is decreasing as a function of time. A correlation square, which illustrates the
existence of coherent variations in the spectral intensities at

and

, can be obtained by

connecting a pair of cross-correlation peaks positioned on opposite sides of the diagonal
through the corresponding autocorrelation peaks. Thus, the synchronous 2D spectrum can
help remove the ambiguity in the band deconvolution procedure by providing the number
of peaks and their corresponding positions. In contrast, asynchronous spectra are
antisymmetric with respect to the diagonal, and therefore, no autocorrelation peaks are
observed. If the intensity variation in two Raman bands occurs completely synchronized,
then no cross correlation peak will be observed in the asynchronous spectra. Again,
cross-correlation peaks in asynchronous spectra can be either positive or negative as in
synchronous spectra. If the sign of an asynchronous cross-correlation peak matches the
sign of the synchronous cross peak, then the change of band intensity at
first and is followed by the change at

takes place

. If the signs of the synchronous and

asynchronous cross-correlation peaks are opposite, then the change in the band intensity
at

takes place before the change at

. Therefore, the asynchronous spectrum can

provide information about the sequence of spectral changes.
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CHAPTER 5

Experimental Methods

This chapter describes the materials, substrate preparation protocols, experimental
methods, and instrumental protocols employed for characterizing the gold-electrolyte
interface with surface enhanced Raman and electrochemistry.

5.1

Materials and Substrate Preparation

5.1.1

Materials and Chemicals
Thiosulfate electrolyte solutions were prepared fresh prior to every investigation

using sodium thiosulfate pentahydrate (Na2S2O3·5H2O, Sigma Aldrich, ≥99.5%), calcium
thiosulfate solution (CaS2O3, Captor), or ammonium thiosulfate ((NH4)2S2O3, Sigma
Aldrich, %) dissolved to a 0.10 M concentration in 100 mL of Milli-Q water (18.2 MΩ
cm) and adjusted to a final pH value of 10.0 using sodium hydroxide (NaOH, Sigma
Aldrich, 99.99%). Regular testing and adjustments of the pH were conducted in an
attempt to maintain a constant pH value throughout the entre duration of each
experiment. Additive studies were conducted by first dissolving copper sulfate
pentahydrate (CuSO4·5H2O, Sigma Aldrich, +98%), ammonium hydroxide (NH4OH,
Fisher Scientific, A.C.S. reagent), or ammonium sulfate ((NH4)2SO4, Fisher Scientific,
≥99.0 %) in Milli-Q water, followed by adding small aliqouts directly to the thiosulfate
lixiviant (~50 mM final concentration).
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5.1.2

Preparation of Gold Nanorod Arrays (AuNRs)
Substrates developed with gold nanorods arrays (AuNRs) [1] were prepared using

an alumina template (Whatman 0.2 μm Anodisc 13) bonded to a thin gold coated glass
slide with low density polyethylene. Electrodeposition of gold in the pores of the alumina
template was accomplished with a 0.1 M potassium dicyanoaurate (KAu(CN)2, SigmaAldrich, 98% purity) mixed with a 0.1 M potassium cyanide (KCN, SigmaAldrich, 99%
purity) electrolyte solution (pH = 10.0). A three-electrode glass cell, acid washed in a 3:1
concentrated sulfuric/nitric acid bath, was used for the electrodeposition stage. The
template assembly, a gold foil, and a chloride saturated Ag/AgCl (Fisher Scientific)
separated from the deposition electrolyte through a salt bridge were employed as the
working, counter, and reference electrodes, respectively. Every deposition started with
purging of the electrolyte solution with argon (Linde, 99.9999%) for 30 minutes.
Electrodeposition of gold was accomplished with an applied potential of −0.95 V vs.
Ag/AgCl for a period of 6 hours using a HEKA PG590 potentiostat, connected to a
computer though a data acquisition card (National Instruments PCI 6052E). After gold
deposition was deemed complete, samples were subjected to copious amounts of rinsing
with Milli-Q water (18.2 MΩ cm) and immersion in a 1.0 M sodium hydroxide solution
(NaOH, Sigma-Aldrich, 99.99%) to ensure complete dissolution of the alumina template.
Removal of any adsorbed impurities was achieved by three cycles of electropolishing in
3.0 M nitric acid (HNO3, Fisher Scientific) at an applied potential of +1.3 V for 60
seconds, followed by +1.1 V vs. Ag/AgCl for 60 seconds, and finally by rinsing with
Milli-Q water for 60 seconds.
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5.1.3

Preparation of SiO2 Shell-Isolated Nanoparticles
Preparation of shell-isolated nanoparticles (SHINs) was performed following the

methods previously reported [2–5]. Gold nanoparticles stabilized using citrate were
fabricated using a two stage seed-mediated growth procedure. The gold seeds,
approximately 40 nm diameter, were produced using the typical sodium citrate (1.0 wt%,
Sigma-Aldrich, >99.5%) reduction method with hydrogen tetrachloroaurate trihydrate
(HAuCl4·3H2O, Alfa Aesar, 99.99%). Further growth to 120 nm diameter was
accomplished with 0.54 wt% hydroxylamine hydrochloride (HONH3Cl, Sigma-Aldrich,
99%) as a reducing agent. Surface functionalization of the gold nanoparticles was
achieved

after

20

minutes

exposure

to

a

0.5

mM

hydrolyzed

(3-

aminopropyl)triethoxysilane solution (APTES, H2N(CH2)3Si(OC2H5)3, Sigma-Aldrich,
>98.0%). Lastly, encapsulation of the gold nanoparticle core with a 2-5 nm SiO2 shell
was completed using a sodium silicate solution (Na2O(SiO2)x·xH2O, Sigma-Aldrich,
reagent grade) at an elevated temperature of ∼90.0°C for 60 minutes to ensure the
formation of a uniform pinhole-free coating. After cooling, removal of excess reagents in
the suspension of SHINs was accomplished through centrifuging (3000 RPM for 15
minutes) and resuspension in Milli-Q water multiple times. The cleaned SHINs
suspensions were then vacuum deposited as uniform 2D arrays onto the desired substrate.
For depositions that occurred on the polished rotating disk electrodes (Pine
Instruments), the modified electrode was placed in a three-electrode glass
electrochemical cell and then gently cleaned in an argon purged 0.1 M sodium fluoride
electrolyte (NaF, Sigma-Aldrich, >99%). Repetitive cycling within −0.7 V to +0.4 V vs.
SCE (i.e. the double layer region) was conducted until a cyclic voltammogram with
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characteristic features of a clean electrode was obtained. A flame annealed gold wire
(Alfa Aesar, >99.9%) and a saturated calomel electrode (SCE, Fisher Scientific) that was
connected to the electrolyte solution with a salt bridge were employed as the counter and
reference electrodes, respectively. Complete encapsulation of the gold core nanoparticles
with a pinhole free SiO2 shell was verified by obtaining a SERS spectra of SHINs
deposited on a silicon wafer and immersed in an aqueous 10 mM pyridine solution (100%
laser power, 1 second exposure, 1 accumulation) [2–5].

5.2

Instrumentation and Spectral Analysis Techniques

5.2.1

General Instrumentation
UV-Vis absorption spectra of freshly prepared nanoparticles suspended in Milli-Q

water or in air after vacuum deposition on a clean glass slide were recorded using a Cary
300 UV-vis spectrophotometer in the spectral range between 400-800 nm.
A scanning electron microscope (SEM, FEI Inspect S50), fitted with a tungsten
filament and a Everhart-Thornley secondary electron detector, was employed with a
working distance of ~9.6-10.0 cm, spot size of 3.5, and a 15-20 kV electron beam energy
for collection of all SEM images. A transmission electron microscope (TEM, Philips
CM10) equipped with a top mount 11 megapixel CCD camera (SIS/Olympus Morada)
was employed for collection all TEM images.
5.2.2

Raman Spectroscopy
A Renishaw Raman imaging microscope equipped with a 785 nm NIR diode laser

(300 mW power) and a CCD array detector was used for all Raman investigations. A
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spectral resolution of approximately 1 cm-1 was achieved using a holographic grating
(1200 grooves mm−1) and a slit width of 50 μm. The spectrometer was calibrated to the
vibrational Raman band of silicon at 520 cm-1 prior to each experiment. Complete
encapsulation of the gold nanoparticles was confirmed by recording a minimum of 20
SERS spectra of the SHINs deposited on a clean silicon wafer and immersed in a 0.01 M
pyridine solution (C5H5N, Fisher Sci., certified ACS reagent grade) with a 100% laser
power, 1 s exposure, and 3 accumulations.
All SERS investigations involving the gold leaching system were performed using
a Teflon spectroelectrochemical cell designed and built in-house to fit the RDE in an
inverted configuration. All leaching investigations were conducted in open atmosphere to
allow the exchange of dissolved oxygen in the thiosulfate electrolyte. A RDE was
selected as the electrode substrate due to the ease of polishing and regeneration of the
gold surface prior to each individual investigation. A LEICA immersion lens (63x) was
immersed directly into the electrolyte solution and focused onto the electrode/substrate
surface. All SHINERS spectra (unless otherwise stated) were collected in a single
acquisition between 3200 to 100 cm-1 at regular time intervals with a 10% laser power,
exposure time of 10 seconds and 3 accumulations.
5.2.3

Generalized two-dimensional correlation spectroscopy
Generalized two-dimensional correlation spectroscopy (2DCOS) spectra [6–9]

were generated from the dynamic SHINERS spectra collected using 2Dshige © software
form Shigeaki Morita, Kwansei-Gakuin University (2004-2005), following the
implementation in gold leaching investigations described previously [1,10].
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5.2.4 Theoretical Raman Spectra Simulations
Following a procedure outlined by Vezvaie et al. [11], the structure and
assignment of the molecular vibrations observed as a result of 1-thio-β-D-glucose
adsorption on the SERS active gold electrode were determined through ab initio density
functional theory (DFT) calculations performed using the Gaussian 03W program suite.
In brief, optimization of geometry of TG bonded to a three gold atom cluster were
obtained using the DFT-B3LYP/LanL2DZ basis set. The calculated vibrational
wavenumbers for the optimized structure were corrected according to Yoshida et al. [12]
who introduced the wavenumber-linear scaling method: νobs/νcalc =1.0 – κνcalc , where
νobs and νcal, are the wavenumbers (in cm-1) of the observed and calculated normal mode
vibrations, respectively, and κ is the appropriate scaling factor [12]. It was found that the
same scaling factor, i.e. κ = 0.00001880, that was reported by Vezvaie et al. [11] gave
excellent agreement between the calculated and experimentally obtained spectra reported
here.
5.2.5

Electrochemical Determination of the Gold Leaching Kinetics
Kinetics of gold leaching in the presence of thiosulfate was monitored using a

modified electrochemical method described previously by Baron et al. based on a ButlerVolmer description [1,13,14]. Briefly, the gold RDE was polished with successive grades
of diamond suspension (6, 3, 1, 0.25 μm, LECO), introduced into a three electrode
electrochemical cell and repetitively cycled between -0.8 V and +1.2 V vs. SCE in a 0.1
M NaF electrolyte until a clean and stable cyclic voltammogram was obtained. The
electrochemically clean gold RDE was removed from the electrochemical cell, rinsed
with copious quantities of Milli-Q water and then re-immersed into a new
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electrochemical cell with a freshly prepared thiosulfate lixiviant at the open circuit
potential (EOCP). RDE rotation was not employed to be consistent with SERS
investigations. A linear sweep voltammogram (LSV) was recorded ±20 mV of the EOCP
every two minutes at a sweep rate of 1 mV s -1. The mixed leaching current, iM, was
calculated from the slope of the collected LSV using previously determined transfer
coefficients  O2 and  Au of 0.53 and 0.23, respectively [14,15]. The calculated values of
iM were converted to rate of gold dissolution (μg m-2 s-1) then plotted as a function of
exposure time to the thiosulfate lixiviant.
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CHAPTER 6

Characterization of a Self-Assembled Monolayer of 1-Thio-β-D-Glucose
with Electrochemical Surface Enhanced Raman Spectroscopy Using a
Nanoparticle Modified Gold Electrode

Attached is the published journal article, Langmuir 31 (2015) 10076-10086, that
describes the development and characterization of a nanopatterned gold electrode and its
applicability in studying self-assembled monolayers (SAMs) of adsorbates [1]. The SAM
of the alkylthiol 1-thio-β-D-glucose (TG) was employed as a proof of principle. For this
article, all data collected was conducted by myself, except for the simulated Raman
spectra which were performed in collaboration with Ryan Seenath. However, all data
analysis and the first version of the manuscript was drafted by myself.

6.1

Summary and Discussion
Development of a simple and reliable SERS active substrate without a

convoluting Raman background was desired to identify and characterize the interaction
of electrolyte species adsorbed to a gold surface. Citrate stabilized gold nanoparticles
(citrate-AuNPs) offered a simple and reliable means for achieving a reproducible
nanopatterned electrode capable of detecting adsorbates that may be either weak Raman
scatterers, present at sub-monolayer coverages, and/or mixed with a number of very
similar species. Knowing the exact band position, relative intensities, full-width half
maximum values and interfacial stability of desired electrolyte species adsorbed to an
91

electrode surface can be paramount to identifying multiple chemical species present in a
complex investigative system and/or distinguishing reaction products/intermediates from
the reactant species. Additionally, modifying a gold electrode surface with the citrate
stabilized AuNPs allows for convenient and efficient removal of citrate molecules, or any
other contaminants, with electrochemistry.
TG was employed as a test adsorbate due to the previous literature that was
already well established. For example, Kycia et al. employed electrochemistry and
scanning tunneling microscopy (STM) to characterize the adsorption behaviour of TG to
a Au(111) electrode [2]. They concluded that TG adsorption to the gold electrode surface
occurs as a well ordered monolayer within -0.20 to -0.60 V vs. SCE, but becomes
disordered when E > -0.20 V vs. SCE. The transition to a disordered SAM was
speculated, but unconfirmed, to be a result of oxidation of the adsorbed TG molecules.
Reductive desorption of the TG SAM also occurred when E < -0.60 V vs. SCE. Vezvaie
et al. studied TG adsorption to a nanocavity silver electrode with electrochemical-SERS
(EC-SERS) to gain spectroscopic information concerning the interfacial stability of a TG
SAM upon adsorption to a silver electrode [3]. The SERS studies of TG adsorption on the
silver electrode demonstrated several important properties: (i) a partial quantity of TG
molecules undergo oxidation, (ii) a mixture of α-TG and β-TG were present at the metal
surface, and (iii) there was a large retention of water in close proximity of the silver
surface. However, silver is well known to give larger surface enhancement in SERS than
gold and previous nanopatterned gold substrates failed to provide spectra with a sufficient
S/N ratio leading to uncertainty concerning the adsorption behaviour of TG on gold
surfaces. The adsorption behaviour and interfacial stability of SAMs of TG on gold
92

surfaces was extremely important as they provide a route for achieving stable and
reproducible hydrophilic surfaces. The hydrophilic modified gold surfaces have been
shown to be a requirement for reproducible results in biomimetic investigations using
gold as a solid support.
Upon successful preparation of a nanoparticle modified gold substrate,
characterization of hydrophilic SAMs of TG with EC-SERS was accomplished. Briefly,
citrate stabilized gold nanoparticles were deposited on a polycrystalline gold electrode
and immersed in a 0.10 M NaF electrolyte to completely remove all adsorbed citrate by
means of an applied potential. Successful removal of all traces of citrate was confirmed
in the recorded cyclic voltammetry curves and SERS spectra. The nanoparticle modified
gold electrode was externally incubated in a 1 mg mL−1 aqueous solution of TG for 16
hours and then characterized using EC-SERS. The resulting spectra of TG adsorbed to
the SERS active gold electrode confirmed a stable monolayer had formed at potentials
more negative than −0.10 V vs. SCE, and the majority of TG molecules retained their
ring structure. However, a small quantity of TG molecules was observed in an oxidized
state. Oxidation of TG molecules in the SAM was observed to become more paramount
at E > -0.10 V, followed by complete oxidation at E > +0.20 V vs. SCE. From the ECSERS spectra recorded in the double layer region, the SAM of TG appeared to be well
hydrated, and therefore, could potentially be employed for hydrophilic modifications of
gold surfaces.
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6.2

Conclusions
The development of a novel SERS active gold electrode through nanopatterning

of the surface with citrate stabilized gold nanoparticles has offered the expanded ability
to characterize gold adsorbates; (i) without convoluting background spectra, and (ii) may
be characterized in range of different applied potentials. Future work may include; (i)
optimizing the size and geometry of the nanoparticles for localized surface plasmon
resonance tuning with the incident laser radiation, (ii) controlling the deposition
distribution of the nanoparticles into 2D arrays for optimal surface enhancement and
more uniform distribution of the applied electric field, and/or (iii) implementing the
nanoparticle modified gold electrode for characterizing possible adsorbates future gold
leaching investigations.
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ABSTRACT: Preparation of a nanoparticle modiﬁed gold
substrate designed for characterization of hydrophilic selfassembled monolayers (SAMs) of 1-thio-β-D-glucose (TG)
with electrochemical surface-enhanced Raman spectroscopy
(EC-SERS) is presented. Citrate stabilized gold nanoparticles
were deposited on a polycrystalline gold electrode and
subjected to an electrochemical desorption procedure to
completely remove all traces of adsorbed citrate. Complete
desorption of citrate was conﬁrmed by recording cyclic
voltammetry curves and SERS spectra. The citrate-free
nanoparticle modiﬁed gold electrode was then incubated in a
1 mg mL−1 aqueous solution of TG for 16 h prior to being
characterized by EC-SERS. The SERS spectra conﬁrmed that
at potentials more negative than −0.10 V vs SCE thioglucose forms a monolayer in which the majority of the molecules preserve
their lactol ring structure and only a small fraction of molecules appear to be oxidized. At potentials more positive than −0.10 V,
the oxidation of TG molecules becomes prominent, and at potentials more positive than 0.20 V vs SCE, the monolayer of TG
consists chieﬂy of oxidized product. The SERS spectra collected in the double layer region suggest the SAM of TG is well
hydrated and hence can be used for hydrophilic modiﬁcations of a gold surface.

■

INTRODUCTION
Phospholipid bilayers that mimic biological membranes are
commonly deposited on metal surfaces to study changes in the
membrane−protein interactions upon exposure to an applied
electrical ﬁeld.1,2 Due to protein denaturation when in direct
contact with metal surfaces, the substrate surface must ﬁrst be
modiﬁed prior to the bilayer deposition. Speciﬁcally, development of ﬂoating lipid membranes on gold electrodes for
biomimetic investigations requires the hydrophilic modiﬁcation
of the gold surface to retain the ﬂuidity/integrity of the model
membrane and to prevent protein denaturation. For that
purpose, self-assembled monolayers (SAMs) of 1-thio-β-Dglucose (TG) have been successfully employed as a simple and
eﬀective method for modifying gold substrates as a precursor to
lipid membrane deposition and to ensure a uniform water layer
remains between the solid support and the biomimetic lipid
membrane.1−5 Modiﬁcation of the gold electrode with TG is
also preferred over many other adsorbates, i.e., citrate, as this
monolayer is stable over a larger potential window.
The formation of SAMs of TG from aqueous solutions at
gold surfaces is a result of the spontaneous formation of a
covalent Au−S bond through the thiolate of the TG
molecules:6
C6H11O5S−(aq)

+ Au(s) → C6H11O5S−Au(s) + e

−

© 2015 American Chemical Society

Kycia et al. have previously investigated the formation of SAMs
of TG from aqueous solutions on a Au(111) electrode surface
using electrochemistry and electrochemical scanning tunneling
microscopy (EC-STM).4 The results of their experiments are
summarized in Figure 1. They observed that an ordered
monolayer is formed within the potential region between −0.20
and −0.60 V, as suggested by the stable charge density curve in
this potential region. However, the monolayer was observed to
undergo a phase transformation to a transition state at E >
−0.20 V vs SCE, followed by further transformation to a
complete disordered state at higher potentials. They suggested
that oxidation of the adsorbed TG molecules took place at
these positive potentials. Reductive desorption of the TG SAM
was also observed at E < −0.60 V vs SCE. However, no
spectroscopic studies of TG adsorbed at the gold surface were
performed to characterize the stability of the TG SAM as a
function of the applied potential. Therefore, the objective of the
present work is to apply surface enhanced Raman spectroscopy
(SERS) to provide molecular level information about the
nature of the TG molecules adsorbed at a gold electrode
surface.
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coadsorption leading to a mixed monolayer of the alkylthiol and
citrate on the AuNPs.11 Therefore, complete displacement of
citrate must be performed prior to the self-assembly of a
monolayer of alkylthiols.
In this work, we have successfully employed SERS to identify
characteristic bands of TG adsorbed on AuNPs and to
determine the extent of oxidation of the TG monolayer as a
function of the applied electrode potential. To acquire spectra
of TG on the SERS active electrode, we have developed a
procedure to completely remove citrate from the AuNPs. We
describe electrochemical and spectroscopic investigations after
deposition of the citrate stabilized AuNPs on a gold electrode,
followed by complete electrochemical desorption of the
adsorbed citrate, and further modiﬁcation of the SERS active
electrode with TG. This constitutes an important element of
novelty in the studies of SAMs at AuNPs. Furthermore, the
description of the adsorption behavior of TG on gold surfaces
is signiﬁcant because the SAM of TG provides a stable and
reproducible hydrophilic surface modiﬁcation, important for
further biomimetic investigations using gold as a solid support.
This monolayer may also ﬁnd application in other areas of
research that require a hydrophilic electrode surface.

Figure 1. Charge density curves recorded with a Au(111) electrode in
a 0.1 M NaF electrolyte before (black squares) and after (red circles)
external β-TG SAM formation. Also included are EC-STM images (31
× 31 nm2, tunneling conditions; It = 0.39 nA, Vbias = +200 mV)
collected in a 0.05 M phosphate buﬀer + 2 mM β-TG electrolyte at
potentials identiﬁed by dashed gray lines. STM images reproduced
from ref 4.

■

MATERIALS AND METHODS

Substrate Preparation. Citrate stabilized gold nanoparticles
(AuNPs) were prepared following the procedure previously described
by Li et al.13−15 The AuNPs were grown in a one-step process, 40−50
nm dia., following the typical sodium citrate reduction method at
∼90.0 °C using hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·
3H2O, Alfa Aesar, 99.99%). Centrifugation of the AuNP suspension at
1500 rpm for 15 min was performed, and deposition of approximately
20 μL of the concentrated citrate-AuNP solution was placed in the
form of a droplet onto the desired substrate and allowed to dry under
a vacuum. The SERS spectra were recorded by depositing the citrateAuNPs on either a clean silicon wafer or a polycrystalline gold rotating
disk electrode (RDE, PINE Instruments, 99.99%). A polycrystalline
gold RDE was selected as the electrode surface for EC-SERS studies
due to (i) the ease of polishing the RDE surface to remove the AuNPs
and regeneration of a clean surface for repetitive investigations, (ii) the
ease of electrochemical desorption of citrate from the AuNP modiﬁed
surface upon applied potential and rotation (if needed), and (iii)
convenient conﬁguration with the custom built Teﬂon spectroelectrochemical Raman cell. The gold RDE was polished with successive
grades of diamond suspension (6, 3, and 0.25 um, LECO), with
excessive rinsing with Milli-Q water (18.2 MΩ cm) between each
grade.
Prior to and following deposition of citrate-AuNPs, the modiﬁed
RDE (Au/AuNPs/citrate) was gently cleaned of all adsorbed citrate
and other surface contaminants in a three-electrode glass cell with an
argon purged 0.1 M sodium ﬂuoride (NaF, Sigma-Aldrich, >99%)
electrolyte solution (pH ∼ 8.4), by repetitive cycling between −0.90
and +1.25 V vs SCE, at a scan rate of 20 mV s−1 and electrode rotation
of 500 rpm, until a cyclic voltammetry curve (CV) and a SERS
spectrum indicative of a stable and clean surface was obtained. After a
suﬃcient number of cycles were completed, the removal of all
adsorbed citrate was conﬁrmed by recording a CV at 20 mV s−1
between −0.90 and +0.40 V vs SCE, without rotation of the electrode.
A coiled gold wire (Alfa Aesar, >99.9%) and a saturated calomel
electrode separated from the electrolyte solution through a salt bridge
were employed as the counter and reference electrode, respectively.
Electrochemical investigations were conducted using a HEKA PG 590
potentiostat coupled with a dual lock-in ampliﬁer, and all electrochemical information was recorded with a National Instruments data
acquisition card and in-house Labview written software provided by
Prof. Ian Burgess. All glassware was acid-washed (3:1 v/v mixture of
concentrated sulfuric and nitric acid) and rinsed with a copious
amount of Milli-Q water.

Vezvaie et al. have successfully employed SERS to determine
the stability of the SAM of TG formed at a nanocavity
patterned silver electrode.7 The adsorption of TG molecules to
the silver surface occurs through a Ag−S bond formation,
similar to eq 1. The SERS studies demonstrated that the TG
monolayer is partially oxidized and that a fraction of the β-TG
undergoes anomerization at the metal surface to its α-anomer.
Most importantly for the biomimetic studies, the SERS
investigations demonstrated a large retention of water in
close proximity of the silver surface, suggesting that a successful
hydrophilic modiﬁcation was accomplished. However, silver is
well-known to give larger surface enhancement in SERS than
gold and the nanocavity patterned gold substrates failed to
provide spectra with a suﬃcient S/N ratio. The diﬃculty with
detection of TG adsorption to electrode surfaces is related to a
combination of the small normal Raman scattering cross
section, which has been reported for the 1126 cm−1 vibrational
band of glucose to be approximately 5.6 × 10−30 cm2
molecules−1 sr−1,8−10 and the low surface concentration
expected to be on the order of 10−10 mol cm−2.
Achieving surface enhancement through the use of gold
nanoparticles (AuNPs) has become a simple and reliable
method for characterizing metal adsorbates with Raman
spectroscopy. However, their implementation for achieving
enhancement of Raman scattering from adsorbates is
complicated by place exchange reactions with the capping
ligands used during nanoparticle synthesis. Typically, gold
nanoparticles are synthesized following the well-established
citrate reduction method where HAuCl4 is reduced to Au0 by
decarboxylation of citrate to acetoacetate.11,12 The adsorbed
citrate acts as a capping ligand preventing further growth of the
nanoparticles and increases nanoparticle stability by preventing
agglomeration through a high negative surface charge which
results in electrostatic repulsion of the AuNPs with each other.
Unfortunately, upon attempting to passively displace adsorbed
citrate with alkylthiols, Park and Shumaker-Parry observed
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Modiﬁcation of the gold electrode surface for SERS investigations
was performed by immersing the electrochemically cleaned Au/AuNPs
electrode in a 1 mg mL−1 1-thio-β-D-glucose sodium salt (TG,
C6H11O5SNa·2H2O, Sigma-Aldrich) dissolved in Milli-Q water for 16
h, followed by repetitive rinsing in Milli-Q water to remove excess
adsorbates.
Instrumental Setup. UV−vis absorption spectra of freshly
prepared citrate-AuNPs in an aqueous suspension and in air (after
vacuum deposition on a clean glass slide) were recorded in the 400−
800 nm spectral range using a Cary 300 UV−vis spectrophotometer.
Collection of all scanning electron microscopy (SEM) images was
achieved with a FEI Inspect S50 equipped with a tungsten ﬁlament
and an Everhart-Thornley secondary electron detector with a working
distance of approximately 9.6 cm, with a spot size of 3.5, and set to a
20 kV electron beam energy.
A Renishaw model 2000 imaging microscope furnished with a near
IR laser (785 nm wavelength, 300 mW power output) and a CCD
array detector was employed for collection of all Raman spectra. A
spectral resolution of 1 cm−1 was achieved employing a holographic
grating, 1200 grooves mm−1, and a slit width of 50 μm. Calibration of
the spectrometer to the vibrational Raman band of silicon at ca. 521
cm−1 was performed prior to every investigation. All EC-SERS
investigations were performed with a custom built Teﬂon spectroelectrochemical cell designed to ﬁt a PINE RDE in an inverted, stationary
conﬁguration. A gold wire ring that encircled the working electrode
and a SCE separated from the cell through a salt bridge were used as
the counter and reference electrodes, respectively. SERS spectra were
recorded with a LEICA immersion lens (63×), separated from the
electrolyte solution with a polyethylene-based ﬁlm (DuraSeal, VWR),
by focusing the laser spot size onto the substrate surface. Normal
Raman spectra were collected in a single acquisition between 3200 and
100 cm−1, using 100% laser power, a 100 s exposure, and 10
accumulations per cycle. SERS spectra were recorded at 25% laser
power (∼2 × 107 mW cm−2), 10 s exposure, and three accumulations
to decrease the collection time of each spectra and reduce the
possibility of laser-induced changes in the sample substrate. All
investigations were performed in triplicate to ensure reproducibility of
the spectra obtained. Generalized two-dimensional correlation spectroscopy (2DCOS) spectra16−19 were generated from a collection of
sequentially recorded EC-SERS spectra in which the spectral band
intensities changed relative to the average spectrum determined over
the entire potential region studied.
Molecular Simulations. Following a procedure outlined by
Vezvaie et al.,7 the structure and assignment of the molecular
vibrations observed as a result of TG adsorption on the SERS active
gold electrode were determined through ab initio density functional
theory (DFT) calculations performed using the Gaussian 03W
program suite. In brief, optimization of the geometry of TG bonded
to a three-gold-atom cluster was obtained using the DFT-B3LYP/
LanL2DZ basis set. The calculated vibrational wavenumbers for the
optimized structure were corrected according to Yoshida et al.20 who
introduced the wavenumber-linear scaling method: νobs/νcalc = 1.0 −
κνcalc, where νobs and νcal are the wavenumbers (in cm−1) of the
observed and calculated normal mode vibrations, respectively, and κ is
the appropriate scaling factor.20 It was found that the same scaling
factor, i.e., κ = 0.00001880, that was reported by Vezvaie et al.7 gave
excellent agreement between the calculated and experimentally
obtained spectra reported here.

Figure 2. (A) UV−vis absorbance spectra of freshly prepared citrateAuNPs (black line) suspended in Milli-Q H2O and (red line,
absorbance multiplied 5×) vacuum deposited on a clean glass surface.
(B) SEM image (15 000× mag) illustrating the surface morphology of
the SERS active gold RDE after the deposition of citrate-AuNPs (ca.
48.6 nm dia.).

band in Figure 2A shifts to 552 nm with the emergence of a
shoulder at 591 nm, suggesting the AuNPs have agglomerated
into larger clusters on the glass surface. Figure 2B shows a SEM
image of the 3D agglomeration of the AuNPs, upon drying of
the aqueous suspension of citrate-AuNPs on a clean gold RDE
surface. The average diameter of the AuNPs on the RDE
surface in Figure 2B was measured to be 48.6 ± 9.3 nm
consistent with the UV−vis band position observed in Figure
2A of citrate-AuNPs suspended in solution. It is expected that
the size and distribution of the AuNPs on the gold surface will
provide suﬃcient surface enhancement for detection and
characterization of the adsorbed molecules in EC-SERS
investigations.
Spectrum 1 in Figure 3 displays the baseline corrected SERS
spectrum of freshly prepared citrate-AuNPs after vacuum
deposition onto a clean silicon wafer, washing with Milli-Q
H2O, and reimmersion into Milli-Q water (Si/AuNPs/citrate/
H2O). The SERS spectra of the citrate-AuNP surface reveal
many distinct bands indicative of adsorbed citrate, whose
assignment is given in Table 1. To assist band assignment,
spectrum 2 displays the expanded 2000−600 cm−1 region.
Previously, several spectroscopic reports have suggested citrate
adsorbs to gold with deprotonated carboxylic groups

■

RESULTS AND DISCUSSION
Characterization of Citrate Stabilized Gold Nanoparticles. Figure 2A displays the UV−vis absorbance spectrum
of citrate-AuNPs suspended in Milli-Q water. The spectrum
matches well with the spectrum reported by Mabuchi et al. in
the literature.21 Figure 2A displays a single band positioned at
ca. 535 nm, indicative of a narrow size distribution of AuNPs
consistent between 40 and 50 nm in diameter.21 Upon
deposition onto a glass substrate, the position of the absorbance
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Other bands indicative of citrate adsorbed to the AuNPs are
observed at ca. 883, 997, 1440, and 2988−2782 cm−1 attributed
to v(CO, CC), v(CC), δ(CH2)/ω(CH2), and v(CH, CH2)
respectively.12,21,23,25,27−30 Many of the bands of adsorbed
citrate correlate well, albeit slightly shifted, with the Raman
band positions observed from citrate molecules in an aqueous
solution (spectra not shown), as summarized in Table 1.
Furthermore, the band positioned at 1640 cm−1 likely stems
from a combination of δ(H2O)bulk and vas(COO−)ads, making it
diﬃcult to determine the extent of hydration or the quantity of
water that is in close proximity with the Au/AuNP surface. It is
important to note that the intense band at ca. 521 cm−1
originates from the underlying Si substrate.
After deposition of the citrate-AuNPs onto the gold
electrode, the adsorbed citrate molecules were successfully
desorbed by applying repetitive electrochemical desorption
cycles between the potential limits of −0.90 and +1.25 V vs
SCE, using a 20 mV s−1 sweep rate and a 500 rpm electrode
rotation in a 0.1 M NaF electrolyte until a CV curve
characteristic of a clean gold electrode was obtained. The
continuous red line in Figure 4 plots the CV curve collected
with the clean Au/AuNP stationary electrode free from
adsorbed citrates. For comparison, the dotted black curve
plots the CV curve recorded at the AuNP free, freshly polished
polycrystalline gold surface that was not exposed to citrate ions.
The two curves have similar shape; however, much larger
currents are recorded at the AuNP modiﬁed surface, illustrating
an increase in the surface area due to the presence of AuNPs.
The inset in Figure 4 displays the CVs recorded in the double
layer region, i.e., between −0.90 and +0.40 V vs SCE. The two
curves have similar shape, indicating that the electrochemical
cleaning procedure was successful in removing citrates from
AuNPs.
Behavior of Adsorbed 1-Thio-β-D-glucose (TG) in the
Ordered Region. The Au/AuNP electrode that was citrate
free was rinsed with a copious quantity of Milli-Q water.
Removal of all traces of citrate and other contaminants was

Figure 3. Baseline corrected SERS spectrum of freshly prepared citrate
stabilized AuNPs vacuum deposited on a clean Si wafer, washed, and
reimmersed in Milli-Q water (Si/AuNPs/citrate/H2O), 25% laser
power, 10 s exposure, three accumulations. Inset: wavenumber axis
enlarged for the 2000−600 cm−1 region with marked band positions.

preferentially oriented toward the gold surface.22,23 However,
some have suggested that adsorbed citrate exhibits partially
protonated carboxylic groups that are either hydrogen bonded
with a next-neighbor or are oriented outward toward the bulk
solution.11 Figure 3 exhibits several bands characteristic of
citrate adsorbed to the surface of the AuNPs. For example, a
large broad band is observed at ca. 253 cm−1, likely associated
with gold−citrate interactions through the deprotonated
carboxylic groups.24 Nichols et al.23 and Floate et al.25
tentatively assigned the bands at ca. 1686 and 1580 cm−1 as
the vas(COOH)ads and vas(COO−)ads of citrate bound to the Au
surface. The 1382 cm−1 band originates from carboxylic groups
coordinated to the AuNP surface as an η-2 adsorbate.23,25−27

Table 1. Observed Raman Band Positions of a 0.1 M Sodium Citrate Solution and Citrate Adsorbed to AuNPs with
Corresponding Band Assignmentsa
observed band positions (cm−1)

a

vibrational mode assignment

0.1 M citrate/H2O

v(OH)
v(CH, CH2)
v(CO)ads
vas(COOH)bulk
vas(COOH)ads
δ(HOH)/vas(COO−)ads
vas(COO−)ads
δ(CH2)/ω(CH2)
vs(COO−)ads
vs(COO−)
v(CO)/δ(OH)
v(CO, CC)
v(CC)
v(CO, CC)
vs(CO)/ρ(CH2)
v(SiSi)
v(AuCOO−)/δ(CCC)
δ(CCC)/v(AuCO)

>3001
2982−2894

Si/AuNPs/citrate/H2O
2885
2118

1710
1686
1640
1580, 1532
1440
1382
1351
1290, 1255
1140, 1116, 1046
997
883
800
521
294, 253
140

1640
1434, 1410

1050
945
838
794

124

references
28
30
21
23, 25, 26
23,
23,
21,
23,
27
26,
26,
21,
21,
27

25, 28
25, 26
26, 27
25−27
27
27
27
27

21

vs - symmetric stretching, vas - asymmetric stretching, δ - bending, ω - wagging.
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EOCP, followed by −0.10 V vs SCE and then stepping every 0.10
V negatively for every sequentially acquired spectrum. For
potentials between EOCP (∼ −0.08 V vs SCE) and −0.60 V vs
SCE corresponding to the ordered state of the monolayer (see
Figure 1), the shape of the spectra was invariant with applied
potential. For this region, seven spectra were averaged to
improve S/N and plotted as spectrum 2 in Figure 5. This
spectrum is dominated by a very strong v(Au−S) band at ∼265
cm−1 coupled with a strong shoulder at 295 cm−1. Therefore,
spectrum 3 in Figure 5 plots bands in the 2000−400 cm−1
region with the spectral intensity enhanced 5 times. All band
positions in the SERS spectrum of the SAM of TG on gold and
their respective assignments are summarized in Table 2. The
assignment was assisted by computation of the Raman spectra
of TG coordinated to a cluster of three Au atoms. The
calculated vibrational frequencies were visualized through
animation with Gaussview 3.09. Several examples of such
animations are included in the Supporting Information. The
assignment is in good agreement with the literature concerning
the Raman spectra of reducing sugars.31−33 The spectral
intensity in the spectra collected negative of E = −0.60 V vs
SCE was observed to uniformly decrease until all spectral
features were lost at E = −0.80 V vs SCE, consistent with
reductive desorption of TG molecules reported by Kycia et al.
from Au(111) electrodes.4
To facilitate discussion, Figure 6A plots the SERS spectra
recorded of TG adsorbed on the silver nanocavity substrate
(Ag/TG/0.1 M phosphate buﬀer), previously published by
Vezvaie et al.,7 and their assignments of observed bands is given
in Table 2. Figure 6B plots the averaged spectrum of TG
adsorbed on the Au/AuNP electrode surface presented earlier
in Figure 5. In addition, Figure 6C also plots the subtractively
normalized (SN) Raman spectrum collected of TG dissolved in
Milli-Q H2O for reference. The normalized Raman spectrum of
TG in solution, INTG(v), was calculated by determining the
spectral intensity diﬀerence between the raw Raman spectrum
of TG solution, ITG/H2O(v) and the reference spectrum of MilliQ water, IH2O(v), spectra not shown, according to eq 2:

Figure 4. CV curves (5 mV s−1, 0 rpm) of a polycrystalline gold RDE
in an argon purged 0.1 M NaF electrolyte before (black dashed line)
and after (solid red line) modiﬁcation with AuNPs.

then conﬁrmed by recording a SERS spectrum (shown as
spectrum 1 in Figure 5) of the clean Au/AuNP electrode

−1 ⎤
⎡I
TG/H 2O(1640 cm )
N
⎥
(v) = ITG/H2O(v) − IH2O(v)⎢
ITG
⎢⎣ IH2O(1640 cm−1) ⎥⎦

(2)

Disappearance of the water bending vibration, ca. 1640 cm−1, in
Figure 6C indicates complete removal of the convoluting water
bands and Raman background. The observed spectral band
positions observed in Figure 6C and corresponding assignments are also summarized in Table 2.
The spectra recorded at the silver electrode (Figures 6A) and
the AuNPs (Figure 6B) show a broad band centered at ∼1600
cm−1 that is absent in the SN spectrum of TG in the aqueous
solution (Figure 6C). This band is characteristic for
vas(COO−), and its presence indicates a partial oxidation of
the TG monolayer. The band at 1725 cm−1 in the spectrum in
Figure 6A is characteristic for the carbonyl group vibration.
This band is absent in the spectrum in Figure 6B recorded at
AuNPs, suggesting that in this case the oxidation of TG
molecules is somewhat less pronounced. The band at 1650
cm−1 at the Ag electrode and a shoulder at ∼1640 cm−1 at the
AuNPs are characteristic for the bending band of water,
δ(H2O)bulk. Their presence indicates that monolayers of TG
adsorbed on electrode surfaces retain water molecules very near
the electrode surface. This is important information in view of

Figure 5. Spectrum 1: Baseline corrected SERS spectra recorded of the
electrochemically cleaned Au/AuNP substrate in a 0.1 M NaF
electrolyte. Spectrum 2: Average spectrum in the ordered region of TG
SAM formed by incubation in a 1 mg mL−1 solution of TG for 16 h
(25% laser power, 10 s exposure, three accumulations). Spectrum 3:
The 2000−400 cm−1 region of the SERS of TG SAM plotted with
intensities increased ﬁve times.

surface in an argon purged 0.1 M NaF electrolyte at the open
circuit potential (EOCP), ∼0.15 V vs SCE. The clean Au/AuNP
electrode was then removed from the cell and incubated in a 1
mg mL−1 TG solution for 16 h, rinsed with Milli-Q water to
remove physisorbed TG molecules, and then reinserted into
the Raman cell with a freshly prepared argon purged 0.1 M NaF
electrolyte. SERS spectra of the TG modiﬁed Au/AuNP surface
were then collected as a function of applied potential starting at
10080
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Table 2. Observed Solution and Adsorbed Raman Bands of a 1-Thio-β-D-glucose (TG) and Corresponding Band Assignmentsa
observed Raman bands (cm−1)
vibrational mode assignment
v(CH, CH2)
v(CO)
δ(H2O)bulk
δ(H2O)interface/vas(COO−)
ω(CH2)/δ(CH2, COH, CH)
δ(COH, CH)
vs(COO−)
vas(COC)ring/v(CO)/δ(COH, CH)b

v(CC)ring/v(COC)ring/δ(COH)b

v(CC)/vs(COC)ring/ρ(CH2)b
v(CS)ringb
δ(OH)/τ(CCC)ring

v(AuS, AgS)/δ(CCC)ring

δ(CCC)ring

TG solution

average spectrum of Au/AuNPs/TG/0.1 M NaF

Ag/TG/0.05 M phosphate buﬀer7

2876 (broad)
not seen
1643 (broad)
1595 (broad)
1437
1370
not seen
1218
1183
1139
1080
1050
1028
1002
917, 890
800
696 (broad)
609
574
538
505
437
414
not seen
295
265

3000−2830 (broad)
1725
1650 (broad)
1600 (broad)
1440
1366
1295
1212
1178
1127
1080
1065
1035
1001
928, 890
798
700
not seen
583
540
510
433
411
362

2940−2800
1640 (broad)
not seen
1457
1381, 1363
not seen
1238
not seen
1116
1071
1051
1019
1000 (broad)
914, 879
826
687 (broad)
not seen
578
503
427
412
358

173

not seen

247
not seen

vs - symmetric stretching, vas - asymmetric stretching, δ - bending, ω - wagging, τ - twisting, ρ - rocking. bSimulated molecular vibrations can be
found in the Supporting Information.

a

by Karabulut and Leszczynski.34 The averaged SERS spectrum
recorded with the Au/AuNP electrode surface for the potentials
corresponding to the ordered state of the monolayer is also
plotted in Figure 7 for direct comparison. The bands observed
in Figure 7C positioned at ca. 890 and 800 cm−1, which relate
to vs(COC)ring/ρ(CH2)/v(CC) and v(CS) coupled with ring
vibrations (see animations in the Supporting Information),
correspond very well with the β-TG spectrum, Figure 7B,
suggesting that the SAM of TG on the Au/AuNP electrode
surface is predominantly comprised of β-TG.7 Overall, the
SERS spectrum of TG at AuNPs is in good agreement with the
calculated spectrum for 3Au/β-TG, suggesting that the
anomerization was negligible in this case. The small diﬀerences
can be explained by the fact that the SERS spectrum
corresponds to a hydrated sample while the calculated
spectrum was computed for an isolated molecule. For example,
a broad band at ∼700 cm1 is present in the SERS spectrum and
is absent in the computed spectrum. However, the Raman
spectrum in Figure 6C also shows a broad band at these
frequencies. In addition, due to surface selection rules, relative
intensities in the SERS spectrum may be diﬀerent than those in
the calculated spectrum or in the spectrum of TG in solution.
The vibrations in hydrocarbons are usually coupled, making
it diﬃcult to assign individual bands in the Raman spectra to a
speciﬁc group vibration. Therefore, the vibrational spectra of
sugars are analyzed by dividing the spectrum into regions.31,33
The 1500−1200 cm−1 region contains bands corresponding to
coupled vibrations of methylene and hydroxyl groups.33 For

the application of TG SAMs for hydrophilic modiﬁcations of
gold or silver surfaces. Overall, the spectra of TG at AuNPs and
at the Ag nanocavity electrodes display many similarities.
However, in contrast, there are a few apparent diﬀerences
between the two SERS spectra and the Raman spectrum of TG
in solution. Vezvaie et al.7 attributed the diﬀerences between
the SERS spectra and Raman spectrum of TG in solution to the
interaction of the TG molecule with the metal and to surface
induced anomerization. In the absence of water, thioglucose
exists in the lactol ring form. In an aqueous solution, the lactol
ring form and the aldehydo acyclic form are in equilibrium. On
relactolization, the sugar undergoes anomerization involving
disposition of the OH group attached to the anomeric C-1
carbon.32 The SERS spectra recorded at the silver nanocavity
electrode by Vezvaie et al. resembled a spectrum of a 38:62
mixture of α- and β-TG anomers.7
To assess the eﬀect of anomerization of the SERS spectra for
the SAM of thioglucose at AuNPs, calculations were performed
for β-TG and α-TG coordinated to three gold atoms (β-TG3Au and α-TG-3Au). To calculate the spectra, the ab initio
density functional theory (DFT) and Hartree−Fock (HF)
methods were used and implemented in the Gaussian 03W
program suite, using the procedure described in detail in ref 7.
The calculations show that the coordination of TG to Au has a
very signiﬁcant impact on the spectrum. Figure 7 plots the
simulated Raman spectrum of (A) α-TG and (B) β-TG
coordinated to a cluster of three Au atoms, which matches quite
well with the simulated spectrum of aurothioglucose reported
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Figure 7. Simulated Raman spectra of (A) 1-thio-α-D-glucose (α-TG)
and (B) 1-thio-β-D-glucose (β-TG) coordinated to three gold atoms
and plotted in comparison with the experimental average SERS
spectrum of the TG modiﬁed Au/AuNP electrode immersed in a 0.1
M NaF (argon purged) electrolyte between EOCP and −0.60 V vs SCE.

Figure 6. SERS spectra in the 2000−400 cm−1 wavenumber region of
the (A) Ag/TG/0.1 M phosphate buﬀer and (B) the Au/AuNPs/TG
electrode recorded at EOCP. (C) Subtractively normalized and baseline
corrected Raman spectra of TG dissolved in Milli-Q H2O, calculated
by determining the diﬀerence of the normal Raman spectra recorded
of TG dissolved in Milli-Q H2O and the background spectrum of
Milli-Q H2O.

800, 609, 538, and 414 cm−1, that are characteristic of the lactol
ring vibrations, is a strong indication that in the ordered state of
the monolayer the lactol ring is preserved in the majority of the
TG molecules. Therefore, it seems reasonable to conclude that,
in the ordered region of the SAM, (i) TG molecules are
adsorbing to the SERS active gold electrode, (ii) a partial
quantity of molecules in the SAM undergo oxidation, (iii) the
SAM appears to retain some quantity of water in close
proximity of the gold−electrolyte interface, and (iv) a
signiﬁcant fraction of the adsorbed and not oxidized TG
molecules retains their closed lactol ring.
Behavior of Adsorbed TG in the Disordered Region.
Successful description of TG adsorption at the Au/AuNPs in
the ordered region allows for further SERS characterization of
the stability and response of the SAM to an applied electric ﬁeld
across the disordered region deﬁned in Figure 1. Figure 8
compares the averaged SERS spectra for the ordered region to
the spectra recorded upon polarization of the SAM covered
electrode surface to potentials more positive than 0.20 V vs
SCE. It is important to note that all of the spectra were
collected successively one after another in the same location on

example, strong bands at ∼1437 and 1370 cm−1 correspond to
a combination of δ(CH2, COH, CH) and ω(CH2). These
bands are present both in the SERS spectra and in the Raman
spectrum of TG in solution. The bands in the 1200−950 cm−1
region are due predominantly to C−O and C−C stretching
with stronger contributions from C−O stretches and a small
part due to bending of the OH functional groups. The 950−
700 cm−1 region is frequently referred to as the anomeric
region because it contains vibrations due to the anomeric
carbon C(1). Finally, the region below 700−300 cm−1 contains
bands that may be described roughly as out-of-plane ring
deformations. This is nicely illustrated by animations of
vibrations corresponding to these regions and presented in
the Supporting Information. The presence of strong bands at
frequencies below 1200 cm−1, such as 1080, 1050, 1002, 890,
10082
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Figure 8. (A) Baseline corrected SERS spectra recorded of the TG modiﬁed Au/AuNP electrode in a 0.1 M NaF electrolyte as a function of
increasing applied anodic potential (25% laser power, 10 s exposure, three accumulations). (B) Synchronous and (C) asynchronous 2DCOS spectra
generated as a function of immersion time; red - positive bands, blue - negative bands. Time-averaged spectra are included for reference. The
2DCOS analysis was performed on spectra recorded in the 0.00−0.50 V vs SCE range.

Investigations of glucose oxidation at positive potentials
applied to gold electrode surfaces have been performed in the
past. The oxidation of TG molecules observed on gold at EOCP
may be speculated as the result of oxidation of the glucose
moiety to any one of a number of diﬀerent products. For
example, previous literature on the electrocatalytic oxidation of
glucose on metal electrode surfaces, including AuNPs, has
proposed gluconolactone, gluconic acid, gluconate, and/or
formic acid as oxidation products.24,35−45 The disappearance of
the 1100−1000 cm−1 bands in Figure 8A, typical of the lactol
ring of the glucose moiety, may suggest that the TG molecules
undergo a ring-opening oxidation reaction, likely producing a
thiolated form of gluconate still adsorbed to the surface. This is
consistent with Largeaud et al.46 and others47−49 that also
observed a band at low potentials in IR and Raman spectra
positioned between 1587 and 1595 cm−1 and assigned it as the
asymmetric O−C−O vibration of gluconate.
To better understand the complex behavior observed upon
anodic polarization of the Au/AuNP electrode, generalized
2DCOS spectra were calculated from the sequentially recorded
spectra collected as a function of applied potential, found in

the electrode surface. In this way, the spectral changes induced
as a function of potential are independent of morphological
changes of the substrate surface, i.e., the same number and
arrangement of AuNPs sampled. Increasing the applied
potential up to +0.50 V vs SCE results in the appearance of
several bands indicative of oxidized TG at 1581, 1210, and 998
cm−1. These bands become very pronounced and increase in
intensity with increasing applied potential. There are several
strong bands in the 1200−1100 cm−1 region characteristic of
v(CC)/v(COC)/δ(OH) vibrations. However, their positions
are shifted relative to the bands observed for the TG in the
ordered state of the monolayer and coupled with the
disappearance of the bands between 1100 and 1000 cm−1that
are typical of the lactol ring of glucose. This behavior suggests
that the lactol ring was opened at these higher potentials, as
they likely correspond to the v(CC)/v(COC)/δ(OH)
vibrations in the opened ring conﬁguration. It is important to
note that the intensity of bands at ∼290 cm−1 does not change
at the positive potentials. These bands correspond to v(Au−S),
and their presence indicates that the gold−thiol bond remained
intact at the positive potentials.
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The formation of an oxidized TG to possible products, like
thiogluconate or similar species, at potentials between 0.40 and
0.6 V vs SCE, see Figure 1, indicates that its cathodic
desorption by stepping the potential to −0.90 V vs SCE leads
to the formation of a dianion (with one negative charge at the
sulfur atom and the second at the carboxylic group). This leads
to the apparent increase in the charge density curve at positive
potentials, as evidenced in Figure 1. In contrast, the cathodic
desorption of TG at potentials between −0.10 and −0.50 V vs
SCE, within the region of the ordered ﬁlm, results in the
formation of a thiolate with a single negative charge; hence,
lower values are observed in Figure 1 in this region. Thus, the
Raman studies reported aid in the understanding of why the
charge corresponding to the formation of the monolayer shown
in Figure 1 is doubled by moving from the ordered to the
disordered ﬁlm. By moving the potential in the positive
direction, the surface concentration of TG molecules is not
changed. However, its oxidation state is changed.

Figure 8A. The 2DCOS spectra illustrate the synchronous,
Figure 8B, and asynchronous, Figure 8C, changes that occur
with respect to the potential-average spectrum, included for
reference in Figure 8B and C along the x- and y-axis. It is
important to note that only the order of observed changes in
the spectral intensities recorded in the SERS spectra can be
determined and not the distribution of related species. For
example, synchronous 2DCOS spectra can determine which
spectral features change coincidentally. Autocorrelation peaks
are found as positive bands on the diagonal position, i.e., v1 =
v2, which result from changes in the spectral intensities of two
bands with the applied perturbation (applied potential in the
present case). Cross-correlation peaks can be observed in the
oﬀ-diagonal positions when either Φ(v1, v2) > 0, the spectral
intensity of the observed SERS bands positioned at v1 and v2
simultaneously change in the same direction, or Φ(v1, v2) < 0
indicating that the spectral changes are in opposite direction.
Asynchronous 2DCOS spectra, Ψ(v1, v2), represent the
sequential changes in spectral intensities of two observed
features relative to one another. No autocorrelation bands are
observed in asynchronous 2DCOS spectra. However, the sign
of the variation in spectral intensity of the cross-correlation
peaks in asynchronous spectra can be either positive or negative
as in synchronous spectra. If the signs of the asynchronous and
synchronous cross-correlation peaks match, then the change in
the spectral intensity at v1 occurs ﬁrst and is followed by a
change in spectral intensity at v2. If the signs of the synchronous
and asynchronous cross-correlation peaks are opposite, then
the change in the band intensity at v2 takes place before the
change at v1.19
Autocorrelation bands are observed along the diagonal
positions in the synchronous 2DCOS plot seen in Figure 8B,
i.e., v1 = v2, at 1581, 1210, and 998. Strong positive crosscorrelation bands in Figure 8B are observed in the oﬀ-diagonal
positions, ca. (1581, 998), (1581, 1210), (1210, 998), (1210,
1581), (998, 1581), and (998, 1210), illustrating the changes in
spectral intensity that occur simultaneously with respect to a
change in the applied potential. Strong positive crosscorrelation bands in the asynchronous spectra of Figure 8C
reveal bands positioned at ca. (v1, 1581), (v1, 1210−150), and
(v1, 998), where v1 correspond to bands in the frequency range
1220−1500 cm−1. Since positive cross-correlations are observed
in the synchronous spectrum, they indicate that the bands at
1220−1500 cm−1 change before changes of the bands at 1581,
1210, and 998 take place.
In the asynchronous 2DCOS spectrum, the bands at
(1210,1002), (1581,1002), (1210,1028), (1581,1028),
(1210,1050), and (1581,1050) are negative. Since the
corresponding cross-correlation bands in the synchronous
spectrum are positive, this result indicates that changes at
1002, 1028, and 1050 cm−1 that correspond to the lactol ring
vibrations (see animation in the Supporting Information) take
place before changes at 1210 and 1581 cm−1 bands that
correspond to the symmetric and asymmetric v(COO−)
vibrations. Therefore, from the SERS and 2DCOS spectra, it
may be reasonably concluded that anodic polarization of the
electrode surface induces oxidation of the TG SAM on the Au
surface involving disappearance of the lactol ring vibrations
observed at 800, 890, 1002, 1028, and 1050 cm−1, indicating
ring opening ﬁrst, followed by an oxidation of the TG
molecules evidenced by the appearance of the v(COO−) bands
at 1581 and 1210 cm−1.

■

CONCLUSION
A simple SERS active AuNP modiﬁed gold electrode, free of
adsorbed contaminants, was successfully employed to identify
and characterize the electrochemical behavior of a SAM of TG
in an aqueous electrolyte. Citrate used in the synthesis of the
gold nanoparticles was successfully removed from the gold
electrode using the electrochemical desorption procedure. The
AuNP modiﬁed substrates exhibited good mechanical stability
for EC-SERS experiments; however, to avoid deterioration, the
AuNP modiﬁed substrates were prepared fresh prior to each
investigation. The AuNP modiﬁed gold electrode was observed
to oﬀer increased sensitivity through (i) tuning of the AuNP
size to achieve optimal localized surface plasmon resonance and
(ii) spatial distribution leading to a larger quantity of hotspots
in a conﬁned space relative to traditional substrates, for
example, electrochemically roughened electrodes. The SERS
spectra demonstrated that at potentials more negative than
−0.10 V vs SCE thioglucose forms a monolayer in which the
majority of the molecules preserves its lactol ring structure and
only a small fraction is oxidized. At potentials more positive
than −0.10 V, the oxidation of TG molecules becomes
prominent, and at potentials more positive than 0.20 V vs
SCE, the monolayer of TG may chieﬂy consist of thiogluconate.
The present study shows that a monolayer of thioglucose can
be used in biomimetic research as a hydrophilic ﬁlm that
promotes the interaction with the hydrophilic components of
the membrane and prevents direct interaction of proteins with
the metal surface. However, this ﬁlm may contain oxidized
groups particularly at positive electrode potentials.
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Animation of the molecular vibrations at a calculated
position of ca. 788 cm−1 of TG coordinated to three gold
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Animation of the molecular vibrations at a calculated
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CHAPTER 7

A SERS Characterization of the Stability of Polythionates at the Gold–
Electrolyte Interface

The attached journal article, Surface Science 631 (2015) 196-206, characterized the
stability

of

several

electrolytes,

namely

thiosulfate,

tetrathionate,

trithionate,

[Au(S2O3)2]3-, and sulfide, at the gold-electrolyte interface with surface-enhanced Raman
spectroscopy (SERS) [1]. These electrolytes have been commonly associated in the
literature with the gold-thiosulfate leaching system, however their interfacial behaviour
has not been thoroughly reported. For this article, several of the SERS experiments were
initially conducted by Janet Y. Baron during her Ph.D. at the University of Guelph prior
to her departure, but analysis of the raw spectra was performed by myself. Unfortunately,
several concerns were raised during analysis, and therefore, Jeff Mirza was asked to
record the SERS spectra of an expanded list of electrolyte solutions as part of his Ph.D. at
the University of Guelph to ensure reliability. He employed arrays of gold nanorods
(AuNRs) as the SERS active electrode. All data analysis, interpretation of all recorded
SERS spectra found in the journal article, including generation of all generalized twodimensional correlation spectroscopy (2DCOS) spectra, and drafting of the first version
of the article were completed by myself.
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7.1

Summary and Discussion
AuNRs had been previously developed and employed to successfully characterize

the gold-thiosulfate leaching reaction in the presence of different additives [2,3]. The
direct assignment of the band positions observed in these reports was subjective to earlier
work characterizing the band positions of several species in the bulk solution and not
adsorbed to a gold surface. Unfortunately, many of the reaction products and
decomposition species were speculated to possess very similar band positions when
adsorbed to the gold surfaces, and under typical leaching conditions the gold-electrolyte
interface was found to be a complex mixtures of many of these species. Therefore, the
broad and highly convoluted bands were difficult to interpret and assign to a specific
chemical species without a better database of known band positions for different
electrolyte species.
To overcome this issue, AuNRs were exposed to the different electrolytes in the
appended journal article to collect the exact SERS band positions of tetrathionate,
trithionate, the [Au(S2O3)2]3- complex, and sulfide adsorbed directly to the gold surface
and compare them to the bands observed upon exposure of the AuNRs substrate to a
thiosulfate electrolyte. The uniform distribution of the electric field enhancement across
the AuNRs substrate surface and the lack of overlapping background bands was
especially useful for assigning band positions to adsorbates initially dissolved in an
aqueous solution. SERS bands correlated to tetrathionate, trithionate, the [Au(S2O3)2]3complex and sulfide were observed at the gold surface. The assignment of bands directly
related to the adsorbed form of these species greatly improved characterizing the
interfacial behaviour of these aqueous solutions upon exposure to the AuNRs substrate.
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Furthermore, upon comparing the newly collected list of peak positions with those
observed in the spectra collected of the AuNRs exposed to the thiosulfate electrolyte,
more definitive assignment of the observed bands was successfully accomplished. For
example, the v(SS) band positioned ca. 382 cm-1 commonly associated with tetrathionate
[4] was discovered to also correlate very well with the [Au(S2O3)2]3- complex.
Furthermore, the v(SO) bands observed at 1039 and 1019 cm-1 for tetrathionate and the
[Au(S2O3)2]3- complex, respectively, improved differentiation of each species from one
another when adsorbed on the gold surface. Using 2DCOS analysis of the spectra
recorded of the gold substrate immersed in the thiosulfate electrolyte, the change in
spectral intensity of the 382 and 1019 cm-1 bands were observed to be strongly
synchronized suggesting they originated from the same chemical species. Using the
newly acquired SERS spectra of tetrathionate and the [Au(S2O3)2]3- complex, it was
concluded the bands observed at the AuNRs surface immersed in a thiosulfate electrolyte
centered at 1019 and 382 cm-1 must originate solely from of the [Au(S2O3)2]3- complex.
Bands indicative of tetrathionate adsorbed to the AuNRs were observed at 1039 and 403
cm-1. Further evidence was observed from the rapid decomposition of the tetrathionate
anion at the AuNRs surface forming characteristic bands of cyclo-S8, i.e. 472, 218, and
141 cm-1, and adsorbed sulfides, ca. 318 cm-1, rather than a band positioned at 382 cm-1.
Finally, at extended exposure to the thiosulfate electrolyte, the spectra of the gold surface
revealed several additional bands in the spectra which were predominantly indicative of
adsorbed sulfide. The adsorbed sulfide was concluded to be one of the species
responsible for passivation of the gold surface.
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7.2

Conclusions and Future Work
Gaining more accurate band assignments of adsorbed sulfur oxoanion species on

gold surfaces has led to further understanding of interfacial behaviour of the goldthiosulfate system. More detailed decomposition mechanisms of thiosulfate may have a
profound impact on achieving higher extraction efficiency of gold from its host ore.
Further studies will look to build off the newly created database of band positions for
understanding the behaviour of thiosulfate at the interface and the role of many additives
that have been proposed to aid in gold extraction. Upon understanding the direct
mechanism by which thiosulfate decomposed at the gold surface, future investigation will
look to mitigate the formation of the adsorbed passive layer products to increase leaching
kinetics.
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a b s t r a c t
A gold nanorod (AuNR) array electrode was employed to record SERS spectra as a function of immersion time in
electrolyte solutions of tetrathionate, trithionate, the [Au(S2O3)2]3− complex, sulﬁde and thiosulfate. The generalized two-dimensional correlation spectroscopy was employed to deconvolute broad bands in the SERS spectra.
The results show that the polythionates, tetrathionate and trithionate, sulﬁde, and the [Au(S2O3)2]3− complex
decompose to form cyclo-S8, polymeric and monoatomic sulfur at the gold surface. The relative amount of
these different forms of sulfur in the ﬁlm formed at the surface depends on the nature of the electrolyte species.
The decomposition of tetrathionate leads predominantly to the formation of cyclo-S8. Comparable amounts of all
three forms of sulfur are formed in the solution of the [Au(S2O3)2]3− complex. Monoatomic sulfur is formed predominantly at the gold surface in solutions of trithionate and thiosulfate. In contrast to the previous suggestions,
the results of this study demonstrate that polythionates are not present in the passive layer during gold leaching
from thiosulfate solutions at a prolonged leaching times.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Recent studies of the Au leaching process have employed thiosulfate
as the alternative complexing ligand to cyanide for gold extraction from
ores containing carbonaceous components which preferentially absorbs
gold and gold–cyanide complexes [1–5]. Thiosulfate assists gold
dissolution in the presence of an appropriate oxidant such as dissolved
oxygen by forming a soluble [Au(S2O3)2]3− complex as shown in
Eq. (1) [6,7].

3−
2−
−
4Au þ 8S2 O3 þ O2 þ 2H2 O↔4 AuðS2 O3 Þ2
þ 4OH

ð1Þ

However, the kinetics of this process are inhibited by the formation
of a passive layer on the Au surface that impede the lixiviant reagents
from reaching the underlying Au atoms, thereby preventing full recovery of Au from the ore [5].
Previous characterizations of thiosulfate in Au leaching conditions
have used techniques such as Raman spectroscopy [8–10], atomic absorption spectroscopy [2,11], chromatography [12], electrochemistry
[13–15], and others [16,17]. Several of these investigations have suggested that the oxidative decomposition of thiosulfate into several
⁎ Corresponding author.
E-mail address: jlipkows@uoguelph.ca (J. Lipkowski).
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different species under typical Au leaching conditions is the predominant problem with the Au leaching process. For example, thiosulfate
has been proposed to be oxidized into tetrathionate as shown in
Eq. (2) [7]. Additionally, the decomposition of tetrathionate into
trithionate and thiosulfate, Eq. (3), as well as trithionate decomposition
into thiosulfate and sulﬁte, Eq. (4) [12,16,18], have also been observed.
2S2 O3

2−

1
−
2−
þ O2 þ H2 O→S4 O6 þ 2OH
2

2−

−

2−

−

2−

2−

4S4 O6 þ 6OH →5S2 O3 þ 2S3 O6 þ 3H2 O

2−

2−

2S3 O6 þ 6OH →S2 O3 þ 4SO3 þ 3H2 O

ð2Þ

ð3Þ

ð4Þ

Several reports have shown suppressed leaching kinetics in the
presence of these polythionates supporting the hypothesis that
tetrathionate and trithionate may play a signiﬁcant interfacial role in
inhibiting the Au leaching process [9,19–21]. Eqs. (3) and (4) were developed based on studies of tetrathionate and trithionate electrolyte solutions. However, these electrolytes may decompose at the Au surface
and the composition of the interface and the bulk of the solution may
be signiﬁcantly different. Several groups have identiﬁed elemental sulfur as a stable decomposition product of thiosulfate adsorbed at the
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Au surface [8,10,15,17,22,23]. It has been suggested, but not conﬁrmed,
that elemental sulfur and sulﬁdes could possibly be formed through
Eq. (5) [24] or through decomposition of tetrathionate, Eq. (6) [25].
S2 O3

2−

0

þ H2 O→S þ SO4

2−

−

2−

þ

þ 2H þ 2e

2−

10S4 O6 þ 34OH →13S2 O3 þ

−

38 2− 4 2−
SO3 þ S þ 3H2 O
3
3
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allow for more precise assignment of bands in SERS spectra of a passive
layer formed during gold leaching in a thiosulfate electrolyte.
2. Materials and methods

ð5Þ

ð6Þ

Surface enhanced Raman spectroscopy (SERS) is a technique that
uses a SERS active substrate to provide unique information concerning
the composition of the passive layer formed at a Au surface during the
Au leaching process. Watling et al. [8] employed SERS on an electrochemically roughened Au electrode surface to investigate the composition of the passive layer during Au leaching in a thiosulfate solution.
However, due to the high Au leaching rate, the SERS active centers
were quickly dissolved and the enhancement of the Raman signal was
lost after about ~15 min of the leaching experiment. To overcome this
problem Baron et al. [9] developed a Au nanorod (AuNR) array electrode
and were able to record Raman spectra during gold leaching experiments that lasted several hours. The SERS spectra of the passive layer recorded after much longer leaching time were observed to be quite
complex and consisted of many overlapping bands, causing the band assignment to be a difﬁcult task. Species such as tetrathionate, trithionate
and thiosulfate gold complex were believed to be the constituents of the
passive layer. However the SERS spectra of these species adsorbed at the
gold electrode were not available and hence Raman spectra of these
compounds in solutions were used as a reference for band assignment
in SERS spectra of the passive layer. Fig. 1 shows Raman spectra
for aqueous solutions of sodium salts of thiosulfate, trithionate,
tetrathionate and the [Au(S2O3)2]3− complex. These spectra illustrate
that in a solution the bands belonging to different species are sufﬁciently well separated to allow identiﬁcation of individual components in
their mixture. However, for species adsorbed at the electrode surface
these bands may become broader and the presence of additional species
may further convolute assignment of species at the gold surface. Therefore, the objective of this study is to record SERS spectra of tetrathionate,
trithionate and the [Au(S2O3)2]3− complex at the AuNR electrode and to
investigate the interfacial stability of these compounds during prolong
exposure of the AuNR to their solutions. The results of this study will
complement the work of Baron et al. [9] and Nicol et al. [26] and will

Tetrathionate (Na2S4O6∙ 2H2O, Sigma Aldrich, N98%), trithionate
(Na2S3O6∙ xH2O prepared following the procedure outlined by Kelly
and Wood [27]), thiosulfate (Na2S2O3∙ 5H2O, Acros, N 99%), and
[Au(S2O3)2]3− complex (Na3Au(S2O3)2·xH2O, Alfa Aesar, 99.9%) electrolyte solutions were prepared to a concentration of 0.1 M using MilliQ
water (18.2 MΩ cm) and pH adjusted (pH = 10) with NaOH (Sigma
Aldrich, 99.99%). Electrolyte solutions of sulﬁde (Na2S, Sigma Aldrich)
were prepared to a 0.1 M concentration and pH adjusted to a value of
10 using dilute HF.
Gold nanorod substrates [9] were fabricated by bonding an alumina
template (Whatman 0.2 μm Anodisc 13) to gold coated silicon wafers
with low density polyethylene. Gold was electrodeposited into the
alumina pores with a 0.1 M KAu(CN)2 (Sigma Aldrich, 98% purity) and
0.1 M KCN (Sigma Aldrich, 99% purity) electrolyte solution (pH = 10).
An acid washed three electrode glass cell was used with the wafertemplate assembly acting as the working electrode, a gold foil as the
counter electrode, and a Ag/AgCl as the reference electrode. Each Au deposition procedure began with purging the electrolyte solution with
argon for 30 min and a HEKA PG590 potentiostat was employed for
Au deposition by applying a potential of − 0.95 V vs. Ag/AgCl for 6 h.
Once Au deposition was deemed complete, the samples were rinsed
with water and placed in 1 M NaOH (Sigma Aldrich, 99.99%) for one
hour to remove the alumina template. Adsorbed cyanide was removed
by electropolishing in 3 M HNO3 with an applied potential of + 1.3 V
vs. Ag/AgCl for 60 s, followed by +1.1 V vs. Ag/AgCl for 60 s, and ﬁnally
by rinsing with water for 60 s. Three cycles of this procedure usually resulted in clean SERS active substrates absent of any Raman bands characteristic of contamination. An example of the SERS spectrum recorded
in water at the AuNR electrode is shown as the bottom curve in Fig. 2.
A Renishaw model 2000 imaging microscope equipped with a near
IR laser (785 nm wavelength and 300 mW power output) and a CCD
array detector was employed for collection of all spectra. A spectral resolution of 1 cm−1 was achieved using a holographic grating, 1200
grooves mm−1, and a slit width of 50 μm. Each investigation began
with calibration of the spectrometer to the vibrational Raman band of
silicon ca. 520 cm−1. Raman solution spectra of the thiosulfate,
tetrathionate, and trithionate electrolytes were collected with 10%

Fig. 1. Solution Raman spectra of 0.1 M electrolyte solutions (pH = 10) of Na2S4O6, Na2S3O6, Na3[Au(S2O3)2], Na2S2O3, and solid Raman spectra of Au2S.
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correlation spectroscopy (2D COS) methods [29] were used to
deconvolute the broad SERS bands into individual components. Fourier
self-deconvolution (FSD) is a spectral processing technique which
mathematically sharpens a band proﬁle to resolve the structure hidden
by the overlap of neighboring peaks. FSD was employed assuming a typical bandwidth between 10 and 12 cm−1 and a resolution enhancement
usually set at 1.5 or less. Bandwidth here refers to an estimation of the
half width at half maximum (HWHM) of the overlapped peaks in the
experimental spectrum, whereas enhancement refers to the degree to
which the spectral features are resolved and it can be set between 1
and 5. The value of these two parameters is determined as the minimum
value that would not give negative side lobes in the FSD spectrum. In
most cases the band positions were identiﬁed with the help of 2D COS
and FSD was used to cross-check this procedure. The band width in
FSD for band narrowing was not used in the band deconvolution
procedure.
The two-dimensional cross correlation spectra (2D COS) were generated using a minimum of ﬁve baseline corrected SERS spectra acquired at different immersion times. In the generalized 2D COS, 2D
spectra are generated from a set of sequentially obtained spectral data
for a given sample inﬂuenced by an external perturbation that induces
variations in the spectral features (i.e. intensity). In the present study,
the length of time the AuNR electrodes are immersed in the electrolyte
solutions is considered the external perturbation. Synchronous and
asynchronous spectra are the two types of 2D COS spectra that can be
generated. Intensity peaks in synchronous 2D correlation spectra
are a result of simultaneous changes of a measured spectral series,
while peaks in asynchronous 2D correlation spectra result from sequential or unsynchronized changes. Synchronous spectra are always symmetrical along the diagonal with peaks deﬁned as auto-correlation
peaks (ν1 = ν2). The intensity of these auto-correlation peaks is always
found to be positive and represents the degree of variation in spectral
intensity at that position as a function of the external perturbation.
The off diagonal peaks are deﬁned as cross-correlation peaks, and represent a degree of correlation between ν1 and ν2. These cross-correlation
peaks can be either positive, when ν1 and ν2 are both increasing
concomitantly, or negative, which occurs when one spectral variable is
increasing and the other is decreasing in intensity. Generally a correlation square in synchronous spectra is made by joining the pair of cross
peaks located at opposite sides of the diagonal line drawn through the
corresponding auto-correlation peaks. The correlation square illustrates
the existence of coherent variation of spectral intensities at these spectral variables. Asynchronous spectra are antisymmetric with respect to
the diagonal and therefore have no autocorrelation peaks. The sign of
asynchronous cross peaks can be either negative or positive as well.
The sign of an asynchronous cross peak becomes positive if the intensity
change at υ1 occurs before the change at ν2. It becomes negative, on the
other hand, if the change at υ1 occurs after the change at ν2.
3. Results and discussion
3.1. 0.1 M Na2S electrolyte solution

Fig. 2. SERS spectra at the AuNR electrode in 0.1 M Na2S solution at different immersion
times: 5, 35, and 60 min. Insets, deconvolution of the 400–500 cm−1 spectral region.
SERS spectrum of AuNRs in H2O and Raman spectrum of solid Au2S included for reference.
Inset: A spectrum sharpened using the FSD procedure, B deconvoluted bands.

laser power, a 10 second exposure and 5 accumulations. Solution spectra of the [Au(S2O3)2]3− complex electrolyte were collected with a 100%
laser power, 10 second exposure, and 5 accumulations. For all SERS
studies, the active substrate, the Au nanorod electrode was immersed
into the electrolyte solutions and time-resolved spectra were collected
with 10% laser power, 5 accumulations, and a 10 second exposure. Fourier self deconvolution (FSD) [28] and generalized two-dimensional

Since sulﬁdes are likely components of the passive ﬁlm formed at the
gold electrode in the sodium thiosulfate solution, investigation of the
sodium sulﬁde solution is presented ﬁrst. Freshly prepared Na2S solutions were used in these experiments. Raman spectra of the 0.1 M
Na2S solution (not shown) show no bands in the spectral region of interest. SERS spectra for a gold surface in sulﬁde solutions have been investigated by several groups [22,31–32]. These measurements were
repeated to determine changes in the SERS spectrum of the gold electrode surface exposed to the Na2S solution during an extended period
of time in gold leaching conditions. The Raman spectrum of dry crystalline Au2S is plotted as the bottom spectrum in Fig. 2. This spectrum
is similar to that published earlier by Parker et al. [30] for Au2S
synthesized using a sodium thiosulfate solution. We repeated this
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Table 1
Observed normal solid and solution Raman bands for tetrathionate, trithionate, the [Au(S2O3)2]3− complex, solid Au2S, and thiosulfate with their corresponding vibrational mode
assignments.
Vibrational mode assignment

δ (SSS)
ν (AuS)
ρr (SSO)
νsym (SS)
δasym (OSO)
δsym (OSO)
νsym (SO)
νasym (SO)
References

Observed Raman bands (cm−1)
Tetrathionate

Trithionate

[Au(S2O3)2]3−

Au2S

Thiosulfate

255, 302
–
–
386
532
649
1043
1242
[8–10,17,18,26,37,43]

259
–
–
419
526
669
1052
1235
[9,10,18,26]

–
251
–
386, 421
–
664
1017
1168
[8–10,17,26]

–
265, 302, 336
–
381, 425, 460
–
–
–
–
[9,10,17,22,26,30,32]

–
–
339
445
–
664
996
1117
[8–10,17,18,26,37,38,42–47]

measurement using Au2S purchased from Aldrich and washed with
MilliQ water to ensure that the spectrum is free from thiosulfate
bands. The Raman spectrum recorded for a dry crystalline Au2S displays
a broad band between 200 and 500 cm−1. The inset to this spectrum includes deconvolution of this band into six sub-bands at 265, 302, 336,
381, 425, and 460 cm−1, which are summarized in Table 1. The spectrum A in the inset is generated by the Fourier self deconvolution procedure used to sharpen the sub-bands in the broad spectrum [28]. Lines in
inset B plot the deconvoluted bands. The 265, 302, and 336 cm−1 bands
were assigned to v(Au\S) stretching, by Parker et al. [30]. The bands ca.
381, 425, and 460 cm−1 were observed in polysulﬁdes [33–35] and can
possibly be assigned to v(S\S) vibrations.
Fig. 2 also displays the SERS spectra collected at the surface of the
AuNR electrode immersed in the 0.1 M Na2S electrolyte solution at
three different immersion times. These spectra show broad bands that
consist of several overlapping sub-bands. Fourier self deconvolution
(FSD) and generalized two-dimensional correlation spectroscopy (2D
COS) methods [28,29] were used to identify individual bands in the
broad SERS spectra. Only bands identiﬁed with the help of 2D COS and
FSD were used in the deconvolution of these spectra. In the spectrum recorded just after immersion of the AuNR electrode into solution, the
broad band between 200 and 400 cm−1 can be deconvoluted into
sub-bands at ca. 264, 304, 333, and 366 cm−1. These bands are also observed in the spectrum of Au2S and were assigned to gold–sulfur
stretching vibrations. Gao et al. assigned bands positioned at 270 and
310 cm−1 to v(Au\S) of adsorbed HS− and S2− ions respectively. However, Parker et al. [30] provided convincing arguments that these bands

correspond to monoatomic sulfur adsorbed at different coordination
sites. In fact, recent ab initio calculations [36] indicate that adsorption
of either HS− or S2− at a gold surface involves signiﬁcant transfer of
negative charge from sulfur to gold, with the result that the adsorbed
species could be considered a sulfur atom. In conclusion, following Parker et al. we will refer to bands at ~260, ~310 and ~333 cm−1 as corresponding to monoatomic adsorbed sulfur vibrations. In addition, the
SERS spectra have a moderately strong band at ~ 460 cm−1 that is
assigned to ν(S\S) of polymeric sulfur [22,30]. Insets to the SERS spectra show this band at expanded wavenumber scale. With increasing immersion time the ~ 460 cm−1 increases in intensity and becomes
broader. The full width at half maximum of this band increases from
~22 cm−1 at initial time to ~41 cm−1 after 60 min of incubation. This behavior indicates that this band consists of several overlapping subbands. The deconvolution shown in the inset to the initial (5 min) spectrum shows that although 460 cm−1 that is characteristic of the
polymeric sulfur is the predominant band, it has satellite bands at
~470 and ~440 cm−1. The 470 cm−1 band is characteristic of the presence of the cyclo-S8 sulfur. Indeed, additional bands at ~ 141 and
~219 cm−1 characteristic of cyclo-S8 appear in the spectrum indicating
that with increasing immersion time, adsorbed sulfur atoms aggregate
into polymeric chains and cyclo-S8 structure. The observed SERS band
positions and assignments are listed in Table 2.
Fig. 3A and B plot 2D COS spectra which allow the identiﬁcation of
the presence of the sub-bands in the broad SERS spectrum using positions of auto-correlation and cross correlation peaks. They also provide
information about the nature of the time dependent changes of the

Table 2
Observed SERS bands at the surface of a AuNR electrode immersed in electrolytes of either tetrathionate, trithionate, the [Au(S2O3)2]3− complex, sulﬁde, or thiosulfate with their corresponding vibrational mode assignments.
Vibrational mode assignment

δasym (SSS)
δsym (SSS)
ν (AuS)
δ (SSS)
ν (AuS)
ρr (SSO)
ν (AuS)
νsym (SS)

δasym (SO3)
δsym (SO3)
νsym (SO3)

Aqueous electrolyte species (cm−1)

Chemical identity

Cyclo-S8
3−

Au2S/ [Au(S2O3)2]
2−
S4O2−
6 /S3O6
Au2S
S2O32−
Au2S
[Au(S2O3)2]3−
S4O2−
6
S3O2−
6
S2O2−
3
Sn/S2−
n
cyclo-S8
S2O2−
3
S4O2−
6
2−
S3O2−
6 /S2O3
2−
SO3
S2O2−
3
[Au(S2O3)2]3−
S4O2−
6
S3O2−
6

References

Tetrathionate

Trithionate

[Au(S2O3)2]3−

Sulﬁde

Thiosulfate

153, 220

145, 223

153, 218

141, 219

141, 218

[8–10,17,22,26,30,32,35,46]

246, 268

260, 290

265

264

266

[8–10,17,18,22,26,30,31,37]

–

312

308

304

315

[9,17,18,22,26,30,32,37,38,44,45,47]

318
–
403
427
440
460
472
–
–
–
–
1001
–
1038
–

334
393
–
413
430
454
472
–
650
667
958
1002
1016
1036
1048

335
381
410
–
439
459
471
–
–

333, 366
–
406
–
440
458
472
–
–
–
–
–
–
–
–

–
378
–
–
432
457
–
534
–
695
–
1006
1019
–
–

[9,10,17,22,26,30,32]
[8–10,17,26]
[8–10,17,18,26,37,43]
[9,10,18,26]
[8–10,17,18,26,37,38,42–47]
[8–10,17,22,26,32,35]
[8–10,17,18,22,26,30,32,35,42,46]
[9,18,26,37,38,43–45,47]
[9,18,26,37,43]
[9,18,26,37,38,43–45,47]
[9,26,37,38]
[8–10,17,18,26,37,38,43–47]
[8–10,17,26]
[8–10,17,18,26,37,43]
[9,10,26,43]

–
1006
1019
–
–
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immersion times cyclo-S8 sulfur also appears in the surface layer.
Below, this information is used to discuss the more complex spectra of
polythionates.

3.2. Characterization of AuNRs immersed in a 0.1 M Na2S4O6 electrolyte
solution
Raman spectra of the tetrathionate anion in solution and SERS spectra of the gold–solution interface in this electrolyte are shown in Fig. 4.
Table 1 lists positions of all solution bands and Table 2 of adsorbed species with the corresponding band assignments. The Raman spectrum of
the solution revealed six distinct peaks positioned ca. 255, 302, 386, 532,
649 and 1043 cm−1, which correlate well with positions of δ (SSS) and v
(AuS), δ (SSS), νsym (SS), δasym (SO3), δsym (SO3) and νsym (SO3), bands,
respectively [8,10,18,26]. In Fig. 4, the SERS spectra for AuNR immersed

Fig. 3. (A) Synchronous and (B) asynchronous 2D COS spectra for the baseline SERS spectra collected at a AuNR electrode immersed in a 0.1 M Na2S electrolyte solution (pH = 10)
as a function of immersion time; red color — positive bands, blue color — negative bands.
Time-averaged spectra included for reference.

spectra. For example, the band at ~ 264 cm−1 has no cross correlation
with 304, 333 and 366 cm−1 bands in the synchronous spectrum
(Fig. 3A). In contrast, strong cross correlation peaks are observed at
(264, 304), (264, 333) and (264, 366) in the asynchronous spectrum
(Fig. 3B) indicating that changes of these band intensities are sequential
not instantaneous (they do not take place simultaneously). In fact the
blue color (negative sign) of these bands indicates that changes of the
304, 333 and 366 cm−1 band intensities take place earlier than changes
of the 264 cm−1 band. Since the 264 cm−1 SERS band intensity increases
and the intensities of the three other bands decrease with time, one can
conclude that monoatomic sulfur is displaced from centers of stronger
coordination to gold with increasing immersion time. In summary, the
SERS studies indicated that gold surface exposed to the sodium sulﬁde
solution is covered predominantly by monoatomic and polymeric sulfur. The amount of polymeric and monoatomic sulfur coordinated to
lower coordination sites increases with immersion time. At longer

Fig. 4. Baseline corrected SERS spectra at a AuNR electrode in a 0.1 M Na2S4O6 solution
(pH = 10) at different immersion times: 5, 60, and 180 min. Baseline corrected
Raman spectrum of the 0.1 M Na2S4O6 solution included for reference. Insets, zoomed
in bands in the 900–1100 cm−1 and 350–500 cm−1 spectral range.
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in the tetrathionate solution are distinctly different than the Raman
spectrum of the solution. The SERS bands are dominated by tall and
sharp bands at 153, 220 and 472 cm−1 which are ﬁngerprint of the
Raman spectrum of cyclo-S8 [30,35]. The SERS spectra in Fig. 4 have
two insets. The ﬁrst inset shows that the νsym (SO3) band seen in the
Raman spectrum at 1043 cm−1 is almost absent in the SERS spectra,
indicating that tetrathionate decomposes at the Au surface. The progressive increase of cyclo-S8 band intensity indicates that the decomposition products accumulate at the interface with time. In addition to the
main cyclo-S8 bands, weaker bands at 460, 440, 427 and 403 cm−1
could be identiﬁed in the SERS spectra. As in the previous cases the Fourier self deconvolution (FSD) and generalized two-dimensional correlation spectroscopy (2D COS) methods [28,29] were used to deconvolute
the broad SERS bands into individual components. The second inset to
the SERS spectra shows the deconvoluted bands in the 350–500 cm−1
region in expanded wavenumber range. These weaker bands correspond to v(S\S) vibrations of polysulﬁdes [22,33–35] and their presence indicates that a small amount of polymeric sulfur is also present
in the surface layer. The SERS spectra show that two forms of elemental
sulfur are present in the surface layer and that S4O2−
decomposes at
6
the surface. Most likely, this decomposition proceeds according to reactions described in Eqs. (3) to (6) [12,16,18]. Indeed, a weak peak at
~ 1000 cm−1, seen in the ﬁrst inset to the SERS spectra, indicates that
a small amount of thiosulfate is present at the surface as predicted by reactions 3 to 6.
The synchronous 2D COS analysis in Fig. 5 shows that strong correlation squares can be drawn between the bands at ~ 472 and 153 and
~220 cm−1, 440 and 220 cm−1, and 220 and 153 cm−1. This behavior
indicates that intensities of these bands change simultaneously, and
the sign of the cross correlation bands is positive, signifying that they
change in the same direction. The asynchronous 2D COS spectra
displayed very weak intensities conﬁrming that the changes in SERS
spectra are strongly synchronized (instantaneous). In summary,
tetrathionate is not stable at the gold electrode surface and decomposes
predominantly to form elemental sulfur, which is predominant component of the surface layer.
3.3. Characterization of AuNRs immersed in a 0.1 M Na2S3O6 electrolyte
solution
Fig. 6 displays Raman and SERS spectra of the trithionate electrolyte
solution. The corresponding band assignments and positions are listed
in Tables 1 and 2. The Raman spectrum of the electrolyte solution consists of ﬁve bands positioned ca. 259, 419, 526, 669, 1052 cm−1 assigned
in the literature to δ (SSS), νsym (SS), δasym (SO3), δsym (SO3), νsym (SO3),
and νasym (SO3), respectively [8,10,18]. The SERS spectra collected at the
AuNR surface are signiﬁcantly different. At the initial times of immersion, the spectra are dominated by ﬁve bands at 145, 260, 334, 393
and ~450 cm−1. With time many additional bands appear in the spectra
at 472, 454, 334, 290, and 223 cm−1. The spectra are very broad indicating that the composition of the surface layer is complex. The presence of
individual bands in these broad spectral features can be identiﬁed only
with the help of 2D COS shown in Fig. 7. A tentative assignment of these
bands is given in Table 2. The bands at 472, 223 and 145 cm−1 are characteristic of cyclo-S8 sulfur. Their presence indicates that sulfur is
formed as a result of trithionate decomposition at the gold surface. In
fact, Meyer and Ospina [18] suggested that trithionate may decompose
to form cyclo-S8 according to reaction:
1
2−
2−
S3 O6 →SO4 þ SO2 þ S8 :
8

ð7Þ

However, these bands are less pronounced than in the case of
tetrathionate indicating that less cyclo-S8 sulfur is formed in the surface
layer in the trithionate solution. Strong bands at ~260 and ~330 cm−1
are assigned to ν(AuS) of monoatomic sulfur. The formation of sulﬁde

Fig. 5. (A) Synchronous and (B) asynchronous 2D COS spectra of the baselined SERS
spectra collected at a AuNR electrode immersed in a 0.1 M Na2S4O6 electrolyte solution
(pH = 10) as a function of immersion time; red color — positive peaks, blue color —
negative peaks. Time-averaged spectra included for reference.

is possible as a combination of reactions 4, 2 and 6 and its adsorption
gives elemental sulfur. The intensity of the νasym (SO3) band at
~ 1050 cm−1 is very weak in the SERS spectra recorded initially
and after 60 min. However, the νsym (SO3) band of trithionate at
~1048 cm−1 reappears in the SERS spectrum measured at 180 min immersion time along with additional bands present at 1036, 1002, and
958 cm−1. Their presence suggests the presence of thiosulfate and sulﬁte at the gold–electrolyte interface as described in Eq. (4). The presence of the 1016 and 393 cm−1 bands suggests the formation of the
[Au(S2O3)2]3− complex at the interface which may be a result of thiosulfate generation from trithionate decomposition (Eq. (4)). The solution
spectra did not indicate any observable changes over a three hour period. Therefore the observed decomposition of trithionate into sulfur,
thiosulfate and sulﬁte only occurs at the gold surface at an appreciable
rate.
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Fig. 6. Baseline corrected SERS spectra at a AuNR electrode in 0.1 M Na2S3O6 solution
(pH = 10) at different immersion times: 5, 60, and 180 min. Baseline corrected
Raman spectrum of the 0.1 M Na2S3O6 solution included for reference.

The synchronous spectra in 2D COS analysis in the sodium
trithionate solution (Fig. 7A) display strong cross correlation squares
between bands that are hidden under a broad spectral envelope in
Fig. 6, allowing identiﬁcation of these bands. The cross correlation
bands are positive with the exception of the (145, 260) band which is
negative. The positive sign of the cross correlation peaks indicates that
the two band intensities change in the same direction. The negative
sign of the (145, 260) band indicates that the changes are in the opposite direction. From inspection of the SERS spectra, the 145 cm−1 band
appears to decrease while the 260 cm−1 band increases, indicating
that the amount of cyclo-S8 decreases and monoatomic sulfur increase
with the immersion time. In the asynchronous spectrum (Fig. 7B) the
(145, 260), (220, 260) and (470, 260) bands are negative suggesting
that the change of the 260 cm−1 band takes place before changes at
145, 220 and 470 cm−1 bands (cyclo-S8 bands) and that monoatomic
sulfur is displacing cyclo-S8 from the surface. The asynchronous
cross correlation peak (260, 320) is positive which suggests that
the two bands belong to the same species. The cross correlation
peak (260, 1016) are also positive indicating that formation of the
[Au(S2O3)2]3− complex takes place in parallel with the change in the
surface concentration of monoatomic sulfur. In conclusion, in contact

Fig. 7. (A) Synchronous and (B) asynchronous 2D COS spectra for the baselined SERS
spectra collected at a AuNR electrode immersed in a 0.1 M Na2S3O6 electrolyte solution
(pH = 10) as a function of immersion time; red color — positive peaks, blue color — negative peaks. Time-averaged spectra included for reference.

with AuNRs, trithionate undergoes a partial decomposition with formation of cyclo-S8, polymeric and elemental sulfur, thiosulfate and
[Au(S2O3)2]3−. The monoatomic sulfur is the predominant form of sulfur in the surface layer.

3.4. Characterization of AuNRs immersed in 0.1 M Na3[Au(S2O3)2] electrolyte solutions
The Raman spectrum of the [Au(S2O3)2]3− complex solution and the
corresponding SERS spectra collected with the AuNR substrate are
shown in Fig. 8. The observed band positions and assignments are compiled in Tables 1 and 2. The Raman spectrum of the [Au(S2O3)2]3− solution displayed two strong bands at ca. 1019 cm−1 from νsym (SO3) and
ca. 421 cm−1 with a shoulder ca. 386 cm−1, from νsym (SS). In addition,
broad bands are observed at 260, 520 and 660 cm−1 assigned to δ (SS),
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Fig. 8. Baseline corrected SERS spectra at a AuNR electrode in 0.1 M Na3Au(S2O3)2 electrolyte solution (pH = 10) at different immersion times: 5, 60, and 180 min. Baseline
corrected Raman spectrum of the 0.1 M Na3Au(S2O3)2 solution included for reference. Insets, zoomed in 900–1100 cm−1 spectral range.

δasym (SO3) and δasym (SO3) [8–10,17,27]. These spectra did not change
over a three hour period, and are in good agreement with the work by
Jeffrey et al. [10]. Similar to tetrathionate and trithionate, the SERS spectra recorded at the AuNR electrode are signiﬁcantly different than the
Raman spectrum of the [Au(S2O3)2]3− solution. The SERS spectra
display a very broad envelope of many overlapping bands in the
200–450 cm−1 spectral region. The 2D COS analysis presented in Fig. 9
was helpful to identify individual bands in these broad spectrum. The
three strong bands at 153, 218 and 471 cm−1 are characteristic for the
formation of the cyclic form of elemental sulfur S8 while a weaker
band at ~460 cm−1 indicates presence of polymeric sulfur chains [10].
The bands at ca. 265 and 335 cm−1 suggest the presence of monoatomic
sulfur in the surface layer. The decomposition of the [Au(S2O3)2]3−
complex is consistent with the observation of the precipitation of elemental Au in alkaline solutions with low thiosulfate concentrations
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Fig. 9. (A) Synchronous and (B) asynchronous 2D COS spectra for the baselined SERS spectra collected at a AuNR electrode immersed in a 0.1 M Na3Au(S2O3)2 electrolyte solution
(pH = 10) as a function of immersion time; red color — positive bands, blue color — negative bands. Time-averaged spectra included for reference.

reported by Senanayake [37,38]. However, a weak band at ~400 cm−1
may be assigned to adsorbed [Au(S2O3)2]3−. In addition, the initial
spectrum recorded after immersion of the AuNR substrate displays a
weak band at ~ 1019 cm−1 that is also a characteristic νsym (SO3) of
the complex. These spectral features suggest that small amount of
[Au(S2O3)2]3− complex is present at the AuNR surface.
Fig. 9a plots the synchronous 2D COS analysis of the SERS spectra.
The spectrum displays strong cross correlation squares between bands
at ~471 and ~265, ~and ~471 and ~153 cm−1 assigned to the formation
of elemental sulfur (cyclo-S8) at the electrode surface. There also appears to be a correlation between the band at ~ 459, associated with
polymeric sulfur, and the bands ca. 471, 218, and 153 cm−1, associated
with the cyclo-S8 species [40]. The asynchronous analysis, Fig. 9b, revealed that the (459, 470) band is negative which indicates that the
cyclo-S8 is transformed into the cyclo-S8 polymeric sulfur with the
increasing immersion time. The 335 cm−1 indicates formation of
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Fig. 10. Comparison of SERS spectra collected for electrolyte solutions of tetrathionate, trithionate, the [Au(S2O3)2]3− complex, sulﬁde and thiosulfate; left panels spectra collected after
initial exposure (~5 min), right panels spectra recorded after ~180 min of the AuNR immersion in each electrolyte.
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monoatomic sulfur. In synchronous spectra (Fig. 9A) there is a poor
cross correlation between the 335 cm−1 band and the polymeric or
cyclo-S8 sulfur bands. In contrast the cross correlation bands in
asynchronous spectrum are strong indication that these changes are sequential rather than simultaneous. In the asynchronous spectrum the
(153, 335) and (220, 335) bands are negative and the (335, 459) band
is positive. The sign of these bands indicates that changes in the amount
of monoatomic sulfur occur prior to the change in the amount of cycloS8 or polymeric sulfur. This is consistent monoatomic sulfur predominantly produced at initial immersion times but with bands corresponding to cyclo-S8 and polymeric sulfur increasing faster than monoatomic
sulfur bands with time. In conclusion, the [Au(S2O3)2]3− complex is not
stable at the Au surface it decomposes to form cyclo-S8, polymeric and
monoatomic sulfur. However, the spectra indicate that a small amount
of the complex may also be present in the surface layer.
SERS spectra were also collected from a AuNR surface immersed in a
0.1 M Na3Au(S2O3)2 + 0.01 M Na2S2O3 electrolyte solution. The differences between the spectra recorded in the absence and presence of
thiosulfate were very small and hence these results are not presented
here. In conclusion, all electrolytes, sulﬁde, tetrathionate, trithionate
and the [Au(S2O3)2]3− complex that were believed to be intermediates
in gold leaching from thiosulfate solutions decompose with time at the
gold surface to form cyclo-S8, polymeric and monoatomic sulfur. This
knowledge will be used to revisit Raman and SERS spectra of the thiosulfate solution.
3.5. Characterization of AuNRs immersed in 0.1 M Na2S2O3 electrolyte
solution
Fig. 10 compares SERS spectra for the thiosulfate solution to the
SERS spectra recorded in sulﬁde, tetrathionate, trithionate and the
[Au(S2O3)2]3− electrolyte solutions at the initial immersion (left) and
after 180 min (right). The differences between the spectra for thiosulfate solution and the spectra for the other electrolyte solutions are
striking. At early immersion time, vsym (SS) and vsym (SO) bands ca.
432 and 1006 cm−1 associated with the thiosulfate anion are observed
[8,9,17,18,24,26,40—47]. At longer immersion time, bands assigned to
cyclo-S8 sulfur at 472, 212 and 142 cm−1 that were present in the sulﬁde, tetrathionate, trithionate and [Au(S2O3)2]3− complex solutions
are small in the spectra recorded for the thiosulfate electrolyte. In the
thiosulfate solution only small amounts of cyclo-S8 sulfur are deposited
at the gold surface and only after several hours of exposure have
elapsed. The SERS spectrum collected from the AuNRs in the thiosulfate
solution after 5 minute immersion time displays a strong band at
~ 378 cm−1 which has been previously assigned in the literature to
tetrathionate [8,9]. Since this spectrum also has a medium strength
band at ~ 1020 cm−1 characteristic of the [Au(S2O3)2]3− complex, the
~378 cm−1 band can be safely assigned to the [Au(S2O3)2]3− complex
rather than to the adsorbed tetrathionate (see Fig. 8), which would
have had an expected band at ~1038 cm−1. It appears that formation
of the [Au(S2O3)2]3− complex dominates the SERS spectrum during
the initial stage of gold leaching from the thiosulfate solution, however
the band decreases quickly with time. After 180 min of exposure the
shape of the SERS spectrum for thiosulfate solution resembles the
SERS spectrum of sulﬁde. The spectrum is dominated by ﬁve bands at
~218, ~266, ~315, ~433 and ~460 cm−1. These bands are also present
in the SERS spectra of sulﬁde and consistent with the previous discussion of the bands at ~ 266 and ~ 315 cm−1 that were assigned to
monoatomic sulfur. SERS bands were also observed at ~ 433 and
~ 460 cm−1 assigned to polymeric sulfur along with a band at ~ 218
and a very weak band at ~ 140 cm−1 associated to a small amount of
cyclo-S8 sulfur present at the gold–electrolyte interface.
Fig. 11A and B shows the 2D COS spectra used to identify the
individual sub-bands in the broad envelope of the SERS spectra. In the
synchronous spectrum Fig. 11A, the cross correlation bands with either
~ 378 cm−1 or ~ 1020 cm−1 are negative which is consistent with the

Fig. 11. (A) Synchronous and (B) asynchronous 2D COS spectra for the baselined SERS
spectra at a AuNR electrode immersed in a 0.1 M Na2S2O3 electrolyte solution (pH = 10)
as a function of immersion time; red color — positive peaks, blue color — negative peaks.
Time-averaged spectra included for reference.

fact that these bands are decreasing while the other bands are increasing with incubation time. The [Au(S2O3)2]3− complex is progressively
displaced by monoatomic and polymeric sulfur when the leaching
time increases. The cross correlation peaks corresponding to polymeric
and monoatomic sulfur are positive indicating that these bands grow
synchronously with time. In the asynchronous spectrum Fig. 11 B, the
(315, 378) and (378, 458) peaks are negative indicating that the
[Au(S2O3)2]3− complex is desorbed (decomposed) before the strongly
bonded monoatomic and the polymeric sulfur are formed. In contrast,
the (266, 378) and (266, 430) peaks are positive indicating that adsorption of the weakly bonded monoatomic sulfur precedes desorption
(decomposition) of the complex and formation of the polymeric sulfur.
In summary, the present analysis demonstrates that tetra- and
trithionates are not present in the passive layer formed at gold during
leaching from thiosulfate solutions. At long leaching times, the passive
layer is primarily composed of monoatomic sulfur adsorbed at several
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coordination centers at the gold surface, smaller amount of polymeric
sulfur and traces of cyclic-S8.
4. Summary and conclusions
A AuNR electrode was employed as the SERS active substrate to
characterize the interfacial behavior of Au with electrolyte solutions of
tetrathionate, trithionate, the [Au(S2O3)2]3− complex, sodium sulﬁde
and thiosulfate in order to determine the composition of the passive
layer formed during gold leaching in thiosulfate solutions. We have
demonstrated that all the polythionates decompose at the gold electrode surface under typical gold leaching conditions leading to the formation of adsorbed cyclo-S8, polymeric and monoatomic sulfur. The
tetrathionate decomposes primarily with the formation of cyclo-S8.
The decomposition of trithionate leads primarily to polymeric and
monoatomic sulfur. Comparable amounts of all three forms of sulfur
are formed at the surface from decomposition of the [Au(S2O3)2]3−
complex. Finally, the passive layer formed in the thiosulfate solution
consists predominantly of monoatomic sulfur to the extent that at
long leaching times the SERS spectrum recorded in the thiosulfate solution resembles the SERS spectrum of adsorbed sulﬁde. The signiﬁcant
result of this study is the demonstration that polythionates are not
present in the passive layer formed during gold leaching from thiosulfate solutions. It was shown that the addition of polythionates to the
leaching solution slows down the gold dissolution rate [9,19–21]. This
study demonstrated that although they are not present in the passive
layer they may affect leaching kinetics indirectly by contributing to
the increased amount of sulfur in the passive layer as a result of their
decomposition.
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CHAPTER 8

Quantitative SHINERS Analysis of Temporal Changes in the Passive
Layer at a Gold Electrode Surface in a Thiosulfate Solution

The journal article attached in the appendix, Analytical Chemistry 87 (2015) 3791-3799,
characterized a novel approach with shell-isolated nanoparticles for their application in
studying the gold-thiosulfate leaching system with surface-enhanced Raman spectroscopy
(SERS) [1]. The work presented here discusses a novel protocol for quantitatively
characterizing the interaction of thiosulfate with a gold electrode surface modified with
gold nanoparticles encapsulated in a thin SiO2 coating as a stable SERS substrate. For
this work, all experiments were conducted by myself except for: (i) scanning electron
microscopy imaging of the arrays of gold nanorods (AuNRs) substrate acquired by J. Jay
Leitch, (ii) fabrication of the AuNRs substrate and collection of the SERS spectrum of
hydrolyzed APTES adsorbed on the AuNRs substrate performed by Jeff Mirza, and (iii)
measurement of the electrochemical leaching rate of gold in the presence of the
thiosulfate electrolyte accomplished by Chunqing Zhou. The data analysis and
interpretations of all recorded data, including drafting of the first version of the journal
article, were completed by myself.
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8.1

Summary and Discussion
Several previous SERS studies have looked to characterize the change in

interfacial species during gold leaching investigations with a range of SERS active
substrates, but suffered from topographical changes in the substrate surface leading to
complex changes in the recorded spectra. For example, Watling et al. reported SERS
spectra of the gold-thiosulfate interaction for up to 15 mins with an electrochemically
roughened gold electrode [2,3]. Baron et al. [4] and Nicol et al. [5] also reported SERS
spectra of the gold-thiosulfate system in the presence of many different additives for
several hours using AuNRs. However, due to periodic coalescence of the nanorods,
periodic spikes hampered quantitative analysis of the spectral features observed in the
SERS data.
Shell-isolated nanoparticles (SHINs) offered a novel opportunity as a stable
method for enhancing the electric field component of the incident radiation and
characterizing the interfacial reaction of the gold-thiosulfate leaching system. This is due
to the SiO2 shell coating that prevents thiosulfate from interacting with the gold
nanoparticles (AuNPs), leading to increased stability in the sequentially acquired SERS
spectra. Pinhole tests with pyridine confirmed the successful encapsulation of the AuNPs
and its stability in a 0.10 M Na2S2O3 electrolyte (pH = 10.0) for 24 hours. It was also
found that the (3-aminopropyl)triethoxysilane (APTES), that was used to functionalize
the AuNPs prior to SiO2 deposition, could be employed as an internal standard to
normalize for changes in surface enhancement as a function of immersion time after
exposure of the gold electrode surface to the thiosulfate electrolyte. Development of the
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subtractive normalization protocol to remove the bands associated with the APTES
sublayer was successfully confirmed and implemented to track changes in the spectral
intensity of SERS bands associated with gold leaching species, i.e. the [Au(S 2O3)2]3complex, adsorbed sulfides, polymeric sulfur, and others. The relative change in the
spectral intensity of these bands was related to a relative change in the quantity of the
species present in the interfacial region with time. Furthermore, using generalized two
dimensional cross correlation spectroscopy (2DCOS) it was found that the passive layer,
that was likely responsible for inhibition of the gold leaching reaction, was initially
comprised of adsorbed sulfide, followed by the formation of cyclo-S8 given enough time,
and finally the appearance of polysulfide chains.

8.2

Conclusions and Future Work
The SHINs modified gold electrodes offered increased electric field enhancement

of the incident photon and greater stability over previous gold leaching SERS
investigations in the literature with electrochemically roughened electrodes [2,3], or with
arrays of AuNRs [4,5]. Monitoring the change in the spectral intensity of the v(CH2)
band, that was concluded to originate from the APTES sublayer, it was reported that the
relative intensity change in the [Au(S2O3)2]3- complex band occurred prior to the
appearance of bands indicative of adsorbed sulfide and polysulfide chains. The
developments made in this paper will serve as an excellent basis for future studies
comparing the interfacial behaviour of known additives that have been reported to
enhance the extraction of gold from its host ore, or studying the interaction of different
minerals with the lixiviant solution.
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ABSTRACT: Shell-isolated gold nanoparticles (SHINs) were
employed to record shell-isolated nanoparticle-enhanced
Raman spectra (SHINERS) of a passive layer formed at a
gold surface during gold leaching from thiosulfate solutions.
The (3-aminopropyl)triethoxysilane (APTES) and a sodium
silicate solution were used to coat gold nanoparticles with a
protective silica layer. This protective silica layer prevented
interactions between the thiosulfate electrolyte and the gold
core of the SHINs when the SHINs-modiﬁed gold electrode
was immersed into the thiosulfate lixiviant. The SHINERS
spectra of the passive layer, formed from thiosulfate
decomposition, contained bands indicative of hydrolyzed
APTES. We have demonstrated how to exploit the presence
of these APTES bands as an internal standard to compensate for ﬂuctuations of the surface enhancement of the electric ﬁeld of
the photon. We have also developed a procedure that allows for removal of the interfering APTES bands from the SHINERS
spectra. These methodological advancements have enabled us to identify the species forming the passive layer and to determine
that the formation of elemental sulfur, cyclo-S8, and polymeric sulfur chains is responsible for inhibition of gold dissolution in
oxygen rich thiosulfate solutions.

T

been observed that these polythionates and the [Au(S2O3)2]3−
complex decompose to form adsorbed elemental sulfur on the
gold surface and that the adsorbed elemental sulfur is more
likely responsible for inhibiting the kinetics of gold leaching in
thiosulfate solutions.6
Nanostructured electrodes are required to probe the identity
of interfacial species within the passive layer using surface
enhanced Raman spectroscopy (SERS). However, the leaching
solution dissolves the nanostructures designed to achieve
optimal surface enhancement causing a loss of sensitivity with
time and preventing thorough investigations of the passivating
species over extended time scales. For example, Watling et al.
used electrochemically roughened gold substrates to identify
the interfacial species with SERS in thiosulfate solutions.2 Due
to the high gold dissolution kinetics, characterization of the
gold surface was limited to very short leaching times (ca. 15
min).

he ability to create reproducible nanostructured templates
has expanded the applicability of surface enhanced Raman
spectroscopy (SERS) to probe the identity and molecular
behavior of various species present at the electrode−electrolyte
interface.1 In particular, SERS has been employed in situ to
identify and characterize species that inhibit the gold leaching
reaction from thiosulfate solutions.2−6 In the presence of
dissolved oxygen, thiosulfate assists in gold dissolution by
forming a stable complex in an aqueous solution according to
the following reaction (E0 = 0.25 V vs SHE):7−9
4Au + 8S2 O32 − + O2 + 2H 2O ↔ 4[Au(S2O3)2 ]3 − + 4OH−
(1)

Thiosulfate has potential as an alternative complexing ligand
in the industrial process of gold extraction from carbonaceous
ores that have proved diﬃcult with traditional cyanide
leaching. 7 Unfortunately, it has been shown that the
gold−thiosulfate leaching process is inhibited by the formation
of a passive layer that prevents the full dissolution of gold from
ore samples.
To explain the origin of the passivating layer, several
mechanisms of thiosulfate oxidation to form tetrathionate and
trithionate have been proposed.3,10−12 More recently, it has
© 2015 American Chemical Society
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combined with a 0.1 M potassium cyanide (KCN, SigmaAldrich, 99% purity) electrolyte solution (pH = 10.0). An acid
washed three-electrode glass cell was employed with the wafertemplate assembly, a gold foil, and a Ag/AgCl (Fisher
Scientiﬁc) as the working, counter, and reference electrodes,
respectively. Each gold deposition procedure began by purging
the electrolyte solution with argon (Linde, 99.9999%) for a
minimum of 30 min. Gold deposition was achieved with a
HEKA PG590 potentiostat, connected to a data acquisition
card (National Instruments PCI 6052E), by applying a
potential of −0.95 V vs Ag/AgCl for a period of 6 h. Upon
completion of Au deposition, the samples were rinsed with
Milli-Q water (18.2 MΩ cm) and immersed in a 1 M sodium
hydroxide solution (NaOH, Sigma-Aldrich, 99.99%) to dissolve
the alumina template. Adsorbed impurities were removed by
electropolishing in 3 M nitric acid (HNO3, Fisher Scientiﬁc)
with an applied potential of +1.3 V vs Ag/AgCl for 60 s
followed by +1.1 V vs Ag/AgCl for 60 s and ﬁnally by rinsing
with Milli-Q water for 60 s. Three cycles of this procedure were
often suﬃcient in achieving clean SERS active substrates absent
of any Raman bands characteristic of contamination.3
SHINs were prepared according to the methods previously
described in the literature.13,14 First, citrate stabilized gold
nanoparticles were prepared following a two step seedmediated growth procedure. Gold seeds, ∼40 nm dia., were
grown following the typical sodium citrate (Sigma-Aldrich,
>99.5%) reduction method using hydrogen tetrachloroaurate
trihydrate (HAuCl4·3H2O, Alfa Aesar, 99.99%), followed by
growth to 120 nm with hydroxylamine hydrochloride
(HONH3Cl, Sigma-Aldrich, 99%) as a reducing agent. The
surface of the gold nanoparticles were functionalized with
hydrolyzed (3-aminopropyl)triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3, Sigma-Aldrich, >98.0%). Encapsulation of
the gold core with a ∼2 to ∼5 nm SiO2 shell was achieved using
a sodium silicate solution (Na2O(SiO2)x·xH2O, Sigma-Aldrich,
reagent grade) at an elevated temperature of ∼90.0 °C for 60
min to ensure the formation of a uniform pinhole-free coating.
Upon cooling, the SHINs suspension was centrifuged and
resuspended in Milli-Q water multiple times to remove excess
reagents. The concentrated SHINs suspensions were then drop
coated onto the desired substrate and allowed to dry under
vacuum. Following the deposition of the SHINs on either the
glassy carbon (GC, Pine Instruments) or the polished gold
electrode (Pine Instruments, 99.99%), the modiﬁed electrode
was placed in a three-electrode glass electrochemical cell and
then gently cleaned in an argon purged 0.1 M sodium ﬂuoride
electrolyte (NaF, Sigma-Aldrich, >99%) by repetitive cycling
within the double layer region (−0.7 to +0.4 V vs SCE) until a
stable cyclic voltammogram characteristic of a clean electrode
was obtained. A coiled gold wire (Alfa Aesar, >99.9%) and a
saturated calomel electrode (SCE, Fisher Scientiﬁc), separated
from the electrolyte solution through a salt bridge, were used as
the counter and reference electrodes, respectively. The
completeness of the encapsulation of the gold core nanoparticles with the silica shell was veriﬁed by recording SERS
spectra of pyridine on SHINs deposited on a Si wafer as
suggested in refs 13−16. Thiosulfate electrolyte solutions (0.1
M, pH 10.0) were freshly prepared prior to every investigation
by dissolving sodium thiosulfate pentahydrate (Na2S2O3·5H2O,
Acros Organics, >99%) in Milli-Q water and pH adjusted using
sodium hydroxide.
Instrumentation and Spectral Analysis Techniques. A
FEI Inspect S50 scanning electron microscope (SEM)

A more recent method employed an array of gold nanorods
(AuNRs) grown along the surface normal.3 The increased
length (∼20 μm) of the AuNRs allowed for an improved SERS
signal and characterization of the gold surface for extended time
scales up to 10 h. In addition, the AuNR electrodes provided a
more uniform distribution of surface enhancement over a
greater area leading to an increased sensitivity and reproducibility. The high aspect ratio of the AuNRs provided an added
stability in the Raman study during the leaching process
because the surface enhancement was independent of the
AuNRs length. However, coalescence of rods was thought to be
responsible for periodic spikes in the surface enhancement that
hampered quantitative evaluation of changes in the Raman
signal with time.
Recently, Li and co-workers13−16 fabricated gold nanoparticles (AuNPs), diameter ca. 55 and 120 nm, coated with a
thin SiO2 layer known as shell isolated nanoparticles (SHINs).
The thin SiO2 layer on the outer surface of the gold
nanoparticle inhibits 3D agglomeration and prevents chemical/electrical interactions with the electrode surface. The
coated nanoparticles act as an antenna, which enhances the
electric ﬁeld of the photon and may be used to acquire Raman
spectra of molecules that are adsorbed onto Raman inactive
surfaces. Shell isolated nanoparticle enhanced Raman spectroscopy (SHINERS) has potential to be used to study the
composition of ﬁlms formed at surfaces of materials that are
changing with time and hence potentially applicable for gold
leaching studies. In this case, the SiO2 coating should block
thiosulfate from interacting with the gold nanoparticle core,
thereby preventing a loss of surface enhancement with time and
allowing for characterization of the underlying exposed Au
substrate at extended periods of leaching.
Recently, SHINERS has been employed to study aging of the
passive layer on Ni alloys by Honesty and Gewirth.17 Here, we
describe another practical application of SHINERS. The
objective of this work was to apply SHINERS for identifying
and characterizing species present in the passive layer at the
gold−thiosulfate electrolyte interface for extended time frames.
Within the SHINs, the surface of the gold core is functionalized
with hydrolyzed (3-aminopropyl)triethoxysilane (APTES). The
Raman bands of APTES are visible in the SHINERS spectra
and may interfere with the detection of species present at the
investigated surface. In this study, we have shown that the
APTES bands could be used as an internal standard to
compensate for changes or ﬂuctuations in the surface
enhancement with time. In addition, we have developed a
procedure to subtract the interfering APTES bands from the
measured SHINERS spectrum to quantitatively extract the
required analytical information. The corrected SHINERS
spectra were compared to the spectra recorded on AuNRs to
show that the subtraction of APTES bands was complete. We
have demonstrated that these procedures allow one to monitor
temporal changes of the passive layer composition and correlate
Raman band intensities with the rate of gold dissolution in
order to identify the nature of the passivating species.

■

EXPERIMENTAL SECTION
Materials and Substrate Preparations. Arrays of gold
nanorods (AuNRs)3 were fabricated by bonding an alumina
template (Whatman 0.2 μm Anodisc 13) to gold coated silicon
wafers with low density polyethylene. Electrodeposition of gold
into the alumina pores was performed with a 0.1 M potassium
dicyanoaurate (KAu(CN)2, Sigma-Aldrich, 98% purity),
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equipped with a tungsten ﬁlament and a Everhart-Thornley
secondary electron detector was used with a working distance
of approximately 9.6 cm, a spot size of 3.5, and a 20 kV electron
beam energy for all SEM images. A Philips CM10 transmission
electron microscope (TEM) with a top mount SIS/Olympus
Morada 11 megapixel CCD camera was employed for all TEM
images.
Raman experiments were carried out using a Renishaw
Raman imaging microscope equipped with a 300 mW powered
NIR diode laser (785 nm wavelength) and a CCD array
detector. A spectral resolution of approximately 1 cm−1 was
achieved using a holographic grating (1200 grooves mm−1) and
a slit width of 50 μm. The spectrometer was calibrated to the
vibrational Raman band of silicon ca. 521 cm−1 prior to each
experiment. All Raman investigations were performed using a
custom built Teﬂon spectroelectrochemical cell designed to ﬁt
a PINE Instruments rotating disk electrode (RDE) in an
inverted conﬁguration. A LEICA immersion lens (63×) was
immersed directly into the electrolyte solution and focused
either above (solution spectra) or onto the electrode/substrate
surface (SERS spectra). Normal Raman spectra of pure
chemicals were collected with 100% laser power using a 10 s
exposure and 10 accumulations. SERS spectra of the AuNRs
were collected with 10% laser power, a 10 s exposure time, and
5 accumulations for each collected spectrum. Unless otherwise
stated, SHINERS spectra were collected in a single acquisition
between 3200 and 100 cm−1 at regular time intervals using 10%
laser power, a 10 s exposure time, and 3 accumulations.
Generalized two-dimensional correlation spectroscopy
(2DCOS) analysis provides a 2D spectrum generated from a
collection of sequentially acquired spectra in which the band
intensities changed as a function of immersion time in the
thiosulfate solution.18−21 The analysis gives two types of
correlations, synchronous 2DCOS spectra resulting from
simultaneous changes and asynchronous 2DCOS spectra,
which arise from sequential or unsynchronized changes in the
measured spectral series. The autocorrelation peaks are
observed as positive symmetric peaks along the diagonal, ν1 =
ν2, in the synchronous 2DCOS spectra. These autocorrelation
peaks represent variation in the spectral intensity that occurs as
a function of time at that particular frequency. A strong
autocorrelation peak suggests that the change in the spectral
band is strong as a function of time, while weak autocorrelation
peaks or the absence of an autocorrelation peak indicate that
the spectra are weakly dependent on time. Cross-correlation
peaks are found in the oﬀ-diagonal positions in synchronous
2DCOS spectra, ν1 ≠ ν2. Positive cross-peaks indicate that
bands at ν1 and ν2 increase/decrease simultaneously, while
negative cross-peaks imply that one band is increasing while the
other band is decreasing as a function of time. A correlation
square, which illustrates the existence of coherent variations in
the spectral intensities at ν1 and ν2, can be obtained by
connecting a pair of cross-correlation peaks positioned on
opposite sides of the diagonal through the corresponding
autocorrelation peaks. Thus, the synchronous 2D spectrum can
help remove the ambiguity in the band deconvolution
procedure by providing the number of peaks and their
corresponding positions.
In contrast to the synchronous spectra, asynchronous spectra
are antisymmetric with respect to the diagonal, and therefore,
no autocorrelation peaks are observed. If the intensity variation
in two Raman bands occurs completely synchronized, then no
cross correlation peak will be observed in the asynchronous

spectra. Again, cross-correlation peaks in asynchronous spectra
can be either positive or negative as in synchronous spectra. If
the sign of an asynchronous cross-correlation peak matches the
sign of the synchronous cross peak, then the change of band
intensity at v1 takes place ﬁrst and is followed by the change at
v2. If the signs of the synchronous and asynchronous crosscorrelation peaks are opposite, then the change in the band
intensity at v2 takes place before the change at v1. Therefore, the
asynchronous spectrum can provide information about the
sequence of spectral changes.
Electrochemical Determination of the Gold Leaching
Kinetics. The rate of gold leaching by thiosulfate was
determined according to a modiﬁed method previously
described in the literature by Baron and co-workers3,4,22
Brieﬂy, a gold PINE RDE was successively polished with
diﬀerent grades of diamond suspension (6, 3, 1, and 0.25 μm,
LECO) and then subjected to repetitive cycling between −0.8
and +1.2 V vs SCE in a 0.1 M NaF electrolyte until a clean and
stable cyclic voltammogram was obtained. The electrochemically clean gold electrode was then rinsed with copious
quantities of Milli-Q water and immersed into the thiosulfate
lixiviant at the open circuit potential (OCP). A linear sweep
voltammogram (LSV) was recorded at ±20 mV of the OCP
value at a sweep rate of 1 mV s−1. A period of 40 s was required
to collect each voltammogram from −20 to 20 mV vs OCP at a
rate of 1 mV s−1. The sample was then allowed to equilibrate at
OCP to minimize the disturbance of the gold leaching reaction
until recording the next potential sweep. The LSVs were
collected at regular intervals of 2 min. Knowing the transfer
coeﬃcients of αO2 and αAu, (0.53 and 0.23), the mixed leaching
current, iM, and therefore leaching rate, can be extracted from
the slope of the LSV using a modiﬁed Butler−Volmer response.
The currents were converted to leaching rates using Faraday’s
law.

■

RESULTS AND DISCUSSION
Characterization of Fabricated SERS Substrates. Figure
1 plots the baseline corrected SERS spectra of pyridine
adsorption in the 950−1100 cm−1 region for (A) citrate
stabilized gold nanoparticles (Si/AuNPs) and SHINs (Si/
SHINs) deposited on a Si wafer after a 24 h immersion in
either Milli-Q water adjusted to a pH of (B) 12.2, (C) 10.0,
(D) 6.3, or (E) a 0.1 M Na2S2O3 (pH = 10.0) electrolyte. The
pyridine bands do not appear in the spectrum recorded with
the Si/SHINs substrates that were immersed in water at a pH
of 6.3 or 10.0 indicating that the shell of the nanoparticles is
pinhole free and stable under these conditions for >24 h.
Furthermore, the SiO2 shell stability was conﬁrmed upon
exposure to a 0.1 M Na2S2O3 electrolyte, Figure 1E, for 24 h
indicating stability of the SiO2 shell in a gold lixiviant solution.
However, the SERS spectra recorded of SHINs exposed to an
aqueous solution at a pH = 12.2 depicted pyridine adsorption
indicating the SiO2 shell is unstable at this high pH consistent
with previous literature.23 For example, Lee et al. have reported
irreversible sedimentation of bare AuNPs upon exposure of
SiO2 coated AuNPs at pH values >10.5.24
The size and lateral distribution of AuNRs and SHINs were
characterized using SEM and TEM. The SEM images in Figure
2A,B show that the AuNRs are evenly distributed across the
surface. Their average diameter was 213.0 ± 22.3 nm and their
length was 23.0 ± 0.5 μm as displayed in Figure 2C. The
uniform distribution of AuNRs over a large area provided an
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uniform SiO2 coating of lower density, which is observed as a
lighter ring encapsulating the dark gold nanoparticle core. The
thickness of the SiO2 coating was measured for several SHINs
giving an average thickness of 4.6 ± 0.7 nm. The SEM images
of the SHINs in Figure 2 depict a uniform 2D distribution of a
close-packed monolayer or bilayer on the surface. As
demonstrated by Li et al.,16 the strongest surface enhancement
occurs between each SHIN and the underlying Au electrode
surface, implying that a uniform 2D distribution is ideal for
Raman studies of the interface.
Figure 3A plots the SERS spectrum of SHINs deposited on a
clean gold surface. The bands present in this spectrum

Figure 1. Baseline corrected SERS spectra of a pinhole investigation
using a 10 mM aqueous pyridine solution after (A) AuNPs or SHINs
(deposited on a Si wafer) were immersed for 24 h in Milli-Q water
adjusted to pH of (B) 12.2, (C) 10.0, (D) 6.3, or (E) a 0.1 M Na2S2O3
(pH = 10.0) electrolyte (785 nm laser, 100% laser power, 1 s exposure,
3 accumulations).

Figure 3. (A) Baseline corrected SHINERS spectrum of SHINs
deposited on a clean polycrystalline gold electrode immersed in a 0.1
M NaF electrolyte and (B) the baseline corrected SERS spectrum of a
APTES modiﬁed AuNRs electrode immersed in Milli-Q H2O (10%
laser power, 10 s exposure time, and 5 accumulations).

constitute a background for the gold leaching experiments
that will be performed in the presence of thiosulfate. In order to
identify the origin of these bands, Figure 3B plots the SERS
spectrum of hydrolyzed APTES deposited on a fresh AuNRs
electrode. To record this spectrum, a 0.5 mM APTES solution
was prepared in Milli-Q water and allowed to hydrolyze for 20
min. Next, the AuNRs were exposed to this solution for 1 h to
allow for self-assembly of the APTES onto the substrate surface.
The substrate was rinsed and immersed in Milli-Q water. The
spectrum in Figure 3B was recorded with a poorer S/N due to a
poorer surface enhancement at the AuNRs than for SHINs.
The two spectra are very similar indicating that these are SERS
spectra of hydrolyzed APTES. This is an important result. The
SHINs were synthesized from a citrate solution using
hydroxylamine hydrochloride as the reducing agent. In contrast,
AuNRs were never exposed to either of these two reagents. The
similarity of the SERS spectra recorded with SHINs and with

Figure 2. SEM images depicting the (A and B) top view and (C) side
view of the AuNRs substrate and the 120 nm diameter SHINs
deposited on an electrode surface (D and E). (F) TEM image of a
single SHIN illustrating the formation of a uniform (ca. 4.6 ± 0.7 nm)
SiO2 coating around the gold nanoparticle core.

ideal substrate for reproducible surface enhancement in Raman
scattering studies. Moreover, the large length of the AuNRs
allowed for characterization of the species present at the
electrode−electrolyte interface at an extended leaching time.
Figure 2D,E presents SEM images of SHINs deposited on a
silicon substrate, where the average SHIN diameter was 125.7
± 8.4 nm. A TEM image of a single SHIN, shown in Figure 2F,
depicts a dense gold nanoparticle core (black) surrounded by a
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24 h. The v(CH2) bands originate from the hydrolyzed APTES
used to functionalize the AuNPs for SiO2 deposition. The
APTES is present in the shell of SHINs. If the SHINs are
properly protected by SiO2, then the hydrolyzed APTES
sublayer is expected to remain intact throughout the duration of
the leaching experiment. In contrast, if pinholes were present in
the protective SiO2 layer at the initial stages of the experiment,
the hydrolyzed APTES layer may be damaged causing a
decrease in the v(CH2) band intensity with time. However,
upon exposure of the SHINs modiﬁed gold electrode to a
thiosulfate electrolyte, an increase rather than a decrease in the
v(CH2) band intensity is observed in Figure 4A, as a function of
immersion time. To track the intensity change of this band with
the progression of time, a normalized v(CH2) band intensity at
2883 cm−1, INt (2883 cm−1), was calculated by dividing the
v(CH2) band intensity at a given immersion time, It (2883
cm−1), by the initial intensity of the v(CH2) band intensity
from the ﬁrst recorded spectrum, I0 (2883 cm−1).

AuNRs suggests that the background in the SHINs spectra is
free from citrate and hydroxylamine contaminations.
The spectra in Figure 3 display bands ca. 1128, 1296, 1434,
1456, and 1605 and several overlapping bands between 2700
and 3000 cm−1. These bands have been tentatively assigned as
vas(SiOSi), ω(CH2), δ(SiCH2), δ(CH2), δ(NH2), and v(CHx),
respectively.25−33 The assignment of bands at ca. 306 and 258
cm−1 is uncertain. They may correspond to v(Au−N) or v(Au−
C) vibrations. These SHINs bands may constitute spectral
interferences. In the previous papers, these bands were
removed for example by polarizing the gold electrode coated
by SHINs to a potential of −2.0 V versus a Ag/AgCl electrode
in a 0.1 M NaClO4 electrolyte.32
Vigorous hydrogen evolution takes place at such negative
polarization causing a decrease in the density of the SHINs.
However, in the present case where the SHINs are protected by
a uniform and pinhole free SiO2 coating, these background
bands could be used for assessing the stability of the SHINs
when exposed to thiosulfate and act as an internal standard to
correct for changes in the spectral intensity of thiosulfate due to
ﬂuctuations in surface enhancement (i.e., surface roughening).
Procedures to Correct Changes in the Surface
Enhancement and To Remove Spectral Interferences.
Figure 4A displays the baseline corrected v(CH2) region
recorded for the Au/SHINs electrode exposed to a 0.1 M
Na2S2O3 solution at selected immersion times for a period of

ItN (2883cm−1) =

It (2883cm−1)
I0 (2883cm−1)

(2)

The normalized v(CH2) band intensity for SHINs at the Au
electrode is plotted versus immersion time in Figure 4B. In
order to assess the stability of SHINs, Figure 4B also shows INt
(2883 cm−1) recorded at the SHINs-modiﬁed GC (GC/
SHINs) electrode surface in the same thiosulfate electrolyte
conditions (i.e., GC/SHINs/0.1 M Na2S2O3). Thiosulfate does
not react with GC, and thus, changes in INt (2883 cm−1) would
result from instability of the SHINs layer. The data presented in
Figure 4B shows that the intensity of the SERS band at 2883
cm−1 remains relatively constant over a period of 24 h,
indicating that SHINs are stable in the thiosulfate electrolyte.
An additional control experiment was performed with SHINs
on Au in a 0.1 M NaF solution. The results are plotted in
Figure 4B. They also show that the band intensity remains
relatively constant in this inert electrolyte. Therefore, the
observed increase in INt (2883 cm−1) at the Au/SHINs
electrode may be explained as an increase in the surface
enhancement of the electric ﬁeld of the photon due to
roughening of the gold substrate caused by thiosulfate leaching
of the gold (see eq 1).
In the following studies, the SHINERS bands recorded in the
thiosulfate solution will be normalized with respect to the I0
(2883 cm−1), to correct for changes in the surface enhancement
caused by the gold leaching reaction. In this way, the v(CH2)
band intensity of the hydrolyzed APTES layer within the
SHINs may be employed as a novel internal standard, and it is
therefore possible to more accurately quantify changes in the
surface concentrations of the species at the solid−solution
interfaces.
With the aid of this new methodology, the identity and
concentration of the species adsorbed at the gold−thiosulfate
interface can be monitored and used to provide insight into the
reaction mechanism responsible for the passivation of gold.
Figure 5 compares the baseline corrected SHINERS spectra of
the Au/SHINs electrode in (1) 0.1 M NaF (red curve) and (2)
0.1 M Na2S2O3 (black curve) electrolytes after 5 min of
immersion.
The spectrum recorded in 0.1 M NaF shows only the
characteristic APTES bands while the spectrum recorded in 0.1
M Na2S2O3 electrolyte displays bands characteristic for both
thiosulfate and APTES. A comparison of spectra 1 and 2 shows

Figure 4. (A) Baseline corrected SHINERS spectra of the ν(CH2)
region of the Au/SHINs electrode interface at selected immersion
times upon exposure to a 0.1 M Na2S2O3 electrolyte (pH = 10.0) and
(B) change in INt (2883 cm−1) as a function of the immersion time for
the GC/SHINs in a 0.1 M Na2S2O3 electrolyte (black square) and the
Au/SHINs electrodes upon exposure to a either a 0.1 M NaF (red
circles) or a 0.1 M Na2S2O3 (blue triangles) electrolyte.
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By subtracting spectrum 1 from spectrum 2, the vibrational
modes of the ATPES species are removed generating the
SHINERS spectrum solely of the Au/SHINs electrode surface
exposed to the thiosulfate electrolyte species, which is
presented in Figure 5B. This spectrum is free of APTES
bands at 1128, 1296, 1434, 1456, 1605 cm−1 and bands
between 2700 and 3000 cm−1, which do not overlap with bands
of thiosulfate. In the low wavenumber region (400−100 cm−1),
where the bands of APTES and thiosulfate overlap, signiﬁcant
diﬀerences between spectrum in Figure 5B and the spectrum 2
in Figure 5A can be observed after subtraction. To further
demonstrate the eﬀectiveness of the spectral subtraction in this
region, Figure 6 shows a comparison of the corrected

Figure 5. (A) Baseline corrected SHINERS spectra of a Au/SHINs
substrate in a (1) 0.1 M NaF (red curve), which has been corrected for
the change in enhancement factor and in a (2) 0.1 M Na2S2O3 (black
curve) electrolyte after 5 min. (B) The resulting background corrected
SHINERS spectrum of a 0.1 M Na2S2O3 electrolyte obtained by
subtracting spectrum 1 from 2.

that hydrolyzed APTES bands overlap with those from
thiosulfate solution at ∼300 cm−1. The spectral interference
of the hydrolyzed APTES bands must be removed prior to
characterizing quantitative changes in the concentration of the
adsorbing species. One diﬃculty with a direct comparison of
these two SHINERS spectra is that the spectra were collected
in two separate experiments with diﬀerent experimental
conditions (i.e., diﬀerences in surface roughness, SHIN density,
concentration of the hydrolyzed APTES coating, etc.) that may
play a role in the overall surface enhancement of the incident
photon. To overcome this problem, the following procedure
was employed.
The ratio of the intensities of the v(CH2) bands of the
hydrolyzed APTES sublayer, (It (2883 cm−1)Na2S2O3)/(I (2883
cm−1)NaF), was taken to account for the diﬀerences in the
enhancement factor (ΔEF):
ΔEF =

Figure 6. Sequentially recorded, background corrected, SERS spectra
of a Au/SHINs electrode (left panel) and AuNRs electrode (right
panel) after (A) 5, (B) 20, and (C) 30 min exposure in a 0.1 M
Na2S2O3 electrolyte solution (pH = 10.0).

SHINERS spectra with the SERS spectra recorded of freshly
prepared AuNRs in 0.1 M Na2S2O3. A good agreement
between these two sets of independently measured spectra
demonstrates the successful removal of the hydrolyzed APTES
Raman bands in the low wavelength region as well.
Temporal Changes of SHINERS Spectra during the
Gold Leaching Reaction. The SHINERS spectra, after
subtraction of the APTES bands, of the Au/SHINs electrode
at three selected leaching times are present in the left panel of
Figure 6. For comparison purposes, Figure 6 also plots the
SERS spectra of the AuNR electrodes, right panel (i.e., APTESfree nanostructured surfaces) under similar experimental
conditions. Both spectral sets are composed of similar Raman
band characteristics of the thiosulfate electrolyte; however, the
intensities diﬀer due to the surface enhancement diﬀerences of
these two nanostructured surfaces. Previous Raman studies of
the thiosulfate anion in solution identiﬁed ﬁve bands positioned
ca. 339, 445, 664, 996, and 1117 cm−1, which were assigned as
ρr(SSO), νs(SS), δ(SO3), νs(SO3), and νas(SO3), respectively.2,4−6,34−43 The SERS spectra recorded at the AuNR
electrode exhibits six bands ca. 218, 266, 315, 378, 457, and
1019 with a shoulder at 1006 cm−1.6 The band positions and

It (2883cm−1)Na 2S2O3
I (2883cm−1)NaF

(3)

The I(v)NaF spectrum was then multiplied by ΔEF to
generate the corrected NaF spectrum, I(v)corr
NaF, as shown:
I(v)corr
NaF = I (v)NaF × ΔEF

(4)

The surface enhancement of the corrected NaF SHINERS
spectrum is equal to that of thiosulfate solution and, thus, can
be used to remove the spectral contributions from the SHINs
deposited on the electrode surface. Spectrum 1 in Figure 5A
corr
shows the corrected NaF spectrum, I(v)NaF
, which was
calculated from the SHINERS spectrum displayed in Figure
3A. It should be noted that the v(CH2) bands in spectra 1 and 2
of Figure 5A completely overlap.
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Table 1. Observed Band Positions for Interfacial Species Identiﬁed at the Gold Electrode−Thiosulfate Electrolyte Interface in
the Presence of Dissolved Oxygen at Ambient Conditions
observed band positions (cm−1)
vibrational mode assignment
δas (SSS)
δs (SSS)

chemical identity

AuNRs (≤30 min)

Au/SHINs (≤30 min)

Au/SHINs (≥300 min)

references

cyclo-S8

141
218

146
221

152
218

2−6, 34, 42, 44−48

δ (SSS)
ν (AuS)

S4O62−/S3O62−
Au2S/[Au(S2O3)2]3−

266

243, 277, 300

253

2−6, 36−38, 40−46

ν (AuS)

Au2S

315

316

312

3, 4, 6, 34, 36−38, 40−47

378

382

−

2−6, 34

−

−

408

2−6, 34, 36, 37, 39, 44

νs (SS)

[Au(S2O3)2]3−
S4O62−/S3O62−
polymeric S3,4/S3,42−
S2O32−
polymeric S3,4/S3,42−
polymeric Sn > 4/Sn > 42−
cyclo-S8

−

−

430

457

462

459
474

2−6,
2−6,
2−6,
2−6,

νs (SO)

SO32−/SO42−
S2O32−
[Au(S2O3)2]3−
S4O62−
S3O62−

−
1006
1019
−
−

−
1001
1016
−
−

−
−
−
−
−

3, 4, 6, 37, 38
2−6, 34, 36−43
2−6, 34
2−6, 34, 36, 37, 39
3−6, 39

νas (SO)

SxOy2−

−

1078

−

3, 4, 6

34−, 43
34, 44, 48
34, 44, 47, 48
34−36, 42, 44−48

The bands at 152, 218, and 474 cm−1 have been assigned to
cyclo-S8;2−6,34−36,42,44−48 459 cm−1 is indicative of polymeric
sulfur,2−6,34,44,47,48 while 253 and 312 cm−1 are characteristic of
adsorbed sulﬁd e a nd / o r m o nat o mic su lf ur species.3,4,6,34,36−38,40−47 The asynchronous spectra in Figure 7C
show strong positive cross correlations peaks at (474, 459),
(312, 459), (253, 459), (218, 459), and (152, 459) suggesting
that spectral changes at 474, 312, 253, 218, and 152 cm−1 occur
prior to the changes observed at 459 cm−1. Strong negative
peaks are observed at (152, 312), (152, 253), (218, 312), and
(218, 253), suggesting the spectral changes at 312 and 253
cm−1 are followed by changes at 218 and 152 cm−1. With this
information, it is possible to predict that the growth of the
bands at 253 and 312 cm−1 associated with adsorbed
monatomic sulfur (sulﬁdes) is followed ﬁrst by the growth of
cyclo-S8 (474, 218, and 152 cm−1) and ﬁnally by the growth of
polymeric sulfur chains (459 cm−1).
Correlation between Gold Leaching Rate and
Changes in the SHINERS Spectra. The SHINERS spectra
in Figures 6 and 7 provide the unique opportunity to correlate
the rate of gold leaching in thiosulfate solutions with
quantitative changes in the intensity of the Raman bands.
Figure 8A plots the electrochemical rate of gold leaching in
thiosulfate solution as a function of the immersion time. The
electrochemical measurements show that the gold leaching rate
rapidly decreases within the ﬁrst 50 min of immersion and then
slows to an almost linear decay as time progresses. Figure 8B
plots normalized and background corrected Raman intensities
of three SHINERS bands: the [Au(S2O3)2]3− complex at the
surface (382 cm−1), adsorbed sulﬁde (316 cm−1), and
polymeric sulfur species (460 cm−1). The [Au(S2O3)2]3−
band shows good correlation with the leaching current as the
intensity decreases quickly at early stages of time and then
changes slowly at longer time scales. In contrast, the intensities

their assignments are summarized in Table 1. These bands are
also present in the SHINERS spectra and progressively evolve
with time as previously observed and thoroughly discussed by
Mirza et al.6 for the AuNRs electrode. Figure 6 reports the
spectra recorded at the early immersion times (up to 30 min);
however, the interface continues to change over a period of 10
h. To illustrate the eﬀects of the thiosulfate electrolyte at
extended leaching times, Figure 7A depicts the collected Raman
spectra of the Au/SHINs electrode for immersion times
ranging between 300 and 600 min. The SHINERS spectra for
the long immersion times displayed several additional bands
that were not previously observed in the spectra recorded at
shorter immersion times. To help elucidate the number and
position of the spectral peaks present within the broad bands
located between 500 and 150 cm−1, Fourier self-deconvolution
(FSD)42 and generalized two-dimensional correlation spectroscopy (2DCOS) analysis techniques18−21 were employed using
the protocol described previously.6
Figure 7B,C displays the synchronous and asynchronous
2DCOS analysis generated from the SHINERS spectra
presented in Figure 7A. The synchronous spectrum shows
autocorrelation peaks located at 474, 459, 408, 312, 253, 218,
and 152 cm−1. Strong positive cross correlation squares can be
drawn between the observed bands located at 474, 459, 253,
218, and 152 cm−1; additionally, weak positive cross correlation
squares can be drawn with the bands observed ca. 430, 408, and
312 cm−1.
The positive signs of the cross correlation peaks combined
with the 1D Raman spectra shown in Figure 7A indicate that all
of these vibrational bands are increasing together as a function
of time. The band assignments are given in Table 1, and the
results from the Au/SHIN electrodes are consistent with our
previous study.6
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Figure 8. (A) The electrochemical leaching rate (black) as a function
of immersion time and (B) the corresponding normalized integrated
band intensity, IDt , of the [Au(S2O3)2]3− complex at 382 cm−1 (red),
adsorbed sulﬁde at 316 cm−1 (blue), and polymeric sulfur at 460 cm−1
(green).

■

SUMMARY AND CONCLUSIONS

SHINs were employed as Raman active substrates to determine
Raman spectra of species forming the passive layer during gold
leaching in thiosulfate solutions. The SHINs gave strong
enhancement of the electric ﬁeld of the photon resulting in
spectra of the passive layer with an excellent signal-to-noise
ratio. Hydrolyzed APTES was used to functionalize the gold
nanoparticles prior to coating of the core with a protective silica
layer. Therefore, spectra recorded with SHINERS contained
bands of the hydrolyzed APTES sublayer. We have
demonstrated that the v(CH2) bands of APTES may be used
as an internal standard to compensate for ﬂuctuations of the
surface enhancement of the electric ﬁeld of the photon
observed between experimental spectra that are recorded over
long periods of time. Furthermore, we have developed a
procedure that allows removal of the APTES bands from the
spectra of the passive layer. These methodological developments allowed for the identiﬁcation of species present in the
passive layer formed during the gold leaching reaction. By
correlating temporal changes of the bands corresponding to the
passive layer constituents with the temporal changes of gold
leaching rate, we were able to demonstrate that the formation
of elemental sulfur, cyclo-S8, and polymeric sulfur chains is
responsible for inhibition of gold dissolution in the oxygen rich
thiosulfate solutions.

Figure 7. (A) SERS spectra of the Au/SHINs electrode immersed in a
0.1 M Na2S2O3 electrolyte (pH = 10.0) between 5 and 10 h. (B)
Synchronous and (C) asynchronous 2DCOS spectra generated as a
function of immersion time; red, positive bands; blue, negative bands.
Time-averaged spectra are included for reference.

of the bands corresponding to both atomic and polymeric
sulfur increase with the leaching time. These results provide
strong quantitative evidence that gold leaching in thiosulfate
solutions is inhibited by the formation of elemental sulfur
species. Adsorbed sulfur blocks interactions between thiosulfate
and the gold surface preventing the formation of the
[Au(S2O3)2]3− complex at the gold−solution interface.
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ABSTRACT
Characterization of Cu

2+

and ammonia interactions with the passive layer that impedes

thiosulfate mediated gold dissolution at extended time frames was performed with
electrochemistry

and

shell-isolated

nanoparticle-enhanced

Raman

spectroscopy

(SHINERS). Generalized two-dimensional correlation spectroscopy (2DCOS) was also
employed to assist interpretation of the collected SHINERS spectra. Passive layer growth
on a polycrystalline gold electrode immersed in a 0.10 M Na2S2O3 electrolyte was found
to initially proceed through formation of sulfides adsorbed to the gold electrode surface
(SERS band at ca. 309 cm-1) followed by rapid transformation to cyclo-S8 (bands at ca.
474, 216, and 151 cm-1) and polysulfides (band at ca. 459 cm-1). After stable formation of
the passive film, the addition of Cu2+ resulted in the partial removal of the passive layer.
The removal of the components of the passive layer proceeded according to the following
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sequence; polysulfides fastest, cyclo-S8 next, followed by

. The end product was

observed to be a combination of copper sulfides, specifically CuS, and gold sulfides. In
an independent study, the addition of ammonia displayed a similar ability to remove the
passive layer constituents, albeit at much slower rates. From these observations it can be
concluded that Cu2+ and ammonia play a vital function in preventing passive layer
formation, allowing increased mass transport of thiosulfate and oxidant across the
electrode-electrolyte interface, thereby allowing a higher gold extraction efficiency.
Keywords: shell-isolated nanoparticle-enhanced Raman spectroscopy, electrochemistry,
two-dimensional correlation spectroscopy, thiosulfate gold leaching, passive layer.

1. Introduction
The suitability of thiosulfate as an alternative complexing ligand in gold lixiviant
solutions designed for extraction of gold is limited by the generation of passivating
species that inhibit the mass transport of reactants and products across the interfacial
region [1–9]. Using surface enhanced Raman spectroscopy (SERS), we have previously
shown the initial generation of the soluble gold-thiosulfate complex as the predominant
product upon initial exposure of a gold electrode to a thiosulfate lixiviant solution [10].
However, the spectra collected of the SHINs modified polycrystalline gold electrode
(Au/SHINs) after ~1000-1100 mins exposure to a 0.10 M Na2S2O3 lixiviant, see Figure
9.1, display several broad and overlapping bands characteristic of many adsorbed species
like thiosulfate, the gold-thiosulfate complex, sulfur/sulfides (i.e. Au2S), cyclo-S8, and
polysulfide/polythionate chains (

) of varying lengths. Assignments of the bands

observed in the spectra were based on a combination of; (i) previous reports of SERS
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Figure 9.1: Deconvolution of the passive layer constituents formed on a SHINs
modified polycrystalline gold electrode (Au/SHINs) after immersion in a 0.10 M
Na2S2O3 electrolyte (pH = 10.0) for 16 hours.
spectra recorded of species adsorption from their respective pure electrolytes [1,3,6], (ii)
theoretical calculations, and (iii) spectral analysis methods like Fourier selfdeconvolution (FSD) or generalized two-dimensional correlation spectroscopy (2DCOS)
[10]. The SERS spectra show that the thiosulfate lixiviant slowly decomposes on gold
surfaces forming monoatomic adsorbed sulfur/sulfide, followed by formation of cyclo-S8
and finally polysulfides/polythionates [6,10]. The formation of these elemental sulfur
species at the gold-electrolyte interface appears to inhibit the mass transport of
reactants/products to and from the gold surface, and are therefore the primary cause for
low gold extraction efficiencies in industrial leaching practices.
Several studies investigated the potential of several additives to increase the gold
extraction efficiency during thiosulfate based leaching. For example, redox couples (e.g.
Cu2+/+) [1,5], amines (e.g. NH3/NH4+) [11,12], alkylthiols (e.g. RSH) [4,13], and
ethylenediaminetetraacetic acid [14] have been suggested to improve the extraction
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efficiency of gold [4,8,15–20]. In particular, the copper redox couple has been suggested
as a better oxidant relative to dissolved oxygen due to increased solubility and mass
transport to the gold surface in typical leaching conditions [7]. The overall leaching
process, with copper as the supporting oxidant, is the combination of the electrochemical
reduction of Cu2+ to Cu+ and the oxidation of Au(0) to Au(I) in the presence of excess
thiosulfate [1,7,8,21]:
(EQ 9.1)

Ammonia (pKa = 9.24) has also been suggested to improve the gold extraction
efficiency in thiosulfate-oxygen leaching systems (pH = 8 - 10) through assisting in
surface processes like gold dissolution and transport of gold atoms into the bulk
electrolyte according to [22]:
(EQ 9.2)
The stability constants have been previously reported to be quite similar for the goldammonia and gold-thiosulfate complexes in the bulk solution [7,22–25], suggesting free
thiosulfate in solution competes with ammonia ligands to form gold-thiosulfate
complexes through [7]:
(EQ 9.3)
However, gold may also be leached directly into the aqueous ammonia-thiosulfate
electrolyte as mixed ligand complexes according to [22]:
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(EQ 9.4)

As suggested by Molleman and Dreisinger [21], and more recently by Lampinen et al.
[11], it is extremely important to control the thiosulfate to ammonia ratio to ensure high
dissolution rates and complete extraction of gold present in the host ore.
It is speculated that in addition to assisting in the gold dissolution reaction, many
additives may play an additional role in gold extraction at extended time scales, by
inhibiting the formation of the passive layer or by inhibiting or degrading the elemental
sulfur species known to passivate the gold electrode surface. Most literature to date has
focused on the cooperativity of copper and ammonia as additives to the thiosulfate
leaching system. Unfortunately, the reported literature has lacked direct evidence of the
interaction by which each of these particular additives influence the overall gold
extraction efficiency. A good understanding of the nature of copper and ammonia
interactions with the passive layer formed in the interfacial region is important for
maintaining high gold extraction efficiencies in industrial settings. Previously, we have
reported

a

procedure

employing

shell-isolated

nanoparticle-enhanced

Raman

spectroscopy (SHINERS) to quantify the relative intensity changes in observed
SHINERS bands related to the formation of the gold-thiosulfate complex and passive
layer species under typical leaching conditions [10]. The objective of this study is to
employ SHINERS to study the effect of the copper and ammonia after passive layer
formation in a thiosulfate electrolyte under typical gold leaching conditions. The results
presented offer added mechanistic insight into the role copper and ammonia play in
assisting extraction of gold from its host ore.
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2. Materials and Methods
2.1

Materials and Substrate Preparations
Gold nanoparticles (AuNPs, ca. 120nm dia.) were synthesized following the two

step seed-mediated growth procedure and encapsulation with a thin silicon oxide layer
(SiO2, ca. 2-5 nm thickness) as previously outlined by Li et al. [26–29]. The SERS active
substrate was prepared by drop coating the SHINs under vacuum onto a polished
polycrystalline gold electrode (99.99% purity). Following the deposition of the SHINs,
the gold electrode was placed in a three-electrode glass electrochemical cell, and gently
cleaned in an argon purged 0.1 M sodium fluoride electrolyte (NaF, Sigma Aldrich,
>99%), prepared using Milli-Q water (18.2 MΩ cm), by repetitive cycling within the
double layer region (-0.70 to +0.40 V vs. SCE) until a stable cyclic voltammogram
characteristic of a clean gold surface was achieved. A coiled gold wire (Alfa Aesar,
>99.9%) and a saturated calomel electrode (SCE, Fisher Scientific), connected to the
electrolyte solution through a salt bridge, were used as the counter and reference
electrodes, respectively.
Thiosulfate electrolyte solutions were prepared fresh prior to every investigation
using sodium thiosulfate pentahydrate (Na2S2O3·5H2O, Sigma Aldrich, ≥99.5%), or
ammonium thiosulfate ((NH4)2S2O3, Sigma Aldrich, %) dissolved to a 0.10 M
concentration in 100 mL of Milli-Q water (18.2 MΩ cm) and adjusted to a final pH value
of 10.0 using sodium hydroxide (NaOH, Sigma Aldrich, 99.99%). The pH was controlled
to maintain its value constant throughout each experiment. Additive studies were
conducted by first dissolving copper sulfate pentahydrate (CuSO4·5H2O, Sigma Aldrich,
+98%), ammonium hydroxide (NH4OH, Fisher Scientific, A.C.S. reagent), or ammonium
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sulfate ((NH4)2SO4, Fisher Scientific, ≥99.0 %) in Milli-Q water, followed by adding
small aliqouts directly to the thiosulfate lixiviant (~50 mM final concentration) which has
already been exposed to the gold electrode for 16 hours and continuing the investigation
for several additional hours.
2.2

Electrochemical Rate of Gold Dissolution
Kinetics of gold leaching in the presence of thiosulfate was monitored using a

modified electrochemical method described previously by Baron et al. based on a ButlerVolmer equation [7,30–32]. The gold leaching rate was observed to be extremely
dependent on the preparation method of the electrode prior to each measurement.
Therefore, a polycrystalline gold electrode was polished with successive grades of
diamond suspension (6, 3, 1, 0.25 μm, LECO) prior to each measurement, introduced into
a three electrode electrochemical cell, and then repetitively cycled between -0.80 V and
+1.20 V vs. SCE in a 0.1 M NaF electrolyte until a clean and stable cyclic voltammogram
was obtained. The electrochemically clean, and freshly polished, gold electrode was
removed from the electrochemical cell, rinsed with copious quantities of Milli-Q water,
and then re-immersed into a new electrochemical cell with a freshly prepared thiosulfate
lixiviant at the open circuit potential (EOCP). A linear sweep voltammogram (LSV) was
recorded ± 20 mV of the EOCP every two minutes at a sweep rate of 1 mV s-1. After each
LSV the potential was allowed to return to EOCP to minimize perturbation of the leaching
rate. The mixed leaching current, iM, was calculated from the slope of the collected LSV
using previously determined transfer coefficients

and

of 0.53 and 0.23,

respectively [9,32]. The calculated values of iM were converted to rate of gold dissolution
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(nmol m-2 s-1) using the Faraday law and plotted as a function of exposure time of the
electrode surface to the thiosulfate lixiviant.
2.3

Raman Instrumentation and Spectral Analysis
A Renishaw Raman imaging microscope equipped with a 785 nm NIR diode laser

(300 mW power) and a CCD array detector was used for all Raman investigations. A
spectral resolution of approximately 1 cm-1 was achieved using a holographic grating
(1200 grooves mm−1) and a slit width of 50 μm. The spectrometer was calibrated to the
vibrational Raman band of silicon at 520 cm-1 prior to each experiment. Complete
encapsulation of the metal nanoparticles was confirmed by recording SERS spectra of the
SHINs deposited on a clean silicon wafer and immersed in a 0.01 M pyridine solution
(C5H5N, Fisher Sci., certified ACS reagent grade) with a 100% laser power, 1 s exposure,
and 3 accumulations. All gold leaching investigations were performed using a custom
built Teflon spectroelectrochemical cell designed to fit the Au/SHINs electrode in an
inverted configuration. All leaching investigations were conducted in open atmosphere to
allow the exchange of dissolved oxygen in the thiosulfate electrolyte. A LEICA
immersion lens (63x) was immersed directly into the electrolyte solution and focused
onto the electrode/substrate surface. All SHINERS studies were collected in a single
acquisition between 3200 to 100 cm-1 at regular time intervals with a 10% laser power,
exposure time of 10 s and 3 accumulations were collected for each collected spectrum.
The SERS intensities plotted in this paper were normalized following a previously
published procedure [10]. In short, a background SERS spectrum was recorded of the
clean Au/SHINs electrode immersed in Milli-Q water. The Milli-Q water was carefully
removed and replaced with the desired thiosulfate leaching solution. Upon thiosulfate
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exposure, the spectral intensity of all sequentially acquired SHINERS spectra were
normalized at

(2883 cm-1) to the

(2883 cm-1) of the background spectrum to

remove changes in the surface enhancement effect. Background removal of the
normalized thiosulfate spectrum was accomplished by subtraction of the background
spectrum, followed by baseline correction. Finally, the corrected band intensities at v =
459, 309, and 218 cm-1 were normalized to the observed intensity at t = 1000 mins and
averaged using three independent measurements.
Generalized two-dimensional correlation spectroscopy (2DCOS) spectra [33–36]
were generated from the dynamic SHINERS spectra collected using 2Dshige © software
form Shigeaki Morita, Kwansei-Gakuin University (2004-2005). Briefly, 2DCOS
analysis provides a 2D spectrum generated from a collection of sequentially acquired
spectra in which the band intensities changed as a function of immersion time in the
thiosulfate solution. The analysis gives two types of correlations, synchronous 2DCOS
spectra resulting from simultaneous changes and asynchronous 2DCOS spectra, which
arise from sequential or unsynchronized changes in the measured spectral series. The
autocorrelation peaks are observed as positive symmetric peaks along the diagonal, ν1 =
ν2, in the synchronous 2DCOS spectra. These autocorrelation peaks represent variation in
the spectral intensity that occurs as a function of time at that particular frequency. A
strong autocorrelation peak suggests that the change in the spectral band is strong as a
function of time, while weak autocorrelation peaks or the absence of an autocorrelation
peak indicate that the spectra are weakly dependent on time. Cross-correlation peaks are
found in the off-diagonal positions in synchronous 2DCOS spectra, ν1 ≠ ν2. Positive
cross-peaks indicate that bands at ν1 and ν2 increase/decrease simultaneously, while
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negative cross-peaks imply that one band is increasing while the other band is decreasing
as a function of time. A correlation square, which illustrates the existence of coherent
variations in the spectral intensities at ν1 and ν2, can be obtained by connecting a pair of
cross-correlation peaks positioned on opposite sides of the diagonal through the
corresponding autocorrelation peaks. Thus, the synchronous 2D spectrum can help
remove the ambiguity in the band deconvolution procedure by providing the number of
peaks and their corresponding positions. In contrast to the synchronous spectra,
asynchronous spectra are antisymmetric with respect to the diagonal, and therefore, no
autocorrelation peaks are observed. If the intensity variation in two Raman bands occurs
completely synchronized, then no cross correlation peak will be observed in the
asynchronous spectra. Again, cross-correlation peaks in asynchronous spectra can be
either positive or negative as in synchronous spectra. If the sign of an asynchronous
cross-correlation peak matches the sign of the synchronous cross peak, then the change of
band intensity at v1 takes place first and is followed by the change at v2. If the signs of the
synchronous and asynchronous cross-correlation peaks are opposite, then the change in
the band intensity at v2 takes place before the change at v1. Therefore, the asynchronous
spectrum can provide information about the sequence of spectral changes.
3. Results and Discussion
3.1

The thiosulfate-gold leaching system with ammonia
Figure 9.2A displays the electrochemical leaching rate of gold, RAu (in units of

nmol m-2 s-1), recorded using a polycrystalline gold electrode immersed in an electrolyte
solution of (black squares) 0.10 M Na2S2O3 (pH = 8.5) for 1000 mins followed by the
addition of (red squares) 0.05 M (NH4)2SO4 for a sequential 1000 mins. The error bars
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Figure 9.2: (A) Electrochemical gold dissolution rate, RAu, recorded as a function of
immersion time of a polycrystalline gold electrode (1 mV s-1 sweep ± 20 mV of
EOCP collected every 2 mins) in electrolyte solutions of; (black squares) 0.10 M
Na2S2O3 (pH = 8.5) for 16 hours followed by the addition of (red squares) 0.05 M
(NH4)2SO4 for a sequential 16 hours, and (blue triangles) 0.10 M Na2S2O3 + 0.05 M
(NH4)2SO4 (pH = 8.5) for 16 hours. (B) Normalized average SERS intensities of;
(black squares) polymeric sulfur at 459 cm-1, (green triangles) sulfide at 309 cm-1,
and (blue circles) cyclo-S8 at 218 cm-1, recorded at the surface of the Au/SHINs
electrode immersed in a 0.1 M Na2S2O3 electrolyte (pH = 10.0) for 16 hours,
followed by a subsequent 10 hours with the addition of 10 mM NH4OH.
show standard deviation of three independent measurements. At early exposure to the
0.10 M Na2S2O3 electrolyte, the gold leaching rate is observed to decrease from 41.1 ±
3.6 nmol m-2 s-1 quickly before leveling out to a plateau near 17.8 ± 1.5 nmol m-2 s-1. A
large variance in the gold dissolution rate has been reported in the literature due to a
number of reasons which include; (i) types of reagents used, (ii) differences in reagent
concentrations, pH, and temperature, (iii) presence of different additives, (iv) different
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substrate preparation methods and/or (v) the analytical technique employed to measure
the rate. RAu values ranging from 10-5 to 10-8 mol m-2 s-1 [4,5,15,32,37,38] have been
reported for thiosulfate leaching systems. The values reported here are consistent with the
lower end of the reported values. The observed decrease in the leaching rate corresponds
very well with the previously reported decrease in the quantity of the gold-thiosulfate
complex in the interfacial region and the concomitant increase in adsorbed monatomic
sulfur, cyclic sulfur and polysulfides [10].
After 1000 mins of immersion in the 0.10 M Na2S2O3 electrolyte, the formation of
the passive layer is nearly completed as evidenced by a small change in the leaching rate
at this time. Addition of 0.05 M (NH4)2SO4 for a sequential 1000 mins (red squares,
Figure 9.2A) reveals a slow albeit reproducible increase in the gold leaching rate,
suggesting the addition of the ammonium sulfate plays a significant role in degrading the
passive layer and allowing the rate of gold dissolution to increase. Previous reports have
suggested that the presence of sulfate in the lixiviant electrolyte hinders the overall gold
leaching rate [18,39,40], and therefore the observed beneficial result of (NH4)2SO4 can be
attributed to the presence of ammonium.
To further support the conclusion that ammonium plays a direct role in inhibiting
passive layer growth under typical leaching conditions, Figure 9.2A also plots the
electrochemically measured gold leaching rate (blue triangles) of a freshly polished and
clean gold electrode immersed in a freshly prepared 0.10 M Na2S2O3 + 0.05 M
(NH4)2SO4 electrolyte solution for 1000 mins. The initial leaching rate does not appear to
be significantly altered in comparison to the 0.10 M Na2S2O3 electrolyte as has been
previously suggested [7]. However, a clear difference is observed at longer immersion
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times as the presence of ammonia likely inhibits the formation of species that constitute
the passive layer and therefore maintains a higher gold leaching rate for longer exposure
times. After 1000 mins the leaching rate appears to plateau at a value near 32.0 nmol m -2
s-1. The observation that the gold leaching rate does not decrease to the same extent as in
the absence of ammonia, coupled with the observed increase in the leaching rate when
ammonia is added after several hours of exposure suggests the higher leaching rate is
strongly correlated to a coupled mechanism by which ammonia may; (i) aid in gold
dissolution, (ii) directly impede the passive layer growth in the interfacial region, and (iii)
chemically degrade and subsequently remove passive layer constituents in the interfacial
region.
To better understand the interfacial role that ammonia plays as an additive,
molecular level identification of the species present in the interfacial region is needed.
For that purpose SHINERS was employed using a SHINs modified polycrystalline gold
electrode (Au/SHINs) and the SHINERS spectra were recorded before and after addition
of ammonia to the 0.10 M Na2S2O3 solution. After 1000 mins exposure to a 0.10 M
Na2S2O3 electrolyte the passive layer formed at the interface is observed to
predominantly consist of several sulfur species, most notably, sulfides, cyclo-S8, and
polysulfide (

) or polythionate (

), chains of variable length, see Figure 9.1.

Previously, sulfides have been observed to appear first followed by the appearance of
cyclo-S8 and then polysulfide chains [10]. The composition of the passive layer becomes
time independent after 1000 mins exposure of the Au/SHINs electrode to 0.10 M
Na2S2O3. At that point SHINERS spectra were recorded upon NH4+addition at selected
time intervals. They are shown in Figure 9.3A for the 100 to 550 cm-1 and in Figure 9.4
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Figure 9.3: (A) Baselined corrected SERS spectra, 600-100 cm-1 region, of the
Au/SHINs electrode collected upon the addition of 50 mM NH4OH after immersion
in a 0.10 M Na2S2O3 electrolyte (pH = 10.0) for 16 hours. Corresponding (B)
synchronous and (C) asynchronous 2DCOS spectra generated as a function of
immersion time; red – positive correlation bands, blue – negative correlation bands.
Time-averaged spectra included for reference.
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Figure 9.4: Baselined corrected SERS spectra, 1100-600 cm-1 region, of the
Au/SHINs electrode collected upon the addition of 50 mM NH4OH after immersion
in a 0.10 M Na2S2O3 electrolyte (pH = 10.0) for 16 hours.
for the 600 – 1100 cm-1 spectral regions. All observed band position and tentative
assignments are summarized in Table 9.1. All bands in Figure 9.3A are decreasing as a
function of time, albeit at different rates, suggesting that NH4+ (pKa = 9.24) is assisting
the removal of elemental sulfur species, most notably sulfides (309 cm-1), cyclo-S8 (474,
218, and 152 cm-1) and polysulfides/polythionates (459 cm-1) present at the goldelectrolyte interface. Ammonia is known to adsorb at a gold electrode and its SERS
spectra exhibit bands in the 600-700 cm-1 and 350-400 cm-1 regions [41]. These bands are
absent in Figures 9.3A and 4 indicating that the decrease of the sulfur bands cannot be
explained in terms of a competitive adsorption with ammonia. To analyze changes in the
intensity of the sulfur bands quantitatively, Figure 9.2B plots the change in the
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Table 9.1: Summarized band positions of observed interfacial species with corresponding band assignments.
Vibrational
Mode
Assignment

Observed Band Positions (cm-1)
Au/SHINs
Au/SHINs
0.1M Na2S2O3
0.1M Na2S2O3
+ 50mM NH4OH (≥ 1080 mins) + 50mM CuSO4 (≥ 1080 mins)
140
152
152

δ (SSS)
δas (SSS)

cyclo-S8

Au/SHINs
0.1M Na2S2O3
(≤ 600 mins)
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δs (SSS)

cyclo-S8

218

218

218

δs (SSS)
ν (AuS)

S4O62 / S3O62
Au 2S / [Au(S2O3 )2 ]3

266, 309

248, 268, 309

268, 309

ν (AuS)

Au 2S

326

[Au(S2O3 )2 ]3

378
408

400

400

430

426

426

polymeric Sn4 / S2n4

459

459

459

cyclo-S8 / CuS

474

474

472 / 469

Chemical Identity
CuS

S4O62 / S3O62 /
νs (SS)
v (M-S)

2
polymeric S3,4 / S3,4

S2O32 /
2
polymeric S3,4 / S3,4
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normalized SERS intensities as a function of immersion time of (green triangles) sulfides
at 309 cm-1, (blue circles) cyclo-S8 at 218 cm-1, and (black squares) polysulfide chains at
459 cm-1 before and after the addition of ammonia at the 1000 mins mark. It can be
observed that a decrease in the normalized spectral intensity of all three elemental sulfur
bands correlates well with the increase in the observed gold dissolution rate. This
correlation suggests that ammonia removes elemental sulfur and that the presence of
elemental sulfur in the interfacial region inhibits the gold dissolution.
To further explore the order by which ammonia is degrading the passive layer,
The generalized 2DCOS analysis of the sequentially acquired spectra (Figure 9.3A) can
provide useful information in which order the sulfur species are removed from the
passive layer by ammonia., The synchronous and asynchronous 2DCOS spectra are
displayed in Figures 9.3B and 9.3C, respectively. Strong positive cross-correlation
squares can be observed in Figure 9.3B between many of the identified bands suggesting
the change in spectral intensity of all these bands occurs in the same direction. However,
a weak positive cross-correlation band at (459, 474) and strong positive bands at (459,
309), (459, 258), and (459, 218) in Figure 9.3C suggest that the change in the spectral
intensity related to polysulfides/polythionates, i.e. 459 cm-1, occur prior to that of
sulfides, i.e. 309 and 268/248, and cyclo-S8, i.e. 474 and 218 cm-1.
Previous research has shown that amines and other good nucleophiles, e.g.
cyanide [42], sulfides [43], phosphines and amines [44], etc., can cause spontaneous ring
opening of cyclo-S8 (rate-determining step) forming polysulfides which can then undergo
further attack via S-S bond cleavage, thereby causing complete degradation [45]. As
observed in Figures 9.2 and 9.3, S8 ring opening appears to be the rate determining step.
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From these observations it could be hypothesized that additives like ammonia, under
typical gold leaching conditions, may chemically interact with the elemental sulfur layer
that has been formed at the gold-electrolyte interface.
Further changes in the composition of the passive layer caused upon the addition
of NH4OH after 16 hours immersion of the Au/SHINs electrode in a 0.10 M Na2S2O3
electrolyte solution, are observed in the 1100 - 600 cm-1 region of the SHINERS spectra
presented in Figure 9.4. Just prior to the NH4OH addition, i.e. 0 mins, the spectrum
displays several distinct bands located at 1063, 1040, 1025, and 998 cm-1, which correlate
well with previously reported v(SO) values from polythionates with n>4, tetrathionate,
the gold-thiosulfate complex, and thiosulfate, respectively [3–6,46–49]. Upon addition of
NH4OH, a strong band at 673 cm-1, tentatively assigned as vs(SNS), appears initially and
grows in intensity until 21 mins where it begins to decrease and eventually disappears
altogether after 61 mins. A second band positioned at 881 cm-1 appears after NH4OH
addition, albeit after ~20 mins, and is tentatively assigned with vas(SNS) [50]. The
appearance of sulfur-nitrogen interactions is strong evidence of a direct mechanism
which ammonia can chemically degrade and remove sulfur species from the interfacial
region. The weak, broad band observed between 900 - 750 cm-1 which remains fairly
consistent after the addition of ammonia may be associated with oxide formation, v(AuO
or AuOH) on the polycrystalline gold surface [51].
3.2

Interaction of the passive layer constituents with copper cations
Figure 9.5A compares the gold leaching rates of freshly polished and

electrochemically clean gold electrodes immersed in 0.10 M Na2S2O3 with pH = 8.5
(black squares) for 1000 mins followed by the addition of 10 mM CuSO4 (blue triangles).
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Figure 9.5: (A) Average electrochemical gold dissolution rate, RAu, measured as a
function of immersion time in electrolyte solutions of; (black squares) 0.10 M
Na2S2O3 (pH = 8.5) for 16 hours followed by the addition of (red squares) 10 mM
CuSO4 for a sequential 20 hours, and (blue circles) 0.10 M Na2S2O3 + 10 mM
CuSO4 (pH = 8.5) for 36 hours. (B) Normalized average SERS intensities of; (black
squares) polymeric sulfur at 459 cm-1, (green triangles) adsorbed sulfide at 309 cm1
, and (blue circles) cyclo-S8 at 218 cm-1, recorded at the Au/SHINs electrode
surface upon the addition of 50 mM CuSO4 after 16 hours immersion in a 0.10 M
Na2S2O3 electrolyte (pH = 10.0).
Previously, the RAu value was shown to rapidly decrease from 41.1 ± 3.6 in the first 60
mins of exposure of the gold electrode surface to the 0.10 M Na2S2O3 electrolyte,
followed by a much slower decrease until remaining fairly constant at a value of 17.2 ±
1.5 nmol m-2 s-1. After 1000 mins exposure to the 0.10 M Na2S2O3 electrolyte, 10 mM
CuSO4 was spiked into the electrolyte solution and the rate of gold dissolution was
continuously monitored for an additional 600 mins (red squares). Upon addition of Cu 2+,
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a large increase in the RAu value from 17.2 to 230.1 nmol m-2 s-1 is observed, followed by
a rapid decrease in 80 mins to approximately 65.8 and a slower decay to ca. 40.8 nmol
m-2 s-1 over several hours. The observed trend in RAu suggests Cu2+ is initially removing
the passivating species and promoting gold dissolution.
In addition, Figure 9.5A plots the changes of RAu as a function of immersion time
for a freshly polished gold electrode exposed to a 0.10 M Na2S2O3 + 10 mM CuSO4 (pH
= 8.5) for 2000 mins (green circles). The initial RAu value of the gold leaching reaction,
151.3 nmol m-2 s-1, in the presence of 10 mM Cu2+, is approximately 3 times larger
relative to the initial value observed with the 0.10 M Na2S2O3 electrolyte, 41.1 nmol m-2
s-1. The Cu2+/Cu+ couple has been previously reported to enhance the overall gold
leaching rate [22] relative to leaching solutions using dissolved oxygen as an oxidant, due
to its higher solubility in aqueous solutions under typical gold leaching conditions [7].
Most importantly, within a few hours the RAu value begins to merge with the RAu value
observed in the absence of copper, suggesting the surface has become passivated at
longer immersion times. The higher RAu value at early immersion times in the presence of
Cu2+, coupled with the observed increase in RAu upon Cu2+ addition into the 0.10 M
Na2S2O3 electrolyte, indicates Cu2+ plays a complex interfacial role by; (a) promoting
gold oxidation, and (b) interacting with elemental sulfur species present in the interfacial
region.
To characterize the interaction of interfacial species upon the addition of Cu2+, a
freshly prepared Au/SHINs electrode was exposed to a 0.10 M Na2S2O3 electrolyte for
1000 mins and characterized with SHINERS upon addition of Cu2+. Figure 9.6A displays
the sequentially acquired SHINERS spectra upon addition of 50 mM CuSO4 at the 16
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Figure 9.6: (A) Baseline corrected SHINERS spectra of the Au/SHINs electrode
recorded upon the addition of 50 mM CuSO4 after immersion in a 0.10 M Na2S2O3
electrolyte (pH = 10.0) for 1000 mins, and (B) the corresponding normalized
average SERS intensities of; (black squares) short polysulfide chains (i.e. n < 4) at
426 cm-1, (red circles) metal-sulfur at 268 cm-1, and (blue triangles) covelite at 140
cm-1.
hour mark. All observed band positions and tentative assignments after the addition of
copper are summarized in Table 9.1. After addition of Cu2+, a very rapid decrease in the
spectral intensity of the polysulfide bands, ca. 459 cm-1, and those related to cyclo-S8, ca.
474, 218 and 152 cm-1, is observed. However, rapid increases in the broad convoluted
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bands associated with short polysulfide chains (
1

where n ≤ 4) at ~426 and 400 cm-

, and metal sulfides at 309 and 268 cm-1, are indicative of the long polysulfide chains

and cyclo-S8 undergoing an electrochemical reduction to adsorbed sulfides, i.e.

.

(EQ 2)
(EQ 3)
The decrease in the normalized band intensities associated with sulfide, polysulfide
chains and cyclo-S8 upon exposure to copper cations is plotted in Figure 9.5B for direct
comparison with the RAu value in Figure 9.5A. All three elemental sulfur bands are
observed to rapidly decrease to approximately 20.0% of their spectral intensity relative to
before the copper addition. After only 30 minutes exposure to Cu2+, the SHINERS
spectrum recorded at the Au/SHINs surface, Figure 9.6A, is representative of a
combination of a stable passive layer of covelite (CuS), which matches well with the
spectra previously reported by several groups [52–55], and adsorbed gold-sulfides. Figure
9.6B also plots the observed normalized SERS intensities due to short polysulfide chains
(426 cm-1), metal-sulfur (268 cm-1), and covelite (140 cm-1).
Initially, it is very evident that the addition of copper results in the immediate
conversion of long polysulfide chains (n > 4) and cyclo-S8 into short polysulfide chains
which corresponds with the large increase in RAu observed upon copper addition at the
1000 mins mark. Also observed in Figure 9.6B is the gradual increase in CuS observed at
the gold surface upon copper exposure which increases as polysulfide and cyclo-S8 is
consumed. The synchronous and asynchronous 2DCOS spectra generated as a function of
time after exposure to Cu2+ are presented as Figure 9.7A and 7B, respectively. Strong
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Figure 9.7: (A) synchronous and (B) asynchronous 2DCOS spectra generated as a
function of immersion time from the SERS spectra (see Figure 6A) recorded after
CuSO4 addition; red – positive correlation bands, blue – negative correlation bands.
Time-averaged spectra included for reference.
positive cross-correlation squares in Figure 9.5B are observed between (459, 474), (459,
218), and (459, 152), as well in Figure 9.6C at (459, 474), (459, 426), (459, 309), (218,
426), (218, 309), (152, 426), and (152, 309). The appearance of these distinct cross156

correlation squares suggests the band at 459 cm-1 associated with long chain polysulfides
changes first, followed by 474, 218, and 152 cm-1 due to cyclo-S8, forming the bands
between 450 - 380 cm-1 assigned as short chained polysulfides. Finally, copper and gold
sulfides, at 469/140 and 309 cm-1 respectively, were observed to appear last and
constituent the stable end products that passivate the gold surface after copper addition.
The formation of CuS on the gold surface would be especially concerning during a
typical gold leaching process as Cu2+ is consumed to form CuS that may act as a
passivating layer and inhibit further gold leaching consistent with the observed decay in
RAu upon copper addition (Figure 9.5A).

4. Summary and Conclusions
Shell-isolated

nanoparticle-enhanced

Raman

spectroscopy

(SHINERS),

generalized two-dimensional correlation spectroscopy (2DCOS), and electrochemistry
were used to investigate the gold leaching kinetics and understand the role copper and
ammonia play in the interfacial region. Consistent with previous reports the overall
kinetics of gold leaching were found to be higher in the presence of ammonia and copper.
Addition of ammonia after 16 hours of exposure of a polycrystalline gold electrode to a
0.1 M Na2S2O3 electrolyte was found to significantly increase the leaching rate.
Characterization with SHINERS revealed degradation of the elemental sulfur species, i.e.
cyclo-S8, polysulfide chains, and adsorbed sulfides, by ammonia. Exposure of a similar
passive layer to copper cations displayed reduction of cyclo-S8 and polysulfide species to
form a stable passive layer of CuS. Ammonia and copper play a convoluting mechanisms
of preventing passive layer formation and increasing the oxidation of gold to achieve
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higher gold extraction efficiencies. The observed decrease in passive layer species
present in the interfacial region and the simultaneous increase in the gold dissolution rate,
RAu, with the additives present during gold leaching experiments supports previously
reported observations of beneficial effects towards the gold leaching kinetics in the
presence of Cu2+ and ammonia in thiosulfate lixiviants.

Acknowledgements
The authors are grateful to the Barrick Gold Corporation and the Natural Science
and Engineering Research Council of Canada (NSERC) for financial support.

References
[1]

K. Watling, G.A. Hope, M.I. Jeffrey, R. Woods, Surface Products on Gold
Leached in Ammoniacal Copper(II) Thiosulfate Solution, in: ECS Trans., ECS,
2006: pp. 121–132.

[2]

K. Watling, G. Parker, G.A. Hope, R. Woods, A SERS Investigation of the
Interaction of Sulfur with Gold, in: ECS Trans., ECS, 2006: pp. 61–72.

[3]

M.I. Jeffrey, K. Watling, G.A. Hope, R. Woods, Identification of surface species
that inhibit and passivate thiosulfate leaching of gold, Miner. Eng. 21 (2008) 443–
452.

[4]

J.Y. Baron, J. Mirza, E.A. Nicol, S.R. Smith, J.J. Leitch, Y. Choi, et al., SERS and
electrochemical studies of the gold–electrolyte interface under thiosulfate based
leaching conditions, Electrochim. Acta. 111 (2013) 390–399.

[5]

E.A. Nicol, J.Y. Baron, J. Mirza, J.J. Leitch, Y. Choi, J. Lipkowski, Surfaceenhanced Raman spectroscopy studies of the passive layer formation in gold
leaching from thiosulfate solutions in the presence of cupric ion, J. Solid State
Electrochem. 18 (2013) 1469–1484.

158

[6]

J. Mirza, S.R. Smith, J.Y. Baron, Y. Choi, J. Lipkowski, A SERS characterization
of the stability of polythionates at the gold–electrolyte interface, Surf. Sci. 631
(2015) 196–206.

[7]

J. Marsden, I. House, The Chemistry of Gold Extraction, 2nd ed., Society for
Mining, Metallurgy, and Exploration, Littleton, CO, USA, 2006.

[8]

M.G. Aylmore, D.M. Muir, Thiosulfate leaching of gold - A review, Miner. Eng.
14 (2001) 135–174.

[9]

A.M. Sullivan, P.A. Kohl, Electrochemical Study of the Gold Thiosulfate
Reduction, J. Electrochem. Soc. 144 (1997) 1686–1690.

[10] S.R. Smith, J.J. Leitch, C. Zhou, J. Mirza, S.B. Li, X.D. Tian, et al., Quantitative
SHINERS Analysis of Temporal Changes in the Passive Layer at a Gold Electrode
Surface in a Thiosulfate Solution., Anal. Chem. 87 (2015) 3791–9.
[11] M. Lampinen, A. Laari, I. Turunen, Ammoniacal thiosulfate leaching of pressure
oxidized sulfide gold concentrate with low reagent consumption, Hydrometallurgy.
151 (2015) 1–9.
[12] J. Aromaa, L. Rintala, M. Kahari, O. Forsen, Dissolution of gold with cyanide
replacing reagents, Physicochem. Probl. Miner. Process. Vol. 51, i (2015).
[13] S.R. Smith, E. Guerra, S. Siemann, J.L. Shepherd, Au dissolution during the
anodic response of short-chain alkylthiols with polycrystalline Au electrodes,
Electrochim. Acta. 56 (2011) 8291–8298.
[14] D. Feng, J.S.J. van Deventer, Thiosulphate leaching of gold in the presence of
ethylenediaminetetraacetic acid (EDTA), Miner. Eng. 23 (2010) 143–150.
[15] S. Zhang, M.J. Nicol, An electrochemical study of the dissolution of gold in
thiosulfate solutions. Part II. Effect of Copper, J. Appl. Electrochem. 35 (2005)
339–345.
[16] I. Chandra, M.I. Jeffrey, An electrochemical study of the effect of additives and
electrolyte on the dissolution of gold in thiosulfate solutions, Hydrometallurgy. 73
(2004) 305–312.
[17] G. Senanayake, Analysis of reaction kinetics, speciation and mechanism of gold
leaching and thiosulfate oxidation by ammoniacal copper(II) solutions,
Hydrometallurgy. 75 (2004) 55–75.
[18] G. Senanayake, Gold leaching by thiosulphate solutions: a critical review on
copper(II)–thiosulphate–oxygen interactions, Miner. Eng. 18 (2005) 995–1009.

159

[19] A.G. Zelinsky, Anode current on gold in mixed thiosulfate-sulfite electrolytes,
Electrochim. Acta. 154 (2015) 315–320.
[20] A.G. Zelinsky, O.N. Novgorodtseva, Effect of thiourea on the rate of anodic
processes at gold and graphite electrodes in thiosulfate solutions, Electrochim.
Acta. 109 (2013) 482–488.
[21] A.C. Grosse, G.W. Dicinoski, M.J. Shaw, P.R. Haddad, Leaching and recovery of
gold using ammoniacal thiosulfate leach liquors (a review), Hydrometallurgy. 69
(2003) 1–21.
[22] G. Senanayake, The role of ligands and oxidants in thiosulfate leaching of gold,
Gold Bull. 38 (2005) 170–179.
[23] J.. Webster, The solubility of gold and silver in the system Au-Ag-S-O2-H2O at
25°C and 1 atm., Geochim. Cosmochim. Acta. 50 (1986) 1837–1845.
[24] M. Pilśniak, A.W. Trochimczuk, W. Apostoluk, The Uptake of Gold(I) from
Ammonia Leaching Solution by Imidazole Containing Polymeric Resins, Sep. Sci.
Technol. 44 (2009) 1099–1119.
[25] L.H. Skibsted, J. Bjerrum, Studies on gold complexes. II. The equilibrium between
gold(I) and gold(III) in the ammonia system and the standard potentials of the
couples involving gold, diamminegold(I), and tetramminegold(III), Acta Chem.
Scand. 28A (1974) 764–770.
[26] J.F. Li, Y.F. Huang, Y. Ding, Z.L. Yang, S.B. Li, X.S. Zhou, et al., Shell-isolated
nanoparticle-enhanced Raman spectroscopy., Nature. 464 (2010) 392–5.
[27] J.F. Li, S.Y. Ding, Z.L. Yang, M.L. Bai, J.R. Anema, X. Wang, et al.,
Extraordinary enhancement of Raman scattering from pyridine on single crystal
Au and Pt electrodes by shell-isolated Au nanoparticles., J. Am. Chem. Soc. 133
(2011) 15922–5.
[28] J.F. Li, X.D. Tian, S.B. Li, J.R. Anema, Z.L. Yang, Y. Ding, et al., Surface
analysis using shell-isolated nanoparticle-enhanced Raman spectroscopy., Nat.
Protoc. 8 (2013) 52–65.
[29] X.D. Tian, B.J. Liu, J.F. Li, Z.L. Yang, B. Ren, Z.Q. Tian, SHINERS and
plasmonic properties of Au Core SiO2 shell nanoparticles with optimal core size
and shell thickness, J. Raman Spectrosc. 44 (2013) 994–998.
[30] D. Pletcher, F.C. Walsh, Industrial Electrochemistry, 2nd ed., Springer
Netherlands, Dordrecht, 1993.

160

[31] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and
Applications, 2nd ed., John Wiley & Sons, Hoboken, NJ, USA, 2000.
[32] J.Y. Baron, G. Szymanski, J. Lipkowski, Electrochemical methods to measure
gold leaching current in an alkaline thiosulfate solution, J. Electroanal. Chem. 662
(2011) 57–63.
[33] I. Noda, Generalized Two-Dimensional Correlation Method Applicable to
Infrared, Raman, and Other Types of Spectroscopy, Appl. Spectrosc. 47 (1993)
1329–1336.
[34] I. Noda, A.E. Dowrey, C. Marcoli, G.M. Story, Y. Ozaki, Generalized TwoDimensional Correlation Spectroscopy, Appl. Spectrosc. 54 (2000) 236A–248A.
[35] I. Noda, Y. Ozaki, Two-Dimensional Correlation Spectroscopy: Applications in
Vibrational and Optical Spectroscopy, John Wiley & Sons, Hoboken, NJ, USA,
2005.
[36] I. Noda, Two-dimensional codistribution spectroscopy to determine the sequential
order of distributed presence of species, J. Mol. Struct. 1069 (2014) 50–59.
[37] M.. Jeffrey, Kinetic aspects of gold and silver leaching in ammonia–thiosulfate
solutions, Hydrometallurgy. 60 (2001) 7–16.
[38] M.I. Jeffrey, P.L. Breuer, W.L. Choo, A kinetic study that compares the leaching
of gold in the cyanide, thiosulfate, and chloride systems, Metall. Mater. Trans. B.
32 (2001) 979–986.
[39] C.K. Chu, P.L. Breuer, M.I. Jeffrey, The impact of thiosulfate oxidation products
on the oxidation of gold in ammonia thiosulfate solutions, Miner. Eng. 16 (2003)
265–271.
[40] P.L. Breuer, M.I. Jeffrey, The reduction of copper(II) and the oxidation of
thiosulfate and oxysulfur anions in gold leaching solutions, Hydrometallurgy. 70
(2003) 163–173.
[41] A.C.A. de Vooys, M.F. Mrozek, M.T.M. Koper, R.A. van Santen, J.A.R. van
Veen, M.J. Weaver, The nature of chemisorbates formed from ammonia on gold
and palladium electrodes as discerned from surface-enhanced Raman
spectroscopy, Electrochem. Commun. 3 (2001) 293–298.
[42] A. Senning, Sulfur in organic and inorganic chemistry, M. Dekker, New York,
USA, 1971.

161

[43] K. Okamoto, T. Yamamoto, T. Kanbara, Efficient Synthesis of Thiobenzanilides
by Willgerodt-Kindler Reaction with Base Catalysts, Synlett. 2007 (2007) 2687–
2690.
[44] F.P. Daly, C.W. Brown, Raman spectra of sodium tetrasulfide in primary amines.
Evidence for sulfide (S42- and S8n-) ions in rhombic sulfur-amine solutions, J. Phys.
Chem. 79 (1975) 350–354.
[45] R. Steudel, B. Eckert, Elemental Sulfur and Sulfur-Rich Compounds I, in: R.
Steudel (Ed.), Top. Curr. Chem., Springer Berlin Heidelberg, Berlin, Heidelberg,
2003: pp. 1–80.
[46] L. Rintoul, K. Crawford, H.F. Shurvell, P.M. Fredericks, Surface-enhanced Raman
scattering of inorganic oxoanions, Vib. Spectrosc. 15 (1997) 171–177.
[47] Z. Gabelica, Structural study of solid inorganic thiosulfates by infrared and Raman
spectroscopy, J. Mol. Struct. 60 (1980) 131–138.
[48] J.A. Haigh, P.J. Hendra, A.J. Rowlands, I.A. Degen, G.A. Newman, Raman
spectroscopy of thiosulphates, Spectrochim. Acta Part A Mol. Spectrosc. 49 (1993)
723–725.
[49] S. Sato, S. Higuchi, S. Tanaka, Identification and Determination of OxygenContaining Inorganosulfur Compounds by Laser Raman Spectrometry, Appl.
Spectrosc. 39 (1985) 822–827.
[50] T. Chivers, C. Lau, Raman spectroscopic identification of the S4N- and S3- ions in
blue solutions of sulfur in liquid ammonia, Inorg. Chem. 21 (1982) 453–455.
[51] U. Zhumaev, A. V. Rudnev, J.-F. Li, A. Kuzume, T.-H. Vu, T. Wandlowski,
Electro-oxidation of Au(111) in contact with aqueous electrolytes: New insight
from in situ vibration spectroscopy, Electrochim. Acta. 112 (2013) 853–863.
[52] K. Sasaki, Y. Nakamuta, T. Hirajima, O.H. Tuovinen, Raman characterization of
secondary minerals formed during chalcopyrite leaching with Acidithiobacillus
ferrooxidans, Hydrometallurgy. 95 (2009) 153–158.
[53] C.G. Munce, G.K. Parker, S.A. Holt, G.A. Hope, A Raman spectroelectrochemical
investigation of chemical bath deposited CuxS thin films and their modification,
Colloids Surfaces A Physicochem. Eng. Asp. 295 (2007) 152–158.
[54] G.K. Parker, R. Woods, G.A. Hope, Raman Investigation of Sulfide Leaching, in:
F.M. Doyle, R. Woods (Eds.), Electrochem. Miner. Met. Process. VI Proc. Int.
Symp., The Electrochemical Society, Pennington, NY, 2003: pp. 181–192.

162

[55] M. Ishii, K. Shibata, H. Nozaki, Anion Distributions and Phase Transitions in
CuS1-xSex(x = 0-1) Studied by Raman Spectroscopy, J. Solid State Chem. 105
(1993) 504–511.

163

CHAPTER 10

Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy
Characterization of Oxide Ores during Thiosulfate Mediated Gold
Leaching

Scott R. Smith1, Janet Y. Baron2, Yeonuk Choi3, Jacek Lipkowski1*
1

Department of Chemistry, University of Guelph, Guelph, ON N1G 2W1, Canada
2

Barrick Gold Corporation, Goldstrike, NV 89822, United States
3

Barrick Gold Corporation, Toronto, ON M5J 2S1, Canada
*

Corresponding author: jlipkows@uoguelph.ca

ABSTRACT
The unique practical application of interfacial characterization of oxide ore samples
exposed to a thiosulfate based leaching solution with shell-isolated nanoparticleenhanced Raman spectroscopy (SHINERS) is discussed. Differences in passive layer
growth were observed between untreated and pressure-oxidation (POX) treated oxide ore
samples from Barrick Gold Corporation exposed to the thiosulfate electrolyte. The
SHINERS spectra reveal the passive layer at the oxide ore-electrolyte interface contains
metal-sulfides and polysulfide chains (

) of variable lengths after longer exposure

to the leaching solution. However, the passive layer observed with the POX treated
sample was found to be predominantly metal sulfides with only a small quantity of
polysulfide chains. In comparison, the passive layer formed with the untreated oxide ore
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was observed to have significant quantities of both elemental sulfur species. From these
results it was concluded that the POX pretreatment process successfully destroys or
inactivates minerals found in the ore that are responsible for catalyzing polysulfide
growth and low gold extraction efficiencies.

10.1

Introduction
Raman spectroscopy is a very useful analytical technique that is often employed

to identify the composition and/or quantity of a desired species present within a sample.
It has been successfully employed for many years in the characterization of chemical
processes that occur at solid-liquid interfaces, but has traditionally been restricted to
noble metals that support surface enhancement of the electric field component of incident
radiation. Recently, interfacial characterization of non-enhancing substrates has been
achieved with shell-isolated nanoparticles (SHINs) to study a number of practical
applications. For example, gold nanoparticles encapsulated with an inert SiO2 shell were
employed by Honesty and Gewirth to study electrochemical corrosion resistance of
nickel alloys [1], and Li et al. for the detection of the pesticide parathion on the surface of
citrus fruits [2]. However, to date the use of shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) to study complex interactions that exist at solid-liquid
interfaces with non-enhancing substrates, like hydrometallurgical processes involving the
leaching of gold from oxide ores, has remained underutilized.
The industrial process of leaching gold from ore has been accomplished using
cyanide as the principle lixiviant for many years which has drawn considerable concerns
regarding gold recovery from ores with high carbonaceous matter, operational safety of
165

the extraction processes, and environmental issues surrounding the disposal of spent
leaching effluents in tailings ponds [3]. To date, the most heavily researched alternative
lixiviant has been thiosulfate, which has very high initial kinetics, but is primarily
dependent on thiosulfate decomposition [3-7]. Most importantly, the thiosulfate system
has been suggested as a suitable lixiviant to extract gold from electronic waste [8], or
from ores that contain high quantities of carbonaceous matter which adsorb the goldcyanide complex resulting in poor gold extraction efficiencies [9-11]. The simplified
thiosulfate mediated gold dissolution reaction, with dissolved oxygen as the supporting
oxidant, is the combination of the electrochemical reduction of dissolved oxygen to
hydroxide and the oxidation of Au(0) to Au(I) in the presence of two thiosulfate
molecules [3,9,12,13]:
(EQ 10.1)
From a thermodynamic perspective, the dissolution of gold in the presence of thiosulfate
and oxygen is favoured to proceed spontaneously, i.e.
gold-thiosulfate complex, i.e.

, to form the stable

V vs. SHE [14]. During industrial gold

leaching operations with thiosulfate, the consumption of thiosulfate is extremely
dependent on the types of minerals present within the gold ore. Of the different types of
ores that gold is commonly found to be present in, gold from oxide ores have been
successfully leached with a cyanide solution, but have been particularly problematic with
thiosulfate. Even in the presence of common additives like copper and ammonia, attempts
at gold recovery from these ores have been reported to be comparatively low relative to
cyanide.
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Furthermore, the gold extraction efficiency from oxide ores has been observed by
Barrick Gold Corporation to be extremely dependent on whether the ore was treated prior
to thiosulfate leaching through a pressure-oxidation (POX) process meant to destroy
some problematic minerals. Oxide ores are typically characterized by a low sulfide
content [3], where recovery of gold with cyanide from the ore has been reported to be
quite efficient ~90%, suggesting that the ore is not physically encapsulated in any gangue
minerals. Therefore, a lower gold recovery with thiosulfate is likely a result of
passivation of the gold particulates in the ore due to thiosulfate decomposition.
Furthermore, the gold extraction efficiency from an oxide ore that was pretreated in a
POX process was observed to be significantly higher, ~77%, relative to the efficiency
observed with the untreated oxide ores, ~27%. This suggested that POX pretreatment
process destroys or inactivates minerals present in the oxide ore that interact with
thiosulfate. To the best of our knowledge, no literature has collectively reported the
complex interfacial interactions between thiosulfate, the different minerals present in
oxide ores, and the gold particles using a methodology that is representative of an
industrial leaching process. It is particularly important to understand the interfacial
interactions that may exist in an industrial operation to best optimize the gold extraction
efficiency.
Therefore, the aim of this project was to utilize SHINERS to probe thiosulfate
interactions with sample oxide ores. Typical interfacial studies involving Raman
spectroscopy invoke surface enhancement effects through nanopatterning of the substrate
surface with noble metals to enhance the observed Raman intensity [15]. Unfortunately,
the thin noble metal films or nanoparticles are unstable in thiosulfate electrolytes.
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Therefore SHINs, which are gold nanoparticles encapsulated in an inert SiO2 layer [1618], provide surface enhancement of the electric field strength and are ideally suited for
characterizing the solid-liquid interface of oxide ores exposed to a thiosulfate electrolyte.
In this study, we will demonstrate that SHINERS is able to provide information about
differences in the composition of the passive layer when the untreated and POX treated
gold ores samples are immersed into a thiosulfate solution.

10.2

Experimental Section

10.2.1 Materials and Substrate Preparations
Gold nanoparticles (AuNPs, ca. 120 nm dia.) were synthesized following the two
step seed-mediated growth procedure and encapsulation with a thin silicon oxide layer
(SiO2, ca. 2-5 nm thickness) as Li et al. previously outlined [15,17,19,20]. Complete
encapsulation of the gold nanoparticles was confirmed through the absence of pyridine
bands in the SERS spectra recorded with a SHINs modified Si wafer immersed in a 0.01
M pyridine solution (C5H5N, Fisher Sci., certified ACS reagent grade) as suggested
previously [17-19,21].
A SERS active gold electrode was prepared by drop coating the SHINs under
vacuum onto a polished polycrystalline gold electrode (99.99% purity). Following the
deposition of the SHINs, the gold electrode (Au/SHINs) was placed in a three-electrode
glass electrochemical cell, and gently cleaned in an argon purged 0.10 M sodium fluoride
electrolyte (NaF, Sigma Aldrich, >99%), prepared using Milli-Q water (18.2 MΩ cm), by
repetitive cycling within the double layer region (-0.70 to +0.40 V vs. SCE) until a stable
cyclic voltammogram characteristic of a clean gold surface was achieved. A coiled gold
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wire (Alfa Aesar, >99.9%) and a saturated calomel electrode (SCE, Fisher Scientific),
connected to the electrolyte solution through a salt bridge, were used as the counter and
reference electrodes, respectively. The oxide ore samples from Barrick Gold Corporation
were packed into a Teflon holder in such a way that the top of the oxide ore was made as
flat as possible and immersed in Milli-Q water for a minimum of 12 hours. SHINs were
deposited on the flat oxide ore surface and allowed to settle for an additional hour. A
background SERS spectrum was acquired prior to careful removal of the Milli-Q water
and replacement with a 0.10 M Na2S2O3 electrolyte solution (pH = 10.0). Sequentially
acquired SHINERS spectra for all samples were recorded immediately after thiosulfate
exposure for the desired length of time. Spectral intensities at 460, 321, and 261 cm-1
were normalized by dividing by the spectral intensity at 1600 cm-1, which was found to
be stable throughout the entire duration of the experiment for both the untreated and POX
treated samples. The normalized spectral intensities at 461, 321, and 261 cm-1 were then
plotted versus exposure time.
Thiosulfate electrolyte solutions were prepared fresh prior to every investigation
using sodium thiosulfate pentahydrate (Na2S2O3·5H2O, Sigma Aldrich, ≥99.5%),
dissolved to a 0.10 M concentration in 100 mL of Milli-Q water (18.2 MΩ cm) and
adjusted to a final pH value of 10.0 using sodium hydroxide (NaOH, Sigma Aldrich,
99.99%). Regularly testing and adjustments of the pH were conducted in an attempt to
maintain its value throughout each experiment. Untreated and POX treated oxide ore
samples were used as received directly from Barrick Gold Corporation.
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10.2.2 Instrumental Setup
An FEI Inspect S50 scanning electron microscope (SEM), equipped with a
tungsten filament and a Everhart-Thornley secondary electron detector, was utilized with
a working distance of approximately 9.6 - 10.0 cm, and a 15 - 20 kV electron beam
energy for collection of all images. Energy dispersive x-ray spectroscopy (EDS) was
performed using an Aztec X-Max 20 from Oxford Instruments. Ore samples were
mounted and characterized with SEM and EDS as received.
A Renishaw Raman imaging microscope with a 785 nm NIR diode laser (300
mW power) and a CCD array detector was used for all Raman investigations. A spectral
resolution of approximately 1 cm-1 was achieved using a holographic grating (1200
grooves mm−1) and a slit width of 50 μm. Each experiment began with calibration of the
instrument using the vibrational Raman band of silicon at 520 cm-1. All leaching
investigations were conducted in open atmosphere to allow the exchange of oxygen in the
leaching solution. A LEICA immersion lens (63x) was immersed directly into the
electrolyte solution and focused onto the sample surface. All SHINERS studies were
collected in a single acquisition between 3200 to 100 cm-1 at regular time intervals with a
10% laser power, a 10 second exposure, and 3 accumulations. Background spectra of the
SHINs modified samples were collected in Milli-Q water. The Milli-Q water was
carefully removed and replaced with the 0.10 M Na2S2O3 electrolyte solution. Upon
thiosulfate exposure, a SHINERS spectrum of the SHINs/oxide ore sample surface was
acquired approximately every 7 minutes.
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10.3

Results and Discussion

10.3.1 Physical and Chemical Characterization of Ruby Hill Oxide Ores
Untreated and POX treated oxide ore samples were used as received directly from
Barrick Gold Corporation. Through a combination of x-ray diffraction, x-ray
fluorescence, chemical assays, and microscopic analysis, Barrick Gold Corporation
determined the untreated oxide ore sample predominantly comprised of silicate minerals
(~86.0%), however, other minerals for example; carbons/carbonates (~5.5%), sulfates
(~3.5%), various metal oxides (~3.4%), phosphates (~1.1%), and iron sulfides (~0.6%)
were found within the oxide ores. Figure 10.1 displays representative SEM images and
EDS spectra of the untreated and POX treated oxide ore samples. The SEM/EDS analysis
of both samples reveal small homogenous mixtures of mineral particulates that were
several microns in diameter and dominated by oxygen and silicon, along with smaller
quantities of aluminium, iron and magnesium. The presence of these elements is
consistent with the mineral composition discussed earlier, where the samples are
dominated by silicates, with smaller quantities of metal oxides. A small quantity of
sulfur, likely present as iron sulfide [22], can be observed in the representative EDS
spectrum in Figure 10.1C (untreated oxide ore), however is evidently absent in Figure
10.1D (POX treated oxide ore). It is important to note that similar EDS spectra were
observed at multiple locations of the untreated and POX treated oxide ore samples where
small variations, i.e. < 1.0%, in the observed elemental compositions were seen between
EDS spectra recorded of different locations.
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Figure 10.1: SEM images of the (A) untreated and (B) POX pretreated Ruby
Hill oxide ore samples, imaged as received from Barrick Gold Corporation.
Also included are the corresponding EDS spectra collected of the Ruby Hill
oxide ores (C) before and (D) after POX pretreatment.

Table 10.1: Observed normal Raman band positions and tentative assignments
for Ruby Hill oxide ore in air.
Band Position (cm-1)

Tentative Assignments

387
301

metal sulfides
(e.g. pyrite, FeS2)

264
465
204
143

silicates
(α-quartz, SiO2)

128

172

Figure 10.2: Normal Raman spectra of the Ruby Hill Oxide Ores (A) before
and (B) after POX pretreatment recorded in air and as received from Barrick
Gold Corporation (100% laser power, 10 second exposure time, 10
accumulations, and averaged over 5 locations).
The normal Raman spectra of the oxide samples recorded in air at 100% laser
power, collected before and after POX pretreatment, are displayed in Figure 10.2A and
10.2B, respectively. The observed band positions and their tentative assignments are
summarized in Table 10.1. Both spectra appear quite similar with bands positioned at
465, 204, and 128 cm-1, tentatively assigned as silicates (e.g. α-quartz), and an additional
band, ca. 143 cm-1, likely associated with a quartz polymorph, for example moganite
[23,24]. Broad bands observed in Figure 10.2A positioned at 387, 301, and 264 cm-1 are
indicative of a combination of metal sulfides, possibly FeS2, or others [22,25,26], and is
consistent with the observed presence of sulfur in the EDS spectrum in Figure 10.1C.
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However the intensity of the 387 cm-1 band was found to vary considerably in different
locations of the sample. The absence of the metal sulfide bands in Figure 10.2B suggests
the POX pretreatment process effectively destroyed all metal sulfides present in the
sample. The presence of metal sulfides in the untreated oxide ore sample presents the
unique ability to compare and contrast the leaching behaviour of the two samples with
SHINERS.
10.3.2 Temporal SHINERS Characterization of an Untreated Oxide Ore Exposed to a
Thiosulfate Electrolyte
To probe the thiosulfate interactions with the oxide ores, SHINERS was
employed to achieve optimal surface enhancement of interfacial species that would be
stable over extended time frames. The sequentially acquired SHINERS spectra of the
untreated and POX treated ore samples were recorded directly after exposure to the 0.10
M Na2S2O3 electrolyte solution (pH = 10.0) and plotted in Figure 10.3A and 10.3B,
respectively. All observed peak positions and tentative assignments are summarized in
Table 10.2 [6,16,27-30]. At early exposure to the thiosulfate electrolyte, two distinct
narrow bands can be seen in Figure 10.3A of the untreated sample located at 1100 and
464 cm-1. The latter band resembles the band assigned as quartz in Figure 10.2. Increases
in the broad bands associated with metal sulfides, i.e. v(M-S) ca. 323 and 261 cm-1, and
polysulfide chains, i.e. v(S-S) ca. 465 cm-1, are observed at longer exposure times of the
untreated ore sample to the thiosulfate electrolyte. It is important to note that no bands
associated with v(S-O) appear in the collected spectra suggesting the v(S-S) bands are
due to polysulfide chains, i.e. -S-Sn-S-, and not polythionates, i.e. O3S-Sn-SO3. The
appearance of bands associated with metal sulfides and polysulfide chains suggests an
increase in the quantity of these species at longer immersion times [16,27]. These
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observations suggest that thiosulfate decomposition may follow Equation 10.2 and/or
10.3 [31], unfortunately the detection limit may have been too low to observe
sulfate/sulfite. The appearance of sulfides, i.e. S/S2-, is followed by the formation of
polymeric sulfur chains.
(EQ 10.2)
(EQ 10.3)

Figure 10.3: Background corrected SHINERS spectra recorded sequentially of
(A) untreated and (B) POX treated Ruby Hill oxide ores immersed in a 0.10 M
Na2S2O3 (pH = 10.0) electrolyte solution (25% laser power, 10 second
exposure time, 3 accumulations).
Figure 10.4A displays the change in normalized band intensities of the v(metalS) band positioned at 261 cm-1, adsorbed sulfides at 321 cm-1, and polymeric sulfur
at 460 cm-1 recorded at the surface of a SHINs modified untreated oxide ore
(untreated oxide SHINs) sample. All normalized band intensities were observed to
initially increase between 100 and 200 mins immersion time relative to the 1600 cm-1
band, which remains relatively stable through the leaching investigation.
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Table 10.2: Observed SHINERS band positions and tentative assignments for
untreated and POX treated Ruby Hill oxide ore samples exposed to a Na2S2O3
electrolyte (pH = 10.0).
Vibrational
Mode
Assignment
δs(SSS)
δas(SSS)
v(M-S)

v(SS)

Chemical Identity

cyclo-S8

Untreated
Oxide Ore/SHINs
0.10 M Na2S2O3
(pH = 10.0)

POX Treated
Oxide Ore /SHINs
0.10 M Na2S2O3
(pH = 10.0)

not observed

not observed

not observed

not observed

261

261

321

321

not observed

not observed

443

451

467

460

not observed

not observed

metal-S

/

cyclo-S8

At immersion times > 200 mins a more pronounced increase in spectral intensity of all
three bands is observed. The minerals present in the untreated oxide sample may be
catalyzing the decomposition of thiosulfate into sulfides, as supported by the metalsulfur/sulfide bands positioned at 261 and 321 cm-1 respectively that quickly convert into
polymeric sulfur chains of variable lengths as suggested by the appearance of the band at
460 cm-1 and the broad shoulder that is slightly shifted to lower wavenumbers.
Recently, Aylmore et al. reported gold and copper thiosulfate complexes were
relatively stable in the presence of quartz (SiO2), geothite (FeO(OH)), and kaolinite
(Al2Si2O5(OH)4) [32]. However, in the presence of pyrite (FeS2) the authors reported
significant losses of gold from copper-ammoniacal thiosulfate solutions. As suggested by
Mishra and Osseo-Asare and also by Lakin et al., the decomposition of thiosulfate to a
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stable sulfide end product, through Equations 10.2 and 10.3, may be catalyzed by the
presence of sulfides like FeS2 [33,34]. The instability of gold and/or copper complexes in
the presence of pyrite, coupled with the observed presence of sulfur as the stable end
product, supports assignment of these spectral features as metal-sulfides and polymeric
sulfur chains.
10.3.3 Temporal SHINERS Characterization of POX Treated Oxide Ore Exposed to a
Thiosulfate Electrolyte
For ease of comparison, the sequentially acquired SHINERS spectra recorded
with the POX treated sample exposed to the thiosulfate lixiviant are plotted in Figure
10.3B. Similar to the untreated sample, the spectra obtained from the SHINs modified
POX treated ore display a strong band related to metal-sulfides and a weak band due to
polysulfide chains after approximately 100 minutes. At longer exposure times, i.e. 240
mins, very clear differences are observed in the spectra between the POX treated and
untreated ore samples. Most notably, the band associated with polysulfides is not as
pronounced in the POX treated sample. Figure 10.4B presents the normalized spectral
intensities of the 460, 309, and 264 cm-1 bands as a function of immersion time. Relative
to the untreated ore sample (Figure 10.4A), the presence of bands located at 309 and 264
cm-1, indicates the formation of metal sulfides. However, the SHINERS spectra of the
POX treated ore sample reveal a small broad band positioned at 460 cm -1 that remains
quite weak after 240 mins, suggesting growth of polymeric sulfur chains has occurred but
not to the same extent. Since the main compositional difference between the untreated
and POX treated ore samples was suggested to be the presence of metal sulfides like
pyrite, it appears likely the presence of pyrite may catalyze the oxidation of sulfides into
polysulfide chains.
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Figure 10.4: Temporal changes in the normalized band intensities of the
v(Au-S) band at 261 cm-1 (black triangles), adsorbed sulfides at 321 cm-1
(blue circles), and polymeric sulfur at 460 cm-1 (green squares) recorded at
the surface of the SHINs modified (A) untreated or (B) POX treated Ruby
Hill oxide ore samples immersed in a 0.10 M Na2S2O3 (pH = 10.0) electrolyte
solution.

10.4

Conclusions
The first in situ characterization of the behaviour of oxide ores upon exposure to a

thiosulfate electrolyte using SERS was accomplished with SHINs providing surface
enhancement of the electric field strength at the oxide ore-electrolyte interface. Passive
layer growth upon exposure of untreated and POX treated oxide ore samples to a
thiosulfate electrolyte were compared. Metal sulfides and chains of polymeric sulfur were
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observed to chiefly comprise the SHINERS spectra recorded of the oxide ores samples at
longer exposure times to the thiosulfate electrolyte. However, chains of polymeric sulfur
were not observed with the POX treated oxide ore samples to the same extent relative to
the untreated oxide ore samples. The presence of pyrite in the untreated oxide ore
samples has been tentatively assigned to the aggregation of sulfur atoms in polymeric
sulfur chains. From these results, in situ SHINERS was successfully implemented to
identify the differences in the passive layer constituents of the untreated and POX treated
oxide ore samples that are likely causing the observed differences in the gold extraction
efficiencies between the two samples.
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CHAPTER 11

General Summary and Conclusions

Development of an industrial gold leaching system using thiosulfate that is both
reliable and efficient may have a significant economic impact, particularly in Canada.
However, the most particular issue that remains unresolved corresponds to passive layer
growth on gold surfaces due to thiosulfate decomposition. The combination of surface
analytical techniques like electrochemistry and surface enhanced Raman spectroscopy
(SERS) to study the process of thiosulfate mediated gold leaching reveals very complex
interfacial interactions. Unfortunately, studying the gold dissolution reaction at extended
time scales with traditional SERS active substrates can be problematic. The thiosulfate
leaching solution dissolves the nanopatterned surface resulting in a loss of sensitivity
with exposure time and preventing thorough characterization of the passivating species at
longer time scales.
To overcome this issue, novel SERS active substrates were successfully designed
and implemented to characterize; (a) the adsorption of a range of electrolyte species to
gold surfaces, (b) the interaction of common gold leaching additives with a sulfur passive
layer formed on gold, as well as (c) the thiosulfate mediated gold dissolution reaction
with pure gold electrodes and oxide ores. SERS active electrodes have been used to
identify the exact band positions of tetrathionate, trithionate, the gold-thiosulfate
complex, sulfide, and thiosulfate adsorbed to gold surfaces. With the ability to
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characterize the interfacial region at extended time scales, the position of these bands
served as a comparative database to identify the species present in the complex and
highly convoluted passive layer that impedes gold dissolution. Initially the interfacial
region was observed to predominantly be comprised of the gold-thiosulfate complex and
thiosulfate. However, a passive layer that correlated with low dissolution kinetics was
observed to be a combination of sulfides, cyclo-S8, and polysulfides. The expanded
stability of the SERS active substrate resulted in the first reported interaction of copper
and ammonia directly with these sulfur species. Finally, the versatility of SHINERS to
characterize the interaction of thiosulfate and non-enhancing surfaces, like minerals, was
successfully reported revealing catalytic decomposition of thiosulfate that correlated with
a small quantity of iron sulfide. The results presented in this thesis further expand the
knowledge base of the interfacial processes that occur in typical gold leaching studies
with thiosulfate and stand to further benefit the industrial gold industry in extracting gold
from its host ore using thiosulfate as an alternative complexing agent.
SERS spectra can give molecular level information including quantity of species,
local environment, formation of reaction intermediates and/or degradation products.
However, it is difficult to determine the exact structure of the interfacial region from the
SERS spectra alone. Characterizing the surface processes with complementary
techniques, for example scanning tunneling microscopy or electrochemistry, can help
define the understanding of how adsorbates adsorb to the gold surface or the exact
quantity in the interfacial region with greater detail. Future studies may involve
characterizing the role of other beneficial additives reported in the literature like
alkylthiols. Furthermore, studying the passive layer that forms on a bulk gold electrode
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with both copper and ammonia added to the lixiviant solution will help understand the
synergistic effects that have been previously reported when both additives are present.
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