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ABSTRACT

The lack of an artificial system that mimics elemental sulfur (Sg) oxidation by microorganisms inhibits
a deep mechanistic understanding of the sulfur cycle in the biosphere and the metabolism of sulfur-
oxidising microorganisms. In this article, we present a biphasic system that mimics biochemical sulfur
oxidation under ambient conditions using a liquid|liquid (L|L) electrochemical cell and gold nanoparti-
cles (AuNPs) as an interfacial catalyst. The interface between two solvents of very different polarity is an
ideal environment to oxidise Sg, overcoming the incompatible solubilities of the hydrophobic reactants
(0, and Sg) and hydrophilic products (H*, SO32-, SO42-, etc.). Furthermore, the interfacial AuNPs provide
a catalytic surface onto which O, and Sg can adsorb. Control over the driving force for the reaction is pro-
vided by polarising the L|L interface externally and tuning the Fermi level of the interfacial AuNPs by the
adsorption of aqueous anions. Comparison of electrochemical measurements using a 4-electrode closed
bipolar electrochemical cell and a L|L electrochemical cell confirmed that electron transfer reactions are
possible between O,, gold and Sg in biphasic systems.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Sulfur and its species are important geochemical agents, with
the sulfur cycle vital to maintaining the natural equilibrium of the
biosphere. Most sulfur redox reactions in the biosphere are ther-
modynamically allowed but kinetically sluggish, requiring catalysis
by microorganisms capable of using inorganic sulfur compounds
in their metabolism, either as electron donors or acceptors [1].
Indeed, the earliest organisms on Earth gained energy from the
metabolism of sulfur compounds, including elemental sulfur [2].
Technologically, microbiological sulfur oxidation underpins many
industrial processes such as mineral biotechnology [1], microbial
corrosion [3], decreasing the pH of alkaline soils [4] and the de-
velopment of fertilisers [5]. Plants assimilate mainly sulfate ions,
but there are many commercial fertilisers that contain sulfur in el-
emental form. Their effectiveness depends on the rate at which el-
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emental sulfur is oxidised to sulfate ions by microorganisms in the
soil [6].

The most stable allotrope of elemental sulfur is o«-Sg. This
highly hydrophobic element is neither wetted nor dissolved by wa-
ter. The surface free energy of solidified sulfur ranges between 30
and 60 mJem~2, depending on the kind and age of the sulfur sam-
ples and/or the probe liquid used for the advancing and receding
contact angle measurements |[7]. The solubility of elemental rhom-
bic sulfur in water is 1.9 x 108 mol-kg~! [7]. The standard reduc-
tion potential of HSO3~ to sulfur is zero [8], which shows that the
oxidation reaction of sulfur by molecular oxygen (0,) is very likely
from the thermodynamic point of view.

HSO; + 5H" +4e~ — S+3H,0E° =0V (1)

However, the kinetics of Sg oxidation by O, are very slow at
standard conditions for several reasons. The oxidation reaction is
facilitated by the presence of water, which is a source of H* and
OH-, but the solubility of Sg is very low in water and the wetting
of Sg by water is poor. Additionally, to break the O, double bond at
room temperature is very difficult and the first ionisation energy of
Sg is very high (9.4 eV) [9]. To oxidise «-Sg, it has been proposed
that microorganisms first dissolve it in the hydrophobic regions of
their outer biomembranes. Subsequently, «-Sg can be transported
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inside the cell by surfactants or react at the biomembrane|water
interface [10]. In this context, many fundamental questions remain
concerning the sulfur oxidation reaction and associated kinetics.
Why is this reaction driven almost exclusively by microorganisms
in the biosphere? Can a chemical pathway be designed for this
reaction with a low activation energy and without the need of a
biomolecule?

Biochemical reactions at a biomembrane interface are typi-
cally coupled to ion transfer and electron transfer chain reac-
tions that either increase the electric field across the membrane or
drive thermodynamically uphill reactions, like ATP synthesis [11].
A powerful approach to mimic and model such processes, involv-
ing simultaneous ion and electron transfer reactions, is to elec-
trochemically polarise an interface between two immiscible elec-
trolyte solutions (ITIES) [12-14]. Electrochemical reactions at such
polarised liquid|liquid (L|L) interfaces can be complex as several
charge transfer reactions may take place simultaneously (and be
coupled), e.g., ion transfer, electron transfer, homogeneous chemi-
cal reactions, interfacial adsorption of ions or neutral species and
the transport of solvent molecules across the interface by diffusion
or facilitated by ion transfer [15].

The activation energy for Sg oxidation in soils is between 60
and 100 kJ-mol-! [1,16], which is relatively high considering that
the oxidation of Sg in soils is catalysed by microorganisms (acting
as a biocatalyst). Thus, in the absence of a biocatalyst, the activa-
tion energy to form sulfate from Sg, O, and water is likely pro-
hibitively high at ambient conditions. To our knowledge, the ac-
tivation energy for Sg oxidation by O, at ambient conditions in
the absence of a catalyst has not been reported. Thus, a cata-
lyst is required to generate a new chemical pathway to oxidise Sg
with low activation energy. Gold nanoparticles (AuNPs) [17] and
nanoporous gold [18] are good catalysts for many oxidation reac-
tions, despite the adsorption of O, on macroscopic gold surfaces
being unfavoured [19]. In particular, supported AuNPs show unusu-
ally high catalytic activity for carbon monoxide and alcohol oxida-
tion by O, [20]. On the other hand, Canfield [2] reported that Sg
can be adsorbed on AuNP surfaces with cleavage of the S-S bond
at a surface coverage (@) < 1/3, while molecular adsorption takes
place concurrently with atomic adsorption at 6 > 1/3.

Complications arise when using supported AuNPs on a solid, as
the nature of the solid support will affect the electronic state of
the attached NPs [21]. Therefore, determining the specific effect of
either the NPs size or their electronic structure on the kinetics of a
reaction, for example for the O, reduction reaction (ORR), becomes
difficult. In this sense, a polarised L|L interface functionalised with
a film of AuNPs has some advantages when studying catalytic reac-
tions. For example, there are two ways to change the Fermi level of
NPs at a polarised L|L interface and tune their electronic state: by
the adsorption of ions or in the presence of a redox pair in solution
[22,23]. The past decade has seen a significant increase in activity
to functionalise the polarised L|L interface with various catalytic
nanomaterials to study energy-related reactions [24], especially the
ORR in the presence of AuNP films [25,26].

Herein, we describe a novel methodology to functionalise a po-
larised L|L interface with a film of AuNPs. This article provides the
first experimental evidence of the physisorption of CI- and OH™ an-
ions on such interfacial AuNPs. The oxidation reaction of elemen-
tal sulfur by O, at a polarised L|L interface catalysed by AuNPs is
studied under ambient conditions and highlights the role of OH-
anions to enhance this oxidation reaction.

2. Results and discussion
2.1. AuNP film growth at the polarised liquid|liquid interface

The preparation of homogeneous and stable AuNP films at im-
miscible L|L interfaces is a major challenge [25,27,28]. Usually the
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surface is not homogeneously covered, significant aggregation of
particles takes place at the interface, and potential cycling can in-
duce movement of the particles generating an interfacial convec-
tion (interfacial stirring) [29]. Citrate ions are typically used to sta-
bilise AuUNP suspensions in bulk aqueous solutions [30]. However,
such suspensions are very stable and, due to inter-particle electro-
static repulsion, the AuNPs rarely deposit in significant numbers at
the L|L interface on contacting the aqueous phase with an immis-
cible organic solvent [31]. Various approaches have been demon-
strated to weaken the electrostatic repulsion between AuNPs and
induce interfacial deposition while retaining the constituent prop-
erties of the individual AuNPs to the greatest extent possible. These
include functionalising the surfaces of charged colloidal NPs with
charge-neutral organic “modifiers” [32,33] or adding amphiphilic
salts to the biphasic system [34-36]. The latter act as “promoters”
if the salts contain organic soluble ions of opposite charge to the
NPs that screen inter-particle electrostatic repulsion [27].

Here, we replace the citrate buffer solution with a phosphate-
buffered saline (PBS) solution, pH 7.4, see electrochemical cell 1
in Scheme 1. The PBS-stabilised AuNP suspensions remain sta-
ble in the bulk aqueous phase. However, if these AuNPs come
into proximity with a L|L interface formed by water and o,o,c-
trifluorotoluene (TFT) they lose their ionic solvation shells, induced
by the electric field at the interface and/or by changes of the local
solvent polarity. In other words, PBS gives the dynamic freedom
necessary to avoid agglomeration in the bulk aqueous phase but,
at the same time, facilitates a change of the AuNPs ionic and sol-
vation cloud at the L|L interface.

Electrochemistry at L|L interfaces facilitates AuNP film forma-
tion and provides a novel method to monitor and control the AuNP
film growth using cyclic voltammetry (CV), see Fig. 1A. The ad-
sorption of aqueous anions on the AuNPs gives a well-defined re-
versible signal between -0.2 and +0.2 V. With potential cycling,
the amount of AuNPs at the interface increases, and so too does
the adsorption of anions. This electrochemically driven experimen-
tal approach yields a homogeneous film of AuNPs and provides ex-
ternal control of the film thickness (Fig. 1B). The experiment was
performed under an argon (Ar) atmosphere as potential cycling in
the presence of O, can slowly oxidise the AuNPs irreversibly (dis-
cussed vide infra) and change the active surface where anion ad-
sorption takes place.

2.2. Physisorption of aqueous anions on the interfacial AuNPs

The influence of the aqueous anion on the CV response of
the interfacial AuNP film was probed by using either 10 mM LiCl
or 10 mM LiOH as the aqueous phase under aerobic conditions
(Fig. 2A). For both aqueous electrolytes, the near symmetric shape
of the CVs and their behaviour with scan rate, showing a linear
increase in peak current with scan rate (Fig. S1), indicate an in-
terfacial adsorption/desorption process. Negatively charged AuNPs
may attach and detach from the L|L interface with applied poten-
tial, but this process is very slow and does not yield symmetric
voltammetry signals [28]. Therefore, the CV responses in Fig. 2A
are attributed to the adsorption of ions on the interfacial AuNPs,
specifically OH- and CI- anions. CV responses for the adsorption
of these anions at the bare L|L interface do not give well defined
peaks within the polarisable potential window. Fig. 2A and B show
that the adsorption strength of OH~ is much higher than that for
Cl~, mirroring a trend observed for the electroadsorption of these
ions on Au(111) [37].

The dotted lines in Fig. 2A show the results of computed nu-
merical simulations of the CV profiles corresponding to an adsorp-
tion process following a Frumkin adsorption isotherm. The simula-
tions solved the differential equation arising from the kinetics of
the surface coverage in time upon potential cycling, the Python
code is available in the Supporting Information (SI). The numer-
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Scheme 1. Four-electrode electrochemical cell configurations used to prepare the AuNP film at the polarised liquid|liquid (L|L) interface (electrochemical cell 1)
and then use the formed interfacial AuNP film to oxidise sulfur biphasically (electrochemical cell 2). PBS is phosphate buffered saline solution at pH 7.4, BACI is
bis(triphenylphosphoranylidene)ammonium chloride, BATB is the organic electrolyte salt bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate and
the organic solvent is «,,x-trifluorotoluene (TFT). The experiments were carried out either under aerobic or anaerobic conditions, as detailed in the text.

Fig. 1. Inducing and monitoring AuNP film growth at a polarised L|L interface under anaerobic conditions. (A) Cyclic voltammetry (CV) as AuNPs deposit at the L|L interface
over 100 potential cycles (solid lines). Every 10t CV is shown, starting with the first CV cycle, and the arrow shows the evolution with time. The dotted line shows a
numerical simulation of the CV using a Frumkin isotherm (repulsive interaction factor of 13.5 k]-mol~', total surface charge 17.5 pC.cm=2). The scan rate used was 25 mV.s'.
The conditions in the glovebox were Ar (~1 bar) and O, (~1.5 ppm). The electrochemical cell used to prepare the AuNP film was as described by electrochemical cell 1 in
Scheme 1 with x = 0 mM. (B) Optical image of the AuNP film at the L|L interface after undeposited AuNPs in the bulk aqueous phase were removed by careful sequential
washing with 10 mM LiCl. This image represents electrochemical cell 2 in Scheme 1 with x = 0 mM and X = ClI-.

ical simulations show that the maximum charge density associ-
ated with OH™ and Cl- adsorption during the negative scan are
24 and 12 pC-cm—2, respectively. The simulations also show that
the adsorption of anions can be reasonably described by a Frumkin
model, where the Gibbs adsorption energy increases with surface
coverage, with a repulsive interaction factor of 14.5 k]-mol-!. The
total maximum charge associated with Cl~ adsorption is higher for
AuNP films grown in an Ar atmosphere (17.5 puC-cm~2, Fig. 1A)
than in air (12 wC-cm~2, Fig. 2A), and the CVs generated in an Ar
atmosphere are more symmetric (Fig. 1A, black lines) than those in
air (Fig. 2A, black line). The former suggests that the presence of
0, reduces the capacity of AuNPs to adsorb anions. On the other
hand, the high value for the interaction factor, and the fact that it
is almost the same for OH™ and CI-, suggests that after adsorption,
the anions keep a significant negative charge. Thus, the anion-Au
bond must be highly polar, and the CVs in Figs. 1A and 2A are due
to the physisorption of anions, and not to their electro-adsorption.
At the solid electrode|electrolyte interface, it is electro-adsorption
and not physisorption of anions that is observed. The asymmetry
between the negative and positive peaks shown in Fig. 2A is due
to (i) irreversible background transfer ionic currents [12], (ii) the
partial oxidation of AuNPs and (iii) the slow kinetics of aqueous

anion adsorption and desorption on the AuNPs (the desorption re-
action is particularly slow). The long tail to the right of the positive
peak in the presence of LiOH (Fig. 2A, solid red line) shows that
the complete desorption of OH~ is only achieved at ca. +0.5 V.
Oxide formation on Au(111) electrodes has been reported to oc-
cur when OH- adsorption reaches charge densities >35 puC.cm™2,
meaning that this is the maximum OH- coverage that can be
reached on Au [37]. Herein, the maximum coverage of OH™ reached
on the interfacial AuNPs is ca. 24 pC-cm~2. OH- is adsorbed more
efficiently on a polarised Au electrode as the Fermi level of Au de-
creases when the OH™ coverage increases with applied potential. In
other words, the negative charge on adsorbed OH~ is screened by
a net charge transfer from the adsorbed anion to the Au electrode.
On the other hand, OH~ adsorption on the interfacial AuNPs in-
creases their Fermi level. Thus, the AuNPs become more negatively
charged, inhibiting the further adsorption of other OH~ anions.
The influence of the aqueous anion on the measured differential
capacitance curves in the presence of the AuNP film was also in-
vestigated (Fig. 2B). The capacitances in the presence of LiCl (black
dots) and LiOH (red dots) were almost the same at potentials close
to the potential of zero charge (PZC) around +0.3 V, confirming
that the surface coverage of interfacial AuNPs was the same for
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Fig. 2. Adsorption of aqueous anions on the interfacial AuNPs at the polarised L|L interface under aerobic conditions. (A) CVs with iR compensation at a scan rate of 200 mV
s~! and (B) differential capacitance curves for electrochemical cell 2 in Scheme 1 with x = 0 mM and X either Cl- (black line) or OH- (red line). The dotted lines in (A) show
a numerical simulation using a Frumkin isotherm. All electrochemical data in (A) and (B) were obtained using the same AuNP film at the L|L interface, and the experiments
in the presence of LiCl were performed before those with LiOH. (C) CVs after the addition of 19 «M tetramethylammonium cations (TMA*) to electrochemical cell 2, with
x = 0 mM and X = CI, at scan rates of 25 (black line) and 200 mV s~! (red line). The CVs were taken with iR compensation. (D) Electrochemical impedance spectroscopy
(EIS) spectra at +0.006 V (black circles) and +0.311 V (red squares) for the electrochemical cell described in (C). The solid lines show the fittings using the equivalent circuits
depicted (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

both experiments and the AuNPs were stably attached to the inter-
face. Furthermore, the well-defined peaks at potentials lower than
the PZC confirm the adsorption of negatively charged anions. To
our knowledge, this is first experimental evidence that ClI~ and OH-
can be physisorbed, in their anionic form, on AuNPs at a polarised
L|L interface.

The transparency of the interfacial AuNP film to ion transfer
was investigated by monitoring the tetramethylammonium cation
(TMAT) transfer reaction using CV and electrochemical impedance
spectroscopy (EIS) at a AuNP film functionalised L|L interface
(Fig. 2C). Considering that TMA* transfers close to the PZC (com-
pare Figs. 2B and C), a low influence of the electrical double layer
was expected as the impact of migration should be negligible
[12,38]. The interfacial AuNP film was found to have no signifi-
cant effect on the TMA™ ion transfer kinetics as demonstrated by
(i) the peak separation of the reversible TMA*ion transfer response
being 58 mV (Fig. 2C), (ii) the ion transfer resistance being unde-
tectable by EIS experiments (Fig. 2D), and (iii) the Randles circuit
accurately describing the EIS spectra at the TMA™ ion transfer po-
tential of +0.311 V (Fig. 2D).

The influence of scan rate on the signals associated with ClI~
and OH~ adsorption or TMA™ transfer is markedly different (Fig. 2C
and Fig. S1). The peak current for the ClI- and OH~ adsorption is
proportional to the scan rate (Fig. S1D) and increases much faster
with scan rate than the TMA™* transfer signal, which is proportional
to the square root of the scan rate (data not shown). Additionally,

the EIS spectrum at +0.006 V (Fig. 2D) shows that the AuNP film
does not behave like an ideal capacitor, and a constant phase ele-
ment (CPE) with an n value of 0.91 is needed to fit the experimen-
tal data. Usually, a CPE with an n value lower than 1 is associated
with a capacitor comprising a very rough surface [39], surface en-
ergy heterogeneity [40], non-uniform current density inside porous
films due to the “effective solution resistance” varying along the
surface [41] and the distribution of kinetics adsorption rates across
the interface [41]. Thus, this indicates that interfacial AuNP accu-
mulation and agglomeration increases the roughness factor of the
L|L interface and/or there is a distribution of reaction rates across
the AuNP film. Previously, Younan et al. showed that the capaci-
tance of the L|L interface increases in the presence of an adsorbed
monolayer of citrate coated AuNPs and attributed this to an in-
crease of the interfacial charge density or by an increase of the
interfacial corrugation [42].

2.3. Adsorption of hydrophobic elemental sulfur on the interfacial
AuNPs

The presence of O, changes the active surface area of the in-
terfacial AuNPs for the adsorption of anions (discussed vide supra
when comparing Figs. 1A and 2A). To further investigate this effect,
the evolution of the CVs using electrochemical cell 2 with LiOH
as the aqueous phase, see Scheme 1, under anaerobic conditions
was probed (Fig. 3A). Extensive potential cycling clearly decreases
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Fig. 3. (A, C) OH- adsorption and (B, D) redox reactions between sulfur and physisorbed OH- on the interfacial AuNPs at the polarised L|L interface under anaerobic
conditions. CVs over 50 potential cycles using electrochemical cell 2 with X = OH (see Scheme 1) in (A, C) the absence (x = 0 mM) and (B, D) the presence (x = 8.11 mM)
of elemental sulfur in the organic phase. Every 10th CV is shown, starting with the first CV cycle, and the arrows show the evolution with time. The scan rate used was 25
mV.s~! in (A) and (B). The conditions in the glovebox were Ar (~1 bar) and O, (~1.5 ppm). For comparison, the red CV in (A) was obtained in air. The CVs shown in (C) and
(D) were obtained after the 50™" potential cycle in each case at scan rates of (C) 200 mV-s~! and (D) 100 mV-s~!, respectively (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.).

the peaks related to OH~ adsorption, generates a broad new signal
between +0.1 and +0.5 V and leads to the cathodic peak shift-
ing to more positive potentials. Each of these changes are consis-
tent with the CV obtained in air (red line in Fig. 3A), suggesting
their origin as chemical reactions between O, and AuNPs upon po-
tential cycling. It seems that O,, even at very low concentrations
(~1.5 ppm), slowly passivates the interfacial AuNPs surface, possi-
bly by forming a layer of oxide upon extensive potential cycling.

The introduction of dissolved elemental sulfur to the organic
phase stabilises the CVs when the cell is inside the glovebox, with
some signals increasing slightly upon potential cycling (Fig. 3B).
Interestingly, the CVs shown in Fig. 3B are similar to those re-
ported for aqueous solutions of Na,S in alkaline media on Au elec-
trodes [43-45] and, in our opinion, can be rationalised in a sim-
ilar way. Firstly, previous studies have indicated that both atomic
and molecular sulfur can be adsorbed on gold [44-46]. Secondly,
the shape and behaviour of the CVs with scan rate suggests that
the peaks observed inside the potential window arise mainly from
surface processes. Thirdly, the asymmetry of the CVs in Fig. 3B,
where the negative peaks are higher than the positive peaks, sug-
gests that an irreversible chemical reaction occurs during the po-
tential scans. In this sense, we suggest that the following reactions
are taking place in Fig. 3B:

OH~(aq) = OH (ad) (2)

20H (ad) + S(ad) = 20H(ad) + S*(ad) (3)

20H" (ad) + Sy(ad) = 20H(ad) + S2~ (ad) (4)

where (ad) means adsorbed on the interfacial AuNPs’ surface and
(aq) means on the aqueous side of the interface.

The reduction of atomic (S) or molecular (Sx) sulfur adsorbed
on the interfacial AuNPs can be promoted by the adsorption of OH~
Egs. (2) to ((4)), leading to an additional negative peak between -
0.15 and +0.2 V in the presence of sulfur (Fig. 3D). The potential
windows were reduced in Figs. 3C and 3D to highlight (i) a re-
versible signal due to OH~ physisorption is seen in both CVs (red
lines) and (ii) an irreversible signal is seen in the presence of ei-
ther O, or sulfur (blue lines). The blue signals in Fig. 3D can be
attributed to a redox reaction between sulfur and adsorbed OH~.

Differential capacitance curves in the absence of sulfur in
the organic phase further support the fact that O, modified the
AuNP’s surface, with the capacitance under aerobic conditions be-
ing higher (Fig. 4A). The AuNP’s surface is usually oxide-free under
ambient conditions. However, in alkaline media, such as the LiOH
aqueous phase used in Fig. 4A, gold oxidation proceeds at lower
potentials, and therefore, the formation of gold oxides upon poten-
tial cycling leads to higher capacitances [47]. Another possibility
for the origin of the gold passivation process can be an irreversible
reaction between O, and unidentified contaminants present in the
organic phase.

The differential capacitance curves change significantly with the
scan direction in the presence of sulfur in the organic phase under
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Fig. 4. Adsorption of hydrophobic elemental sulfur on the interfacial AuNPs at the polarised L|L interface. Differential capacitance curves obtained at 80 Hz for electrochem-
ical cell 2 (see Scheme 1) with X = OH- in (A) the absence (x = 0 mM) and (B) the presence (x = 8.11 mM) of elemental sulfur in the organic phase. The arrows show
the scan direction. In (A) the influence of aerobic versus anaerobic conditions is probed in the absence of sulfur. The conditions in the glovebox were Ar (~1 bar) and O,
(~1.5 ppm). In (B) the influence of the scan direction in the presence of sulfur is probed under aerobic conditions (For interpretation of the references to color in this figure,

the reader is referred to the web version of this article.).

aerobic conditions (Fig. 4B). This demonstrates that the chemical
composition of the AuNP’s surface at the same potential depends
on the scan direction and that surface chemical reactions are tak-
ing place on this surface. The capacitances are near identical at the
extremes of the potential window but, at potentials close to the
PZC (ca. +0.3 V), the capacitances are lower for the negative scan
direction than those for the positive scan direction. The adsorption
of a hydrophobic and neutral species like Sg is more likely close to
the PZC because the gold surface is “clean” and more hydropho-
bic at the PZC. Therefore, we attribute the lower capacitance close
to the PZC during the negative scan to atomic and molecular sul-
fur adsorption on the interfacial AuNPs (blue circles, Fig. 4B). At
extremely negative or positive potentials, the AuNP’s surface is hy-
drophilic and the adsorption of Sg is unlikely. Furthermore, Sg does
not adsorb on the interfacial AuNPs scanning positively as their
surface has already been coated in adsorbed OH- species and is
too hydrophilic.

The adsorption of Sg scanning negatively agrees with the obser-
vation that the peak between -0.2 V and +0.2 V is higher for the
negative scan direction curve (blue circles, Fig. 4B). This behaviour
may come from pseudo-capacitance currents due to the reduction
of adsorbed sulfur, with the simultaneous oxidation of adsorbed
OH-, i.e, currents coming from reversible or quasireversible elec-
tron transfer reactions due to the simultaneous reduction of ad-
sorbed sulfur and oxidation of OH~ ions at the organic and aque-
ous sides of the AuNP film, respectively. Such changes were not
observed with the scan direction in the absence of sulfur under
aerobic conditions (data not shown).

2.4. Biphasic oxidation of elemental sulfur catalysed by interfacial
AuNPs at a polarised L|L interface

The influence of the presence of sulfur in the organic phase on
the evolution of the CVs as the AuNP film is formed with poten-
tial cycling under aerobic conditions is shown in Fig. 5A. The pres-
ence of both AuNPs in the aqueous phase and sulfur in the organic
phase (Fig. 5A and B, black solid line) leads to an increase in cur-
rent over the whole potential window in comparison to otherwise
identical experiments either in the absence of the AuNPs (Fig. 5B,
red dash-dot line) or sulfur (Fig. 5B, blue dashed line). The increase
in current and irreversibility of the signal suggests an irreversible
redox reaction between sulfur and dissolved O,, catalysed by the
interfacial AuNPs, is taking place.

To study the oxidation of sulfur on a well-defined interfacial
AuNP film, after the experiment shown in Fig. 5A was complete,
all suspended AuNPs were removed from the aqueous phase and
replaced with pure 10 mM LiCl by sequential washing steps. The
CV of this electrochemical cell is shown in Fig. 5C (red line) and
is identical to the CV shown in Fig. 5B (black line). However, a re-
markable increase of current over the whole potential window oc-
curs when LiOH replaced the LiCl aqueous phase through a further
sequential washing step (Fig. 5C, black line). The OH~ anions sig-
nificantly enhance the redox reactions that are taking place, which
we attribute to low-temperature sulfur oxidation at a polarised L|L
interface in the presence of interfacial AuNPs. It is important to
state that the pH not only affects the adsorption of O, on the
AuNPs, but also the speciation and stability of sulfur and its oxi-
dation products [48]. It is also noted that the CV in Fig. 5C with
LiOH (black line) under aerobic conditions is markedly different to
the CVs in Fig. 3B obtained under anaerobic conditions, using oth-
erwise identical experimental conditions.

The signals R and O in Fig. 5D are related to irreversible pro-
cesses and grow upon potential cycling. The latter indicates that
a redox reaction is taking place and the concentration of reactive
intermediaries increases with time. This is the behaviour expected
for biphasic Sg oxidation, where intermediaries such as thiosulfate,
sulfite and sulfate anions are formed and transferred irreversibly to
the aqueous phase. The complexity of the processes taking place
at the interface is highlighted by the many signals observed across
the full potential window (see insert, Fig. 5D), likely due to ion
transfer of sulfur oxidation products to the aqueous phase such
as polythionates, dithionate, dithionite, thiosulfate, etc. These ions
transfer within the available potential window at the polarised L|L
interface due to their low charge densities and high solubilities
in both the aqueous and organic phases. However, their analyti-
cal detection directly at the interface is extremely challenging due
to their instabilities’ in low temperature aqueous systems with re-
spect to sulfide, sulfate and elemental sulfur species [49].

The role of OH™ to enhance the catalytic activity of AuNPs
towards oxidation processes, such as the enhanced currents at-
tributed to Sg oxidation in Fig. 5C and D when LiOH is the aque-
ous electrolyte, has precedent in the literature. For example, sup-
ported AuNPs have higher catalytic activity for the oxidation of
carbon monoxide and alcohol at alkaline rather than acidic pHs
[20]. Adsorbed OH- plays key roles in three processes critical to
the oxidation process: the adsorption of O, on the AuNPs, as an
intermediary and as a source of oxygen atoms [20]. Furthermore,
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using electrochemical cell 1 in Scheme 1 with x = 8.11 mM (i.e, in the presence of sulfur in the organic phase). Every 10t CV is shown, starting with the first CV cycle,
and the arrows show the evolution with time. (B) Comparison of the 50 potential cycles for experiments using electrochemical cell 1 with x = 8.11 mM and 4.95 x 10'3
AuNPs.ml~" (black line), x = 0 and 4.95 x 103 AuNPs.ml~" (blue dashed line), and x = 8.11 mM and 0 AuNPs.ml-! (red dash-dot line). (C) Comparison of the 50 potential
cycles for electrochemical cell 2 in Scheme 1 with x = 8.11 mM and X either CI- (red line) or OH- (black line). (D) CVs over 100 potential cycles using electrochemical cell
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the reader is referred to the web version of this article.).

Huang et al. reported that oxygen anions (O,~) are preferentially
adsorbed on AuNPs compared with O, [50]. Thus, the adsorption
of OH-, or Cl~, can promote the adsorption of O, by charging the
AuNP’s surface negatively. The latter increases the negative charge
of O, upon adsorption. This explanation is the same as that used
to understand the adsorption of O, on ionic solids, where charge
transfer from the support to the AuNPs is required to enhance the
ORR on gold [51].

Experimental evidence strongly suggests that the adsorption
and reduction of O, on AuNPs is more likely to occur through
proton-coupled electron transfer (PCET) reactions. For example, us-
ing surface-enhanced infrared absorption spectroscopy (SEIRAS),
Ohta et al. reported the presence of adsorbed O, (O,(ad)) and hy-
drogen superoxide (HO,(ad)) during the ORR on Au(111) electrode
in aqueous perchloric acid [52]. Also, Shao and Adzic reported the
presence of adsorbed HO,~ in the potential range where the ORR
occurs in alkaline media [53].

An open question is: does the ORR take place on the aqueous
or organic side of the L|L interface? [26]. No definitive statement
can yet be made in this regard; however we can make some in-
ferences based on the relative solubilies of O, in water and or-
ganic solvents. To our knowledge, the solubility of O, in TFT has
yet to be reported, but it will be similar to that in solvents such as
toluene or benzene. The solubility of O,, in terms of mole fraction
of 0, in solution, is 2.301 x 10~> for water and 9.23 x 104 for
toluene at 298.15 K (i.e., 40 times higher than in water) [54]. Nev-

ertheless, in Section 2.7 vide infra, we demonstrate that O, can be
reduced on either side of the L|L interface depending on the elec-
trochemical potential of O, in that phase. In this sense, we analyse
both scenarios where O, is either on the organic (Section 2.5) or
aqueous (Section 2.6) side of the L|L interface, respectively.

Comparing Figs. 1A and 5D, the presence of sulfur, O, and many
reaction intermediaries clearly affect the reversible adsorption of
ions, leading to the adsorption currents disappearing. The latter
may be due to some intermediaries competing with (or blocking)
anion adsorption and/or affecting the AuNP agglomeration process,
and thus the structure of the AuNP Film. The adsorption currents
may also be hidden by currents that come from electron transfer
reactions.

2.5. Tuning the Fermi level of the AuNPs by varying the interfacial
Galvani potential difference

The interfacial Galvani potential difference (AY¢) affects both
the thermodynamics and kinetics of all chemical reactions where
ionic species are involved. For example, let’s consider the following
reaction:

OH~(aq) + O (org) — OH(ad) + O3 (org) (5)
The electrochemical potentials of the ionic species are:
ﬂOH*(aq) = lugH*(aq) + RTIn aOH—(aq) - F¢aq (6)
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ﬂO;(org) = Mgz’ (org) +RTIn aO'z’ (org) — F¢org (7)
In this sense, the change of free energy of reaction (5) is:
AG = AG — F(Porg — aq) = AG+FAV P (8)

where AG is the total change of the chemical potential.
Eq. (8) shows that interfacial polarisation with a negative A} ¢
makes reaction (5) more likely. The latter leads to enhanced ad-
sorption of OH™ on the AuNPs’ surface and, thus, an increase in
the Fermi level of the interfacial AuNPs, Eg(AuNPs). Furthermore, a
negative A'¢ increases the activity of OH™(aq), doy- (aq), thereby
increasing the chemical potential of OH~ on the aqueous side of
the interface and also increasing the driving force of reaction (5).

Under the approximation of the Butler-Volmer equation, the
electron transfer kinetic constant, k, for the ORR:

0;(org) + e~ — 05 (ad) (9)
is:

RO
k= Kexp (ozF(EF (AL;\;Ps) E )) (10)

Taking into account that AY'¢ affects Ep(AuNPs), as discussed
due to the adsorption of OH-, it is going to also affect the kinetics
of the electron transfer reactions according to Eq. (10).

Considering that Eg(AuNPs) increases at negative A¥¢ to favour
reduction reactions in the organic phase, and the likely favoured
PCET pathway for the ORR on the AuNPs surface, we propose that
the irreversible signal R at a negative A¥'¢ in Fig. 5D is related to
some or all of the following reactions:

0,(org) + OH™ (ad) — 0; (ad) + OH(ad) (11)
05 (ad) 4+ H,0(ad) — HO; (ad) + OH(ad) (12)
HO; (ad) + H,0(ad) — 20H(ad) + OH" (ad) (13)

These reactions can be seen in general as the electroadsorption
of OH~ coupled to O, reduction. At this point, it is important to
state that, in the presence of both O, and Sg, the reduction of O,
rather than the reduction of sulfur is more likely from a thermo-
dynamic viewpoint. The standard reduction potential in aqueous
media of O, to water is +1.23 V and the reduction potential of
sulfur to H,S is +0.14 V. We assume that this trend is the same in
organic solvents like TFT.

At positive AY¢, Er(AuNPs) lowers sufficiently due to the des-
orption of OH~ to favour oxidation reactions in the organic phase.
Thus, we propose that the irreversible signal O in Fig. 5D is related
to sulfur oxidation. The first step of Sg oxidation can be the reac-
tion:

Sg(ad) + OH(ad) — S} (ad) + OH™ (aq) (14)

However, a more likely scenario is that adsorbed sulfur atoms
can be oxidised as follows:

S(ad) 4+ OH(ad) + H,0 + 05 (ad) — H,S03; 4+ OH™ (aq) (15)

2.6. The effect of the interfacial Galvani potential difference on the
ORR when 0, is on the aqueous side of the L|L interface

Let's consider that the reactions described in Egs. (11) to
(13) take place on the surface of the AuNPs at the aqueous side. In
this case, all reactants of reaction (11) are on the same side of the
interface meaning A¥'¢ has no effect on the kinetic constants of
the electron transfer reactions. However, A} ¢ will affect the ther-
modynamic properties (reduction potentials) and reaction rates as
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it affects the reactants’ interfacial activities. For example, reaction
(11) can be separated as the following electrochemical reactions:

OH™(ad) — OH(ad) + e~ (16)

0,(ad) + e~ — 05 (ad) (17)

In turn, the half-cell reduction potentials of these two reactions
are:

RT Ton-

RT, (To;
_ R0
Eo,j0; = Eoz/ozf - F’”( Fozz ) (19)

where I' represents the surface coverage. The cell potential (E )
is:

Ecen = Eo,/0; — Eonjon- + If’“(%) (20)

Eq. (20) tells us that E_. increases when I'gy- increases, as is
the case at negative AY¢, especially when the aqueous phase is
more alkaline. If E ) increases, then the Gibbs free energy of reac-
tion decreases and reaction (11) is more likely to occur.

The analysis in Sections 2.5 and 2.6 establishes that the oxi-
dation of the AuNPs in the film at the L|L interface, i.e., the for-
mation of OH(ad) by O,, proceeds independently of whether O,
is dissolved in the aqueous or organic phase. As noted vide supra,
the peaks observed in Fig. 3A are due to the adsorption/desorption
of OH~. The peak height due to OH~ adsorption (negative peak) is
higher than that of OH~ desorption in the presence of O, (Fig. 3A,
red CV) as surface chemical reactions between O,, AuNPs and OH~
reduce I'gy-. At very positive AY¥'¢, Eg(AuNPs) lowers enough to
promote the reduction of the gold surface possibly through the fol-
lowing chemical reaction:

Au — OH + H,0 — Au + H,0, (21)

A final observation from Fig. 3A is that the total charge scan-
ning negatively is higher than that scanning in the positive direc-
tion. This suggests that the gold surface has to be re-reduced to a
certain degree by a process that does not involve interfacial ion or
electron transfer reactions, such as reaction (21).

2.7. Monitoring electron transfer between organic solublised Sg and
aqueous O, catalysed by gold, using a closed bipolar electrochemical
cell (CPBEC) in a 4-electrode configuration

The configuration of the 4-electrode CBPEC studied is shown in
Scheme 2 and a detailed description of the setup is provided in the
Experimental Methods (see SI) and Fig. S2. Each pole of the bipo-
lar electrode consisted of a polycrystalline gold electrode, one pole
immersed in the aqueous phase (Py) and the other in the organic
phase (Py).

Control CVs with the CBPEC in the absence of Sg in the organic
phase were carried out to probe the influence of gold surface redox
reactions at Py and/or P, on the electrochemical response in the
presence or absence of O, in either phase (Fig. 6A). Under anaero-
bic conditions in each phase (Fig. 6A, dashed line), small shoulders
were observed at the positive and negative edges of the potential
window and attributed to electron flow due to simulateous oxi-
dation of one gold pole and reduction of gold oxides at the other
pole. Some current may also flow due to residual O, present in
either phase. When the aqueous compartment only was saturated
with O, (Fig. 6A, red line), the current at positive potentials in-
creased due to electron flow along the bipolar electrode from P,
to Py leading to O, reduction at Py. Conversely, when the organic
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5 mM BATB. The aqueous electrolyte was 10 mM LiOH. The 4-electrode CBPEC experiments were carried out under aerobic and anaerobic conditions, and the scan rate used
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Fig. 6. CVs using the 4-electrode CBPEC configuration outlined in Scheme 2. (A) CVs in the absence of Sg (x = 0 mM) in the organic compartment under aerobic and
anaerobic conditions obtained by bubbling either O, or N, in each compartment. (B) CVs under aerobic conditions in the presence of Sg (x = 10 mM) using different
polarisable potential windows. (C, D) Potential of the polycrystalline gold electrode acting either as (C) Py, (vs. Ag/AgCl pseudo-reference electrode) or (D) P, (vs. Ag/AgCl
pseudo-reference electrode) as a function of time during the CVs using the 4-electrode CPBEC shown in (B). For Py, +0.4 V was recorded when AY¢ in the 4-electrode
CBPEC was -1.0 and -0.4 V when AY¢ was +2.5 V. For P,, +0.8 V was recorded when Ay'¢ in the 4-electrode CBPEC was +2.5 and -1.2 V when A¥¢ was -1.0 V (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

compartment only was saturated with O, (Fig. 6A, green line), the
current at negative potentials increased due to electron flow from
Pw to P, leading to O, reduction at P,. Thus, O, can be reduced in
the CBPEC at Py, or P, depending on the electrochemical potential
of O, at each pole of the bipolar electrode. The latter is in accor-
dance with the insights from Sections 2.5 and 2.6 that oxidation of
the AuNPs in the film at the L|L interface proceeds independently
of whether O, is dissolved in the aqueous or organic phase.
Replicating the experimental conditions at the ITIES in Fig. 5D,
CVs were obtained with the CBPEC in the presence of Sg in the
organic phase under aerobic conditions in both phases (Fig. 6B).

The currents measured in Fig 6B were much higher than those ob-
served in the absence of Sg (Fig. 6A) due to redox reactions in-
volving Sg at the bipolar electrode in the CBPEC, as seen previ-
ously at the ITIES (Fig. 5D). Additionally, the shapes of the CVs
shown in Figs. 6B (black line) and 5D are comparable, suggest-
ing that similar redox processes may be taking place. However,
at the ITIES the overpotential needed to observe these redox sig-
nals is much lower, confirming the electrocatalytic properties of
the interfacial AuNP film towards redox reactions between Sg and
0,. Furthermore, several surface processes occurring on the bipo-
lar electrode were found to be potential-dependent. For instance,
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the peak centred at +2.15 V only appeared when the negative po-
tential edge reached -1.0 V (Fig. 6B, black line). This infers that
at -1.0 V a pre-conditioning step was needed to enhance the ORR
at positive potentials. This pre-conditioning step may be attributed
to the adsorption of Sg species on the surface of P,. Conversely,
negative peaks centred at -0.02, +0.82 and +1.31 V appeared when
the electron transfer reaction between sulfur species and O, had
taken place at the positive edge of the potential window (see in-
set of Fig. 6B, black line). These negative peaks may be attributed
to the oxidation of Sg derivatives adsorbed on P,. It is worth not-
ing that the intensity of these peaks increased with successive CV
scans, suggesting a constant increase of adsorbed species. Once-
more, these results agree with the proposed reaction mechanism
outlined in Sections 2.5 and 2.6.

Pw and P, experience different polarisable potential windows
during the external bias, as shown in Figs. 6C and D, respectively.

10

The potential window at Py, spans a much shorter range than that
at P, as the aqueous and organic phases have different conductiv-
ities, with a more significant iR drop experienced in the organic
phase [55]. For instance, when the applied A¥¢ in the CBPEC was
+2.5 V, the potentials experienced by Py and P, were -0.4 and
+1.0 V versus a Agt/Ag pseudo-reference electrode, respectively
(Figs. 6C and D). At -0.4 V the ORR takes place at Py, (see Fig.
S3A), while at +1.0 V some oxidation reactions are taking place at
P, (see Fig. S3B). The latter may be the oxidation of sulfur species
produced at negative potentials. To our knowledge, the direct elec-
trochemical oxidation of Sg when it is dissolved in organic sol-
vents has not been reported previously. When the applied AY¢
in the CBPEC was -1.0 V, the potentials experienced by Py, and P,
were +0.4 and -1.0 V versus a Ag+/Ag pseudo-reference electrode,
respectively (Figs. 6C and D). At +0.4 V, the oxidation of Py, can
take place in the aqueous compartment (see Fig. S3A), while sev-
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eral reduction reactions are feasible at P, (see Fig. S3B), such as O,
[56] and/or Sg [57] reduction. These results support the idea that
gold oxides and/or hydroxides can act as redox intermediaries for
the redox reaction between Sg and O, upon potential cycling at the
ITIES (Fig. 5D).

2.8. Reaction mechanism of the oxidation of Sg by O, at the ITIES

Our proposed mechanism of the electrochemically driven
biphasic sulfur oxidation reaction catalysed by AuNPs deposited at
a polarised L|L interface, under either aerobic or anaerobic condi-
tions, is illustrated in Scheme 3.

Scheme 3 shows that the oxidation of adsorbed sulfur (S(ad))
and sulfide ions (S2-(ad)) can take place under aerobic and anaer-
obic conditions, respectively. The driving force for these reactions
is a positive polarisation of A¥'¢ that can reduce Eg(AuNPs) to val-

ues lower than either EQ __ under aerobic conditions or E? ,_
02/0; 037 /52~

under anaerobic conditions, respectively. Figs. 5D and 3B, under
aerobic and anaerobic conditions, respectively, both show positive
current increases at positive A¥ ¢, supporting our hypothesis.

Whether sulfur oxidation by dissolved O, takes place hetero-
geneously or homogeneously remains a matter of debate. Smirnov
et al. have previously shown, by means of a CBPEC, that the ORR
takes place on the aqueous side of the interfacial AuNPs in the
presence of an organic electron donor species [26]. Fig. 6A shows
that the ORR can happen in the aqueous or organic phase depend-
ing on the electrochemical potential of O,, or in which phases the
oxidising and reducing agents are dissolved. However, it should be
noted that there is no truly definitive experimental evidence in the
literature as to whether the ORR mechanism is homogeneous or
heterogeneous, or if the ORR takes place in the organic or aque-
ous phase in the presence of catalysts adsorbed at the L|L interface
[58]. The standard reduction potentials and high O, solubility in
organic solvents favour the hydrogen evolution reaction (HER) and
ORR, via either the 2- or 4-electron pathway, taking place in the or-
ganic phase [58]. However, the concentration of protons, which are
needed for the reduction of O, to water, in aprotic organic solvents
is extremely low. Furthermore, while thermodynamically favoured,
the kinetics of the HER and ORR in the organic phase may be slow
due to its low permittivity constant. The electrochemical reactions
occur with higher rates in solvents with higher permittivity con-
stants, i.e., aqueous solutions.

3. Conclusions

In this article, a novel methodology to form an interfacial film
of AuNPs at a polarised L|L interface is developed. By employing
PBS modified AuNPs, potential cycling yields a homogeneous film
of interfacial AuNPs. Electrochemistry at a polarised L|L interface
also provides a means of monitoring the adsorption of electrolyte
species (herein CI- and OH~ anions) on the interfacial AuNPs and
driving catalytic redox reactions at the AuNP’s surface (herein Sg
oxidation by 0,). Modelling of the CV data shows that the adsorp-
tion of anions can be reasonably described by a Frumkin model,
the anion-Au bond must be highly polar and the anions are ph-
ysisorbed on the interfacial AuNPs (a new insight). The homoge-
neous oxidation of Sg at low temperatures is unlikely in a homoge-
neous phase as the reactants, intermediates and products have dif-
ferent solubility properties. The biphasic system overcomes these
solubility limitations, while simultaneously providing an electro-
chemically controlled catalytic interface. Importantly, differential
capacitance measurements provide evidence that Sg adsorbs on the
interfacial AuNPs. The electrochemical signals attributed to Sg oxi-
dation by O, were enhanced when LiOH was used as the aqueous
electrolyte. The OH~ anions have multiple roles in the mechanism,
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raising the Fermi level of AuNPs upon adsorption, enhancing O,
adsorption on the AuNPs, and acting as an intermediary and source
of oxygen atoms. Experiments with a closed bipolar electrochemi-
cal cell confirm that electron transfer reactions can occur through
the gold bipolar electrode between Sg (and its derivatives) and O,.
The closed bipolar electrochemical cell experiments demonstrate
that gold is an effective electrocatalyst for this reaction and acts
as a redox intermediary. To our knowledge, this is the first report
of an artificial system that can mimic the microbial oxidation of
elemental sulfur at ambient conditions.
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