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MoS, nanosheets have been assembled at the water|1,2-
dichlorobenzene (DCB) interface into uniform films, and the
ion-transfer properties investigated by voltammetry at the
interface between immiscible electrolyte solutions. Remarkably,
interfacial MoS, films were found to enhance the simple and
facilitated transfer of cationic species while restricting the
transport of anionic species. The enhancement is attributed to a
localised increase in the cationic concentration at the interface
due to the adsorption onto the negatively charged surface of
the exfoliated MoS, nanosheets. Size-selectivity for the cationic
species was also recognized as a feature of such films.
Characterisation of the interfacial film’s structure revealed the
inclusion of multiple emulsified droplets stabilised by MoS,,

1. Introduction

In the last few decades, considerable effort has been directed
towards the study of the interface between two immiscible
electrolyte solutions (ITIES) owing to the intrinsic interest in
charge transfer at this class of interface, and to mooted
applications in adjoining areas of chemical and biological
sciences, including liquid extraction,”’ sensing” and drug
delivery.®! The ITIES is by nature an electrified interface, hence
the study of the various charge transfer processes across the
interface can be achieved using electrochemical methods (e.g.
cyclic voltammetry, amperometry, etc).”’ Consequently, it has
been widely used as an analytical tool for different organic,”
inorganic,® as well as biochemical™ species. Many of these
species are difficult to detect, with preferential selectivity, in a
conventional metal/electrolyte electrochemical experiment.

[a] H.A. Al Nasser, Prof. R. A. W. Dryfe
Department of Chemistry
The University of Manchester
Oxford Road, Manchester, U.K,, M13 9PL
E-mail: robert.dryfe@manchester.ac.uk
Dr. M. A. Bissett
Department of Materials
The University of Manchester
Oxford Road, Manchester, U.K., M13 9PL
[c] Dr. M. A. Bissett, Prof. R. A. W. Dryfe
Henry Royce Institute
The University of Manchester
Oxford Road, Manchester, U.K., M13 9PL
An invited contribution to the Marcin Opatfo Festschrift
N © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem 2021, 8, 1-12 Wiley Online Library

These are not the final page numbers! 7'7'

where the droplet number and size depend on the concen-
tration of the MoS, dispersion. Besides increasing the interfacial
corrugation and area, the emulsified droplets are believed to
influence the mass transport mechanism across the interface.
Cyclic voltammetric measurements of saturated films suggested
a capillary-like structure of these films. While the capillaries/
nanochannels allow them to have a degree of size-selectivity
that depends on the thickness/density of the film, they also
affect the diffusion zones towards and away from the interface.
Consequently, steady-state conditions of mass transport similar
to those found in solid-state supported micro-ITIES are
observed in these nanofilms.

A well-established approach to improve voltammetric
measurements, and hence enhance the sensitivity of the
detection tool, is through miniaturization of the interface, as
suggested by Girault and co-workers® In their work, they
reduced the interface from a conventional macro-size (mm to
cm diameter) into a micro-size interface (um in diameter) by
supporting the interface at the orifice of a pulled glass
micropipette. Subsequent studies have explored miniaturization
by supporting the ITIES on solid-state micro/nanoporous
membranes, including track-etched polyester,” silicalite*'"
and silicon nitride™ membranes. The improvement which
miniaturization can bring about derives from its elimination of
the inherited drawbacks of macro-size ITIES, namely high
impedance and charging current in the voltammetric measure-
ments due to the resistance of the less polar organic phase.
Moreover, it, more importantly, enhances the mass transfer due
to the radial flux to the inlaid pore, leading to improvement in
detection sensitivity."*' In addition, if the modification of the
ITIES is taken to its limit, through use of a nanoporous
membrane, then the modified structure can impart both size
and ion-selectivity via properly structured membranes."®'*'?

The modification of the ITIES can also be carried out with
molecules or nanoparticles in either phase. Adsorption of
nanoparticles at the ITIES can lead them to self-assemble into a
uniform nanofilm.'® Such a system has been found to have
applications in reactions of relevance for energy conversion,
namely oxygen reduction””'® and hydrogen evolution."**” A
similar model platform was also employed for ion transfer with
AU silica®®* nanoparticles and carbon nanotubes® as-
sembled at the interface. Nanoparticles were also employed to
stabilise liquid| liquid microinterfaces. Opallo and Marken'#°?"!
used carbon nanoparticles to stabilise emulsions of micro-
droplets of organic liquid at solid electrode surfaces, which
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were found to drive ion transfer processes between the organic
and the aqueous phase at triple phase boundary junctions.

The nano-structure of the film formed at the ITIES is made
up of a network of nanoparticles structures with voids, where
their sizes depend on the size, shape and packing of the
individual nanoparticles.”???* Therefore, adsorbed nanopar-
ticles at the ITIES have been found to influence the ion transfer
processes. In one way, they may act as a barrier with a blocking
effect, nonetheless they could also enhance the selectivity of
the target ion species and hence its transfer, depending on
their interaction.

2D molybdenum disulphide (MoS,) is one of the nano-
materials which has attracted considerable attention owing to
its remarkable properties for different applications including
water  desalination,*®*"  power generation,® hydrogen
evolution®*?% and DNA translocation.®?**® The last two
applications were also studied with 2D films of MoS, adsorbed
at the ITIES. Hirunpinyopas et al.”” examined the hydrogen
evolution at water|1,2-dichlorobenzene (DCB) interfaces cata-
lysed by three 2D materials, namely graphene, WS, and MoS,,
and noticed the superiority of MoS, with the highest perform-
ance amongst them. For DNA sequencing, Feng et al.?” showed
that a system of viscosity gradient across MoS, nanopores can
regulate the DNA translocation speed with highly specific ionic
current signal-to-noise ratio. Using all-atom molecular dynam-
ics, Shankla and Aksimentiev®® demonstrated that the MoS,
membrane can also shift the location of the liquid| liquid
interface which in turns alters the physics of the nanopore
translocation process.

In this paper, we explore the self-assembly of MoS, at the
ITIES and investigate its electrochemical behaviour. We report
on the formation of a MoS, film at the interface without the
need for agitation or addition of co-solvents such as methanol
or ethanol. Subsequently, we show how the film affects ion
transfer across the water | DCB interface with a range of cations
and anions of different sizes.
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2. Results and Discussion
2.1. Synthesis of MoS, Nanosheets

Two exfoliation top-down methods were followed to prepare
MoS, nanosheets, ultrasonic®®*® and electrochemical*” Li
intercalation. The latter method provides MoS, nanosheets
suspended in water, however, they were re-dispersed in DCB
prior making the interfacial films for the electrochemical experi-
ments. Although this exfoliation method is reported to provide
an initial 17T-MoS, phase product, the nanosheets used in the
electrochemical measurements are believed to be 2H-MoS,
phase as revealed by UV-Vis and Raman spectra (Figure 1). The
UV-Vis absorption spectrum shows B, (605 nm) and A, (665 nm)
peaks which are a signature of 2H-MoS, phase.*" On the other
hand, the Raman spectrum provides two active modes A4
(408 cm™") and E,,' (383 cm™") but exhibits no additional shifts
at around 150 (J;), 226 (J,) and 330 (J;) cm™' which are
attributed to the longitudinal acoustic phonon modes of the 1T
phase.”? Since the 1T phase is not a stable form of MoS,, it is
therefore deduced that it has undergone a transformation into
the 2H phase, given the time required to prepare the final
nanosheets (~6 days) and the re-dispersion in an organic
solvent (DCB). Extensive characterisation of the dispersions
formed by these complementary approaches, ultrasonic®” and
electrochemical,“” have been provided in earlier literature from
our group:*** as previously reported, the flakes generally have
lateral dimensions in the sub-micron range for both routes, but
the sonicated product is typically somewhat thicker than the
few-layer product formed from the electrochemical approach.

2.2. Self-assembly of MoS, Nanosheets at ITIES

Two methods were pursued to prepare MoS, films at the ITIES
for the ion transfer experiments. In the first method, which
followed our previously reported procedure for interfacial
assembly,”” MoS, nanosheets were suspended in the organic
phase, and the aqueous phase was poured on top of it. After
that, the vial was sonicated for <60 seconds and left overnight
to allow the nanosheets to self-assemble at the interface. In the
second method, after adding the aqueous phase on top of the
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Figure 1. a) UV-Visible and b) Raman spectra of the electrochemically-exfoliated MoS, nanosheets after re-dispersion in DCB. The product from ultrasonic

exfoliation method provided similar spectra.
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organic phase, a certain amount of MoS, dispersion in DCB
(solvent for the organic phase) was injected at the interface
using a micropipette, and left overnight. Both methods were
found to provide stable films at the water | DCB interface, which
show a reasonable degree of spatial uniformity, as judged by
optical microscopy (vide infra). However, the latter method has
the advantage of eliminating the requirement of sonication/
mixing or addition of methanol/ethanol solvents which were
usually used for the film formation.?>***™ |n addition, it also
provides a control over the amount/ number of nanoparticles
which make up the film. It should be mentioned that relevant
electrolytes (see below) were present in both phases whenever
the nanofilms were prepared for the electrochemical measure-
ments.

As a further investigation of the film formation, the
adsorption of MoS, at the interface was attempted in the
absence of both electrolytes. This resulted in agglomeration of
the nanosheets at the centre of the interface instead of forming
a uniform film covering the whole interface (Figure 2). In a
previous study, Dryfe and co-workers™” studied the effect of
the electrolytes on the self-assembly of graphene at the
interface, with a sonication step. They observed that graphene,
besides adsorption at the interface, tends to attach at the walls
of the glass cell. However, in the presence of the electrolytes
(specifically the organic electrolyte) the wall attachment was
not observed. These observations imply that the electrolyte can
impact the energetics at ITIES and the surface tension of the
whole system. Herein, the effect of the electrolytes was seen to
be substantial, driving the self-assembly process of the MoS,
nanosheets at the interface, in the absence of agitation or
additional solution.

In order to specifically determine which electrolyte affects
the self-assembly process, four separate vials containing differ-
ent electrolyte combinations were prepared. Sodium chloride
(NaCl) was used as the aqueous phase electrolyte, and bis
(triphenylphosphoranylidene)ammonium tetrakis[3,5-bis
(trifluoromethyl)phenyl] borate (BTPPATFPB) as the organic
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electrolyte. The electrolyte combinations were a) water | DCB, b)
10 mM NaCl,, | DCB, c) water|10 mM BTPPATFPBp, and d)
10 mM NaCly,q | 10 mM BTPPATFPBp (Figure 2i). In the pres-
ence of the aqueous electrolyte (vial b), no difference from vial
a (absence of both electrolytes) was observed. In these vials,
some of the nanosheets agglomerated at the interface while
the rest remained suspended in the organic solvent with no
wall attachments (Figure 2ii). However, in the presence of the
organic electrolyte, MoS, nanosheets were seen to adsorb and
self-assemble at the water|DCB interface forming a uniform
film covering the whole interface. Thus, it is deduced that the
organic electrolyte is the element which drives the attachment
and self-assembly of the MoS, nanosheets at the interface, by
changing the energetics and the surface tension of the whole
system. The influence of the electrolytes highlights the change
in interfacial structure when the particles form the film at the
ITIES. Partial re-stacking occurs which forms a macroscopic film,
with reasonably well-defined capillaries forming between the
individual flakes, as judged from the size cut-off in ion sieving
experiments.”®*" The structure of the adsorbed film formed at
the liquid-liquid interface is difficult to infer in situ, however the
voltammetric data presented subsequently is used to shed
some light on this point.

2.3. Transfer of Na™

The general composition of the 4-electrode cell employed for
investigating Na™ transfer is shown in scheme 1. Figure 3a
shows cyclic voltammograms (CVs) of Na* transfer across the
water | DCB interface. In the absence of the ionophore dibenzo-
18-crown-6 (DB18C6), the voltammogram consists of a “blank”
potential window with limiting current from Na® and CI-
transfer processes at the positive and negative Galvani potential
differences, respectively, due to BTPPATFPB being more lip-
ophilic than NaCl is hydrophilic."® Upon introducing the crown
ether DB18C6 into the organic phase, it complexes with Na™ at

i)

)

»

Figure 2. i) Attachment of MoS, nanosheets dispersed in DCB at the water | DCB interface after 24 hours. Different electrolyte combinations were present in
each cell. a) water| DCB b) 10 mM NaCl,q, | DCB, c) water| 10 mM BTPPATFPB g and d) 10 mM NaCl,q | 10 mM BTPPATFPB . ii) Top view of Cell (a). iii) Top

view of Cell (d). Vial diameter=1.5 cm.

10 mM BTPPATFPB

1 mM BTPPACI
Ref. water

Ag | AgCl

1 mM dibenzo-18-crown-6 | 20 mM NaCl
DCB

AgCl | Ag
water

Scheme 1. The composition of the ITIES cell used in the facilitated ion transfer studies.
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ion transfer across (—) the plain and MoS,-modified ITIES with initial concentrations of
) 15 and (<) 35 mg/L, prepared by sonication method. Scan rate =30 mV/s. b) Randles-Sev¢ik plot showing the linear relationship

between the peak current (I,) and the square root of the scan rate (v'??) for the facilitated Na™ ion transfer across the plain and modified ITIES. The
concentrations (mg/L) of MoS, dispersion in DCB are i) 0, ii) 15, iii) 23, iv) 35 and v) 50.

the interface leading to its facilitated transfer by lowering its
Gibbs energy of transfer to a value corresponding to a potential
within the potential window."” Since Na™ is in excess compared
to the organic phase ligand, the current is limited by the
diffusion of DB18C6 from the bulk of the organic phase to the
interface and the diffusion coefficient measured is in approx-
imate agreement with that reported previously for this
species.”® Despite this, it can be seen that the peak-to-peak
separation is large (>59 mV), and was found to increase with
increasing scan rate. This large separation is due to the residual
uncompensated resistance arising from the low permittivity
DCB phase, which is usually evident when working at
centimetre-scale interfaces,®™ as in this experimental case
(interfacial area =0.64 cm?).

Noticeably, Na™ still transfers across the ITIES modified with
MoS, nanosheets, which indicates that MoS, assemblies are
permeable despite forming an apparently uniform film. More-
over, the peak current magnitude was found to increase slightly
on increasing the concentration of the interfacial MoS,;
increasing the film’s density and thickness. A Randles-Sevc¢ik
analysis of the data also showed an increase in the gradient of
the linear fit with increasing concentration of interfacial MoS,
(Figure 3b). Following the theory of voltammetry on partially
blocked electrodes introduced by Amatore and co-workers,””!
partial coverage of the interface can provide either a similar or
lower voltammetric response to that of a bare interface. The
increase in the peak current with film thickness indicates that
the transfer process across the interface is enhanced in the
presence of interfacial MoS,. Such an enhancement to the ion
transfer might not be expected when considering the blockage
of the interface by the sheets of MoS,, thus leaving fewer
pathways (uncovered areas) for ion passage, i.e. an attenuating
effect on the ion transfer may be anticipated.

Set against the blocking effect of the film, the modest
current enhancement indicates that the presence of MoS,
nanosheets at the interface could lead to a net increase in its
roughness, which leads to an increase in interfacial area.
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However, other studies on nanomaterials reported either
unaltered or lower peak current responses upon introducing
nanomaterials at the interface, e.g. carbon nanotubes®' and
gold nanoparticles.”” Thus, even though the presence of
nanomaterials at the interface increases the total interfacial
area, its effect is not necessarily enough to induce a significant
increase in the peak current.

In some earlier studies, it was found that the ion transfer
enhancement was due to accumulation of the target ions near
the interface. Mirceski and co-workers®*" reported an increase
in the peak current response for hydrophilic ion transfers across
a cholesterol (amphiphilic molecule) modified water |nitro-
benzene interface, due to the adsorption of the transferring
ions onto cholesterol at the interface. In addition, using
numerical simulations of mass transport across a solid-
supported liquid |liquid micro-interface, Arrigan and co-
workers®**¥ found that accumulation of transferring ions within
the pores close to the interface led to an increase in the peak
current in stripping voltammetry. Herein, it was speculated that
sonication may lead to entrapping of the transferring ions
within the nanosheets at the interface, hence making them
readily available for transfer. As a way to eliminate this
possibility, the second film formation method, which involves
no sonication, was proposed. Yet again, the peak current was
found to increase with increasing the film thickness (Figure 4a),
which indicates that the ion transfer enhancement is not
derived from the sonication itself.

The effect of MoS, nanosheets on the interfacial structure
was further probed by optical microscopy (Figure 5). In a water |
DCB system, small emulsified droplets/bubbles were found at
the interface after 24 h. Upon introducing both electrolytes into
this system, fewer droplets were seen at the interface, even
when left overnight. However, when MoS, nanosheets were
adsorbed at the interface, in the presence of both electrolytes,
the emulsion droplets were retained at the interface. Further-
more, it was found that the number and size of the emulsion
droplets were dependent on the concentration of MoS,. The
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Figure 5. Optical micrographs of plain and modified ITIES of different compositions; a) water | DCB with no electrolytes. The remaining cells contained 20 mM
NaCI(aq)| 10 mM BTPPATFPB g b) freshly made and c) after 24 h; and in the presence of MoS, film from different injections d) 50 uL, e) 100 uL and f) 300 uL.
Concentration of MoS, stock solution =50 mg/L.

influence of the electrolytes on bubble coalescence is well- interfacial region and hence different electrolyte combinations
established, where they can inhibit it or otherwise. Such  would have different effects on bubble coalescence.***> On the
inhibition is understood to depend on ion separation within the  other hand, nanoparticles are known to play a key role in

ChemElectroChem 2021, 8, 1-12 www.chemelectrochem.org 5 © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
These are not the final page numbers! 77


www.chemelectrochem.org

Chemistry
Europe

European Chemical
Societies Publishing

Articles

ChemElectroChem doi.org/10.1002/celc.202100820

stabilising emulsions at the interface. Stability of these
emulsions depend on several factors, most of which are the
wettability and surface properties of the nanoparticles and their
interaction with the image charges in the water | oil system.%*”!
Thus, the interfacial film composed of multiple emulsion
droplets is stabilised against coalescence by MoS, nanosheets.
These emulsions increase the interfacial roughness, and given
that 2H-MoS, is a semiconductor, it may be argued that the
peak current enhancement may be reflected in the double layer
capacitance contributed by the interfacial film. In regards to this
argument, cyclic voltammetry was run in the absence of the
ionophore to probe the effect of interfacial MoS, on the
capacitive current (Figure 4b). While the capacitive current was
found to increase in the presence of the interfacial film, its
magnitude was not significant, insufficient to explain the
enhanced Faradaic currents seen in the presence of the
ionophore.

The new interfacial structure, which mediates the transfer
route, potentially affects the voltammetric measurements. That
is, the spherical micro-droplets at the interface influence the
mass transport to the ITIES. As stated above, the modified ITIES
with MoS, nanosheets contain more emulsion droplets than the
bare ITIES, and hence alter the geometry of the interface. A
different interfacial geometry would affect the mass transport
and diffusion of ions from one phase to another. A macro-
interface is reflected as a plane, in which the pathway of
diffusion of the ions is linear. On the other hand, a micro-
interface maintains a spherical or hemi-spherical interface, in
which the transfer of the ions occurs by a radial diffusion
process.*” In this regard, a plain interface in a 4-electrode cell
(area 0.64 cm?) is a macro-interface while a modified interface
can be thought of as a mix of macro- and micro-interface arrays,
since it is covered by MoS,-stabilised micro-droplets. Therefore,
in the presence of MoS, at the interface, the peak current
observed could consist of both linear (at planar parts) and radial
(at spherical parts) diffusion processes towards and away from
the interface. However, overlapping of diffusion layers is
expected due to the random position and size of the spherical
parts over the interface, leading to a peak-shaped voltammetric
response. It is worth noting that, involvement of radial diffusion
might be the cause of the increase in gradient of the linear fit
of the Randles-Sevcik equation with increasing the concentra-
tion of MoS, at the interface because the whole surface (even
though partially “blocked”) can become active with respect to
charge transfer."”

While this structure, which involves radial diffusion together
with a larger interfacial area, is thought to enhance the ion
transfer processes across the interface, it may not exclusively
generate an enhancement to the peak current. Interfacial
emulsions were also reported for adsorbed carbon nanotubes
at the interface, yet the ion transfer across the interface was not
enhanced.” Thus, the significant enhancement to the mass
transport may also involve an interaction between the trans-
ferring ions with the adsorbed material. As discussed earlier,
accumulation of transferring ions at the interface enhances their
transfer. Several studies showed that MoS, nanosheets retain a
net negative surface charge upon exfoliation.”®*" The existence
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of such a negative charge was established as a result of several
examples of cationic species being encapsulated in MoS,
structure.*®%2%¥ Studies related to the surface charge of MoS,
nanosheets have also shown that their dispersion maintains a
negative zeta potential”*®¥ In addition, exfoliation of MoS,
results in numerous defects such as sulphur vacancies in its
surface.®®’” Remarkably, these vacancies were found to intro-
duce gap states that allow favourable hydrogen adsorption,
which in turns increases HER activity.”"”? Recently, Pal and
Barik”® performed density functional theory simulations to
study the impact of defects on mono- and layered-MoS..
Interestingly, their calculations revealed high negative value of
adsorption energies for Li* and Na® species at sulphur
vacancies, which indicates that the presence of vacancies in
MoS, surface promotes an energetically favourable interaction
between the cations and layered-MoS,. It is likely that the
preferential cation transfer observed in this work is related to
the surface charge of the exfoliated MoS, and associated
favourable cation adsorption. In other words, the residual
negative charge and the intrinsic defect structure of exfoliated
MoS, cause accumulation of Na* ions at the modified ITIES, and
hence enhancing the current due to their transfer.

XPS analysis was employed to investigate the presence of
any ion species in the interfacial MoS, film after performing the
electrochemical measurements (Figure 6). The XPS survey
spectrum exhibits no peaks in the Na 1s region (1071-
1071.5 eV), however, in the Cl 2p region, the peaks of CI™ 2p,,,
and CI~ 2p,,, are present around 200.4 and 202.5 eV, respec-
tively (Figure 6). The absence of Na™ ions from the MoS, surface
is more likely due to the washing procedure before the XPS
measurements, and any intra-layer inclusions of Na would be
difficult to detect in the surface-sensitive XPS technique. The
chlorine species are believed to come from a strong organic
solvent (DCB) adsorption and not the aqueous electrolyte
(NaCl). This is because the 2p;,, due to ClI™ is associated with a
lower binding energy, around 198.4 eV, while the covalently
bound chlorine is usually shifted to a higher binding energy
above 200 eV."¥ In addition, adsorption of aromatic molecules
on the flat basal plane of MoS, is favourable, with van der Waals
interactions dominating the bonds between the m-conjugated
ring and p orbitals of the surface sulphur atoms.”®”® The
negatively charged electron cloud of m systems interacts with
positively charged ions in a favourable cation-m interactions.””
Thus, the strongly physisorbed solvent molecules on the MoS,
surface would reduce its blocking effect, and rather attract Na*
ions into the interfacial film through m-cation interactions.

2.4. Transfer of TMA* and PF, lons

The permeability of the interfacial film was further investigated
with larger ionic probes, namely Tetramethylammonium ion
(TMA*) and hexafluorophosphate ion (PF,"), which have
reported ionic radii of 0.283 nm and 0.254 nm, respectively.’
The opposing charges, but similar sizes, of these ions should
allow the study of the charge and size selectivity of the
interfacial film.
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Figure 6. a) XPS survey spectrum of the MoS, nanosheets obtained from the water| DCB interface after the facilitated transfer of Na™ ions across the interface.

b) High-resolution XP spectrum of the Cl 2p region.
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Scheme 2. The composition of the ITIES cell used to study the transfer of TMA™ ion. 0.2 mM NaPF; in aqueous phase was used to study the transfer of PF~
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Figure 7. a) CVs of the plain and MoS,-modified ITIES prepared by the injection method for the transfer of the TMA™ ion. Volumes of MoS, dispersion injected

were (—) 0, (...

) 50, (<) 100 and (—-) 150 pL. b) Plot of the peak currents (forward and reverse) for the transfer of TMA™ ion in relation to the amount of MoS,

dispersion injected at the interface. Concentration of MoS, stock solution =50 mg/L. Scan rate =50 mV/s.

The composition of the electrochemical cell is shown in
Scheme 2. Figure 7a shows CVs for the voltammetric transfer of
TMA™ across the plain interface, and in the presence of the
interfacial MoS, film of differing thickness. The forward peak
current was found to increase in the presence of a thin film at
ITIES (up to 100 pL injection), however, the trend was seen to
reverse with thicker interfacial films (Figure 7b). Thus, in the
presence of few MoS, nanosheets at the interface, the transfer
of TMA™ across the interface is enhanced in a similar manner to
that found with facilitated Na* transfer. As the interface
becomes saturated with nanosheets, however, the film be-
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comes thicker and denser, reducing the size of the ion
pathways across the interface and hence retarding the passage
of larger ions. On the other hand, the peak current of PF,~
transfer was found to decrease in the presence of MoS, at the
interface (Figure 8). Since the probe ions are of comparable size,
this finding supports the above conclusion that the MoS,
interfacial film exhibits some charge selectivity towards cationic
species. This observation is consistent with the proposed
mechanism for mass transport enhancement due to adsorption
of MoS, at the interface, where the negative surface of MoS,

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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40

30

20

10

I/ pA
o

-10
-20
-30

-40
0 0,2

0,4

0,6
A1V

0,8 1

1,2

I/ pA

0 0,2

0,4 0,6

A IV

0,8 1 1,2
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dispersion injected were (=) 300 and () 400 pL for the transfer of PF,~ and TMA™ ions, respectively. Concentration of MoS, stock solution =50 mg/L. Scan

rate=50 mV/s.

nanosheets leads to accumulation of the cationic species at the
interface.

Remarkably, as the film becomes more saturated, the micro-
interface features become more pronounced. Recalling the
theory of partially blocked electrodes, excessive fractional film
coverage, close to unity, of the electrode surface leads to non-
linear diffusion effects.*” Similarly, micro-ITIES maintain a semi-
spherical interface which results in steady-state conditions of
mass transport.®? It was noticed that with excessive amounts of
MoS, nanosheets at the interface, the voltammetric response of
the peak current for PF;~ transfer changes from a peak-shaped
into a sigmoidal response (Figure 9a). This observation is again
consistent with the involvement of radial diffusion of the ions
to the interface in the presence of interfacial MoS,. On the other
hand, while the forward (positive) current for TMA™ transfer
was found to plateau and its magnitude decreased with
subsequent saturation, the reverse peak seemed unaffected,

ChemeElectroChem 2021, 8, 1-12 www.chemelectrochem.org

retaining its peak shape (Figure 9b). Numerical modelling of ion
transfers across micro-ITIES by Molina et al.” showed that the
asymmetry of the forward and reverse peaks implies the
existence of capillary-like interfacial structures. This character-
istic shape of the CV was also established experimentally in
solid-supported micro-ITIES.*'*® |n a microporous membrane,
one phase usually fills the pores preferentially, leading to
diffusion zones of different dimensions within and outside the
pores. Therefore, diffusion zones of the TMA™ species from
water to the organic phase and vice versa are different. That is,
while the radial diffusion outside the capillary structure (formed
between the restacked MoS, flakes) governs the forward
transfer of the cationic species, linear diffusion inside the
capillary controls the return of the species to the original phase.
Consequently, it can be deduced that the organic phase
primarily fills the capillaries, and the location of the interface is
either at the capillary mouth and on the aqueous side of the
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film or slightly recessed within the channel. The overall picture
we have established of the structure of the MoS, film formed at
the ITIES is incomplete and will require further structural and
dynamic (e.g. via ac impedance measurements) but the
voltammetric and optical data obtained so far suggest that a
charged film is formed, exhibiting a preference for cation
transfer, and the formation of persistent emulsions increases
the net interfacial area. A schematic diagram is provided in
Figure 10.

3. Conclusion

MosS, films were prepared at the water | DCB interface using an
injection method of the exfoliated nanosheets at the interface,
and without the involvement of sonication or an additional
solvent. The organic electrolyte BTPPATFPB was found to drive
the self-assembly process, possibly by changing the energetics
at the ITIES and the surface tension of the system. Optical
microscopy revealed that the film is composed of multiple
emulsified droplets stabilised by MoS,, where their number and
size increase with increasing amount of MoS, dispersion
injected at the interface. The voltammetric measurements
showed that the MoS, film is permeable, and significantly
enhances the transfer of Na*® ions across ITIES. The film also
exhibited a charge selectivity for the TMA* ion over the PF,~
ion, which are of comparable size. This selectivity is believed to
stem, primarily, from accumulation of the aqueous cationic
species at the interface as a result of the structural defects and
the residual negative charge of the MoS, nanosheets. In
addition, the micro-structure of the film is anticipated to
increase the interfacial area and influence the diffusion regimes
across the interface leading to radial diffusion conditions of
mass transport. Involvement of such radial diffusion process
was evident when transferring PF,~ and TMA™ ions across

[ ]
¢
[
@
@
(X ) t @ Y
%’
® [ons ‘ Emulsions MoS:

Figure 10. Schematic diagram for ion transfer across a modified ITIES with
an interfacial layer of MoS, nanosheets. The sizes of the individual
components are not drawn to scale.
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saturated interfacial films, where the peak-shaped response
changed into a sigmoidal response in a similar manner to that
found in solid-state micro-ITIES.

The MoS, films also exhibit size-selectivity depending on
the size of the transferring ion and the thickness of the film.
Adsorbing MoS, at the interface resulted in enhancement of the
transfer of TMA™ ion across the interface, but as the interfacial
MoS, coverage increased further, TMA™ ion transfer from water
to DCB was retarded.

The charge and size perm-selectivity of MoS, films at ITIES
foster current knowledge about the nanomaterial and assist in
elucidating the transport mechanism within such membranes.
Future studies will focus on the application of complementary
techniques, such as a.c. impedance, to understand the structure
of the MoS,-modified ITIES. Moreover, current results promote
the use of MoS, in extraction, sensing and detection applica-
tions. The charge selectivity of MoS, films can be manipulated
through, for example, functionalisation.®" The size selectivity
can be controlled through proper evaluation for the film
thickness and density. Future work will approach manipulating
the selectivity of these films through functionalisation. In
addition, ion transfer across solid-state micro-ITIES modified
with MoS, will be explored to produce robust, scalable
membranes.

Experimental Section

Chemicals and Materials

Molybdenum (IV) sulphide (MoS,, powder, ~6 pm) sodium chloride
(NaCl, >99%), lithium chloride (LiCl, >99%), tetrameth-
ylammonium chloride (TMACI, 99 %), sodium hexafluorophosphate
(NaPFg, 99.99%) and bis (triphenylphosphoranylidene)ammonium
chloride (BTPPACI) were purchased from Sigma-Aldrich. 1,2-dichlor-
obenzene (DCB, 99%) and Sodium tetrakis[3,5-bis(trifloromethyl)
phenyllborate (NaTFPB) were purchased from Alfa Aesar. Dibenzo-
18-crown-6 (DB18C6, 98 %) was aproduct of Lancaster Synthesis. All
chemicals were used without further purification. NaTFPB and
BTPPACI were reacted by metathesis to give the organic electrolyte,
BTPPATFPB, as described previously.®" Ultrapure water
(18.2 MQcm resistivity, Milli-Q Direct 8, Merck Millipore, USA) was
used for aqueous solutions preparation. Silver wire (1 mm diameter)
and platinum mesh (plain weave wire diameter 0.1 mm, aperture
size 0.39 mm, open area 62.7%, 420 cm?®) were purchased from
Advent Research Materials Ltd.

Equipment

An Ultrasonic bath (EImasonic P 70H, 230-240 V with max. power
820 W, Elma Hans Schmidbauer GmbH & Co., Germany) was used
to exfoliate MoS, in DCB. The temperature during sonication was
controlled by a Recirculating Cooler (F250, Julabo GmbH, Temper-
ature Control Company, Germany). A potentiostat (Metrohm
Autolab B.V., PGSTAT302N, Netherlands) was used to carry out the
electrochemical exfoliation of MoS, and all electrochemical experi-
ments at liquid|liquid interfaces. A Benchtop centrifuge (Sigma
Laborzentrifugen GmbH, Germany) was used to centrifuge exfo-
liated materials. DH-2000-BAL UV-visible spectrometer using a
deuterium-halogen light source (Ocean Optics, Germany) was used
to collect the UV-visible absorption spectra. Raman spectroscopy at
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an excitation wavelength of 532 nm was used to characterise the
exfoliated nanosheets using a Renishaw inVia confocal Raman
spectrometer. X-ray photoelectron spectroscopy (XPS) was carried
out in a Specs UHV system. The photoejected electrons were
excited using a monochromatic Al Ka (1486.6 eV) source operating
at 120 W and analyzed using a Phiobos 150 electron energy
analyzer operating at 30 eV pass energy. A Motic Stereo Digital
Microscope (The Microscope Store, L.L.C., USA) was used to record
micrographs after the assembly of 2D materials at the interfaces.

MoS, Dispersions in DCB and Their Concentrations

Synthesis of MoS, nanosheets via ultrasonic exfoliation was already
performed in DCB, and hence they were only centrifuged for the
supernatant solution as previously reported.”® Exfoliation of the
electrochemically Li-intercalated MoS, occurred in water. They were
filtered and dried as previously reported.“” Then, they were re-
dispersed in 100 mL DCB, and sonicated in a water bath for 30 min
to disaggregate the nanosheets. After that, they were centrifuged
twice at 1500 rpm for 30 minutes to sediment the non-exfoliated
material, and hence the supernatant solution containing the
nanosheets was collected.

The concentration of the exfoliated MoS, was determined by
filtering three samples of the dispersion onto PVDF membranes
(hydrophilic, 0.1 pm pore) using a Swinnex Filter Holder connected
to a Luer Lock Syringe. The membranes were then left to dry for
3days at room temperature before weighing them, and the
average concentration was calculated in mg/L.

Electrochemical Measurements

The cyclic voltammetric measurements were performed by using a
four-electrode setup, with a Pt-mesh counter electrode (CE) and a
Ag/AgCl reference electrode (RE) in each liquid phase. The
potentiostat was used to control the Galvani potential and monitor
the passage of current. The standard ITIES setup used a three-arm
cell, with two capillary arms for the REs and a third arm allowing
direct access to the DCB phase for a CE without disruption of the
liquid |liquid interface. The aqueous RE was inserted through the
open top of the cell. The data were analysed by using Nova 1.10
software.
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