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Summary. In this current opinion article on the electrochemistry of micro- and nano-interface
between two immiscible electrolyte solutions, we present a summary of theoretical descriptions todate, rather than only of work in the past ca. 2 years. The opinion summarises the current state of art
in the theory used to interpret and analyse this form of experimental electrochemistry, specifically
addressing only simple ion transfer processes.

The Interface between Two Immiscible Electrolyte Solutions
Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES) was first
described by W. Nernst; subsequently the work of C. Gavach et al. and J. Koryta et al. popularised the
topic and the acronym. Subsequently, the topic has developed into a distinct area of investigation (as
summarised in some excellent reviews (e.g. Vanysek [1], Girault [2], Samec [3]). This topic is
fundamentally important as it offers a means to measurement of the characteristics of ion-transfer
reactions as well as providing a practical basis for the understanding and improvement of extraction
processes, membrane technologies, chemical sensors and biomimetic systems.

Miniaturisation
The aim of miniaturisation of the ITIES, to microscale or to nanoscale, is to harness the benefits of
such smaller interfaces. Primarily this is a diminished impact of uncompensated resistance on the
experimental results, together with a decreased capacitance due to the smaller interface size.
Additionally, the enhanced mass transport that derives from convergent diffusion enables steadystate measurements for kinetic studies. By use of glass pipettes, the ITIES was miniaturised to the
micrometre scale [4, 5] and then the nanometre scale [6], with the prime motivation being to enable
measurement of faster charge transfer processes at these interfaces.
Such miniaturised interfaces are prepared in two ways: by use of pipettes, usually in glass, or porous
membranes as interface supports. Glass pipettes can be pulled [7], with laser heating systems, to
provide openings of micrometre and nanometre dimensions. Location of the ITIES at the mouth of
these pipettes is possible, with careful use of surface silanisation chemistry to control the glass surface
properties to enable filling of the pipette interior with either organic phase or aqueous phase. Such
pipette-based ITIES are usually employed to form single or dual ITIES. On the other hand, for some
measurements, such as in sensors or bioanalytical systems, larger currents than are possible at microor nano-ITIES are needed. Then arrays [8] can be used which are prepared with inert membranes with
through-holes in which the two electrolyte solutions meet to form the micro- or nano-ITIES. Materials
and hole preparation methods for arrays of miniaturised ITIES include microporous polymer [8-10]

and glass membranes [11] subjected to laser ablation, microporous silicon membranes [12, 13] formed
by photolithography and reactive ion etching, and nanoporous silicon nitride using made by electronbeam lithography with reactive ion etching [14] or focused ion beam milling [15].

Factors that influence electrochemistry at micro- or nano-ITIES
The capacitance of the liquid-liquid interfaces ITIES scales with interfacial area so that miniaturised
ITIES have lower RC time constants, thus enabling faster measurements. Nevertheless, the
capacitance of such systems remains significant, not least because of the presence of two electrical
double layers, one in each phase. Theoretical and experimental studies of the interface structure have
converged to the idea that the dynamic interface consists of capillary waves, which averaged over
time is similar to a mixed solvent region with thickness of ca. 1 nm [3, 16]. The use of membranes to
pattern arrays of ITIES introduces additional capacitance, especially for membranes of nanometre
thicknesses [17], which then places a limitation on the application of pulsed potential voltammetric
methods.
Diffusion-controlled processes at micro- and nano-ITIES enable the application of microelectrode
models for understanding of current processes. At single micro- or nano-ITIES located at the mouth of
glass pipettes, the issue of width of the insulating region surrounding the ITIES is important, as the
diffusion field will vary with thickness of the glass wall forming the pipette. The angle of the pipette
wall will also influence the diffusion characteristics. At micro-ITIES arrays, the separation distance
between elements of the array must be taken into consideration, in order to avoid, by design, diffusion
zone overlap which will otherwise diminish the average current at each microITIES in the array. This is
usually achieved by use of the design rules established for microelectrode arrays [18, 19],
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in which δ is the diffusion zone thickness, D is the diffusion coefficient, 𝛥(𝛥𝑤
𝑜 𝜑 ) is the difference in

potential differences between commencement of ion transfer and attainment of the steadystate, and ν is the voltammetric sweep rate. At nanoscale, however, it has been found that these
design rules do not apply and individual nanoITIES [14, 20] in an array must be further separated from
each other in order to be subjected to independent radial diffusion and achieve the maximum
amperometric response [21-23].
The ability to measure rapid kinetics at the ITIES is a direct consequence of the increased mass
transport rate (radial diffusion) and decreased capacitance. Typically, a Butler-Volmer-type model is
used to relate the experimental current to the kinetic parameters [3],
𝐼𝑖 = 𝑧𝐹𝐴(𝑘𝑓 𝑐𝑖𝑤 − 𝑘𝑏 𝑐𝑖𝑜 ) (eq. 2)
where Ii is the current due to ion transfer, z is the ion charge, F the Faraday constant, A the interfacial
area, 𝑐𝑖𝑤 and 𝑐𝑖𝑜 are the ion concentrations in the water and organic phases, respectively, and 𝑘𝑓 and
𝑘𝑏 are the forward and backward rate constants, which are potential-dependent. As discussed by
Samec [3], the determined rate constants for simple ion transfers have increased over the decades,
perhaps as an indication of improved measurement methods. New theories of ion transfer kinetics at
the ITIES were introduced to accommodate the capillary waves [24, 25] present at the interface and
propose the formation of a water finger consistent with a hidden barrier for ion transfer [26, 27].
Marecek [28] used the common ion method [29] to determine ion transfer rate constants, achieving

rate constants of ca. 0.5 cm s-1 for tetraethylammonium transfer between water and 1,2dichloroethane. Slower rate constants than expected (100 cm s-1) could be attributed to a slow
relaxation of the interface, or even to the hidden barrier that was identified [26], attributed to
formation of water fingers.

Theory used to analyse experimental electrochemistry at micro- and nano-ITIES
For a diffusion-controlled simple ion transfer process at a single pipette-based micro- or nano-ITIES,
the steady-state, diffusion-controlled current (Id) developed in a voltammetric or amperometric
experiment is described by the expression [30]
𝐼𝑑 = 4𝑥𝑧𝐹𝐷𝑐𝑟

(eq. 3)

which assumes a disc shaped interface is formed. In this equation, z, D and c are the charge, diffusion
coefficient and bulk concentration of the transferring ion, respectively, F is the Faraday constant, r is
the interface radius, and x is the ratio of the inner and outer pipette tip radii, which accounts for the
thickness of the pipette wall at the orifice. Use of this diffusion-controlled current model for
characterisation of micro- and nano-ITIES is well established. For instance, recent experiments on
neurotransmitter detection by ion transfer reactions at single nanoITIES employed this model in
characterisation the nano-ITIES [31, 32]. Figure 1 shows voltammograms for the facilitated transfer of
dopamine across the ITIES formed between water and 1,2-dichloroethane phase at the mouth of a
pipette of radius 223 nm. Using experimental current – concentration calibration graphs together with
equation 3, the diffusion coefficient of dopamine was determined to be ca. 5 x 10-10 m2 s-1 [32], in
agreement with literature values. In situations where the wall of the glass pipette is tapered, the wall
angle must be taken into consideration [29, 33-35] , leading to expressions for the time-dependent
diffusion-controlled current variation with the wall angle, and hence the time to reach a steady-state.

At ITIES arrays formed in perforated membranes, diffusion controlled ion transfer currents at microor nano-disc ITIES are described by the expression
𝐼𝑑 = 𝑁𝑝 4𝑧𝐹𝐷𝑐𝑟

(eq. 4)

where Np is the number of pores in the membrane forming the ITIES, and the other parameters are as
previously defined. Of course this is the well-known Saito equation [36] for diffusion-controlled
current at a disc microelectrode, modified for the number of pores forming the interfaces of the array,
and in this case assumes that all ITIES within the array are diffusionally-independent, as governed by
eq. 1 for separation distances, and located at the mouths of the membrane pores. Typical examples
of the application of this model to micro-ITIES array characterisation include those of laser-ablated
polymer membrane-supported ITIES employed for the detection of heavy metals such as Cd2+ ions [37]
and silicon membrane-supported micro-ITIES arrays for the detection of drug species [38]. These
results are typical of those in the literature in which well-established diffusion-controlled current
models are used to establish the response characteristics of experimental systems.
A major difference between microelectrodes (and their arrays) and micro-ITIES (and their arrays) is
the asymmetry of diffusion processes occurring on forward and reverse cycles of a cyclic
voltammogram: these are more different than the value of the diffusion coefficient of the species
undergoing study. The geometry of the pores used to form the micro-ITIES has an important role.
Depending on the pore length, pore wall angle, location of the interface relative to the pore mouth

and, indeed, which phase fills the pores, different diffusion characteristics are obtained on the reverse
sweep of a cyclic voltammogram. Taking into consideration these factors enables an analysis of the
electrochemical response using published models [11]. Such diffusion zone differences are
summarised in Figure 2 [39]. In the cases where the ITIES is located at the mouth of a micropore or
micropipette, radial diffusion will occur for the transfer process from outside to inside the
pore/pipette (ingress current), irrespective of which phase fills the pore/pipette. Then, due to the
constraints imposed by the pore/pipette walls, linear diffusion will dominate on the reverse scan
(egress current), leading to a different voltammetric shape for the forward and reverse ion transfer
processes. For processes controlled by linear diffusion within the pipette/pore, the Randles-Sevcik
equation applies,
𝐼𝑝 = 2.69 × 105 𝑧 3⁄2 𝐴𝐷1⁄2 𝑐𝜐 1⁄2

(eq. 5)

(all parameters as previously defined) and it can be used to analyse the voltammetric response. The
impact of pore wall angle (or pipette wall angle) can also be seen in the voltammetry and must be
accounted for to achieve reliable kinetic data, for example. Specific expressions for the dependence
of the egress current on the wall angle are available [29, 33, 34, 40, 41], such as eq. 6 [41],
𝐼𝑑 ≈ 𝜋𝑧𝐹𝐷𝑐𝑟𝑠𝑖𝑛𝜃

(eq. 6)

in which Θ is the wall angle, and the other parameters are as previously defined.

Finite element simulations in understanding such electrochemistry
Many groups use finite element simulations to guide the development of micro- and nano-ITIES
systems [39], in which simulation models are used to extract information about the response
characteristics, in addition to that achieved by comparison to simple models derived from
microelectrode systems. For instance, simple ion transfer at the nano-ITIES was used to develop the
experimental method of common ion voltammetry for kinetic determinations [29]. Modelling of mass
transport behaviour at nanoITIES within an array was used to evaluate the role of diffusion zone
overlap in attenuating the amperometric responses to ion transfer processes [42]. Similarly, mass
transport modelling was used to examine hole geometry effects in arrays of microholes formed in
glass membranes by laser ablation [11]. In this case, asymmetric microholes were formed by the laser
ablation process and location of the ITIES at either the wider or the narrower opening of the hole
elicited a characteristic difference in the voltammetry which was explained by the mass transport
effect. Such modelling processes invariably can employ a reversible ion transfer process, as well as
serve as a probe of kinetic effects on the voltammetry [29]. A further important consideration
investigated by simulation models is the influence of the pipette wall surface charge, which have
shown that the ion-transfer current is higher at the edge of the ITIES close to the charged glass wall
[29].

Analytical models at micro- or nano-ITIES
The description of ion transfer at micro- and nano-ITIES using analytical models that account for the
asymmetric diffusion profiles referred to above has been of interest as it can provide a quicker way to
analyse experimental behaviour relative to theoretical expectations. Displayed in Figure 3 are the
diffusion profiles outside a channel mouth and within a channel that may be of micro- or nanometre
dimensions. The ITIES located at the channel mouth in this case will be subjected to the described

diffusion profiles depending on ion movement into the channel our out of the channel. This effect has
been modelled analytically by Molina et al. [43-45] to determine the voltammetric features of such
ITIES at micro- or nanoscales. In that series of papers, application of such analytical models using pulse
techniques like chronoamperometry, staircase cyclic voltammetry, square wave voltammetry,
staircase linear sweep voltammetry, normal pulse voltammetry and double differential pulse
voltammetry were investigated. The analytical models account for the asymmetric diffusion processes
at a capillary tip, employ reversible charge transfer conditions, with very good agreement with
simulation results. The models reveal the dependence on ratio of the ion diffusion coefficients in the
two phases, the size of the capillary forming the ITIES, and the timescale of the experiment [43] –
importantly, for a reversible ion transfer at a micro- or nano-ITIES, the transfer potentials shift with
the timescale (scan rate, frequency), unlike the case at millimetre-scale or larger ITIES. Another
interesting observation from this theoretical model is the variation of the concentration profile across
the micro- or nano-channel width [44], which cannot be determined by application of equations 3-5.

Conclusions
Theoretical aspects of ion-transfer electrochemistry at miniaturised ITIES (micro- or nanoscales)
borrow heavily from the electrochemistry at microelectrodes and microelectrode arrays. As a result,
mass-transport-controlled electrochemistry at micro- and nano-ITIES is well established and employed
for characterisation and detection purposes. New analytical models are emerging that help in further
understanding of observed behaviour as well as disclosing new features of the electrochemistry.
However, truly comprehensive models that incorporate mass transport, kinetics and capacitance, to
enable a complete characterisation of a system under dynamic electrochemical conditions have yet
to appear and, ideally, modellers with access to the necessary computing facilities will bring such gifts
to experimentalists in the coming years.
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Figure 1. Cyclic voltammograms at an ITIES formed at the mouth of a 223 nm radius
glass pipette, in which the aqueous phase contains ascorbic acid (AA, 2 mM) with
subsequent additions of dopamine (DA, 0.25–2 mM). Dibenzo-18-crown-6 is present
in the organic phase to facilitate the transfer of DA. Reproduced from J. Electrochem.
Soc., 163 (2016) H3072-H3076, published open access under creative commons
license https://creativecommons.org/licenses/by-nc-nd/4.0/.

Figure 2. Illustration of diffusion domains (as indicated by the directional arrows) for
micro-ITIES formed at holes within membranes. (a) Recessed disc micro-interface,
(b) Quasi inlaid disc micro-interface, (c) inlaid disc micro-interface formed at a long
micro-hole, (d) inlaid disc micro-interface formed at a long short-hole. Reproduced
with permission from J. Electroanal. Chem., 468 (1999) 42–52. Copyright (1999)
Elsevier.

Figure 3. Illustration of the diffusion fields that form following ion transfer across a liquid–
liquid interface located at a micro- or nano-channel mouth used in the analytical modelling
of ion-transfer voltammetry. L = 0 is the interface location. Adapted with permission from J.
Phys. Chem. C, 118 (2014) 18249-18256. Copyright (2014) American Chemical Society.

