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Abstract 

Interpretation of electrochemical data generated at the interface between two immiscible 

electrolyte solutions (ITIES), and realisation of the ITIES for technological applications, requires 

comprehensive knowledge of the origin of the observed currents (i.e., capacitive, ion or electron 

transfer currents) and the factors influencing the electrical double layer. Upon formation, the ITIES 

is away from equilibrium and therefore is a close approximation, but not a perfect realisation, of 

an ideally polarisable interface. Nevertheless, the formalism of equilibrium thermodynamics, e.g., 

the Nernst equation, are universally applied to interpret electrochemical processes at the ITIES. In 

this study, electrochemical impedance spectroscopy (EIS), cyclic and AC voltammetry were 

applied to probe electrochemical processes at an ITIES formed between aqueous and α,α,α-

trifluorotoluene electrolyte solutions. A significant contribution from faradaic currents is observed 

across the whole polarisable potential window and the electrolyte solution is not an ideal resistor 

(especially at high electric field frequencies). The electrical double-layer at the interface is 

influenced by the nature of the ions adsorbed. Small inorganic ions, such as sulfate anions and 

aluminium cations, are shown to absorb at the interface, with methanesulfonic acid absorbing 
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strongly. The nature of ions adsorbed at the interface shifts the potential of zero charge (PZC) at 

the ITIES, which we propose in turn influences the kinetics of ion transfer. 
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1. Introduction 

The interface between two immiscible electrolytic solutions (ITIES) provides a 

versatile platform for charge transfer reactions. Electrochemical reactions at these polarised 

liquid-liquid (L-L) interfaces can take the form of ion transfer from one phase to the other, 

heterogeneous or photo-induced electron transfer between species in the opposite phases, 

and adsorption-based charge transfer events[1,2]. The versatility of charge transfer events 

possible at the ITIES is now being matched by the variety of applications being reported, 

which spans from sensor development [3] to redox electrocatalysis [4,5], photo-energy 

conversion[6,7], and nanomaterial self-assembly [8–10]. The current understanding of 

electrochemical phenomena occurring at the ITIES has been well documented in many 

reviews and books[11,12]. The ITIES is approximately 1 nm in width, with two back-to-

back diffuse double layers and a Helmholtz layer of compact ions between them [13,14]. 

Typical organic solvents used to form an ITIES are -trifluorotoluene (TFT) and 1,2-

dichloroethane (DCE). The properties of this electrical double layer affect all processes that 

take place at the L-L interface, e.g., the kinetics of ion transfer, heterogeneous electron 

transfer, and electrocatalytic reactions. 

Electrochemical techniques such as cyclic voltammetry (CV), alternating current 

(AC) voltammetry, electrochemical impedance spectroscopy (EIS) and 

chronoamperometry are widely used to study charge transfer events at the ITIES using a 

specialised 4-electrode electrochemical cell. Herein, we discuss the interpretation of data 

from EIS, a task that is often difficult due to the perceived presence of artefacts in such 

spectra, especially at high frequencies.[15] We provide an understanding of EIS spectra at 
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the ITIES across a broad range of frequencies, from 500 kHz to 0.1 Hz. Furthermore, we 

discuss the mechanism by which the potential drop at the L-L interface changes when the 

potential difference between the two counter electrodes is changed. 

When two immiscible electrolyte solutions such as aqueous and organic electrolyte 

solutions are brought into contact, the system is away from thermodynamic equilibrium. 

Without an external perturbation (i.e., at open circuit potential, OCP) the system takes hours 

to reach a constant interfacial energy that matches the OCP. In this regard, Mareček and 

co-workers recently reported a new experimental configuration to record the interfacial 

potential from the first contact of the two electrolytes [16,17]. Recording of the OCP began 

when both phases were separated by an air bubble inside the tip of a capillary. The bubble 

was then ejected by a syringe connected to the capillary, the solutions came into contact, 

and the transient OCP was measured until equilibrium was reached. Nevertheless, the 

analysis of data generated at the ITIES typically involves the formalism of equilibrium 

thermodynamics, e.g., the Nernst equation. However, during cyclic polarisation, the L-L 

interface is clearly away from thermodynamic equilibrium and permeable to ions to some 

extent at open circuit potentials and across the whole potential window. Herein, we probe 

the contribution from capacitive and faradaic processes to the currents measured across the 

whole potential window when a L-L interface is polarised. In other words, we explore if 

the currents in the middle of the potential window are primarily capacitive? 

Differential capacitance measurements at the ITIES have been reported to depend 

on the nature of, and interactions between, ions present in both phases [18,19]. However, 

the microscopic origin of this differential capacitance is still a matter of debate [20,21]. For 

example, it is not clear if ion pairs form at the interface [22], what is the effect of 

electrocapillary waves during alternating current (AC) experiments [23], and if small 

inorganic ions, such as alkaline or aluminium cations, sulfates, etc., can adsorb at the 

interface. To obtain a deeper understanding of the structure of the electrical double layer at 

the L-L interface, more in-depth studies of interfacial ion adsorption are key. Herein, we 

present the adsorption of simple ions (such as protons, methanesulfonate or sulfate anions, 

and aluminium cations) at the ITIES, and hope that this work will be beneficial to expand 

on previous studies in this regard [18–28]. 
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The insights from this study are expected to provide researchers exploring 

electrochemistry at L-L interfaces with the means to provide a balanced analysis of their 

experimental data. As an example, by changing the aqueous electrolyte ion composition, 

we propose that shifts in the position of the potential of zero charge (PZC) at the ITIES, 

due to the nature of ions adsorbed, influences the kinetics of ion transfer. 

 

2. Experimental methods 

2.1 Materials 

All chemicals were used as received without further purification. All aqueous 

solutions were prepared with ultra-pure water (Millipore Milli-Q, specific resistivity 18.2 

Mcm). Bis(triphenylphosphoranylidene) ammonium chloride (BACl, 97%) and lithium 

tetrakis(pentafluorophenyl)borate diethyletherate ([Li(OEt2)]TB) were obtained from 

Sigma-Aldrich and Boulder Scientific Company, respectively. 

Bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB) 

was prepared by metathesis of equimolar solutions of BACl and [Li(OEt2)]TB in a 

methanol-water (2:1 v/v) mixture. The resulting precipitates were filtered, washed, 

recrystallised from acetone and finally washed 5 times with methanol-water (2:1 v/v) 

mixture. Lithium chloride (LiCl, ≥95%), aluminium sulfate (Al2(SO4)3, 99.99%), 

tetraethylammonium chloride (TEACl, ≥98%), lithium sulfate (Li2SO4, ≥98.5%), methane 

sulfonic acid (MSA, ≥99%), and sulfuric acid (H2SO4, 95-98%) were obtained from Sigma-

Aldrich. The organic solvent α,α,α-trifluorotoluene (TFT, 99+%) was obtained from Acros 

Organics. 

2.2 Electrochemical measurements at the ITIES 

Electrochemical experiments were carried out at the water | α,α,α-trifluorotoluene 

interface using a four-electrode configuration (the geometric area of the cell was 1.60 cm2). 

To supply the current flow, platinum counter electrodes were positioned in the organic and 

aqueous phases. The potential drop at the L-L interface was measured by means of pseudo-

reference silver/silver chloride (Ag/AgCl) electrodes, which were connected to the aqueous 

and organic phases, respectively, through Luggin capillaries. In some experiments Ag/AgX 
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reference electrodes were used, where X is the anion with the highest concentration in the 

aqueous phase, to ensure reference potential stability. The Galvani potential difference was 

attained by assuming the formal ion transfer potential of TEA+ to be 0.149 V [29]. The 

general configuration of the cell is outlined in Scheme 1. From this point on, we are going 

to specify only the composition of the aqueous phase as all other elements of the 4-electrode 

electrochemical cell were kept constant. 

 

Scheme 1. The general configuration of the four-electrode electrochemical cell used for 

cyclic voltammetry (CV) and AC voltammetry measurements. Only the aqueous electrolyte 

composition was varied between studies. The organic electrolyte solution was always 

-trifluorotoluene (TFT) containing 5 mM 

bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate (BATB). 

 

Electrochemical impedance spectra were measured using an Autolab PGSTAT204 

potentiostat with a frequency response analyzer module (FRA32M) and a four-electrode 

electrochemical cell. The AC amplitude was 10 mV and the frequency range was between 

0.1 and 5 x 105 Hz. The potentiostat was connected to an uninterruptible power supply 

(APC by Schneider Electric) to ensure voltage stability and remove an inductive artefact at 

high frequencies. Differential capacitances at different applied voltages were measured 

using alternating current (AC) voltammetry, also known as potentiodynamic 

electrochemical impedance spectroscopy (EIS), at 10 Hz and assuming the cell behaves as 

a series R-C circuit. At this frequency, the contribution of faradic processes is significant 

only at the edge of the potential window. 

 

3 Results and discussion 

3.1 Interpreting EIS spectra at the ITIES across a broad range of frequencies (500 kHz to 0.1 Hz) 

The high frequency behaviour observed in EIS spectra at a polarised ITIES has been 

attributed to stray capacitance and resistance associated with the parasitic coupling of the reference 

and counter electrodes, as well as to the resistance of the bulk solution [24,30]. Wiles et al. [15] 
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suggested that the high frequency behaviour comes from artefacts due to both the cell and reference 

arm resistances of the organic phase, and stray capacitances of the potentiostat and leads. While 

all of these hypothesises are reasonable, they remain unproven. Key issues are the assumptions 

that the organic and aqueous electrolytes behave as an ideal resistance in the frequency range 

between 1 MHz and 0.1 Hz (i.e., following Ohm’s “law”) and that all capacitors have a fixed 

capacitance at all frequencies (i.e., there is no dielectric relaxation at the frequencies). Ohm’s “law” 

is a phenomenological equation (meaning empirical) that is not universal and that electrolyte 

solutions and interfaces are not ideal dielectrics. Therefore, a key question to be addressed is: can 

we distinguish which experimental conditions cause the EIS spectra to show true artefacts or, 

instead, solvent polarisation and a non-linear behaviour of the system? 

Developing a comprehensive understanding of EIS spectra at the ITIES across a broad 

range of frequencies, from 500 kHz to 0.1 Hz, is challenging. In order to deconvolute the signal, 

EIS spectra were recorded for a 4-electrode electrochemical cell filled solely with an aqueous (red 

data in Fig. 1) or organic (blue data in Fig. 1) electrolyte solution, or with two immiscible 

electrolyte solutions forming the ITIES (black data in Fig. 1). The electrochemical cell used 

resembles a four-point probe setup to measure the electrical impedance of a material or electrolyte. 

This technique uses separate pairs of current-carrying and voltage-sensing electrodes to make more 

accurate measurements than those possible with two-terminal sensing. As all EIS spectra presented 

in Fig. 1 were obtained using the same experimental setup, the impedance coming from cables, 

cell configuration and instrumentation were the same. Fig. 1 and Table 1 show that (a) the aqueous 

and organic electrolytes behave as an ideal resistance only at frequencies lower than 50 kHz and 

276 Hz, respectively; (b) the resistance at lower frequencies of the organic electrolyte is ~7 times 

higher than the one for the aqueous electrolyte; (c) the aqueous electrolyte presents an inductive 

behavior at frequencies around 50 kHz and (d) that both electrolytes behave as dielectric materials 

at high frequencies. Fig. 1 clearly shows that the organic electrolyte resistance (related to ionic 

conduction) is in parallel with capacitors of low (nF) capacitance (blue data), which can be seen 

at high frequencies. 
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Fig. 1. Electrochemical impedance spectroscopy (EIS) spectrum of the 4-electrode L-L 

electrochemical cell glassware filled with (red triangles) an aqueous solution of 10.6 mM LiCl, 

(solid blue squares) 4.9 mM BATB in TFT, or (open black circles) two immiscible electrolyte 

solutions, 10.6 mM LiCl (aq) and 4.9 mM BATB in TFT, forming the ITIES. The solid lines show 

the simulated spectra using the shown electric circuits. The values of each element of the circuits 

are shown in Table 1. In this figure each colour belongs to the same electrochemical cell. The blue 

and red data were divided by 2 in order to normalise the data to the expected values where the 

ITIES is present. 
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Table 1. Electric elements used to fit the experimental data shown in Fig. 1. 

Element 10.6 mM LiCl 4.9 mM BATB 
10.6 mM LiCl / 

4.9 mM BATB 
Maximum error % 

R1 () 37 430 254 9.6 

R2 () 300 869 127 17 

R3 () -- 1697 993 4 

R4 () 1x106 * -- 350 8 

C1 (nF) 4.8 1.7 2.8 13 

C2 (nF) -- 6.6 12.7 11 

CL/L (F) -- -- 15.9 24 

L1 (mH) 0.43* -- 1* -- 

*These values where fixed to ensure convergence of the fitting. 

 

The EIS spectrum of the ITIES shows two new features in comparison to the EIS spectrum 

of just the organic phase; first, a capacitor, seen at frequencies between 316 Hz and 10 Hz. This is 

created by the two back-to-back diffuse double layers that are present in series with the equivalent 

circuit associated with the organic phase. The second feature is observed at ~50 kHz, and is an 

inductive loop possibly due to the presence of the aqueous electrolyte that shows an inductive 

behavior at approximately the same frequencies. Also this loop may be due to ionic polarisation 

of the double layer, inductance from the cables, or another artefact from the high resistance of the 

organic reference electrode [31]. Fig. 1 demonstrates that the electrolytes in the 4-electrode L-L 

cell are not ideal resistances and their impedances are frequency dependent. The frequencies where 

the impedance is mainly real are ca. 300 to 500 Hz. Thus, the impedance values at those 

frequencies may be taken as the electrolyte resistance and used, for example, to implement the iR 

compensation. Usually the features of the EIS spectrum at frequencies higher than 1000 Hz have 

been assigned to artefacts [24]. Indeed, some artefacts can be seen at those frequencies and it is 

why the potentiostat must be connected to an uninterruptible power supply to ensure voltage 

stability and remove an inductive artefact at high frequencies, the electric connections must be as 

short as possible, and the L-L cell must be inside a Faraday cage. However, Fig. 1 suggests that 

the origin of the features at high frequency are dielectric relaxation processes in the bulk of the 

electrolytes and at the L-L interface, as explained in the next section. Therefore, elimination of 
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dielectric relaxation and/or all artefacts from the electrochemical cell to measure the electrolyte 

resistance related to the charge transport of ions is not necessary if the data are taken at frequencies 

lower than 500 Hz. 

Usually a frequency between 2 and 10 Hz are used to measure the capacitance of the ITIES, 

but the impedance at frequencies lower than 10 Hz has a significant contribution from a Warburg 

element related to mass transport phenomena of ions at the interface. Thus, we recommend the use 

of frequencies between 10 and 80 Hz to measure the capacitance of the ITIES. The frequencies of 

50 Hz or 60 Hz have to be avoided because of the presence of external noise coming from the 

external power supply. 

3.2 The mechanism by which the potential drop at the L-L interface changes when the potential 

difference between the two counter electrodes is changed 

It is important to state that the interfacial capacitance is affected by the dielectric properties 

of the solvents. When interfaces and electrolytes are polarised in AC fields, various polarisation 

mechanisms can be observed and their permittivity shows frequency dependence, namely 

dielectric relaxation or dielectric dispersion [32]. The permittivity depends on the frequency of the 

applied electric field as it has contributions from orientation, vibration and electronic polarisation 

in polar liquid. On the other hand, different polarisation mechanisms have been observed on the 

electrical double layer for different times after the application of the field [33]. To our knowledge, 

no research has been published concerning the dielectric properties of the organic electrolytes of 

BATB in TFT and the polarised ITIES. Many cases of dielectric low frequency relaxation (in the 

range of Hz and kHz) have been reported for polymer electrolytes, organic tissues and interfaces 

[34,35]. The origin of the low frequency relaxation is unknown, but it has been suggested that it 

comes from counter-ion polarisation at the electric double layers and/or ion pair polarisation. 

From the data shown in Fig. 1, the 4-electrode L-L electrochemical cell resistance is mainly 

attributed to the resistance of the organic phase. Thus, the iR drop happens primarily in the organic 

solvent, which is polarised under the applied potential. As a result, the bulk potential of the 

aqueous phase is almost constant during potential cycling, whereas the potential of the bulk organic 

phase undergoes significant change. While the interface between a metallic electrode and an 

electrolyte solution is also polarisable, the polarisation mechanism at the ITIES is different. When 

the electrode-electrolyte interface is polarised, the potential in the bulk electrolyte solutions 
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remains almost constant, and the Fermi level of the solid electrode changes. However, the concept 

of a Fermi level is not applicable to electrolytes dissolved in a liquid (unless redox couples are 

present, as the potential in the bulk electrolyte is not constant if there is current flow). 

Therefore, an obvious question is: how can the potential difference at the L-L interface be 

affected by the potential difference between the two counter electrodes? Liquids do not have a 

Fermi level. The only way to change their bulk potential is by changing the proportion of ions 

(breaking the charge balance) in each bulk phase, which is unlikely at ambient room conditions, 

or by changing the dipole moment per volume, which is likely [11]. While breaking the charge 

balance in each bulk phase is unlikely, electroneutrality may be broken at a small distance, e.g., 

Johans et al. [36] showed using NMR that by addition of salts composed of a hydrophilic and a 

hydrophobic ion (potential determining salts) to a microemulsion, the salt primarily dissociated 

across the interface. In other words, the hydrophobic ion resided on the oil side of the surfactant 

monolayer and the hydrophilic ion on the water side, breaking electroneutrality in both 

microdomains [36]. 

Interestingly, only those interfaces formed between polar solvents are suitable to study 

electrochemical reactions, such as ion transfer, upon external polarisation using a potentiostat. 

This is why solvents such as TFT (𝑬𝐓
𝐍 = 0.241), nitrobenzene (𝑬𝐓

𝐍 = 0.324) and DCE (𝑬𝐓
𝐍 = 0.327) 

are suitable for these kinds of experiments. 𝑬𝐓
𝐍 refers to the solvent polarity scale based on the 

normalised molar electronic transition energies of a probe molecule [37]. The lower limit of 

polarity required for an organic solvent to successfully form a polarised interface with water is still 

unclear, with toluene (𝑬𝐓
𝐍 = 0.099) [38,39] and chloroform (𝑬𝐓

𝐍 = 0.259) [40,41] used to create 

polarised micro-ITIES. On the other hand, excessively polar solvents cannot be polarised with 

water, as the solvation of ions is too similar (leading to tiny polarisable potential windows). 

Butyronitrile is on the limit (𝑬𝐓
𝐍 = 0.333) in this regard, providing a small 200 mV polarisable 

potential window [42], with acetonitrile (𝑬𝐓
𝐍 = 0.460) [43,44] and propylene carbonate (𝑬𝐓

𝐍 = 0.491) 

[45] too similar to water. 

The difference of potential, or electrical potential energy, between two bulk liquids is due 

to the difference of their individual dipolar momentum per volume [11]. This is why a polar 

organic solvent is a prerequisite to form a polarised interface with water. The potential difference 

across the interface can be changed using a potentiostat and the 4-electrode cell. If the molecules 
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that form the liquid possess a permanent ground state dipole moment, the molecules will tend to 

reorient in the applied field. In other words, the ability of the dipoles or multipoles to change their 

orientations to minimise their free energies leads to interfacial and bulk polarisation [46]. This is 

the mechanism by which a liquid can store electric potential energy (mainly at the interface, but 

also in the entire bulk organic phase where a significant iR drop takes place), and the potential 

between two polar liquids can be changed externally using a potentiostat or power supply. Polar 

molecules tend to align in an applied electric field due to the torque of the applied field in the 

frequency range of 106 – 1010 Hz [32,46]. 

In the literature, the dielectric properties (especially those that are non-linear and non-ideal) 

of the solvents, electrolytes and interfaces are usually ignored for data analysis [11,46]. A possible 

explanation is that inclusion of solvent polarisability in condensed-phase computational models is 

non-trivial due to the many-body character of polarisability effects and their non-linear behaviour 

[32,46]. On the other hand, the electric field along the direction perpendicular to the solvent 

junction is not easy to predict due to complexity associated with the presence of a gradient of 

permittivity, solvent polarity and adsorption of ions at the interface [11,32,46]. 

3.3 Capacitive and faradic currents at the ITIES 

Upon formation, the ITIES is away from equilibrium and permeable to ions to some 

extent at open circuit potential and across the whole potential window. Therefore, the ITIES 

should be considered as a close approximation, but not a perfect realisation, of an ideally 

polarisable interface [11]. At solid electrodes, the polarisability of the solid-electrolyte 

interface is defined in terms of the exchange current density, i0. Hence, a broad potential 

window does not mean that only capacitive current is flowing, rather that the faradaic 

contribution is just low. The concept of i0 can also be applied at the ITIES. For example, if 

the solvents are too close to each other in terms of their polarity, the electrolytes are mixed 

easily (for example water and propylene carbonate,  = 66.1 [45]), making i0 higher and the 

potential window narrower. 

Here, we address the origin of the currents seen across the whole potential window 

when a L-L interface is polarised. Fig. S1, Supporting Information (SI), shows the effect of 

the chosen potential range on the currents observed with staircase voltammetry across the 

potential window when an aqueous 10.6 mM LiCl electrolyte is used. Currents in the 
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middle of the potential window depend on the limits of the potential used for cycling; in 

other words, the currents increase when a wider potential range is scanned. This behavior 

is not expected when only capacitive currents are measured. Thus, it is clear that the 

contribution of faradaic currents is significant across the full range of the polarisable 

potential window, i.e. i0 is non-negligible. 

The contribution of capacitive currents can be observed at scan rates higher than 50 

mVs-1 (Fig. 2). The voltammograms shown in Fig. 2 at scan rates higher than 50 mVs-1 

are very symmetric and the potential of zero charge (PZC) can be clearly seen. Furthermore, 

at scan rates lower than 100 mVs-1, the iR drop is insignificant (less than 4 mV). Therefore, 

it is possible to study capacitive currents and adsorption processes with CV at 100 mVs-1 

and using a potential window where the currents are not higher than about 2 Acm-2. 

Meanwhile, at low scan rates, a shift of the voltammogram to negative currents is observed 

(Fig. 2, inset). The latter corroborates the presence of ionic currents across the whole 

potential window. Taking into account that the Cl– ions have low hydration energy and 

small ionic radius, it is very likely that Cl– transfer is the origin of this negative shift of the 

voltammogram. 

 

Fig. 2. Cyclic voltammetry (CV) at different potential scan rates (10, 25, 50 and 100 mVs–

1) when the aqueous electrolyte is 10.6 mM LiCl in Scheme 1. (inset) Zoom-in on CVs at 

potential scan rates of 10 and 25 mVs–1. The dotted line represents zero current and clearly 

shows that at slow scan rates the voltammograms shift to negative currents. 
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Usually the potential dependence of the capacitance has been extracted from the 

impedance spectrum through fitting to a Randles circuit [21,22]. This means that across the 

whole potential range a Warburg element, related to faradaic currents controlled by 

diffusion, is needed. This fact confirms once more the observation of faradic currents across 

the whole potential window. Furthermore, Kontturi and co-workers [22] stated that “a 

problem with the measurement of the capacitance at the interface of immiscible electrolytes 

is the presence of residual currents due to ion transfer within the potential range of interest.” 

Upon extensively reviewing the literature, we have not found any other explicit references 

regarding the influence of residual ion transfer within the polarisable potential window, and 

none related to CV measurements. 

When analysing voltammetry data obtained at the ITIES, it can be noted that the ions 

have affinity to only one solvent (either aqueous or organic) or the bulky ions of the organic 

phase may move to the aqueous phase [21]. For example, bulky ions of the organic phase 

may transfer to the aqueous phase, as BACl for example is moderately soluble in water. 

Indeed, the reference potential for the organic phase is realised by a secondary aqueous-

organic interface, with the potential fixed at this interface by BA+ as a shared common ion. 

As BA+ is relatively soluble in water, 1 mM BACl is dissolved in the organic reference 

solution to minimise artefacts associated with the reference electrode potential by 

safeguarding a defined Nernst-Donnan potential difference between the organic reference 

solution and BATB in the bulk organic phase [47,48]. At lower concentrations, the potential 

shifts significantly over time due to the continuous partition of BA+ from the organic phase 

to the organic reference solution. 

3.4 Electrochemical monitoring of the electro-adsorption of small inorganic ions at the ITIES 

The classical description of the electrical double layer at the ITIES employs the Gouy–

Chapman model that assumes that the inner layer is a charged plane, where ionic adsorption takes 

place. It has been reported that ion–ion interactions, without specific adsorption, manifest as an 

asymmetry in the capacitance response without a corresponding shift of the capacitance minimum 

[26]. The adsorption of ionic species manifests itself as an increase of the differential capacitance 
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and the shifting of the minimum of the capacitance to positive values if only anions are adsorbed, 

or to negative values if only cations are adsorbed [27]. 

Fig. 3a shows the differential capacitance at different applied potentials for different 

aqueous electrolytes. We note five major observations from Fig. 3a. First, the cell with 5 

mM H2SO4 has a lower capacitance at the PZC than the cell with 5 mM Li2SO4. It seems 

that the ionic strength is lower for H2SO4, which is not dissociated completely at the 

interface. Second, at potentials much lower than the PZC (< 0.15 V), the curve for H2SO4 

approaches the curve for Li2SO4. This may be due to the increase in concentration of sulfate 

anions (SO4
2–) at, and expulsion of protons from, the interface at negative potentials. This 

loss of protons (increasing the pH locally at the interface) enhances H2SO4 dissociation at 

the interface. The third major observation from Fig. 3a is that the shoulders on both sides 

of the curve for Li2SO4 suggest the adsorption of Li+ and SO4
2– at the interface at positive 

and negative potentials vs. PZC, respectively. The same analysis is valid for the case of 

MSA, with protons and methanesulfonate anions (MS–) adsorbed at the interface at positive 

and negative potentials vs. PZC, respectively. To our knowledge, the adsorption of ions as 

H+, MS-, SO4
2– has not been reported previously. Studying different organic electrolytes, 

Pereira et al. [25] showed experimental and theoretical evidence that ion pairing and 

specific ion adsorption can take place at the ITIES, results that agree with the data shown 

in Fig. 3. We note also that the adsorption of Li+ can be observed more clearly with Li2SO4 

than LiCl. Finally, the V-shaped function and magnitude of the capacitances for LiCl are 

similar to those reported for the interface between aqueous solutions of Li+, Na+, K+, Rb+ 

and Cs+ chlorides and electrolytes dissolved in 1,2-dichloroethane or nitrobenzene [22]. 
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Fig. 3. (a) Differential capacitance curves for the aqueous electrolytes: (black line) 10 mM 

LiCl, (red line) 5 mM H2SO4, (blue line) 5 mM Li2SO4, and (green line) 10 mM MSA. (b) 

CV of the cell when the aqueous electrolyte is 5 mM H2SO4 in Scheme 1. Fifteen cycles at 

a scan rate 25 mVs–1 are shown. 

 

The voltammogram at 25 mV·s-1 when the aqueous electrolyte in Scheme 1 is 5 mM 

H2SO4 is shown in Fig. 3b. The shape of this voltammogram is different to the shape of the 

capacitive curve, which is expected because at low scan rates faradic currents are 

preferentially seen. However, in this regard, it is remarkable that at the centre of the 
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voltammogram no significant ionic currents are observed, indicating once again that the 

dissociation of H2SO4 at the interface and at the PZC is very low. 

Differential capacitance curves are a powerful tool to study interfacial ion adsorption, and 

thereby obtain a deeper understanding of the structure of the electrical double layer at the L-L 

interface. Fig. 4a-b shows the differential capacitance curves for the aqueous electrolytes 5 mM 

H2SO4 and 10 mM LiCl in the absence and presence of Al2(SO4)3 in the aqueous phase. The 

presence of Al3+ clearly increases the capacitances at potentials higher than the PZC, and the PZC 

shifts negatively, as expected for the adsorption of a cation such as Al3+ at the interface. Su et al. 

[27] simulated the effect of the adsorption of charged species on the differential capacitance vs. 

potential curve. To our knowledge, this is the first experimental evidence that fits well to Su et al.’s 

digital simulations. The curves in Fig. 4a-b are those expected when the adsorption follows a 

Frumkin model and the Gibbs adsorption energy increases with the surface coverage. The latter 

indicates a repulsive interaction between the adsorbed ions. Furthermore, in Fig. 4b, the adsorption 

of SO4
2– clearly produces a slight shoulder at potentials lower than PZC. 

The differential capacitance data in Fig. 4a-b also indicates that Al3+ adsorbs to a 

greater extent at the L-L interface when the aqueous phase is acidified. This observation is 

related to the distribution of the aluminium hydroxide complexes as a function of pH. 

Below pH 5 the most abundant species are Al(H2O)6
3+ and AlOH(H2O)5

2+, with Al(H2O)6
3+ 

being the most abundant specie at acidic pH. Thus, a conclusion can be reached that 

Al(H2O)6
3+ adsorbs more readily than other forms of Al3+ at the liquid-liquid interface. At 

higher pH the aluminium ion can be polymerised [49]. 
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Fig. 4. Electrochemical monitoring of the electro-adsorption of Al3+ at the ITIES. (a-b) 

Differential capacitance vs. potential when the aqueous electrolyte in Scheme 1 was (a) 5 

mM H2SO4 or (b) 10.6 mM LiCl in the absence or presence of Al2(SO4)3 in the aqueous 

phase. The capacitances were measured using an AC frequency of 10 Hz. (c-d) CV when 

the aqueous electrolyte in Scheme 1 was (c) 5 mM H2SO4 or (d) 5 mM LiCl & 2.5 mM 

Li2SO4 in the absence or presence of Al2(SO4)3 in the aqueous phase. The scan rate used 

was 100 mV·s–1. The dashed line is the expected voltammogram at 100 mV·s–1 calculated 

from the capacitances measured with AC voltammetry at 10 Hz. CV can also be used to 

study the adsorption of ions, with clear differences at positive potentials, indicating Al3+ 

adsorption, in the voltammograms obtained in the absence and presence of Al2(SO4)3 in 5 

mM H2SO4 (Fig. 4c). In order to observe SO4
2– adsorption in the presence of Al2(SO4)3 

more clearly, the aqueous electrolyte was changed to 5 mM LiCl & 2.5 mM Li2SO4. (Fig. 

4d). 

 

Indeed, SO4
2– adsorption at the surface was observed (red CV in Fig. 4d), and the 

surface coverage increases with SO4
2– concentration in the aqueous phase (not shown). At 

high concentrations of Cl–, and at potentials lower than the PZC, the charge balance at the 

interface is controlled by Cl– ions. Under these conditions, SO4
2– adsorption is less 

probable. In other words, all ions can be competitively adsorbed at the ITIES but with very 
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different adsorption constants. This highlights the complexity of ion adsorption at the L-L 

interface, or in general for any system, in which the adsorption of one specific ion cannot 

be studied independently of other ions. In other words, it is very difficult to reliably predict 

the outcome of changing the concentration of only one ion, on the interactions of all ions 

present in the system. 

Interestingly, the capacitances measured by AC voltammetry are very reproducible 

despite the fact that significant faradic currents are present all the time within the potential 

window, as discussed vide supra. For example, in Fig. 4a-b at potentials lower than the 

PZC, where no change is expected, the data deviation is very low. On the other hand, the 

capacitances measured by CV (Fig. S1, SI, and Fig. 2) depend on the limits of potential 

cycling and on the scan rate. Figure 4d clearly shows the difference between the 

capacitances measured by AC voltammetry and CV. 

The larger solvation energy of Li+ and its low electrical charge inhibit its adsorption 

and ability to approach the organic counter-ion, [B(C6F5)4]
– (typically denoted as TB– in 

articles related to electrochemistry at the ITIES). Conversely, Al3+ adsorbs more strongly 

as it has a higher charge and can form an ion pair at the interface separated by the solvation 

shell of each ion. In other words, Al3+ can have a longer range electrostatic interaction than 

Li+. The same explanation is valid for the adsorption of SO4
2– and unlikely adsorption of 

Cl–. Salts of [B(C6F5)4]
– are used as supporting electrolytes in solvents with low permittivity 

because this anion is very effective at solubilising positively charged species due its low 

tendency to form ion pairs [50]. However, Fig. 4a-b shows that at high polarisations the 

capacitance is significantly affected by interactions between oppositely charged species 

from different phases at the inner layer, i.e., between Al3+ and [B(C6F5)4]
–. 

The dashed line in Fig. 4d shows the expected voltammogram calculated from the 

capacitances measured with AC voltammetry at 10 Hz for an aqueous electrolyte of 0.031 

mM Al2(SO4)3 in 5 mM LiCl & 2.5 mM Li2SO4 . The CV and AC voltammetry have the 

same qualitative features but the PZC differs and the capacitances measured by AC 

voltammetry are higher. The latter discrepancy has three probable sources: (i) during CV 

cycling there is not enough time to charge the interfacial capacitor, (ii) digital potentiostats 

filter some capacitive currents (because they apply step potentials and measure the current 
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at the end of each step), and (iii) the capillary waves generated by the AC voltage can 

increase the capacitance of the interface. Analysing the pros and cons of the capacitances 

measured by AC voltammetry, it can be concluded that those measurements do indeed 

describe interfacial processes at the ITIES and are more suitable for this kind of study than 

CV. 

Differential capacitance measurements with an aqueous electrolyte solution 

containing methanesulfonic acid (MSA) are shown in Fig. 5 and Fig. 3a. From the shoulders 

on both sides of the PZC, it may be concluded that protons and MS– anions can be adsorbed 

at the interface. Beyond the arrows at the edges of the potential window in Fig. 5, massive 

ionic currents are observed and the capacitances cannot be measured with high accuracy. 

Fig. 4a shows that in the positive potential range the capacitance increases in the order H+ 

> Li+, which is in agreement with their Gibbs energies of transfer [51]. 

 

Fig. 5. Differential capacitance curves when the aqueous electrolyte in Scheme 1 was 0.01, 

0.1 or 1 M methanesulfonic acid (MSA). At potentials beyond the arrows at the edges of 

the potential window, the signal was affected by extensive ion transfer and therefore is not 

completely related to the capacitance of the interface 

 

At both positive and negative potentials far from the PZC and with more 

concentrated electrolytes (e.g., 1 M MSA), the differential capacitance approaches a plateau 

(Fig. 5). This is because the ions in solution are tightly compressed at the L-L interface as 
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the electric field increases, and a Helmholtz capacitor is formed with the counter ions in 

different phases. At a very high concentration of electrolyte in the aqueous phase and at 

potentials close to the PZC, the composite capacitance is governed by the smaller of its 

constituent components, which is the capacitance of the electrical diffuse layer in the 

organic phase. This is why the capacitances at the PZC for the solutions of 0.1 and 1 M 

MSA are very similar, and the V-shaped function can still be observed at such high 

electrolyte concentrations. Unfortunately, due to solubility limitations, the electrolyte 

concentration of the organic phase cannot be changed too much in order to study this 

component of the total capacitance of the interface. 

It can be concluded that the Gouy-Chapman-Stern model gives predictions that 

account for the gross features of Fig. 5, but there are still some discrepancies. For example, 

the Helmholtz capacitance is not independent of potential or electrolyte concentration. The 

origin of the latter can be due to changes of the dielectric properties, the structure of water 

and/or changes of the solvent polarity at the L-L interface. Previously, Schlossmann and 

co-workers reached a similar conclusion that predictions of the Gouy-Chapman theory vary 

substantially from their X-ray reflectivity measurements of the ITIES [28,52,53]. 

3.5 The effect of the structure of the electrical double layer and the adsorption of ions on 

the kinetics of ion transfer 

To probe this phenomenon, the ion transfer of tetraethylammonium (TEA+) cations was studied 

in two different aqueous electrolyte solutions: one where the PZC is very close to the TEA+ formal 

ion transfer potential of 0.149 V (i.e., 5 mM LiCl & 2.5 mM H2SO4) and another where these two 

values are different (i.e., 10.6 mM LiCl), see Fig. S2, SI. The voltammogram for the ion transfer 

of TEA+ when the aqueous electrolyte was 10.6 mM LiCl is shown in Fig. S2b, SI. The peak 

current heights decrease upon potential cycling and there is a significant contribution of 

background ionic currents; the shapes of the current on both sides of the voltammogram are not as 

expected for a diffusion-controlled process. When the electrolyte 5 mM LiCl & 2.5 mM H2SO4 

was used (Fig. S2c, SI), the peak current heights do not decrease to the same extent upon potential 

cycling, i.e., the signal is more stable as expected for a diffusion-controlled process.  

The voltammograms with TEA+ in Fig. S2, SI, indicate that the mass transport from the 

aqueous to organic phase is enhanced and cannot be explained solely by diffusion. We propose 
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that both diffusion and migration have to be taken into account in order to explain the rapid 

decrease of the peak current heights upon CV cycling. This suggests that mass transport by 

migration is not negligible when the mass transfer takes place away from the PZC. The low 

concentration of electrolyte used in the aqueous phase is not enough to compress the electrical 

double layer on the water side of the interface. Under these conditions, the thickness of the 

electrical layer is not negligible in comparison with the thickness of the Nernst diffusion layer, and 

thus migration is not negligible in comparison to diffusion. When the TEA+ ion transfer process is 

studied using a high concentration of aqueous electrolytes, the voltammograms are more stable in 

time, as expected (data not shown). 

 

4 Conclusions 

Herein, we demonstrate that during electrochemical experiments it is important to take into 

account that the ITIES is not at thermodynamic equilibrium, the electrolyte solution is not an ideal 

resistor (especially at high electric field frequencies), and the interface and electrolyte solutions 

can show non-linear dielectric properties. Deconvolution of electrochemical impedance spectra at 

the ITIES show that the iR drop happens primarily in the organic solvent, which is polarised under 

the applied potential. We demonstrate that as electrochemistry at the ITIES proceeds away from 

equilibrium, the contribution of faradaic currents is significant across the whole polarisable 

potential window. The use of AC voltammetry, over cyclic voltammetry measurements, to 

calculate the differential capacitance is recommended as it is a direct measurement and does not 

come from numerical analysis. The Gouy-Chapman-Stern model gives predictions that account 

for the gross features of the differential capacitance curves at the ITIES, but there are still some 

discrepancies, such as the Helmholtz capacitance not being independent of potential or electrolyte 

concentration. We demonstrate that small inorganic anions, such as sulfate anions and aluminium 

cations, can be adsorbed at the ITIES, and methanesulfonic acid is strongly adsorbed. This is the 

first experimental evidence that fits well to Su et al.’s digital simulations of the adsorption of ionic 

species at the ITIES [27]. A particularly interesting finding is that the capacitance of the ITIES at 

the PZC in the presence H2SO4 is much lower than for Li2SO4 at the same analytical concentration. 

This means that the ionic strength is much lower for the case of H2SO4 at the ITIES. The structure 

of the electrical double layer and adsorption of ions affects the kinetics of ion transfer. When the 
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aqueous electrolyte composition was modified such that the formal ion transfer potential of 

tetraethylammonium cations was away from the potential-of-zero charge (PZC), we propose that 

mass transport by migration was non-negligible. 
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