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Abstract
In this review, we focus on major achievements of the three-phase electrode methodology applied for studying ion transfers
across an interface between two immiscible liquids. Exactly 20 years ago, the group of electrochemists led by Fritz Scholz,
invented an elegant and simple set up suitable to get access to the thermodynamics of ion transfers across liquid/liquid interface.
Within the last two decades, besides determination of thermodynamics of the transfer of many important ionic substances, three-
phase electrodes have been applied for many other purposes. Thermodynamics of interfacial chemical reactions, kinetics of ion
and electron transfer, interfacial catalysis, recognition of chiral ions, synthesis of nano-particles, and biosensor development are
some of the milestones achieved by application of three-phase electrodes. While elaborating briefly major achievements, future
perspectives of this simple, but powerful electrochemical tool, have been also envisaged.
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Introduction

Biological membranes are complex ubiquitous systems that
mediate in communication between cells and their surround-
ings. Serving mainly as a system to allow exchanging mole-
cules and ions between extracellular and intracellular space,
the membrane also acts as a natural barrier protecting the cell
from chemical and biological damages [1]. In addition, the
membrane is a playground for energy creation (ATP) and
signaling events of all living systems [2]. The structure of
biological membrane provides conditions for many species
to cross the membrane either due to concentration gradient

or via active transport through specific protein channels. The
driving force for many neutral molecules to cross the mem-
brane by diffusion is the Gibbs free energy ΔG, which is
related to the concentration gradient of a given species. For
ionic species, however, a selective passage across the mem-
brane gives rise to potential difference, i.e., electric field,
which acts across the membrane [1, 3, 4]. Thus, the omnipres-
ent membrane potential difference is of critical importance for
the movement of any charged species.

One of the crucial physical parameters correlated to the
affinity of a given species to cross the biological membrane
is the partition coefficient P, experimentally estimated by
using water-n-octanol biphasic system [4]. The magnitude of
log(P) commonly reflects overall lipophilicity of a given spe-
cies. It is well accepted that the magnitude of log(P) is in close
correlation to the distribution and effectiveness of many drugs
and physiologically active compounds [4]. An access to
log(P) values of neutral molecules can be obtained via simple
shake-flask partitioningmethod using water-n-octanol biphas-
ic system, utilizing most frequently liquid chromatography as
a measuring technique [5]. However, when log(P) of ionized
species should be estimated, the partitioning experiments are
hardly applicable. Indeed, the thermodynamics of ion transfer
processes across the interface between two immiscible liquid
phases is governed by the principle of charge neutrality of
each phase. Specifically, the transfer of a cation is coupled
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with the transfer of the counter anion in order to maintain
charge neutrality of the two phases; hence, the transfers of
both cation and anion, affecting each order, are macroscopi-
cally inseparable processes. In other words, studying the ion
transfer processes in a simple partitioning experiment pro-
vides information on the partitioning of the salt as a whole,
disabling the access to the transfer processes of a sole ion.

The electrochemistry at a polarized liquid-liquid interface
between two immiscible electrolyte solutions (ITIES) was
recognized as the first valuable strategy to get an access to
the standard Gibbs energy (ΔG∅) of the transfer of individual
ion type [4, 6, 7]. The four-electrode experimental configura-
tion provided an insight into the thermodynamics and kinetics
of ion transfer processes of many ionizable compounds [6].
Yet, the experimental methodology has own limitations due to
non-polarizability of many liquid/liquid (L/L) interfaces, thus
being constrained to a few organic solvents such as 1,2-di-
chloroethane and nitrobenzene interfaced with an aqueous
electrolyte solution.

In a quest for designing simple electrochemical method to
be applicable for studying the ion transfer across different
water/organic solvent interfaces, exactly 20 years ago,
Scholz, Komorsky-Lovric and Lovric published the first paper
about the so-called three-phase electrodes [8]. With such an
electrochemical configuration, it has been possible to over-
come many limitations of the voltammetry at ITIES [6, 7].
Hence, in the current work, we briefly recall the most impor-
tant experimental and theoretical achievements of the three-
phase electrode methodology in the last 20 years. We also
address some of plausible future applications of this method-
ology, which are promising to further understand the complex,
yet highly relevant electron-ion-coupled electrochemical pro-
cesses [9].

Results and discussion

Short history of three-phase electrodes

The predecessor of the three-phase electrodes designed to
study the ion transfer across L/L interfaces was the
voltammetric set-up comprised of a soft paraffin-
impregnated graphite electrode, the surface of which was
modified with solid particles known as voltammetry of
immobilized particles [10]. The latter methodology was de-
signed to analyze electrochemically active substances in a
form of solid particles that are hardly soluble in the electrolyte
solution, which nowadays is used as an inevitable methodol-
ogy in the electrochemical science [10]. It has been observed
that upon electrochemical transformation of many redox-
active particles, the overall electrochemical process includes
intercalation of electrolyte ions [10, 11]. Hence, the coupled
electron-ion transfer reaction is initiated at the three-phase

junction line formed between the working electrode, solid
particles, and the electrolyte solution [10–12]. The propaga-
tion of the electrochemical reaction and factors affecting the
electron-ion transfer electrochemistry are comprehensively
elaborated in [10]. Indeed, the three-phase junction line is an
inevitable prerequisite for initiation and further propagation of
the overall electrochemical reaction [11].

Based on the previous knowledge, an elegant three-phase
electrode set up was developed [8] exactly two decades ago,
composed of a working graphite electrode modified with a
macroscopic droplet of an organic, water-immiscible solvent.
The simple experimental system was primarily designed to
study thermodynamics of ion transfer reactions across L/L
interfaces [8, 10], while later being broadly expanded for dif-
ferent purposes.

Short description of the three-phase electrode setup
designed to study ion transfers across liquid-liquid
interfaces of two immiscible solvents

The electrochemical system referred to as three-phase
electrode consists of a working electrode with a lipophilic
surface (preferably graphite), modified with a small droplet
of an organic solution. The latter is composed of a water-
immiscible organic solvent in which a lipophilic, neutral re-
dox probe is dissolved. The droplet-modified electrode is sub-
merged into an aqueous electrolyte solution, which contains
the ions of interest (Fig. 1). Such system enables studying
coupled electron-ion transfer electrochemical reactions by
using a common three-electrode electrochemical cell. In the
following, we briefly describe the most important events en-
countered in such electrochemical scenario.

Since there is no electrolyte in the organic solvent (which
can be rather non-polar, e.g., n-octanol) it seems that it is
impossible to overcome the ohmic resistance in organic phase
in the course of the voltammetric experiment. However, a very
specific feature of the three-phase electrode is the tiny junction
region where the three phases (i.e., working electrode, organic
phase, and aqueous electrolyte) get in intimate contact. The
microscopic dimension of the three-phase junction line en-
ables an electron exchange between the working electrode
and the redox probe dissolved in organic phase and ionic
communication with the aqueous phase [12, 13], in spite of
the absence of significant concentration of ions in the bulk of
the organic phase.

Let us assume that oxidation of a neutral redox probe takes
place in the organic phase under applied electrical potential. If
the cationic product of the electrode reaction is lipophilic
enough to stay in the organic solvent, then one generates an
excess of positive charges in the organic phase as a conse-
quence of the electrode reaction. Consequently, in order to
maintain the charge neutrality of the organic phase counter,
ions (i.e., anions of the aqueous phase) have to cross the
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water|organic solvent interface. Accordingly, in order to trig-
ger a cation transfer from the water to the organic phase, one
should have a lipophilic redox probe to be reduced to a stable
lipophilic anionic form. In both scenarios, the principle for
preserving charge neutrality of each phase underlies the trans-
fer of thermodynamically preferable ions across the L/L inter-
face. A schematic representation of one three-phase electrode
setup, showing the transfer of anions across the water/organic
solvent interface, is depicted in Fig. 1.

Organic solvents and redox probes used in three-
phase electrode experiments

With the help of the three-phase electrode setup, the number
of applicable organic solvents has been considerably extend-
ed, in comparison to the common four-electrode experimental

methodology. Next to traditionally used solvents such as 1,2-
dichloroethane [6, 7, 9] and nitrobenzene [6, 10–49], it was
possible to achieve the ion transfers from water to n-octanol
[10, 39–42], nitrophenyl-octyl ether [10, 39, 43, 44], L- and D-
2-octanol [43, 44], L- and D-menthol [10], and some room-
temperature ionic liquids [47–49]. The transfer of ions across
water|n-octanol interface is exceptionally important, as n-
octanol is used as a model solvent being in correlation to the
lipophilicity of biological membranes [4, 6, 10]. With the help
of three-phase electrode, the standard transfer energy of many
ions between water and n-octanol has been determined [10,
14, 21, 40–42]. In addition, by using chiral solvents (D- and L-
2-octanol, and D- and L-menthol) one could even discern be-
tween the transfer energies of some chiral ions [45, 46].

In the last 20 years, several lipophilic redox probes have
been explored in three-phase electrode experiments:

Fig. 1 Schematic representation
of the three-phase electrode, using
decamethylferrocene (dmfc) as a
redox probe dissolved in the or-
ganic solvent. The oxidation of
dmfc at working electrode/
organic solvent interface gener-
ates an excess of positive charges
(dmfc+) in the organic phase,
which is compensated by a trans-
fer of anions A- from the aqueous
electrolyte to the organic phase.
The reaction starts at the three-
phase junction, where all three
phases are in contact. The pattern
on the left-down side is a square-
wave voltammogram portraying
the transfer of thiocyanate anions
across water/nitrobenzene inter-
face, including forward, back-
ward, and net component of the
response. Pattern on the right-
down side are 10 consecutive cy-
clic voltammograms representing
the stability of the system consid-
ered, with thiocyanate as trans-
ferring ions
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decamethylferrocene (dmfc) [8–16, 20–25]; iron(III)
tetraphenylporphyrin [26]; iodine [28, 37]; lutetium bis(tetra-
tert-butylphtalocyanato) [32, 47]; 2,2-diphenyl-1-
picrylhydrazyl [31]; coenzyme Q10 [18, 19]; embelin [18],
palmytoilhydroquinone [17], fullerene C60 [50], and
phenylendiamines redox active liquids [51, 52]. While
decamethylferrocene is suitable for transferring anions,
iron(III) tetraphenylporphyrin has been explored as a redox
probe to drag cations from water into the organic phase. The
most interesting among the redox probes is, indeed, lutetium
bis(tetra-tert-butylphtalocyanato). It is a lipophilic redox
probe which can be used to study the transfer of both cations
and anions [32, 47] in a single voltammetric experiment (see
Fig. 2).

Thermodynamic considerations

The most relevant thermodynamic parameter related to the ion
transfer across the interface of water (W) and an immiscible
organic solvent (O) is the standard Gibbs energy of ion trans-
fer Δw→ oG

ϕ. It is defined as a difference between solvation
energies of a given ion in the two phases. This parameter is

linked to the standard potential of ion transfer Δw→ oΦ
ϕ as

Δw→oΦ
ϕ ¼ −Δw→oGϕ

zF . Here, z is the charge number of the

transferring ion, while F is the Faraday constant. Assuming
the neutral redox probe (Red) is electrochemically oxidized to
a chemically stable monovalent cation (Ox+) at the electrode/
organic phase interface, the electrode reaction has to be
coupled with a transfer of an anion (A-) from water to the
organic phase. The overall electron-ion coupled electrochem-
ical process is described with Scheme (I):

Red oð Þ þ A−
wð Þ↔Oxþ oð Þ þ A−

oð Þ þ e− ðIÞ

The thermodynamic treatment of reaction (I) through the
Nernst equation [8] leads to the following expression for the
formal potential:

E f ¼ Eϕ
Oxþ oð Þ=Red oð Þ þΔw→oθ

ϕ
A−−

RT
F

ln c* A−
wð Þ

� �h i

þ RT
F

ln
c* Red oð Þ
� �

2

� �
ð1Þ

Here Eϕ
Oxþ oð Þ=Red oð Þ is the standard potential of the redox

couple Red/Ox in the organic phase and c*i is the bulk

Fig. 2 Net SW voltammograms of three-phase electrode composed of
edge plane pyrolytic graphite electrode, nitrobenzene as an organic sol-
vent, and lutetium bis(tetra-tert-butylphtalocyanato) as a neutral redox
probe, immersed in 0.5 mol/L aqueous solutions of KNO3, NaCl, and
LiBr [32]. The peaks at negative potentials correspond to the reduction of
the redox probe to a monovalent anion accompanied by transfer of the

corresponding aqueous cation, whereas the peaks at positive potentials
refer to the oxidation to amonovalent cation coupled with the correspond-
ing anion transfer. The inset shows the reduction process recorded in 0.5
mol/L chloride solution of the corresponding cations that are indicated on
the plot

J Solid State Electrochem



concentration of a given species. Equation (1) implies the
formal potential measured in a voltammetric experiment with
the three-phase electrode to depend on the nature of the trans-

ferring anions A- (via the value of Δw→oΦ
ϕ
A− ), which is ini-

tially present in the water phase only. The more lipophilic the
transferring anion is, the more negative (i.e., less positive) is

the value of Δw→oΦ
ϕ
A− . It means the formal potential of the

voltammetric responses ascribed to the electron-ion transfer
process (I) shifts to more negative (i.e., less positive) poten-
tials as the lipophilicity of transferring anion increases, for
given experimental conditions. As working techniques in
“three-phase electrode experiments”, one can use cyclic and
square-wave voltammetry [10]. The square-wave voltamme-
try is a particularly suitable technique, since it measures pre-
cisely the potential of the net peak, which is equivalent to the
formal potential of overall electron-ion transfer process taking
place in three-phase electrodes [10].

Such effect is shown in Fig. 3 for a series of several inor-
ganic anions, whose value of the standard Gibbs energy of the
transfer fromwater to nitrobenzene (nb) increases in the order:

Δw→nbGϕ ClO−
4

� �
< Δw→nbGϕ SCN−

4

� �
< Δw→nbGϕ NO−

3

� �
<Δw→ nbG

ϕ(Cl−) [4, 6]. Moreover, for a given transferring
anion present initially in the water phase, only the formal
potential shifts for 59 mV in a negative direction for a tenfold
increase of its bulk concentration in the aqueous phase. The
last feature can be used as a simple qualitative criterion to
confirm that the overall electrochemical process obeys the

scheme (I). By means of this simple methodology, a plethora
of anions have been studied, including common inorganic
monovalent anions, anions of many organic acids, amino
acids, and small peptides, as well as the anions of many im-
portant drugs [10, 14, 21].

To achieve the transfer of a cation fromwater to the organic
phase, reduction of a lipophilic redox probe in the organic
phase is required. Such electrochemical mechanism at the
three-phase electrode is represented by the following scheme:

Ox oð Þ þ Catþ wð Þ þ e−↔Red− oð Þ þ Catþ oð Þ ðIIÞ

The thermodynamic consideration of events in Scheme (II)
leads to the following equation for estimating the formal po-
tential:

E f ¼ Eϕ
Oxþ oð Þ=Red oð Þ þΔw→oΦ

ϕ
Catþ

þ RT
F

ln c* Catþwð Þ
� �h i

−
RT
F

ln
c* Ox oð Þ
� �
2

� �
ð2Þ

In such scenario, the formal potential estimated with a
voltammetric experiment shifts to more positive values by
increasing the lipophilicity of transferring cation from water
to the organic phase. Moreover, this parameter shifts for
59 mV in a positive direction per tenfold increase of the cation
concentration in the water phase. With the three-phase elec-
trode setup, by using different redox probes dissolved in the
organic phase, one can study the transfer of many monovalent

Fig. 3 Net square-wave
voltammetric patterns
representing the electrode trans-
formation of 0.1 mol/L
decamethylferrocene (dissolved
in nitrobenzene) to
decamethylferrocenium cation
coupled with a transfer of indi-
cated inorganic ions across the
water|nitrobenzene interface.
Initial concentration of all trans-
ferable anions in water phase was
1 mol/L. All voltammograms are
normalized versus the corre-
sponding net peak current. The
standard Gibbs energy of the
transferring anion from water (w)
to nitrobenzene (nb) increases in
the following sequence:
Δw→nbGϕ ClO−

4

� �
< Δw→nbGϕ SCN−

4

� �
< Δw→nb

Gϕ NO−
3

� �
<Δw→ nbG

ϕ(Cl−)

J Solid State Electrochem



and bivalent cations [10, 21, 32], as well as cation transfer of
some amino acids [28].

Theoretical voltammetric models related
to three-phase electrodes

In the initial theoretical consideration of the overall electro-
chemical process at three-phase electrode, two key questions
draw attention: (i) How the initial necessary conductivity in
the organic phase is provided, and (ii) what happens in the
organic phase following the commencement of the electrode
reaction within the three-phase boundary line? In [53], it has
been shown that the salt partition in the tiny region of the
three-phase junction provides enough conductivity to initiate
the electron transfer reaction in the organic phase. Once initi-
ated, the conductivity in the organic phase is progressing fur-
ther as a consequence of the transferred anions and the elec-
trochemically generated cations, for the case of reactionmech-
anism (I) [53]. Several theoretical studies have been dedicated
to understand the ohmic drop effects and the outcome of the
processes at three-phase electrodes scenario [10, 21, 54–56].
In most of theoretical works related to the topic, it has been
shown that he processes resemble in some aspects to the
surface-confined electrode processes [13, 54–58].

Kinetics of ion transfer processes analyzed
with models relevant to the three-phase
electrode setup

Before establishing the three-phase electrode setup for study-
ing the ion transfer between two immiscible liquids, it has
been widely accepted that kinetics of the ion transfer at
ITIES is a very fast process [4, 6, 7]. Meanwhile, several
theoretical kinetic models have been developed by Mirceski
et al [22, 42, 46, 57, 59–62] for thin organic film-modified
electrodes, in which the transferring ion was initially present
in both liquid phases in a large excess compared to the redox
probe. The models are approximately applicable to the geom-
etry of the active region of the three-phase electrode system, in
particular under conditions of square-wave voltammetry [38].
It has been shown that the feature known as “quasireversible
maximum,” which is typical for surface-confined electrode
processes [58], can be also relevant to the voltammetry at thin
organic film-modified electrodes [57]. A large collection of
experimental data obtained with different electrochemical
techniques [22] suggested the kinetics of ion transfer of many
monovalent ions is the rate limiting step in the overall
electron-ion coupled electrochemical process at both thin-
film and three-phase electrodes. Hence, it has been shown that
the quasireversible maximum can be exploited for determina-
tion of ion transfer kinetics by means of the three-phase

electrodes [22, 38, 42, 44, 59]. The values of rate constants
for the transfer of ClO4

-, Cl-, Br-, CH3COO
-, I-, NO3

-, and
SCN- between the water and nitrobenzene, determined by
square-wave voltammetry and electrochemical impedance
spectroscopy [22] ranged between 0.01 and 0.07 cm s-1.
These measurements refer to thin organic film-modified elec-
trodes and nonpolarizable water/nitrobenzene interface, the
potential of which was fixed by the large, constant concentra-
tion of the transferring ion [22]. Kinetic data implied that the
rate of transfer of a given ion is not as fast as previously
measured by applying the four-electrode voltammetry at
ITIES [6, 7]. The differences are somehow plausible taking
into account different experimental conditions, the obvious
differences in the structure of the L/L interfaces, and intrinsic
differences in the means of polarization of the interface in the
course of the voltammetric experiment.

Other applications of the three-phase
electrodes

In the last 15 years, we have witnessed that the three-phase
electrode concept has been widely accepted not only for
studying the thermodynamics and kinetics of ion transfers
across L/L interfaces, but also for other purposes [63].
Three-phase electrode enables the construction of enzymatic
[20] and non-enzymatic biosensors [63, 64], to distinguish
chiral ionic species [10, 21, 62] and to analyze interfacial
reactions that lead to a synthesis of metallic or graphite parti-
cles at liquid-liquid interfaces [64–74]. Modification of the
liquid-liquid interface with nano-particles of different nature
is also seen as elegant approach to analyze structures and
catalytic features of important nano-systems [64, 66–68].

Structure of the liquid-liquid interface

For a complex system as the interface between two immiscible
solvents is, one has to consider the microscopic structure of
the interfacial region, as the charge transfer processes are
highly sensitive to tiny variations in the experimental condi-
tions. A detailed insight in the molecular structure of the L/L
interface is indeed an important segment to clarify many as-
pects of the charge transfer processes across the interface. The
majority of the results related to the molecular structure of L/L
interfaces have been obtained from theoretical Monte Carlo
[75, 76] and molecular-dynamics simulations [75–81]. In
most of the theoretical studies, it has been implied that the
interface formed between water and slightly miscible organic
solvents is molecularly sharp. However, its structure can be
affected by thermal fluctuations, additionally induced when
ions are crossing the interface. It has been shown that water
molecules, dragged by the transporting ions, might produce
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significant disruptions in the structure of the L/L interface [81,
82]. Indeed, a good theoretical and experimental knowledge
of the properties of given liquid-liquid interfaces is an impor-
tant segment that can help in understanding the mechanisms
and kinetics of many interfacial processes, such as interfacial
catalysis, extraction, and interfacial synthesis.

Future perspectives

Last monograph summarizing the most important achieve-
ments of voltammetry at three-phase electrodes have been
published in 2014 [63]. Since then, we witness several impor-
tant experimental studies dedicated to the ion transfers and
mechanism of coupled electron-ion transfer reactions at
three-phase electrode [31, 69, 70, 83–85]. While the thermo-
dynamics of the ion transfer is well-understood, mechanisms
involving chemical reactions in the organic phase following
the ion transfer have not been addressed. Adsorption at the
liquid/liquid interface of transferring ion and its role in the
voltammetric features of three-phase electrodes remains to
be studied in detail. In addition, application of three-phase
electrodes related to ion-transfer catalysis, ion recognition
and quantification, interfacial heterogeneous chemical reac-
tions, and development of novel methods for nanoparticles
synthesis at L/L interfaces can be plausibly envisaged.
Finally, considering their experimental simplicity, three-
phase electrodes can be a powerful tool in the field of phar-
macology and drug design for assessment of the lipophilicity
of charged drug species, studying the kinetics and adsorption
of ionic dug transfer across various L/L interfaces, including
lipid and protein-modified interfaces as valuable bio-mimetic
systems.
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