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A B S T R A C T   

Previous electrochemical studies of redox emulsions have been mainly performed in the context of electro- 
organic synthesis. More recently, this research has been oriented towards applications of emulsions in flow 
batteries. Such biphasic systems seem to provide a suitable environment for reactions at the liquid–liquid 
interface. Taking an emulsion consisting of microdroplets of decamethylferrocene solution in a hydrophobic 
ionic liquid/toluene mixture in acidic aqueous solution as an example, we have demonstrated that an electro
chemical redox reaction involving the hydrophobic redox probe occurs at the glassy carbon electrode|organic 
liquid film interface. This reaction is followed by ion exchange between liquid phases. This effect is explained by 
the instability of the emulsion. A portion of the organic liquid stays on the electrode surface after transfer to a 
purely aqueous electrolyte and remains electroactive.   

1. Introduction 

More than 40 years ago, it was demonstrated that voltammetric 
signals related to the electrochemical processes of organic compounds 
poorly soluble in water could be obtained in a micellar solution or 
emulsion [1]. This indicates that organic droplets approach sufficiently 
close to the electrode surface to allow for efficient electron transfer 
between molecules dissolved in the organic phase and the electrode. 
More recently, suspensions of droplets containing water insoluble 
organic reactants/catalysts have been studied in the context of electro- 
organic synthesis [2,3]. Currently, research on redox-active micro
emulsions is driven by their potential application in flow batteries [4–7]. 

Initially, electrochemical studies of redox-active compounds dis
solved in suspended organic droplets were focused on the determination 
of the solute diffusion coefficient [8], the distribution of the solute be
tween organic and aqueous phases [9] or estimation of the difference 
between the diffusion coefficient of the neutral redox probe and its 
parent cation in different phases [10]. The effect of the degree of 
emulsification on the electrochemistry of redox-active compounds was 
also studied [11]. The apparent irreversibility of the electrooxidation of 
ferrocene (Fc) in water–organic emulsions due to the interfacial transfer 
of the resulting ferrocenium cation [12], and the electrochemical coa
lescence of organic droplets caused by electrochemical redox reactions 

[13] have also been reported. It has recently been shown that the ratio 
between aqueous, surfactant and organic components of a micro
emulsion, as well the type and concentration of electrolyte, can affect 
the redox potential of the Fc/Fc+ redox couple [14–16]. This was 
interpreted as a result of the distribution of neutral molecules and newly 
formed cations between organic and aqueous components. A correlation 
between the structure of the microemulsion and the electrochemical 
behaviour of ferrocene was found [17]. The effect of the gradient of the 
organic component in the vicinity of the electrode has been included in 
simulations of voltammograms and also measured experimentally [18]. 
Other studies of redox-active microemulsions have focused on single 
electrochemical events related to droplet collisions with an ultra
microelectrode [19–21]. 

In most of the studies mentioned above [4,5,12,14–18], ferrocene 
and its more hydrophobic derivatives were dissolved in the organic 
component of redox-active microemulsions and employed as a redox 
probe. The electrochemically generated cation may be transferred to the 
aqueous phase [12,22]; this phenomenon is less likely for more hydro
phobic redox probes [22]. Therefore, decamethylferrocene (DMFc) was 
employed in this study. The selection of this easily oxidised hydrophobic 
ferrocene derivative was also driven by its applicability as an electron 
donor in biphasic oxygen reduction or hydrogen evolution reactions 
[23–26]. For the same reason, an acidic aqueous solution was employed 
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as the aqueous phase. A hydrophobic ionic liquid [27] solution in 
toluene (TN) was selected as the organic component on the basis of 
earlier studies of redox emulsions [19,21,28]. 

2. Materials and methods 

2.1. Materials 

HClO4 (ACS reagent, 70%) and TN (Supelco, for analysis) were 
supplied by Sigma Aldrich, trihexyltetradecylphosphonium bis(tri
fluoromethylsulfonyl)imide (P(6,6,6,14)N(Tf)2) (Fig. S1) (>98 %) was 
purchased from Iolitec. DMFc (97 %) and KPF6 (99 %) were obtained 
from Aldrich Chemistry, NaClO4 (≥98 %) from Fluka Analytical, NaSCN 
(≥98.0 %) from Fluka Chemica and KNO3 (pure for analysis) from 
Chempur. 

The Arium® Comfort Lab Water System (Sartorius) was used to 
prepare deionized water with a resistivity of 18.2 MΩ⋅cm for the 
aqueous solutions. 

2.2. Methods 

An emulsion was prepared using 0.1 ml of 5 mM DMFc solution in 
400 mM P(6,6,6,14)N(Tf)2 solution in TN (later called P(6,6,6,14)N(Tf)2/TN) 
and 5 ml of 0.1 M HClO4 solution. The liquids were mixed using a vortex 
VELP Scientifica F202A0175 for 20 s. The mixture was then ultra
sonicated in a bath using an EMAG Emmi-30HC for 3 s at full power and 
then turned off for 7 s [19]. This was repeated 20 times, after which a 
cloudy appearance was seen (Fig. S2). After 2–3 h the first droplets of the 
organic phase were visible to the naked eye. Dynamic light scattering 
experiments (DLS Zetasizer) did not give reproducible results, but the 
zeta potential value was around − 10 mV, indicating emulsion 
instability. 

Electrochemical experiments (cyclic voltammetry, chro
noamperometry, square wave voltammetry (SWV)) were performed 
with an Autolab PGSTAT30 potentiostat, in a three-electrode system 
using a glassy carbon electrode (3 mm diameter) as the working elec
trode, Ag|AgCl|NaCl 3 M or silver wire as the reference, and platinum 
wire as the counter electrode. Some measurements were carried out with 
a platinum ultramicroelectrode (UME) of diameter 60 µm. All electro
chemical experiments were performed at room temperature and most of 
them in solutions stirred by an IKA magnetic stirrer. 

Scanning electron microscope (SEM) images and EDS results were 
obtained using a FEI Nova NanoSEM 450 equipped with an EDS 
detector. 

3. Results and discussion 

The peak-shaped voltammograms recorded in a stirred redox-active 
emulsion (Fig. 1) indicate that the efficiency of the diffusion-controlled 
simple reversible oxidation–reduction process:  

DMFc(org) – e− ↔ DMFc+(org)                                                        (1) 

is not affected by convective transport of the redox-active droplets. 
When the organic phase is in contact with an aqueous electrolyte, re
action (1) is followed by ion exchange between P(6,6,6,14)N(Tf)2/TN and 
the aqueous electrolyte in order to maintain electroneutrality [29–31] 
(see below). 

Reaction (1) is controlled by diffusion, as confirmed by the linear 
dependence of the peak current on the square root of the scan rate, 
which is observed for both stirred and non-stirred solutions (see Fig. 1 
insert). The minor influence of the stirring rate on the magnitude of the 
peak current implies that the electrode process is only slightly affected 
by forced convection. The difference between peak potentials is much 
larger than expected for pure diffusional control and is probably caused 
by an uncompensated ohmic drop (Figs. 1, S3, S4, S5). 

The positions of the voltammograms obtained with an ultra
microelectrode in DMFc solution in P(6,6,6,14)N(Tf)2/TN with respect to 
the current axis (Fig. S6) indicates that almost half of the DMFc mole
cules have been oxidised by oxygen dissolved in the solution. As this 
reaction requires protons [23], some moisture must be present in the 
aqueous phase and/or some acid must be present in the ionic liquid. This 
reaction can also be catalysed by an ionic liquid cation, as previously 
observed for alkali metal cations [32,33]. In turn, the peak currents of 
voltammograms recorded with a GC disc electrode in five-times diluted 
DMFc solution in P(6,6,6,14)N(Tf)2/TN (Fig. S7), are close to half of that 
obtained in an experiment performed in emulsion with the same elec
trode (Fig. 1). This is rather unexpected in terms of the collective effect 
of direct collisions of the redox-active droplets with the electrode sur
face, because DMFc solution in P(6,6,6,14)N(Tf)2/TN is a minor compo
nent of the biphasic electrolyte (0.0197 by volume). Consequently, the 
effective DMFc concentration in the emulsion is equal to 0.098 mM, i.e., 
50 times smaller than in the bulk organic phase. Bearing in mind that the 
estimated viscosity of P(6,6,6,14)N(Tf)2/TN is close to that of water (see SI, 
section S5), one would expect a significantly smaller peak current in the 
emulsion. However, if an organic liquid film is present on the electrode 
surface such a peak current could be reasonable, because it is close to the 
value obtained in the bulk P(6,6,6,14)N(Tf)2/TN phase (Fig. S7). The fact 
that the peak current is independent of the number of scans (Fig. 1) 
suggests that a P(6,6,6,14)N(Tf)2/TN film is formed on the electrode 
within a minute after immersion of the GC electrode in the redox 
emulsion. 

Formation of a DMFc-containing liquid film is confirmed by a 
chronoamperometric experiment in the stirred solution. When the po
tential of a GC electrode immersed in the redox emulsion is increased 
from − 0.4 V to 0.5 V, the slope of the current vs. time graph (on a 
logarithmic scale) is close to − 0.5, as expected for semi-infinite diffusion 
(Fig. 2A). After about 100 s the slope decreases, indicating a DMFc 
concentration gradient. This can be attributed to exhaustive electrolysis 
of the redox probe. At longer times this may result from a concentration 
gradient of organic droplets beyond the liquid–liquid interface [11]. 
Using the estimated value of the DMFc diffusion coefficient in P(6,6,6,14)N 
(Tf)2/toluene (see SI, section S5), one may calculate the thickness of the 
liquid film from the random walk equation – this is found to be 100–200 
µm. Interestingly, the magnitude of the peak current of a voltammogram 

Fig. 1. Consecutive cyclic voltammograms (90 cycles) recorded at a GC elec
trode in a stirred emulsion (200 rpm) consisting of 100 µl of 5 mM DMFc and 
400 mM P(6,6,6,14)N(Tf)2 solution in toluene and 5 ml of 0.1 M HClO4 aqueous 
solution. The scan rate was 10 mV s− 1. The insert shows the anodic current 
dependence on the square root of the scan rate in the same emulsion: not stirred 
(black squares), stirred at 200 rpm (red circles) and stirred at 1000 rpm (blue 
triangles). Data from Figs. S3, S4 and S5. 
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recorded at a GC electrode modified with 8 µl DMFc solution in 
P(6,6,6,14)N(Tf)2/TN (the volume corresponding to a 200 µm liquid film 
on a GC electrode) and the midpeak potential (Fig. 2B) are close to those 
recorded in the emulsion. 

In order to further clarify the steps of reaction (1), SWV was per
formed with a liquid-film-modified electrode in a series of aqueous 
electrolytes consisting of sodium or potassium salts with PF6

− , ClO4
− , 

SCN− and NO3
− anions. The SWV peak potential (Ep) depends on the 

anion (Fig. S8). The curve of Ep dependence on the potential of anion 
transfer from organic to aqueous phase (Fig. S9) indicates gradual 
transition from anion insertion into P(6,6,6,14)N(Tf)2/TN to cation ejec
tion to the aqueous phase following reaction (1) [29–31]. Therefore, one 
may conclude that formation of DMFc+ (reaction (1)) at the solid|liquid 
interface is followed by further reactions at the liquid|liquid interface:  

ClO4
− (aq) → ClO4

− (org)                                                                  (2)  

P(6,6,6,14)
+ (org) → P(6,6,6,14)

+ (aq)                                                            (3)  

DMFc+(org) → DMFc+(aq)                                                              (4) 

Comparison with other IL/TN systems shows that the contribution of 
reaction (2) vs. reactions (3) and (4) depends on the type of ionic liquid 
[34]. Other proof of organic liquid film formation is provided by cyclic 
voltammetry in a solution of the hydrophilic redox probe – Fe(CN)6

3− in 
P(6,6,6,14)N(Tf)2/TN emulsion. The voltammogram exhibits only traces of 
cathodic and anodic peaks compared to the voltammogram recorded in 
an aqueous solution of the same redox probe (Fig. 2C). 

A so-called ‘transfer experiment’ demonstrates that a portion of the 
redox-active liquid film remains on the electrode. After a specified time 
(1 or 10 min) in the redox emulsion, the electrode was pulled out, 
washed with water and immersed in 0.1 M HClO4 (aq). A series of vol
tammograms was then recorded (Fig. 3A). They are almost stable: a 
small decrease in the peak current is seen during the early scans. The 
peak current density is about 10 times smaller than that seen in a vol
tammogram obtained in contact with the emulsion, indicating that the 
redox active organic liquid covers only a fraction of the surface. In turn, 
the difference between peak potentials reduces from 0.16 to 0.03 V, 
pointing to restricted diffusion of the redox probe in the film [29] or 
solid deposit. Interestingly, this voltammogram is similar to that ob
tained with a carbon electrode modified with DMFc microcrystals 
immersed in the same electrolyte (Fig. 6 in ref. [35]). Indeed, on looking 
at the SEM image of the electrode after removal from the redox emul
sion, microcrystals with a size in the tens of micrometers can be seen 
(Fig. 3B). However, they are not seen when DMFc is absent from the 
organic phase (Fig. S11). EDS analysis of the spots with microcrystals 
shows the presence of Fe (Fig. S12, S13, Table S1), which originates 
from DMFc crystals formed, perhaps, after evaporation of toluene from 
P(6,6,6,14)N(Tf)2/TN. 

4. Conclusions 

On the basis of the above results it can be concluded that an organic 
liquid film derived from an unstable emulsion may be formed on the 

Fig. 2. (A) Chronoamperogram (blue) obtained after a potential step to 0.5 V in stirred (200 rpm) emulsion consisting of 100 µl of 5 mM DMFc 400 mM P(6,6,6,14)N 
(Tf)2 in toluene and 5 ml of 0.1 M HClO4 aqueous solution. The slope of the dashed black line is − 0.5. (B) Voltammogram obtained using a GC electrode modified 
with 8 µl of 5 mM DMFc 400 mM P(6,6,6,14)N(Tf)2 in toluene, immersed in 0.1 M HClO4 aqueous solution. Scan rate 10 mV s− 1. (C) Cyclic voltammograms obtained 
using 2 mM K3[Fe(CN)6] solution in 0.1 HClO4 aq. in the absence (green) and presence (blue) of emulsion consisting of 100 µl of 400 mM P(6,6,6,14)N(Tf)2 in toluene. 
Scan rate 10 mV s− 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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electrode surface. As an ionic liquid is one of the components of the 
organic phase, formation of a liquid film may result from electrode 
material–ionic liquid coupling. This phenomenon has been explored for 
electrochemical sensing and energy storage [36–38]. In particular, 
deposition of droplets of a hydrophobic ionic liquid film on a GC elec
trode has been reported [39]. This observation may also be an extreme 
case of the predicted organic phase concentration gradient in the vi
cinity of an electrode immersed in emulsion [18]. On the other hand, it 
allows for a continuous supply of a redox reagent dissolved in the 
organic phase to the liquid film. This can also be considered as an 
alternative method for modifying the electrode surface with liquid, 
when a continuous exchange of material with suspended droplets oc
curs. Clearly, the suspended droplets allow for larger coverage of the 
electrode with a liquid film. Although the electrode material (here hy
drophobic GC) may play a role, preliminary experiments with a gold 
electrode have led to similar observations. This approach may be useful 
in the analysis of redox reactions in emulsions formed by other com
ponents. It is interesting to note that the Scheludko–Exerowa thin liquid 
film—pressure balance technique has been applied to studies of emul
sions [40]. 
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