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Oil/water microemulsions (nEs) are promising electrolytes for redox flow batteries (RFBs) as they
simultaneously improve charge capacity and ionic conductivity. Here, we report the successful
formulation of bicontinuous pEs where the oil phase is a solution of trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)amide ionic liquid in toluene with redox-active ferrocene. We examined
the effect of supporting electrolyte anion (NO;~, CI, ClIO,") on the structure, reactivity, transport, and
electrolytic performance of redox-active pEs. Neutron scattering and nuclear magnetic resonance
showed that the domain size increased as CI~>NO;™ > ClO,” while the ferrocene diffusion coefficient
increased as NO;™ > CI™ > ClO,". Scanning electrochemical microscopy indicated anion-dependent
current fluctuations during electrolysis, with CIO,~ exhibiting the least high-frequency oscillations,
which correlate to the highest charge and discharge capacity and reversibility. All ionic liquid containing
systems improved the performance of toluene-based pEs, highlighting new design principles for these

electrolytes.

Large-scale energy storage devices are promising solutions to
the challenges posed by the intermittent nature of renewable
energy sources such as solar and wind [1-3]. Redox flow bat-
teries (RFBs) in particular exhibit a low environmental impact,
long storage life, and easy scalability technology, making them
suitable candidates for storing these inputs [1, 4]. Unlike con-
ventional batteries, RFBs decouple power and energy density.
Redox-active components typically take the form of a liquid-
electrolyte solution stored in large external tanks that can later
be circulated and flowed through electrodes [5]. Therefore, the
concentration and volume of the tanks directly affect the energy
storage capacity, while the electrodes and cell performance
determine the system’s power density [5]. Thus, the electrolyte

selection will impact the RFB’s performance. Aqueous systems

©The Author(s) 2026.

have the advantage of being non-flammable and have high ionic
conductivity, but water’s limited operational voltage window
limits the energy storage density. Non-aqueous systems tend to
be stable in a wider potential window, but their flammability and
low conductivity are their main drawbacks [5, 6].

The ability to combine both aqueous and non-aqueous
phases in a thermodynamically stable fluid has made micro-
emulsions (uEs) a suitable alternative electrolyte for RFBs [7,
8]. These thermodynamically stable systems are characterized
by being optically clear nanoscale dispersions of two immisci-
ble liquids mixed with surfactants [7-9]. Their versatility lies
in their ability to be tuned to meet specific needs through the
addition of additives like salts, cosurfactants, and other mol-
ecules of interest, such as redox-active species [10, 11]. Ionic
liquids (ILs) have been previously employed in microemul-

sions [12-16]. Such microemulsions have been employed for a
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variety of applications ranging from synthesis [17 ] and catalysis
[18-21], to drug delivery [22] and compound extraction [23].
IL-based microemulsions have used in electrochemistry primar-
ily for electrodeposition and synthesis [20, 21], but except for
a few papers, they have not been thoroughly explored for long-
term electrochemical storage [24, 25], and not for RFBs. Room
temperature ILs are usually defined as salts with melting points
below 100 °C; therefore, these ambient temperature liquids are
mostly comprised ions [ 26, 27]. ILs have high thermal and
chemical stability, are non-volatile and non-combustible, and
most importantly, exhibit better electrochemical stability and a
wider operational voltage window than water [28, 29]. However,
the molecular charge density in these systems is highly nonuni-
form due to their inherent structure. Therefore, the short-range
ion-ion interactions, molecular shape, and ion molecular charge
distribution are important for both the bulk and microscale at
interfaces [30].

Previously, we studied redox-active pEs formulated with fer-
rocene as the redox-active component and toluene as the non-
aqueous phase, and reported stochastic behavior when analyz-
ing these electrolytes with scanning electrochemical microscopy
(SECM) [8]. Given the complex structure of LEs, we reasoned
that SECM, which allows us to constrain the liquid between
two electrodes (~ 500 nm gap), could yield a measurable sig-
nal to understand their microscale interfacial dynamics during
prolonged electrolysis [31]. The SECM is a valuable technique
that has been previously employed to study the performance
of a variety of battery systems, using an SECM tip (i.e., a nano-
or ultramicroelectrode) that reports on the electrochemistry
within a tip-substrate gap [8, 32-34]. In the feedback mode of
SECM, if the tip is in proximity to an insulating surface (nega-
tive feedback), the diffusion of the redox mediator is hindered,
and a decrease in the tip current is expected with respect to that
of the bulk. In contrast to this mode, in positive feedback the
tip is close to a conducting surface, and due to redox cycling
between the tip and the surface, the current measured at the
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SECM tip increases relative to that in the bulk. In the Substrate-
Generation/Tip-Collection mode, the conducting surface gen-
erates an electroactive species that diffuses to the tip, where it
is collected [34].

Because UEs formulated with toluene suffer from low con-
ductivity in the oil phase and do not readily dissolve polar and
charged species [8], we decided to explore a new formulation
that simultaneously addresses conductivity and polarity while
retaining the ability to form a bicontinuous WE. In this work, we
present a novel UE system based on a mixture of toluene and
trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)
amide ([P, 4] [TFSI]) ionic liquid, a common non-ionic sur-
factant, polysorbate 20, and water. First, we analyze the struc-
tural aspects of these uEs using neutron scattering methods.
To deepen the understanding of the system, we analyzed the
electrochemical performance of the pEs as a function of the sup-
porting electrolyte dissolved in the aqueous phase, and com-
pared them to the performance of previously formulated pEs as
well as those containing different anions, establishing valuable
correlations with their bulk electrolysis performance which help
us better design electrolytes for RFBs.

We designed a set of uEs containing 40% water, 55% surfactant,
and 5% oil. As observed in Fig. 1(A), both the surfactant and
oil phases are composed of two different components. The sur-
factant is made up of 30% (wt.) 1-butanol dissolved in polysorb-
ate 20, while the oil is composed of 40% (wt.) [Pgee14] [TFSI] in
toluene. After formulating a large stock of the pE, it was divided
into three containers. In each container, 20 mM ferrocene (Fc)
was dissolved, and either KNO;, KCl, or KCIO, was dissolved
at 0.5 M, 0.5 M, and 0.15 M, respectively.

Figure 1(B) shows a picture of the optically clear microemul-
sion, a key characteristic of the Winsor IV (W4) system [7, 8,

35]. The color comes from the dissolved Fc, and the arbitrary
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Figure 1: Composition, structure, and preliminary experiments in pEs. (A) Structure and composition of the elements in the pE, highlighting what is
present in each phase. (B) Picture of the optically clear uE and an arbitrary schematic of its nanostructure. (C) Cyclic voltammetry during two different
SECM modes (schematics) showing the appearance of current fluctuations at the mass transfer-limited region.
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schematic of the microemulsion’s nanostructure is meant to rep-
resent the system’s phases with the Fc dissolved in the oil phase.
Cyclic voltammetry (CV) experiments in Fig. 1(C) show that
the sigmoidal wave changes with the SECM mode employed. A
smooth sigmoidal shape is observed when the SECM tip is at the
bulk, while the positive feedback mode shows the appearance of

current fluctuations due to the convection in the system.

Microemulsion characterization

Figure 2 shows the fish and pseudo-ternary phase diagrams
required for the optimization of the pE. To form the fish dia-
gram, we explored the cosurfactant-to-surfactant mass ratio
(Mg/My) against total microemulsion composition, employing
the cosurfactant (M) and surfactant (M) fraction in a system
with equal volume parts of water (V) and oil (V,y), two immis-
cible liquids. This relationship directly impacts the curvature
of the surfactant membrane formed at the boundary between
the oil and water phases [36, 37]. A visual representation of the
curvature is observed in the y-axis of a fish diagram. In Fig. 2(A)
the microemulsion region, also known as Winsor IV type (W4),
is highlighted in red, and an arbitrary red line was added to
aid in the visualization of the “fish tail” obtained. As reported
by Arleth et al,, the beginning of the fish tail on the right side
of the red region corresponds to a bicontinuous microemul-
sion, while further to the left leads to the formation of lamellae
[37]. From the diagram, the composition of the right-most red
point was selected to determine the most effective 1-butanol
concentration of 30% (w/w) in polysorbate 20. Even though

the system comprises four components, mixing 30% (w/w)
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1-butanol in polysorbate 20 allows the formation of a pseudo-
ternary diagram that delimits the region where a 1-phase system
is thermodynamically stable, thus forming a pE. In Fig. 1(B),
such a ternary diagram is observed. We decided to maximize
the water content, as our previous work showed that it is directly
proportional to the system’s conductivity [8]. The brown point
in Fig. 1(B) corresponds to a uE with the volumetric composi-
tion of 40% water, 5% oil, and 55% surfactant. To understand
the system, we characterized the structure and electrochemical
performance of that exact composition as a function of the sup-
porting electrolyte dissolved in the water phase.

Small-angle neutron scattering (SANS) results indicate that
the type and concentration of supporting electrolyte have only
a minor influence on the nanostructure of the microemulsion
(KE) [Fig. 3(A)]. The scattering data were fit using the Teub-
ner-Strey (T-S) model, which has been shown to provide the
most accurate description of bicontinuous pEs [7, 38]. Devel-
oped through an expansion of the Landau free energy, the T-S
model captures the characteristic scattering peak observed in the
one-dimensional profiles of bicontinuous micelles and pEs [39].

From the T-S fits, four key structural parameters were
extracted: domain size (d), correlation length (§), amphiphilic-
ity factor (fa), and bending rigidity (ksans). The domain size
represents the distance half-way in a water domain to half-
way in an adjacent water domain, while the correlation length
describes the distance over which a structural correlation is
maintained [40]. The amphiphilicity factor quantifies the extent
of the microemulsion ordering with its value ranges from + 1
(completely disordered) to—1 (well-ordered lamellar) [41-44].
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Figure2: Fish and Phase diagrams for the toluene-[Pgq¢;,J[TFSI] system. (A) Fish diagram showing the region where a Winsor IV (W4) type pE is formed
(red), leading to the optimization of the 1-butanol content. The diagram compares the cosurfactant-to-surfactant mass ratio (Mcs/Mg) with the
mass-to-volume ratio of the cosurfactant and surfactant (M5 and M, respectively) to the water and oil volume content (V,, and V,, respectively). An
arbitrary red line was added to improve the visualization of the fish tail. (B) Pseudo-ternary phase diagram resulting after the 1-butanol optimization,
showing the 1-phase region indicating the compositions leading to a W4-type WE.
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Figure 3: Microemulsion characterization via spectroscopic methods. (A) Shows the small-angle neutron scattering pattern characteristic of a
bicontinuous YE for the different supporting electrolytes employed. (B) Self-diffusion coefficient of ferrocene (Fc) in the microemulsions calculated via

DOSY-NMR as a function of the supporting electrolyte in solution.

Finally, the bending rigidity (in kT units) describes the amount
of energy necessary to bend the interface from the equilibrium
curvature [45, 46].

As summarized in Table 1, pEs containing KClO, have the
smallest domain size, KNO, shows the largest correlation length,
and KCl has the largest domain size and smallest correlation
length. The decreased correlation length, higher amphiphilicity
factor and lower bending rigidity associated with KClI suggest a
more disordered and flexible microemulsion. There is literature
reporting the domain size, correlation length, amphiphilicity
factor, and bending rigidity for uEs made with KNO; in the
water phase, Fc in toluene for the oil phase, and a 17.5% (wt.)
butanol solution in polysorbate 20 as the surfactant [7]. We have
included that information in Table 1 for ease of comparison. Our
uEs show a decrease in the domain size and correlation length,
while only KNO; and KCIO, have an amphiphilicity factor that
resembles that of the literature, all while being less rigid than
previously published results, likely due to the increased amount
of butanol used in this study. In the literature, differences in
water-anion interactions and their effects on solvation have been
noted [47-49], and the microemulsion literature shows that
butanol partitions between the water and surfactant phases [50].
We believe that the changes in the microemulsion’s nanostruc-
ture are due to the anion solvation and how this phenomenon
has an effect on the water-surfactant-cosurfactant interactions

that lead to the lamellae formation.

Via diffusion-ordered spectroscopy nuclear magnetic reso-
nance (DOSY-NMR), we calculated the self-diffusion coeffi-
cient of Fc in each of the pEs. To achieve this, we obtained the
"H NMR spectrum for each composition, assigned the peaks
according to the literature, and displayed the information in Fig.
S2 and Table S2 [51-53]. Although they were all formulated in
the same way, Fc shows a distinct diffusion coefficient for each
composition, although KNO, and KCl show the highest similar-
ity. We want to point out that as the degree of solvation of the
supporting electrolyte anion decreases [47-49], the diffusion
coeflicient of ferrocene not only decreases, but starts to get more
similar to that of the surfactant phase. A previous study has
suggested that ferrocene can be “stored” in the surfactant phase,
facilitating electron transfer [54]. Figure 3(B) shows that the
UE formulated with 0.15 M KClO, displays a smaller diffusion
coefficient than that of the other two compositions. The full 2D
spectrum obtained after DOSY analysis for each UE is shown in
Figs. S3-S5. The ferrocene diffusion coefficient differences and
the nanostructural characteristics of the pEs suggest that the
anion solvation is an important parameter to consider when

formulating redox-active microemulsions.

SECM feedback mode

Cyclic Voltammetry (CV) is a valuable technique for assessing
the electrochemical performance of dissolved Fc by examining

the shape and peak splitting of its redox process. Here, a larger

TABLE1: Correlation length (d),

domain size (€), amphiphilicity Correlation Amphiphilicity ~ Bending rigid-
factor (f,), and bending rigidity Supporting Electrolyte Domain size (d)/ A length (§)/A factor (fq) ity (ksans) /kgT
(Ksans) of the LEs formulated 40W in literature [7] 75.7+0.08 342+0.16 -0.779 0.384:+0.002

resulting from the Teubner-Strey

fit, and a comparison between a 0.5 M KNO;, 65.1£0.1 27.5£0.2 -0.75 0.359:+0.003

40% water uE (40W) without ionic 0.5 M KCl 70.9+0.25 26.1+0.1 -0.68 0.313+0.002

liquid from literature [7]. 0.15 MKCIO, 64.2%0.15 269+03 -0.75 0.359:£0.004
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peak splitting could result from either increased ionic resistance
or increased charge transfer resistance. Our CV results using a
disk macroelectrode (A =0.07 cm?) show that KC1O , as the sup-
porting electrolyte yields a more resistive solution with higher
peak splitting, whereas KCl yields the least resistive solution
[Fig. 4(A)]. This behavior is expected, as the maximum KCIO,
concentration achieved was 0.15 M, compared to 0.5 M for both
KNOj; and KCI. Still, these results show an improvement in the
electrochemical behavior with respect to previously published
systems without ionic liquid [8]. The SECM tip voltammetry,
which uses an ultramicroelectrode (UME) and is less sensitive
to the low ionic conductivity of the electrolyte, shows the char-
acteristic sigmoidal shape expected for a UME voltammogram.
Figure 4(B) shows the case where the SECM tip is at the bulk of
the solution, and no physical barriers are in the vicinity of the
electrode. This leads to a cyclic voltammetry lacking noise-like
current fluctuations. Although all compositions have the same

Fc loading, the KCl composition shows the highest current, and
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KClO, the lowest. This result is in line with the diffusion coef-
ficient trends obtained via DOSY in Fig. 2 and indicates that
even though the Fc diffusion coefficient for KCIO, is closer to
that of the surfactant phase, the electron transfer kinetics aren’t
improved. When comparing this information to the SANS fit-
ting in Table 1, we observe that the change in domain size for
KCl may explain why it shows the most reversible behavior.
Positioning the SECM tip in the vicinity of an insulating sur-
face (SECM Negative Feedback Mode, NF) results in a decrease
in the measured current. Figure 4(C) shows that the physical
presence of a surface near the electrode leads to the expected
decrease in current due to diffusive blocking, accompanied by
strong current fluctuations in the mass-transfer-limited region,
as we have already reported for uEs [8]. When the SECM tip is
positioned in proximity of a conducting surface (SECM Positive
Feedback Mode, PF), the redox cycling of the mediator between
the tip and surface increases the current magnitude. In this

work, the tip electrode potential was 0.25 V more positive than

vy
’

o

=

e
o
T

BULK
Tip Electrode
———0.5 M KNO,

0.5 M KCI
——0.15 M KCIO,

-01 -0.2

Current (nA)
)

1
°
-

Conducting Surface
Positive Feedback

|
o
w

Positive Feedback
Tip Electrode
0.5 M KNO,

Tip Current (nA)
1
o
N

-0.4
0.5 M KCI
——0.15 M KCIO,
-0.5 r T r T r
0.2 0.1 0.0 -0.1 -0.2

Potential (V)

Figure 4: Cyclic voltammetry in microemulsions. (A) Cyclic voltammetry at the disk macroelectrode (A=0.07 cm?), showing the characteristic duck-
shape of a planar diffusion profile. (B) Cyclic voltammetry at the SECM Tip electrode at the bulk of the solution showing sigmoidal behavior of a semi-
hemispherical diffusion profile. (C) Negative feedback (glass surface) and (D) positive feedback (Pt substrate) cyclic voltammograms showing the onset
of current fluctuations at the mass-transfer limited region. The inserts in the SECM Tip figures show a cartoon of the SECM mode for reference.
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the E, , of the Fc/Fc* redox couple to ensure mass-transfer lim-
ited kinetics at the tip, while the Pt conducting substrate poten-
tial was set 0.25 V more negative to ensure a sufficiently high
rate of redox recycling to generate PE Figure 4(D) illustrates
this effect, as the measured current is larger than that at the
bulk and is accompanied by current fluctuations. This highlights
that the SECM configuration is key to observing fluctuations
in the mass-transfer-limited region, as previously reported [8].
The SECM tip was reproducibly approached to L=0.35 for both
SECM modes, corresponding to a distance of ~500 nm, as deter-
mined by fitting the approach curves shown in Fig. S1 [55]. The
theoretical fit for the negative feedback approach curve predicts
a value of i/i,=0.332. The uEs that contained KCI and KCIO,
displayed a similar normalized current value, while the pE with
KNOj; showed a normalized current value of i/i,,=0.73 +0.08,
as seen in Table S1. For the positive feedback, the fit predicts i/
i,,=1.735, and none of the uEs reached that value. The KNO,
UE was the closest with just i/i,,=1.32£0.10, and KCI the worst
with /i_=1.19+0.09, also seen in Table S1.
Surface-Generation/Tip-Collection (SGTC) experiments for
the toluene-[Pgqq,,] [TFSI] uEs in Fig. 5 show that the current

fluctuations are also present when the substrate is polarized to

A)

0
)\/

electrolyze Fc. However, the contribution of these fluctuations
is observed only at the SECM tip, with an almost-sigmoidal
response at the tip electrode, consistent with the literature [56].
Previous studies using only toluene as the oil phase showed a
significant disparity in the collected current at the SECM tip.
We suggested that these differences arise from differences in
diffusion coefficient between Fc and Fc*, due to their partition-
ing between the water and oil phases, as toluene is not polar
enough to dissolve Fc™ [8]. In the Toluene-[Py;,] [TFSI] system,
the shape of the SECM tip current suggests that such a disparity
is not present for the redox pair Fc/Fc*. The addition of the IL
results in an overall improvement in SGTC behavior, suggesting
greater stabilization of the Fc* ion [8]. Still, we find differences
between the normalized current during positive feedback and
that one during generation/collection. The calculated values are
shown in Table S1. For all pEs, the calculated i/i_, was larger
than expected for the positive feedback approach curve. This
disparity can also be observed when comparing the currents
in Figs. 4 and 5, KCI had the smallest normalized current in
this mode, with i/i_ =2.47+0.06, while the largest value, i/
i,,=3.30£0.09, was measured for KClO,. We suggest that the
IL polarity in the oil phase stabilizes the Fc* ion, reducing its
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Figure 5: SECM Surface Generation/Tip Collection experiments over a Pt conducting substrate showing the onset of current fluctuations once the mass
transfer-limited region is reached. (A) Visual representation of the SECM mode employed when obtaining the generation-collection cyclic voltammetry

for (B) 0.5 M KNO;, (C) 0.5 MKCl, and (D) 0.15 M KCIO,.
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likelihood of partitioning between the water and oil phases.
Given the normalized current results, we think that the com-
plex structure of the UE confines Fc* diffusion to the oil phase,
thereby aiding redox cycling. Figure 5(D) shows some hysteresis
present at the tip electrode, which can correlate to the decreased
diffusion coefficient measured in the DOSY-NMR experiment
in Fig. 3(B).

Noise analysis

Power spectral density (PSD) analysis of the amperometric
response of the mass-transfer limited oxidation of Fc in puEs
shows an increase in the noise profile when the uE is con-
stricted to a small volume (Fig. 6). All uEs in Fig. 6 show a linear
decrease in the PSD when the SECM tip electrode is far from any
obstacle (bulk), and the decay is proportional to f~*/2, which
is consistent with the literature for systems where mass transfer
is limited only by diffusion [57]. A deviation in the PSD decay
in both the negative and positive feedback modes suggests that
mass transfer is influenced by a process distinct from diffusion.
This is easily observed in both feedback modes because the tip
placement constricts not only the pE but also the diffusion layer,
leading to more noticeable fluctuations from small changes in
mass transfer [8]. Previously, we proposed that the Fc/Fc™ con-
centration gradient drives Marangoni convection in the diffuse
layer around the electrode, leading to current fluctuations. It is
well-known that electrode polarization triggers a restructuring
of the IL in the vicinity of the electrode surface [30, 58, 59]. The
PSD analysis at the bulk for all compositions in Fig. 6 show a
slight increase in the contributions at higher frequencies, indi-
cating that even at the bulk, the self-assembly of the IL due to
the electrode polarization contributes to the measured current,
increasing the mass transfer at the tip electrode, and showing
a deviation from the expected decay. In previous studies, we
observed that the f~3/2 decay in bulk measurements results
from the small domain sizes in the microemulsion compared

to the tip electrode size [8]. This averages out the individual

contributions, but the IL self-assembly is ordered enough to
show a change in the PSD. KCI [Fig. 6(C)] shows the most
contributions, suggesting that a larger domain size, and lower
bending rigidity energy might not improve the electrochemical
performance under prolonged electrolysis. The PSD analysis for
0.5 M KNO; in Fig. 6(A) shows the largest deviation from the
expected behavior for the negative and positive feedback modes,
with strong current contributions at a frequency of roughly 2.5
Hz. Given that the 0.5 M KNO; pE has the largest domain size,
and bending rigidity, this sharp peak at 2.5 Hz might be derived
from the self-ordering of the IL. The PSD analysis for 0.5 M
KNO;, and 0.5 M KCl in Fig. 6(A) and (B), respectively, lack
the expected decay in the negative and positive feedback modes
at lower frequencies, although this is still present for 0.15 M
KClO, in Fig. 6(C). This last one shows a lower deviation from
the expected PSD decay compared to the other two composi-
tions. Therefore, the UE formulated with 0.15 M KCIO, results
in the composition with the lowest amount of noise-like contri-
butions from the analyzed set, although its overall performance

could be skewed by its higher resistivity.

Bulk electrolysis

Repeated oxidation and reduction of the bulk dissolved Fc in
the uEs provides information on the system’s capacity to store
and release energy. Figure 7 shows the normalized charge and
discharge curves for each of the UE compositions. All the formu-
lated uEs show higher oxidative currents, as observed in previ-
ously published results [8]. Therefore, we consider the current
at the end of the reduction cycle as an indicator of the total Fc
accessed during oxidation, which we compare to the theoreti-
cally available based on the amount of Fc present. Figure 7(A)
shows the corresponding composition with 0.5 M KNOj,
with a maximum Fc accessibility of 80% and minimal losses
between cycles. The pE with 0.5 M KCl in Fig. 7(B) shows the
worst performance, with each cycle showing a roughly 5% loss
in Fc access. Figure 7(C) for the pE with 0.15 M KCIO, shows
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Figure 6: Power Spectral Density analysis of the chronoamperometric curves for (A) 0.5 M KNO;, (B) 0.5 M KCl, and (C) 0.15 M KCIO, microemulsions.
Negative feedback was obtained over a glass surface, and positive feedback was obtained over a Pt conducting substrate.
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Figure7: Cyclical bulk electrolysis showing the charge capacity for the (A) 0.5 M KNO, (B) 0.5 M KCl, and (C) 0.15 M KCIO, microemulsions. Each plot

refers to the Oxidation (O) and Reduction (R) steps, numbered from 1 to 3, corresponding to the cycle.

that we can reproducibly access roughly 85% of the Fc available,
with minimal loss between cycles. Although the DOSY-NMR
experiments showed a decreased Fc diffusion coefficient for the
uE with 0.15 M KCIO,, and the CV peak splitting indicated that
this composition had the greatest resistance among the analyzed
systems, it proved to be the one with the best charge and dis-
charge performance. This could be partly due to the decreased
domain size and higher bending rigidity of this composition,
as determined by SANS. But also, ion hydration experiments
in organic solvents have shown that CI” and NO;" ions interact
more strongly with water molecules than ClO,” ions [47-49].
Studies of total water molecules transfer during anion exchange
experiments between water and organic solvents showed that
NO;™ ions solvate so strongly that even in low dielectric con-
stant solvents, water molecules transfer in an almost 1:1 (ion:
water) ratio, compared to the 1:0.3 or 1:0.4 reported for ClO,,
described as a “large poorly solvated anion” [49]. We posit that
the decreased solvation of the ClO,” ion plays an important role
in the charge balance in uEs during charge and discharge, as
it can transfer more easily between phases compared to other
well-solvated ions like CI” and NO;™.

In this work, we describe the electrochemical performance
of WEs in relation to the supporting electrolyte anion and the
resulting nanostructure obtained via SANS. The oil phase in
the pE consisted of a 40% (wt.) [Pgge14] [TFSI] in toluene solu-
tion. The redox activity of the uEs stems from the dissolution
of 20 mM Fc. Fitting the SANS data to a Teubner-Strey model
yielded distinct domain size and correlation length for all pEs,
with KNO, showing the largest correlation length, KC1O, the
smallest domain size, and KCl the largest domain size and small-
est correlation length. This last one was also the most disordered
and with the least bending rigidity energy. DOSY-NMR experi-
ments show that Fc in the 0.15 M KCIO, pE exhibits a smaller

diffusion coefficient, while the other two exhibit a similar value.

©The Author(s) 2026.

After exploring the electrochemical performance of the pE, we
observed a correlation between the SANS and DOSY results, as
well as convective flow resulting from the electrolysis of Fc in
the form of stochastic current fluctuations. The larger domain
size observed in the 0.5 M KCI uE led to a better reversibility in
the CV experiments, and a large diffusion coefficient, but the
PSD indicated an increase in the high-frequency contributions.
The 0.15 M KCIO, uE displayed the complete opposite behav-
ior, small domain sizes, a decreased Fc diffusion coefficient, an
overall bad electrochemical performance, but its bulk electroly-
sis, shows the best charge and discharge performance. We posit
that such behavior is related to the identity of the anion and its
solvation. ClO,~ shows a decreased solvation compared to the
CI” and NOy7, and therefore its transfer between phases might
be facilitated. We highlight that the anion of choice influences
the electrolyte’s performance, while CI” results in better kinetics
and a decrease in resistance, ClO,” results in the best cyclability
and Fc accessibility. While these results suggest a compromise
between rate and capacity, all ionic liquid containing systems
improved the performance of toluene-based uEs, highlighting
new design principles for these electrolytes.

Chemicals

All chemicals were purchased from commercial sources and used
as received. The solid chemicals employed were ferrocene (Fc,
98%, Sigma-Aldrich), potassium nitrate (KNO;,>99.0%, Sigma-
Aldrich), potassium chloride (KCL,>99.0%, Research Products
International), potassium perchlorate (KClO,, 99%, Alfa Aesar),
(hydroxymethyl)ferrocene (FcMeOH, = 96.5%, Sigma-Aldrich),
potassium phosphate monobasic (KH,PO,,>99.0%, Sigma-
Aldrich), and potassium phosphate dibasic (K,HPO,, 99.8%,
Fisher Chemicals). The liquid chemicals used were 1-butanol
(>99.0%, TCI America), toluene (99.8%, Fisher Scientific), trihex-
yltetradecylphosphonium bis(trifluoromethylsulfonyl)amide
([Pgge14] [TFSI], 2 95.0%, Sigma-Aldrich), Polysorbate 20 (=40%,
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Sigma-Aldrich), and nitric acid (HNO;,>90%, Sigma-Aldrich).
All the aqueous solutions were made using deionized (DI) water
from a Milipore Sigma Direct-Q 8 (resistivity of 18.2 MQ). The
UME was fabricated using a 0.002 mm diameter Pt Wollaston wire
(99.9%, Goodfellow Cambridge Limited), borosilicate glass capil-
laries (OD: 1.5 mm, ID: 0.84 mm, World Precision Instruments),
3 inches in length, and silver conductive epoxy (H20E EPO-TEK
°). The SECM surface was achieved using a microscope glass slide
(VWR International), and the connection between the conduc-
tive side and the potentiostat was achieved with an indium wire
(99.998 + %, Thermo Scientific Chemicals) and copper conductive
tape (3 M). To clean and degrease, isopropanol (99%, Honeywell)

and acetone (99.5%, Fisher Scientific) were used.

Diagram and microemulsion preparation
Fresh stock solutions of 0.5 M KNO; and 40% [P, [TFSI] in

toluene were made to serve as the water and oil phases, respec-
tively. Employing an analytical balance (Mettler Toledo XS105
Dual Range), different amounts of 1-butanol and polysorbate 20
were weighed in 4.5 mL glass scintillation vials. Equal amounts of
the water and oil phases were pipetted into the scintillation vials
containing the polysorbate 20/1-butanol mix. The vials were vig-
orously shaken and classified as a Winsor IV type microemulsion
(W4) if the contents appeared to be a single phase and optically
clear to the naked eye, as described in the literature (7, 8, 35]. A
fresh stock solution of 30% (wt.) 1-butanol in polysorbate 20 was
made to serve as the surfactant phase, along with the previously
mentioned water and oil phases. Different ratios of water and
oil were pipetted into 4.5 mL scintillation vials. The surfactant
phase was placed in a 50 mL burette, and each scintillation vial
was titrated dropwise while stirring until a homogeneous, opti-
cally clear solution was achieved. The solutions were allowed to
stabilize overnight, and to ensure the W4 region was reached, few
drops of the surfactant phase were titrated to confirm there were
no phase changes. Fresh stock solutions of oil and surfactant were
made before preparing the puE, while pure DI water was used for
the water phase. A 50 mL stock of pE was created with the follow-
ing volume fraction: 40% water, 5% oil, and 55% surfactant. Using
this stock solution and volumetric flasks, supporting electrolytes
and Fc were added to create three compositions: one uE with 0.5
M KNO;, another with 0.5 M KCl, and finally one with 0.15 M
KClO,, all containing 20 mM Fc. Solubility tests were conducted,
and the selected concentrations were determined by maximizing

both the supporting electrolyte and redox species content.

Instrumentation

Measurements were performed using a CHI 920D Scanning
Electrochemical Microscope from CH Instruments Inc. and a
Reference 3000 Potentiostat from Gamry Instruments Inc. As a

©The Author(s) 2026.

counter electrode, a commercial platinum wire was used, while
an Ag/AgCl (3M KCl) reference electrode was placed in the cell
via a 0.1 M NaClO,|agar salt bridge. The UME was fabricated
using a Narishige PE-2 microelectrode puller from Narishige
Group. SECM substrates were cleaned using a PDC-001-HP
plasma cleaner from Harrick Plasma. Diffusion-Ordered Spec-
troscopy Nuclear Magnetic Resonance (DOSY-NMR) measure-
ments were made using a four-channel Agilent VNMRS NMR
instrument (750 MHz or 17.6 Tesla).

Neutron scattering

Small-angle neutron scattering (SANS) measurements were
completed at room temperature using the Quokka small angle
scattering instrument in the Australian Center for Neutron Scat-
tering at ANSTO (the Australian Nuclear Science and Technol-
ogy Organization). All Samples were prepared at ANSTO and
sealed in quartz banjo cells with 1 mm path length. The isotropic
two-dimensional (2D) scattering data were converted into one-
dimensional scattering intensity as a function of the wavevec-
tor, q = 47sin(6/2)/A, where A is the neutron wavelength (A = 6
A) and 6 is the scattering angle. The acquired scattering data
were corrected for empty cell scattering, detector nonlinear-
ity, electronic noise, stray scattering, sample transmission, and
incoherent background scattering. Subsequently, the data were
normalized to absolute differential scattering cross-section and

reported in cm™.

Electrode preparation

UME and SECM substrates were fabricated following the pro-
cedure described in our previous work [8]. Here, we provide a
brief description of the SECM substrate fabrication process. A
rectangular piece of roughly 25 x 15 mm was cut from a micro-
scope glass slide. The pieces were degreased by rinsing in the fol-
lowing order: acetone, isopropanol, DI water, and isopropanol,
then dried with compressed nitrogen gas. After this, the glass
piece was plasma cleaned for 5 min. For sputtering, a portion
of roughly 10 x 15 mm of each slide was covered with tape. A
15 nm layer of chromium, followed by a 60 nm platinum layer,
was then sputtered on top. After the coating process, the tape
was removed to expose the glass surface. Before any connections
were made, the sputtered samples were cleaned and degreased
using the previously mentioned procedure, and then plasma
cleaned following the same process. A small piece of indium
wire was interposed between the copper tape and a small sec-
tion of the sputtered platinum. After applying pressure, the con-
nection was tested using a multimeter. Both the UME and the
conductive side of the SECM substrate were cleaned electro-

chemically before the start of each experiment by cycling from
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0V to-0.75V (vs Ag/AgCl) for 99 cycles in 0.1 M KNO3 in
phosphate buffer (pH 7) at 750 mVs™.

An aqueous solution of 1 mM FcMeOH and 0.1 M KNO,
in pH 7 phosphate buffer was employed to characterize the per-
formance of our SECM tip by comparing it with mass-trans-
fer-limited positive and negative feedback approach curves,
as shown in Fig. S1. The dual conformation of the fabricated
substrates enabled characterization of the tip by first approach-
ing the glass insulating surface, then the sputtered Pt surface.
Fittings of these curves showed that RG = 3, and we were able to
confidently approach the surface at L=0.35, which is approxi-
mately a 500 nm distance between the tip and substrate; the
approach curves leading to this fit are observed in Fig. S1 [55].
The SECM tip electrode was slowly approached using the step-
per motors, employing an aqueous solution of 1 mM FcMeOH
in 0.1 M KNO; in a pH 7 phosphate buffer solution. The last
approach was performed using the piezo motors, which were
then retracted to their original place. The cell was rinsed 10
times with water, then rinsed twice with isopropanol. Immedi-
ately after, the cell was dried with compressed Ar gas for a few
minutes to ensure every crevice was as dry as possible. The cell
was rinsed with pE once, then filled with the same pE for the
measurements.

Signal analysis

We followed the methodology reported in a previous publication
[8]. Briefly, four amperometric curves of 270 s were recorded.
Using a Python script, the first 30 s of each curve corresponding
to the transient were discarded, and the remaining 240 s were
binned into four segments of 60 s. For each of the resulting 16
segments, the power spectral density (PSD) was computed by
taking the Fourier transform (only the positive frequencies),
multiplying by the complex conjugate, and dividing by the num-
ber of points (600 per segment). This resulted in 16 individual
PSDs, which were averaged out to obtain the final result.

Potential-controlled bulk electrolysis

The pE was placed in the center compartment of a W-cell
with a 2 mL capacity. At the same time, the side chambers
were filled with an aqueous solution containing the same sup-
porting electrolyte and concentration as the one employed
in the pE. In one compartment, a carbon rod was placed as
the counter electrode, and in the opposite compartment, the
Ag/AgCl (3 M KClI) reference electrode was placed via a 0.1
M NaClO,|agar salt bridge. Bulk electrolysis was performed
by applying a potential 0.5 V more positive than the E, , for
4 h to oxidize the dissolved Fc, while stirring with a Teflon-
coated stirrer driven by a magnetic stirring plate. Once done,

©The Author(s) 2026.

a potential 0.5 V more negative than the E,,, was applied for
another 4 h to reduce all the Fc* generated. This oxidation
and reduction process was repeated three times. The charge

capacity (%) was calculated as:

QExp

Charge(%) = x 100%,

Theory
where Qgyp is the charge obtained during the bulk electrolysis,
and Qrheory is the theoretical charge available from the one-

electron oxidation and reduction of the ferrocene in solution.
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