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Abstract

We report a study of the electrochemistry of Ferrocene (Fc) in a Tween®20
(polyethylene glycol (20) sorbitan monolaurate) /1-butanol/ water/Toluene (TBWT)
microemulsion system, focusing on the effects of electrolyte components. Resistance

and conductivity measurements are used along with Cyclic Voltammetry (CV) to
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characterize the effects of supporting electrolyte, such as BusNBF4 and KNOs3, on the
electrochemical performance and transport properties of Fc. With increasing
Fc-containing oil phase concentration in the microemulsion, the observed peak
current density fails to increase proportionately with the Fc concentration. Adding
0.05m BusNBF; in the oil phase significantly increases the current density,
presumably by lowering the resistance of microemulsion nonpolar phase and
promoting the accessibility of Fc in the system. Moreover, increasing the aqueous
phase supporting electrolyte from 0.5m KNOs; to Im KNO;s; does not exhibit an
analogous effect. We discuss these results in the context of our working hypothesis for
microemulsion organization and its implications for electron transfer to Fc.
Keyword: Microemulsion; Supporting electrolyte; Electrochemical performance;
Conductivity
1. Introduction

Redox flow batteries (RFBs) are currently attracting considerable attention due to
their promising application as stationary large-scale electrochemical energy storage
devices. As secondary batteries, RFBs have some significant advantages, such as
decoupling between energy storage and power delivery, flexibility and scalability,
long cycle life, high efficiency, safe and clean. The RFBs could reduce the burden of
power output at the consumption peaks. This function is extremely important for
developing smart grids and distributed generation stations. Moreover, RFBs are able
to convert and store electricity in the range of several kW/kW h up to tens of

MW/MW h[1, 2], therefore, they are capable of delivering stable and flexible



electricity to some important departments, such as hospital and airport, to ensure their
smooth operation.

In the past few decades, many studies on RFBs have focused on aqueous
electrolytes, which offer advantages of high ionic conductivity, low cost and excellent
system reliability[3-5]. Among them, the vanadium redox flow batteries (VRFBs) are
the most studied flow battery. Significant efforts and progress have been made to
improve the cell current density and power density of VRFBs. Nevertheless, VRFBs
based on aqueous electrolytes have limited energy density of 25 Wh LI, significantly
lower than that of the lithium ion battery[6, 7], due to the narrow electrochemical
window (1.23V) and low concentration of redox species[8, 9]. In this regard,
employing nonaqueous electrolyte solutions is another strategy for improving the
performance of RFBs. The organic solvents in nonaqueous electrolytes could
simultaneously provide a larger electrochemical window than that associated with
aqueous electrolytes as well as higher solubility and a wider range of redox
couples[10]. These advantages could potentially lead to a higher cell voltage and
energy density in RFBs. However, the fact is that the performance of nonaqueous
RFBs still cannot compete with the typical aqueous RFBs due to the low ionic
conductivity of nonaqueous electrolytes, even though sometimes the solubility of
redox couple can be much higher than the 2M of vanadium salt in VRFBs, i.e. 4M
naphthene in 1,2-dimethoxyethane[11], 9.7M biphenyl in N,N-dimethylformamide
and 3M octafluoronaphthalene in propylene carbonate[12].

The respective advantageous features of aqueous and nonaqueous electrolytes



inspired us to study its application of microemulsion systems in RFBs. Perhaps we
can decouple solubility and conductivity in the electrolytes. Microemulsions are a
class of thermodynamically stable isotropic dispersions of two or more immiscible
liquids, which are stabilized by the surfactant film at the interface between the liquids.
They are widely investigated in the field of synthesis, drug delivery, chemical reaction
and separation[13-17]. Conventional microemulsions are composed of water, oil and
surfactant, and are classified as water-in-oil (W/O), bicontinuous, and oil-in-water
(O/W), depending on their compositions. The immiscibility of the water and oil
phases provides a possible way to decouple one solvent (i.e. water), which supports
the high ionic conductivity of electrolytes, from another solvent (i.e. oil phase), which
could provide high solubility of redox couples. Therefore, the special properties of
microemulsions seem to provide a new strategy to develop the electrolytes of RFBs.
Redox couples are dissolved in the oil phase, while the water phase, with low
viscosity and high ionic conductivity, forms a bicontinuous, fluid structure with the oil
phase, enabling transport of both redox species and charged ions. With this, it is
possible to use redox couples with high potential or solubility or with unique
functionality in the oil phase of the electrolytes but still achieve much higher ionic
conductivity than in organic solvents, thereby developing RFBs with high energy and
power density.

One concern is that the electrochemical window of microemulsion is still limited to
1.23V due to the presence of water. However, there are two studies which suggest that

this is not the «case. Ying[18] and Iwunze[19] reported results for



TX-100/H20/1-butyl-3-methylomodazolium hexafluorophosphate (bmimPFs) and
didodecyldimethylammonium bromide/H>O/dodecane microemulsions, respectively,
with electrochemical windows about 2.6V, similar to the electrochemical window of
the oil phase in these systems, with only slightly variation depending on the
compositions of microemulsions. These two reports strongly suggest that high
potentials can be accessed in microemulsion electrolytes.

Previously, we reported some initial studies of the electrochemical performance of
the typical redox species, ferrocene(Fc) in a Tween®20/1-butanol/H>O /toluene
(TBWT) microemulsion system[20] and speculated on the applicability of
microemulsions in redox flow batteries. In this microemulsion, Tween®20 and
I-butanol function as the surfactant and cosurfactant, respectively, while toluene is the
solvent for redox-active species and water is used as the conductive medium. This
microemulsion exhibits a considerable oil uptake, as high as 58 wt.% at some specific
water/surfactant ratios. The high oil uptake implies that we can achieve a high overall
loading of oil-soluble electroactive compounds in the overall solution. Fc exhibits
acceptable electrochemical reversibility over a wide range of compositions. In
addition, the conductivity of the TBWT microemulsion could be flexibly tuned by
changing compositions.

Here we report more studies in this TBWT microemulsion system with Fc
dissolved in oil phase. In addition to reporting a broader range of data, we probe the
effect of adding an oil phase-soluble supporting electrolyte salt. We further analyze

diffusion in this broader range of composition, comparing it to preliminary data



obtained with pulsed field gradient Nuclear Magnetic Resonance (PFG NMR)
methods.

2. Experimental

2.1 Microemulsion Preparation

Tween®20 (polyethylene glycol (20) sorbitan monolaurate, Sigma-Aldrich) and
I-butanol (purity>99%, Sigma-Aldrich) were used as surfactant and cosurfactant,
respectively. The weight ratio of Tween®20 and 1-butanol was set to 82.5 wt%/17.5
wt% for all samples in order to achieve the highest oil uptake as discussed in our
previous report[20]. The surfactant and cosurfactant mixture with this fixed weight
ratio are represented as “S” in this work. Toluene (HPLC grade, Fisher Scientific) and
deionized water (18.2 MQ cm!) were used as the oil phase (O) and the water phase
(W), respectively. The composition of the microemulsion is given as S/W/O in some
of the plots, representing the weight percentage ratios of each component over the
whole microemulsion. In addition, we use (S/W)o40.6 to represent samples with
weight ratio of surfactant to water equals to 0.4/0.6, but the oil content varies.

The surfactant and cosurfactant mixture “S” was mixed with KNOs3 (purity >99%,
Fisher Scientific) aqueous solution as the starting materials with certain weight ratio
of S/W. The vials containing S and W were stirred at 1200 rpm at 20°C by placing
them on a temperature controlled stirring plate. A given amount of toluene solution
with Fc (Purity>98%, Fisher Scientific) and BusNBF4 (BNF) (purity >99%, Fisher
Scientific) was added into the vials and kept stirring for 5 mins until all components

were well mixed. The composition of microemulsion samples studied in this work



were all chosen within the 2-phase boundary as shown in our previous report[20].
2.2 Cyclic Voltammetry Measurements

Cyclic voltammetry (CV) measurements were performed on a Bio-Logic SP-200
potentiostat at 20+0.5°C. The electrochemical measurements were conducted using a
three-electrode configuration, with a glassy carbon working electrode, a saturated
calomel (SCE) reference electrode and a Pt wire counter electrode. A Teflon™ cap
with three holes was used to cover the cell. The spacing between adjacent electrodes
was set by placing each of them in a fixed hole and inserting them through the cap.
Approximately, 10 mL of microemulsion was used for each measurement. Before
each measurement, the working electrode was polished using 0.05 pm aluminum
oxide slurries and then washed carefully with distilled water. The experiments were
carried out under a nitrogen atmosphere to avoid the effect of oxygen. All CV data
was iR corrected taking into account the solution resistance. Measurements at four
scan rates, i.e. 0.01 V-s1, 0.025V-s!, 0.05V-s! and 0.1V-s’!, were performed for each
sample to calculate diffusion coefficients.
2.3 Conductivity Measurements

The conductivity was measured by a YSI 3200 conductivity meter at 20°C+0.5°C.
About 20 mL solutions were stirred in vials placed on a temperature controlled
stirring plate. A certain amount of toluene was added into the solution and kept
stirring for 5 mins before the conductivity measurement. The increments of the
volume of toluene added into vials were set to 10uL, S0UL or 100uL, respectively,

depending on the scale of maximum oil uptake in systems with different



compositions.
2.4 NMR Measurements

The microemulsion samples were packed into 5 mm NMR tube. ’F NMR were
characterized with CCIsF in CH30H (Oppm) as '°F reference. The CCIsF in CH;0H
were packed in insert with 2mm diameter, which are placed in a 5 mm NMR tube to
avoid interaction between the sample and reference. PFG NMR measurements were
carried out on an AVANCE III HD 400 MHz NMR spectrometer using a broad band
probe equipped with a 60 G/cm gradient coil at 20°C. A DOSY bipolar pulse pair
stimulated echo pulse sequence was used to measure 'H diffusion coefficient for
characterizing the mobility of Fc. The gradient strengths were arrayed in 16 values
with linear increment for each experiment, and the diffusion coefficient data D can be

extracted by fitting the raw data using Stejskal-Tanner equation:[21, 22]

-p(y g 87 (8-3)
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Where [ is the signal strength observed with applied gradient g (0-60 G/cm), Iy is the
signal in absence of the field gradient, yis gyromagnetic ratio of the studied nucleus,
O is the gradient pulse duration and 4 is the diffusion delay.
2.5 Chronocoulometry measurement

Chronocoulometry measurements were performed using a Bio-Logic SP-200
potentiostat equipped with a low current probe at room temperature. Ten milliliters of
sample were added to a glass vial fit with a Teflon stopper, through which three
electrodes were inserted into the solution—a glassy carbon working electrode, a

saturated calomel reference electrode, and a Pt wire counter electrode. The sample



was purged with nitrogen prior to data collection. Chronocoulometry measurements
were performed in quintuplicate using an applied potential of 0.7V vs. SCE (after iR
compensation at 85% of the high frequency resistance) for 30 seconds. The solution
was stirred between trials to ensure consistent initial conditions for each trial. The
microemulsion that was used for this measurement was 5 wt % oil phase with 0.5m
(mol/kg) Fc, 55 wt% 0.5m KNOs3 (aq), and 40 wt% Tween 20/1-butanol
(82.5%/17.5%, by mass) microemulsion, by volume. The resulting microemulsion
was 25mM Fc overall.
3. Results and Discussion

To investigate the reversibility and stabilization of electrochemical materials in
microemulsions, a typical redox species, Fc, was applied in our system as a probe.
Three series of microemulsions with different Fc concentrations (0.1m, 0.5m and
0.985m in toluene) were prepared for (S/W)o4n.6 and (S/W)o.s0.5. Figure 1(a) shows
the voltammogram of Fc in the (S/W)o4/0.6 with Swt% oil phase(O), exhibiting the
typical of electrochemically reversible behavior. In addition, the voltammogram of Fc
in system of (S/W)o.4/0.6 and (S/W)o.50.5 with various composition are plotted in Figure
S1 and Figure S2, respectively. The peak separations (4Es) of TBWT microemulsion
are listed in Table S1. AEs in system of (S/W)o4/0.6 are 58-70 mV, which suggests
reasonable reversibility of Fc in the microemulsion, but AF increases at the higher oil
phase(O) uptake. This phenomenon is even more obvious in the case of (S/W)o.s/0.5
with high Fc concentration. Under conditions of high surfactant and high oil

concentration, the voltammogram is controlled by the kinetics of the redox reaction



because either the ion transfer reaction or electron transfer reaction becoming slower
could result in wider peak separation[23].

The peak current density obtained for TBWT microemulsion with three different Fc
concentrations as a function of oil weight percentage have been plotted in Figure 1(b)
and Figure 1(c). The ratio of oxidation peak current density (i,p) of microemulsions
with various Fc concentrations to i,y(0.1 m Fc in Toluene) as a function of oil weight
percentage are plotted in Figure 2. The ratio of i,,(0.5 m Fc in toluene)/i,»(0.1 m Fc in
toluene) is about 3-4.5, which is smaller than the ratio of Fc concentrations in the two
samples. The ratio is even smaller for i,;(0.985 m Fc in toluene)/ip(0.1 m Fc in
toluene) as compared to the ratio of Fc concentration, i.e. 0.985m/0.1m=9.85,
especially in the system of (S/W)os0.5. In that case the current densities of samples
with 0.985m Fc in toluene only show a slightly higher value than the samples with 0.5
m Fc.

One possible cause of this would be increasing resistance with the increase of Fc
concentration. The solution resistance is listed in Table S2. Changes in resistance
appear to be modest with slight trends across the composition range. Another
possibility is that accessible Fc is present in the surfactant layer, a hypothesis that we
proposed in our previous report, may also cause this phenomenon[20].

The main point of our earlier hypothesis is that the Fc is present in the nonpolar tail
groups of Tween®20. With no toluene in the micelle, Tween®20 can solubilize roughly
2 wt% of ferrocene. Upon oxidation, the Fc™ can remain in the interior of the

surfactant assembly. This creates proximity to compensating ionic motion coupled to
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the redox process, thereby maintaining local electroneutrality during the electron
transfer reaction. When the concentration of Fc increases, i.e. 0.1m, 0.5m to 0.985m,
the capability of gathering Fc is limited by the number of tail groups available in the
whole microemulsion system, possibly limiting the efficiency of chemical reaction in
TBWT microemulsion at the higher Fc concentration[24]. This is likely due to
structural changes. Not only does the S/W ratio change the structure but so does the
O/W ratio.

The CV characterization was performed at four different scan rates, from which the
apparent diffusion coefficient(D) of Fc in a quasi-reversible reaction can be calculated
using the Randles-Sevcik equation[25-27] (2).

ip = 0.436nFAC(nFvD/RT)/? )

Where ip is the peak current density, n is the number of electrons transferred in the
electrochemical reaction (n=1 for the Fc); A is the electrode area (0.07065 cm? for the
glassy carbon); D is the diffusion coefficient of Fc; C is the concentration of Fc; T is
the temperature in K; and v is the scan rate. The Randles-Sevcik equation as used here
can be applied to obtain the diffusion coefficient of Fc in a quasi-reversible system.
However this equation is only an approximation, and therefore does not yield an exact
value, unlike the case of chronocoulometry.

Through use of Chronocoulometry, diffusivity can be calculated using the Cottrell
equation under the assumption ferrocene concentration at the surface of the working
electrode is approximately zero. The time-integrated from of the Cottrell equation is:

Q = 2nFACm~=1/2pY/2¢1/2 3
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where Q is the total charge due to the faradaic process, t is time, and n, F, A, and C
have their usual meaning, as previously mentioned. The mean ferrocene diffusivity
was 3.96x107 cm?/s with a standard deviation of 9.39x10° cm?/s; this agrees with
diffusivity obtained using cyclic voltammetry for similar microemulsions.

The D(Fc) is plotted as a function of oil weight percentage in Figure 3. The
calculated D(Fc) results are on the order of 10® to 10% cm?s”'. D(Fc) in TBWT
microemulsion with the higher Fc concentration is generally an order of magnitude
lower than those at a lower Fc concentration. Generally, D(FC)(S/W)O.4/0.6 decreases as
the oil weight percentage increases, but D(Fc)(s/w)o_m5 shows only a slightly change
while the toluene fraction is smaller than 15 wt.%. To better understand the trend of
D(Fc) with water content, the D(Fc) is also plotted as a function of water phase
volume fraction in Figure S3.

At first glance, diffusion of the ferrocene occurs simply through the oil phase of the
bicontinuous mixture and it is perhaps surprising that it decreases with increasing oil
content. Naturally, there is a certain average tortuosity associated with diffusion that
does not exist in the simple solution. This evokes a picture of diffusion in a sinuous
tube. In this circumstance, the local (or micro-) viscosity of the fluid is the controlling
factor and increasing oil content would seem to allow a larger solvent regime in which
Fc can diffuse. In addition, we must also take into account the probable interaction of
ferrocene itself with the hydrophobic tail of the surfactant. Indeed, we have
previously interpreted the relatively rapid electrode kinetics of ferrocene oxidation as

indicative of such an interaction and we know that Fc is soluble in the surfactant
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itself. Again, we would expect the introduction of increased oil to increase the overall
fluidity of the contained fluid. This, however, is contrary to the observed results.

Diffusion in the microemulsion is likely to be a complicated function of
composition. A number of aspects can have an impact on the mass transfer process.
First, the structure of the microemulsion itself has an influence. Though we have
shown that the gross structure of the microemulsion is comprised of bicontinuous
hydrophilic and hydrophobic phase in the composition range considered here, the
addition of oil to a surfactant/water mixture changes the structure and behavior of the
surfactant layer. The oil-free structure is essentially micellar and highly fluid, with
well hydrated head groups. As oil is added, the surfactant is distended and its physical
properties change. For example, the radius of curvature is altered to accommodate the
oil and the layer necessarily stiffens. Stiffening of head groups, one could argue,
negatively impacts the fluidity of the Fc that is present in the surfactant phase.
However, the effect of increasing oil doesn’t lower D(FC)(S/W)O.S/O.S as it does in
D(FC)(S/W)0.4/0.6' D(Fc)(s,v\,)o_m5 with less water content tends to transit as more
W/O-like microemulsion, therefore increasing oil lead to more (or larger) oil channels
connected with Fc diffusion facilitated, which trades off the surface pressure effect.

In addition, our small-angle neutron scattering (SANS) study proves that
(S/W)o.4106 shows a most ordered bicontinuous structure than the others, and the
ordering at the surfactant-solvent interface results in a stiffer interface[28]. A
considerable proportion of Fc delivered in the redox mechanism can be hindered in

(S/W)o40.6 due to the stiffer interface while they are diffusing across the surfactant
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interface, then resulting in D(FC)(S/W)OAIO.G <D(Fc)(s,w)0_5/0.5. The Randles—Sevcik
equations are only an approximation, and therefore do not represent an exact value.
To obtain a more fine-grained picture, we have used PFG NMR and
chronocoulometry experiments to determine the diffusion coefficient of various
components of the system in this composition range. It’s found that D(Fc) extracted
from the CV measurements are very close to both NMR and chronocoulometry
results.

To evaluate the limit of reversibility, cyclic voltammetry at scan rate up to 22 V-s!
have been reported in our previous work[20]. The resulting voltammogram evinced a
fast electron transfer through the boundaries of the oil phase. In this work, we worked
on studying the reversibility for couple of different microemulsion samples. An
example of voltammograms as a function of scan rate is plotted in Figure S4. Plots of
the peak current density vs. the square root of the scan rate is shown in Figure 4. A
good fit to Eq. 2 can be obtained at scan rates up to 4 V-s™' for microemulsion with
S/W/0=38.6/58.0/3.4 wt% in Figure 4(a), exhibiting a significant deviation from
linearity at higher scan rates. This upper reversibility limit, however, is greatly
influenced by the composition of the system, as shown in Figure 4(a)-4(c) for
different Toluene concentration in (S/W)o.4/0.6 and in Figure S5 for different S/W ratios
at low toluene content. In Figure 4a, 3.4 wt. % Toluene concentration in (S/W)o.4/0.6
exhibits a linear behavior through the entire scan rate range, while higher toluene
concentrations (11.0 and 16.2 wt. %) undergo the transition to quasireversibility at

scan rates as low as 1 V-s™'. Quasireversible behavior implies that the electron transfer
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rates are lower than the rate of mass transport. This is as reported in reference 20.

As in our previous work and following we use the method reported by
Nicholson[29] and Lavagnini, et al[30] for the evaluation of kinetic parameter k°. This
requires the fitting AE to a working curve to obtain values of a function ¢ defined in
Eq. 4. The evaluation of k° by Nicholson’s method applies to the range of peak
separation between 57 and 250 mV, during which the electrode process is progressing

from reversible to irreversible[31].

1
2

Y = k°[rDnFv /RT] 4)
The ¢ is calculated from Eq. 5:
Y = (—0.6288 + 0.0021X)/(1 — 0.0017X) 5)

Where X stands for 4Epxn, in mV; AEp is the peak separation in CV curves; D is
the diffusion coefficient of the electroactive species, n is the number of electrons
transferred in the electrochemical reaction, F is the Faraday constant, v is the scan
rate; R is the molar gas constant, and 7 is the absolute temperature.

This method was used to evaluate the rate constant of k” for the samples shown in
Figure 4b-4c and Figure S5b, which are typical quasi-reversible reaction process. The
plots of w versus [xDnFv/(RT)|""? for these samples are shown in Figure S6. The
heterogeneous rate constants calculated for these samples are listed in Table 1. The
values are generally in the order of 10~ cm s°!, which are about one third of the results,
5.9x107 cm s’, for the sample with composition of 58.1/36.9/5.0 wt% reported in our
previous work[20]. The reason for lower heterogeneous rate constants of these samples

can be ascribed to two possible effects: increased oil concentration in sample 4b and 4c
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and increased surfactant weight percentage in Figure S5b. They both come down to
increased resistance in microemulsion systems.

Table 1. Diffusion coefficient and heterogeneous rate constants at 20°C.

Sample Composition C(Fc) D’ Kk’

# SIW/O (wW/w/w%) (mol cm™) (cm?s™) (cms™)
4b 35.6/53.4/11 5.68x107 4.21x10® 1.4x1073
4c 33.5/50.3/16.2 8.93x107 4.27x10® 1.5x1073

S5b 47.9/47.9/4.2 2.0x107 1.57x107 2.0x107

As electrolyte is needed to achieve adequate conductivity for efficient use in a cell,
discerning how the addition of supporting electrolyte affects the electrochemical
reaction and transport of Fc in the microemulsion is also very important for
developing the microemulsion electrolytes for flow cell applications. In addition to
bulk effects associated with a device, the electrochemical reaction requires that
charged ions can effectively migrate and compensate for changes in the charge state
of the redox active species in the microemulsions[32]. Bard’s group showed that this
can lead to loss of electrochemical activity in droplets in surfactant-free emulsions. In
that case, the electrochemical activity depended on the ability of ions to enter or leave
the emulsion droplet. We previously suggested that the microemulsion case may
behave differently since (mobile) ions in the aqueous phase can be present within a
short distance of active species (here Fc/Fc*) in the nonpolar phase[20]. It is also
known that ions can move back and forth across the surfactant boundary as they

undergo redox processes that sufficiently change their polarity, and indeed,
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cross-phase exchange can be rapid on the experimental time scale[20].

To further probe the ion transport requirements for -electrochemistry in
microemulsions, we studied effects of two supporting electrolytes, such as BNF and
KNOs. More specifically, the following supporting electrolyte combinations used
were: 1) 0.5 m KNOs3 as an aqueous supporting electrolyte in systems with and
without 0.05m BNF dissolved in the oil phase; and ii) 0.05m BNF was initially
dissolved in the oil phase, with varied KNO3 concentration.

Representative CVs of Fc in the electrolyte with and without 0.05m BNF are shown
in Figure 5 along with plots of the peak current density for Fc in a TBWT
microemulsion with and without 0.05 m BNF supporting electrolyte as a function of
oil weight percentage (Figure S7), with 0.5m Fc in the oil. The compositions for the
CV characterization were chosen based on the phase boundary determination reported
in our previous work[20]. As we expected, the phase boundary observed for
microemulsions with BNF didn’t deviate significantly as compared with the ones
without BNF, due to the low concentration, i.e. 0.05m, and low hydrophobicity of
BNF[33]. Due to the limitation of maximum oil uptake, the microemulsion with the
higher water content can only take up less than 5 wt.% of oil for the samples
(S/W)o.109 to (S/W)o30.7 and the current densities of these samples are much lower
than those for the microemulsions with (S/W)o.s0.5 and (S/W)o6/0.4. The samples with
BNF show a higher peak current density than those without BNF for the samples with
high water content, i.e. (S/W)o.109 and (S/W)o20.s. The peak current density is not

affected by the presence of BNF at higher water content. The peak current density is
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plotted as a function of water phase volume fraction in Figure S8.

A comparison of D(Fc) calculated from CV results between the TBWT
microemulsions with and without BNF as supporting electrolyte is shown in Figure 6.
The D(Fc) of the samples with BNF are generally higher than those without BNF at
the high water volume fraction range though only slightly so in the low water content
range, as one might expect from the data of Figure S7.

The conductivity of samples with (S/W)os/0.5 in Figure S9 shows a lightly higher
value in samples with BNF than the ones without BNF. As reported in Table S3 for
the two series of microemulsion, the resistance of the samples without added BNFis
roughly 2 times higher than that with 0.05m BNF supporting electrolyte at
S/W<0.3/0.7, but the resistance in these two series of samples only shows a slightly
difference when S/W is higher. Therefore, the trends of D(Fc) and resistance are
broadly similar, the diametric opposite of the expected result for a
viscosity-controlled effect (i.e. lower viscosity leads to higher D and higher o, or
lower resistance). In addition, BNF, one of quaternary ammonium compounds, acts as
a phase-transfer catalyst in the two-phase reaction. Open chain PEO compounds, i.e.
Tween®20 in microemulsion, often give a crown ether effect, i.e. increase phase
contact and may constitute practically alternative phase transfer agents. It’s reported
that the combination of microemulsion with some phase-transfer reagent can
dramatically increase the reaction rate[34].

To further explore the contribution of BNF and determine its location in

microemulsion, "F NMR were performed on BNF in H>O, toluene, Tween®
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20/1-butanol and TBWT microemulsion with chemical shift of -150.5ppm, -149.1ppm,
-151.1 and -150.2ppm, respectively, as shown in Figure 7. The ’F NMR of BF4 ions
in the microemulsion shows a small shift of 0.3 ppm to the one in H,O, which
suggests a similar chemical environment of BF4+ ions in both solutions and hence
strongly suggests that the location of BF4 ions is in the water phase of
microemulsion[33]. With the evidence shown above, it should be noted that even
though the BNF was dissolved in the oil phase initially, it still transferred into water
phase due to low transfer energy of tetrabutylammonium ions, i.e. -7.7 kJ/mol[35]. In
other words, the BNF in microemulsion actually act as a supporting electrolyte in the
water phase..

The concentration of supporting electrolyte in the aqueous phase was also varied in
this work. For each sample with a specific S/W ratio, one composition within the
phase boundary was characterized by CV, with different concentrations of supporting
electrolyte in aqueous phase, i.e. 0.5m KNO3 and 1m KNO3, respectively, as shown in
Figure 7 and Figure S10. The peak current density of the sample with Im KNOjs in the
water phase is lower than that with 0.5m KNOs at the lowest water contents. The AE
suggests reasonable reversibility for the Fc in the microemulsion with lower S/W ratio,
but AF significantly increases as the water content is reduced, especially in the system
with only 0.5m KNOs. The effect of increased concentration appears to be to reduce
AE. Table S4 shows the increasing KNO3 concentration reduced the resistance of the
microemulsion solution at all water contents. Isono[36] reported that the conductivity

o(1m) =1.76 a(0.5m) for aqueous KNO3 solutions. This is in exact agreement with the
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ratio observed for high water content samples a to ¢ in Table S4. Therefore, the
conductivity of these samples indicates that they behave as aqueous solutions. The
ratio is slightly higher, approaching 2 but varying somewhat, for the remaining
samples. One plausible explanation is that a fraction of the KNOs interacts with the
surfactant head groups; in the 1m solutions, this partitioning leaves a greater
concentration of salt in the fluid phase.

The calculated D(Fc) in TBWT microemulsion with 0.5m and 1m KNOj3 aqueous
supporting electrolyte have been plotted in Figure 9a. The numbers shown in the
figure are the oil wt% in the microemulsion. Values of D(Fc) for all samples with 1m
KNOs3 in water phase are lower than those for 0.5m KNOs; solutions. Unsurprisingly,
this result agrees well with the behavior of the peak current density observed in Figure
8. The lower current density and D(Fc) in 1m KNOs3 system suggest a higher viscosity
in 1m KNOj3than 0.5m KNOs3 but the viscosity of aqueous KNOj3 solutions does not
change much in this composition range. At the high water content range (S/W=0.1/0.9
to 0.3/0.7), D(Fc) decreases as the water content drops. However, the latter 3 points
were obtained with different oil contents as the maximum possible oil content is lower
when the surfactant content is low. Still, the D(Fc) peaks at ~ 50 vol% of water and
appears to tend to decrease sharply after this peak.

The conductivity of TBWT microemulsions with different KNOs3; concentration is
shown in Figure 9b as a function of water phase volume fraction. In these samples,
the supporting electrolyte in the oil phase was 0.05m BNF for all samples and the

supporting electrolyte concentration in the aqueous phase was either 0.5m or Im
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KNOs. The conductivity increases from ~5%102 mS cm™ to 80 mS cm™ as the water
phase volume fraction changes from 8 V% to 92V%, and it slightly decreases with
increasing oil weight fraction as shown in Figure S11. Over the entire composition
range, the conductivity of the TBWT microemulsions with Im KNOsis always higher
than those with 0.05m KNO3 when they are compared at the same surfactant/oil/water
composition. The overall trend is readily understood as resulting from the significant
decrease in the water phase volume fraction available as a conducting phase.

To develop a more nuanced picture of the behavior of these electrolytes, we now
discuss the results in an integrated fashion. The primary results are:

i) D(Fc)

is higher than D(Fc) ; by adding supporting electrolytes

(S/W)O.S/O.S (S/w)0.4/0.6

BNF in the oil phase, the diffusivity of Fc has been promoted, i.e. D(Fc)o.0sm
BNE>D(Fc)no Bnr; in addition, the more concentrated aqueous phase with 1m KNOs
could have generally slowed down the diffusion coefficient of Fc,
ie. D(F¢)1m knos < D(FQ)osm kNO,-

i1) The conductivity of TBWT raises as the concentration of supporting electrolyte
KNOs in the aqueous phase increases from 0.5m to 1m.

Combining the CV, D(Fc) and conductivity results, it is found that even though the
conductivity can be increased by raising the concentration of KNOs, the diffusion of
Fc™ is a key step which suppresses the electrochemical performance of TBWT
microemulsion with a higher KNO3 concentration.

Based on our SANS studies, the microemulsion structure changes substantially

over this range of composition[28]. However, by observing the samples with the same

21



oil content, ~8.1wt%, S/W=0.4/0.6 to 0.2/0.8, the trends of D(Fc) in samples with
0.5m and 1m KNO3 do not simply follow the trend of the resistance, but exhibit an
initial increase followed by a decrease after reaching a maximum around S/W=0.6/0.4,
which evidence significant structure evolution within this range. A ternary blend of
polystyrene (PS) and polyethylene oxide (PEO) homopolymers and a diblock
copolymer PS-block-PEO acting as a surfactant with added salt LiTFSI form
bicontinuous structures similar to TBWT microemulsions[28]. SANS on the
PS/PEO/PS-block-PEO system showed that doubling the concentration of the salt
produced a stiffer interface and even though the general bicontinuous structure was
maintained the system became more segregated, similar to swollen
lamellae[37]. Conductivity experiments show that the higher salt concentration
actually lowers the ionic conductivity. Given the boundaries are stiffer in the lamellar
structure this hinders ion transport while the bicontinuous structure increases the ion
transport due to an increase in flexibility.

This phenomenon can be explained by the hypothesis we proposed in the previous
work[20]. As the surfactant monolayers in microemulsion stabilized two phases with
the polar end interacting with aqueous phase and the nonpolar end interacting with oil
phase, the multiple polyethylene oxide (PEO) oligomers region consisted in Tween®
20 are likely to dissolve salt (KNOs) in aqueous phase, while the nonpolar
accommodate Fc, keeping it within the surfactant. With that, ions can be expected to
readily move in and out of the palisade layer. Perhaps it is because of this special

mechanism, due to the limited surfactant, especially in the microemulsion with low
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surfactant content, it is possible that the accessibility of Fc is limited during the CV
measurements, therefore the microemulsion systems with much higher KNOs
concentration don’t exhibit much superior electrochemical performance than the lower
one.

Based on the discussion above, the ion transfer mechanism of the microemulsion
electrolyte can be summarized. We suggested a mechanism of ion transfer associated
with the electron transfer in which both halves of the active couple remain associated
with the interphase surfactant region. In that case, a relatively minor process of transfer
of NO3- anions in and out of this interphase region, which contains components of the
aqueous phase and the oil phase in close proximity, would maintain electroneutrality.
This seems plausible based on the relatively facile kinetics observed. However, at this
point there is insufficient evidence to rule out the possible transfer of Fc+ into the
aqueous phase upon oxidation of Fc.[20]

4. Conclusion

In this work, various concentration of Fc, and the supporting electrolytes, i.e. BNF
and KNOs, of TBWT microemulsion were studied by characterizing the CV, diffusion
coefficient of Fc, resistance and conductivity. The results suggest that the
electrochemical performance of microemulsion electrolyte doesn’t follow to the
general law of regular aqueous electrolytes and nonaqueous electrolytes, i.e.
increasing concentration of redox active species, supporting electrolytes are not the
direct and only parameter for adjusting the electrochemical performance of

microemulsion. It’s found that the limited coordination group, EO, in the surfactant of
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microemulsion could significantly affect the current density and diffusion coefficient
of Fc. We speculate that this work would help us to better understand the
electrochemical mechanism in microemulsion system, and expand the choices of
electrolytes in RFBs.
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Figure 1. (a) Cyclic voltammogram of (S/W)o406 with 5 wt% of toluene with
different Fc concentrations at scan rate of 0.01V s’!; the current density as a function
of oil weight percentage at scan rate of 0.01V s™! for (S/W)o4/0.6 (b) and (S/W)o.s0.5 ()
with various Fc concentrations. (Experimental condition: 0.5 m KNO3 in H>O, no
BNF in toluene; Working electrode: glassy carbon (3mm diameter, 0.07065 cm?);
counter electrode: Pt wire; Reference electrode: Saturated Calomel.)
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Figure 2. The ratio of is/iop(0.1 m Fc in toluene) as a function of oil weight
percentage for (a) (S/W)o4ne and (b) (S/W)osns with various Fc concentrations.
(Experimental conditions are as in Figure 1.)
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Figure 3. The diffusion coefficient of Fc in (S/W)o40e6 and (S/W)osos with
different Fc concentration as a function of oil weight percentage, in which the pink
diamond shows the D(Fc) of 0.1m Fc in (S/W)o.s05 with 15 wt.% oil determined by
NMR, and the orange triangle shows the D(Fc) of 0.5m Fc in (S/W)o.42/0.58 with 5 wt.%
oil determined by chronocoulometry. (0.5 m KNOj3in H>O, no BNF in Toluene; other
experimental conditions are as in Figure 1.)
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Figure 6. The comparison of D(Fc) of systems with and without BNF as
supporting electrolyte in the oil phase as a function of water phase volume fraction at
scan rate of 0.01 V s'. (The numbers shown in the figure are the oil weight
percentage in different systems: (S/W)o.i09 (red); (S/W)oo20s (green); (S/W)oss0.7
(orange); (S/W)oanes (purple); (S/W)osns (blue); and (S/W)oena (black).
(Experimental condition: 0.5 m KNOs in H>O; other experimental conditions are as in

Figure 1.)
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Tween®20/1-butanol and TBWT microemulsion (S/W/0=36.8/55.1/8.1 wt%).
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Figure 8. Cyclic voltammogram of microemulsion (S/W)o40.6 (a) and (S/W)os/0.5
(b) with different KNOs concentration in the water phase at scan rate of 0.01 V s,
(Experimental conditions: 0.05 m BNF and 0.5m Fcin Toluene; 0.5m or Im KNO3 in
H>O; other experimental conditions are as in Figure 1.)
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Figure 9. (a) The D(Fc) in systems with different KNO3 concentration in the water
phase as a function of water phase volume fraction. (The numbers shown on the top of
data points in the figure are the oil weight percentage in different systems: from right
to left: (S/W)o.in9, (S/'W)o2108, (S/'W)ozn.7, (S/W)oa06, (S/W)osns, (S/W)oens
(S/W)o703 and (S/W)osn2; (b) The conductivity of microemulsion with different
KNOs concentration in the water phase as a function of water phase volume fraction
(Points with the same colors are data for samples with the same S/W ratios but
various oil wt%.). (Experimental condition: 0.05 m BNF in Toluene; 0.5m or Im

KNOs3 in H20.)
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