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Abstract: Membrane-free flow batteries using immiscible electrolytes
aim to overcome limitations of conventional redox flow batteries by
eliminating expensive ion-selective membranes. However, they face
challenges including low power density due to the transport con-
straints in immiscible electrolytes, the need for high partitioned stable
compatible active species, and the overlooked self-discharge inter-
phase phenomena that reduces coulombic efficiency. We present a
novel aqueous biphasic system based on two salts improving elec-
trolyte ionic conductivity and viscosity. Potassium ferrocyanide
(K4[Fe(CN)e]) and a sulfonated viologen ((SPr.)V) species were
examined computationally and experimentally demonstrating effec-
tive redox pairs separation in all oxidation states, achieving a tenfold
higher concentration in their electrolyte. The mutual compatibility and
stability of these species enabled unprecedented scanning electro-
chemical microscopy (SECM) analysis of the liquid-liquid interphase
revealing insights like species concentration gradients and crossover.
The enhanced electrolyte properties expanded the open-circuit
voltage to 1.1 V and improved mass transport, enabling power
densities that are 3.5 times higher than previous examples. The
battery achieved 80.2% energy efficiency at C/2 rate and under
flowing conditions it maintained stable performance over a month (400
cycles) at high states of charge. This work presents an innovative
aqueous membrane-free flow battery that avoids parasitic reactions,
enabling detailed interphase studies and advancing this technology.

Introduction

The pressing energy transition towards the decarbonization of the
global energy infrastructure has driven the growing penetration of
sustainable yet intermittent energy sources into the electricity
grid.! Large-scale and stationary electrochemical energy storage
play a crucial role to sustain the efficient, low-cost and reliable

delivery of renewable energy.[? Redox flow batteries (RFB) are a
promising electrochemical technology for scalable energy storage
(>6 h). Their ability to decouple power and energy density posi-
tions them ahead of enclosed batteries for grid-scale energy
storage providing high efficiency, flexibility and modularity.4
Among the different RFB technologies, all-vanadium RFB (VRFB)
are the most widely deployed.® VRFB are composed of acidic
vanadium-based electrolytes separated by a Nafion ion-exchange
membrane for preventing cross-mixing of electrolytes while facili-
tating the ion transport to maintain charge balancel®l. Despite their
technological maturity and appealing features, the massive
deployment of VRFB is still hampered by their high costs, mainly
associated with the high and fluctuating price of vanadium-based
electrolyte, and the high cost of ion-exchange membranes,
comprising ~40% of the battery price.’l Other limitations are the
declaration of vanadium as a critical raw material,!® the corrosive
character of acidic electrolytes® and their narrow operation
temperature typically of 10°C up to 40°C.[10.11]

Among the possible alternative chemistries, aqueous organic
redox flow batteries (AORFB) have emerged as a promising
solution by replacing vanadium species with organic redox
molecules composed of abundant elements, offering potential
advantages in sustainability and cost.[*2-14 Molecular engineering
allows to tailor the molecular structure of these active materials to
tune key properties such as solubility, stability, and redox potential
in alkaline, acidic or neutral AORFB. However, AORFB also face
several challenges, particularly regarding their long-term perfor-
mance. The stability of AORFB is often limited by rapid capacity
fading due to active species degradation, and cross-contamina-
tion through the membrane.[*>-18 While active species are typical-
ly selected based on their electrochemical and chemical stability
in the supporting electrolytes, the chemical compatibility between
the active species of the catholyte and anolyte remains largely
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overlooked. Moreover, achieving complete separation of organic
molecules with conventional ion-selective membranes is very
challenging because their cross-migration is thermodynamically
favored, especially for small molecules. In the context of neutral-
pH AORFB, commonly used chemistries are limited to viologen
derivatives as anolyte species, paired with TEMPO derivatives,
ferrocene derivatives, or ferrocyanides as catholyte species.[-2
Notably, only the redox couple comprising ferrocyanide and a
sulfonated viologen derivative ((SPrz)V) has demonstrated mutual
compatibility in neutral pH electrolytes, enabling their use as
mixed electrolytes in highly stable symmetric AORFB.[?4

Another strategy to decrease the high cost of VRFB is the deve-
lopment of membrane-free RFBs which do not employ any kind of
membrane or physical separator.?! Unlike conventional RFBs
where the ion-selective membrane counteracts thermodynamics
to prevent crossover, in the membrane-free approach the separa-
tion of the active species is achieved solely by thermodynamics
using immiscible biphasic electrolytes and organic redox species
with high partitioning coefficients. The first attempts involved
agueous-nonaqueous immiscible systems containing various
active species such as quinones, viologens, TEMPO derivatives,
and metal salts.?532 This concept was further extended to
agueous-aqueous immiscible redox electrolytes, providing a more
sustainable, environmentally friendly, and cost-effective battery
chemistry.[3334 Recently, we reported the first entirely aqueous
membrane-free flow battery utilizing an aqueous biphasic system
(ABS) based on polyethylene glycol (PEG) and using methyl
viologen and a ferrocene derivative as anolyte and catholyte
redox species, respectively.® However, the PEG-rich phase of
the ABS exhibited low conductivity and high viscosity, which limi-
ted the maximum applied current and the output power of the
battery. Additionally, while the active species showed adequate
partition coefficients, their low chemical compatibility led to self-
discharge and degradation due to parasitic reactions at the inter-
phase, resulting in a low coulombic efficiency (CE < 68%) and
moderate long-term performance of the battery.

This work introduces a new aqueous biphasic system (ABS)
composed of two salts, that enables the use of compatible and

stable active species, namely potassium ferrocyanide
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(K4[Fe(CN)g]) and 1,1-bis(3-sulfonatopropyl)-4,4’-bipyridinium
((SPry)V) (Figure 1). The compatibility of the selected redox pairs
avoids parasitic reactions and facilitates a controlled and
simplified interpretation of the complex phenomena occurring at
the liquid-liquid interphase. The partitioning behavior of the active
species in all oxidation states, determined by the first time through
both computational and experimental methods, confirmed their
suitable partition coefficients. Moreover, substituting PEG with a
salt resulted in immiscible electrolytes with increased ionic con-
ductivities and lower viscosities, thereby improving overall trans-
port properties. The characterization of this aqueous membrane-
free battery under static and flow conditions confirmed their
improved performance exhibiting enhanced power and robust
long-term stability throughout 400 cycles (33 days). More impor-
tantly, the use of these immiscible redox electrolytes provides
unprecedented insights into processes at the liquid/liquid
interphase, such as concentration gradient of the active species
and self-discharge phenomena, using scanning electrochemical
microscopy (SECM) for the first time.

Results and Discussion

Aqueous biphasic system
Formation of the aqueous biphasic system (ABS)

A new ABS was prepared by mixing lithium bis(trifluoromethane-
sulfonyl)imide (LITFSI) and (NH4),SO4 in water. The system sepa-
rated into two aqueous phases due to a salting-out effect, a well-
known phenomenon that occurs when two salts with different
interactions with water are dissolved in the same solution.®!
Figure 2a illustrates the experimentally obtained binodal curve,
where any mixture point above this curve undergoes phase sepa-
ration into two immiscible aqueous phases. A mixture point com-
prising 30 %wt LiTFSI, 20 %wt (NH4)>.SO4, and 50 %wt H,O was
selected, and the composition of each newly formed phase was
analyzed using ion chromatography. Figure 2b shows that the top
phase (TP) consists of Li*, NHs* and SO,% with a negligible
amount of TFSI', whereas the bottom phase (BP) consists mostly
of NH4* and TFSI, with lower amounts of Li* and SO4%.

ABS Formation Active Species

Partitioning

Membrane-Free
Flow Battery Assembly

Interphase Investigation

Figure 1. Representation of the preparation of the aqueous membrane-free flow battery and the aspects addressed in this work.
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Unlike common ABS, where each phase is typically enriched with
a specific solute, this system exhibits a pronounced ion exchange
between the two immiscible phases. This is evidenced by the
significant change in the slope of phase-binodal curve with increa-
sing (NH,4)2.SO4 concentration. The ion exchange is characterized
by the partition of Li* from the BP to the TP, counterbalanced by
the migration of NH,* from the TP to the more hydrophobic BP.
This behavior was expected, given that among the ions present
in the solution NH,* and TFSI- exhibit less negative Gibbs
hydration energies (trend: SO, > Li* > NHs* >> TFSI B7),
Consequently, NH;* and TFSI- are more likely to preferentially
partition into the more hydrophobic BP. The partition of solutes in
biphasic systems, in the absence of specific interactions, is
dominated by solute polarities and phase hydrophobicities. While
this is commonly observed in organic-aqueous systems, the
principle remains valid here, as the TFSIrich phase is significantly
more hydrophobic than the salt-rich phase. The ions with more
concentrated charges (i.e., more negative Gibbs hydration
energies) partition preferentially towards the more hydrophilic
salt-rich phase (e.g., Li* and SO,%), while ions with dispersed
charges (i.e., less negative Gibbs hydration energies) partition
preferentially towards the more hydrophobic TFSI-rich phase. The
two phases of the newly developed ABS show high ionic
conductivity o and low viscosity n (see Table S1, Figure S2).
Specifically, the TP has a high ¢ (158 mS cm™) and low 7 (3.18
mPa:-s), compared to the low conductivities < 10 mS cm™ and high
viscosities ~20 mPa-s of reported ABS. [l

Partition behaviour of active species

The partition coefficient (K) of the selected active species in their
different ~ oxidation  states, Fe"(CN)s*//Fe"(CN)s> and
(SPry)VII(SPra)V:, were determined by UV-Vis spectroscopy
(Figure S3). The results evidenced the higher affinity of the
catholyte species, [Fe(CN)s]*//[Fe(CN)e]* for the TP (K>10), and
the higher affinity of the anolyte species (SPr2)V//(SPry)V- for the
BP (K<0.01) (Figure 2c), ensuring their efficient
thermodynamically-driven separation. The affinity of the (SPrz)V
species for the BP is particularly high, leading to cross-migration
concentrations in the TP that were difficult to detect with UV-Vis
spectroscopy. Figure 2d illustrates the charge density
distributions of the studied redox active species, evidencing the
polarity differences between the two active species. The reddish
areas represent highly negatively charged sites of the molecule
(hydrogen bond acceptors), the bluish areas indicate positively
charged sites, and the green areas correspond to predominant
non-charged regions of the surface. Fe'(CN)s* displays a
predominantly reddish color due to its high negative charge (-4),
whereas Fe'(CN)s*, with a slightly less negative charge (-3),
exhibits an overall reddish appearance but includes a yellowish
central core, reflecting its lower charge density. For (SPr;)V, two
red sites correspond to the -SOj; radicals, while a bluish region is
observed around the viologen core, indicating that the positive
charge of this zwitterion is more dispersed around its core. In
contrast, (SPr,)V- shows a greener central core, reflecting a more
negative charge distribution.

Sigma profiles (Figure 2d) further quantify these differences by
illustrating the probability distribution of surface charge densities.

10.1002/anie.202424650
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Compared to [Fe(CN)eJ?*~, [Fe(CN)¢]*™ presents a larger area of
highly induced charge densities, reinforcing its stronger
electrostatic interactions. Similarly, (SPr;)V exhibits a higher
concentration of positive charges (negative induced charge
density) compared to (SPr;)V~. Notably, both the reduced
viologen (SPr;)V~ and the oxidized [Fe(CN)¢]*~ show smaller
areas of highly concentrated charges compared to their original
forms, suggesting a reduction in strong electrostatic interactions
upon redox transitions. This effect decreases the partitioning
tendency of both species toward their respective phases (Figure
2c), indicating that the battery in its discharged state (containing
Fe'(CN)s* and (SPry)V) is likely to experience lower cross-
contamination compared to when it is fully charged. In addition,
computational predictions using the COSMO-RS (conductor-like
screening model for real solvents) model®*4% were conducted to
assess the partitioning behavior of ferrocyanide and viologen
derivatives in this specific ABS (Figure 2c,d). Santiago et al.*!
observed that the major source of error in partition coefficient
predictions by COSMO-RS is related to the correct quantification
of species concentrations in both phases of the biphasic system.
Our previous study!“? showed that COSMO-RS correctly predicts
the phase to which the redox-active species in ABS patrtition,
including viologen, anthraquinone, and TEMPO. However, from a
quantitative perspective, the model exhibits deviations typically up
to two orders of magnitude, with most viologen derivatives
showing deviations within one order of magnitude.

In the COSMO-RS simulations applied herein, the compositions
of species in the two phases at equilibrium were the actual
concentrations measured by ion chromatography (Figure 2b,
detailed errors bars in Figure S4)). Using experimental
concentrations not only reduced prediction deviations but also
allowed for a more precise quantification of ion exchange between
Li* and NH,*. Figure 2c shows that COSMO-RS correctly
predicted the phases to which all active species selectively
partition. Moreover, it estimated the order of magnitude of this
partitioning for three of the four species. The exception was the
zwitterion (SPry)V (net charge = 0), for which the model
adequately predicted the preferred phase but drastically
overestimated the partition coefficient. The zwitterionic nature of
(SPr,)V introduces local charges and intermolecular interactions,
challenging the quantitative accuracy of most predictive models.
Nevertheless, the qualitative accuracy of COSMO-RS
underscores its ability in assessing complex aqueous biphasic
systems. The model was also able to predict the partitioning of
both ferrocyanide and viologen redox pairs in their different
oxidation states, into the TP and BP, respectively (Figure 2c). The
sigma profiles also reveal the influence of induced charge effects,
where highly negative anions, such as [Fe(CN)¢]*, exhibit large
areas of highly positive charge densities (p(o)), further
emphasizing the role of electrostatic interactions in solvation and
partitioning shown in Figure 2c.

These results demonstrate the effective selective partitioning of
the active species, in both their “uncharged” and “charged” states,
within their respective electrolytes. This minimizes cross-
contamination not only during the assembly of the battery but also
during its operation, when the active species undergo oxidation
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and reduction. It is important to note that initial attempts to use
previously reported ABSPE43% for assembling membrane-free
batteries with Ks[Fe(CN)g] and (SPr;)V were unsuccessful, as
both active species exhibited a strong affinity for the same BP,
preventing effective separation (Figure S5). Both the charge
density distribution maps and the sigma profiles generated in this
work are available in the supplementary materials.

Electrochemical properties of redox ABS

The mutual compatibility of active species, KiFe(CN)g] and
(SPr)V, was initially investigated using cyclic voltammetry (CV)
in 1 M KCl as electrolyte containing both compounds (Figure S6).
Two reversible redox peaks at -0.6 and 0.3 V vs. Ag/AgCl (3M
KCI), corresponding to the redox reactions of the viologen and
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ferrocyanide derivatives, respectively, remained stable for multip-
le cycles, confirming the compatibility of these compounds. In
contrast to most of the organic active species, some viologen
derivatives and the ferrocyanide compounds do not suffer from
parasitic reactions when they are mixed in the same electrolyte
showing no degradation.?443 The electrochemical properties of
the newly developed ABS were then assessed by performing CV
in each of the two immiscible electrolytes. The BP (anolyte)
exhibits a reversible redox process at -0.77 V vs. Ag/AgCl (3M
KCI), attributed to the viologen (SPrz)V, which remains stable
upon cycling (Figure S7a). The TP (catholyte) also exhibits a
reversible peak at 0.35 vs. Ag/AgCl (3 M KCI) corresponding to
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Figure 2. a) Binodal curve. Inset: Digital photo of the biphasic system at a selected mixture point: 30%wt LITFSI + 20% wt (NH4)2SOa4 + 50%wt H20. b) Phase

composition analyzed by ion chromatography including error bars (more detailed

4

view in Figure S4). c) Partition coefficient of active species obtained by UV-Vis
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spectroscopy and simulated values predicted by COSMO-RS. d) Charge density distribution and sigma profile of the active species obtained with COSMO-RS. e)
CV of anolyte and catholyte (pH 7) at 0.1 M active species concentration and 10 mV s, f) Scheme of the redox reactions of the active species.

the redox reaction of K4[Fe(CN)g]. However, the shape of the CV
changes significantly with the number of cycles, with a noticeable
decrease in peak current and a slight increase in the separation
between the anodic and cathodic peaks (Figure S7b). This beha-
vior is likely due to the reported instability of ferro-ferricyanide in
the slightly acidic electrolyte (pH ~4.7- 4.8) (Table S1).*l When
the pH of the ABS was adjusted to 7, which is reported as the
most favorable pH,[“5-*8l the stability of the catholyte significantly
improved, with CVs remaining invariant over 1000 cycles (Figure
S7c). The CVs of the two immiscible electrolytes reveal one rever-
sible peak at 0.54 V (vs NHE) associated with the [Fe(CN)s]* in
the catholyte top phase (TP), and another peak at -0.55 V (vs
NHE) attributed to (SPr2)V in the anolyte BP (Figure 2e,f). This
suggests a theoretical open-circuit voltage (OCV) as high as 1.09
V. Notably, this value is 220 mV larger than the OCV of a
conventional flow battery with similar active species,?434% which
is due to the shift of the redox potential in the highly concentrated
electrolytes (see Figure S8). Interestingly, a small signal from the
active viologen species appears in the CV of the catholyte (TP)
and vice versa, which is consistent with the high partition
coefficient of the active species.

Further investigation with respect to the diffusion coefficient (D)
and kinetic (k° parameters of the electrolytes supports the
anticipated benefits of the new ABS composition (Figure S9). The
low viscosity of the biphasic electrolytes, particularly in the TP,
leads to a diffusion coefficient for the active species in the catho-
lyte (TP) that is an order of magnitude higher than the previously
reported values for other membrane-free RFB (Table S1). The
calculated values using glassy carbon electrodes of the diffusion
coefficient (Direcnysja- = 1.11-10°6 cm?/s and Dsprov = 1.10 106 cm?
sy and kinetic constants (k° [recnyepe- = 9.11-10% cm/s and Kospry
= 0.036 cm s) are within the same range as those reported for
conventional RFB.[244

Unravelling the active species transport through the
liquid-liquid interphase

Scanning Electrochemical Microscopy (SECM) has been
demonstrated to be a powerful tool for monitoring electron transfer
at the interface between two immiscible liquids.®%-%% Here, a
SECM set-up placed inside a glovebox (oxygen free) is employed
to investigate the dynamics of the redox species in each phase
and at the interphase of a membrane-free RFB.

This investigation was possible due to the newly formulated
immiscible electrolytes with compatible species that enable the
study of interphase processes without interference from parasitic
or irreversible reactions and allowed to interpret the interphase

phenomena in a controlled and simplified experimental framework.

Figure 3a and Figure S10 illustrate the experimental set-up,
where a polarized needle-type SECM tip is used to monitor the
electrochemical processes of the active species present in the
electrolyte. To investigate crossover, only one of the redox
species is dissolved in the ABS before testing. The SECM tip was
placed in the bulk of either the TP or BP, and a CV was conducted
to observe the characteristic redox process of the added
compound (Figure S11). The increased current measured at the

SECM tip correlates with the presence of the redox species,
shedding light on the crossover between phases. Under these
conditions, the CVs show only a single process associated with
the specifically added redox compound. Figure S12 shows that
the current associated to the redox processes of the viologen
derivative (SPry)V- // (SPrz)V was higher in the BP than in the TP,
whereas the current associated with the [Fe(CN)g]* // [Fe(CN)s]*
redox pair was higher in the TP. These results are in agreement
with the partition results discussed above (see Figure 2c and 2e).
To investigate the interphase region, the SECM tip was polarized
at a constant potential while being moved from the TP to the BP
in 1 um increments (Figure 3a). Depending on whether (SPr;)V or
[Fe(CN)g]* was added to the ABS, the SECM tip was polarized at
-700 mV or +700 mV, respectively. The steady-state current was
used to monitor the presence of the active species in the bulk of
the immiscible electrolytes and in the interphase. As shown in
Figure S12a, the normalized current dropped sharply from 1 to
nearly 0 as the tip moved from one phase to the other, clearly
indicating the high partition coefficient of (SPrz)V to the bottom
phase and of [Fe(CN)g]* to the top phase. A similar sharp change
in the SECM tip current response was observed when both redox
species were present at 0.1 M in the biphasic system (Figure 3b).
This sharp transition confirms the consistent partitioning of the
species in the biphasic system. By traversing the interphase from
the TP to the BP, we estimated the thickness of the interphase
reflecting the concentration gradient for both (SPr;)V and ferro-
cyanide to be approximately 1 um. This value likely reflects the
resolution of the SECM positioning system and may also be
influenced by disturbances at the SECM tip caused by the surface
tension. Grimaud and co-workers employed Raman spectroscopy
to map the electrolyte ions in the interface between two immiscible
electrolyte solutions, showing an inverse correlation of the
interface thickness with the salts concentration, with values in the
range of 2-10 um,®8 which is in close agreement with the SECM
results. The observed thinner interphase is indicative of a system
exhibiting stronger ion partitioning.>¢!

During battery charging, the active species [Fe(CN)g]* and
(SPr,)V are converted to [Fe(CN)g]* and (SPr,)V-, respectively.
These species might also cross through the interphase, leading
to rapid capacity fade. To evaluate the partitioning of the charged
species in the ABS, SECM experiments were performed by ad-
ding either [Fe(CN)e]* or (SPr,)V- to the ABS and applying a con-
stant potential to the SECM tip. Figure S12b shows the current
associated with the anodic process in the BP (oxidation of
(SPr2)V- measured at E;, = 0 mV, blue squares) and a sharp
decrease in current as the SECM tip crosses the interphase. This
result confirms the high partition coefficient of (SPr;)V-, indicating
its high affinity for the BP. In contrast, the reduction process of
[Fe(CN)g]*, manifested by high reduction currents (at Egp= 0 mV,
red triangles), was observed in both phases which is consistent
with the experimentally measured and simulated partition coeffi-
cients, which was lower for [Fe(CN)¢]* compared to the other
species. Although the current values generally correlate with
species concentration, the different diffusion coefficients of the
species in each phase complicate the quantitative analysis.
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program of 10 s applying =700 mV and sequentially +700 mV for 10 s (orange data). d) Schematic of the local regeneration process of [Fe(CN)e]* at the interphase

due to the reaction with the reduced form of (SPr2)V.

The low coulombic efficiency associated with the self-discharge
of “charged” active species at the interphase is a critical challenge
in membrane-free battery technology.®¥ This phenomenon con-
sists of a spontaneous electron-exchange reaction that occurs
when the charged species come into contact at the liquid-liquid
interphase, reverting to the discharged state and inducing
changes in the concentration of active species in the vicinity of the
interphase. To investigate the dynamics of species near the inter-
phase during battery operation, SECM analyses were conducted
in ABS containing active species at different state of charge.
Given the high complexity of performing experiments at the liquid-
liquid interphase, an initial simplified experiment was carried out
using a biphasic system with [Fe(CN)g]* in the TP (discharged
catholyte) and (SPrz)V-in the BP (charged anolyte). Both species
showed low crossover and high partitioning behavior (Figure 3b
and S10b). Figure S13 shows that the oxidation current associ-
ated with (SPr2)V- (Egp = 0 mV) in the presence of [Fe(CN)g]*
showed a similarly sharp transition as observed when measured
alone (Figure S12b), suggesting chemical compatibility with
[Fe(CN)g]*. The response obtained when the SECM tip was pola-
rized at +700 mV (oxidation of [Fe(CN)e* and (SPry)V- also
showed a constant current in the TP and BP, with a drastic decay

when the tip crossed the interphase (Figure 3c, red circles). A
similar SECM experiment was repeated but using a pulsed
potential, where the tip was polarized at -700 mV for 10 s, followed
by polarization at +700 mV for 10 s prior to the current acquisition
(Figure 3c, orange diamonds). Under these conditions, the tip
converted any SPr,V to SPraV-in tip vicinity polarized at -700 mV,
promoting a local (SPr2)V- enrichment. Subsequently, oxidation of
[Fe(CN)e]* and SPr,V- occurred when the tip was polarized at
+700 mV. Interestingly, the normalized SECM tip current at
+700mV increased as the tip moved from the TP to the BP,
approaching the interphase suggesting a higher concentration of
[Fe(CN)e]* in the interfacial region (Figure 3c, orange diamonds).
This might be explained by the mechanism proposed in Figure 3d.
At +700 mV the tip generates [Fe(CN)g]*, which meets SPr,V-
diffusing from the BP and undergoes an electron exchange reac-
tion being reconverted into [Fe(CN)g]*. Consequently, the SECM
tip current for [Fe(CN)e]* oxidation increases as the tip approa-
ches the interphase. This regeneration of [Fe(CN)e]*" was not
observed when the tip was constantly polarized at +700 mV (circle
data in Figure 3c), as constant polarization depletes SPr,V near
the tip, preventing the electron exchange reaction between
[Fe(CN)g]* and SPr,V-. No regeneration of [Fe(CN)e]*- was detec-
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ted during the constant polarization experiment, unlike with the
pulse-based method. The SECM results provide an in-situ evi-
dence that the recombination reaction between the charged spe-
cies [Fe(CN)g]* and SPr,V- at the interface is responsible for the
self-discharge process in membrane-free immiscible batteries.

Performance of the membrane-free battery
Static membrane-free battery

To assess the suitability of this newly developed ABS for applica-
tion in a membrane-free battery, 0.1 M [Fe(CN)¢]* and 0.1 M
(SPr2)V were dissolved in the ABS (1.5mL each phase) prior to
the assembly of a static battery. The static battery was charged
and discharged at different current densities, showing a flat
voltage plateau for both the charge and discharge processes
(Figure 4a). At low current densities, the discharge voltage was
close to the theoretical value of 1.08 V. Figure 4b shows the rate
capability of the static battery with increased discharge capacity
and higher coulombic efficiencies (CE) as the C-rate increases,
reaching a maximum CE of 91.7% at 2C (5.4 mA cm?). This
unconventional trend is attributed to self-discharge due to the
recombination of active species at the interphase. The enhanced
transport properties of these newly developed biphasic
electrolytes resulted in lower battery resistance, enabling a 2.5
times higher current density (2 vs 5.4 mA cm?) compared to
previously reported examples,*+3% while maintaining a stable and
efficient performance. Additionally, the improved mass transport
properties of this ABS allowed reaching a voltage efficiency as
high as 80.2% at C/2 (Figure 4c) with the optimal operation
conditions for the battery at C/2 reaching a CE of 75%, a voltage
efficiency (VE) of 80% and an energy efficiency (EE) as high as
60%. These values represent a significant improvement of
membrane-free batteries.% Figure 4d shows the cyclability of the
battery at C/2 (1.34 mA cm?), demonstrating consistent and
stable performance with similar charge-discharge profiles,
exhibiting clear voltages plateaus and maintaining a constant
discharge capacity around 0.6 mAh over 160 cycles. The CE
remained in average at 75% (Figure 4e). Analysis of the individual
potentials of the catholyte, interphase and anolyte during cycling
(Figure 4f) shows an increase in the overpotential of the catholyte
while the potential of the anolyte remains unchanged. This is likely
due to the accumulation of charged species in the catholyte
caused by an imbalance in charged species concentration
between anolyte and catholyte. This imbalance arises from the
well-known high sensitivity of viologens to dissolved oxygen,
which oxidizes viologen and reduces the concentration of its
reduced form.

Membrane-free redox flow battery

The performance of the battery was investigated under flowing
conditions using a flow-thought reactor®" designed specifically for
biphasic membrane-free batteries (Figure S14). Upon galvano-
static cycling at 3 mA cm?, the battery exhibits rapid capacity fade
from the first cycle (Figure S15a). This performance was likely due
to parasitic reactions by the reduced viologen species that can be
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re-oxidized by oxygen. This would cause a misbalance in the SOC
of both electrolytes* with the SOC of the catholyte continuously
increasing during cycling. Although the electrolytes are purged
with Ar prior to use, the battery was assembled outside the glove-
box. To confirm this hypothesis, two additional experiments were
conducted during cycling (Figure S15b). In the first experiment 4
mL of fresh catholyte (equivalent to 20% capacity or 10.72 mAh)
was added, and cycling was restarted. This led to an immediate
increase in capacity suggesting that the catholyte was the limiting
electrolyte during charging, and supporting the hypothesis that
oxygen caused electrolyte misbalance. In the second experiment,
the battery's upper cut-off voltage was raised during charging
provoking battery overcharging followed by cycling (Figure
S15b,c).

During this overcharging period, the oxygen evolution reaction is
occurring at the cathode while the viologen is being reduced in
the anolyte. After the overcharging period, the battery capacity
also increased, supporting the idea that overcharging could
correct the imbalance caused by the contribution of oxygen to the
capacity loss. Both tests suggested that the battery misbalance
associated to the presence of oxygen in the negative electrode
was the primary cause of the observed capacity decay. This was
previously suggested by the increasing on the catholyte
overpotential during cycling in the static battery (Figure 4f). To
prevent atmospheric oxygen from reacting with the electrolyte, the
entire cell was operated inside an argon-filled glovebox.
Additionally, both electrolyte solutions were also prepared inside
the glove box. Electrochemical impedance spectroscopy (EIS)
showed a stable internal resistance of the battery of 1.2 Q (first
point at high frequency, first interception point with X-axes),
independent of the flow rate (Figure S16a,b). Discharge
polarization experiments revealed a peak power density of 10 mW
cm?, that is not affected by the flow rate (Figure S16c¢). However,
similar to other flow battery systems[®859, increasing the flow rate
from 12 mL min to 40 mL min could mitigate mass transport
limitations, allowing the battery to operate at slightly higher current
densities. The results leverage the improved electrolyte proper-
ties, leading the battery to achieve a three times higher current
density and 3.5 times higher peak power density compared to
previously reported aqueous flow membrane-free batteries [,
The deep charge/discharge voltage profile of the battery from 0%
to 100 %SOC at two different current densities under flowing con-
ditions (Figure S16d) allows to observe the color changes in the
electrolytes and the stable interphase between them (Figures 5a-
b). The anolyte (BP) is clearly identified by the strong blue colora-
tion of reduced viologen, which turns light yellow upon discharge.
During the long cycling test at 3 mA cm? (Figures 5c, S14e), the
battery maintained an average CE of 70% with no significant
capacity fade over more than 400 cycles, equivalent to a one
month of testing. This demonstrates its stable performance
compared to previously reported (non-hybrid) membrane-free
batteries (Table S2). Despite the improved properties of the
aqueous electrolytes used such as lower viscosity and improved
diffusion, an increase in self-discharge and a lower CE were
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expected. However, the primary goal of this work was not to
maximize the CE but to gain deeper insights into the processes at
the liquid-liquid interphase.

In contrast to the experiments conducted outside the glove-box
(Figure S15), no capacity decay was observed during the long-
term cycling, confirming that the presence of oxygen was the
source of the observed capacity losses. In the cycling experiment
the charge capacity was fixed to 50% SOC while the discharge
capacity corresponded to the available capacity until full dis-

charge. The appearance of bubbles attributed to pressure differ-
ences induced by the peristaltic pump leads to fluctuations in both
discharge capacity and CE values (Figure 5c). However, these
fluctuations do not impact the overall performance of the battery.
Post-cycling analyses confirmed that capacity losses in batteries
assembled outside the glovebox were solely due to the SOC
misbalance in the electrolytes when the reduced viologen was re-
oxidized by oxygen, ruling out any irreversible degradation reac-
tions of active species. Not significant variations in CVs were
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observed after cycling, with similar redox potentials, peak
separation, and no additional peaks compared to the fresh
electrolytes (Figure 5d). Moreover, no extra peaks from
degradation products or active species crossover were detected.
To further verify that no electrolyte degradation occurred, UV-Vis
measurements were performed after cycling at 50% SOC and
compared to fresh samples at 0 and 100% SOC for both elec-
trolytes (Figures 5e,f). As expected, both samples (catholyte and
anolyte) show peaks corresponding to both charged and dis-
charged species. In the case of the catholyte, peaks at 302, 322,
and 423 nm are attributed to the charged species [Fe(CN)g]* and
the broad peak at 330 nm is associated to the discharged species
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[Fe(CN)e]* (Figure 5e). Similarly, the spectrum of the anolyte after
cycling reveals peaks at 368, 386, 397 and 602 nm, correspon-
ding to the existence of (SPr;)V-together with the signal of the
discharged viologen (Figure 5f).[%% Moreover, post-cycling UV-
VIS-analysis confirmed the high partitioning of active species in
different oxidation states by the absence of peaks associated to
ferro/ferricyanide in the anolyte and vice versa. Importantly, no
additional peaks were detected in either the anolyte or catholyte
samples suggesting that no degradation occurred. This finding is
consistent with the results obtained from cyclic voltammetry which
also shows no evidence of degradation (Figure 5d).
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Figure 5. Flow battery performance at pH 7, 0.1 M concentration of the active species. 21 mL each electrolyte. Theoretical capacity of 56.28 mAh, 2.68 Ah L. a)
and b) Photos of the cell at charged state and discharged state (a LED light was located behind the cell for better observation of the phases). c) Cyclability test
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Conclusion

We propose a novel aqueous biphasic system (ABS) based on
two salts, which offers excellent properties such as high ionic
conductivity, low viscosity, and improved mass transport proper-
ties compared to previously used PEG-based ABS systems. The
active species, namely (K4[Fe(CN)g]) and (SPr2)V in their different
charge states are effectively separated, which is a crucial factor
for battery operation that has been largely overlooked previously.
Partitioning properties were determined through computational
methods and confirmed by CV, SECM, and UV-Vis spectroscopy.
These proposed immiscible electrolytes also stand out for their
chemical and electrochemical compatibility, not only ensuring
effective separation by thermodynamics but also stable degrada-
tion from parasitic reactions. This stability enabled an in-depth
study of the liquid-liquid interface, revealing new insights into
interphase processes, such as the concentration gradient of each
species and self-discharge reactions, without interference from
side reactions. These results demonstrated that SECM is a
capable tool to estimate the concentration gradient of the redox
active species within the interface of two immiscible liquids
system.

The corresponding membrane-free flow battery demonstrates sig-
nificantly higher current and power density—more than 3.5 times
greater than previous biphasic flow batteries—and improved
cycling stability, with no capacity fade over more than one month
of cycling (400 cycles). These findings highlight the improved
electrolyte properties and overall performance stability of the new
biphasic system.

This work advances critical aspects of membrane-free flow
battery technology, including active species compatibility, inter-
phase processes, and long-term battery performance. It does not
only introduce a new aqueous electrolyte system with superior
properties but also provides valuable insights that pave the way
for further advancements in membrane-free battery technology.
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This study presents a new aqueous membrane-free flow battery based on a novel agueous biphasic system with enhanced electrolyte
properties. The system uses compatible species exhibiting high partitioning behavior, as demonstrated by computational and
experimental analysis. These species prevent parasitic reactions, enabling unprecedented studies of the liquid-liquid interphase and
providing valuable insights into advancing this battery technology.
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