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Abstract 

Membrane-free redox flow batteries (RFBs) offer a cost-effective alternative to 

conventional systems by eliminating ion-selective membranes, thereby reducing 

both capital costs and ohmic resistance. These systems require careful selection 

of electrolyte components and redox-active organic molecules (ROMs) to ensure 

efficient electrolytes with limited cross-contamination. This study evaluated the 

use of sodium thiocyanate (NaSCN) as an additive to expand the chemical space 

of ionic-liquid-based electrolytes, and reduce cross-contamination of ROMs. It 

was found that NaSCN promotes liquid-liquid phase separation in systems that 

otherwise present only solid-liquid equilibria, which are unsuitable for RFB 

applications. Partition coefficients of six promising organic and inorganic redox-

active compounds were measured, revealing formulation-dependent trends that 

vary with ionic-liquid family, hydrophilicity and NaSCN content. Partial 

replacement of the ionic liquid with NaSCN reduces the estimated material cost 

of the electrolyte by 21-24% without compromising partitioning, thereby 

addressing both cost and cross-contamination challenges. 

 

Keywords: Aqueous biphasic systems, Ionic liquid, Sodium thiocyanate, redox-

active molecules, Partition coefficients, Membrane-free redox flow batteries 
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1 Introduction 

Energy storage systems (ESSs) have evolved from simple storage units into key 

components of modern power systems, providing high power and energy density, 

rapid response, reliable energy supply, and enhanced system security, a 

transition supported by advances in power electronics and electricity market 

developments [1,2]. At the same time, climate change and the well-established 

link between greenhouse gas emissions and fossil fuel-based power generation 

have intensified the global shift toward renewable energy sources. However, the 

intermittent nature of renewable energy supply often leads to a mismatch 

between generation and demand, requiring backup power to ensure grid 

reliability [3,4]. As renewable penetration increases and global energy demand 

continues to grow, the deployment of additional energy storage systems (ESSs) 

becomes essential to balance supply and demand, reduce reliance on backup 

plants, and enable significant reductions in greenhouse gas emissions [5,6]. 

Within electrochemical ESSs, redox flow batteries (RFBs) are promising 

technologies for large-scale sustainable energy storage and stand out for large-

scale stationary applications due to their decoupled power and energy, long cycle 

life, and flexible design [7,8]. However, conventional RFBs rely on costly ion-

exchange membranes to keep redox-active species separated while allowing the 

transport of small ions for charge balance [9,10]. Strategies based on electrolyte 

and molecular design have been explored to mitigate crossover and performance 

losses, taking advantage of the high tunability of redox-active species to improve 

solubility, stability, electrochemical kinetics, and operating voltage windows 

[11,12]. Building on these advances, membrane-free RFB concepts have 

emerged as an alternative approach in which crossover control is achieved 

through electrolyte phase separation rather than ion-exchange membranes 

[13,14]. 

Membrane-free redox flow batteries rely on biphasic electrolytes that confine 

redox-active organic molecules (ROMs) [15,16], or other redox-active 

compounds, in distinct liquid phases, eliminating ion-exchange membranes and 

mitigating crossover contamination and ROM losses [17,18]. Rather than 

opposing thermodynamic mixing, the membrane-free concept leverages it. By 

employing immiscible electrolytes that promote strong partitioning of redox-active 
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species, membrane-free RFBs can operate without physical separators, 

potentially reducing ohmic resistance [19,20]. This motivation is also economic: 

ion-selective membranes are a major cost driver in conventional RFB stacks 

(often discussed as ~30% of total system cost), so a viable membrane-free 

electrolyte must justify any added formulation complexity or additives used to 

enforce phase separation [17,21].  

Stable membrane-free RFB operation has already been demonstrated [22] and 

patented [23]. Nevertheless, achieving sufficiently low crossover remains a 

critical prerequisite for ensuring efficient and durable RFB operation [17,19]. In 

this scenario, ionic-liquid-based aqueous biphasic systems (ABS) are attractive 

candidates because they combine high ionic conductivity, broad chemical 

tunability and low interfacial resistance [24,25].  

However, their applicability remains constrained by two major limitations: (i) many 

hydrophilic ionic liquids (ILs) combined with conventional salting-out agents such 

as ammonium sulfate ((NH₄)₂SO₄) form only solid-liquid equilibria instead of true 

liquid-liquid equilibria [14]; and (ii) only a narrow subset of ROMs exhibits 

adequate partitioning in currently available formulations [17,18]. These 

constraints restrict the accessible design space for membrane-free RFBs. 

Designing selective and stable ABS for energy storage requires precise control 

over the interactions that govern phase separation and solute distribution. Anion 

identity strongly affects phase behavior and ROM partitioning in IL-based ABS 

[26]. These observations suggest that anion effects may be a strategic approach 

for tuning both biphasic behavior and ROM selectivity [27]. 

This concept has recently gained attention in membrane-free RFB electrolyte 

design. A recent study [24] demonstrated that NaSCN addition can modulate 

ROM partitioning in IL-based ABS that already exhibit liquid-liquid separation, 

highlighting sodium thiocyanate as a promising additive for increasing ROM 

partitioning on IL-based ABS, and reducing cross-contamination on membrane-

free RFBs. This effect is attributed to the high aqueous solubility and 

electrochemical compatibility of Na⁺, together with the weak hydration and high 

polarizability of SCN⁻ [28,29]. This behavior is consistent with the strongly 

chaotropic nature of SCN⁻ in the Hofmeister series, characterized by low 

hydration free energy and a strong capacity to disrupt water structure and ion-
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water interactions, in contrast to more strongly hydrated anions such as Cl⁻ and 

SO₄²⁻ [30]. However, existing studies have largely focused on systems that are 

already biphasic, overlooking the potential of additives such as NaSCN to induce 

liquid-liquid phase separation in systems that remain monophasic or form solid-

liquid equilibria. 

In this context, this study investigates whether NaSCN can induce liquid-liquid 

phase separation in chloride-based IL + ammonium sulfate + water systems that 

do not exhibit biphasic behavior under conventional conditions. The partitioning 

of representative redox-active species was evaluated to identify promising 

systems for membrane-free redox flow battery applications, and a cost 

assessment was performed to quantify the impact of partial IL substitution with 

NaSCN. By combining phase behavior, partitioning data, and cost considerations 

across different IL families, this work establishes a systematic screening 

framework for expanding the accessible electrolyte design space and identifies 

NaSCN as a practical additive for enabling and tuning biphasic behavior in 

membrane-free redox flow batteries. 

 

2 Materials and methods 

2.1 Materials selection 

The ionic liquids were selected to cover a range of cationic structures and 

hydrophobicity in order to evaluate the influence of molecular architecture on 

phase behavior. The chloride ionic liquids (IL-Cl) studied were [C₂mim]Cl, 

[C₄mim]Cl, [C₄mpyr]Cl, [C₄mpip]Cl, [C₄mpy]Cl, [N₂₂₂₂]Cl, and [N₃₃₃₃]Cl. These 

ILs include aromatic (imidazolium [im] and pyridinium [py]), cyclic aliphatic 

(pyrrolidinium [pyr] and piperidinium [pip]), and linear aliphatic 

(tetraalkylammonium [Nxxxx]) cations. Chloride ILs were selected for this study for 

presenting high hydrophilicity and capacity to form ABS with proven applicability 

as electrolytes on membrane-free RFB [14]. The selected IL-Cl systems differ in 

alkyl-chain length, ring size, and hydrophobicity, allowing comparison of 

structural effects on ABS phase behavior. Ammonium sulfate ((NH₄)₂SO₄) was 

used as salting-out agent due to its strong kosmotropic character and its well-

established ability to induce phase separation in IL-based ABS [14]. 
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The redox-active molecules (ROMs) used were chosen for presenting promising 

reversible redox activity on aqueous electrolytes [14,24]. Methyl viologen (MV), 

benzyl viologen (BV), 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO), and 

2,2,6,6-Tetramethyl-4-[1-oxo-6-(triethylammonio)hexylamino]-1-piperidinyloxy 

bromide (WS-TEMPO) differ in polarity, aqueous solubility, and are widely used 

as reference ROMs [31,32]. The use of these compounds extends the polarity 

range previously investigated in IL-based ABS and allows evaluation of the effect 

of NaSCN addition on ROM phase partitioning. 

Potassium ferricyanide (K₃[Fe(CN)₆]) and potassium ferrocyanide (K₄[Fe(CN)₆]) 

were used as a classical inorganic redox pair. These species show high chemical 

stability and are widely used in aqueous redox systems. K₄[Fe(CN)₆] has 

previously been explored in related membrane-free configurations [33]. The use 

of both oxidation states allows assessment of whether closely related species 

remain in the same phase in a membrane-free configuration. Overall, the selected 

organic and inorganic redox-active species provide a set of solutes with different 

charge, polarity, and redox properties for partitioning studies in IL-based ABS. 

All materials used in this study are listed in Table 1, and their chemical structures 

are shown in Figure 1. All compounds were used as received without further 

purification.  
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Table 1. Name, acronym, purity and supplier of the ionic liquids, inorganic salts and redox 

species used in this work. 

Name 
Acrony

m 

CAS Puri

ty 

Suppli

er 

1-Ethyl-3-methylimidazolium chloride 
[C₂mim]

Cl 

6503

9-09-

0  

98.0

% 
Iolitec 

1-Butyl-3-methylimidazolium chloride 
[C₄mim]

Cl 

7991

7-90-

1 

99.0

% 
Iolitec 

1-Butyl-1-methylpyrrolidinium chloride 
[C₄mpyr]

Cl 

4795

00-

35-1  

99.0

% 
Iolitec 

1-Butyl-1-methylpiperidinium chloride 
[C₄mpip]

Cl 

8457

90-

13-8  

99.0

% 
Iolitec 

1-Butyl-3-methylpyridinium chloride 
[C₄mpy]

Cl 

1256

52-

55-3  

98.0

% 
Iolitec 

Tetraethylammonium chloride [N₂₂₂₂]Cl 
56-

34-8  

98.0

% 
Sigma 

Tetrapropylammonium chloride [N₃₃₃₃]Cl 
5810-

42-4  

98.0

% 

Alfa 

Aesar 

Sodium thiocyanate NaSCN 
540-

72-7  

98.0

% 
Merck 

Ammonium sulfate 
(NH₄)₂S

O₄ 

7783-

20-2  

99.5

% 

Panrea

c 

Methyl Viologen Dichloride Hydrate MV 

7536

5-73-

0  

98.0

% 
Sigma 

Benzyl Viologen Dichloride BV 
1102-

19-8  

97.0

% 
Sigma 

2,2,6,6-tetramethylpiperidine-1-oxyl radical TEMPO 
2564-

83-2  

98.0

% 
Sigma 

2,2,6,6-Tetramethyl-4-[1-oxo-6-(triethylammonio)hexylamino]-1-

piperidinyloxy bromide 

WS-

TEMPO 

7622

45-

84-1 

95.0

% 
Sigma 

Potassium hexacyanoferrate(III) 
K₃[Fe(C

N)₆] 

1374

6-66-

2  

99.0

% 

Panrea

c 

Potassium hexacyanoferrate(II) trihydrate 
K₄[Fe(C

N)₆] 

1445

9-95-

1  

99.5

% 
Sigma 
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Figure 1. Chemical structures of the compounds used. 

 

2.2 Aqueous biphasic systems 

For the construction of the binodal curves, IL-Cl solutions were first converted in 

situ to IL-SCN by preparing IL-Cl + NaSCN mixtures at a 1:2 molar ratio. The 

binodal curves were then determined gravimetrically (±10⁻⁴ g) using the cloud-

point titration method at 298 ± 1 K and atmospheric pressure, following 

established procedures [34]. In brief, a concentrated (NH₄)₂SO₄ solution (~40 

wt%) was added dropwise to the homogeneous IL + NaSCN solution (~80 wt%) 

under continuous stirring until turbidity was observed, indicating the onset of 

phase separation. Water was subsequently added dropwise until the system 

returned to a clear monophasic state. This titration cycle was repeated to 

determine multiple binodal points. The mass of each component was recorded 

after each addition, and the binodal compositions were calculated by mass 

balance and expressed as mass fractions of IL (or IL-Cl + NaSCN), (NH₄)₂SO₄, 

and water. 

For systems containing NaSCN, the salt was introduced by partially replacing the 

ionic liquid at a fixed IL:NaSCN molar ratio of 1:2. This ratio was selected to 

promote extensive anion exchange (Cl⁻ → SCN⁻) and ensure that phase 

behavior reflects SCN⁻-rich conditions rather than mixed Cl⁻/SCN⁻ environments. 

Ion chromatography results reported in the literature show that even a 1:1 

NaSCN:IL ratio leads to near-complete exchange [24]. The 1:2 ratio therefore 

minimizes residual chloride effects across all studied systems. The use of a fixed 

                  



9 

 

ratio also ensures consistent comparison across different ionic liquids and that 

the observed phase separation is primarily governed by SCN⁻. 

 

2.3 Partition coefficients of redox-active species 

The partitioning of MV, BV, TEMPO, WS-TEMPO, K₃[Fe(CN)₆], and K₄[Fe(CN)₆] 

was quantified using a UV-Vis microplate reader (BioTek, Synergy HT). The 

selected wavelengths were 257 nm for MV and BV, 270 nm for TEMPO and WS-

TEMPO, and 300 nm for K₃[Fe(CN)₆] and K₄[Fe(CN)₆]. 

ABS containing the redox species were prepared at compositions located well within the 

biphasic region, using IL systems with IL:NaSCN molar ratios of 1:2 (reference condition, 

according to the binodal curve) and 1:1 to evaluate the effect of NaSCN concentration. 

The specific compositions of all mixture points, expressed in mass fractions, are provided 

in the Supplementary Material (Tables S1 to S3). The systems were allowed to 

equilibrate overnight at ambient temperature and pressure. After equilibration, the IL-rich 

(top) and salt-rich (bottom) phases were carefully separated and analyzed by UV-Vis 

spectrophotometry. 

The partition coefficient (K) was calculated as the ratio between the redox species 

concentration in the IL-rich phase (top) and salt-rich phase (bottom) (K = 

[C]Top/[C]Bottom). Three independent extraction experiments were performed to 

obtain mean values and corresponding standard deviations. 

 

2.4 Cost estimation 

Cost estimations were performed for the materials required to prepare ABS at the 

laboratory scale for membrane-free RFB applications. Two IL:NaSCN molar 

ratios (1:1 and 1:2) were compared using the experimentally studied ABS 

compositions. Relative changes were calculated based on ∣K∣. Cost estimates 

correspond to the total ABS formulation (€/kg) and were derived from commercial 

laboratory-scale prices, serving exclusively for relative comparison between 

systems. Additional information is provided in the Supplementary Material (Table 

S4), including reagent prices, masses, and purities. 
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3 Results and discussion 

3.1 Phase Equilibria and Biphasic Behavior 

Exploratory evaluations of ABS formation were performed by mixing IL aqueous 

solutions (~80 wt%) with ammonium sulfate solutions (~40 wt%). The purpose 

was to evaluate if solid-free liquid-liquid biphasic systems could be formed with 

the studied ILs without the addition of NaSCN.  

Solid precipitation was observed in all experiments, with no liquid-liquid regime 

identified, regardless of the IL used ([C₂mim]Cl, [C₄mim]Cl, [C₄mpyr]Cl, 

[C₄mpip]Cl, [C₄mpy]Cl, [N₂₂₂₂]Cl). The only exception was the [N₃₃₃₃]Cl, whose 

mixture with ammonium sulfate formed a clear liquid-liquid biphasic system. This 

exception highlights the strong influence of cation size on the solid precipitation, 

since [N₂₂₂₂]Cl promotes solid precipitation while [N₃₃₃₃]Cl and [N₄₄₄₄]Cl can 

produce a liquid-liquid region (as also confirmed by the literature [14,24]).  

Although the precipitated solid was not directly characterized, literature reports 

for similar IL + inorganic salt + water systems indicate that solid formation under 

strong salting-out conditions is typically associated with the inorganic salt, 

resulting from competition between the ionic liquid and the salting-out agent for 

hydration water. Under these conditions, the system may evolve toward a solid-

liquid regime rather than liquid-liquid separation. Najdanovic-Visak et al. [35] 

reported that such systems may transition from liquid-liquid separation to 

inorganic salt precipitation as water availability falls below the solubility threshold 

of the inorganic salt. 

The occurrence of solid precipitation in nearly all experiments highlights the 

restriction that solid-liquid equilibria impose on the range of IL compositions 

accessible for ABS formation. By replacing part of the IL with NaSCN at an 

IL:NaSCN molar ratio of 1:2, solid-free liquid-liquid systems could be formed with 

all chloride ILs that previously presented only solid-liquid equilibrium ([C₂mim]Cl, 

[C₄mim]Cl, [C₄mpyr]Cl, [C₄mpip]Cl, [C₄mpy]Cl, [N₂₂₂₂]Cl).  

A previous study using ion chromatography reported that the addition of NaSCN 

to chloride-based ionic liquids at an equimolar ratio (1:1, NaSCN:IL) promotes 

nearly complete anion exchange of Cl⁻ by SCN⁻ [24]. The NaSCN:IL molar ratio 

used in this work was 2:1, keeping NaSCN two times more concentrated than the 
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chloride-based IL. Therefore, the IL chloride anions are expected to be largely 

exchanged by SCN⁻. The Supplementary Material (Figure S1, Tables S5 to S8) 

compares phase transition curves of ILs containing SCN⁻ anions obtained either 

by direct synthesis or by mixing chloride-based ILs with NaSCN. The close 

agreement between these curves supports the occurrence of anion exchange.  

Therefore, the introduction of the weakly hydrated thiocyanate anion was 

investigated as a strategy to promote liquid-liquid demixing in systems that 

remain monophasic or form solid-liquid equilibria in their chloride form. To obtain 

SCN⁻-enriched systems, each IL-Cl was combined with NaSCN at an IL:NaSCN 

molar ratio of 1:2, hereafter denoted as IL-Cl/SCN. Under these conditions, all IL-

Cl/SCN systems exhibited liquid-liquid immiscibility, demonstrating that NaSCN 

addition and the resulting SCN⁻ enrichment effectively promote biphasic behavior 

for all ILs studied. 

Figure 2 presents the liquid-liquid phase diagrams of these IL:NaSCN systems, 

which represent potential ABS candidates for membrane-free RFBs. The 

corresponding data are provided in the Supplementary Material (Tables S7-S13). 

The ability of the IL systems to promote liquid-liquid demixing follows the trend: 

[N₃₃₃₃]⁺ > [C₄mpip]⁺ > [C₄mpy]⁺ > [C₄mpyr]⁺ > [C₄mim]⁺ > [N₂₂₂₂]⁺ > [C₂mim]⁺. 

This ranking broadly reflects increasing cation hydrophobicity, as more 

hydrophobic ionic liquids generally require lower IL contents to reach phase 

separation. Accordingly, increasing cation size and hydrophobicity shifts binodal 

curves to lower IL contents, in agreement with trends previously reported for ABS 

formation [27].  
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Figure 2. Binodal curves of ternary systems formed by ionic liquids, NaSCN and (NH₄)₂SO₄ at 

298 K, expressed in mass fraction (wt%). Ionic liquids (IL) and NaSCN ratio are fixed at 1:2 

molar ratio within composition range. 

 

In this context, the weakly hydrated and highly polarizable SCN⁻ anion reduces 

the affinity of the IL-rich phase for water while strengthening salt-water 

interactions in the opposing phase, thereby increasing the polarity contrast 

between coexisting phases and promoting liquid-liquid separation [36]. Its Gibbs 

free energy of hydration (≈ −280 kJ mol⁻¹) is less negative than that of Cl⁻ (≈ −340 

kJ mol⁻¹) and SO₄²⁻ (≈ −1080 kJ mol⁻¹) [37], reflecting weaker water binding and 

a greater tendency to disrupt hydration structures. These results indicate that 

SCN⁻ is a key factor enabling liquid-liquid phase separation in chloride-based 

ionic liquid systems, while the extent of the biphasic region remains strongly 

dependent on cation hydrophobicity. 
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3.2 Partition behavior of redox-active species 

A feasible design of a membrane-free RFB requires not only the existence of 

biphasic electrolytes, but also the partition of suitable redox-active species to 

opposite phases. High partitions are required to reduce cross-contamination and 

self-discharge [10]. Four promising redox-active organic molecules (MV, BV, 

TEMPO, WS-TEMPO), and two inorganic (K₃[Fe(CN)₆], and K₄[Fe(CN)₆]) were 

investigated in four chloride-based ionic liquids, namely [C₂mim]Cl, [C₄mim]Cl, 

[N₂₂₂₂]Cl, and [N₃₃₃₃]Cl. This selection enables assessment of the influence of 

cation family, aromaticity, and alkyl-chain length on solute distribution and on the 

effective polarity difference between the coexisting phases. All ABS were 

prepared with fixed amounts of ammonium sulfate and water, while the IL:NaSCN 

molar ratio varied from 1:1 to 1:2 to evaluate the effect of NaSCN concentration 

on redox-active species partitioning. Mixture points were selected within the 

biphasic region according to the binodal curves. The corresponding partition 

coefficients and mixture compositions are shown in Figure 3. 

 

Figure 3. Partition behavior of redox-active compounds in IL-Cl/SCN aqueous biphasic systems 

at 298 K.  

 

For ammonium-based ILs, particularly [N₂₂₂₂]Cl, increasing NaSCN content led 

to a pronounced enhancement in the partitioning of most redox-active 

compounds, with the exception of K₃[Fe(CN)₆]. This behavior is consistent with 

previous observations showing that NaSCN addition and the resulting SCN⁻ 

enrichment of the IL-rich phase decrease its affinity for water, increasing the 
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polarity difference between phases and enhancing solute partitioning [24]. 

Among the organic ROMs, benzyl viologen (BV) exhibited the most pronounced 

response to NaSCN addition, confirming its sensitivity to changes in phase 

differentiation. 

The contrasting partitioning behavior of MV and BV highlights the role of 

molecular structure in determining phase preference. BV partitions strongly and 

consistently into the IL-rich phase across all investigated compositions. In 

contrast, MV exhibits composition-dependent behavior. In [N₂₂₂₂]Cl-based 

systems, MV preferentially partitions into the IL-rich phase, whereas in [N₃₃₃₃]Cl 

its partition coefficient is close to unity at low NaSCN contents and increases with 

NaSCN concentration, indicating a progressive shift in phase preference toward 

the IL-rich phase. Similar trends have been reported for [N₄₄₄₄]Cl-based ABS in 

the absence of thiocyanate [24], underscoring the combined influence of cation 

size and hydrophobicity on solute distribution. 

Across all systems, K₄[Fe(CN)₆] consistently partitions into the hydrophilic, salt-

rich phase, reflecting its strong hydration and ionic character. In contrast, 

K₃[Fe(CN)₆] exhibits partial partition toward the IL-rich phase in systems formed 

with more hydrophilic ionic liquids, reflecting a reduced preference for the salt-

rich phase relative to K₄[Fe(CN)₆]. Only [N₃₃₃₃]Cl effectively confines both 

oxidation states of the ferrocyanide/ferricyanide couple to the hydrophilic phase 

(Figure 3), consistent with the larger polarity contrast achieved in ABS formed 

with more hydrophobic IL cations [36]. 

Imidazolium-based ILs exhibit a comparatively less pronounced change in partition 

values upon NaSCN addition. In [C₄mim]Cl, only modest changes in redox-active 

species partitioning are observed, while in [C₂mim]Cl higher NaSCN contents combined 

with lower IL concentrations lead to reduced partitioning. These trends reflect the 

stronger hydration and hydrogen-bonding capability of imidazolium cations, which limit 

the polarity contrast achievable between the coexisting phases, in agreement with 

previous studies on IL-based ABS [27]. These opposing trends reinforce that NaSCN 

substitution should be treated as a composition-level design variable rather than a 

universal performance enhancer, as further quantified in Table 2.  

The distinct behavior between ammonium- and imidazolium-based ILs can be 

attributed to the role of the cation in governing phase formation and differentiation 

in ABS. Quaternary ammonium cations, due to their lower affinity for water, 
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promote the formation of a less hydrated IL-rich phase, increasing the 

compositional contrast between the coexisting phases. In contrast, imidazolium 

cations exhibit stronger interactions with water, leading to more homogeneous 

systems and reduced phase separation. As a result, ammonium-based systems 

tend to form more clearly defined biphasic regions and exhibit enhanced phase 

differentiation, which contributes to improved partitioning of redox-active species 

[36]. 

TEMPO and WS-TEMPO display a strong and composition-independent 

preference for the IL-rich phase across all investigated systems, consistent with 

their neutral and hydrophobic character. In addition to phase selectivity, 

electrochemical compatibility between redox couples is essential for achieving 

high-voltage membrane-free RFBs. Because both TEMPO derivatives and the 

K₃/K₄[Fe(CN)₆] redox couple exhibit relatively positive redox potentials [14], their 

co-partitioning into the same phase would be unfavorable for high-voltage 

membrane-free RFBs, as it would limit the accessible voltage window and 

increase the propensity for self-discharge. Consequently, although TEMPO-

based redox couples show good solubility in the IL-rich phase, they are 

electrochemically incompatible with hydrophilic catholytes such as ferrocyanide 

in high-voltage membrane-free configurations. 

The relevance of this partition-based screening for membrane-free RFBs is 

supported by previous studies demonstrating that IL-based ABS can operate as 

redox electrolytes in membrane-free configurations. Full-cell tests reported by 

Navalpotro et al. [14] using IL-ABS electrolytes containing MV and TEMPO 

demonstrated reversible cycling, selective partitioning of redox-active species, 

and cell voltages compatible with practical operation. In this context, although no 

full electrochemical validation is included in the present work, the partitioning and 

phase-behavior results reported here provide a reliable first screening step for 

identifying promising formulations for future membrane-free RFB studies. 

Overall, quaternary ammonium-based ILs ([N₃₃₃₃]Cl  and [N₂₂₂₂]Cl ) produced 

ABS with overall higher partitions compared to imidazolium-based ones. 

Regarding the partition of redox-active species, only potassium ferrocyanide 

(K₄[Fe(CN)₆]) showed consistent partitioning into the salt-rich bottom phase, 

especially in ABS formed with quaternary ammonium-based ILs. Therefore, only 
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viologen/ferrocyanide combinations provide feasible catholyte/anolyte partition to 

opposite phases, on the studied ABS that could produce membrane-free RFB 

with low cross-contamination. Consequently, combinations of K₃/K₄[Fe(CN)₆] 

with viologen derivatives such as MV or BV could potentially serve as redox pairs 

in the IL-based ABS under study.   

 

3.3 Cost vs. Partition 

The partial replacement of ionic liquids (ILs) with NaSCN in IL aqueous biphasic 

systems (ABS) was evaluated in terms of material cost and redox-active species 

partitioning performance.  

Increasing the NaSCN content from an IL:NaSCN ratio of 1:1 to 1:2 resulted in a 

consistent reduction in formulation cost of 21-24% for all IL systems investigated 

(Table 2). This reduction originates from substituting a fraction of the IL, one of 

the most expensive electrolyte components [38], with NaSCN, a low-cost, 

abundant inorganic salt. Importantly, this cost benefit was largely independent of 

the IL cation, indicating that NaSCN substitution provides a robust and 

transferable economic advantage across different chemistries. The ionic liquid is 

the dominant cost contributor across all studied systems, while NaSCN and 

ammonium sulfate account for only a minor fraction of the total formulation cost, 

which explains why partial IL replacement drives the observed 21-24% cost 

reduction. It should be noted that catalogue prices may overestimate absolute 

costs relative to bulk industrial pricing, but relative cost ratios between systems 

remain informative for comparative screening purposes. 

 

Table 2. Cost reduction and relative changes in redox-active species partitioning upon 

increasing the IL:NaSCN molar ratio from 1:1 to 1:2 in IL ABS. 

 Cost Reduction % 
(1:1 → 1:2) 

Partition increase % (1:1 → 1:2) * 

IL MV BV K₃[Fe(CN)₆] K₄[Fe(CN)₆] 

[C₂mim]Cl 24% -8% -34% -62% -18% 

[C₄mim]Cl 21% 57% 40% -3% -3% 

[N₂₂₂₂]Cl 22% 35% 43% -37% 240% 

[N₃₃₃₃]Cl 22% n/a† 12% 714% 211% 
* Green shading indicates an increase in partition coefficients upon increasing the IL:NaSCN molar ratio from 1:1 to 1:2, 

while red shading denotes a decrease. 

† Value not reported for MV due to phase-preference inversion between the two systems (IL:NaSCN = 1:1 and 1:2), which 

prevents a meaningful definition of relative change. 
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The most favorable balance between cost reduction and partition enhancement 

was observed for ammonium-based ILs. In particular, [N₂₂₂₂] and [N₃₃₃₃] systems 

exhibited substantial increases in the partition of the ferro/ferricyanide redox 

couple upon increasing NaSCN content, while achieving the same ~22% 

reduction in formulation cost. These results demonstrate that, for appropriately 

selected IL families, NaSCN substitution not only lowers cost but can also 

improve electrolyte separation, directly supporting the functional requirements of 

membrane-free redox flow batteries. 

In membrane-free redox flow batteries, electrolyte cost represents a significant 

fraction of total system cost, while extensive partitioning is essential to avoid self-

discharge and capacity fade. Strategies that simultaneously reduce electrolyte 

cost and maintain or enhance partition directly contribute to lowering capital 

expenditure and improving system viability, particularly in early-stage deployment 

scenarios where cost sensitivity is high. As discussed in recent analyses of 

membrane-free RFB commercialization, simplified and cost-efficient electrolyte 

formulations are critical for pilot-scale systems and behind-the-meter 

applications, which typically represent the first market entry points for emerging 

flow battery technologies [17]. 

 

4 Conclusion 

The present work demonstrates that sodium thiocyanate enables liquid-liquid phase 

separation in chloride-based ionic liquid aqueous systems that otherwise form solid-

liquid equilibria with conventional salting-out agents, expanding the accessible 

electrolyte design space for membrane-free configurations. Phase diagrams and 

partition coefficients were established to support electrolyte formulation and redox-

molecule screening for membrane-free redox flow batteries. 

Across the phase-separated systems, viologen and TEMPO derivatives 

preferentially partition to the top (IL-rich) phase, whereas ferrocyanide 

(K₄[Fe(CN)₆]) preferentially partitions into the bottom (salt-rich) phase, while 

ferricyanide (K₃[Fe(CN)₆]) shows this behavior only in systems based on 

[N₃₃₃₃]Cl. The impact of NaSCN content on partitioning was formulation-

dependent: increasing NaSCN from IL:NaSCN = 1:1 to 1:2 enhanced partitioning 
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for selected combinations, most notably for the inorganic couple in ammonium-

based systems, while decreasing partitioning in more hydrophilic systems such 

as those based on [C₂mim]Cl. In addition, MV exhibited a phase-preference 

inversion in at least one system. These results indicate that performance gains 

from NaSCN cannot be assumed a priori and must be evaluated at the 

composition level. 

From an economic standpoint, partial replacement of the ionic liquid by NaSCN 

reduced the estimated material cost of the total ABS formulation by 21-24% for 

the studied compositions. In the best-performing cases, particularly ammonium-

based systems, this cost reduction was achieved without negatively affecting the 

partitioning of the target redox couples. Overall, NaSCN is a practical formulation 

lever to enable phase separation in chloride-based ionic-liquid systems while 

offering a measurable cost advantage and, in selected systems, improved 

separation of relevant redox couples. 

Future work should focus on expanding the chemical space toward more 

hydrophobic ionic liquids to enhance phase differentiation and enable a broader 

range of compatible redox couples. In addition, systematic optimization of 

electrolyte composition will be essential to maximize selectivity while maintaining 

favorable physicochemical properties. Finally, electrochemical validation of the 

most promising systems identified here will be critical to confirm their 

performance in membrane-free redox flow battery configurations. 
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