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Abstract

Redox flow batteries (RFBs) enable independent scaling of energy and power, making them a
suitable candidate for the grid-scale energy storage solutions. However, the market is currently
dominated with vanadium RFBs which are prone to extreme price volatility. To reduce the
inherent material costs while retaining the efficiencies, the study investigates a novel

vanadium—titanium RFB using (i) a separate, acid-based system (V,0s + H,SO, catholyte, and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

TiCl; + HCI anolyte); (system-1), (ii) a premixed acid-based electrolyte at 0% state of charge
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(system-2), and (iii) an ionic-liquid based premixed electrolyte comprising [Bmim]Cl + VCl;,

(cc)

and its titanium counterpart (system-3). Several physical, and electrochemical characterizations
were performed, such as viscosity, and density from 298-333 K, cyclic voltammetry tests, and
electrochemical impedance spectroscopy to establish a stable redox window for V(IV/V), and
Ti(III/IV) in the presence of an ionic-liquid. In galvanostatic cycling with a SPEEK membrane,
system-1 delivers coulombic efficiency (CE) greater than 98%, at 10-20 mA[lcm2; with an
energy density of 24.53 WhiJ L. System-2 (premixed acid) retains the CE%, while the voltage

efficiency (VE) drops by 10%. The results demonstrated that premixing at 0% SOC effectively
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limits the crossover in V-Ti RFBs, while optimization of proton donors, and the inclusion; s

additives is necessary to enhance the nominal discharge potential.

Introduction

The global transition toward low-carbon energy systems has significantly increased the interest
in grid-scale energy storage technologies that can effectively manage fluctuations in renewable
power generation. Among the various emerging electrochemical energy storage technologies,
redox flow battery batteries (RFBs) play a crucial role due to their numerous advantages over
the traditional metal-ion batteries, of which, the decoupling of energy and power density, places
them afront[1-8]. This unique ability to store the energy in the liquid electrolyte by a means of
electrochemical redox reactions amongst the redox active materials, rather than the electrodes
inside the battery, significantly aids in expanding the horizons in grid-scale energy storage, due
to their scalability and reusability. Of the various contenders in the RFB technology, vanadium
redox flow batteries (VRFBs) are currently leading in the marketspace of commercially
available flow battery technologies on a grid-scale basis as compared to several other
component combinations such as, V-Fe, Fe-Cr, Fe-Zn, Zn-Br, Mn-based, Ce-based flow
batteries[9-24]. The presence of vanadium in various oxidation states (+2 to +5) in the catholyte,
and anolyte solutions, serves as a medium to eliminate the risk of cross-contamination, during
the breakage of ion-exchange membrane, which is being lacked in the other flow battery
technologies. Moreover, a traditional VRFB exhibits a low theoretical open-circuit potential
(OCP) of 1.26 V, which limits its implementation in several applications, where Li-ion batteries

(LIBs) prevails. However, this has been targeted by numerous researchers around the globe, in
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the means to achieve a flow battery with high OCP, while utilizing low-cost, and, non-t6%1¢, o
materials. In this regard, several RFBs have been developed by incorporating a novel catholyte
or an anolyte redox active species, consisting of a higher reduction potential, such as, Mn, Fe,
and Ce as opposed to V#/V3* (1 V vs SHE)[12-15, 22, 25-29]. Owing to its natural abundance,
chemical stability, and relatively high standard electrode potential of 1.5 V vs SHE, manganese
has been widely employed as a catholyte material in combination with numerous anolyte
solutions. In these lines, zinc has been employed as an anolyte, yielding a zinc—-manganese
redox flow battery (ZMRFB) with a theoretical open-circuit potential (OCP) of approximately
2.2 'V, as reported by Liu et al [20]. The study showcased that the incorporation of glycine
enhanced the binding energy of the Gly—Mn?* complex compared to that of Mn**—~H,0, thereby
suppressing Mn-based precipitate formation and significantly improving the cycling stability
and overall energy efficiency of the ZMRFB system.

Building upon the advantages of manganese, particularly its high redox potential, abundance,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and lower cost as compared to vanadium, Dong et al.,[24] introduced a manganese—titanium

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:04:32 AM.

mixed-electrolyte redox flow battery (MTRFB) that achieved an open-circuit potential (OCP)

(cc)

of 1.6 V, and an energy density of 23.5 Wh(1 L', suggesting the effectiveness of utilizing
titanium as a potential anolyte solution in a RFB. Furthermore, a recent study by Ahmed et al.
[30], highlights the advantages of titanium as a redox-active material, stating that its natural
abundance is nearly ‘50’ times greater than vanadium, and its global production is about ‘100
times higher along with a lower material cost viz. 1/10" of vanadium. Combined with a low
material cost, and high abundance, titanium represents a promising low-cost alternative for
anolyte development in RFBs. However, the utilization of various combinations of anolyte, and

catholyte presents an imminent challenge of ‘electrolyte-mixing’. In these lines of incorporating
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alternative anolytes while preventing cross-contamination, Zeng et al.,[17] introduged, 8,16
lead—iron redox flow battery (Pb—Fe RFB), employing Pb/Pb*", and Fe?*/Fe’* as the anolyte,
and catholyte solutions respectively. The RFB exhibited an OCP of 0.9 V, which, although
significantly lower as compared to that of alkaline Zn—Fe RFBs[31], demonstrated favourable
electrochemical performance. Furthermore. the key strategy employed in their study was the
implementation of a pre-mixed electrolyte approach to mitigate the issues in relation to the
electrolyte crossover, which is pertinent with several RFB technologies. Prior to initiating
charge—discharge cycling, the Fe, and Pb-based electrolytes were pre-mixed at 0% state of
charge (SOC) and subsequently divided into equal volumes to serve as the anolyte and catholyte
solutions, respectively. This strategy effectively minimized concentration imbalances and
improved long-term stability of the flow battery. The optimized Pb—Fe RFB delivered CE% of
96.2% and 98.2%, and EE% of 86.2% and 73.5% at discharge current densities of 40 mA[] cm
2 and 120 mAT[] cm, respectively. Following the same pre-mixing concept, the authors later
developed a cadmium—iron (Cd-Fe) RFB[10], utilizing Cd?**/Cd° as the anolyte, and Fe>*/Fe**
as the catholyte solution. Although the Cd**/Cd° couple (0.4 V vs SHE) provides a higher
reduction potential than V*/V3* (0.26 V vs SHE), the toxicity and environmental hazards
associated with cadmium require stringent handling precautions. Despite these concerns, the
Cd-Fe RFB exhibited excellent electrochemical performance, achieving a CE of 98.7%, EE of
80.2% at 120 mA ] cm?2, and an outstanding capacity retention of 99.87% over extended cycles
of operation. These studies collectively underscore the effectiveness of electrolyte pre-mixing
prior to RFB operation in maintaining charge balance, suppressing crossover, and improving
the long-term electrochemical stability of RFB system. However, the incorporation of lead, and

cadmium along with iron, and vanadium respectively, depicts a hybrid RFB, rather than a
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complete one. In this regard, utilizing pre-mixed electrolyte approach, a novel REB has:Béen, o
developed by utilizing vanadium (V#/V>*) as the catholyte solution due to its well-known
advantage of relatively high OCP as compared Fe-based systems, and titanium (Ti**/Ti*") as the
anolyte due to its abundance, and reversibility, and thereby minimizing the material
procurement costs.

However, due to the presence of different anolyte, and catholyte solutions, there is an imminent
threat of electrolyte cross-mixing, which will be addressed in the manuscript, by utilizing a pre-
mixed electrolyte approach at 0% SOC, and dividing the solution into two equal halves to
function as catholyte, and anolyte solution. Furthermore, in order to encourage the
implementation of green-chemistry, ionic liquid named 1-butyl 3-methyl imidazolium chloride
(BmimClI) has been utilized in the pre-mixed electrolyte approach in combination with
vanadium chloride (VCl;)[32], along with an acid-based system comprising vanadium

pentoxide (V,0s) in diluted sulphuric acid solution (H,SO,), for comparative performance.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Moreover, to reduce to the overall cost of operation, the Nafion membrane has been replaced

with SPEEK, as membrane plays a crucial role in determining the economics of the flow battery
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setup on a large-scale.

A couple of electrochemical tests such as the cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) tests were conducted to evaluate the stability window, and to
assess the electrolyte’s resistance in relation with the viscosity of the electrolyte along with
numerous cyclic charge — discharge tests. These studies provided an in-depth understanding of
the working of a novel pre-mixed vanadium - titanium redox flow battery, and its

implementation in the grid — scale by replacing the vanadium based anolyte solutions and
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thereby reducing the material procurement costs, and extending the overall life cycle,while

maintaining the stability.
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Prior to evaluating the electrochemical performance of the V-Ti RFB utilizing the pre-mixed

electrolyte approach; the electrolytes have been synthesized, and mixed at 0% SOC, and the

corresponding dynamic viscosities, and densities have been measured with the help of a rolling

ball viscometer, over a range of temperatures viz. 25 °C to 50 °C. The forward, and backward

run time measurements have been noted, and the experiments have been conducted till the

variation coefficient is less than 0.1%, to obtain an accurate result. As the viscosity of the liquid

electrolytes play a crucial role in determining the pumping costs, mass-transport resistances,

and the pressure build-up inside the RFB setup, it is indeed essential to utilize an electrolyte

with lower dynamic viscosities. As visualised in the Figs. 1(a), and 1(b), it depicts the obtained

results for the pre-mixed ionic liquid based system, and acid based system over a range of

temperatures, respectively.

4.0 4

3.8

3.6

3.4

3.24

3.0 4

Dynamic Viscosity (mPa.s)

2.8

2.6

kg

—u- Viscosity
—u— Density

e

Ty

1.112

F1.110

- 1.108

..j‘

- 1.106

- 1.104

Densitv (e.cm

- 1.102

+-1.100

a)
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systems, lie below 5 mPalls with a density greater than 1.1 glicm™ at room temperature,

suggesting an optimal physical behaviour necessary for an electrolyte [33]. Subsequent to the

evaluation of the physical properties of the pre-mixed electrolyte system, CV, and EIS tests

have been conducted to obtain the stable operating window, and the resistances offered by the

electrolyte region. Since the acid based electrolyte (system-1) has been illustrated in the earlier

manuscript, the corresponding section details the pre-mixed ionic liquid, and pre-mixed acid

based systems (2, and 3). As illustrated in the Fig. 2, the CV tests have been performed between

the limits of -0.65 V to 1.2 V with reference to ‘Ag/AgCl’ electrode, and system-3 showcased

an appreciable stability for more than 100 cycles of operation at a scan rate of 0.1 V[Jsec.
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Figure 2: Cyclic voltammetry tests conducted for the pre-mixed ionic liquid (systgm-3) (ds ), one

and pre-mixed acid (system-2) (c, d) based electrolytes at a fixed scan rate of 0.1 V[Isec™! (a),
at varying scan rates ranging from 0.1 Visec'! to 0.025 V[sec™! (b), cyclic stability at a scan

rate of 0.075 VIIsec! (c), and at varying scan rate ranging from 0.005 V[Isec™!' to 0.1 V[Isec

I'(d) with the help of a 3-electrode setup utilising ‘Ag/AgCl’ as the reference, and ‘Pt” as the

counter electrodes.

Moreover, the presence of oxidation, and reduction peaks are illustrated in the Fig. 2, wherein,
the peak at the higher voltage range viz. greater than 0.5 V, suggests the conversion V*# to V>*,
and the small peak in the reduction indicates the reduction of V>*. Similarly, the peaks obtained
around O V, and in the negative potential region, indicate the oxidation, and reduction of
Ti**/Ti*, and vice-versa. Due to the existence of a negative potential as compared to the
reference electrode Ag/AgCl (0.4 V vs SHE), the redox reactions of vanadium exists in the
positive potential region, and the titanium exists in the negative region, suggesting a flow
battery comprising of ionic liquid based electrolyte (system-3) capable of showcasing a well-
defined kinetics over numerous cycles of operation, with a wide electrochemical potential

window, and a OCP of approximately 0.9 V.

Furthermore, as visualised in Fig. 2(c), the pre-mixed acid based system showcased an
impressive stability over 100 cycles, along with a well-defined redox potentials. On utilizing
the obtained CV graphs for system-2, and 3, the peak currents have been plotted with the square
root of scan rates, and a linear relation has been obtained, signifying a diffusion-controlled
mechanism with a R? values of 0.9839, and 0.9945 respectively, allowing the implementation

of Randles-Sevcik equation to obtain their diffusion coefficients, and thereby Nicholson
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method to obtain the heterogenous electron transfer rate constants. On evaluating the:FeaKioomre
currents i.e., cathodic, and anodic, at various scan rates, the diffusion coefficients, have been

evaluated as,

3 1 1
I, = (2.69 x 10°)nzA Dz Cvz,

Where, ‘I’ denotes the peak current, ‘n’ is the electron transfer, ‘A’ is the active surface area
of the electrode, while ‘D’ denotes the diffusion coefficient, ‘C’ represents the concentration of
the electrolyte solution, and ‘v’ is the scan rate. Utilizing the above-mentioned expression, the

diffusion coefficients can be evaluated as,

2

m
N e mil
2.69 x 105 n2AC

1
Where, ‘m’ is the slope obtained from I, vs vz. The obtained values of diffusion coefficients

have been illustrated in the Table. 1, along with their rate constants evaluated as,

1
2

nwDnFv
k":‘/’( RT )

Where, ‘i)’ was evaluated utilizing the respective peak separations obtained from the CV graph,

at various scan rates. The kinetic parameter has been evaluated as,

_ —0.6288 + 0.0021 AEp
B 1—0.017 AEp

System Averaged Diffusion Averaged Rate AE,

Coefficient Constant
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Titanium (system 1)

Mixed electrolyte 3.0 X 10%cm?[Js! I X 10*cmlls?! 249 - 380 mV

with acid (system 2)

Mixed ionic liquid 9.8 X 107cm?[Js! I X 105cmlls?! 370 -510 mV

(system 3)

Table 1: A comparison of diffusion coefficients, and rate constants of systems 2, and 3 with

respect to system 1.

As evident from the obtained data, the progress from system 1 to 3, lead to a significant
reduction in the kinetic parameters accompanied by an increase in the dynamic viscosity of
liquid electrolyte, thereby negatively affecting the electrochemical performance of the mixed
electrolyte systems by offering an increase in the resistances. However, as compared to system
1, system 2 showcased similar kinetics, suggesting a competitive performance metrics.
However, as evident from ‘AE,’, neither of the 3 systems portray an ideal reversible behaviour
with a degradation towards system 3. The combination of slow mass transport, and sluggish
electron kinetics — suggesting a less reversible redox couple, showcase a large overpotential
even at modest currents, thereby a drastic reduction in the VE%. As the surface electrochemical
reactions are governed by the Butler-Volmer (BV) equation, the exchange current density
denoted by (J,) depends on the rate constant. Thereby, to maintain a fixed current discharge

condition, a lower rate constant (system 3 — as compared to systems 1, and 2) elevates the

Page 10 of 30
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overpotential of the system to meet the prescribed discharging conditions. The gelationShip oot

between electrode current density (J), and overpotential (1) can be described as follows,

a,zF a.zF
R 0 I o

wherein, the terms ‘z’, ‘F’, ‘R’, and ‘T’ denote the electrons involved in the redox reactions,
Faraday constant, universal gas constant, and absolute temperature respectively. Furthermore,

the exchange current density denoted by ‘J,’ can be evaluated as,
Jo = zFKOCS %,

where, the rate constant (k%) governs J,’. As explained earlier, to retain a similar discharge
current amongst systems 2, and 3, due to a decrement in the rate constant along with diffusion
coefficient as compared to system 1, the overpotential requirement raises leading to drastic drop
in the nominal discharge potential assisted by sluggish redox reactions and bulk diffusion of

ionic species, the VE% showcases a greater drop as compared to system 2, and the following

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

will be visualized in the upcoming section of the manuscript.
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Subsequent to the stability, and kinetic analysis of the pre-mixed systems, EIS studies have
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been performed to evaluate the resistances offered by the electrolyte region, and the obtained

result is depicted in the Fig. 3.
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Figure 3: Electrochemical impedance spectroscopy tests conducted for the pre-mixed ionic

liquid (system-3), and pre-mixed acid (system-2) based electrolyte with the help of a 3-

electrode setup utilising Ag/AgCl as the reference, and Pt as the counter electrodes, at AC

potential perturbation of 5 mV amplitude, and over a frequency range of 0.1 Hz to 200 kHz.

As illustrated in the Fig. 3, the pre-mixed liquid electrolyte showcases a solution resistance

closer to 5.75 Q, and a charge-transfer resistance of 1.2 Q, respectively, measured w.r.t to OCP
at room temperature, wherein, the pre-mixed acid based system demonstrates a lower solution
resistance viz. ~2.2 Q. Due to a lower dynamic viscosity offered by the electrolyte region as
illustrated in the Fig. 1, the solution, and the charge-transfer resistances of the electrolyte region
have been reduced, as compared to a separate traditional ionic-liquid based systems [32].
However, the imminent problem of the lack of H" ions necessary to facilitate the charge-
discharge of the RFB persists in the ionic-liquid based system, as compared to acid based one,

which will be explored in the upcoming section.
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Charge-Discharge behaviour DOI: 101039/D6YA00067C

Prior to evaluating the electrochemical charge-discharge performance, and thereby the
efficiencies of the V-Ti pre-mixed electrolyte approach method, the RFB comprising V,05 +
H,SO, in deionized water as the catholyte, and TiCl; + HCI in aqueous solution as the anolyte,
were utilized along with a SPEEK membrane (system-1) to compare the metrics, and analyse

the performance, at a similar discharge current, charge capacity, and voltage range.
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Figure 4: Charge-discharge behaviour of V-T1 RFB utilizing separate acid based electrolytes
(system-1) as the basis charged till 1.3 V, and discharged at current densities corresponding to
10 mA[Jcm2, and 20 mA[cm2 (a) with its nominal charging, and discharging voltages (b)
along with the efficiencies (CE%,VE%, and EE%’s) (c), and charge-discharge capacity

variation (d) for 50 cycles of operation.
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As depicted in the Fig. 4, the V-Ti RFB showcased an impressive performance, witha 2000670
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VE, and EE%, greater than 98%, 60%, and 60% respectively, at a discharge current of 10
mA[lecm2, and 98%, 55%, and 55% respectively, at a discharge current of 20 mA[Jcm™.
Furthermore, the synthesized electrolytes, exists in a completely charged state i.e., catholyte
comprising ‘V*’ state, and anolyte utilizing “Ti’ in its +3 oxidation state, allowing the V-Ti
RFB to discharge prior to charging (a consequence of residual charge, and not an
electrochemical artifact) which can be visualised in the Figs. 4(b), (c), and (d). As illustrated in
the Fig. 4(d), at a charging capacity of 0 mAh, the discharge capacity of the V-Ti RFB
showcased a value of 125.89 mAh at a nominal discharge potential of 0.8914 V. However, from
the subsequent cycles of operation, the charge-discharge test has been proceeded in a steady
fashion, as depicted in the Fig. 4(a), (b), and (d). At a higher discharging current of 20 mA [lcm"
2, as opposed to 10 mA[lcm2, the nominal discharge potential dropped by approximately 0.12
V, which is due to a raise in the ohmic drop, however, the CE% remained steady over 98%-
99%, suggesting negligible capacity fade due to crossover, in the presence of SPEEK membrane
as illustrated by the obtained CE%.

Subsequently, the 2" cycle of operation as depicted in fig. 4(a), and (d), involved charging the
RFB till the charging current falls below 10 mAlcm™ at a charging voltage of 1.3 V, to assess
the overall energy density of the flow battery. The charging capacity corresponded to 410.36
mAh with a discharge capacity of 406.23 mAh, at a CE% of 98.99%, yielding an energy density

Of 2453 w.r.t catholyte or anolyte WhD L_l-
Following the analysis of the electrochemical performance of V-Ti RFB utilizing system-1 as
the basis, the pre-mixed electrolyte approach has been utilized, as a precaution to avoid cross-

mixing of catholyte, and anolyte solutions (system-2). Unlike the system-1 utilizing ‘V*>” and
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“Ti*?’, the RFB utilizing system-2 consists of anolyte, and catholyte at a 0% SOC dye te"thg e orie

A00067C

presence of ‘V*’, and ‘Ti*¥’

in both the electrolytes leading to zero driving force for the flow
of electrons, suggesting that the battery needs to be charged prior to discharging. However,
similar to system-1, the pre-mixed acid based solutions, showcased an impressive CE% greater

than 98%. As showcased in the Fig. 5, the RFB utilizing a pre-mixed electrolyte approach

showcased similar performance metrics at a discharging current of 10 mA[Jcm™2.
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Figure 5: Charge-discharge performance of V-Ti RFB utilizing pre-mixed acid based
electrolyte (system-2) as the basis charged at 100 mA-cm till the voltage reaches 1.3 V (a),
along with its efficiencies (CE%, VE%, and EE%’s) (b), and charge-discharge capacity

variation (c) as a function of cycle number.
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However, the average VE%, and EE% have been reduced by approximately 10% yiz. 55378 48 oooe

opposed to ~65% at 10 mA-cm2, during the charge-discharge performance of the battery, which
can be corroborated to a decrease in the average rate constants, and diffusion constants along

with an increase in the dynamic viscosity. Prior to the pre-mixing, the anolyte comprising

‘TiCly> + ‘HCI’ in DI water, showcased a dynamic viscosity of 1.35 mPalls, as opposed to 3.9

mPals, in the pre-mixed electrolyte approach at room temperature, along with a decrease in
the average rate constants, and diffusion coefficients as showcased in the Table. 1. This
discrepancy in the obtained values, might have led to an increase in the internal resistances,
lowering the ionic conductivity, and thereby inducing an enhanced ohmic drop, and
subsequently lowering the nominal discharge potential to 0.7717 V, as opposed to 0.9061 V,
and thereby negatively impacting the VE%, and EE%. In comparison with the system-1, pre-
mixed acid based system demonstrated a comparative performance in terms of CE%, however,
lacked in terms of VE% due to an increase in the ohmic resistances, leading to a drop in the
nominal discharging potential. The gradual drop in the VE%, and EE%’s until the 19% cycle,
can be corroborated to an increase in the internal resistances, and discharging current densities
leading to an ohmic drop. During repeated charge—discharge cycles, changes in the electrolyte
composition and concentration distribution might have occurred leading to an hindrance caused
by accumulation of ions near the electrode surfaces and across the membrane, over the due
course of cycling. These changes can slightly increase the resistance to the ion transport, and
the overpotential required for the redox reactions. As a result, the difference between the
charging voltage and discharging voltage becomes larger, incurred by a raise in the drop due to
the overpotential, causing a decrement in the nominal discharge voltage[33-35], leading to a
constant decrease in the VE% during the initial cycling, prior to achieving a steady-state

condition viz. 20™ cycle of operation, as evident from the obtained results.
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In a similar fashion, minor crossover or slight imbalances in the oxidation states gf vanadiufi:one

and titanium species in the complex pre-mixed electrolyte setup, may develop over time, as
evident from a decrement in the CE%. These effects can prevent a small fraction of the active
species from fully participating in the electrochemical reactions within the fixed voltage range

used during cycling, leading to a slow decrease in discharge capacity.

Furthermore, unlike systems-1, and 2, system-3 utilises ionic-liquid (BmimCl) as a solvent and
VCl; as the vanadium source rather than V,Os in the presence of DI water, which has been
explored in our previous studies involving the utilization of ionic liquids to enhance the
solubility of vanadium based salts, and thereby promoting greener chemistry rather than
utilizing a corrosive acid based system[32]. The synthesized catholyte, and anolyte solutions
consists of vanadium in its ‘44’ oxidation state along with the titanium counterpart, unlike
system-1, leading to a complete charging process prior to initializing a discharge. Similar to the

earlier systems, the RFB has been charged till 50 mAh, at a voltage of 1.3 V, and discharged at

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a current of 10 mA[Jecm™2, to comparatively analyse the performance.
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Figure 6: Charge-discharge behaviour of V-Ti RFB utilizing pre-mixed ionic liquid based

electrolyte (system-3) as the basis at 1.3 V charging until the capacity reaches 50 mAh, and

discharging at 10 mA-cm (a), along with their efficiencies (CE%, VE%, and EE%’s) (b), and

charge-discharge capacity (c) variation as a function of cycle number.

As showcased in the Fig. 6, the ionic liquid based system showcased a stable performance for

numerous cycles of operation. However, as compared to the previous systems, system-3

showcased a reduction in the charging speed, due to a decrease in the ‘H+’ ion concentration,

which can be inherently linked to the absence of an acid (H,SO,). As visualised in the Figs.

6(b), and 6(c), the efficiency in the 1% cycle viz. formation cycle, is higher as compared to the

subsequent cycles. During the 1* cycle of operation, rather than implementing a fixed capacity

restriction, the RFB has been allowed to charge till the charging current falls below 10 mA.
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During this charging regime, the capacity has been reached till ~110 mAh, and subsequent!§ioooesc

the charging protocol has been modified to a fixed charge capacity of 50 mAh to enable a
consistent comparison of CE%/VE%/EE% under steady operating conditions. As VE%, and
EE% depend on the polarization, and the SOC, the formation cycle viz. 1% cycle, showcased a

difference in the obtained efficiencies as compared to the subsequent steady-state cycling.

Furthermore, the RFB showcased a CE% greater than 90% as opposed to 98% during the
steady-state cycling, as compared to the earlier system, suggesting a minute crossover, and
undesirable side reactions. In the present electrolyte environment, the parasitic side reactions
can include the evolution of chlorine gas, along with hydrogen and oxygen formation associated
with water splitting. Such processes consume charge without contributing to useful energy
output, and thereby negatively impacting the overall CE%’s. Furthermore, literature studies has
indicated that SPEEK, and related sulfonated aromatic membranes have demonstrated
oxidation-induced degradation, polymer backbone scission, swelling, crack formations, and
micro-porosity under the presence of ‘VO," medium, which may adversely affect the ionic
transport properties, and contribute to long-term capacity retention of the pre-mixed VTRFB

setup[33-35].

As compared to system-1, the ionic liquid based system showcased a drastic drop in the VE%,
and EE% viz. 20%, mainly due to a decrement in the rate constants, and diffusion coefficients
as evident from Table. 2, along with an increase in the resistance of electrolyte as illustrated
earlier, and a lack of H+ ions to facilitate the necessary charge balance, in addition to the
parasitic side reactions leading to the formation of chlorine gas[32]. Furthermore, in a means to
relate the physical, and electrochemical characteristics along with their varying efficiencies, a

comparative summary of the mixed electrolyte systems has been included in the Table. 2. As
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visualised from the Table. 2, system-3 has exhibited less favourable elegtrochericiloomrc
characteristics as compared to system-2, including lower diffusion coefficients, heterogeneous
electron-transfer rate constant, solution resistance, and a similar dynamic viscosity. This
indicates that dynamic viscosity alone does the explain the difference between their VE%
(between system-2, and 3), however, they are inherently higher as compared to system-1 viz.
1.35 mPa-s[36] as opposed to 3.9 mPa-s. However, system-3 has clearly demonstrated less
favourable electrochemical characteristics as compared to system-1, and 2, as illustrated in the
Table. 1, correspondingly system-3, demonstrated a lower VE%, and EE%, as compared to

system-2, during the initial cycles of operation, and similar later-on.

Parameters Pre-mixed Acid based Pre-mixed Ionic liquid based
Electrolyte Electrolyte
Dynamic Viscosity (at RT) ~3.9 mPa-s ~3.9 mPa-s
Average Diffusion 3 x 10° cm?*s! 9.8 x 107 cm?s’!
Coefficients
Average heterogenous rate 1 x 10* cm:-s! 1 x10° cm-s!
constant
Solution resistance (R,) ~220 ~5.80Q
VE% (1** 10 cycles) ~55% ~43%
EE% (1% 10 cycles) ~52% ~39%
VE% (after 10 cycles) 40-45 % ~43%
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Table 2. A comparative analyses of the physical, and electrochemical performangg of pre5cy 00067
mixed acid based (system-2), and pre-mixed ionic liquid based electrolytes (system-3) along

with explicit VE%, and EE%’s.

Further, in order to enhance the performance metrics of the pre-mixed electrolyte approach
utilizing ionic liquids, additives are indeed necessary to facilitate the charge balance during the
charging, and discharging of the flow battery, along with the addition of environmentally
friendly amino acid derivatives such as glycine to subside the chlorine gas evolution[20], and
thereby effectively enhance the overall electrochemical performance of mixed V-Ti RFBs, will

be focused primarily in the future works.

Experimental Section
Materials and Chemicals:

Titanium chloride (TiCl;), hydrochloric acid (HCI), vanadium pentoxide (V,Os), sulfuric acid

(H,SO,), and hydrogen peroxide (H,O,) were utilized in the preparation of the anolyte, and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

catholyte solutions respectively without further purification. Moreover, 1-butyl-3-

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:04:32 AM.

methylimidazolium chloride (BmimCl), and vanadium chloride (VCl;) were utilized to

(cc)

synthesize ionic-liquid based catholyte solution. Moreover, commercially available SPEEK

membranes were utilized along with graphite current collector plates, and carbon felt electrodes.

Electrolyte preparation:

The catholyte was prepared by dissolving 1M (mol[ /L") V,Os, in an aqueous solution of 3M
H,SO,, IM H,0, and deionized water at room temperature while stirring for approximately 4
hours. TiCl; has been mixed with 1M HCI, and mixed with DI water, to synthesize anolyte

solution. The preparation process of ionic-liquid based catholyte has been detailed in our earlier
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studies[32]. Further, the synthesized solutions have been premixed to achieve a catholytes;

an anolyte solution with 0% SOC.

Electrochemical Characterization:

Cyclic voltammetry (CV) measurements were conducted using a conventional three-electrode
configuration connected to a potentiostat (Palmsens MultiTrace 4). A carbon felt electrode (1
cm?) was employed as the working electrode, a platinum wire as the counter electrode, and an
Ag/AgCl (3 M KC(l) electrode served as the reference electrode. All measurements were carried
out in 1 M solutions, prepared using analytical grade chemicals and deionized water. Prior to
each experiment, the carbon felt working electrode was washed thoroughly with ethanol and
deionized water, and dried under ambient conditions. Cyclic voltammograms were recorded
over an appropriate potential window (from —0.65 V to 1.2 V vs. Ag/AgCl for the ionic liquid
based pre-mixed electrolyte solution) at varying scan rates (25-100 mV[l st). All

measurements were performed at room temperature under ambient atmosphere.

Furthermore, the same setup has been used while performing the electrochemical impedance
spectroscopy (EIS) studies. Palmsens MultiTrace 4 system has been utilized in this
measurement, and the test was conducted over a frequency range of 0.1 Hz to 200 kHz with an

AC potential perturbation of 5 mV amplitude, measured against the OCP.

Redox Flow Battery Testing:

A symmetric redox flow battery with different catholyte and anolyte solutions, has been
assembled which comprised of two pieces of graphite plates, and carbon foam as the electrode

with an active area of 1 cm? (lcm x 1 cm). The flow rate of the catholyte, and the anolyte

Page 22 of 30
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solutions have been fixed at 50% of the overall RPM of the pump, which corresponds t9.a 00067C
flow rate of 0.54 glisec!. Furthermore, the volumes of the catholyte and anolyte solutions
utilized were 15 mL respectively. The charge and discharge studies were evaluated utilizing
LANHE - CT3002A (LANHE, Wuhan, China). Unless otherwise specified, the cut — off
voltage was specified at 0.5 V for the discharge, and 1.3 V during the charging process at a

charge capacity of 50 mAh, throughout this work.

Conclusion

This work systematically evaluates a novel V-Ti redox flow battery across three different
electrolyte configurations, namely : (i) a separate acid based V-Ti RFB with SPEEK as the
baseline configuration, (ii) a pre-mixed acid-based system at 0% SOC, and (iii) a pre-mixed
ionic-liquid based system. To benchmark the three different electrolyte systems in a uniform
manner, their performance has been evaluated, and compared on the basis of their efficiencies

(CE%, VE%, and EE%’s), nominal discharging voltages, rate transfer coefficients, diffusion

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

coefficients, and dynamic viscosities along with their key advantages, major drawbacks, and

practical applicability.
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In this regard, system-1 (separate acid-based V-Ti RFB utilizing SPEEK) served as the
electrochemical benchmark. It delivered a CE% greater than 98%, a VE% of about 65% at 10
mA-cm?, and about 55% at 20 mA-cm2, with a corresponding EE% close to the VE% values,
and an energy density of 24.53 Wh-L! on a single-electrolyte basis. In addition to these
performance metrics, this system has demonstrated the highest nominal discharge voltage
among the three different electrolyte configurations, and the most favourable overall
electrochemical behaviour — in terms of diffusion coefficients, and heterogenous rate transfer
coefficients. Its major advantages are the high CE% viz. ~98%, while utilizing a low-cost ion-

exchange membrane (SPEEK) instead of Nafion. However, its main limitation is the distinct
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catholyte, anolyte regions, which are potentially at a risk of cross-mixing during pra¢ticalone

operations.

Further, system-2 (premixed acid-based V-Ti RFB utilizing SPEEK) demonstrated that
premixing at 0% SOC is a viable strategy to suppress crossover-related imbalance while still
retaining a high CE% viz. ~95%. However, as compared to system-1, the VE%, and EE%’s
have been decreased to about 55%, accompanied by a lower nominal discharge voltage, during
its initial cycles of operation. Based on the physical, and electrochemical characterizations
provided in the manuscript, this reduction is consistent with less favourable transport and

polarization behaviour, subsequent to the pre-mixing of liquid electrolytes at 0% SOC.

Nevertheless, amongst the mixed-electrolyte configurations studied here, system-2 have
showcased a balanced overall performance metrics, because it preserved high coulombic
efficiency while simplifying the electrolyte management, and reducing the severity of cross-
contamination concerns. Therefore, system-2 appears to be the most practically promising
configuration in the present work when both electrochemical performance and crossover

tolerance are considered together.

In addition, system-3 (premixed ionic-liquid based V-Ti RFB with SPEEK) extended the
concept of V-Ti RFB toward a greener, and more compositionally flexible electrolyte design
by incorporating an ionic-liquid named ‘BmimCl’ along with ‘VCl;’ to serve as the vanadium
based electrolyte. This system showed stable cycling over numerous cycles of operation, and
retained a CE% >90%; however, its VE%, and EE%’s were lower as compared to the other
systems viz. ~43%, and ~39% respectively. This reduction has been attributed to a less
favourable electrochemical characteristics including slower rate transfer, and diffusion
coefficients along with a lower proton availability for charge balance. The main advantage of
system-3 lies in the feasibility of utilizing a pre-mixed green ionic liquid incorporated

electrolyte as an alternative to the traditional corrosive acid-based electrolyte, at a penalty

00067C
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incurred in VE%, and EE%’s. However, in its current form, system-3 is the%ﬁpgbelolg@gtgi:éeogg‘;é
interpreted as a platform for future electrolyte optimization rather than an immediately

competitive benchmark.

Together, the three-system comparison clarifies the main contribution of this study from a
broader perspective. First, it establishes a viable V-Ti chemistry with SPEEK, as a workable
non-VRFB platform capable of achieving high CE%’s while greatly reducing the dependence
on vanadium and Nafion, and thereby economics — due to the volatile costs of vanadium
resources. Secondly, it demonstrates that premixing at 0% SOC can be utilized as a practical
strategy to mitigate crossover-related imbalances caused in V-Ti systems, although this benefit

is accompanied by a trade-off in VE%, and EE%’s.

Overall, the present results indicate that the premixed acid-based system (system-2) offers the
most balanced performance by demonstrating a high CE%, and potentially limiting the
crossover related issues within the tested mixed-electrolyte configurations, whereas the ionic-

liquid based system (system-3) represents a long-term route toward greener, sustainable, and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

compositionally tuneable V-Ti RFBs. Future improvement should therefore focus on

increasing the nominal discharge voltage and VE% through electrolyte modifications, proton-
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donor and additive optimization, and mitigation of parasitic side reactions.
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