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Abstract

An electrode-decoupled V-Ce redox flow battery (ED-RFB) was developed with 40% greater 

theoretical volumetric capacity and a 30% enhancement in practical volumetric capacity was 

demonstrated. The use of methanesulfonic acid supported V and Ce electrolytes and a highly 

permselective polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) triblock 

copolymer anion exchange separator enabled a >95% reduction in capacity fade compared to 

standard H2SO4 supported V-Ce ED-RFBs. The methanesulfonic acid supported V and Ce 

electrolytes was examined using the Marcus-Hush kinetic formulation and the presence of strongly 

solvated cations was shown to reduce capacity fade by cation cross-over. The ED-RFB maintained 

nearly 100% coulombic efficiency (CE) and ca. 70% energy efficiency (EE) (at a 50 mA.cm-2 

galvanostatic charge/discharge current) over 100 cycles. The EE ranged from 85% at 25 mA.cm-2 

to 50% at 100 mA.cm-2
.
 The separator was highly acid stable with no changes in its FT-IR spectra 

and ionic conductivity before and after cycling. Thus, a V-Ce ED-RFB with long life, excellent 

rate capability and stability is demonstrated. The use of CH3SO3H, a “green” chemical with low 

toxicity and easy effluent treatment, facilitates scale-up and grid-scale deployment.        
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Introduction

The need to ensure the reliability and resiliency of the grid is greater than ever due to the 

market-driven increase in the penetration of intermittent renewable energy sources1,2. Grid-scale 

energy storage systems such as redox flow batteries (RFBs) are excellent candidates for this 

application3. RFBs are a special class of electrochemical energy storage system where the 

electroactive materials are stored outside the cell or battery itself. This arrangement decouples the 

energy and power obtainable from a given unit as the energy is a function of the amount of 

externally stored electroactive material while the power is a function of the stack size and chosen 

electroactive materials. This in turn ensures that the cost of these systems scale sub-linearly4,5.    

RFBs have been extensively investigated over the past forty years with the Fe-Cr6–8, all-

V9,10, Zn-Ce11–13 and all-Fe14,15 chemistries being the subject of substantial research focus. The 

challenges have been bringing down the cost, reducing side reactions and (in case of chemistries 

where plating is involved) to addressing dendrite-driven failure modes. More recently, aqueous 

RFBs with organic electrolytes16–19 and non-aqueous RFBs20–23 have been investigated. These 

studies typically claim substantial cost savings (upon eventual mass-production of the 

demonstrated lab-scale actives) while achieving improved performance and stability. A key 

challenge in these systems is to ensure long lifetime (in the 10s of years) by minimizing capacity 

fade. A major cause of capacity fade is the mixing of the anolyte and catholyte with half the 

dissolved actives being rendered inactive at the anode and cathode respectively. Possible solutions 

to this issue include the use of elemental actives soluble at multiple oxidation state (such as V), 

equimolar anolyte-catholyte solutions as electrolytes (sacrificing 50% of theoretical volumetric 

capacity) or the use of large redox active molecules in conjunction with size-selective separators. 

The use of a highly permselective anion exchange membrane (AEM) as the separator eliminates 

Page 2 of 33Sustainable Energy & Fuels



3

all the above restrictive conditions. A much broader ranges of elemental active species can be used 

in an electrode-decoupled manner (i.e. different cationic actives at the catholyte and anolyte) 

without mixing based capacity fade.     

The chemistry that is farthest along in terms of commercialization is the all-V RFB. The 

all-V RFB eliminates mixing based capacity fade modes by utilizing different oxidation states of 

vanadium at the anode and cathode (allowing for the use of cation exchange membrane separators). 

The redox potentials of the vanadium couples used ensure a >1 V cell voltage and no significant 

hydrogen evolution or oxygen evolution reactions. The electrode reactions of an all-V RFB are as 

follows – 

V3+ + e- ↔ V2+ (E0 = -0.26 V) (1)

VO2+ + e- ↔ VO2
+ (E0 = 1.00 V) (2)

 The high cost of vanadium4, the relatively low cell voltage and the VO2
+ induced degradation of 

the membrane separators24 are all major disadvantages of this system. We have previously 

addressed these issues by demonstrating anion exchange membrane separator based V-Ce RFBs 

that are electrode-decoupled (i.e. ideally no mixing of anolyte and catholyte) with a theoretical 

OCV of 1.87 V by replacing the VO2+/VO2
+ couple with the Ce3+/Ce4+ couple25,26 (schematic in 

Figure 1). The Ce3+/Ce4+ redox reaction is as follows – 

Ce4+ + e- ↔ Ce3+ (E0 = 1.61 V) (3)

The major drawback of these batteries is that the Ce electrolyte has a relatively low solubility of 

0.5 M in the typical H2SO4 supporting electrolyte27 leading to a maximum theoretical volumetric 

capacity of 13.4 Ah.L-1. The present study addresses this problem by reformulating the electrolyte 

using methanesulfonic acid as the supporting electrolyte. This is the first study, to the best of our 
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knowledge, to demonstrate an electrode-decoupled V-Ce system with methanesulfonic acid-based 

electrolytes on both the V and Ce sides. 

Ce electrolytes with methanesulfonic acid as the supporting electrolyte have been 

previously employed in other Ce RFBs such as the Zn-Ce11,12,29,30 and Pb-Ce31 systems. Leung et. 

al.32 reports a mixed sulfuric acid-methanesulfonic acid supported V-Ce RFB where a cation 

exchange membrane (CEM) separator is employed, inevitably leading to cation cross-over and 

capacity fade. The resultant drastic capacity fade is a possible reason for no long-term cycling data 

being reported in Leung et. al.32. Govindan et. al.33 demonstrated a V-Ce system using H2SO4 

supported V electrolyte and a CH3SO3H supporting Ce electrolyte. Similar to Leung et. al.32, this 

report also employs a CEM that readily permits cation cross-over. Further, the electrolyte 

formulation with different acids on across the membrane will lead to osmotic pressure differences 

that exacerbate cation cross-over. This explains the ca. 50% capacity fade within 3 cycles reported 

in that paper, rendering their system highly impractical for energy storage over the decadal 

timescales. The present study addresses these issues and reduces capacity fade to 2.4% over 100 

cycles. 

The present study reports the use of methanesulfonic acid supported Ce and V electrolytes 

separated by an AEM that enables true electrode decoupled RFB operation. The key innovation of 

using the highly selective polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene 

(SEBS) triblock copolymer separators and the bulkier nature of the methanesulfonate coordinated 

ions ensured minimal cross-over and enabled us to demonstrate minimal capacity fade over 100 

charge-discharge cycles (0.024% capacity fade per cycle). The membranes were chemically stable 

in both the V and Ce ions and the methanesulfonic acid. The use of methanesulfonic acid as the 

supporting electrolyte, balancing the inverse relationship between Ce3+ and Ce4+ solubilities with 
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increasing CH3SO3H concentrations27, enabled electrolyte concentrations of up to 1M at room 

temperature. Having limited the concentration to 0.9 M to prevent precipitation due to local 

concentration variations, we demonstrate a V-Ce electrode-decoupled (ED-) RFB with 30% higher 

practical capacity than previous reports. Methanesulfonic acid confers the added benefit of using 

a “green” chemical with low relative toxicity and ease of disposal34. Thus, a high-performance 

ED-RFB has been developed.       

Experimental 

Synthesis and characterization of anion exchange separators

The polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) triblock 

copolymer separators with 30 % wt. of styrene were synthesized as described by us previously in 

Wang et al.26,35 ,characterized using methods described therein, and the physical properties were 

found to closely match the previous report. The AEMs were initially prepared in the chloride 

form and then ion exchanged by immersion in 0.1M H2SO4 or 0.1M CH3SO3H to produce the 

sulfate or methanesulfonate forms respectively. The stability of the AEMs was characterized by 

immersing them in 4 M CH3SO3H at 40 ℃ for 5 weeks and periodically measuring the change 

(if any) in ionic conductivity and ion exchange capacity (IEC). The cross-sectional scanning 

electron microscopy (SEM) of the membrane was carried out using a FEI Nova NanoSEM 230 

scanning electron microscope (SEM) with an attached energy dispersive analysis of X-rays 

(EDAX) detector. The Fourier transform infrared (FT-IR) spectra of the membrane was obtained 

using a Thermo-Fisher Nicolet instrument to detect any evidence of membrane degradation.  

Synthesis and characterization of ED-RFB electrolytes
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The electrolytes used in this study consist of 0.9 M VOSO4 in 5.8 M CH3SO3H and 0.9 M 

Ce(CH3SO3)3 in 4 M CH3SO3H. VOSO4 (97%, Sigma-Aldrich) was readily soluble in water and 

CH3SO3H (99%, Acros Organics) to yield the desired electrolyte. The Ce(CH3SO3)3 was made by 

the reaction between CH3SO3H and Ce2(CO3)3 (99%, Treibacher Industrie A.G.)- 

Ce2(CO3)3 + 6CH3SO3H → 2Ce(CH3SO3)3 + 3CO2 + 3H2O  

The Ce2(CO3)3 was suspended in DI water and CH3SO3H was added dropwise with constant 

stirring. Due to the sensitivity of Ce(CH3SO3)3 solubility to the CH3SO3H concentration, the 

reaction mixture was diluted periodically with DI water to prevent precipitation of Ce(CH3SO3)3. 

The VOSO4 electrolyte was converted to its V3+ form using a symmetric V/V cell before testing 

the V-Ce ED-RFB. 

The electrolytes were electrochemically characterized using cyclic voltammetry. The 

electrochemical measurements were carried out in a small-volume electrochemical cell (Pine 

Instruments, RRPG223) with a 3 mm diameter glassy carbon (GC) disc working electrode, a 

counter electrode consisting of a Pt mesh attached to a Pt wire and an Ag/AgCl reference electrode 

(0.197 V vs. SHE). All potentials are reported on the standard hydrogen electrode (SHE) scale 

unless otherwise noted. The electrochemical measurements were performed using a Solartron 

multichannel potentiostat. 

ED-RFB tests

The ED-RFB testing was carried out using a Scribner Inc. 857 RFB test stand. The cell 

used was of the standard plate-and-frame configuration with a 25 cm2 active area. The electrodes 

employed were made of carbon felt (SigraCELL GFA6, SGL carbon) which were activated by 

heating in air in a muffle furnace at 400 ᵒC. All tests were carried out using interdigitated flow 
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fields at a flow rate of 100 mL.min-1 and at 25 ᵒC.  The polarization measurements were carried 

out by potentiostatic charging of the ED-RFB to the voltage corresponding to the desired state of 

charge (SOC) and then employing a current stair-step protocol with a hold time of 30 s to allow 

for equilibration after each step increase. After each 30 s hold, an equal and opposite current was 

applied so as to prevent any change in the initial SOC. The charge-discharge cycling was carried 

out galvanostatically between 2 V and 0.65 V at four different current densities – 25 mA.cm-2, 50 

mA.cm-2, 75 mA.cm-2, and 100 mA.cm-2. The various efficiencies of the ED-RFB were calculated 

using the following relationships – 

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐶𝐸) =
volumetric discharge capacity (Ah.L ―1)

volumetric charge capacity (Ah.L ―1)  𝑥 100 (4)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸) =
𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑 (𝑊ℎ.𝐿 ―1)

𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑢𝑝𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 (𝑊ℎ.𝐿 ―1) 𝑥 100 (5)

The cation cross-over across the AEM separator following ED-RFB cycling was measured using 

a PerkinElmer Optima 7300DV inductive-coupled plasma optical emission spectrometer (ICP-

OES). 

Results and Discussion

The chloromethylated-SEBS-30 functionalized with trimethylamine (here after referred to 

as CM-SEBS-30-TMA) AEMs were successfully prepared as described in our previous 

reports26,35. The properties of these membranes are provided in Table S1 of the ESI. Following 

the chloromethylation reaction, a degree of functionalization of 0.16 was achieved against a 

possible theoretical maximum of 0.3 (with all the styrene groups functionalized) as seen from the 

1H NMR in ESI Figure S1.  Upon addition of the trimethylamine cation, the ion exchange capacity 
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was 1.35±0.02 (~90% of theoretical). The addition of TMA was confirmed by the C-N stretch in 

the FTIR spectra of CM-SEBS-30-TMA which was absent in spectra of CM-SEBS-30 prior to 

TMA addition (FTIR spectra depicted in ESI Figure S2). The uniform addition of TMA across 

the membrane was confirmed by EDAX spectral mapping obtained across the cross-section of the 

membrane, which showed the presence of the Cl- counterion to TMA+ and is depicted in ESI 

Figure S3. The ionic conductivity of the AEM was measured using a standard 4-electrode cell36. 

The AEM was ion exchanged to the sulfate and methanesulfonate form by immersion in 0.1 M 

H2SO4 and 0.1 M CH3SO3H respectively for 24 hours. The sulfate ion conductivity values 

(depicted in Figure 2(a)) were found to be higher than the values for the methanesulfonate anion 

due to the relatively smaller hydrodynamic radius of the sulfate anion37. The result of the AEM 

stability test is depicted in Figure 2(b). The CM-SEBS-30-TMA AEM was found to stable over 

the course of this test and exhibited minimal changes in ionic conductivity and IEC. The AEM 

separator was found to be both thermally and mechanically robust with thermal degradation 

starting at over 200ᵒC (ESI Figure S3), while the ultimate tensile strength was found to be 3.1±0.6 

MPa.  

The electrolytes used in this study were initially characterized using cyclic voltammetry as 

depicted in Figure 3. The voltammetric properties are summarized in Table 1.  Given that the 

electrolytes consisted of the cations of interest in one oxidation state at the onset, cations that are 

formed in the other oxidation state rapidly diffuse into the bulk of the electrolyte due to the sharp 

concentration gradient. Thus, the CVs were recorded at a high scan rate to reduce (or oxidize) the 

produced redox species before it diffused away from the near electrode environment. The cathodic 

peaks was the lowest current density value during the negative going (cathodic) scan and the 

corresponding potential was recorded as the cathodic peak potential (Ec). Similarly, the anodic 
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peak was the highest current density value during the positive going (anodic) scan and the 

corresponding potential was recorded as the anodic peak potential (Ea). The difference between Ec 

and Ea was the peak separation (ΔEp).  The peak separation (ΔEp) for the V2+/V3+ redox couple was 

found to be 1.43 V while the peak separation for the Ce3+/Ce4+ redox couple was found to be 0.64V, 

which indicated irreversibility. The formal potential (Eform) values were calculated as Eform = (Ec + 

Ea)/2. Based on the formal potential, the cathodic and anodic half-wave potentials (i.e. potential 

where the anodic (or cathodic) current is one-half the peak value) Ec/2 and Ea/2 were calculated. 

Eform showed significant deviation from the E0 values (270 mV for the V2+/V3+ redox couple and 

500 mV for the Ce3+/Ce4+ redox couple) indicating the strong effect of the CH3SO3
- ion 

coordination with the redox species. Eform cannot be directly correlated to E0 as E0 is an ideal value 

at equal concentrations of the reduced and oxidized species, without accounting for the effects of 

the supporting electrolyte. The comparison between the two is intended to highlight the solvating 

effect of the CH3SO3
- anion. This effect has been documented in case of the Ce3+/Ce4+ redox 

couple38 and a similar mechanism appears to apply in case of the V2+/V3+ redox couple. A further 

consideration for the V2+/V3+ redox couple is that use of the VOSO4 salt will ensure that the V2+/V3+ 

redox couple is coordinated with both SO4
2- and CH3SO3H anions. Thus, the CV characteristics 

are a function of this coordination structure. The effect of the solvation structure on these redox 

couples was characterized by calculating the solvent reorganization energy (λ). λ is the amount of 

energy required to rearrange the reactant solvation shell to its product form and plays a prominent 

role in the Marcus-Hush kinetic formulation for heterogenous electron transfer processes39,40. λ 

was calculated using the following equation given by Saveant et al41:

𝛼 = 0.5 +
𝐹

4𝜆(𝐸 ― 𝐸0 ― 𝜙𝑟) (6)
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Here,  is the transfer coefficient, F is the Faraday’s constant (96485 C/mol of e-), is the potential 𝛼 𝜙𝑟

at the plane of the reaction site vs. bulk solution and  is the standard potential of the 𝐸0

electrochemical reaction under consideration. The reactions were assumed to occur every close to 

the electrode surface and hence  ≈ E. 𝜙𝑟

Since the electrolytes initially consist of V3+ and Ce3+ respectively, only the cathodic 

reaction of the V2+/V3+ redox couple and the anodic reaction of the Ce3+/Ce4+ redox couple were 

examined.  This limitation is due to the local concentration of V2+ and Ce4+ being unknown and 

the scan rate dependence of the oxidation and reduction currents respectively of these two species 

(due to the outward diffusion of the products into the bulk electrolyte). The transfer coefficients 

(listed in Table 1) were calculated using the following equation42:

𝛼 =
1.86𝑅𝑇

𝐹(𝐸𝑃 ― 𝐸𝑃
2
) (7)

Where, R is the universal gas constant (8.314 J mol-1 K-1), T is the temperature (298 K) and Ep and 

EP/2 are the peak and half-peak potentials respectively of the anodic or cathodic reaction. The  𝛼

typically has a value of 0.5 which indicates that the anodic and cathodic reactions are equally facile 

and the occurrence of either is a function of the applied overpotential. The values of 0.2 for the 

V3+ + e- →  V2+ reaction and 0.3 for the Ce3+ →  Ce4+ + e- reaction indicated that forward and 

backward reactions are not equally facile, supporting the inference of an irreversible reaction from 

the >60 mV peak separation in the CVs. Assuming the overall reactions for both couples are one-

step and one-electron transfer, we have 43 and the transfer coefficient for the V2+ →  𝛼𝑐 + 𝛼𝑎 = 1

V3+ + e- reaction is  0.8 and the  Ce4+ + e- → Ce3+ reaction has a transfer coefficient of 0.7. Figure 
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3(b) depicts the Tafel analysis carried out on the V3+ + e- → V2+ and Ce3+ → Ce4+ + e- reactions. 

The Tafel equation is as follows44:

𝜂 = 𝑎 + 𝑏.log (𝑖𝑘) (8)

Where,

𝑎 =
2.3𝑅𝑇

𝛼.𝐹 .𝑙𝑜𝑔𝑖0 (9)

𝑏 = ―
2.3𝑅𝑇

𝛼.𝐹
(10)

Here, i0 is the exchange current density in mA cm-2. The value of the Tafel slope for a one electron 

transfer reaction with the would be 118 mV dec-1. In case of the reactions considered here, 𝛼 = 0.5 

 would result in a cathodic Tafel slope of 295 mV dec-1, while  would result in an 𝛼𝑐 = 0.2 𝛼𝑎 = 0.3

anodic Tafel slope of 197 mV dec-1 while  the measured values were 210 mV dec-1 and 140 mV 

dec-1  respectively. The deviations were the result of experimental noise and the lack of an adequate 

linear region in the Tafel plots. The Tafel slopes and the measured i0 for the Ce3+/Ce4+ redox couple 

were found to broadly agree with a report by Nikiforidis et al.45.   

The polarization characteristics of the V-Ce ED-RFB measured at 20% and 60% SOC are 

depicted in Figure 4. Before polarization measurements, the OCV was monitored at 0% SOC and 

found to be 1.337 V as compared to the 2.09 V difference in Eform from the CVs and the theoretical 

value of 1.87 V. Substantial activation losses (at 10 mA.cm-2) of 310 mV and 320 mV were 

observed at 20% and 60% SOC respectively during discharge while the charging activation losses 

were 152 mV and 116 mV respectively for 20% and 60% SOC. This was consistent with the 

irreversible nature of the CVs and the large reduction and oxidation overpotentials. The 

Page 11 of 33 Sustainable Energy & Fuels



12

optimization of the carbon felt heat treatment process46, the use of chemical treatments such as 

immersion in aqua regia47 or the use of catalysts could alleviate this issue. Distinct asymmetry 

was observed over the charge and discharge branches of the polarization curve with the average 

resistance during discharge being 0.54 Ω while the average charge resistance was 0.15 Ω. A part 

of this resistance is ohmic and the ex-situ membrane area specific resistance (ASR) of 0.51 Ω.cm2 

(σIP = 11.69 mS.cm-1 for a 60 μm thick membrane) suggested that these losses can be partially 

mitigated through improved membrane ionic conductivity. The ohmic losses would necessarily be 

symmetric and thus, the asymmetry was attributed to the highly irreversible nature of the half-cell 

reactions. The voltage profiles showed no mass-transport losses, indicating that the 100 mL.min-1 

flowrates employed was sufficient to prevent active species depletion near the electrode to a 

current of ca. 200 mA.cm-2. The absence of mass-transport losses may also be attributed to the use 

of interdigitated flow fields, as they have been shown to substantially improve the flow distribution 

through and over the surface of the porous electrode48–50. 

Figure 5(a) depicts the impact of separator and supporting electrolyte selection on ED-

RFB performance. The use of Nafion® is impractical as it readily allows the mixing of the cations 

and hence does not allow an “electrode-decoupled” RFB architecture. The resultant capacity loss 

due to electrolyte mixing was apparent in the very first cycle and resulted in >40% capacity fade 

in 20 cycles at 50 mA.cm-2 as demonstrated previously26. The first cycle capacity difference 

between the other two RFBs utilizing the same CM-SEBS-30-TMA AEM separator was attributed 

to the increase in concentration achieved by using CH3SO3H as the supporting electrolyte. Figure 

5(b) depicts the impact of increasing current density on the achievable capacity in the CH3SO3H 

supported V-Ce ED-RFBs. The decline in available discharge capacity followed a typical direct 

correlation with the current density. The absolute values of achievable capacity can be improved 
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by (in order of importance) improving the reversibility of the half-cell reactions, by the use of 

catalysts to lower activation losses, and by improving membrane conductivity.

Figure 6(a) depicts the cycling performance of the ED-RFB over 100 cycles at 50 mA.cm-

2. A 2.4% loss of initial capacity was observed over the course of this test which was substantially 

better than the ~10% capacity loss observed over 20 cycles for ED-RFB systems utilizing the same 

AEM separator but with the H2SO4 based electrolytes26. The membranes used in Wang et. al. and 

this study were nearly identical in terms of properties. Thus, the substantially improved capacity 

retention is a direct result of the CH3SO3H supporting electrolyte and the resultant changes in the 

cation solvation. Significantly, while the increase in cation concentration resulted in a sharper 

concentration gradient across the separator (and hence could increase cross-over), the increased 

hydrodynamic radius of the CH3SO3
- anions compared to SO4

2- (as inferred from the ionic 

conductivity values) and the corresponding increase in the radii of the CH3SO3
-solvated cations 

would also lead to a size exclusion effect that decreases cross-over. The improved capacity and 

capacity retention indicates that the solvation effect negates the increased concentration gradient.  

Assuming the capacity fade is caused only by the cation cross-over route and given that the redox 

processes are 1-electron transfer processes at both electrodes, it can be inferred that 2.4% (0.0216 

moles) of the initial cation concentration on one side was transferred to the other. ICP-OES 

analysis of the electrolytes after cycling indicated that 0.017 moles of the cation has crossed-over, 

closely correlating with the capacity fade. These ED-RFBs also demonstrated an average EE of 

65% over the course of the 100 cycles with a 6% decline over that period which was again a 

substantial improvement over the 12% loss over 20 cycles with the H2SO4 based V-Ce ED-RFB26. 

Figure 6(b) shows the impact of charge/discharge currents on the energy efficiency and coulombic 

efficiency of the ED-RFB. Even at 100 mA.cm-2, EE of >50% was achieved. Further, even after 
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relatively high current charge-discharge cycles, upon cycling again at 50 mA.cm-2, the ED-RFB 

EE was found to return to the values initially recorded at 50 mA.cm-2. This indicated that the cell 

was experiencing minimal side- or parasitic reactions.

The key to long-term use of this ED-RFB configuration in the field is the chemical stability 

and sustained selectivity of the separator. The sustained selectivity of the CM-SEBS-30-TMA 

separators has been demonstrated by the minimal capacity fade achieved over long-term cycling. 

The chemical stability of these separators was examined by looking for evidence of loss of the 

functionalizing cation. Mohanty et al.51 showed using FT-IR spectroscopy that the C-N stretch 

characteristic of the TMA+ cation could be used to verify the stability of the CM-SEBS-30-TMA 

AEM. As seen in Figure 7, the C-N stretch is evident in both the pristine membrane and the 

membrane after long-term cycling indicating no loss of the TMA+ cation. The apparent loss in 

intensity was not evidence of AEM degradation as the ratio between the C=C bend and C-N stretch 

remained constant. To rule out other degradation routes, the Cl- conductivity of the membrane 

before and after ED-RFB testing was measured. The conductivity showed no decline within 

experimental error, indicating no membrane degradation within the ~150-hour duration of the 

experiments as depicted in Figure 8. Thus, the CM-SEBS-30-TMA AEM separator was found to 

be chemically stable over the course of long-term cycling.             

Conclusions

An electrode-decoupled redox flow battery with excellent energy efficiency, long cycle life 

and environmentally friendly electrolyte formulation has been demonstrated. The change in cation 

solvation structure (compared to H2SO4 based electrolytes) brought about by the use of CH3SO3H 

greatly improved separator selectivity. In summary, the 30% improvement in capacity, 2.4% 
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capacity fade over 100 cycles and ~70% energy efficiency demonstrated by the methanesulfonic-

acid-based V-Ce ED-RFB makes it an excellent candidate for various energy storage applications. 

The demonstrated capacity retention and fast response times of the ED-RFB enables its application 

in frequency regulation and demand-response when coupled with an intermittent power source 

(such as solar or wind) while the modular nature and sub-linear cost scaling enable applications in 

weak grid and off-grid energy storage applications52,53.    
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Table 1. Voltammetric properties of the V2+/V3+ and Ce3+/Ce4+ redox couples and heterogenous 

charge transfer parameters calculated from the same.  The locations of Ec, Ea and Eform are indicated 

in Figure 3(a) while the calculation of the other properties are described in text. 

V2+/V3+ redox couple Ce3+/Ce4+ redox couple

Ec (V) -1.25 1.24

Ec/2 (V) -1.06 1.41

Ea (V) 0.18 1.88

Ea/2 (V) -0.14 1.69

Eform (V) -0.53 1.56

ΔEp (V) 1.43 0.64

α 0.2 (V3+ + e- → V2+) 0.3 (Ce3+ → Ce4+ + e-)

|λ| (kJ.mol-1) 51000 150000

|λ/F| (V) 0.53 1.54
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Figure captions:

Figure 1. Schematic of an electrode-decoupled V-Ce redox flow battery. Standard redox potentials 

for the V3+/V2+ and Ce4+/Ce3+ couples are provided28. The solid lines depict the direction of 

electron and anion movement during the charging process while the dashed lines depict the 

discharge process. 

Figure 2. (a) Temperature dependence of the sulphate and methanesulfonate ionic conductivity of 

CM-SEBS-30-TMA separators; (b) Representative SEBS separator stability in methanesulfonic 

acid at 40℃.   

Figure 3. (a) Cyclic voltammograms of the V3+/V2+ and Ce4+/Ce3+ redox couples in 

methanesulfonic acid, W.E: 0.07 cm2 GC disk, C.E: Pt mesh, R.E: Ag/AgCl (0.197 V vs. SHE), 

scan rate: 500 mV.s-1; (b) Tafel plots of the charging reactions of the V-Ce ED-RFB. 

Figure 4. Charge-discharge polarization curves of the V-Ce ED-RFB at 20% and 60% SOC.

Figure 5. Charge-discharge curves of the V-Ce ED-RFB (a) with different separators and 

supporting electrolytes, (b) at different current densities (CH3SO3H supporting electrolyte).

Figure 6. Performance of the CH3SO3H supported V-Ce ED-RFB (a) over 100 cycles at 50mA.cm-

2, (b) rate capability test at different current densities.

Figure 7. FT-IR spectra of the CM-SEBS-30-TMA separator before and after the ED-RFB test.

Figure 8. In-plane membrane conductivity measurements before and after ED-RFB cycling         
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Graphical Abstract

Vanadium-cerium redox flow batteries using a cerium-methanesulfonate-salt-based electrolyte 

and a highly permselective anion exchange separator exhibits 30% higher practical capacity and 

0.024% capacity fade/ cycle compared to 5% capacity fade/ cycle for H2SO4 supported V-Ce 

ED-RFBs with ~100% coulombic efficiency (CE) and ~70% energy efficiency (EE) over 100 

cycles.

Keywords: Anion-exchange membrane; Cyclic voltammetry; Energy storage; Redox-flow 

battery; Sustainable chemistry.
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