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ABSTRACT 

Wide deployment of intermittent energy generation (e.g., wind and solar) calls 

for low-cost energy storage system for smooth and reliable power output. Redox flow 

batteries (RFBs) have been identified as one of the most suitable systems for large-

scale energy storage. Different from conventional batteries that store energy in solid 

electrode, RFBs take advantage of flowable electrolytes as energy-storage media and 

therefore bring unprecedented freedom in independent tuning of energy and power of 

RFB.  The method to separate two chemically reactive electrolytes plays a key role in 

RFB. Current RFBs adopt a single ion-exchange membrane (IEM) as separator, which 

can physically separate two electrolytes but ionically conduct them with commuting 

ions. Ever since the invention in 1974, the single-membrane configuration has enabled 

a tremendous amount of new combinations of elements from periodic table for battery 

application.  However, single IEM configuration remains imperfect: 1) IEM is 

designed to either conduct cation while excluding anion (cation-exchange membrane, 

CEM), or conduct anion while excluding cation (anion-exchange membrane, AEM). 

This property only allows the combination of redox pairs in the same type of charge, 

leaving a lot of promising redox pair combinations useless; 2) IEM cannot reach 100% 

selectivity of commuting ion, which results in an inevitable crossover of redox pairs, 

causing electrolyte imbalance, coulombic efficiency and capacity loss; 3) IEM 

contributes the biggest voltage loss due to its large internal resistance in many RFBs, 

and is usually one of the most expensive components in the stack, both indirectly or 

directly increasing the cost of RFBs. 
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 Aiming at solving the problems in single-membrane RFBs, this work explored 

three possible routes that provide alternative configurations to current RFBs: 1) a 

double-membrane RFB that could combine redox pairs with different types of charge, 

and of different supporting pHs; 2) a single-membrane all-iron (all-Fe) flow battery 

that adopts the same elements on both sides, which is immune to the crossover of 

metal ions; 3) a membrane-less RFB that utilizes immiscible organic and inorganic 

electrolytes, which thermodynamically separate two redox species and eliminate the 

usage of membrane in RFB.  

In the double-membrane RFB design, both AEM and CEM are incorporated in 

cell to isolate cation and anion redox pairs respectively. A middle electrolyte is used to 

ionically conduct two membranes. Three examples have been successfully 

demonstrated: Zn-Ce (Zn(OH)4
2−/Zn vs. Ce4+/Ce3+), S-Fe (S4

2−/S2
2− vs. Fe3+/Fe2+) and 

Zn-Fe (Zn(OH)4
2−/Zn vs. Fe3+/Fe2+) RFBs. Zn-Ce RFB provides the highest cell 

voltage among all aqueous RFBs as 3.08 V. S-Fe RFB combines very inexpensive 

anion redox pair (S4
2−/S2

2−) and cation redox pair (Fe3+/Fe2+) together (1.22 V) and 

brings low electrolyte cost. Zn-Fe RFB has the best balance between high voltage (2.0 

V) and low electrolyte cost, thus bringing high performance and low capital cost. 

Middle electrolyte was found to be an important role in controlling total cell 

resistance. With optimally engineered middle electrolyte, Zn-Fe RFB shows high 

power density (676 mW/cm2) and the lowest system cost so far among several notable 

RFBs, under $100/kWh, which is below the cost target for energy storage system set 

by Department of Energy of U.S. in the 2023 term. Such a low cost puts Zn-Fe RFB in 

a very promising position for future development and commercialization.   
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In the single-membrane all-Fe RFB, the same element, iron, is used in redox 

pairs in both positive and negative electrolytes with different coordination chemistries. 

The adoption of the same element fundamentally eliminates the cross-contamination 

in RFBs that uses two different elements. All-Fe RFB shows good durability and 

stability over cycle test. The slow diffusion of coordinate agent, however, was 

identified as a prominent concern in capacity retention in long-term. Nonetheless, all-

Fe RFB remains as a good attempt in combining redox pairs of the same element with 

different coordination chemistries to extend the spectrum of redox pairs for RFB 

application.  

In the membrane-less RFB design, a new separation method of redox pairs is 

introduced by employing immiscible organic and inorganic electrolytes. Redox pairs 

are thus thermodynamically separated and require no membrane. A zinc-ferrocene 

RFB was demonstrated as an example for this membrane-less design and good 

durability and stability were proved in cycle test. This concept broadens the method to 

construct flow battery and brings more possible combinations between organic and 

inorganic redox pairs in RFB application. 

The new designs and concepts studied in this work successfully demonstrated 

that invention of new cell structure could greatly enrich and diversify the category of 

RFBs, expanding new redox chemistries and enabling new redox pair combinations 

for RFB. Setting those three cell designs as frame work, we are expecting and looking 

forward to more exciting redox chemistries being explored.   
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Chapter 1 

INTRODUCTION 

1.1 Energy Storage System and Redox Flow Battery 

With growing concerns over the over use of fossil fuels, renewable energy 

received great attention for electricity generation in recent years[1, 2]. Solar and wind 

are among the most abundant renewable energy resources and have gone through a 

rapid growth over the last decade world-widely[3, 4]. However, solar and wind are both 

intermittent sources: solar power mostly peaks during noon time and vanishes at night; 

wind power can vary greatly over minutes, hours and days. Their variability brings 

great challenges to the electric grid if the contribution of intermittent electricity 

generation exceeds a certain portion, as on-demand and reliable power output is 

required by customers. Electrical energy storage (EES) is essential to cope with the 

intermittence nature of wind and solar: the excess electrical energy produced during 

low demand period can be stored temporarily in EES, and released to the grid when 

demand peaks[5, 6]. The development of EES could further boost the wide deployment 

of wind and solar energy and, fundamentally, facilitate the transition to a clean and 

renewables-based society[7].  

Various EES technologies are available for grid storage[8]. Among them, 

pumped hydro currently has the biggest share, more than 99% worldwide[9]. Pumped 
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hydro utilizes the gravitational potential energy of water by pumping water from lower 

place to higher place to store energy, and generates electricity through turbine when 

the water flows back down. The low cost of pumped hydro system (around $100/kWh) 

stands out as its biggest advantage[10]. However, it is limited by geographical 

conditions and site selection. Alternatively, electrochemical devices emerge as a 

flexible storage system that can be deployed in most places.  

The electric battery is one of the most common electrochemical devices. It 

relies on the indirect electrochemical reaction between two redox pairs of different 

electric potentials. In traditional batteries, two solid redox pairs, which also serve as 

positive and negative electrodes, are separated by a liquid electrolyte. In the 

meanwhile, the electrolyte allows the commutation of supporting ions across positive 

and negative electrodes to balance the charge and finish the circuit. The use of solid 

electrode materials limits the cyclability of battery to mostly under 5000 cycles 

because of repeated solid deposition/dissolution[5]. Grid energy storage calls for 

service life as long as more than 10 years, and a low system cost comparable to 

pumped hydro ($100/kWh). Unfortunately, most conventional batteries cannot meet 

both requirements. In an aim to solve the issues of grid-energy storage, redox flow 

batteries (RFBs) received a renaissance, and were brought into the center of arena of  

various electrochemical devices in the late 2000s. RFBs have been identified as one of 

the most suitable systems for wind and solar energy storage due to their flexibility of 

design, extended discharge duration, and potential for long-term durability[11-17]. 

Figure 1.1 shows the diagram of a typical redox flow battery. The redox flow 

battery concept employs two soluble redox pairs dissolved in flowable electrolytes as 

energy-storing material. As such, electrolytes can be stored in separate tanks and 
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pumped through the stack of flow cells for energy conversion, whereas the inside of 

the cell contains only inert electrodes and separator. The redox flipping of soluble 

redox ions, specifically metal ions, theoretically provides unlimited cyclability, as 

most metal ions would hardly degrade into other species. The long service life is then 

expected given the stability of other components in RFB.  

The concept of RFB was enabled largely thanks to the successful development 

of ion-exchange membrane, which is positioned in the middle of a battery and isolates 

negative electrode redox pairs from positive electrode redox pair even when all of the 

four redox ions are freely dissolved in electrolytes [5, 6]. Equally importantly, the IEM 

also allowed the passage of non-electroactive counter ions to balance the charge 

between negative and positive electrolytes. The liberation of redox pairs from the solid 

electrodes transferred energy storage functionality from the electrodes to liquid 

electrolytes in external tanks, and this decoupling of energy storage from power 

delivery provided RFBs with unprecedented design flexibility and scalability. The 

storage capacity (which depends on the amount and concentration of electrolyte) and 

the power (which depends on stack area) can thus be tuned independently for various 

storage scenarios. 

RFBs can be categorized in to two groups: aqueous and nonaqueous RFBs, 

depending on the supporting solvent. Due to their superior performance and low cost, 

aqueous RFBs has experienced more extensive research and development. Some of 

the most successful RFBs today are aqueous systems. On the other hand, nonaqueous 

RFBs have advantages such as larger electrochemical windows, extended temperature 

ranges of operation, and potentially low costs on an element basis. However, 
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nonaqueous RFBs are still in the very early stages of research, and great challenges 

still need to be addressed before successful implementation. 

 

 

Figure 1.1 A typical redox flow battery structure: the Cr-Fe redox flow battery, the 

first redox flow battery, developed in 1974.  

An RFB system could be characterized by several metrics for evaluation and 

comparison between different systems. The coulombic efficiency, voltage efficiency 

and energy efficiency are defined in Eq. 1.1, 1.2, 1.3.  
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where Qdischarge, Qcharge are the capacities of discharge and charge, Vdischarge, 

Vcharge are the average cell voltages of discharge and charge, and Edischarge, Echarge are 

the energies of discharge and charge.  

The capacity retention after a specific number of cycles is calculated by 

dividing the discharge capacity in the last cycle (Qlast) by the discharge capacity in the 

first cycle (Qfirst), as shown in Eq. 1.4.  

 
first

lastretentionCapacity 
Q

Q
   (Equation 1.4) 

The State of Charge, or SOC, is defined as a percentage of available capacity 

for discharge to total capacity of the battery, as shown in Eq. 1.5.  

 %100SOC
total

remaining


Q

Q
  (Equation 1.5) 

 

1.2 Aqueous Redox Flow Batteries 

The first aqueous RFB was conceived by Lawrence H. Thaller in 1974 under 

the background of rising interest for means of storing bulk electrical power[18]. The 

core part of an RFB system is the selection of two redox pairs, as redox pairs directly 

determine the standard cell voltage, kinetic constant and solubility. Figure 1.2 and 

Table 1.1 summarize those that have been used in RFB based on the charge type 

(cation or anion).  
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In theory, any two redox pairs with different electrode potentials can be picked 

to construct an RFB.  However in practice, their choice and combination should be 

carefully considered to maximize the economy of the RFB in a specific application. 

An ideal RFB should incorporate two redox pairs that have facile kinetics, high 

solubilities, and a sufficiently large difference in electric potentials to create a high 

standard cell voltage.  

In the single-membrane configuration, the two redox pairs should also be 

stable in the same pH environment, and have the same sign on their formal charges, 

i.e., either both cation redox pairs or both anion redox pairs. Over the past 40 years, a 

lot of different RFBs have been developed[19], as summarized in Figure 1.2 by redox 

pairs. Some RFBs have received more attention and development, and are already on 

the edge of commercialization.  
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Table 1.1 Anion-based, cation-based and anion-cation hybrid redox pairs in RFBs 

Flow battery redox pair  
Standard redox 

potential (V) 
Typical electrolyte 

Anion-based redox pair ClBr2
−/Br− [20, 21] +1.07* HCl, ZnBr2 

 Br3
−/Br− [22-25] +1.05* NaBr, H2SO4 

 Fe(CN)6
3−/Fe(CN)6

4− [26] +0.36† NaOH 

 Fe(C6H4O)−/Fe(C6H4O)2− [25] +0.21†,‡ NaBr 

 Fe(edta)−/Fe(edta)2− [27] +0.18† NaAc 

 Fe(C2O4)3
3−/Fe(C2O4)3

4− [25] −0.12† NaAc 

 S4
2−/S2

2− [23] −0.45 NaBr, NaOH 

 Cr(edta)−/Cr(edta)2− [27] −0.96 NaAc 

 Zn(OH)4
2−/Zn [26] −1.21 [28] NaOH 

Cation-based redox pair Co3+/Co2+ [29] +1.95 CH3SO3H 

 Ce2O6+/Ce3+ +1.87 [30] HClO4 

 Ce4+/Ce3+ [31, 32] +1.74 CH3SO3H, H2SO4 

 Mn3+/Mn2+ [33] +1.54 H2SO4 

 NpO2
2+/NpO2

+ [34] +1.14 HNO3 

 VO2
+/VO2+ [35-37] +0.99 H2SO4, CH3SO3H 

 Fe3+/Fe2+ [18, 37-39] +0.77 HCl  

 Cu2+/Cu [37] +0.34 H2SO4 

 Np4+/Np3+ [34] +0.15 HNO3 

 Sn4+/Sn2+ [37] +0.15 H2SO4 

 Ti4+/Ti3+ [18, 24] −0.06 HCl 

 V3+/V2+ [20, 35, 39] −0.26 H2SO4, HCl 

 Cr3+/Cr2+ [18, 24, 40] −0.41 H2SO4, HCl 

 Fe2+/Fe [38] −0.45 HCl 

 Zn2+/Zn [21, 22, 29, 31, 36] −0.76 
NaBr, ZnCl2, 

CH3SO3H 

Anion-cation hybrid redox pair Cr2O7
2−/Cr3+ [40] +1.23 HCl 

 Cr(edta)+/Cr(edta)− [27] +1.14† NaAc 

Nonionic redox pairs [41] and gas-phase redox pairs [42-46] are not included, as their RFBs may not need 

IEMs. Standard redox potentials are calculated from standard Gibbs free energies or cited directly from 

standard redox potential tables [47] unless otherwise noted. Note that, when H+ or OH− are involved, 

unity  was used as its activity unless otherwise noted.  

* Calculated from Gibbs free energies in the reference [48]. 

† Calculated from formation constant of complex in the reference [49]. 

‡ The complex structure was taken at pH = 6 from the reference [50]. 
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Figure 1.2 Redox pairs used in aqueous RFBs classified as cation and anion redox 

pairs, and RFBs built based on different redox pairs. The standard redox 

potentials of redox pairs are from the references in Table 1.1. The single-

CEM cell is preferred for one anion-anion redox pair vs. another anion-

anion redox pair (left region); the single-AEM cell is preferred for one 

cation-cation redox pair vs. another cation-cation redox pair (right 

region). 
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1.2.1 Chromium-Iron RFB 

Chromium-Iron (Cr-Fe) RFB is the first example demonstrated by L. H. 

Thaller, who conceived of RFBs in 1974[18, 51]. The Cr-Fe RFB uses Cr3+/Cr2+ and 

Fe3+/Fe2+ as the negative and positive redox pairs, as shown in Figure 1.1. The 

electrochemical reactions at the negative and positive electrodes are shown below.  

Negative electrode: Cr3++ e−↔Cr2+ 

Positive electrode: Fe2+↔Fe3++ e− 

The Cr-Fe RFB has been studied in detail in an NASA redox project from 

1976-1984[52]. Initially in the project, various redox pairs were scrupulously screened 

to find the most appropriate combination of redox pairs with optimal solubility, 

kinetics, cell voltage[53]. Cr-Fe RFB was eventually determined to be further studied in 

detail and developed. The NASA project involves the work of membrane 

development[54], catalyst study for Cr3+/Cr2+[55], study of operation at elevated 

temperature and study of a pilot-scale system (1 kW, 12 kWh)[52]. One of the key 

difficulties in Cr-Fe RFB is the crossover of Cr or Fe ions. Though the anion-exchange 

membrane was designed to conduct only anions, its selectivity cannot reach 100%, 

and Cr or Fe ions gradually diffuse from one side of the membrane to another during 

the cycle process. Crossover causes coulombic efficiency loss, capacity loss and 

electrolyte contamination, which could lower the standard cell voltage[56]. Though a 

lot of early efforts were made to develop advanced membranes that could provide 

better selectivity and durability while maintain good conductivity, the newly invented 

membranes could not satisfy the strict requirement of a long service life. To mitigate 

the crossover problem, a pre-mixed Fe and Cr electrolyte was then used on both the 

positive and negative sides, with the sacrifice of lower cell voltage and doubled redox 

species usage. Although the first Cr-Fe RFB was calculated to have low system cost, 
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and a pilot system was built in the later period of NASA project, this RFB didn’t 

receive commercial interest over the following three decades. The remaining 

challenges that were not completely mitigated in NASA project, such as long-term 

stability of Cr3+/Cr2+ catalyst, hydrogen evolution as side reaction at negative side, 

would possibly have hindered its continuous development.  

1.2.2 Zinc-Bromine RFB 

Zinc-Halogen (Zinc-chloride) RFB was first invented in 1884 by French 

chemist Charles Renard, which was at the time used to power the airship ‘La 

France’[57]. Because of this fact, some regarded Zn-Cl RFB as the first RFB. The 

technology was revived in the mid-1970s by Exxon in the U.S., and the Zinc-Bromine 

RFB was studied and developed[57]. It should be noted that zinc redox pair is not 

completely soluble and its redox reaction involves the deposition and dissolution of 

solid zinc metal. The Zn-Br RFB is therefore usually termed as a “hybrid” RFB. The 

positive and negative electrode half reactions are shown below.  

Negative electrode: Zn2++2e−↔Zn 

Positive electrode: 2Br−↔ Br2+2e− 

Zn-Br RFB has a cell voltage as high as 1.85 V. A microporous film is usually 

used as its separator to reduce stack cost. At positive electrolyte, complexing agents 

such as organic amines are added to increase the solubility of bromine and minimize 

the evolution of bromine. The low material costs of both zinc and bromine, high cell 

voltage (1.85 V vs. ~1.2 V for many other RFBs), high energy density (>70 Wh/L vs. 

~30 Wh/L for many other RFBs), facile kinetics make Zn-Br very attractive for the 

past few decades. A number of companies have dedicated themselves to the 

development of Zn-Br RFB, including ZBB Energy (US), Primus Power (US), 
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RedFlow (Australia), Smart Energy (China), ZBEST Power (China). In recent years, 

effort in extending the Zn-Br RFB to other Zn-halide RFBs has also provided insights 

for improving performance and energy density. A Zn-Br/Cl RFB with a mixed 

positive electrolyte containing both bromine and chlorine showed an improved cell 

voltage (1.95 V) and very high theoretical energy density (>500 Wh/L)[21]. A Zn-I 

RFB using I3
−/I− as the positive redox pair demonstrated 167 Wh/L energy density 

with a theoretical energy density exceeding 300 Wh/L, thanks to the very high 

solubility of zinc iodide (7 mol/L)[58].  Continued progress in Zn-Br and other Zn-

halide RFBs is promising and inspiring for their further development. 

1.2.3 Sulfur-Bromine RFB 

Sulfur-Bromine (S-Br) RFB was first patented in 1983[59]. It employs 

polysulfide and bromide redox pairs at the negative and positive sides, respectively, as 

shown below.  

Negative electrode: S4
2−+2e−↔2S2

2− 

Positive electrode: 2Br−↔ Br2+2e− 

The cell has an open-circuit voltage of 1.5 V. Both chemicals are abundant and 

of low cost. The system cost was estimated to be only $109/kWh (2006 USD) at the 

optimal current density of 50 mA/cm2 and the energy efficiency 64% for a 15 MW, 

120 MWh system[60]. The polysulfide redox pair has relatively sluggish kinetics 

compared with the bromide. Research has been focused on developing advanced 

catalysts for sulfur redox pair by using nickel foam[61], activated carbon[62] and cobalt-

coated carbon felt[63]. Nickel foam and cobalt-coated carbon felt showed good 

catalytic performance for the polysulfide redox pair: 27 mV overpotential for charge 

and 15 mV for discharge was observed at 50 mA/cm2 for nickel foam, and ~30 mV 
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overpotential was observed for both charge and discharge on cobalt-coated carbon felt, 

compared to more than 200 mV overpotential for pure carbon felt electrode at the 

same current density. Though much progress has been made on polysulfide catalysts, 

technical challenges persist, including crossover of redox species, deposition of sulfur 

species, and long term stability. 

1.2.4 All-Vanadium RFB 

All-Vanadium (all-V) RFB has been considered one of the most promising 

RFBs ever since its invention[64, 65].  Although both vanadium redox pairs have been 

investigated, and an all-V RFB concept was introduced in an early NASA report, it 

was excluded from serious research mostly due to the slow kinetics and high cost of 

the vanadium species[53]. The first successful demonstration of an all-V RFB was 

eventually made by Skyllas et al. in 1984[66, 67]. The all-V RFB has received increasing 

research effort ever since, and remained one of the most popular topics in RFB 

research. There is also intensive effort on its commercialization. Several emerging 

companies have successfully launched their all-V RFB systems, including UniEnergy, 

Primus in the United States, Rongke Power, Prudent Energy in China, and Cellennium 

in Thailand.  

As discussed, crossover of redox species remains as a big concern for those 

RFBs employ different redox elements. Though the crossover problem could be 

mitigated by using mixed electrolytes, this method sacrifices the cell voltage and 

doubles the electrolyte usage and hence the cost. All-V RFB takes a more elegant 

approach by utilizing the same element on both the positive and negative sides and 

therefore fundamentally excluding the cross-contamination of two elements to yield 
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unlimited cyclability in theory. The electrochemical reactions on the positive and 

negative electrode are shown below.  

Negative electrode: V3++e−↔V2+ 

Positive electrode: VO2
+↔VO2++ e− 

All-V RFB has been thus far the most studied RFB and received increased 

attention with regards to commercialization. While there is a lot of work focusing on 

membrane development[68] and catalyst study[69], some of the most important 

advancements of all-V RFB were achieved recently in electrolyte and cell 

architectures. Researchers at Pacific Northwestern National Lab (PNNL) gained 70% 

increase in energy density by using a mixed acid as the supporting electrolyte. The 

mixed sulfuric and hydrochloric acid was found to improve the solubility of vanadium 

species from 1.7 M (in pure sulfuric acid) to 2.5 M, and extend the temperature range 

from 10–40 °C (in pure sulfuric acid) to −5–50 °C[70]. The chlorine ion was found to 

complex with theV(IV) cation to form [V2O3Cl∙6H2O]2+, which provides higher 

solubility and thermal stability at elevated temperatures[71]. T. A. Zawodzinski et al. 

and M. Perry et al. both achieved dramatic performance gains in the all-V RFB in 

discharge power density[72-74]., as high as 767 mW/cm2 and 1300 mW/cm2, 

respectively, compared to peak power densities less than 150 mW/cm2 for 

conventional all-V RFB. The improvement hinges on the substantial reduction of 

internal resistance, which was attributed as the cause of major voltage loss in 

conventional all-V RFB, by constructing a new membrane-electrode-assembly type 

cell structure. The large improvement of power density could greatly minimize the 

area of RFB stack and reduce the overall cost.  
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Despite the level of study and advancement of the all-V RFB, the high cost of 

vanadium materials still remains the biggest obstacle for its wide deployment. The 

vanadium materials alone cost ~$70/kWh for system capital cost ($13.5/kg for V2O5, 

see Appendix B Table B1, Table B3 for calculation). The current cost of the all-V 

RFB is estimated to be $300-350/kWh[10], which is still much higher than pumped 

hydro or compressed air storage technologies ($100/kWh). Further development of 

more advanced stacks and inexpensive exploit and refinement of vanadium ore are 

needed to bring broader market penetration to the all-V RFB. 

 

1.3 Nonaqueous Redox Flow Batteries 

Although the majority of RFBs are based on aqueous solutions as electrolytes, 

and these aqueous RFBs have demonstrated high cell performance and excellent 

system reliability, nonaqueous RFBs have become an emerging area that has garnered 

increasing research in recent years. Since the first concept of nonaqueous RFB was 

proposed by Singh in 1984,[75] many types of nonaqueous RFBs have been invented 

and studied, which clearly confirm the feasibility of using organic solvents for 

RFBs[76]. 

Compared with aqueous RFBs, nonaqueous RFBs can offer a wide range of 

working temperatures, high cell voltage, and potentially high energy density, thanks to 

the nature of organic solvents. As part of the family of RFBs, nonaqueous RFBs, 

especially those with the ability to work at low temperatures, are an important 

complement to aqueous RFBs, broadening the spectrum of RFB applications.  
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Non-aqueous RFBs can be categorized by the redox pairs used: metal-based 

redox pairs and metal-free redox pairs, which are discussed in the following two 

sections.  

1.3.1 Metal-based Redox Pairs 

The use of metal-based redox pairs in nonaqueous RFBs is a natural extension 

of their success in aqueous RFBs. Unlike the simple metal ions in aqueous RFBs, 

metal-organic ligand coordination complexes are used to construct redox pairs in 

nonaqueous RFBs, largely due to the need to improving their solubilities in organic 

solvents. Simple metal salts have very limited solubilities in most organic solvents, but 

metal-organic ligand complexes are reasonably soluble in many organic solvents. 

A metal-ligand complex is composed of a metal center and several chelating 

ligands. The metals used to construct nonaqueous RFB pairs include Ru,[77-80] Fe,[77-79, 

81, 82] U,[83-89] V,[90-95] Cr,[96] Ni,[81, 82] Mn,[97] and Co.[98] Among those metals, V has 

become increasingly attractive because it has good redox reversibility. Ru also shows 

good redox reversibility but its cost is prohibitive. For example, the retail price of 

Ru(acac)3 is over 30 times higher than that of V(acac)3, i.e., $72.4/g vs. $1.96/g, from 

Sigma-Aldrich (with the same ligand and the same purity of 97%). With the aim of 

reusing the massive amount of depleted and recovered radioactive elements from the 

nuclear industry, Yamanura et al. has pioneered the use of U as redox pairs for 

nonaqueous RFBs. Fe, Cr, Mn, and Co are inexpensive and have the potential to 

drastically lower the material cost for nonaqueous RFBs. However, these metals have 

poorer redox reversibilities than Ru and V. 

Double-oxygen bidentate ligands include “acac” (acetylacetone),[78-80, 83, 86, 89-

93, 95-97] “hfa” (hexafluroacetylacetone),[83] “tfa” (1,1,1-trifluoroacetylacetone), “fod” 
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(hexaflurobutanoylpivaloylmethane),[83] “pta” (pivaloyltrifluoroacetone),[83] “ba” 

(benzoylacetone), “dpm” (dipivaloylmethane),[83] “btk” [m-bis(2,4-dioxo-1-

pentyl)benzene],[84, 85, 88, 89] “etk” (8-oxo-2,4,12,14-acetylacetone),[84, 85, 89] and 

“acacen” [bis(acetylacetone)ethylenediamine].[98] Among those organic ligands, 

“acac” is the most frequently used species in the construction of metal-organic 

coordination complexes serving as redox pairs for nonaqueous RFBs, since it is one of 

the simplest bidentate ligands that form strong coordination bonds with many 

transition metals. 

The double-nitrogen bidentate ligand used includes “bpy” (2,2’-bipyridine),[77-

79, 81, 82] and the double-sulfur bidentate ligand used includes “mnt” 

(maleonitriledithiolene),[94] Hybrid-atom bidentate ligand includes “tmma” 

(N,N,N’,N’-tetramethylmalonamide)[87] where both the oxygen atom and the nitrogen 

atom serve as each dentate of the bidentate. In addition, there are monodentate ligands 

such as (single-oxygen) “dmso” (dimethyl sulfoxide) and (single-oxygen) “dmf” 

(dimethylformamide).[83] 

For an oxygen-dentate ligand, such as acac, the metal in the metal-ligand 

complex facilitates electron transfer via the changing of its oxidation number upon 

redox reaction, in which ligands are redox-innocent. For nitrogen- (such as bpy) or 

sulphur-dentate ligands (such as mmt), both metal and ligand can provide electron 

transfer, in which ligands are redox-non-innocent. Combination of different metals 

(with variable oxidation numbers) and different ligands (with variable substituents), 

metal-ligand complex redox pairs offer a wide range of redox potentials, shown in 

Table 1.2. Note that the redox potential can be influenced substantially by both the 

organic solvent and the supporting electrolyte.[99] 
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The properties of metal-ligand coordination complexes are the result of the 

interactions between metals and ligands. As such, it is difficult to compare one group 

of ligands to another. Within the same group of ligands, the impact of ligand however 

can be seen. For example, the increase of the basicity of the oxygen-dentate ligand 

(via introducing electron-withdrawing substituents) can lead to a negative shift in the 

redox potential of a U-oxygen-dentate ligand complex: an increase of eight units of 

pKa value for basicity of ligands leads to a negative shift of roughly 500 mV for redox 

potential for U(VI)/U(V) complex redox pairs. It is expected that the rate constant of 

the redox reaction will also be impacted, but the correlation has not been elucidated 

yet. 

Generally speaking, the redox kinetics of metal-ligand complex redox pairs in 

nonaqueous solvents is more facile than that of simple metal ions-based redox pairs in 

aqueous system. As seen in Table 1.2, the standard rate constant is generally on the 

order of 10−3–10−1 cm s−1 for most metal-ligand complex redox pairs, which is 

statistically one to two orders of magnitude higher than those of  aqueous metal ions-

based redox pairs (a wide range of 10−6–10−2 cm s−1).[15] This can be rationalized by 

the fact that the electron transfer in metal-ligand complexes does not involve the 

change of coordinating groups.[100, 101] Facile redox kinetics can lower the electrode 

overpotential, which is useful for achieving high voltage efficiency. 

Aside from metal-ligand complexes, polyoxometalates are an emerging class 

of redox compounds to serve as metal-based redox pairs in nonaqueous RFBs.[102] 

Polyoxometalates are polyatomic ions consisting of three or more transition metal 

oxyanions linked together by shared oxygen atoms to form a large, closed, three-

dimensional framework. Two polyoxoxmetalate redox pairs were introduced recently 
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by Anderson et al. for both aqueous and nonaqueous RFBs: 

[SiV3W9O40]
10−/[SiV3W9O40]

13−  with the metal W as the electroactive element and 

[SiV3W9O40]
7−/[SiV3W9O40]

10− with the metal V as the electroactive element.[102] Both 

pairs offer up to three transferred electrons in their redox reactions. With organic 

cations such as Bu4N
+, these polyoxometaltes are soluble in many organic solvents. 

Considering the number of available structures, polyoxometalates may be a promising 

class of metal-based redox systems to be explored for advancing nonaqueous RFBs. 

1.3.2 Metal-free Redox Pairs 

Redox pairs can also be constructed with metal-free organic redox compounds 

for nonaqueous RFBs (Table 1.3). Unlike the metal-based redox pairs, the electron 

transfer here involves the formation of stable radicals. By gaining or losing electrons, 

neutral organic molecules can form radical anions or radical cations, respectively. In 

turn, the electron transfer between radical ions associated with neutral molecules lead 

to certain redox potentials. One example is the first proposed metal-free redox pairs 

for nonaqueous RFBs[103]: one pair was constructed by a neutral rubrene molecule and 

rubrene radical anion (i.e., Rubrene/Rubrene∙− with a redox potential of −1.9 V vs. 

SHE) and the other by a neutral rubrene molecule and rubrene radical cation (i.e., 

Rubrene∙+/Rubrene with a redox potential of 1.4 V vs. SHE). 

Most radicals are extremely reactive and thus short-lived, but there are many 

radicals that are relatively stable and sometimes persistent; thus, they could be used to 

construct metal-free redox pairs. From a structural point of view, radicals can be 

stabilized through electronic resonance, steric crowding, and/or dimer formation.[104]  

Besides rubrene, other metal-free redox compounds include 2,2,6,6-

tetramethyl-1-piperidinyloxyl (TEMPO•, note this radical is neutral),[105] N-
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methylphthalimide (NMPI),[105] 1,5-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione (15D3GAQ),[106] 2,5-di-tert-

butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB),[107]  and a quinoxaline family[107] 

(Table 1.3). The neutral TEMPO• radical is a classic persistent radical molecule, 

whose stability is provided by both steric crowding from four methyl groups and 

electronic resonance. NMPI•+ cationic radical is stabilized through the electronic 

resonance with its electron-deficient benzene ring.[105] 15D3GAQ•− anionic radical is 

likely stabilized by the electronic resonance across two benzene rings.[108] DBBB•+ 

cationic radical is largely stabilized via the electronic resonance from para-methoxy-

benzene ring as an extended conjugation system (steric crowding is also provided 

from two t-butyl substituents).[109] With different substituents, a group of quinoxaline 

redox compounds have been introduced and these quinoxaline anionic radicals are 

likely stabilized by their electronic resonance. 

Considering the typical energy-storing timescale in RFBs being a few hours to 

up to a few days, the stability of radical-involving metal-free redox pairs may be 

sufficient. For example, up to 30 charge-discharge cycles have been demonstrated 

from a nonaqueous RFB based on a quinoxaline redox pair and a DBBB based redox 

pair, without substantially compromising either charge or discharge capacities.[107] 

Such cyclability supports the feasibility of using radical redox compound for 

nonaqueous RFBs.  

The substituent of redox compounds impacts not only the redox potential but 

also the redox activity for redox pairs. For example, electron-donating substituents are 

shown to lower the redox potential but enhance the redox activity for the 

Quinoxaline/Quinoxaline•− redox pair.[107] Note that the influence of substituent is 
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expected to be different from that of anionic radicals and cationic radicals. Meanwhile, 

the substituent has significant impact on the solubility of redox compounds. For 

instance, with two substituents of 2-(2-(2-methoxyethoxy)ethoxy)ethoxy, 15D3GAQ 

has a solubility five times higher than that of the substituent-free anthraquinone (Aq) 

(more than 0.25 M for 15D3GAQ vs. less than 0.05 M for Aq, in solvent PC).[106] 

Based on a variety of redox radicals, metal-free redox pairs offer a wide range 

of redox potentials and large rate constants, similar to metal-based redox pairs (Table 

1.3). Like metal-based redox pairs, electron transfer does not involve any bond 

forming or breaking; hence, the redox kinetics is very fast. Unlike metal-based redox 

compounds, whose solubilities are generally limited (mostly less than 1 M), some 

metal-free redox compounds can offer very high solubilities, such as substituent-free 

quinoxaline, which has a solubility of 7 M in PC.[107] 

Considering the huge number of stable radicals and possible substituent 

modifications, there are a great deal of possible choices in organic compounds for 

constructing metal-free redox pairs for nonaqueous RFBs. 

 

 

Table 1.2 Metal-based redox pairs proposed in nonaqueous RFBs 

Redox pair[a] φ’[b] 

(V vs. SHE) 

k0[c] 

(cm s−1) 

Test condition[d] 

[Ru(bpy)3]3+/[Ru(bpy)3]2+ 1.5 (from Ag+/Ag)[77] 3.4 × 10−3 (from i0
[e])[110]  

[Fe(bpy)3]3+/[Fe(bpy)3]2+ 1.3 (from SCE)[110] 1.3 × 10−2 (from i0)[110]  

[Ru(acac)3]+/Ru(acac)3 1.2 (from SCE)[110] 4.6 × 10−2 (from i0)[110]  

[Mn(acac)3]+/Mn(acac)3 1.2 (from Ag+/Ag)[97]  0.5 M Et4NBF4 

[V(acac)3]+/V(acac)3 1.0 (from Ag+/Ag)[90] 6.5 × 10−4 (DMSO, 0.05 

M Et4NPF6)[92] 

 

[Cr(acac)3]+/Cr(acac)3 1.0 (from Ag+/Ag)[96]  0.5 M Et4NBF4 
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[V(mnt)3]−/[V(mnt)3]2− 0.9 (from Fc+/Fc)[94]  0.1 M Bu4NPF6 

[Co(acacen)]+/Co(acacen) 0.3 (from Ag+/Ag)[98]  0.1 M Et4NPF6 

Mn(acac)3/[Mn(acac)3]− 0.1 (from Ag+/Ag)[97]  0.5 M Et4NBF4 

[V(mnt)3]2−/[V(mnt)3]3− −0.2 (from Fc+/Fc)[94]  0.1 M Bu4NPF6 

[UO2(dmso)5]−/[UO2(dmso)5]2− −0.3 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

[UO2(hfa)2]−/[UO2(hfa)2]2− −0.3 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

[UO2(tfa)2]−/[UO2(tfa)2]2− −0.3 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

[U(tmma)4]4+/[U(tmma)4]3+ −0.4 (from Fc+/Fc)[87] 4.8 × 10−7 [87] DMF, 0.1 Bu4NBPh4, Pt 

Ru(acac)3/[Ru(acac)3]− −0.5 (from SCE)[110]   

[UO2(fod)2]−/[UO2(fod)2]2− −0.5 (from Fc+/Fc)[83]  DMF, 0.1 M Bu4NClO4, Pt 

[UO2(pta)2]−/[UO2(pta)2]2− −0.5 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

[SiV3W9O40]7−/[SiV3W9O40]10− −0.5 (from Li+/Li)[102]  PC, 0.5 M Bu4NOTf, GC 

[UO2(ba)2]−/[UO2(ba)2]2− −0.7 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

UO2(acac)2/[UO2(acac)2]− −0.8 (from Fc+/Fc)[88]  7.7 × 10−3 [88] DMSO, 0.1 M Bu4NPF6, GC 

[UO2(dpm)2]−/[UO2(dpm)2]2− −0.8 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

UO2(btk)/[UO2(btk)]− −0.8 (from Fc+/Fc)[88]  1.03 × 10−3 [88] DMSO, 0.1 M Bu4NPF6, GC 

UO2(etk)/[UO2(etk)]− −0.8 (from Fc+/Fc)[89] 1.1 × 10−2 [89] DMSO, 0.1 M Bu4NClO4, GC 

[Ru(bpy)3]2+/[Ru(bpy)3]+ −1.1 (from Ag+/Ag)[77] 2.0 × 10−1 (DMF, 0.2 M 

Bu4NClO4, Pt)[111] 

 

[Fe(bpy)3]2+/[Fe(bpy)3]+ −1.1 (from SCE)[110] 1.6 × 10−1 (DMF, 0.2 M 

Bu4NClO4, Pt)[111] 

 

V(acac)3/[V(acac)3]− −1.2 (from Ag+/Ag)[90] 8.7 × 10−4 (from i0)[91] 0.5 M Et4NBF4 

[Ni(bpy)3]2+/Ni(bpy)3 −1.2 (from Ag+/Ag)[82]  PC, 0.05 M Et4NBF4 

U(pta)4/[U(pta)4]−(or U(pta)3) −1.3 (from Fc+/Fc)[83]  DMSO, 0.1 M Bu4NClO4, Pt 

[V(mnt)3]3−/[V(mnt)3]4− −1.4 (from Fc+/Fc)[94]  0.1 M Bu4NPF6 

Co(acacen)/[Co(acacen)]− −1.7 (from Ag+/Ag)[98]  0.1 M Et4NPF6 

U(btk)2/[U(btk)2]− −1.8 (from Fc+/Fc)[89] 8.8 × 10−3 [89] DMF, 0.1 M Bu4NClO4 

U(acac)4/[U(acac)4]−(or U(acac)3) −1.8 (from Fc+/Fc)[89]  1.7 × 10−2 [89] DMF, 0.1 M Bu4NClO4 

U(etk)2/[U(etk)2]− −1.8 (from Fc+/Fc)[89] 1.5 × 10−2 [89] DMF, 0.1 M Bu4NClO4 

Cr(acac)3/[Cr(acac)3]− −1.8  (from Ag+/Ag)[96]  0.5 M Et4NBF4 

[SiV3W9O40]10−/[SiV3W9O40]13− −2.2 (from Li+/Li)[102]  PC, 0.5 M Bu4NOTf 

[a] Full names of the ligand abbreviations: “bpy” stands for 2,2’-dipyridine, “acac” for acetylacetone, “mnt” for 

maleonitriledithiolene, dmso for dimethyl sulfoxide, “hfa” for hexafluroacetylacetone, “tfa” for 1,1,1-

trifluoroacetylacetone, “tmma” for N,N,N’,N’-tetramethylmalonamide, “fod” for 

hexaflurobutanoylpivaloylmethane, “pta” for pivaloyltrifluoroacetone, “ba” for benzoylacetone, “dpm” for 

dipivaloylmethane, “btk” for m-bis(2,4-dioxo-1-pentyl)benzene, “etk” for 8-oxo-2,4,12,14-acetylacetone, and 

“acacen” for bis(acetylacetone)ethylenediamine.  

[b] φ’: formal redox potential. Potential was converted to SHE scale by relationships: Ag+/Ag = 0.54 V vs. SHE, 

SCE = 0.24 V vs. SHE, Li+/Li = −3.00 V vs. SHE, and Fc+/Fc = 0.69 V vs. SHE.[99] Caution is needed for using the 

potential conversion. 

[c] k0: standard rate constant of redox reaction. 

[d] Test conditions are AN as solvent, 0.1 M Et4NBF4 as supporting electrolyte, and GC as electrode, unless 

otherwise noted. 

[e] i0:  exchange current density. 
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Table 1.3 Metal-free redox pairs proposed in nonaqueous RFBs 

Redox pair[a] φ’[b] 

(V vs. SHE) 

k0[c] 

(cm s−1) 

Test conditions[d] 

Rubrene•+/Rubrene 1.4 (from Ag wire)[103]  AN:Tol, 0.05 TBAP, GC 

DBBB•+/DBBB 1.0 (from Li+/Li)[107] 1.0 × 10−2 (estimated)  

TEMPO+/TEMPO• 0.9 (from Ag wire)[105] 1.0 × 10−1 (0.1 

TBABF4, Pt)[112] 

AN, 1 M NaClO4, GC 

Quinoxaline/Quinoxaline•− 0.1 (from Li+/Li)[107]   

DPh-quinoxaline/DPh-quinoxaline•− 0.0 (from Li+/Li)[107]   

Me-quinoxaline/Me-quinoxaline•− −0.1  (from Li+/Li)[107]   

DMe-quinoxaline/DMe-quinoxaline•− −0.2 (from Li+/Li)[107]   

TMe-quinoxaline/TMe-quinoxaline•− −0.2 (from Li+/Li)[107]   

DPh-quinoxaline•−/DPh-quinoxaline•2− −0.3 (from Li+/Li)[107]   

Quinoxaline•−/Quinoxaline•2− −0.4 (from Li+/Li)[107]   

Me-quinoxaline•−/Me-quinoxaline•2− −0.4 (from Li+/Li)[107]   

15D3GAQ•−/15D3GAQ2− −0.5 (from Li+/Li)[106]  PC, 1 M LiPF6, GF 

DMe-quinoxaline•−/DMe-quinoxaline•2− −0.5 (from Li+/Li)[107]   

TMe-quinoxaline•−/TMe-quinoxaline•2− −0.5 (from Li+/Li)[107]   

15D3GAQ/15D3GAQ•− −0.8 (from Li+/Li)[106]  1 M LiPF6, GF 

NMPI/NMPI•− −0.8  (from Ag wire)[105] 4.6 × 10−2 (0.1 

TBABF4, Pt)[113] 

AN, 1 M NaClO4, GC 

Rubrene/Rubrene•− −0.9  (from Ag wire)[103]  AN:Tol, 0.05 TBAP, GC 

[a] Full names of the abbreviations: DBBB: 2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene; TEMPO: 2,2,6,6-

tetramethyl-1-piperidinyloxy; NMPI: N-methylphthalimide; 15D3GAQ: 1,5-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)anthracene-9,10-dione. 

[b] φ’: formal redox potential. Potential was converted to SHE scale by relationships: Ag+/Ag = 0.54 V vs. SHE, 

and Li+/Li = −3.00 V vs. SHE. Caution is needed for using the potential conversion. 

[c] k0: standard rate constant of redox reaction. 

[d] Test conditions are PC as solvent, 0.2 M LiPF6 as supporting electrolyte, and Pt as electrode, unless otherwise 

noted. 

 

1.4 Challenges for State-of-the-art RFBs 

To serve as a grid-scale energy storage system, RFB must maintain very low 

cost to be competitive with existing technologies such as pumped hydro or 

compressed air.  To make electricity storage systems economically viable, the U.S. 



 23 

Department of Energy has set a system capital cost target of $150/kWh by 2023. 

However, these targets have not been met so far due to the high cost of redox pairs 

and/or the low power density of cells[114]. For example, the most developed all-

vanadium (denoted as all-V) RFBs currently have a system capital cost 

~$300−$800/kWh.  

The RFB system cost has two major contributions, electrolyte cost and stack 

cost:  

 Csys ≈ Ce + Cs  = Ue/Veff +Us/(t∙I∙Veff)  (Equation 1.6) 

where, Csys, Ce and Cs are system, electrolyte and stack cost ($/kWh), 

respectively; Ue is the unit cost of electrolyte including redox elements and supporting 

salts/acids/bases ($/Ah); Us is the unit cost of stack including electrodes, membranes 

and bipolar plates ($/m2); Veff is the effective discharge cell voltage (V); t is the 

designed discharge duration (h); and I is the current density (A/m2).  

From Eq. 1.6, low system cost can be achieved by minimizing Ue and/or Us, or 

maximizing Veff. Low Ue and Us can be obtained by using low cost redox pairs and 

stack material, while high Veff requires high reversible cell voltage, small overpotential 

and internal resistance, as shown in Eq. 1.7. 

 Veff = Vrev − η − I∙R  (Equation 1.7) 

where, Vrev is the reversible voltage, η is the total activation overpotential at 

both electrodes (V), I is the current density and R is the area-specific internal cell 

resistance (Ω·cm2). 

Though more than four decades have passed since the first invention of Cr-Fe 

RFB and all possible elements on the periodic table has been evaluated for RFB 

applications, current RFBs cannot satisfy simultaneously low Ue and high Veff at high 
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current densities. In aqueous RFBs, for example, the All-V RFB recently achieved 

dramatic improvement in its Veff at high current density by reduction of internal 

resistance, but their Ue is too high; On the other hand, the Cr-Fe RFB has low Ue, but 

its Veff is low due to the intrinsically low reversible cell voltage and sluggish kinetics 

of the Cr redox pair. In terms of nonaqueous RFBs, the substantially low 

conductivitiies for organic electrolytes results in much larger internal resistances 

compared with aqueous systems, and thus precludes operation at high current densities 

to yield high Veff. It is therefore imperative to find two redox pairs that have low 

elemental cost, fast redox kinetics, and high reversible voltage in a system with low 

internal resistance.  

The fundamental barrier originates from the fact that almost all state-of-the-art 

RFBs rely on the single ion-exchange membrane (IEM) configuration ever since 1974 

without any evolution. In a single-membrane setup, only limited combinations of 

redox pairs are available, because neither one single AEM nor one single CEM can 

effectively prevent the mixing of electroactive redox pairs with mixed ion charges, 

despite the fact that some of these mixed ion pairs can lead to RFBs with potentially 

higher performance and lower costs. Moreover, single-membrane configurations 

cannot separate acid and base electrolytes since either proton (H+) or hydroxide (OH−) 

would crossover the membrane and neutralize with each other.  

Crossover of redox species is another problem caused by imperfect selectivity 

of ion-exchange membrane. For RFBs that employ redox pairs of different elements 

(e.g. Cr-Fe RFB), this problem could be mitigated by using mixed electrolyte but 

would sacrifice cell voltage and double redox material cost. An alternative approach is 

to use redox pairs of the same element.  As one of the most successful RFBs so far, the 
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all-vanadium (all-V) RFB uses two soluble vanadium redox pairs that fundamentally 

preclude cross-contamination of two elements and theoretically provide unlimited 

cyclability. However, one challenge for the all-V RFB is its high redox material cost, 

which limits its widespread deployment. It is therefore imperative to find a single low-

cost element that could be used in both sides.  

The ion-exchange membrane is also attributed to a major portion of internal 

resistance. To solve this problem, a lot of effort has been spared in developing 

membrane with improved selectivity and reduced internal resistance. Alternatively, it 

is possible to reduce cell resistance by modifying the configuration of the flow cell. 

For example, the membrane-less RFB has been developed for the all-V and H-Br 

RFBs and both showed substantially reduced internal resistance because of the 

absence of membrane. However, the current membrane-less RFBs have been built as 

laminar flow cells, which cannot provide effective separation of two redox species, 

resulting in low coulombic efficiency[115-119].  

The redox pairs in state-of-the-art RFBs are also dependent on individual metal 

elements in the periodic table. The number of possible redox pairs for the RFB 

applications is limited. Recent development of organic redox pairs such as quinone 

family and redox complexes suggests that the extension of conventional metal ion 

based redox pairs to organic compound based redox pairs may bring new 

breakthroughs in the field of RFBs[120-122]. Therefore, actively exploring new redox 

pairs especially in organic or complex area may widen the perspective for advanced 

RFBs. 
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1.5 Outline of Dissertation 

As discussed in the limitations of state-of-the-art RFBs, innovative RFB design 

is needed to bring about new combinations of two redox pairs with low cost, fast 

kinetics and the highest possible cell voltage. This dissertation has addressed the 

objective in three approaches. 

Chapter 2 introduces a double-membrane triple-electrolyte flow cell design 

that allows the combination of redox pairs of different supporting pHs and types of 

charge. In particular, three RFBs have been proposed and verified including Zn-Ce 

RFB with high voltage (3.08 V), S-Fe RFB with low redox-material cost ($0.22/Ah), 

and Zn-Fe RFB with the balanced choice of high voltage (2.0 V) and low redox-

material cost ($0.73/Ah). Zn-Fe RFB is estimated as the most cost-effective RFB 

among several notable RFBs including all-V, Cr-Fe, quinone-Br, and membrane-less 

H-Br RFB and has an overall capital cost under $100/kWh.   

Chapter 3 describes a conventional single-membrane setup with two soluble 

redox pairs based on a single element—iron. Using the same element on both sides of 

membrane theoretically precludes the cross-contamination of ions. The use of an 

inexpensive element, iron, potentially yields an RFB with low cost. Built on different 

coordination chemistries of Fe(III)/Fe(II), the all soluble all-Fe RFB provides an 

appropriate cell voltage (1.30 V) and shows decent durability and performance.  

Chapter 4 studies a novel membrane-less RFB based on immiscible organic-

inorganic electrolytes. The natural stratification of two immiscible electrolytes 

provides a thermodynamically stable method for the separation of two redox pairs. 

The example demonstrated in Chapter 4, the Zn/Ferrocene RFB, involves Zn2+/Zn in 

an aqueous phase and ferrocenium/ferrocene in a butyl acetate phase. The successfully 
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demonstrated membrane-less RFB built on immiscible organic-inorganic electrolytes 

provides another promising approach to construct new RFBs.  

Chapter 5 summarizes the work and reiterate the aim of this dissertation, which 

is to exploring alternative ways to build novel RFBs instead of improving existing 

ones. Perspectives on developed RFBs have been discussed and some promising 

approaches have been recommended for future work.  
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Chapter 2 

DOUBLE ION-EXCHANGE MEMBRANE DESIGN FOR REDOX FLOW 

BATTERIES 

2.1 Introduction 

In the conventional RFB design, a single membrane was implemented to 

separate two redox pairs of the same charge while maintaining ionic conduction 

between positive and negative sides. For example, in the original Cr-Fe RFB, one 

anion-exchange membrane (AEM) was used to isolate the Cr3+/Cr2+ pair from the 

Fe3+/Fe2+ pair to prevent self-discharge; at the same time, it allows the conduction of 

the non-electroactive anions (e.g., Cl− in hydrochloric acid solution) to balance the 

charges between two electrolytes. Similarly, one cation-exchange membrane (CEM) 

can work for a cell with two anion redox pairs. However, neither one single AEM nor 

one single CEM can effectively prevent the mixing of redox pairs with mixed ion 

charges [20, 27, 123, 124], in spite that some of these mixed ion pairs can lead to RFBs with 

potentially higher performance and lower cost, as shown in Figure 1.2. Although 

appreciable effort has been made in researching charge-mixed ion pairs separated by a 

single membrane (i.e., AEM, CEM, or non-ion-selective porous membrane), the 

overall efficiency of these RFBs are limited. Examples of charge-mixed ion pairs 

                                                 

 

Part of Chapter 2 is reprinted from Energy & Environ. Sci., 2015, 

DOI: 10.1039/C5EE02315G, and Energy & Environ. Sci., 2014, 7, 2986-2998. See 

Appendix C for permission. 
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separated by a single membrane (AEM, CEM, or non-ion-selective porous membrane) 

include a RFB with cation/cation negative pair (e.g., V3+/V2+) and anion/anion positive 

pair (e.g., ClBr2
−/Br−) [20, 124], e.g., V-Br RFB. The reported efficiency was far below 

the state-of-the-art level (non-ion-selective porous membrane: 38−56%; single AEM: 

36%; single CEM: 27%−66%, although the redox pairs and test conditions were 

somewhat different).  

Alternatively, a bipolar-IEM (one side being AEM and the other being CEM 

with no gap in between) was introduced by K.Y. Chan and his co-workers in a semi-

RFB in early 2013, using a non-flow metal hydride negative electrode combined with 

a flow vanadium positive electrode. [125, 126]. The bipolar IEM cell configuration can in 

principle isolate redox pairs of different charges, but the charge communication 

between the two electrolytes is limited by water dissociation inside the bipolar 

membrane, i.e., high current density operation is subject to a substantial voltage 

penalty[127-130]. In addition, electrolyte selection is also limited, since protons (H+) and 

hydroxide ions (OH−) are required to be the charge carriers in the bipolar-IEM (H+ for 

the CEM side and OH− for the AEM side)[131, 132]. On the other hand, it is known in the 

electrodialysis industry that coupling one AEM and one CEM with a middle 

electrolyte in between effectively separates ions with mixed charges and also provides 

efficient charge communication between the two electrolytes[133]. The charge carriers 

in a double-IEM are not limited to protons and hydroxide ions, thus eliminating the 

limitations in electrolyte selection faced by the bipolar-IEM cell configuration. In 

addition, the double-IEM cell configuration has also been introduced in traditional 

rechargeable batteries [130, 134]. These successes suggest the feasibility of introducing 
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multiple IEMs with middle electrolyte(s) in RFBs with redox pairs of mixed charges 

for both redox ion isolation and electrolyte charge communication. 

In this chapter, a general multiple-IEM RFB cell design that can accommodate 

any redox pair combinations of mixed ion charges for both the negative and the 

positive pairs is introduced[135]. Composed of one AEM, one CEM, and a middle 

electrolyte in between, the double-IEM cell configuration allows for redox pairs with 

all combinations of ion charges except that of two hybrid pairs (i.e., an anion-cation 

pair vs. another anion-cation pair). For the case of two hybrid pairs, a triple-IEM cell 

configuration with three membranes (CEM/AEM/CEM or AEM/CEM/AEM) and two 

middle electrolytes is needed. The multiple-IEM (double-IEM and triple-IEM) designs 

bring unprecedented freedom to the redox pairs and electrolytes, and three aqueous 

RFBs are featured and demonstrated here: (i) the ultra-high voltage zinc-cerium 

RFB with standard cell voltage of 3.08 V (Zn(OH)4
2−/Zn anion redox pair combined 

with Ce2O
6+/Ce3+ cation redox pair); and (ii) the ultra-low material cost sulfur-iron 

RFB with 1.22 V of standard cell voltage (S4
2−/S2

2− anion redox pair combined with 

Fe3+/Fe2+ cation redox pair), with two highly-abundant elements (iron and sulfur are 

the, 1st and 5th most produced element worldwide); and (iii) the high-voltage and low-

cost zinc-iron RFB with 1.99 V of standard cell voltage (Zn(OH)4
2−/Zn anion redox 

pair combined with Fe3+/Fe2+ cation redox pair), with two low cost elements.  

 

2.2 Working Principle of Multiple-membrane RFB 

The double-IEM RFB is shown in Figure 2.1a, consisting of a CEM, an MX 

solution (middle electrolyte), and an AEM sequentially placed between the negative 

and positive electrodes. The working principle of the double-IEM configuration is 
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illustrated in Figure 2.1b, for the RFB combination of an anion/anion redox pair vs. a 

cation/cation redox pair, represented by AN
2−/AN

−||CP
2+/CP

+ (the double vertical lines 

representing the double-IEM). Note that single-electron redox reactions were assumed 

for all redox reactions for simplicity. M+ and X− denote non-electroactive balancing 

ions. When the cell is being charged, AN
− are reduced into AN

2− at the negative 

electrode and C+ are oxidized into C2+ at the positive electrode. Meanwhile, M+ 

cations cross the CEM from the middle electrolyte to the negative electrolyte, and X− 

anions pass the AEM from the middle electrolyte to the positive electrolyte. During 

the charging process, the concentration of MX decreases in the middle electrolyte. 

When the cell is being discharged, the opposite processes occur. If a cation/cation pair 

is used in the negative electrolyte and an anion/anion redox pair in the positive 

electrolyte, the IEM sequence needs to be reversed from CEM-middle electrolyte-

AEM to AEM-middle electrolyte-CEM. 

The double-IEM configuration can also be applied to RFBs with an 

anion/anion vs. an anion-cation hybrid pair (i.e., anion/cation or cation/anion) or a 

cation/cation pair vs. an anion-cation hybrid pair. Taking anion/anion pair vs. 

cation/anion hybrid pair (e.g., the aforementioned Cr(edta)−/Cr(edta)2− vs. 

Cr(edta)+/Cr(edta)−) as an example, the AEM can block the electroactive cation of the 

cation/anion hybrid pair and allow its balancing anion (Xp
-) as well as the electroactive 

anion (Ap
-) to pass into the middle electrolyte; and the CEM can prevent those anions 

from passing into the negative electrolyte. As a result of the double-IEM design, the 

mixing of electroactive ions is avoided. 
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a 

 

b 

 

Figure 2.1 (a) Concept schematic. Double-IEM RFB. It consists of two types of 

IEMs (one CEM and one AEM) and three separate electrolytes (negative, 

middle, and positive). (b) Working principles of double-IEM RFB cell 

configuration. NE and PE represent the negative electrode and positive 

electrode, respectively. Combination of an anion-anion (negative) redox 

pair (AN
−/AN

2−) and a cation-cation (positive) redox pair (CP
2+/CP

+). 
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Occasionally, redox pairs of mixed charges could be used in RFBs (e.g. 

cation/anion or anion/cation redox pairs). To effectively separate these redox pairs, a 

triple-IEM RFB should be considered. The triple-IEM RFB consists of either two 

AEMs plus one CEM, or two CEMs plus one AEM. In practice, however, we have not 

found combinations of two mixed charged redox pairs that would provide superior 

properties. In addition, triple-IEM RFB involves three membranes and four 

electrolytes, greatly adding the challenges in fluid management and control of internal 

resistance. Thus the triple-IEM configuration was not studied in detailed in this 

dissertation. 

 

2.3 Zinc-Cerium RFB 

The configuration of Zn-Ce RFB is shown in Figure 2.2 and the redox 

reactions for the positive and negative sides are shown below.  

Negative electrode: Zn(OH)4
2−+2e−↔Zn+4OH− 

Positive electrode: 2Ce3+↔2Ce4++2e− 

Zn-Ce RFB demonstrates a 3.08-V standard cell voltage by combining the very 

negative redox potential of Zn(OH)4
2−/Zn in base (−1.22 V) [28] and the very positive 

redox potential of Ce2O
6+/Ce3+ in acid (+1.87 V) [30]. To the best of our knowledge, 

this cell voltage is the highest among all known aqueous RFBs reported. It is 2.6 times 

that of the chromium-iron RFB (1.18 V) [18], 2.5 times that of the all-vanadium RFB 

(1.25 V) [35], and 2.1 times that of the sulfur-bromine RFB (1.50 V) [23].  In this 

section, a proof-of-concept study of the Zn-Ce RFB successfully demonstrated high 

cell voltage and cycle performance. 
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Figure 2.2 Schematic of Zn-Ce RFB. The negative electrolyte is comprised of 

Zn(OH)4
2−/Zn as the negative redox pair and a NaOH solution; The 

middle electrolyte is a NaClO4 solution; The positive electrolyte is 

comprised of Ce4+/Ce3+ as the positive redox pair and an HClO4 solution. 

A cation-exchange membrane (CEM) separates the negative electrolyte 

and middle electrolyte while an anion-exchange membrane (AEM) 

separates the middle electrolyte and positive electrolyte.  The working 

principles are as follows. When the cell is being charged, Zn(OH)4
2− 

anions are reduced to form Zn metal deposits in the negative electrolyte, 

and Na+ cations move from middle electrolyte, passing through the CEM, 

to the negative electrolyte. At the same time, Ce3+ cations are oxidized to 

form Ce4+ cations, and ClO4
− anions move from the middle electrolyte, 

passing through AEM, to the positive electrolyte. As a result, the NaClO4 

concentration in the middle electrolyte decreases in the charging process. 

The discharging process is the reverse of the charging process. 
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2.3.1 Experiment and Method 

RFB assembly. The experimental setup of the Zn-Ce RFB consists of three 

blocks of electrolyte frames, two current collectors, two types of electrodes, two 

pieces of membranes, and necessary cell accessories such as gaskets, tubes, and pumps 

(Figure 2.3). Electrolyte frames consist of solid PTFE blocks. The thickness of the 

recess area on the middle-electrolyte frame is 2.5 mm. Graphite blocks were used as 

current collectors. Gold-plated copper sheets were used as conductors to connect with 

battery test station. One piece of carbon felt (Sigracell® GFD4.6, 4.6 mm 

uncompressed) and two pieces of copper mesh (TWP, Inc., 30×30 grid per square 

inch, 0.5 mm thickness each) were used as the positive and negative electrodes, 

respectively. Nafion® 212 (Ion power, 50 μm) was used as the cation-exchange 

membrane. A901 (Tokuyama Co., 10 μm) was used as the anion-exchange membrane. 

All membranes were soaked separately in 3 M NaClO4 solution for 24 hours and 

thoroughly washed with DI water to remove residual surface NaClO4 before use. Both 

Viton® rubber (0.75 mm thickness per piece) and PTFE-coated fiber (0.15 mm 

thickness per piece) were used as gaskets. Viton rubber was used to contact with 

graphite block. PTFE-coated fiber was used to contact with the middle electrolyte 

frame. Eight bolts were torqued to 16 lb·ft to tighten the cell and provide firm 

compression between the electrode and the current collector. The electrolyte was 

actuated by a peristaltic pump (Cole Parmer, Masterflex® L/S 600 rpm) through 

PTFE-lined rubber tubes (Cole Parmer, ChemDurance® #16). The Zn-Ce RFB was 

then connected to and tested by a commercial battery test station (Arbin, BT2000). All 

battery test experiments were conducted at room temperature. 
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Figure 2.3 Cell configuration of Zn-Ce RFB.  The electrolyte flow pathways are 

shown with red arrows. The electrolytes enter and exit the system 

through the side holes on the electrolyte frames (thick red arrows). Once 

into the electrolyte frames, the positive and negative electrolytes flow 

sideways and through the small holes on the electrolyte frame, conductor, 

and current collector into the chamber encompassed by gasket and 

membrane and then return to the electrolyte frames (thin red arrows). The 

middle electrolyte enters the middle electrolyte frame and then through 

the tiny hole on the recessed portion of the middle electrolyte frame (not 

shown in figure) into the open area in the middle electrolyte chamber 

defined by the two membranes. N, M, and P in parentheses stand for 

negative, middle, and positive, respectively. 

Cycle test. The cycle test of Zn-Ce RFB cell was performed with the following 

electrolyte compositions: 0.2 M Ce(ClO4)3 in 2.4 M HClO4 as the positive electrolyte, 

3 M NaClO4 as the middle electrolyte, and 0.2 M Na2[Zn(OH)4] in 2.6 M NaOH as the 

negative electrolyte. A volume of 20 mL was used for all electrolytes. The cycle test 

was carried out while maintaining an SOC swing of 50%. The discharge cut-off 
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voltage was 1.6 V. During testing, all electrolyte containers were sealed. A flow rate 

of 100 mL/min was used during the test.  

2.3.2 Result and Discussion 

A stable open circuit voltage (OCV) of 3.1 V was observed in the basic zinc-

acidic cerium RFB (90% of state of charge, SOC, Figure 2.4a) as expected. The 

observed high, stable OCV validates the double-IEM concept and its capability of 

effectively coupling redox pairs with mixed ion charges and pH-different electrolytes. 

Equally importantly, both discharge and charge operations have been conducted (2-hr 

charge-discharge cycle and 0−75% SOC swing, Figure 2.4b). At a constant current 

density (20 mA/cm2), the cell voltage smoothly increased from 3.0 V to 3.2 V during a 

1-hr charge operation; it smoothly decreased from 2.8 V to 2.7 V after a discharge 

operation of 57 minutes and then dropped precipitously when the active species had 

been mostly converted. A round-trip voltage efficiency of 87% was obtained for the 

entire charge-discharge cycle, and a round-trip coulombic efficiency as high as 96% 

was also achieved, confirming the excellent redox pair isolation ability of the double-

IEM configuration. The overall energy efficiency was close to 82%. In addition, the 

double-IEM cell is stable, e.g., the overall energy efficiency of the cell remained 

almost the same during a 40-hr deep cycle test (20 complete cycles with a wide SOC 

swing of 0–75%, Figure 2.5a). 

Note that the high cell voltage of the double-IEM basic zinc-acidic cerium 

RFB is not compromised by water solvent, as the voltage window of water electrolysis 

has been largely extended.  For a single-IEM RFB, its reversible voltage is limited to 

1.23 V (e.g., HER, hydrogen evolution reaction, = 0 vs. OER, oxygen evolution 

reaction, = +1.23 V at pH = 0, or HER = −0.83 vs. OER = +0.40 V at pH = 14), 
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because the same pH has to be maintained in both the negative and positive 

electrolytes. By contrast, a double-IEM cell can have a much larger reversible voltage 

window of 2.06 V (i.e., HER = −0.83 at pH=14 vs. OER = +1.23 V at pH = 0), due to 

the ability to combine strong-base negative electrolyte and strong-acid positive 

electrolyte. The double-IEM design also takes advantage of the fact that the 

overpotential tolerance to the hydrogen evolution side reaction in base is higher than 

in acid while the overpotential tolerance to oxygen evolution side-reaction is higher in 

acid than in base. 

 

a 

 

b 

 

Figure 2.4 (a) Open-circuit voltage (OCV) of Zn-Ce RFB at 90% State of charge 

(SOC). (b) A full charge-discharge test of Zn-Ce RFB at 20 mA/cm2 

showed 96% coulombic efficiency, 86% voltage efficiency and 83% 

energy efficiency. 
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The performance of the Zn-Ce flow battery over 20 cycles with more than 50 

mV/cm2 power density showed averages of 95.4% coulombic efficiency, 82.2% 

voltage efficiency and 78.3% energy efficiency. There is no observably significant 

loss in either efficiency or capacity, as shown in Figure 2.5b, indicating the stability of 

Zn-Ce RFB over the 20-cycle test. 

a 

 

b 

 

Figure 2.5 (a) 20-cycle test of Zn-Ce RFB at 20 mA/cm2. (b) Coulombic efficiency 

(CE), voltage efficiency (VE) and energy efficiency (EE) for each cycle 

in 20-cycle test.  

Over the long-term cycle test, the durability of the Zn-Ce RFB was found to be 

a concern, mostly due to the degradation of the AEM in the presence of the highly 

oxidative and acidic cerium electrolyte. Several commercial membranes have been 

investigated in this work for their stability in cerium electrolyte, including FAA-2 

from Fumatech GmbH, and A901 from Tokuyama Co.; and ASP from AGC Co.. 
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Figure 2.6 Weight remaining of three different AEMs after soaked in Ce(IV) 

solution (0.5 M Ce(ClO4)4, 1 M HClO4). FAA-2 membrane broke into 

several pieces during the transfer of membrane and therefore its 

remaining weight might be inaccurate. 

As shown in Figure 2.6, all membranes showed a significant amount of weight 

loss, indicating degradation in the cerium electrolyte. A better AEM with enhanced 

stability in oxidative and acidic environment is needed in order to improve the 

durability of the Zn-Ce RFB.  

2.3.3 Summary of Zn-Ce RFB 

Based on the newly invented double-membrane design, a Zn-Ce RFB with 

unprecedentedly high cell voltage was demonstrated. The Zn-Ce RFB showed a stable 

open-circuit voltage as well as expected charge-discharge behavior. Experimental 

successes fully validated the double-membrane design. However, the high electrode 

potential of the Ce electrode raises stability concerns of AEM as a challenge to the 
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long-term durability. Though some effort has been made in exploring better AEMs, no 

stable AEM has been identified so far. Given this difficulty, alternative redox 

chemistries should be considered and tested for double-membrane design.  

 

2.4 Sulfur-Iron RFB 

In order to overcome the membrane stability issue, alternative redox 

chemistries have been explored. Sulfur and iron are two elements of interest to us. 

Polysulfide in a basic solution and iron in an acidic solution have both been used 

separately in other RFBs. It is evident that both iron and sulfur redox pairs are suitable 

for flow battery applications. The solubility of Fe3+/Fe2+ is 2.5 M in 1 M HCl[53] and 

that of S4
2−/S2

2−  is more than 3 M with Na+ counter ion, and more than 8 M with K+ as 

the counter ion[136]. The Fe3+/Fe2+ has facile kinetics and shows negligible 

overpotential even at high current density[137]. With a modified electrode structure, the 

S redox reaction has less than 200 mV at 600 mA/cm2[63], which indicates sufficient 

kinetics in flow battery applications. 

The configuration of the S-Fe RFB is shown in Figure 2.7 and the redox 

reactions for the positive and negative sides are shown below.  

Negative electrode: S4
2− + 2e−↔2S2

2− 

Positive electrode: 2Fe2+↔2Fe3+ + 2e− 
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Figure 2.7 Schematic of S-Fe RFB. The negative electrolyte is comprised of S4
2−/ 

S2
2− as the negative redox pair and a NaOH solution; The middle 

electrolyte is a NaCl solution; The positive electrolyte is comprised of 

Fe3+/Fe2+ as the positive redox pair and an HCl solution. The cell 

configuration and working principle are similar to those of Zn-Ce RFB 

described in Figure 2.2.  

Choice of S and Fe is largely due to material cost considerations. The S and Fe 

are the 17th and 4th most abundant elements on Earth and the 5th and 1st most produced 

material in the world. Employment of earth-abundant elements as energy storage 

materials would drastically reduce storage capacity based cost, especially in large 

scale application. The combination of S with Fe would deliver one of the cheapest 

electrolytes for RFBs. 
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2.4.1 Experiment and Method 

Electrolyte, electrode, and membrane preparation. The 1 M Na2S4 in 1 M 

NaOH negative electrolyte was prepared by dissolving Na2S·10H2O (Sigma-Aldrich, 

99%) and sulfur (Sigma-Aldrich, 99%) into NaOH solution. The mixture was then 

maintained at 40°C until fully dissolved. 1 M FeCl2 in 1 M HCl, the positive 

electrolyte, was prepared by dissolving FeCl2·4H2O (Sigma-Aldrich, 99%) into HCl 

solution. Nickel foam (MTI Corp. 80-110 PPI, 1.6 mm thickness, 10 cm2) was boiled 

in 1 M Na2S4 solution for 30 min and washed with DI water prior to cell assembly. 

Graphite felt (Sigracell® GFD4.6, 4.6 mm, 10 cm2) was used as received from SGL 

group. The Nafion 212 membrane (Ion power, 50 um) and FAA-3 (Fumatech, non-

reinforced, 45 μm) were soaked separately in 3 M NaCl solution for 24 hours and 

washed with DI water to remove NaCl solution on surface before used in cell. 

Cell assembly. The flow battery cell configuration is the same as that in the 

Zn-Ce RFB, shown in Figure 2.3. The as-treated nickel foam and carbon felt were 

used as the negative and positive electrodes, respectively. A total of 3.75 mm gasket 

thickness was used on the positive side in order to maintain a 20% compression rate of 

graphite felt.  

OCV and cycle test. The assembled flow cell was tested under constant 

current with a battery test station (Arbin, BT2000). For the OCV test, the flow cell 

was charged to 50% state of charge (SOC), after which the OCV was monitored for 48 

hours. The cycle test was carried out by setting charged capacity constant (225 mAh) 

to maintain a 70% SOC swing and discharge cut-off voltage at 0.6 V. The initial 

electrolyte volume for all electrolytes is 12 ml. During testing, all electrolyte 

containers were sealed and the negative electrolyte was maintained at 40 °C via a 

water bath in order to improve kinetics. 3 ml of 5 M HCl and 5 M NaOH were added 
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into positive and negative side every 24 hours. A flow rate of 50 mL/min was used 

during the test.  

Polarization test. The polarization curve was obtained at 50% SOC. The cell 

was discharged at a particular current density for 30 s and the final voltage was used in 

the polarization curve. In order to maintain the same SOC, after each discharge test, 

the cell was charged for 30 s and left idle for 30 s before the next discharge test.  

 

2.4.2 Result and Discussion 

Figure 2.8a shows the open circuit voltage at 70% state of charge over 48 

hours. The OCV is stable between 1.238 V and 1.218 V. In contrast to the all-

vanadium RFB using Nafion, whose OCV generally drops within 20 hours with less 

membrane exposure area[138], here, the extended OCV holding time without a large 

drop indicates that the double-membrane triple-electrolyte design well prevents ion 

crossover.  

 

a 

 

b 
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Figure 2.8 (a) Open-circuit voltage (OCV) of S-Fe RFB at 70% State of Charge 

(SOC). (b) Charge-discharge test of S-Fe RFB with 70% SOC swing at 

different current densities. 

The cycle tests at 5 mA/cm2, 40 mA/cm2 and 100 mA/cm2 were shown in Fig 

2.8b. As the current density increases, the voltage efficiency decreases (94%, 70%, 

and 44% respectively) due to larger voltage losses from internal resistance and 

overpotential. The coulombic efficiency remained at 100% both at 5 mA/cm2 and 40 

mA/cm2 but decreases to 98% when current density reaches 100 mA/cm2. The 

coulombic efficiency at high current densities is not caused by crossover but rather by 

insufficient transport and kinetics when the concentration of remaining active species 

is low; the cell could still discharge at low current densities until coulombic efficiency 

reaches 100%. 

The as-expected OCV and charge-discharge results at different current 

densities show the new S-Fe RFB is fully functional by a double-membrane triple-

electrolyte configuration and is able to operate at 40 mA/cm2 with acceptable 

efficiency.  

The polarization curve of S-Fe flow battery at 50% SOC is shown in Figure 

2.9a. A peak power density of 94 mW/cm2 was achieved. Considering economical 

operation warrants at least 70% round-trip efficiency, the practical current density 

should be less than 40 mA/cm2, which yields a power density of 41 mW/cm2.  Figure 

2.9b shows the divided voltage loss from the positive and negative electrodes, as well 

as the cation and anion exchange membranes. The overpotential of Fe is negligible 

even at high current density. The negative electrode shows 45 mV discharge 

overpotential at 200 mA/cm2. Though a more advanced catalyst for polysulfide redox 
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reaction is necessary in order to operate at higher current density, the catalytic effect 

of treated nickel foam is good enough for RFB operation at normal current density. 

The major voltage loss comes from internal resistance. The tested S-Fe RFB has an 

estimated resistance of 3.7 Ω∙cm2. The low standard voltage combined with large 

internal resistance hinders the high power density and high voltage efficiency at high 

current density.  

a 

 

b 

 

Figure 2.9 (a) Polarization curve of the S-Fe RFB at 50% SOC. (b) Analysis of cell 

voltage loss during discharging process. The orange part represents 

voltage loss from ohmic resistance.  

A 100-cycle test was carried out to test the long-term durability of the S-Fe 

RFB. The result is shown in Figure 2.10. The CE remained close to 100% over 100 

cycles, and discharge capacity also stayed constant, indicating excellent prevention of 

crossover. Comparing with the all-vanadium RFB, in which the capacity decay during 

operation is a widely reported phenomenon and the capacity fading rate could be 
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larger than 50% within 50 cycles[139, 140], the S-Fe RFB has better retention of capacity, 

potentially requiring less effort in crossover management and electrolyte balance. The 

voltage efficiency gradually decreases due to increased membrane resistance that is 

mainly caused by membrane fouling. The negatively charged ferric chloride complex 

(FeCl4
−, FeCl6

3−) formed in ferric chloride solution is able to block the channels within 

the anion exchange membrane, thereby increasing membrane resistance.  The 

crossover of iron ion into middle electrolyte was also measured with Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) after long term cycle test. 

The concentration of iron in the middle electrolyte was only 293 ppm, which again 

supports the low crossover feature of the double-membrane, triple-electrolyte design.  

a 

 

b 

 

Figure 2.10 (a) 100-cycle test of S-Fe RFB at 30 mA/cm2. During the cycle process, 

certain amounts of acid and base was added into positive and negative 

electrolytes to sustain the appropriate pH for each electrolyte. (b) 

Coulombic efficiency (CE), voltage efficiency (VE) and energy 

efficiency (EE) for each cycle in 100-cycle test.  
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2.4.3 Summary of S-Fe RFB 

The new S-Fe RFB system showed excellent performance in terms of low 

crossover and high coulombic efficiency. Analysis of the voltage loss and internal 

resistance showed they were similar to those in conventional redox flow batteries. 

Long term cycle test showed good system stability and capacity retention. The earth 

abundant element based system offers remarkable reduction of energy capacity based 

cost compared with the All-V RFB. Remaining challenges for the S-Fe RFB are the 

low cell voltage and high internal resistance. The cell voltage is determined by 

thermodynamics of the system and can hardly be modified. Should the internal 

resistance be reduced dramatically, S-Fe RFB still holds the potential to bring high 

performance and low capital cost. The successful demonstration of the S-Fe RFB 

showed double-membrane, triple-electrolyte configuration could be elegantly used to 

explore new chemistries and develop new flow batteries with attractive features.  

2.5 Zinc-Iron RFB 

As mentioned earlier in the introduction, a low-cost RFB calls for low-cost 

redox materials and high effective voltage at high current densities. Though Zn-Ce 

RFB has the highest voltage among all aqueous RFBs, the element Ce is not 

inexpensive. On the other hand, S-Fe RFB has very attractively low redox material 

cost, but its low standard voltage preclude it from delivering high effective voltage at 

high current densities.  

Zn and Fe are two elements with the potential to satisfy these low cost 

requirements. Specifically, use of Zn in a basic environment and Fe in an acidic 

environment has been seen in many RFBs due to their low elemental cost, facile redox 

kinetics, and desirable standard potentials (ϕZn(II)/Zn = −1.22 V vs. SHE in base, pH = 
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14; and ϕFe(III)/Fe(II) = 0.77 V vs. SHE in acid, pH = 0)[141, 142]. In addition, the long-

standing concern of Zn dendrite formation is precluded by the flowing electrolyte in 

RFBs.[143] Each of the two redox pairs has been separately used in the construction of 

many promising RFBs[141, 142, 144]. In this work, the Zn-Fe RFB is fabricated using a 

double-membrane design that enables the use of redox pairs of different ion charges 

and supporting electrolytes of different pHs[135]. The working principles of the Zn-Fe 

RFB based on the basic Zn redox pair and acidic Fe redox pair are illustrated in Figure 

2.11, and the negative and positive electrode reactions are shown below[145].  

Negative electrode: Zn + 4OH− ↔ Zn(OH)4
2− + 2e− 

Positive electrode: 2Fe3+ + 2e− ↔ 2Fe2+   

 

Figure 2.11 Schematic of the Zn-Fe RFB. The negative electrolyte is comprised of 

Zn(OH)4
2−/Zn as the negative redox pair and a NaOH solution; The 

middle electrolyte is a NaCl solution; The positive electrolyte is 

comprised of Fe3+/Fe2+ as the positive redox pair and an HCl solution. 

The cell configuration and working principle are similar to those of the 

Zn-Ce RFB described in Figure 2.2. 
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The combination of the Zn redox pair in base and the Fe redox pair in acid has 

the potential to achieve very low system capital cost: 1) Both Zn and Fe are 

inexpensive elements, i.e., ¢0.13/Ah (half-cell) for Fe and ¢0.20/Ah (half-cell) for Zn 

(see Appendix B for calculation). Overall, a Zn-Fe RFB requires an electrolyte cost 

(Ue) of only ¢0.73/Ah (full-cell), which is one order of magnitude smaller than that of 

all-V RFBs (¢8.10/Ah, full-cell). 2) The combination of the Zn(OH)4
2−/Zn redox pair 

in base and the Fe3+/Fe2+ redox pair in acid provides a high standard cell voltage of 

1.99 V and also offers a wide electrochemical window of 2.06 V for water splitting 

(−0.83 V of hydrogen evolution at pH = 14 and 1.23 V of oxygen evolution at pH = 

0). 3) Both Zn(OH)4
2−/Zn and Fe3+/Fe2+ redox pairs have facile kinetics, with standard 

rate constants (k0), of 2.5 × 10−4 cm/s for the former and 1.2 × 10−4 cm/s for the 

latter[146]. The magnitudes of these standard rate constants yield very small electrode 

overpotential even at high current density. The attractive features of Zn and Fe redox 

pairs promise an RFB with the best balance between high voltage and low redox 

material cost. 

 

2.5.1 Experiment and Method 

RFB assembly. The experimental setup of the Zn-Fe RFB is similar to that of 

Zn-Ce RFB as shown in Figure 2.3. One piece of carbon felt (Alfa Aesar, 3.1 mm 

uncompressed) and two pieces of copper mesh (TWP, Inc., 30×30 grid per square 

inch, 0.5 mm thickness each) were used as the positive and negative electrodes, 

respectively. Either Nafion® 212 or 211 (Ion power, 50 and 25 μm respectively) was 

used as the cation-exchange membrane. Either FAA-3 (Fuma-Tech, 45 μm) or A901 

(Tokuyama Co., 10 μm) was used as the anion-exchange membrane. All membranes 
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were soaked separately in 3 M NaCl solution for 24 hours and thoroughly washed with 

DI water to remove residual surface NaCl before use.  

Measurements of cell resistance and electrode overpotential. Solutions of 1 

M FeCl2 in 1 M HCl, 3 M NaCl, and 0.5 M Na2[Zn(OH)4] in 4 M NaOH were used as 

the initial positive, middle, and negative electrolytes, respectively. The battery was 

charged to 50% SOC prior to measurements of cell resistance and electrode 

overpotential. The middle electrolyte concentration was 2.5 M at 50% SOC. Nafion® 

212 and FAA-3 were used as the CEM and AEM, respectively, in cell resistance 

studies. An Ag/AgCl reference electrode was immersed into positive (or negative) 

electrolyte to measure the positive (or negative) electrode potential; the electrode 

overpotential for a given current density was obtained by comparing the 

charge/discharge potential with open circuit potential. The cell resistance was obtained 

by dividing the potential difference between the two Ag/AgCl reference electrodes 

(one in negative electrolyte and the other in positive electrolyte) by the applied 

charge/discharge cell current. Conditions sampled were flow rates of 0−400 mL/min 

and current densities of 10−200 mA/cm2. Resistances measured in the charging 

process were used for data analysis. 

Polarization test. The polarization of the Zn-Fe RFB cell was tested with the 

same initial electrolyte compositions but at 70% SOC. A Nafion® 211 membrane and 

an A901 membrane were used as CEM and AEM, respectively. A plastic mesh (~3×3 

grids per square inch, 0.5 mm thickness) was put into the middle-electrolyte frame to 

separate the two membranes, to maintain the middle-electrolyte gap at 0.5 mm, and to 

generate turbulence for improved mass transport. Alternating charge and discharge 
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current was applied and cell voltage at each current density recorded. A flow rate of 

150 mL/min was used during the tests.  

Cycle test. The cycle test of Zn-Fe RFB cell was performed with the following 

electrolyte compositions: 0.6 M FeCl2 and 0.5 M NaCl in 1 M HCl as the positive 

electrolyte, 3 M NaCl as the middle electrolyte, and 0.3 M Na2[Zn(OH)4] and 0.5 M 

NaCl in 2.4 M NaOH as the negative electrolyte. A volume of 20 mL was used for all 

electrolytes. Addition of NaCl to the positive and negative electrolytes minimizes the 

water transport during the cycle testing. Nafion® 212 and FAA-3 were used as the 

CEM and AEM, respectively, for cycle testing. The first cycle was carried out by 

charging to a capacity of 240 mAh to maintain an SOC swing of 75%. The ending 

voltage of the first charge cycle was set as the cut-off voltage for the following 19 

cycles; charge and discharge cut-off voltages were 2.3 V and 0.8 V, respectively. 

During testing, all electrolyte containers were sealed. A flow rate of 100 mL/min was 

used during the test.  

Cost model. The RFB is priced analogously to published methods[147-149]. In 

the expression for effective voltage of a single cell (Eq. 1.7), activation overpotential 

is calculated from the Butler-Volmer equation and internal resistance from the Nernst-

Einstein relation. The modeled results are validated against experimental data. To this 

shunt current losses and pumping losses are added when describing the voltage for the 

whole system. 

For every stack size, then, optimal performance is attained at the flow rate that 

minimizes the sum of overpotential during each flow-through and pumping loss from 

the pressure drop due to flow. Using the smallest necessary stack size at its optimal 

flow rate will in turn minimize capital cost. The stack is sized to meet fixed power and 
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energy ratings (here, 1 MW and 8 MWh), at each current density within the practical 

range (e.g., 10−200 mA/cm2). The tanks are sized to meet the electrolyte needs of 

constant-power discharge. Pricing information is referenced in detail in the Appendix 

B. 

2.5.2 Result and Discussion 

The fast kinetics of both redox reactions were confirmed by overpotential 

measurements. For example, the charge/discharge electrode overpotential is less than 

10 mV for the Fe3+/Fe2+ redox pair (carbon felt electrode) and 40 mV for the 

Zn(OH)4
2−/Zn redox pair (copper mesh electrode), at a current density of 200 mA/cm2  

(Figure 2.12). The small overpotentials observed in this work are consistent with data 

reported in the literature[143, 144]. 
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Figure 2.12 Overpotential measured at the zinc electrode (copper mesh) and iron 

electrode (carbon felt). The charge/discharge electrode overpotential is 

smaller than 10 mV and 40 mV for Fe3+/Fe2+ redox pair (carbon felt 

electrode) and Zn(OH)4
2−/Zn redox pair (copper mesh electrode), 

respectively, at a current density of 200 mA/cm2.Overpotential was 

measured in cell at 50% SOC. 

A sufficiently low cell resistance is then the remaining barrier to achieving low 

cost. Unlike in traditional single-membrane RFBs, the double-membrane design used 

by the Zn-Fe RFB requires an additional membrane and electrolyte, which adds 

challenges for managing the cell resistance. Study shows that the total cell resistance 

consists of two components: ohmic resistance (Ro) mostly from the two membranes 

and three electrolytes; and concentration-polarization resistance (Rcp) caused by 

insufficient ion diffusion in middle electrolyte[150]. Specifically, the concentration-

polarization resistance originates from the accumulation or depletion of Na+ and Cl− 

ions in the vicinity of either membrane when a current flows through the cell (Figure 
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2.13a). Compared with OH− anions (in negative electrolyte) and H+ cations (in 

positive electrolyte), the Na+ cations and Cl− anions have much smaller ion diffusion 

coefficients, and as such the middle electrolyte, to a great extent, controls Rcp.  

Ro can be managed by optimizing the electrolyte concentration and reducing 

the thickness of middle electrolyte (Figure 2.14a and 2.14b). With an optimal 

electrolyte concentration of 2.5 mol/L and a small electrolyte thickness of 0.5 mm, a 

Ro as low as 2.3 Ω·cm2 was obtained, which is sufficiently low for Zn-Fe RFB, 

considering its close-to-2 V standard voltage. Rcp, on the other hand, depends on 

various structural and operational parameters[151] (Figure 2.13b). The Rcp can be 

quantitatively measured by subtracting the constant Ro from total cell resistance 

obtained at different flow rates and/or different current densities. 

a 

 

b 
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Figure 2.13 Schematics of middle electrolyte in between two membranes (a) 

Schematic illustrating velocity, concentration, and potential profiles of 

middle electrolytes during charging process. Φ, C, V and δN represent 

potential, concentration, velocity and Nernstian boundary layer of 

electrolyte. (b) Schematic illustrating middle electrolyte and three key 

parameters (thickness, current density and flow rate) that influence the 

cell resistance. 

 

a 

 

b 

 

Figure 2.14 The impact of middle electrolyte (thickness and salt concentration) on 

ohmic resistance. (a) The NaCl concentration vs. ohmic resistance at a 

middle electrolyte thickness of 0.5 mm. The ohmic resistance firstly 

decreases with raising NaCl concentration (increasing ionic conductivity 

of middle electrolyte), and after reaching the minima around 2.5 mol/L it 

slowly increases with raising NaCl concentration (decreasing ionic 

conductivity of membranes). The water content in membrane decreases 

when in contact with highly concentrated salt solution, resulting in 

lowered ionic conductivity. (b) The thickness of middle electrolyte vs. 

ohmic resistance at a middle electrolyte NaCl concentration of 2.5 mol/L. 

Note: in both cases, a low current density of 10 mA/cm2 and a high flow 

rate of 400 ml/min were used to minimize concentration polarization.  
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a 

 

b 

 

c 

 

Figure 2.15 The impact of flow rate and current density on measured internal 

resistance at different middle electrolyte thicknesses.  (a) dmiddle =3.5 mm. 

(b) dmiddle =2.0 mm. (c) dmiddle =0.5 mm.  
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Figure 2.15 shows the impact of flow rate and current density on Rcp with 

different thicknesses of middle electrolyte (0.5, 2.0, and 3.5 mm). We found that the 

operational and structural parameters can be correlated to a dimensionless number X 

characterizing Rcp: X =  (Q∙d−1∙w−1)/(I∙F−1∙C−1), where, Q is flow rate; d and w are 

thickness and width of middle electrolyte, respectively; I is current density; F is 

Faraday’s constant; C is the salt concentration of middle electrolyte. The quantity X 

represents the ratio of vertical velocity of convection (direction of electrolyte flow) to 

horizontal velocity of ion diffusion (direction of current flow). From regression 

analysis, increasing X can effectively depress Rcp to a negligible level (Figure 2.16a). 

This relationship illustrates the general resistance behavior with respect to cell 

structural and operational parameters. The theoretically calculated Rcp also has a 

similar trend with respect to the dimensionless number X (Figure 2.16b and 2.16c), as 

compared with measured Rcp. Both results show that Rcp can be limited to around 0.1 

Ω·cm2 if X is larger than 105, suggesting that manipulation of cell structural and 

operational parameters is effective to minimize Rcp. 

 

 

a 
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b 

 
c 

 

Figure 2.16 Experimentally measured and theoretically calculated Rcp as a function of 

dimensionless number X. (a) Experimentally measured Rcp as a function 

of dimensionless number X and linear fitting on log-log scale. Linear 

fitting of log X vs. log Rcp shows a slope of −0.7, i,e., as Rcp ∝ X−0.7. (b) 

Theoretically calculated Rcp as a function of dimensionless number X. We 

calculated Rcp considering contributions from 1) the potential difference 

through the Nernst boundary layer in electrolyte adjacent to ion-exchange 

membrane and 2) the potential difference from the Donnan equilibrium 

across ion-exchange membranes (detailed in Appendix A, Calculation 

Method).  (c). Comparison between theoretically calculated Rcp (empty 

symbols) and experimentally measured Rcp (filled symbols) with respect 

with the dimensionless number X.  
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Both measured and calculated Rcp data have similar trend with respect with the 

dimensionless number X. It should be noted that the scaling law only roughly captures 

the trend of Rcp with X in both experiment and theory. The discrepancy at small X 

between experimentally measured and theoretically calculated Rcp is possibly due to 

the pressure differences between the middle electrolyte and the other two electrolytes. 

This pressure difference may cause the shape of the membranes to change from being 

flat to bent, consequently causing uneven flow distribution and extra Rcp. The 

theoretically calculated Rcp does not capture this effect and only illustrates the ideal 

scenario. 

With an engineered middle electrolyte, Zn-Fe RFB achieves high performance 

(Figure 2.17). A peak power density of 676 mW/cm2 was delivered during discharge 

at a current density of 660 mA/cm2 (70% of SOC, Figure 2.17a). This peak power 

density is the highest among all RFBs based on zinc (~200 mW/cm2 for Zn-Br RFB to 

our best estimation[152]) or iron (257 mW/cm2 for H-Fe RFB[144]) and among the 

highest among advanced RFBs including quinone-Br RFB (600 mW/cm2)[153], all-V 

RFB (1,300 mW/cm2)[74], and H-Br RFB (1,450 mW/cm2)[154]. In addition, even at 

I=600 mA/cm2, Veff remains at 1.1 V, which is comparable to Vrev of some of the most 

advanced RFBs. Zn-Fe RFBs also showed a very high coulombic efficiency of 99.9% 

regardless of current density (Figure 2.17b), indicating excellent isolation of two redox 

pairs, owing to the double-membrane cell configuration. In addition, the Zn-Fe RFB 

showed no decrease for coulombic efficiency (99.9%), voltage efficiency (76%) and 

capacity after 20 cycles at 80 mA/cm2 current density with 75% state of charge (SOC) 

swing (Figure 2.17c and 2.17d). 
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b 
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Figure 2.17 Cell performance and cycle test. (a) Discharge polarization curve of Zn-

Fe RFB at 70% SOC. (b) Charge-discharge test with a 75% SOC swing 

at 50, 100, and 150 mA/cm2 current density. (c) 20-cycle test voltage 

curve at 80 mA/cm2 with a 75% SOC swing. (d) Coulombic efficiency 

(CE), voltage efficiency (VE) and capacity of each cycle. 
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Low element cost and high performance make the Zn-Fe RFB very attractive 

in terms of total capital cost. To quantify the capital cost of the double-membrane RFB 

system, we adapted the cost model for all-V and Fe-V RFBs developed by the Pacific 

Northwest National Lab (PNNL)[149]. While the PNNL model has already taken into 

account all components in RFB system, adopted reliable pricing information and 

minimized total capital cost, we expanded the model to double-membrane 

configuration and other redox chemistries. The cell performance calculated by the 

model is validated against experimental data, as shown in Figure 2.18. Although it is 

not possible to verify the calculated result of large-scale systems, these preliminary 

results show that the model can precisely capture the Zn-Fe RFB performance at the 

small cell level. 

a 

 

b 

 

Figure 2.18 Validation of electrochemical model for Zn-Fe RFB. (a) Charge and 

discharge curves at current density of 50 mA/cm2. (b) Polarization and 

power curves at a SOC of 50%. Note: the polarization curve was 

obtained by using Nafion 212 and FAA membranes which have larger 

resistances compared with Nafion 211 and Tokuyama A901.  
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Figure 2.19 shows the total capital cost of a 1 MW/8 MWh system with respect 

of operation current density for Zn-Fe RFBs and a few most notable RFBs, including 

all-V[149], quinone-bromide[153], hydrogen-bromide (membrane-less)[117] and 

chromium-iron[142]. It should be noted that Zn-Fe RFB shows the lowest overall capital 

cost in the mapped range among other RFBs. Such a low cost is achieved by the 

combination of high effective voltage and low redox material cost.  

 

Figure 2.19 Zn-Fe RFB cost analysis and comparison with other notable RFBs. 

Cost contributions and round-trip efficiency as a function of current density are 

also mapped over the range of current densities (Figure 2.20). It is apparent that power 

capital cost (mostly from stack cost) is decreasing along with current density while 

energy capital cost (mostly from redox material cost) increases along with current 
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density. The round-trip efficiency decreases along with current density because of 

larger voltage loss at high current density.  

 

 

a 

 
b 
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c 

 

Figure 2.20 Capital cost and round-trip efficiency of the whole system. (a) Power 

capital cost (mostly from stack cost). (b) Energy capital cost (mostly 

from electrolyte cost). (c) Round-trip efficiency of the whole system.  

At a current density of 40 mA/cm2, a total capital cost of $150/kWh is 

projected (with 73% of overall energy efficiency at the system level), which meets the 

2023 DOE’s cost target ($150/kWh). Increasing current density will result in even 

lower overall capital cost but lowered system efficiency, for example, a current 

density of 80 mA/cm2 (65% system efficiency) will lower the total capital cost to 

$100/kWh. It should be noted that the designed discharge duration is also an important 

factor that determines the total capital cost of RFB systems. The system capital cost 

decreases with increasing discharge duration, and it is below $150/kWh when the 

discharge duration is greater than 5 hours (Figure 2.21).  



 66 

 

Figure 2.21 System capital cost of a 1 MW Zn-Fe RFB system as a function of 

discharge duration at a curent density of 80 mA/cm2.  

In this work, we focus on engineering the middle electrolyte, leaving out the 

optimization of membranes and electrodes common to most RFB efforts. The system 

efficiency is expected to be improved by further reducing the cell resistance via 

adopting highly-conductive and selective membranes and engineering electrodes.  

2.5.3 Summary of Zn-Fe RFB 

Our results demonstrate that the Zn-Fe RFB can deliver high power density 

with inexpensive materials, making it the one of the most cost-effective RFB systems. 

The Zn-Fe RFB is able to meet the $100/kWh of capital cost (with 65% system 

efficiency), although significant amount of work is still needed such as long-term 

durability testing and scale-up to large cells and stacks before industrial 

implementation. 
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2.6 Remaining Challenge — Crossover of Acid and Base 

The new double-membrane cell configuration brings unprecedented freedom in 

choice and combination of redox pairs as well as supporting electrolytes. In this 

chapter, three of the most promising RFBs have been demonstrated. However, 

challenges associated with the double-membrane configuration will need to be 

addressed and mitigated before further pilot test and implementation in industrial.  

In these three RFBs demonstrated, acid and base are used to support the 

positive and negative electrolytes respectively. The combination of acid and base 

could extend the water splitting window and redox chemistries applicable to RFB, but 

the crossover of acid and base and their further neutralization would bring challenges 

in long term stability and management. 

In order to quantify the cyclability of the double-membrane RFB, the 

permeation coefficients of acid and base through an AEM or CEM were measured. 

The estimation method of RFB cyclability based on permeation coefficients and 

membrane resistance will be discussed in the following section. 

2.6.1 Experiment and Methods  

Cell setup. The permeation test was performed in a single-membrane cell 

assembled with either an AEM for H+ crossover test, or a CEM for OH− crossover test, 

as shown. 250 ml of 1 M HCl solution was used in the H+ enriched side for acid 

crossover test, while 250 ml of 1 M NaOH was used in the OH− side for base 

crossover test. 250 mL of 1 M NaCl solution was used in the H+/ OH− deficient side to 

balance the osmotic pressure.  

Detection of crossed-over acid and base. For detection of crossed-over 

acid/base concentration, 1 ml NaCl electrolyte was sampled at regular time intervals 
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and then diluted to 10 ml with deionized water. The pH of the diluted solution was 

then measured by a pH meter (Fisher Scientific, AB100).  

Permeation coefficient. The general permeation of an ion crossing over 

through a membrane is shown in Eq. 2.1.  
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B    (Equation 2.1) 

where P is the permeation coefficient of the measured ion (cm2 s−1), A is the 

effective area of the ion-exchange membrane (cm2), L is the thickness of the ion-

exchange membrane (cm), CA is the concentration of the measured ion in the enriched 

side (mol L−1), CB is the concentration of the measured ion in the deficient side (mol 

L−1) and t is the permeation time (min).  

The following assumptions can be made: 

 The volume of solution in the deficient side (VB) is constant. 

 The value of CA is constant (this is reasonable when employing a large volume 

of solution, e.g., 250 mL) and high concentration. 

 The permeation coefficient is independent of the concentration. 
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Since A, VB and L are known, the slope of a linearized fitting of 

ln(CA/(CA−CB)) against At/(VBL) can be used to obtain the permeation coefficient, P. 

Method developed to estimate the lifetime for Zn-Fe RFB system. The 

method is based on a 1 MW/8 MWh RFB system. Due to the neutralization reaction 

between H+ and OH−, system failure is caused by the species that becomes depleted 

first. Since base is in excess in the Zn-Fe RFB, the limiting species is H+, i.e., battery 

fails whenever H+ is completely consumed. Therefore, in this report, we define system 

failure as when the amount of crossed-over acid/base equals to 100% of initial acid 

amount. We assumed that the driving force is constant and thus the same as the initial 

driving force, and the coulombic efficiency of each cycle to be 100%. We set the RFB 

as having 75% voltage efficiency and all voltage losses from internal resistance. 

The operational current density and internal resistance can be correlated 

through Eq. 2.5. 

 %75





iROCV

iROCV
   (Equation 2.5) 

where η is voltage efficiency, OCV is the open circuit voltage of the Zn-Fe 

RFB, i is current density (A/cm2) and R is total area-specific resistance (Ω∙cm2).  

The amount of crossed-over species should be less than 100% of the initial 

amount of acid in positive electrolyte. 
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where Power is discharge power (MW), OCV is the open circuit voltage of Zn-

Fe RFB (V), tlifetime is the battery lifetime (h), i is current density (A/cm2) and R is total 

area-specific resistance (Ω∙cm2), UCR is unit crossover rate of membrane 

(mol∙cm−2∙h−1), Energy is discharge energy (MWh), m is the concentration ratio of 
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acid over iron, n is the stoichiometric number of electrons in iron redox reaction, F is 

Faraday constant (C/mol). 

The unit crossover rate is related to the permeation coefficient and 

concentration difference, as given by Fick’s first law:  

 C
d

P
UCR )flux(   (Equation 2.7) 

where ΔC is the concentration difference of H+/ OH−, d is membrane thickness. 

The definition of conductivity gives: 
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where σ is the conductivity of balancing ion (Ω−1∙cm−1).  

Solving Eq. 2.5 – 2.8 gives the following result  
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This equation is used to estimate the tlifetime of membrane towards ion crossover 

of interest. The parameters used to calculate tlifetime are listed in Table 2.1. 

Table 2.1 Parameters used to calculate tlifetime for Zn-Fe RFB 

Power (MW) 1 

Energy (MWh) 8 

OCV (V) 2 
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ΔCNaOH (mol/L) 5 

ΔCHCl (mol/L) 1 

m 0.5 

n 1 

2.6.2 Results and Discussion 

2.6.2.1 Permeation Coefficient of H+ Through AEMs 

The results of H+ crossover through different AEMs are shown in Figure 2.22a. 

By a linear fitting of ln[CA/(CA−CB)] vs. time, the permeation coefficient of H+ was 

calculated. The result is listed in Table 2.2 and the battery lifetime of each membrane 

is positioned in Figure 2.22b.  



 72 

a 

 

b 

 

Figure 2.22 (a) Crossover measurement of H+ across the FAA, PTFE-PPO, PPO and 

FAB membranes. The slope obtained from linear fitting of 

ln[CA/(CA−CB)] vs. time is used to calculate the permeation coefficient. 

(b) Position of different AEMs in terms of conductivity of the balancing 

ion and 1/permeation coefficient of the proton. The contour lines of 10, 

100 and 1000 h lifetimes are shown as red, blue, and green lines, 

respectively. Positions closer to the upper righthand corner represent 

longer lifetimes.  

It can be seen that FAA membrane has a larger permeation coefficient 

compared with other three membranes. The battery lifetime, however, also depends on 

the conductivity of the membrane to the balancing ion, as shown in Eq. 7. σ/P and 

cyclability are calculated for each membrane and listed in Table 2.2. The results show 

that PPO membrane demonstrates the longest tlifetime, reaching 170 h.  
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Table 2.2 Thickness, permeation coefficient, conductivity, σ/P and tlifetime of 

different AEMs. 

AEMs 
Thickness 

(μm) 

Permeation 

coefficient (cm2/s) 

σ of balancing ion  

(Ω−1∙cm−1) 

σ/P 

(Ω∙cm−1∙s−1) 

tlifetime 

(h) 

FAA 45 6.8×10−6 5.9×10−3 8.7×102 10 

FAB 130 1.7×10−7 6.7 ×10−4 3.9×103 47 

PPO 35 2.3×10−7 3.3×10−3 1.4×104 170 

PTFE-

PPO 
55 8.8×10−7 3.6×10−3 4.1×103 48 

2.6.2.2 Permeation Coefficient of OH− Through CEMs 

The result of OH− crossover through different CEMs is shown in Figure 2.23. 

The permeation coefficient of OH− was calculated based on Figure 2.23a. The result of 

membrane conductivity, σ/P and calculated lifetime is listed in Table 2.3 and the 

battery lifetime of each membrane is also positioned in Figure 2.23b.  

 

a 

 

b 
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Figure 2.23 (a) Crossover measurement of OH− across the Nafion 212, FKS, and FKE 

membranes. The slope obtained from linear fitting of ln[CA/(CA−CB)] vs. 

time is used to calculate permeation coefficient. (b) Position of different 

CEMs in terms of their conductivity of balancing ion and 1/permeation 

coefficient of hydroxide ion. The contour lines of 100, 1000 and 5000 h 

lifetimes are shown in red, blue and green lines, respectively. Positions 

closer to the upper right corner represent longer lifetimes.  

It is shown that three membranes have similar OH− permeation coefficients. 

The OH− permeation coefficients of CEMs is one order of magnitude smaller than H+ 

permeation coefficients of AEMs, due to the slower mobility of OH− and better 

selectivities of CEMs. The conductivity of the balancing ion for CEMs is also larger 

than that for AEMs. However, since the driving force for base crossover is larger 

(ΔCNaOH=5 M vs. ΔCHCl=0.5 M), the tlifetime is only slightly longer than that for AEMs.  

 

Table 2.3 Thickness, permeation coefficient, conductivity, σ/P and tlifetime of 

different CEMs. 

CEMs Thickness 

(μm) 
Permeation 

coefficient (cm
2
/s) 

σ of balancing ion  

(Ω
−1

∙cm
−1

) 
σ/P 

(Ω∙cm
−1

∙s
−1

) 
tlifetime 

(h) 

Nafion 

212 50 5.3×10
−8 1.6×10

−2 3.0×10
5 358 

FKE 50 1.1×10
−8 4.2 ×10

−3 3.8×10
5 452 

FKS 50 2.2×10
−8 5.3×10

−3 2.4×10
5 285 

 

From those crossover tests, it is evident that acid and base crossover is a 

prominent issue that prohibits long-term operation without intervention for the Zn-Fe 
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RFB. AEMs and CEMs with better acid and base blocking property are required for 

the Zn-Fe RFB under its present double-membrane configuration. 

 

2.7 Concluding Remarks 

This chapter explores a new RFB setup which uses a double-membrane triple-

electrolyte configuration. This new configuration solves the long-lasting limitation of 

single-membrane cell and enables a lot of new redox chemistries in RFB. Three 

examples have been demonstrated: (i) the ultra-high voltage zinc-cerium RFB with 

3.08 V of standard cell voltage; and (ii) the ultra-low material cost sulfur-iron RFB 

with 1.22 V of standard cell voltage, based on highly-available elements; and (iii) the 

balanced high-voltage and low-cost zinc-iron RFB with 1.99 V of standard cell 

voltage.  

All these three RFBs showed expected open-circuit voltage and charge-

discharge performance, which successfully demonstrated the feasibility of double-

membrane configuration. The Zn-Ce RFB has the highest standard voltage among all 

aqueous RFBs, but is limited by the stability issue of the AEM. The S-Fe RFB takes 

advantage of ultra-low cost elements to deliver very cheap electrolyte cost, but its 

performance suffers from low standard voltage as well as large internal resistance. The 

Zn-Fe RFB achieves the best balance between high voltage (1.99 V) and low cost 

(¢0.73/Ah). The Zn-Fe RFB shows the 3rd highest power density, after the all-V and 

H-Br RFB, and the lowest initial capital cost among several notable RFBs including 

the All-V, quinone-Br, Cr-Fe, H-Br. The most urgent challenge identified so far is the 

crossover of acid and base through two membranes. Since the positive and negative 

electrolytes have to remain in acidic and basic environments, respectively, long-term 
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cycle testing can only be done with frequent addition of acid and base in the positive 

and negative electrolytes. This could obviously increase the maintenance cost and 

cause water balance problems in practice. Should the issue of acid/base crossover be 

mitigated through better membranes or techniques, the Zn-Fe RFB is recommended 

for pilot testing and further development.  
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Chapter 3 

AN ALL-SOLUBLE ALL-IRON RFB BASED ON COORDINATION 

CHEMISTRY OF IRON 

3.1 Introduction 

Redox-flow batteries (RFBs) have been considered one of the most flexible 

systems for stationary energy storage, thanks to their decoupled energy and power[6, 

14]. A typical RFB consists of two soluble redox pairs separated by an ion-exchange 

membrane (IEM). Designed for large-scale energy storage, RFBs are required to have 

low system cost and long service life. Unfortunately, the imperfect selectivity of 

existing IEMs inevitably leads to undesired crossover of redox species between the 

negative and positive electrolytes. Electrolyte contamination brought on by the 

crossover of redox species can cause permanent losses in both battery capacity and 

coulombic efficiency, drastically threatening the reliability and durability of RFBs. 

The crossover problem can be mitigated to a certain extent by using one mixed 

electrolyte as both the negative and positive electrolytes. However, the use of mixed 

electrolytes often results in lowered cell voltage and increased material costs[52]. An 

alternative approach is to use the same redox-active element to create the two redox 

pairs. The all-vanadium (all-V) RFBs are an excellent example, and the all-V RFBs 

use two vanadium-based redox pairs that fundamentally eliminate the problematic 

cross-contamination from two different redox-active elements and provide unlimited 

cyclability in theory[67]. Largely because of their intrinsic tolerance to cross-

contamination, significant efforts have been devoted to improve all-V RFBs for the 
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past three decades, making them the most successful RFBs to-date. However, one 

challenging issue for all-V RFBs is the high material cost that hinders their widespread 

deployment. Other RFBs based on the same redox-active elements with different 

valence states have been proposed, including all-chromium (all-Cr), all-iron (all-Fe), 

all-lead (all-Pb), and all-copper (all-Cu) RFBs[155-158]. In particular, all-Fe RFBs have 

advantages such as low toxicity and very low cost[38]. The existing all-Fe RFB was 

pioneered by L. W. Hruska and R. Savinell as early as 1981, and this all-Fe RFB is 

constructed by the Fe2+/Fe redox pair and Fe3+/Fe2+  redox pair in negative electrolyte 

and positive electrolyte, respectively[38]. It was a great invention; however in their 

design, the solid iron metal is involved the in negative redox reaction. As such, the 

energy and power of this all-Fe RFB are no longer completely decoupled from one 

another. In addition, the deposition and dissolution of iron metal on the negative 

electrode brings concerns of dendrite formation. Moreover, the hydrogen evolution 

reaction (HER) as side reaction poses a serious challenge, since the standard redox 

potential of Fe2+/Fe is 450 mV more negative than HER at pH = 0 [38]. An all-soluble 

all-Fe RFB may have the potential to address the issues associated with the 

participation of iron metal yet maintain the advantages from the same redox-active 

elements. 

It has been known that organic ligands can coordinate with many metal ions to 

form soluble redox pairs, which offers many possibilities for all-soluble, all-(redox-

active-element) RFBs. Many soluble redox pairs based on iron complexes have been 

explored and are summarized in Figure 3.1 and Table 3.1 [25, 159-162], and herein we 

present the first example of an all-soluble all-Fe RFB by combining the iron-

triethanolamine redox pair (i.e., [Fe(TEOA)OH]−/[Fe(TEOA)(OH)]2−, denoted as Fe-
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TEOA) and the iron-cyanide redox pair (i.e., Fe(CN)6
3−/Fe(CN)6

4−,  denoted as Fe-

CN) in a simple single-IEM cell configuration. 

 

Figure 3.1 Redox pairs of iron complexes that have been tested for RFB 

applications. Each redox pair is represented by its formal potential vs. 

standard hydrogen electrode (SHE) potential at the corresponding pH of 

its test conditions. The full names of any abbreviations are listed in Table 

3.1. The highlighted [Fe(TEOA)OH]−/ Fe(TEOA)(OH)]2− and Fe(CN)6
3−/ 

Fe(CN)6
4− redox pairs constitute the all-Fe RFB in this work. 
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Table 3.1 Electrode potentials, kinetic constants and pHs of test conditions of 

iron(III)/iron(II)-ligand redox pairs 

Ligand 
Abbrevi

ation 

φ’ vs. SHE[a] 

(V) 
k0 

(cm s−1)[b] 

pH of test 

condition 

Tripyridinetriazine tpt 1.484 (from SCE) 
 

0 

5-Nitro-o-phenantroline np 1.334 (from SCE) 
 

0 

5-Chloro-o-phenantrholine clp 1.214 (from SCE) 
 

0 

Bipyridine bpy 1.064 (from SCE) 5.60 × 10−2 0 

o-phenanthroline phen 1.064 (from SCE) 5.80 × 10−2 0 

2,9-Dimethyl-o-

phenantroline 
2,9-dmp 1.064 (from SCE) 

 
0 

Terpyridine tp 1.064 (from SCE) 6.00 × 10−2 0 

4-Cyanopyridine cp 1.064 (from SCE) 
 

0 

4-methy-o-phenantroline mp 0.974 (from SCE) 4.90 × 10−2 0 

4,7-Dimethyl-o-

phenantroline 
4,7-dmp 0.934 (from SCE) 2.50 × 10−2 0 

2-Pyridinecarboxaldehyde p-cph 0.914 (from SCE) 
 

0 

malic acid 
 

0.696 (from Ag/AgCl) 4.15 × 10−5 0.67 

xylitol 
 

0.692 (from Ag/AgCl) 1.35 × 10−4 1.67 

glycerol 
 

0.685 (from Ag/AgCl) 8.29 × 10−5 1.5 

Dimethylsulfoxide dmso 0.675 (from Ag/AgCl) 1.24 × 10−4 1.78 

malonic acid 
 

0.652 (from Ag/AgCl) 9.33 × 10−5 0.73 

glycine 
 

0.511 (from Ag/AgCl) 2.07 × 10−5 2.85 

Cyanide[c] CN 0.483 (from SCE)  2.48 × 10−2 14.5 

Nitrilotriacetic acid nta 0.174 (from SCE) 1.56 × 10−2 2.8 

Diethylenetriaminepentaace

tic acid 
dtpa 0.151 (from SCE) 1.24 × 10−2 2.5 

ethylenediaminetetraacetic 

acid 
edta 0.130 (from SCE) 3.49 × 10−2 2.8 

oxalate ox 0.054 (from SCE) 
 

2.2 

citrate 
 

−0.045 (from Ag/AgCl) 9.33 × 10−5 3.45 

Triethanolamine[d] TEOA −0.859 (from Ag/AgCl) 1.08 × 10−2 13 

[a] φ’: formal redox potential. Potential was converted to standard hydrogen potential (SHE) 

by relationships: SCE=0.244 V vs. SHE, Ag/AgCl=0.194 V vs. SHE.  

[b] k0: standard rate constant of redox reaction. k0 was either taken directly from literature or 

converted from exchange current density reported in literature. 

[c] This work. 

[d] This work. 
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The Fe-TEOA redox pair is composed of two anions and has a redox potential 

of −0.86 V vs. SHE (formal potential, measured in pH = 13). the Fe-CN redox pair is 

also composed of two anions and has a redox potential of +0.36 V vs. SHE (standard 

potential). The all-soluble all-Fe RFB based on Fe-TEOA and Fe-CN as redox pairs is 

expected to have a standard cell voltage of 1.22 V, slightly higher than that of the 

existing metallic-Fe-based all-Fe RFB mentioned above (1.12 V). 

The corresponding redox reactions and electrode potentials are shown below. 

Fe(TEOA)OH]− + e− ↔ [Fe(TEOA)(OH)]2−    φ0’ = −0.86 V vs. SHE 

Fe(CN)6
3− + e− ↔ Fe(CN)6

4−      φ0 = +0.36 V vs. SHE 

In addition to the slightly increased cell voltage, the standard rate constants on 

glassy carbon of Fe-TEOA (6.3×10−2 cm s−1)[155] and Fe-CN (1.0×10−1 cm s−1)[163] are 

also more facile than pristine Fe3+/Fe2+ (1.2×10−3 cm s−1) and Fe2+/Fe (3.3×10−9 cm 

s−1) redox pairs [163, 164], drastically lowering electrode overpotential. 

All-soluble redox pairs, high cell voltage, and facile kinetics make this Fe-

TEOA- and Fe-CN-based all-Fe RFB a possible candidate for renewable energy 

storage warranting consideration. Development is not limited to this example; as 

shown in Figure 3.1, there are many other possibilities to construct an all-soluble all-

Fe RFB (note that a multiple-IEM cell configuration is required when using redox 

pairs with opposite charges[135]). 

 

3.2 Experiment and Method 

Cyclic voltammetry. A three-electrode cell configuration was used for the 

cyclic voltammetry (CV) test. Glassy carbon (dia.=5 mm, Pine Instrument), platinum 

wire and a Ag/AgCl electrode were used as the working, counter, and reference 
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electrodes, respectively. The cell was tested by a multichannel potentiostat (VMP2, 

Princeton Applied Research). The working electrode was polished to a mirror finish 

prior to the use in each set of CV test.  

RFB cell assembly. The all-soluble all-Fe RFB (Figure 3.2) consists of two 

blocks of electrolyte frames, two current conductors and collectors, and two Viton 

rubber gasket (0.4 mm thickness per piece). One piece of carbon paper (2.2 cm×2.3 

cm, 0.37 mm thickness Toray-H-120) was used for the negative electrode. Two pieces 

of carbon paper (2.2 cm×2.3 cm, one 0.19 mm thickness, Toray-H-60, the other 0.37 

mm thickness, Toray-H-120) were used for the positive electrode. The purpose of 

using different carbon papers on each side is to keep the total thickness of carbon 

paper only slightly larger than the total gasket thickness to ensure good sealing and 

firm contact between carbon paper and current collector. A Nafion 212 membrane was 

used as the separator. The membrane was soaked in 1 M NaCl solution for 48 hours 

and thoroughly washed with DI water to remove residual NaCl solution from the 

surface before use. Eight bolts were torqued to 16 lb·ft to tighten the cell and provide 

firm compression between the electrode and the current collector. The electrolyte was 

pumped by a peristaltic pump (Cole Parmer, Masterflex® L/S 600 rpm) through PTFE-

lined rubber tubes (Cole Parmer, ChemDurance® #16). A flow rate of 100 mL min−1 

was used in all tests. The all-soluble all-Fe RFB was tested by a commercial battery 

test station (Arbin, BT2000). All tests were conducted at room temperature.  
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Figure 3.2 Cell configuration for the all-Fe RFB. The electrolyte flows into the 

system through the side inlet of electrolyte frame. The positive and 

negative electrolytes flow through the small holes on electrolyte frame, 

conductor, and current collector into the chamber encompassed by gasket 

and membrane.  

TEOA, [Fe(TEOA)OH]−,  [Fe(TEOA)(OH)]2−, Fe(CN)6
3− and Fe(CN)6

4− 

crossover test. The RFB cell was set up with 20 cm2 membrane exposure, an enriched 

side filled with solution of target species, and the  deficient side filled with a blank salt 

solution. For TEOA, [Fe(TEOA)OH]−,  [Fe(TEOA)(OH)]2− crossover tests, the 

enriched solution contained 0.2 M FeCl3 or FeCl2, 1 M TEOA and 1.5 M NaOH (30 

mL). 1 M NaCl solution (15 mL) was used on the deficient side to minimize the 

difference in osmotic pressure and volume change of electrolyte. Every 1 hour, 300 uL 

electrolyte from the deficient side was sampled with an addition of 400 µL deuterated 

water (D2O) for 13C NMR testing (Bruker AV-400), and 600 µL was withdrawn and 
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diluted to 3 mL with 2315 µL 1 M hydrochloric acid and 85 µL 70% nitric acid for 

ICP-OES test (Optima 7300DV). The same cell setup was used for the Fe(CN)6
3− or 

Fe(CN)6
4− crossover tests. 30 mL 0.2 M Na4Fe(CN)6 in 0.5 M NaOH or 0.2 M 

K3Fe(CN)6
 in 0.5 M KOH were used on the enriched side. 0.5 M NaCl or KCl were 

used on the deficient side. The deficient-side solution was sampled and measured by 

the same method as for the 13C NMR test. 

TEOA degradation study in presence of Fe(CN)6
3−. The chemical reaction 

between Fe(CN)6
4−  and TEOA was studied by analyzing the 1H NMR spectra of 

deuterated water solutions containing 0.2 M TEOA, 0.5 M K3Fe(CN)6
 and 0.5 M 

KOH. The electrolyte was sampled at different times and measured by 1H NMR 

spectroscopy using the same solvent and dilution ratio as in the TEOA crossover test. 

The 1H NMR spectra for predicted degradation products were obtained by 

MestReNova 6.1.    

Impedance test. Impedance for the all-soluble all-Fe full RFB cell was 

measured at 50% SOC. To study the impact of TEOA on the Nafion membrane, RFB 

cell was set up with three solution concentrations: a) 3 M NaOH for both sides; b) 3 M 

NaOH and 2 M TEOA for both sides; and c) 3 M NaOH, 2 M TEOA and 0.4 M FeCl3 

for both sides. The impedance was measured by a potentiostat (Solatron A1287) and 

impedance analyzer (Solatron A1260).  

Cycle test. RFB cell was set up with solutions of 0.2 M FeCl3, 1 M TEOA, 1.5 

M NaOH as the negative electrolyte; and 0.2 M Na4Fe(CN)6, 3 M NaOH as the 

positive electrolyte. These concentrations were chosen to keep similar the osmotic 

pressure of the electrolytes and minimize water transport during long-term cycle test. 
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The current density was set at 40 mA cm−2 with cut-off voltages of 0.5 V (discharge) 

and 1.6 V (charge).  

Polarization test. The RFB cell was set up with the same electrolytes as in 

cycle test. The battery was first charged to 70% SOC; then, alternating charge and 

discharge current was applied. Cell voltage was recorded at each current density.   

 

3.3 Results and Discussion 

3.3.1 Redox Electrochemistry 

The standard potential of the Fe(CN)6
3−/Fe(CN)6

4− redox pair is 0.36 V. 

However, the formal potential depends on the ionic strength of solution; it can reach 

around 0.44 V in a solution with an ionic strength equivalent to 0.5 M salt solution[165]. 

As shown in cyclic voltammetry (CV) of the two redox pairs, the formal potential 

difference between the two redox pairs is 1.34 V (Figure 3.3).  
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Figure 3.3 Cyclic voltammetry of [Fe(TEOA)OH]−/[Fe(TEOA)OH]2− and 

Fe(CN)6
3−/Fe(CN)6

4−  in sodium hydroxide solution. The Fe-TEOA 

solution contains 0.2 M FeCl2, 0.2 M FeCl3, 2 M TEOA and 3 M NaOH. 

The Fe-CN solution contains 0.2 M Na4Fe(CN)6, 0.2 M Na3Fe(CN)6 and 

3 M NaOH. The working electrode is glassy carbon and scan rate is 40 

mV/s for both cases. 

CVs at different scan rates were also taken to measure the standard rate 

constant of the [Fe(TEOA)OH]−/ [Fe(TEOA)(OH)]2− redox pair and the diffusion 

coefficient of each species, based on the method of Nicholson and the Randles-Sevcik 

equation, respectively (Figure 3.4). The results are listed in Table 3.2. Both diffusion 

coefficients and the standard rate constant measured in this work are comparable to the 

reported values in the literature (1.6 × 10−6 cm2 s−1, and 6.3 × 10−2 cm s−1)[155]. 

 



 87 

a 

 

b 

 

Figure 3.4 (a) Cyclic voltammetry of [Fe(TEOA)OH]−/[Fe(TEOA)OH]2− at different 

scan rates on glassy carbon electrode. The electrolyte contains 0.2 M 

FeCl2, 0.2 M FeCl3, 2 M TEOA and 3 M NaOH. (b) Cyclic voltammetry 

of Fe(CN)6
4−/Fe(CN)6

3− at different scan rates on glassy carbon electrode. 

The electrolyte contains 0.1 M Na4Fe(CN)6, 0.1 M K3Fe(CN)6, and 3 M 

NaOH. 

Table 3.2 Diffusion coefficients of [Fe(TEOA)OH]− (DO), [Fe(TEOA)OH]2− (DR), 

and standard rate constant (k0) of the [Fe(TEOA)OH]−/[Fe(TEOA)OH]2− 

redox pair. 

DO (cm2 s−1) DR (cm2 s−1) k0 (cm s−1) 

7.1 × 10−7 7.2 × 10−7 1.1 × 10−2 

 

The facile kinetics of the Fe(CN)6
3−/Fe(CN)6

4− redox pair has been well 

established. The diffusion coefficients and standard rate constant of the 

Fe(CN)6
3−/Fe(CN)6

4− redox pair were also measured; the results are listed in Table 3.3.  
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Table 3.3 Diffusion coefficients of Fe(CN)6]
3− (DO), [Fe(CN)6]

4− (DR), and standard 

rate constant (k0) of the Fe(CN)6
3−/Fe(CN)6

4− redox pair. 

DO (cm2 s−1) DR (cm2 s−1) k0 (cm s−1) 

8.6×10−6 8.2×10−6 2.5×10−1 

 

The standard rate constants of [Fe(TEOA)OH]−/ [Fe(TEOA)(OH)]2− and 

Fe(CN)6
3−/Fe(CN)6

4− are much larger than those of the Fe3+/Fe2+ redox pair in acid 

(1.2×10−4 cm s−1), suggesting there is little overpotential on both the positive and 

negative sides. 

3.3.2 Cell Performance and Preliminary Durability 

The all-soluble all-Fe RFB was assembled, and the charge-discharge test at 40 

mA cm−2 current density is shown in Figure 3.5. Coulombic efficiency (CE), voltage 

efficiency (VE), and energy efficiency (EE) for this one cycle are 93%, 78% and 73%, 

respectively. Energy efficiency is higher than that of the traditional metallic iron-based 

all-Fe RFB (Fe2+/Fe vs. Fe3+/Fe2+), which demonstrates an energy efficiency between 

11−44% at slightly higher current density (60 mA cm−2)[38]. Successful charge-

discharge testing and good performance observed here clearly confirms the feasibility 

of all-soluble all-Fe RFB.  
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Figure 3.5 Cell voltage curve of a charge-discharge test of the all-Fe RFB at 40 

mA/cm2. 

The polarization curve of the all-soluble all-Fe RFB is shown in Figure 3.6. 

Power density peaks at 160 mW cm−2. The discharge power density is higher than in 

the traditional all-soluble all-Fe RFB, (~120 mW cm−2)[38]. Due to the facile kinetics 

of both redox pairs, the electrode overpotential is very small. Voltage and current 

density follow a typical ohmic relationship, indicating that the majority of the voltage 

losses comes from the large internal resistance. A detailed analysis of internal 

resistance follows in Section 3.4.2.  
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Figure 3.6 Polarization curve of the all-Fe RFB at 70% state of charge (SOC) with 

peak power density at 160 mW/cm2. The polarization curve shows strong 

ohmic relationship between voltage and current density, indicating the 

system is limited by internal resistance.  

Figure 3.7a shows 110 cycles of charge-discharge voltage curves at a current 

density of 40 mA cm−2, and Figure 3.7b the corresponding CE, VE, EE and capacity. 

CE remains between 80% and 90%, and VE is stable at above 80%. The capacity 

initially decreases, then becomes stable and oscillates after 20 cycles. The initial decay 

is largely due to the crossover of free TEOA, which is discussed in more detail in 

Section 3.4.1. Such capacity decay is in agreement with observations in other Fe-

TEOA related RFBs[155, 158].  
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a 

 
b 

 

Figure 3.7 (a) Cell voltage of 110-cycle test of the all-Fe RFB at 40 mA/cm2. (b) 

Coulombic efficiency (CE), voltage efficiency (VE), energy efficiency 

(EE) and discharge capacity of each cycle in the same 110-cycle test of 

the all-Fe RFB. 

 

3.4 Challenges  

3.4.1 Relatively Low Coulombic Efficiency 

Relatively low CE was observed in the cycle test and also reported in the 

literature for the Fe-TEOA redox pair[155, 158].  
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As shown in Figure 3.8, electrode potential measurement in the end of 

discharge process during discharge process reveals that Fe(CN)6
3−/Fe(CN)6

4− redox 

pair is the limiting side, which confirms that the shortage of oxidative species in 

positive electrolyte is responsible for CE loss.  

a 

 

b 

 

Figure 3.8 (a) Cell voltage curve of a charge-discharge test of all-Fe RFB at 40 

mA/cm2, and (b) zoomed-in cell voltage, positive and negative potential 

vs. Ag/AgCl reference electrode during the end of the discharge process, 

as indicated in the green rectangle in Figure 3.8 (a). The decrease of 

positive potential indicates the positive side is the dominating cause for 

the cell voltage drop and therefore the coulombic efficiency loss.  

Oxygen evolution reaction (OER) as a side reaction on the positive electrode 

can be excluded for the shortage of oxidative species; the symmetrical cell study of 

Fe(CN)6
3−/Fe(CN)6

4− redox pair did not have any CE loss even at high overpotential 

(CE = 100%, Figure 3.9). The crossover of Fe(CN)6
3− species towards negative 

electrode can also be excluded.  No new 13C NMR signals were  observed in the 
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negative electrolyte after 20 cycles of testing (Figure 3.10a).  The 13C NMR spectra 

suggest that the permeation coefficient of Fe(CN)6
3− across a Nafion 212 membrane is 

less than  1 × 10−11 cm2 s−1 (Figure 3.11). 

 

Figure 3.9 Cell voltage curve of the Fe-CN symmetrical cell. CE remains at 100%, 

indicating no oxygen evolution side reaction or crossover. 
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a 

 

b 

 

Figure 3.10 13C NMR spectra of positive (a) and negative (b) electrolytes before and 

after cycle testing of an all-soluble all-Fe RFB. A number of new peaks 

showed up in the positive electrolyte after 20 cycles, as enclosed in the 

red circle, whereas no new peaks were observed for negative electrolyte 

after testing. 

a 

 

b 
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Figure 3.11 13C NMR spectra of electrolyte of the deficient side of a permeation cell 

with the enriched side being (a) Fe(CN)6
4− and (b) Fe(CN)6

3−. No 

Fe(CN)6
4− or Fe(CN)6

3− was detected over five days. No peaks were 

detected during 5 days of testing. Since the lowest possible concentration 

that could be detected by NMR spectroscopy is 0.01 M, the permeation 

coefficient was then estimated to less than 1×10−11 cm2/s, by assuming 

the concentration after 5-day test is below 0.01 M.  

The crossover of [Fe(TEOA)OH]−,  [Fe(TEOA)(OH)]2−, and/or free TEOA in 

the negative electrolyte is the key reason for CE loss, as evidenced by the 13C NMR 

spectroscopic results for the positive electrolyte before and after the cycle test (Figure 

3.10b). The permeation coefficients of [Fe(TEOA)OH]−,  [Fe(TEOA)(OH)]2−, TEOA 

are quantitatively studied with both 13C NMR spectroscopy and inductively coupled 

plasma optical emission spectrometry (ICP-OES, Figure 3.12). The 13C NMR 

spectrums of coordinated TEOA and free TEOA are indistinguishable; therefore, the 

total TEOA crossover rate for both [Fe(TEOA)OH]− and [Fe(TEOA)(OH)]2− was 

measured by 13C NMR test. The crossover rates of [Fe(TEOA)OH]− and 

[Fe(TEOA)(OH)]2− were obtained by measuring the iron element crossover with ICP-

OES. The crossover rate of free TEOA in each case can then be calculated by 

subtracting coordinated TEOA from the total TEOA.  

It is possible to derive that the concentration of crossover species follows Eq. 

3.1.   

 
C

L

P
A

dt

tdC
V B

B 
)(

  (Equation 3.1) 

Where CA is the concentration of the enriched side, CB is the concentration of 

the deficient side, VB is the volume of the deficient side, A is membrane area, L is 
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membrane thickness, and ΔC is the concentration difference between the enriched and 

deficient sides. 

Given the experimental conditions, VB and CA can be assumed as constant. 

Since CB is negligible compared to CA, the driving force ΔC can also be treated as 

constant. The permeation coefficient of both free TEOA and the Fe-TEOA complex 

can then be obtained by a linear fitting of CB vs. time for total TEOA and coordinated 

TEOA, respectively, as shown in Figure 3.12.  

a 

 

b 
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c 

 

d 

 

Figure 3.12 13C NMR spectra of electrolyte of the deficient side of a permeation cell 

with the enriched side being (a) [Fe(TEOA)(OH)]2− and (b) 

[Fe(TEOA)(OH)]−. The concentration of TEOA is converted by 

comparing the peak integral with that of the spectrum of standard TEOA 

solution, having known TEOA concentration. (c) Linear fitting of total 

TEOA and [Fe(TEOA)(OH)]2− concentration vs. test time. (d) Linear 

fitting of total TEOA and [Fe(TEOA)(OH)]− concentration vs. test time.  

The permeation coefficients of [Fe(TEOA)OH]−, [Fe(TEOA)OH]2−, and free 

TEOA are listed in Table 3.4. The results further confirmed that free TEOA is the 

major crossover species. This identification is understandable, since free TEOA has 

higher permeation coefficient (2.9−4.4 times) and larger driving force as well (5 times, 

1 mol L−1 for free TEOA vs. 0.2 mol L−1 for [Fe(TEOA)OH]− or  [Fe(TEOA)(OH)]2−).  

Table 3.4 Permeation coefficient of [Fe(TEOA)OH]−, [Fe(TEOA)OH]2−, and free 

TEOA. 

 [Fe(TEOA)OH]− [Fe(TEOA)OH]2− Free TEOA 
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Permeation coefficient 

(cm2 s−1) 
5.1×10−10 3.4×10−10 1.5×10−9 

 

After crossover, the free TEOA could be oxidized either electrochemically on 

the electrode at high overpotentials, or chemically by Fe(CN)6
3−. The electrochemical 

oxidation of free TEOA is confirmed by the CV experiments in which free TEOA is 

oxidized  at electrode potentials greater than 0.4 V vs. Ag/AgCl (Figure 3.13a). The 

addition of free TEOA into the dilute Na4Fe(CN)6 solution significantly changed the 

CV behavior at the potential region below 0.4 V vs. Ag/AgCl, suggesting that a direct 

chemical reaction between TEOA and  Fe(CN)6
3−  can also take place (Figure 3.13a). 

The reaction rate between Fe(CN)6
4−  and TEOA was also studied by CV. It could be 

derived that a typical CV curve for a catalytic reaction shows a limiting value of 

current i∞ given by Eq. 3.2[166]. 

 
2/1**

)(
)(3

6

DkCnFACi TEOACNFe    (Equation 3.2) 

Where n is the number of electrons transferred in electrochemical reaction, F is 

Faraday’s constant, *

)( 3

6

CNFe
C  is the concentration of ferricyanide, 

*

TEOAC  is the 

concentration of TEOA, D is the diffusion coefficient of TEOA[167], k is the kinetic 

constant of reaction between TEOA and Fe(CN)6
3−.  

The reaction rate constant can therefore be calculated by a linear fitting of 

TEOA concentration as a function of limiting current. CV studies at different TEOA 

concentrations and the linear fitting of TEOA concentration with limiting current are 

shown in Figure 3.13b. Since TEOA will further undergo direct electrochemical 

reaction at higher potentials, the limiting current was chosen using the plateau region 
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at 0.4 V vs. Ag/AgCl. The overall rate constant of the reaction is determined to be 1.0 

× 10−7 s−1, assuming the overall reaction is a first-order reaction (Figure 3.13b). 

a 

 

b 

 

Figure 3.13 (a) CV scan on glassy carbon electrode at 5 mV/s from 0 V to 0.5 V vs. 

Ag/AgCl of 0.01 M Na4Fe(CN)6 (blue curve), 0.2 M TEOA (green 

curve), 0.01 M Na4Fe(CN)6 and 0.2 M TEOA (red curve). All 

electrolytes are supported with 1 M NaOH. The rising current at Ew > 

0.4 V vs. Ag/AgCl confirms the electrochemical oxidation of TEOA on 

electrode surface (green curve).  (b) CV scan of on glassy carbon 

electrode at 5 mV/s from 0 to 0.5 V vs. Ag/AgCl of 0.01 M  Na4Fe(CN)6 

with different TEOA concentrations from 0.1 M to 0.6 M. The current 

density at 0.4 V vs. Ag/AgCl of forward scan was chosen as limiting 

current density. Inset: linear fitting of limiting current density vs. TEOA 

concentration.  

The possible chemical reactions between TEOA and Fe(CN)6
3− are proposed in 

Eq. 3.3 and 3.4, and represented in Scheme 1. The reaction products were confirmed 

via 1H NMR, by comparing the relative peak position of products (Figure 3.14).  

OHDiol2Fe(CN)2OHTEOA2Fe(CN) 2
4
6

k3
6  

  (Equation 3.3) 
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OHAcetamide2Fe(CN)2OHDiol2Fe(CN) 2

4

6

k3

6     (Equation 3.4) 

where diol represents 1-(bis(2-hydroxyethyl)amino)ethane-1,2-diol, and 

acetamide represents 2-hydroxy-N,N-bis(2-hydroxyethyl)acetamide.  

 

 

 
Scheme 1. Proposed possible reaction scheme of TEOA oxidation in Fe(CN)6

3−  

electrolyte as shown in Eq. 3.3 and 3.4.  
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a 

 

b 

 

Figure 3.14 (a) 1H NMR spectra of solutions containing 0.5 M K3Fe(CN)6, 0.2 M 

TEOA and 0.5 M KOH with test time. Inset: zoomed-in figure of 1H 

NMR between chemical shifts of 4.0 and 3.2 ppm. Peaks a and b are 

attributed to α and β hydrogen in TEOA. Peaks c, d and e are possibly 

due to the oxidation at α-carbon and the formation of 1-(bis(2-

hydroxyethyl)amino)ethane-1,2-diol and 2-hydroxy-N,N-bis(2-

hydroxyethyl)acetamide. (b) Predicted 1H NMR spectrum of 1-(bis(2-

hydroxyethyl)amino)ethane-1,2-diol (upper) and 2-hydroxy-N,N-bis(2-

hydroxyethyl)acetamide (lower). It is possible that the oxidation takes 

place at α-carbon and generates 1-(bis(2-hydroxyethyl)amino)ethane-1,2-

diol. Diol can be further oxidized by  Fe(CN)6
3− and produces 2-hydroxy-

N,N-bis(2-hydroxyethyl)acetamide. The shape and relative peak position 

of the obtained degradation product matches the predictions for the 

proposed product. 
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3.4.2 High Cell Resistance 

Based on an impedance test of the full cell, as shown in Figure 3.15a, the 

charge-transfer resistance is 0.75 Ω∙cm2, while the ohmic resistance (2.6 Ω∙cm2) is 

more than 3 times as large as the charge transfer resistance. The iR-free polarization 

was calculated and shown in Figure 3.15b, which demonstrates a peak power density 

near 800 mW cm−2. Our experimental cell has an MEA structure, and thus the 

electrodes bring negligible resistances[72]. As such, the large membrane resistance is 

the sole reason for this high internal resistance. The resistance of Nafion 212 

membrane was measured in solutions of 3 M NaOH; 3 M NaOH and 2 M TEOA; and 

3 M NaOH, 2 M TEOA and 0.4 M FeCl3. The results clearly show that the both Fe-

TEOA and free TEOA can contaminate the Nafion membrane, leading to increased 

membrane resistance, as shown in Figure 3.16. This result is not surprising, since the 

absorption of alkylamine by cation exchange membrane has also been widely reported 

in other applications such as carbon dioxide transport[168, 169]. It can be reasonably 

expected that TEOA-tolerant cation-exchange membranes will substantially improve 

the cell performance. 

 

a 

 

b 
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Figure 3.15 (a) Impedance of all-Fe RFB showing ohmic resistance (Rohm, depicted in 

blue color) and charge transfer resistance (Rc, red). The ohmic resistance 

accounts for the major part of total resistance. (b) Experimental (solid) 

and predicted iR-free (solid) polarization curve of all-Fe RFB at 70% 

State of Charge (SOC). 

 

Figure 3.16 Impedance test of a symmetrical cell with three different electrolytes: 3 

M NaOH (dark blue), 2 M TEOA in 3 M NaOH (blue), and 0.4 M FeCl3, 

2 M TEOA in 3 M NaOH(green).  

3.5 Concluding Remarks 

We introduced an all-soluble all-iron redox-flow battery by combining 

[Fe(TEOA)OH]−/[Fe(TEOA)(OH)]2− and Fe(CN)6
3−/Fe(CN)6

4− in a simple single-IEM 

cell configuration. The all-soluble all-Fe RFB demonstrated good performance 

(discharge power density >160 mW cm−2) and durability (110 cycles with stable 

efficiency and capacity). We identified that the major challenge in this all-soluble all-

Fe RFB is the crossover of free TEOA ligand. The performance of the all-soluble all-
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Fe RFB may be improved by using TEOA-tolerant membranes. In addition to the all-

soluble all-iron RFB, there are many other possibilities to design all-soluble all-

(redox-active)-element RFBs with redox pairs based on metal ligands. 

 

  



 105 

Chapter 4 

A MEMBRANE-LESS ZINC-FERROCENE REDOX FLOW BATTERY 

BASED ON IMMISCIBLE ORGANIC-INORGANIC ELECTROLYTES 

4.1 Introduction 

Rechargeable batteries rely on the physical separation of mutually reactive 

species to extract electrical energy from indirect electrochemical reactions. 

Conventional rechargeable batteries use liquid electrolyte to separate two solid 

electrodes that act as energy storing material. Redox flow batteries (RFBs), on the 

other hand, introduce a solid electrolyte (i.e., an ion-exchange membrane, IEM) as a 

separator, which changes the energy storing material from solid electrodes to liquid 

electrolytes with two soluble redox pairs[18].  This gives RFBs excellent flexibility. 

Such independent tuning of energy storage capacity and power is regarded as a 

significant advantage when compared with other rechargeable batteries[6]. However, 

the performance and cost of RFBs are limited by their large internal resistances and 

expensive membranes[65, 68]. To address this issue, designing a membrane-less RFB 

has been a new approach in recent RFB development, and membrane-less all-

vanadium[115] (all-V) and hydrogen-bromide[117] (H-Br) RFBs have been demonstrated 

with appreciably reduced internal resistance. However, currently, membrane-less 

RFBs do not provide a fundamentally stable solution for the separation of two redox 

pairs. The separation is based solely on the laminar flow of two electrolytes. Crossover 

of redox species, which has already long been a prominent issue in conventional 

membrane based RFB, then becomes even more pronounced in membrane-less design. 
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Consequently, low coulombic efficiency and contamination of redox species are still 

big concerns in membrane-less RFBs. In addition, laminar flow cell requires exquisite 

engineering of flow rate and cell structureand adds extra constraints to cell operation. 

Fundamental solutions to this crossover problem need another method to separate 

redox pairs in membrane-less RFB.  

In this work, we demonstrate a new membrane-less RFB design based on the 

immiscibility of aqueous and non-aqueous electrolytes on the negative and positive 

sides, respectively, as shown in Figure 4.1a. Different from the laminar flow cell, the 

two electrolytes in this RFB are naturally separated from each other. Therefore, no 

membrane is needed. The redox pair in the organic electrolyte is only soluble in the 

organic solvent, whereas the redox pair in theaqueous phase is only soluble in water; 

no crossover is expected by design. In order to maintain ionic conductivity, at least 

one electrochemically inactive ion, to serve as a charge carrier, should be soluble in 

both the organic and inorganic phases. It is also apparent that either the reductive 

species in the negative redox pair, or the oxidative species in the positive redox pair 

should be insoluble, to prevent direct interfacial chemical reaction. One design 

satisfying these constraints is a Zinc/Ferrocene (Zn/Fc) RFB based on two immiscible 

electrolytes, shown in Figure 4.1b. Butyl acetate (BuAcO) is used as the solvent in the 

organic phase, dissolving both Ferrocenium/Ferrocene (Fc+/Fc), the positive redox 

pair, and an hydrophobic ionic liquid (Aliquat® 336, mixture of 

tricaprylylmethylammonium chloride and trioctylmethylammonium chloride), the 

supporting salt. In the aqueous phase, the Zn2+/Zn redox pair is used via dissolving 

ZnCl2 in water. The Cl− commutes between theorganic = and inorganic phases during 
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charge and discharge processes. The positive and negative electrode reactions, shown 

below, yield an overall cell voltage of 1.16 V. 

Fc++e−↔ Fc         φ0=0.40 V 

Zn2++2e−↔Zn      φ0= −0.76 V 

As shown in Figure 4.1a, the cell must be placed horizontally due to gravity, 

and the electrolyte flows in and out from the side of cell. Since the density of butyl 

acetate is lighter than water (ρBuAcO=0.8 kg/L vs ρH2O=1.0 kg/L), the organic 

electrolyte flows on top of the aqueous electrolyte.   

 

 

a 
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b 

 

Figure 4.1 (a) Schematic of a membrane-less RFB based on immiscible organic-

inorganic electrolytes. (b) Design of the membrane-less zinc-ferrocene 

RFB.  

4.2 Experiment and Method 

Chemical reagents. Chemicals were used as-received from different vendors: 

zinc chloride (ZnCl2, Sigma-Aldrich, 99%), Aliquat® 336 (Sigma-Aldrich, 99%), butyl 

acetate (99%, Sigma-Aldrich), ferrocene (MP Biomedicals), ferrocenium 

tetrafluoborate (technical grade, Sigma-Aldrich), copper foil (thickness 0.25 mm, 

99.98%, Sigma-Aldrich).  

Solubility test. Six samples of 20 ml solution with different mole ratios of 

butyl acetate over Aliquat® 336 were prepared. Ferrocene was added into each sample 

every 0.10 g until precipitate was observed that did dissolve within 24 hours. The 

solution was continuously stirred during the test. 

Conductivity test. Seven samples of 20 ml solution with different mole ratios 

of butyl acetate over Aliquat® 336 were prepared. Conductivities were then directly 

measured by a conductivity meter (Fisher Scientific, AB100). 

Cyclic voltammetry test. Cyclic voltammetry (CV) was conducted with a 

three-electrode configuration in a three-neck flask. A glassy carbon disk (3 mm dia.), 
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platinum wire, and silver wire were used as the working, counter and reference 

electrodes, respectively.  CV testing was carried out by a multichannel potentiostat 

(VMP2, Princeton Applied Research). 

Cell setup and cycle test. The cell was set up as shown in Figure 4.2. The 

electrolyte was pumped into the cell through the flow channel inside the upper PTFE 

block (not shown in figure). The cell was placed horizontally during testing. Cycle 

testing was carried out by a battery test station (Arbin, BT2000). 

a 

 

b 

 

Figure 4.2 (a) Schematic of a cylindrical cell=. From top to bottom: PTFE block, 

gold plate electrode, copper plate electrode, EPDM rubber gasket, 

polypropylene cylinder, EPDM rubber gasket, carbon foam electrode, 

fluorosilicone rubber gasket, carbon paper electrode, carbon block, gold 

plate electrode, and PTFE block.  (b) Schematic of an assembled 

cylindrical cell. 

4.3 Results and Discussion 

Zinc electrolytes have been studied extensively in aqueous zinc-based battery 

applications. Therefore, in this work, we mainly focused on the study of the organic 



 110 

electrolyte to optimize Zn-Fc RFB performance; our aims were to maximize ferrocene 

solubility as well as electrolyte conductivity. To achieve higher energy density, the 

solubility of ferrocene in organic electrolyte should be kept high. The solubility of 

ferrocene in pure butyl acetate has been measured to be 0.46 M[170], but it is altered 

after the  addition of Aliquat® 336 into butyl acetate, as shown in Figure 4.3a. The 

increase of Aliquat® 336 decreases ferrocene solubility and a linear relationship 

between molar concentration of butyl acetate was found. The solubility study suggests 

lower concentration of Aliquat® 336 should be used when possible. Another important 

issue for organic electrolytes is their low conductivities compared to those of aqueous 

electrolytes, whose consequence is substantially large internal resistance of the cell. 

Figure 4.3b shows the conductivity of organic electrolytes as a function of mole 

percent butyl acetate. The conductivity peaks at 70 mol % butyl acetate mole percent. 

The subsequent decrease of conductivity at higher mole percentages is attributed to the 

increase of electrolyte viscosity, due to the high viscosity of Aliquat® 336 (μ=1500 

mPa∙s[171]). Considering even the peak conductivity  only reaches about 110 μS/cm, 70 

mol % butyl acetate  is chosen for future tests to maximize system conductivity. 
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a 

 

b 

 

Figure 4.3 (a). Solubility of ferrocene along with mole percentage of butyl acetate in 

organic electrolyte. (b). Conductivity of organic electrolyte versus mole 

ratio of butyl acetate. 

 

The kinetics of ferrocene redox pair is known to be facile in many non-aqueous 

systems[172]. Cyclic voltammetry was carried out in butyl acetate electrolyte with 30% 

mole Aliquat® 336 as the supporting salt. As shown in Figure 4.4a, the background 

electrolyte does not incur any redox peak, indicating the stability of butyl acetate and 

Aliquat® 336 in the redox-active region of the ferrocene redox pair. CVs at different 

scan rates were performed to calculate the kinetic constant and diffusion coefficients 

of ferrocenium ion and ferrocene, as shown in Figure 4.4b. The results are listed in 

Table 4.1. The diffusion coefficients for both ferrocenium and ferrocene are smaller 

than those typical for ions in an aqueous electrolyte ( ~10−9 cm2/s), mostly as a result 

of the increased viscosity from adding Aliquat® 336. The kinetics of the ferrocene 
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redox pair on a carbon electrode is already facile compared with many other aqueous 

redox pairs, e.g., k0 (VO2
+/VO2+) = 3×10−7 cm/s[173]; therefore, it requires no catalyst 

in the cell setup. 

a 

 

b 

 

Figure 4.4 (a) Cyclic voltammogram of blank electrolyte (70 mol% Butyl Acetate, 

30 mol% Aliquat® 336) and ferrocene solution (0.05 M Fc in 70 mol% 

Butyl Acetate, 30 mol% Aliquat® 336) on a glassy carbon electrode. (b) 

CV of ferrocene electrolyte (0.05 M Fc, 0.05 M FcBF4 in 70 mol% Butyl 

Acetate, 30 mol% Aliquat® 336) at different scan rates on glassy carbon 

electrode.  

Table 4.1 Diffusion coefficients of ferrocenium (DO) and ferrocene (DR), and the 

kinetic constant (k0) of Fc+/Fc redox pair. The kinetic constant is 

calculated based on the method of Nicholson[174]. 

DO (cm2/s) DR (cm2/s) k0 (cm/s) 

8.1×10−10 4.3×10−10 1.2×10−5 
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A stationary cell was set up to prove the feasibility of the Zn-Fc RFB. A 20-

cycle test was carried out at constant current density of 0.1 mA/cm2 and cut-off 

voltages of 1.35 V for charge and 0 V for discharge (Figure 4.5a).  The corresponding 

coulombic efficiency (CE), voltage efficiency (VE), energy efficiency (EE) and 

capacity are shown in Figure 4.5b. Both efficiency and capacity remain constant over 

the 20-cycle test, which confirms the stability of this system. Average CE, VE and EE 

are 82%, 62% and 51%, respectively.  

a 

 

b 

 

Figure 4.5 (a) A 20-cycle test of Zn-Fc membrane-less RFB. The cut-off voltage 

was set at 1.35 V for charge and 0 V for discharge. (b) Coulombic, 

voltage, and energy efficiencies and capacity for each cycle in 20-cycle 

test.  

Coulombic efficiency is not very high compared to the state-of-art aqueous 

RFBs, possibly due to the small amount of solubility of ferrocenium in water. 

Ferrocenium generated at the positive electrode gradually transported from the organic 

phase into the aqueous phase, reacting with zinc and causing coulombic efficiency 



 114 

loss. The voltage efficiency loss was mostly attributed to the large internal resistance 

of the cell: area-specific resistance of the cell was measured to be 810 Ω·cm2 (Figure 

4.6). Considering the large thickness of the organic electrolyte layer (1 cm) in current 

design and its low conductivity, high internal resistance is not surprising. Internal 

resistance could be slashed by reducing the thickness of the organic electrolyte layer 

and choosing a highly-conductive supporting salt. Such changes require detailed 

engineering work and lie beyond the scope of this proof-of-concept work.  

 

Figure 4.6 Nyquist plot of Zn-Fc RFB in an impedance test. Ohmic resistance is 

measured to be 810 Ω∙cm2. /Large internal resistance is due to the large 

thickness and low conductivity of the organic electrolyte.  
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4.4 Concluding Remarks 

In this proof-of-concept study, we have demonstrated  a membrane-less RFB 

design based on immiscible non-aqueous and aqueous electrolytes. The hydrophobic 

organic electrolyte is thermodynamically immiscible with the aqueous solution, such 

that the system requires no membrane. We chose Zn2+/Zn in an aqueous phase and 

Fc+/Fc in a butyl acetate phase to construct a Zn-Fc RFB as an example and 

successfully demonstrated its feasibility. Though much engineering is still needed to 

improve cell performance, this preliminary work adds to the methods for separating 

redox pairs in rechargeable battery and presents a new membrane-less construct for 

RFB design.  
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Chapter 5 

CONCLUSIONS AND PERSPECTIVES 

5.1 Summary of Conclusions 

Three different RFB configurations have been explored in this dissertation: 

double-membrane, single-membrane and membrane-less structures.  

The double-membrane RFB aims to solve the limitations of the single-

membrane design and to improve the versatility of RFBs in incorporating more redox 

pairs and supporting electrolytes. A high-voltage Zn-Ce RFB was the initial trial. In 

this example, an unprecedented high cell voltage of 3.08 V was demonstrated by 

combining the redox pair with the lowest possible electrode potential in base and that 

with the highest possible electrode potential in acid. The Zn-Ce RFB shows stable 

open-circuit voltage and expected charge-discharge performance. However, the 

stability of the AEM in the highly oxidative cerium electrolyte was identified as the 

primary challenge for long-term durability. An alternative S-Fe RFB with lower cell 

voltage but extremely inexpensive redox materials was proposed and developed. The 

S-Fe RFB showed significantly improved durability compared with Zn-Ce RFB. 

However, its relatively low cell voltage (1.2 V) brings large penalties in cell efficiency 

and operation current density. After careful scrutiny of the Zn-Ce and S-Fe RFBs, Zn-

Fe RFB emerged as a way to combine the advantages in the Zn-Ce and S-Fe RFBs and 

therefore provide the best balance between high cell voltage and low electrolyte cost. 

Study of the Zn-Fe RFB mainly focused on reducing the high internal resistance from 
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two membranes and an additional electrolyte compared with traditional RFBs. 

Specifically, engineering factors, such as middle electrolyte thickness, flow rate and 

operating current density, were studied and correlated with the internal resistance. The 

results suggest that a small middle electrolyte thickness, sufficiently high flow rate, 

and appropriate operating current density are required to successfully suppress 

concentration-polarization resistance and maintain the total resistance under a low 

level. The low internal resistance is a key enabler of high power density: the Zn-Fe 

RFB delivers high peak power density at 676 mW/cm2, the third highest among all 

RFBs, after all-V and H-Br RFB. The Zn-Fe RFB also shows good cycle performance, 

with high CE, VE, EE and low capacity loss. Its high performance and low-cost 

materials directly translate into low capital cost. An existing RFB cost model was 

adapted and extended to compare the costs of several notable RFBs. Indeed, the Zn-Fe 

RFB shows the lowest cost , which could reach the target set by U.S. Department of 

Energy for the 2023 term ($150/kWh). Such a low cost would make Zn-Fe RFB very 

attractive for future commercial implementation. However, one important challenge 

remains for the Zn-Fe RFB and other double-membrane RFBs that use distinctive pHs 

on positive and negative sides. Namely, there is an inevitable crossover of acid and 

base through the respective membranes. The crossover of acid/base causes pH changes 

of the positive and negative electrolytes, the precipitation of redox materials, and the 

eventual failure of the double-membrane RFB. The crossover rates of acid and base 

through several commercial membranes have been measured. The results suggest that 

the state-of-the-art membranes cannot ensure both good performance and durability 

for double-membrane RFB simultaneously. The double-membrane RFB may require 
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another breakthrough in separator innovation to mitigate the acid/base crossover issue 

for further pilot testing and commercial practice.  

A single-membrane RFB based on iron coordination chemistry was developed 

as an all-soluble all-iron RFB. It was demonstrated as the first RFB that takes 

advantage of the same element but different complexing agents on the positive 

(cyanide, CN) and negative (triethanolamine, TEOA) sides. The most attractive 

feature is that it is built on the same element, iron, and that both redox pairs being 

soluble. The use of the same element, iron, precludes the cross-contamination of metal 

ions, and guarantees the low element cost. Electrochemistry testing showed that both 

redox pairs have excellent kinetics, indicating negligible overpotential in the charge-

discharge process. The all-soluble all-iron RFB shows good functionality and 

durability. A 110-cycle test has been successfully carried out with low performance 

loss. However, a relatively low coulombic efficiency (~90%) and unexpectedly high 

cell resistance (>2.7 Ω∙cm2) were observed in the charge-discharge cycle test and 

polarization test. Detailed studies were carried out to reveal the reason for high 

coulombic efficiency loss and internal resistance. It is found that the crossover of the 

complexing agent, TEOA, to the positive side is responsible for the coulombic 

efficiency loss, as TEOA could be oxidized on the positive side both chemically by 

ferricyanide species or electrochemically on the positive electrode. TEOA is also 

found to contaminate Nafion membrane and significantly increase the total internal 

resistance of the cell. To further improve the performance, the contamination of the 

complexing agent must be mitigated and solved. Nonetheless, we believe the all-

soluble all-Fe RFB could serve as a good example to inspire more innovations in 

metal-organic based RFBs.  
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The membrane-less RFB was developed using immiscible organic-inorganic 

electrolytes. The membrane-less idea was inspired by the naturally separating 

oil/water system which requires no physical separator. Zinc (Zn2+/Zn) in an aqueous 

phase and ferrocene (Fc+/Fc) in a butyl acetate phase were chosen as the negative and 

positive redox pairs, and a proof-of-concept study was demonstrated based on the Zn-

Fc RFB. The organic electrolyte was optimized for maximum conductivity and good 

solubility of ferrocene species. The charge-discharge test validated the membrane-less 

design and functionality of Zn-Fc RFB. The major challenges for Zn-Fc RFB is the 

large internal resistance (>800 Ω∙cm2), which is due to the thick organic layer and very 

low conductivity of organic electrolyte (110 μS/cm). The resistance could be further 

reduced by decreasing the thickness of the organic layer. Though much engineering 

work is still needed in order to improve cell performance, we believe this preliminary 

work broadens the methods available to separate redox pairs in rechargeable batteries 

and generates a new membrane-less construct for RFB design. 

New designs and new chemistries are the main focus in this dissertation work. 

The double-membrane and membrane-less RFB designs could serve as two novel 

foundations for new redox chemistries and are not limited by the examples 

demonstrated in this dissertation work. The single-membrane based all-iron all-soluble 

RFB also provides a good example of the synergy between organic and inorganic 

chemistries in RFB. Though traditional RFBs, such as the all-V and Zn-Br RFBs, have 

led the way in maturity and commercialization, new design and chemistries like these 

are necessary catalysts for the continued evolution of RFBs.  
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5.2 Perspectives and Future Work 

For all the RFBs explored in this dissertation, the Zn-Fe RFB is the one that 

holds the most promise for future development, if more advanced separators could be 

invented to prevent or significantly hinder the crossover of acid and base. An 

alternative route has been explored preliminarily, which uses a ceramic membrane, 

NaSICON, that solely conducts Na+ and excludes all other ions by design. The 

acid/base crossover test shows no acid/base leak over a one-week test period. The 

NASICON membrane also demonstrated excellent stability: a 100-cycle test was 

accomplished with NASICON for the Zn-Ce RFB without large efficiency changes 

(Figure 5.1a).   

 

 

a 

 

b 
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Figure 5.1 (a) Cycling test of NASICON-membrane-based Ze-Ce RFB. An initial 

SOC of 50% and a current density of 0.2 mA/cm2 were used for both 

charging and discharging. Every cycle included the same time of 10 min 

for both charging and discharge operation. Energy efficiency of each 

cycle in the 100-cycle test is 90% on average. Coulombic efficiency was 

constant at 100%, due to the fixed time and current for both charging and 

discharging operation. Voltage efficiency is therefore equal to energy 

efficiency. (b) Polarization curve of Zn-Ce RFB during the initial state. 

Detailed experimental conditions are the same as those for (a).  

Due to the large internal resistance, however, Zn-Ce RFB was only operated at 

0.2 mA/cm2, much lower than the state-of-art operating current densities for RFB. In 

addition, an asymmetry in resistance was observed for both RFBs; the charge 

resistance is several times larger than discharge resistance, as shown in Figure 5.1b. 

Although preliminary data suggests good durability and acid/base blocking properties 

with a NaSICON membrane, numerous challenges are still awaiting ahead. Future 

work should focus on developing more advanced NaSICON separators with reduced 

resistances and symmetrical resistance behavior in acid-base hybrid RFBs.  
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Appendix A 

CALCULATION METHODS 

 

A.1 Theoretical calculation of Rcp 

Assuming electrolyte electroneutrality stands, Rcp can be calculated by the 

following equation: 

 

Rcp = (ΔΨN + ΔΨD)/I             Eq. 1 

where, ΔΨN is the sum of all potential differences established through 

each Nernst boundary layer in the electrolyte adjacent to an ion-

exchange membrane; and ΔΨD is the sum of all Donnan potential 

differences built across each ion-exchange membrane between two 

different electrolytes; and I is current density.  

 

Specifically, there are four Nernst boundary layers in the double-membrane 

cell: 1) in negative electrolyte adjacent to the CEM (Δψn-c), 2) in middle electrolyte 

adjacent to the CEM (Δψm-c), 3) in middle electrolyte adjacent to the AEM (Δψm-a), 

and 4) in positive electrolyte adjacent to the AEM (Δψp-a). As such, ΔΨN =  Δψn-c + 

Δψm-c + Δψp-a + Δψm-a. 

 There are two Donnan potential differences built in the double-membrane cell: 

1) across CEM between negative electrolyte and middle electrolyte (ΔψCEM); and 2) 

across AEM between middle electrolyte and positive electrolyte (ΔψAEM). Then, ΔΨD 

=  ΔψCEM + ΔψAEM. 
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The detailed calculation of each component is described in the following part. 

The calculation was performed in MATLAB and the corresponding code is attached. 

 

(1) Calculation of the potential difference through Nernst boundary layer 

Eq. 2 below shows the dependence of the voltage loss across the middle 

electrolyte channel on the concentration polarization at each membrane (first term on 

right hand side) and the resistivity of the middle channel electrolyte (𝜌𝑥 ). The 

concentration polarization term is adapted from a boundary layer analysis performed 

by Braff et. al.[117, 118]. The fluid flow is in the positive y-direction with current passing 

perpendicular to fluid flow. 
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where Δψmiddle stands for voltage loss across the middle electrolyte 

channel; wyy /~  , w is the height of middle electrolyte;  𝜌𝑥  is the 

resistivity of the middle channel electrolyte; d is the thickness of the 

middle electrolyte; R is the ideal gas constant; T is temperature; ze is the 

charge of the ionic species; F is Faraday’s constant; i is current density; 

limi  is limiting current density given for Poiseuille flow in the middle 

electrolyte. 
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where DNaCl is the effective diffusion coefficient of sodium chloride: 








ClNa

ClNa
NaCl

DD

DD
D

2
; β= w/d;  w and d are the width and thickness of 

middle electrolyte, respectively; Pe=v∙w/DNaCl; ν is the mean velocity of 

the parabolic velocity profile; CNaCl is the bulk NaCl concentration;  



 140 

 

Eq. 2 was solved along y~  in MATLAB by discretizing in the y direction. The 

mesh was refined until the solution was insensitive to the mesh size (n=100).  𝑖(�̃�) 

was first solved such that the total potential drop was constant for all y~  and the total 

current matched experiments. Next, the concentration polarization term through 

Nernst boundary layer was tabulated (at each y position) to find its contribution to the 

total potential drop at various middle channel conditions, based on Eq. 4.  
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The concentration polarization term through the Nernst boundary layer was 

then integrated along y~  to obtain ΔΨN. The variable ASRcpN was used to stand for this 

Nernst potential difference in terms of area-specific resistance in Matlab code. 

 

(2) Calculation of the Donnan potential differences across ion-exchange 

membrane 

The Donnan potential difference across an ion-exchange membrane from 

electrolyte α to electrolyte β is described as follow: 
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where ΔψD stands for each of ΔψCEM and ΔψAEM; R is ideal gas constant; T is 

temperature; ze is the charge of ionic species; F is faraday constant; Cα and Cβare the 

concentration of selecting ion in the vicinity of ion-exchange membrane in electrolyte 

α and β, respectively; 

0C and 


0C are concentration at open circuit state in 
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electrolyte α and β, respectively; ΔCβ and ΔCα are the concentration change in Nernst 

boundary layer in electrolyte α and β, respectively. 

The second term in the equation is to offset static Donnan potential which does 

not contribute to the concentration-overpotential here.  

The concentration change in Nernst boundary layer can be calculated by  

0
lim

C
i

i
C                 Eq. 6 

Where i is the current density, 
limi  is averaged limiting current density, Co is 

the concentration at open circuit state. 

Each Donnan potential difference across ion-exchange membrane can be 

calculated and the variable ASRcpD was used to stand for this Donnan potential 

difference in terms of area-specific resistance in Matlab code.  

 

A.2 Development of cost model.  

The RFB cost model is designed for a large scale RFB system (1 MW and 8 

WMh). The costs of materials used for calculating costs of redox pairs, and 

electrolytes, and stacks are listed in supplementary tables. The algorithm to calculate 

Veff, Ce and Cp is shown as a flow chart in Figure A1.[147, 148] The modeling GUI was 

written in software Qt/C++. The application was compiled with MinGW 4.9.1 for the 

Windows build and Clang 3.6 for the Mac build; Qt 5.4 libraries were used for both. 
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Figure A1 Flow chart of simulation model algorithm. Reprinted from J Power 

Sources 247, 1040-1051, with permission from Elsevier.  

(1) Calculation of the unit electrolyte cost (Ue).  

The following equation was used to calculate the electrolyte cost, and the 

results are listed in Table B1. 

 

Ue = Ur + Use = (ur,n + ur,p) + (use,n + use,p + use,m)  



 143 

Where Ue is the electrolyte cost; Ur is the cost of redox pair; Use is the 

cost of supporting electrolyte (salt/acid/base); ur,n and ur,p are the cost of 

negative redox pair and the cost of positive redox pair, respectively; 

use,n, use,p, and use,m are  the cost of negative supporting base, the cost of 

positive supporting acid, and the cost of middle supporting salt. 

 

For each electrolyte (negative, positive, and middle), ur and use are calculated 

by the following two equations correspondingly. 

  

ur = P/(n∙F∙W); and use = P/(n∙F∙W∙γ) 

where P is the chemical price, W is the molecular weight of chemical, 

and n is the number of working electrons/charges per molecule, F is 

Faraday’s constant, γ is the ratio of the concentration of redox pair to 

the concentration of corresponding supporting salt/acid/base.  

 

 (2) Calculation of the unit stack cost (Us). 

The stack cost was calculated by the following equation, and the results are 

listed in Table B2. 

 

Us = Uem + Um + Ub 

where Us is the stack cost, Uem is the cost of electrode meterials, Um is 

the membrane cost, and Ub is the cost of bipolar plate.   
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Appendix B 

SUPPLEMENTARY TABLES 

Table B1 Results of electrolyte cost for both Zn-Fe RFB and all-V RFB 

RFB Ur ($/Ah)[a] Uss ($/Ah)[b] Ue ($/Ah) 

Zn-Fe RFB 0.33 0.40 0.73 

All-VRFB 3.99 0.05 4.05 

[a] The pricing information and detailed calculation is shown in Table B3 

[b] The pricing information and detailed calculation is shown in Table B4  

 

Table B2 Results of stack cost for both Zn-Fe RFB and all-V RFB 

RFB Uem ($/m2)[a] Um ($/m2)[a] Ub ($/m2)[b] Us ($/m2) 

Zn-Fe RFB 118 345 55 518 

All-V RFB 140 500 55 695 

[a] Detailed calculation is shown in Table B5 and Table B6. 

[b] From reference1. 

 

Table B3 Prices of redox compounds 

Compound Molecular weight (W) 

(g/mol) 

Price (P) 

($/kg) 

n ur 

(¢/Ah) 
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FeCl3 162.5 0.215a 1 0.13 

ZnO 81.0 1.3 b 2 0.20 

V2O5 182.0 13.2c 2 3.99 

[a] Quoted from Henan Allrich Chemical Co., Ltd. 

[b] Quoted from Henan Premtec Enterprise Co. 

[c] From reference[149] 

 

Table B4 Prices of supporting salt/acid/base 

Chemical Molecular weight 

(W) 

(g/mol) 

Price (P) 

($/kg) 

n γ uss 

(¢/Ah) 

HCl (33%)  36.5 0.18a 1 1 0.074 

NaOH 40 0.4b 2 0.1 0.30 

NaCl 58.5 0.05c 1 0.33 0.03 

H2SO4 98 0.075d 2 0.3 0.05 

[a] Quoted from A.I.K International Exports 

[b] Quoted from Henan Fengbai Commercial Co., Ltd. 

[c] Quoted from Weifang Dabang Chemical Industry Co., Ltd.) 

[d] From the reference[149] 

 

Table B5 Prices of electrode materials 

Electrode materials Price 

Carbon felt, 3.1mm thickness ($ m−2) 70a 

Copper mesh, 0.5 mm thickness and 30×30 grid per square inch 

($ m−2) 
48b 

[a] From reference  [149] 

[b] Quoted from TWP, Inc. 

 

http://allrichem.en.alibaba.com/company_profile.html#top-nav-bar
http://premtec.en.alibaba.com/company_profile.html#top-nav-bar
http://pk104325639.trustpass.alibaba.com/company_profile.html#top-nav-bar
http://fbindustry.en.alibaba.com/company_profile.html#top-nav-bar
http://dabangchem.en.alibaba.com/company_profile.html#top-nav-bar
http://www.twpinc.com/
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Table B6 Prices of membrane materials 

Membranes Price 

Nafion 212 cation-exchange membrane ($ m−2) 225a 

Nafion 117 cation-exchange membrane ($ m−2) 500b 

FAA3 anion-exchange membrane, 50 μm thickness ($ m−2) 120c 

[a] From reference [175] 

[b] From reference [149] 

[c] Quoted from Fuma-Tech, GmbH.  

 

Table B7 Prices of other materials/handling  

Materials and handling Pricea 

Heat Exchanger ($ kW−1) 84 

Valves ($ per unit) 150 

Pipes ($ m−1) 8 

Bolts ($ per unit) 15 

Gaskets ($ per unit) 2.5 

Collector plates ($ per unit) 150 

Aluminum end plates ($ per unit) 193 

6″ PVC ball valve ($ per unit) 285 

1″ PVC ball valve ($ per unit) 8.6 

PVC pipe 1″ ($ ft−1) 0.87 

PVC pipe 6″ ($ ft−1) 12.49 

PVC frame ($ m−2) 16.56 

Power conditioning system ($ kW−1) 210 

Labor for electrolyte preparation ($ kWh−1) 1 

Tank ($ gal−1) 0.41 

Tank freight ($ gal−1mile−1) 0.00011 

[a] All prices are from reference [149] 

http://www.fumatech.com/EN/
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