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Abstract 

Softening the discrepancy between produced and consumed energy is one of the 

most powerful solutions for a safe, sustainable, and economically beneficial energy supply. 

Inflexibility of conventional energy plants and intermittent generation from renewable 

sources demand specific energy storage buffers to accumulate overproduced electricity and 

release it in high demand. Redox flow batteries (RFBs) represent a promising class of safe 

energy storage devices with high efficiency, durability, and simple adaptability for power 

systems of different natures and configurations. 

Lithium-metal hybrid flow batteries (Li-HFBs) are distinguished from conventional 

RFBs by improved energy density and the simplified architecture (anolyte tank is replaced 

by Li anode). The main limitation of Li-HFBs is a lack of a suitable solid electrolyte: a 

membrane with high ionic conductivity (IC) and selectivity, flexibility and integrity, 

stability in Li-HFB environment, etc. In this Thesis, we follow the 

ceramic-in-polymer approach in membrane design and develop a composite consisted of 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) filler and poly(vinylidene fluoride) (PVdF) matrix. Not only 

does this approach combine the advantages of each component (i.e., high IC of ceramics 

and flexibility of polymer), but provides prominent protection of sensitive filler particles 

from the aggressive Li-HFB environment. 

We found that porosity plays a crucial role in the membrane’s final properties and 

the whole battery system performance: it defines permeability (active species crossover) 

that affects the cell’s efficiency and capacity retention. Polymer’s phase and microstructure 
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(globularity) together with ceramic particle agglomerates are the major factors influencing 

the membrane’s porosity. Low components mixing and high solution casting temperatures 

as well as preliminary sonication of the solvent-filler suspension decrease the membrane’s 

permeability from 6.6 to 0.86 ∙ 10-7 cm2 min-1. 

For the first time, we proved that the LATP ceramic filler mainly contributes to 

composite’s IC. LATP structure comprises labile Li ions that are leached out after the 

membrane fabrication, but return during galvanostatic cycling within the hybrid cell. IC of 

all LATP+PVdF samples was >10-4 S cm-1 that outperforms commercial 

alternatives — Nafion and Neosepta. 

The Li-TEMPO hybrid flow cell equipped with the optimized membrane exhibits 

high coulombic efficiency (>95%), durability (>100 cycles), and initial capacity (>93%), 

as well as its slight decay of 0.4% h-1. Based on extensive literature review and collected 

experimental data, we summarized the set of battery-related issues that should be further 

investigated for the continuous development of Li-HFBs. 
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Introduction 

The need for energy storage reservoirs is anticipated to rise over the next few years 

due to the continuous transition to alternative energy producers. In excess of energy, the 

energy storage systems (ESSs) accumulate it and release it when there is a shortage. Redox 

flow batteries (RFBs) are ideal for stationary applications due to their independent scale of 

capacity and power, durability, and quick recharge by means of changing tanks with used 

electrolytes with ones that are charged. Despite the fact that water-based vanadium RFBs 

are the most developed kind, their widespread application is constrained by uneven 

vanadium availability, water instability, and low power density. As an alternative, RFBs 

based on non-aqueous (NAq) media provide higher operating voltages and greater redox 

chemistries’ solubility. Moreover, NAqRFBs can convert the device into a hybrid flow 

battery (Li-HFB) by using low-potential metal anodes such as lithium. Such systems can 

combine the benefits of metal batteries (high energy density) and RFBs (scalability, 

extended cycle life). However, to boost Li-HFBs’ performance and improve their 

applicability, a new ion-conducting, dense, and highly stable membrane should be 

developed. Besides the material design, one should simultaneously develop better 

manufacturing and characterization methods to make an acceptable membrane. 

A potential direction to advance membranes is the creation of composite materials. 

The currently existing single-component solutions are unlikely to be suitable for Li-HFBs. 

Commercially available materials (Li-ion battery separators) possess large permeability, 

resulting in a high rate of active species crossover. Ion-exchange membranes, traditionally 
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used in aqueous RFBs, show poor ionic conductivity (IC) and stability. Ceramics have a 

promising IC but remain unstable towards metallic lithium and/or air. The "filler-matrix", 

composite approach, combining the benefits of ceramic and polymer components, might 

generate a membrane product with potentially high IC, improved stability, flexibility, and 

integrity. To create the composite membrane appropriate for Li-HFBs, among the variety 

of materials we selected Li1.3Al0.3Ti1.7(PO4)3 (LATP) NASICON-type ceramic and 

poly(vinylidene fluoride) (PVdF) polymer. With a solid structure, adequate 

electrochemical stability, and a promising IC (>104 S cm-1), LATP can be easily produced. 

The PVdF matrix, being simple to construct and handle, gives the system flexibility, 

improves its stability, and reduces crossover. To the best of our knowledge, no polymer-

ceramic membranes for flow batteries have yet been suggested. Taking the prospect of the 

composite system for the Li-HFBs into consideration, we established the following goal of 

the current Thesis: 

− to develop an ion-conductive, selective, and stable ceramic-in-polymer composite 

membrane for Li-metal hybrid flow batteries. 

To accomplish this goal, a series of objectives based on the literature overview 

(Chapter 1) were further formulated in Section 1.7. 
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Chapter 1. Literature Overview 

In this chapter, we introduce energy storage systems — effective devices capable 

of maintaining the electrical energy generation/consumption balance for either 

conventional or renewable power plants. We start with a broad discussion of different types 

of ESSs. After the electrochemical type, we describe their historical development, and 

evaluate various current and emerging technologies. Later, we consider RFBs, prospective 

energy storage systems, elucidating their classification, operation principles, and 

components. Then, we focus on ion-conducting membranes — crucial RFB components 

retarding their development. We provide membrane common and emerging types, compare 

their properties, and analyze potential applicability in RFBs. Further, we discuss main 

principles and metrics for RFB and membrane characterization. We establish a Li-metal 

hybrid flow battery (Li-HFB) equipped with a polymer-ceramic membrane to be a 

promising solution for the high-power and high-energy energy storage. Finally, we draw 

conclusions from Literature Overview and formulate Goals and Objectives of the Thesis. 

1.1. Energy Storage Systems for Better Infrastructure 

Since the start of the third decade of the 21st century, global authorities have been 

expecting a so-called energy transition to come soon [1]. In a specific sense, the “Energy 

Transition” can be explained as a global shift from production and consumption of fossil-

originated energy (wood, coal, oil, natural gas) to renewable energy (solar, wind, 

geothermal heat, water). The global pandemic of COVID-19 started in 2020 clearly 

demonstrated the fragility of the current energy system based on traditional fuels. 
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Conventional plants usually have long start-up time and constant energy output that make 

them totally inflexible toward sudden or cyclic fluctuation of energy demand. Such 

production-consumption inconsistencies may lead to wasted energy generation, financial 

damages, and increasing pollution [2]. Moreover, the altering prices for hydrocarbon fuels 

and the danger of their supply shortage for importing regions require novel approaches 

enabling to improve energy security. As a result, the global communities are currently 

focused on developing alternative energy production technologies based on renewable 

resources and characterized by higher adaptability [2,3]. 

Although the renewable energy generators are more flexible and environmentally 

benign, their energy generation is intermittent — sun light intensity depends on time of 

day, wind power changes with weather. To overcome the described inconsistencies 

between the actual energy production and demand, the power stations should be coupled 

with ESSs. Such buffers would accumulate energy in the periods of overproduction and 

release it in the time of deficiency enhancing the system’s safety, flexibility, efficiency, 

and durability. In an ideal scenario, the smart integration of ESSs and energy production 

plants of different scale and storage/generation mechanisms into a common grid system 

would bear many economic, social, and ecological benefits. The electricity generated can 

be stored through conversion to energy of a different nature. Accordingly, existing ESSs 

can be distinguished by mechanical, thermal, electrical, and electrochemical devices, 

different by capacity, power, time of response, efficiency, and application (Table 1.1). 
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Table 1.1. Characteristics and applications of energy storage technologies [4,5]. 

Technology 

Capacity, 

MWh 

Power, 

MW 

Efficiency 

% 

Response 

time Application 

Mechanical 

Flywheel <10 <20 70-85 <10 ms Small scale: load & 

voltage support. 

Customer management 

Pumped hydro 5000-

15000 

500-

1500 

70-85 <1 min Energy arbitrage. 

Frequency regulation. 

Renewable integration 
Compressed air <2700 <135 ~70 <15 min 

Thermal 

Latent- and 

sensible-heat 

<350 <50 <80 <10 min Energy arbitrage 

Electrical 

Double-layer 

capacitor 

0.1-0.5 <1 ~95 ~10 ms Short-term/emergency 

power supplying 

Superconducting 

magnetic 

1-3 <10 ~95 ~10 ms 

Electrochemical 

Lead-acid battery 0.25-50 <100 ~85 ~1 ms Load following. 

Small-scale arbitrage. 

Custom. management. 

Renewable integration 

Li-ion battery 0.25-25 <100 ~90 ~1 ms 

Vanadium redox 

flow battery 

<250 <50 ~85 1-10 min 
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In mechanical ESSs, electricity transforms by a spinning rotor (flywheel storage), 

up-and-down water pumping (pumped hydro storage), or compressing air. The flywheel 

ESSs are self-sustain, durable, and ecological, but have a high self-discharge rate (up to 

20% h-1), high cost, and low capacity making them suitable specifically for small-scale 

ESS applications. The pumped hydro ESSs share the dominant position in the global 

stationary storage market (~95% or 210 GW) providing the gigawatt-sized energy arbitrage 

[6]. A technically unlimited lifetime is a plus, whereas a massive construction and specific 

topology requirements are disadvantages of this energy storage approach [7]. The 

compressed air-based technology is quite promising due to its scalability and low 

self-discharge, although it is currently expensive and requires further optimization 

[8].Thermal ESSs are distinguished by the latent- and sensible-heat types [9]. The latent-

heat ESSs employ the material’s liquid-solid transition: during energy accumulation, the 

material (typically, NaOH) is transformed from solid to liquid state, during 

retrieval — vice versa. The heat is transferred by the circulation of specific fluids 

distributing the energy in the system. The sensible thermal storage utilizes no aggregate 

state transition, but heats/cools the bulk material (e.g., molten sodium salts). The released 

heat is used to vaporize water that is fed to the turbo-alternator system. Other less common 

thermal storage approaches are geothermal, solar, and phase conversion systems [10]. 

Electrical ESS (double-layer and superconducting magnetic capacitors) can 

promptly release all the stored energy in seconds, but possess high self-discharge rate 

(5% day-1), so they are more suitable for emergency back-up or engine starting. 
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The electrochemical ESSs (rechargeable batteries) are currently the most 

intensively developing branch due to energy efficiency that overcomes the majority of 

other storage technologies. What is more, the batteries have wide limits of 

scalability — from milliwatt-hours for human wearable devices [11] to gigawatt-hours for 

the large-scale applications [4,5]. In a respect to ESSs, rechargeable batteries support 

ancillary service (stable transmission of power from a generator to a consumer), arbitrage 

(storing energy in the periods of its excess and low price), integration with renewable 

producers, and customer private usage (Table 1.1). Due to the rapid distribution of LIBs, 

the price per a pack decreased by 85% within ~20 years [12]. Therefore, it is not surprising 

that since 2016 more than 80% of newly installed stationary ESSs are powered by LIBs 

[13]. Of course, there are problems that still have to be resolved, i.e., cost-efficiency, 

durability, safety, sustainability, and integrity to specific ESSs. Therefore, other 

rechargeable battery concepts are now intensively investigated in parallel with LIBs. 

Among the large variety of energy storage technologies mentioned in this section, 

rechargeable batteries can reasonably be considered the most attractive option for energy 

grid modification. Compared to other ESSs, the batteries possess general flexibility paired 

with high energy efficiency, so they can be integrated into power systems of various natures 

and scales. In the next section, we provide a brief insight into the current battery types: 

discuss their operational principles, advantages and limitations, functional features, and 

applicability for stationary energy storage purposes. 
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1.2. Rechargeable Batteries: From Invention to Modern Days 

Rechargeable batteries are electrochemical energy storage devices enabled to 

accumulate and release electrical energy multiple times operating in a charge/discharge 

cycling manner. The first rechargeable accumulator type was a Pb-acid battery invented 

in 1859 by Gaston Planté. In this battery, lead, lead oxide, and concentrated sulfuric acid 

are used as anode, cathode, and electrolyte, respectively. In the fully discharged state, both 

electrodes take the form of lead sulphate, while the concentration of H2SO4 in the 

electrolyte is reduced (Table 1.2). The modern Pb-acid batteries are low-cost, tolerant to 

low temperature, low self-discharging, and capable with high discharge currents. At the 

same time, the Pb-acid batteries require careful usage and specific utilization approaches 

to avoid an impact of harmful Pb on humans and environment. Short lifetime (<500 cycles; 

Figure 1.1), low charge speed, and low specific energy (~40 Wh kg-1; see brief description 

of battery performance metrics in Appendices, Table A1) currently make the Pb-acid 

batteries suitable for specific applications, e.g., internal combustion engine starting [14]. 

Ni-Cd batteries, explored by Waldemar Jungner in 1899, in contrast to the Pb-acid 

representatives, have longer cycle life, higher charge rates, and better compactness (Table 

1.2). From the 1980s to the middle 1990s, the Ni-Cd batteries dominated the market of 

portable devices. In this type, Cd anode and NiO(OH) cathode are immersed in KOH 

electrolyte. Their main drawbacks are memory effect (capacity reduction due to partial 

discharging) and fast self-discharge (Figure 1.1b). Moreover, Cd is a toxic and expensive 

metal that demands much attention to battery production, application, and utilization. 
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Table 1.2. Performance comparison of Pb-acid, Ni-Cd, and Ni-MH batteries with LIBs [14–18]. 

Type Electrode reactions 

Specific 

energy, 

Wh kg-1 

Energy 

density, 

Wh L-1 

Voltage, 

V 

Cycle 

life 

Self-

discharge, 

% month-1 

In use 

since 

Pb-acid A: Pb + HSO4
− ↔ PbSO4 + H+ + 2e− 

C: PbO2 + 3H+ + HSO4
− + 2e− ↔ PbSO4 + 

2H2O 

30-50 60-110 2.0 300-

500 

5 1800s 

Ni-Cd A: Cd + 2OH− ↔ Cd(OH)2 + 2e− 

C: NiO(OH) + H2O + e− ↔ Ni(OH)2 + OH− 

40-60 150-

190 

1.2 1000 20 1950 

Ni-MH A: MH + OH− ↔ M + H2O + e− 

C: NiO(OH) + H2O + e− ↔ Ni(OH)2 + OH− 

60-120 140-

300 

1.2 500-

2000 

30 1989 

LIB A: C + xLi+ + xe− ↔ LixC 

C: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe− 

155 400 3.6 500-

2000 

5 1991 

C: LiNMC ↔ Li1-xNMC + xLi+ + xe− >300 >700 3.8 800-

3000 

5 1999 

C: LiFePO4 ↔ Li1-xFePO4 + xLi+ + xe− 150 325 3.3 3000-
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Figure 1.1. Qualitative performance comparison of (a) Pb-acid, (b) Ni-Cd, (c) Ni-MH, 

and (d) LIB [14]. 

 

Ni-MH batteries, commercially available from 1989, instead of Cd anode employ 

metal alloys (M) with a layer of adsorbed hydrogen (H) in the charged state. This 

diminished the memory effect and increased energy density and charge rates. The huge 

limitation of the Ni-MH batteries is the dramatic self-discharge process approaching one 

third of the battery’s initial capacity. The Ni-MH batteries had been widely used in mobile 

phones, laptops, and even first hybrid electric vehicles before they gave the floor to LIBs. 
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Na-S batteries deserve attention due to their relatively high energy density 

(150−300 Wh L-1), low materials cost, and durability. Such batteries operate at 300-350 °C 

and utilize molten sodium and sulfur as an anode and cathode separated by β-alumina 

served as a sodium-ion conductor [18]. In spite of materials affordability, the annual 

operating cost of the Na-S batteries approaches 80 $ kW-1 year-1 (vs. 6-16 for LIBs [19]) 

due to the heat supply required to the system. To overtake the cost problems, the room-

temperature Na-S batteries with carbonate- or ester-based electrolytes are tested. However, 

poor cyclability, high irreversible capacity, self-discharging, dendrite growth, and slow 

reaction kinetics should be resolved prior to their commercialization [20]. Disregarding all 

the limitations, the Na-S batteries are already installed in several energy generation 

facilities for mitigating wind and solar power fluctuation and load levelling [18]. 

To mitigate the limitations of the battery types from above, a great attention has 

been devoted to investigating Li-ion batteries. In conventional LIBs, Li+ as a charge carrier 

participates in redox processes through intercalation/deintercalation to electrode materials 

[21–24]. The use of Li is beneficial due to at least two reasons: Li is the lightest metal and 

has the lowest electrochemical potential (−3.04 V) among the others. The Li-involved 

battery weighs less and provides higher energy for the same capacity unit, which can 

dramatically enhance specific power and energy (Watt and Watt-hour, respectively, 

normalized to kg). This makes the Li-based batteries very promising for a broad range of 

electrical devices. Therefore, in the next section, we are going to estimate performance of 

current and emerging lithium battery types and evaluate their potential for stationary ESSs. 
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1.3. Lithium Batteries Family 

1.3.1. Conventional Li-ion Batteries 

In 1991, LIB final commercialization by Sony Corporation opened up a new era of 

rechargeable batteries. During the charge process of a typical LIB, Li ions move from the 

LiCoO2 cathode to the graphite anode through a liquid electrolyte consisting of an organic 

carbonate solvent and lithium hexafluorophosphate as a salt (Figure 1.2a). This set-up 

brought an outstanding at that time performance: 400 Wh L-1 and 155 Wh kg-1 at 3.6 V 

nominal voltage [15]. Low self-discharge, light weight, and good cycling performance 

rapidly made LIB a dominant energy storage device for portable applications and beyond 

(EV, ESS). The substitution of electrolytes from liquid to polymer-based improved LIB’s 

compactness, allowing the production of thin devices (ultrabooks, smartphones) and 

wearable electronics [14]. 

With time, several new materials have been introduced for LIBs to further improve 

their energy and power density, life span, etc. The cathode materials development is of 

special interest: the currently available diversity (layered, spinel, olivine structures; see 

Figure 1.2b) allows the adoption of the LIB for a specific use case. For example, the 

LiNixMnyCozO2 cathodes, providing moderate cycle life, give high power and energy 

density, whereas LiFePO4, having lower energy density, shows supreme cycle and thermal 

durability (Figure 1.2c, Table 1.2). 
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Figure 1.2. (a) Principal scheme of LIB operation; (b) crystal structure of three Li-

insertion compounds and corresponding Li+ mobility dimension; (c) qualitative 

characteristics of popular LIB cathodes [25,26].  

 

In spite of the mentioned advantages, current LIB technology demands severe 

optimization to be more efficient for ESSs. The most crucial points are: 
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• Cost. LIBs are relatively cost-efficient for portable devices and EVs. For large-scale 

applications, the energy-specific storage cost is one of the main problems to resolve. 

• Safety. Inflammation of LIBs caused by mechanical, thermal, and other damage is one 

of the main concerns for specialists [27]. More advanced and safe electrolytes should 

be developed to suppress the risk of thermal expansion, dendrite growth, and other 

reasons of LIB inflammation [28,29]. 

• Life cycle. Prolongation of LIB’s cycle life would drastically diminish the cost of 

energy storage in LIBs. Their lifetime actually depends on the degradation processes 

occurring inside the cell. To prevent them, it is suggested to stabilize SEI, improve the 

contact between a cathode material and a current collector, and enhance the phase 

stability of the cathode active compound [30,31]. 

• Fast charging. For stationary applications, a fast LIB responding to the energy input 

is a necessity. Although this is a complex problem, it can be resolved by introducing 

new materials supporting fast and reversible redox processes [32]. 

• Sustainability. Mines and deposits of raw materials for the cathodes are localized in 

specific geographical places that makes their continuous supply to LIB plants 

challenging [33]. Taking into account the forecasted exponential growth of the LIBs 

demand [34], to avoid resource depletion, the infrastructure for the end-of-life LIB, 

recycling should be developed [35,36]. Finally, the technologies for materials 

extraction, cell manufacturing, and spent LIBs recycling are to maintain a low amount 

of CO2 emission [37]. 
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1.3.2. All-Solid-State Batteries 

To overtake the LIB’s limitations stated above, new battery types are being 

investigated. In ASSBs, no liquid components are employed [11,38]: instead of liquified 

electrolyte, a solid Li-conducting membrane is used for a charge balance. The membrane 

not only prevents the LIB’s leakage and electrolyte’s thermal extension improving safety, 

but also makes the cell even more compact, improving its gravimetric characteristics. The 

dense membrane’s structure blocks the growth of lithium dendrites enabling the application 

of a low-potential metallic Li anode. Together with the high-voltage cathodes 

(e.g., NMCs), the system can approach outstanding specific energy of up to 500 Wh kg-1, 

which is 2-2.5 times higher than of conventional LIBs [11,38]. Majority of ASSB’s 

limitations, e.g., Li dendrites growth, high total cell resistance, are associated with the 

membrane issues. Hence, enhancing ASSB membrane’s IC, robustness, and stability is the 

central task. Due to high specific power (directly related to energy density), ASSBs are 

expected to be used mainly for EVs, power tools, wearable devices, and for an easy start 

of large machines (tracks, ships, aircrafts). 

Despite ASSBs will unlikely be applied for ESSs broadly, they revealed valuable 

benefits of Li-metal anode and solid-state ion-conducting membrane — the combination 

that can be also used in other ESSs. Development and optimization of these components 

can enhance the performance of batteries even beyond the all-solid-state set-up. 
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1.3.3. Redox Flow Batteries 

Calling to the history of RFB development, P. Pissoort originally reported a 

vanadium redox couple in 1933 [39], while W. Kango first patented a titanium chloride 

flow cell in 1954 [40]. Thaller et al. began systematic investigations on Fe-Ti and Fe-Cr 

electrolytes in the 1970s as a part of NASA space missions [41,42]. At the start of the 

1980s, an interest in electrochemical energy storage began to grow in Japan, where the 

Electrotechnical Lab developed Fe-Cr redox systems using hydrochloric acid [43]. A. 

Pelligri and P. Spaziante reintroduced the vanadium concept in 1978 [44], but a little 

progress was made. Later in 1985, Skyllas-Kazacos successfully demonstrated and 

commercialized an all-vanadium RFB [45,46]. Simultaneously, new technologies of 

vanadium mining and refining were developed (e.g., from soot of heavy fuels and titanium 

production) which boosted the interest in this metal. Such success stimulated an increase 

in vanadium RFB research resulting in the first commercial installations in the 2000s and 

shifting the Fe-Cr RFB technology from the scene. In recent years, a number of research 

groups and companies focus on improving existing cell design and developing new 

chemistries. Nowadays, vanadium RFBs are successfully tested for voltage sag 

compensation, emergency power supply, load levelling, power stability, etc. 

It can be said the RFB’s main components are inverted in terms of aggregatory state 

compared with conventional LIBs. RFB’s electroactive material is not embedded in solid 

electrodes, but dissolved in liquid solutions (electrolytes in the RFB notation) that are 

stored in two separate reservoirs (tanks; Figure 1.3a) outside and pumped through the cell. 
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This allows an independent control of power and capacity, strictly linked in other batteries, 

that makes RFBs flexible and cost-efficient for various applications. Increasing the volume 

of electrolytes (keeping redox moieties concentration the same) and maintaining the 

electrodes area, RFB’s capacity scales regardless of power. Moreover, the tanks with the 

used electrolytes can be changed to that with charged ones in case of instant recharge 

emergence. 

 

Figure 1.3 (a) General scheme of a RFB system and (b) illustration of electrochemical 

cell reflecting its main components [47,48]. 

 

The RFB cell is composed of two parts separated by a solid ion-conducting 

membrane (Figure 1.3b). In addition to charge balancing, the RFB membrane must block 

intermixing of the opposite electrolytes to avoid a crossover — a source of the battery 

capacity decay. Therefore, an ideal membrane for RFBs should have high IC, low 

electronic conductivity, low permeability to electroactive species, mechanical and 

chemical stability, and inexpensiveness (the membrane share in total RFB cost exceeds 
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40% [49]). Taking into account such a strong requirement set, the scientific communities 

developing RFBs should pay much attention to the membrane design [50]. 

In RFBs, electrodes (Figure 1.3b) are porous materials with high surface area, 

where redox species reactions take place. Electrode’s morphology largely affects the 

transport and kinetics of redox processes. Graphite paper or felt are currently the most 

common materials for the RFB electrodes. Inert and flexible gaskets (made of Teflon or 

Viton; Figure 1.3b) fix the electrode position, protect the membrane, prevent leakage, and 

provide tightness for the assembled cell. 

Flow plates (or bipolar plates; Figure 1.3b) in the RFB cell transfer electrons from 

the electrodes to current collectors and distribute the flowing electrolyte through the 

electrode surface. The flow plates are usually made of compressed modified graphite with 

high electrical conductivity and zero permeability to liquids to avoid cell leakage. The flow 

plate can optionally have a channel pattern to distribute the electrolyte more uniformly 

upon the electrode’s surface. 

Current collectors (Figure 1.3b), commonly made of electronically conductive Cu 

or Al, provide the electrons transport from the cell to an external circuit. Metal or plastic 

end plates (Figure 1.3b) allow in- and outlet flow of the electrolytes, distribute pressure, 

and tighten and complement the whole construction. Multiple cells can be connected 

serially into a stack for scaling the battery’s power. Besides the reservoirs with electrolytes, 

the electrochemical cell, and the pumping system, the final RFB installation should also 
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include the electronic control system responsible for temperature and power tuning and 

components state monitoring. 

Nowadays, commercially available and emerging membranes can balance the 

charge through conducting different cations (H+, TEA+, Li+, Na+) and anions (OH−, BF4
−). 

Even though there are different all-flow RFB systems employing specific charge carriers, 

the actual nature of balancing ions does not impact the battery’s performance directly. 

However, this impact increases drastically as soon as its solid, zero-charged form becomes 

involved in an electrochemical process: M0/Mn+ potential differentiates charge carriers by 

their nature. Introducing the M0/Mn+ redox couple into the flow system can boost the 

battery’s working voltage and, hence, energy and power density. 

While Li-ion RFBs are only developing, all-vanadium and zinc-bromine aqueous 

systems have already received much investment and reached an early stage of 

commercialization as ESSs [51,52]. VRFBs are employed in pilot plants with the range of 

1–200 MW power and 10–800 MWh energy. Using vanadium oxides at both 

compartments suppresses their intermixture and supports 20,000 charge/discharge cycles 

compared to 3,000-5,000 for typical LIB [53]. At the same time, VRFB are characterized 

with low cell voltage (1.26 V), low active compounds solubility, and, hence, only 

40 Wh L-1 energy density [54] (vs. 200 Wh L-1 for LIB’s). The limiting factor of increasing 

cell voltage is a water decomposition (1.2-1.6 V) that retards the implementation of 

vanadium and other aqueous RFBs. Accounting the fluctuating vanadium cost linked to 

the steel production and expensive Nafion membrane ($500 m-2 [55]), the capital cost of 
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typical VRFB varies within $300–800 (kWh)-1 — much higher than the established target 

of $100 (kWh)-1 [49,56]. 

Zn-Br RFB has been also scaled up: several 0.6–2 MW h-1 projects are installed for 

the load leveling service [52]. Zn-Br RFBs represent the hybrid flow structure — zinc 

deposits on a carbon anode during the charge and dissolves during the discharge. Zn-Br 

RFBs possess enhanced energy density (60–90 Wh L-1) and cheaper materials comparing 

to VRFBs. However, the specific maintenance conditions (preventing Zn dendrite growth, 

sequestering agents, avoiding toxic Br emissions, etc.) level the capital costs of Zn-Br and 

VRFBs at ca. $0.2 (kWh cycle)-1 [57]. 

In order to decrease the RFB capital cost, organic redox-active couples can be used 

instead of metal-based compounds. Organic molecules are more abundant and can be 

synthesized from various sources. Some of them support the energy-beneficial multi-

electron transfer; the structure can be synthetically tailored to provide better kinetics, 

solubility, and potential [58]. The most successful examples of aqueous RFBs can be found 

in Appendices, Table A2. Still, their performance is limited to low cell potential (<1.7 V), 

as well as to insufficient redox species’ water solubility (<1 M) and slow kinetics. 

Overall, to accelerate the RFB implementation in ESSs, its capital cost should 

approach an estimated $100 per kWh. This target can be achieved by increasing RFB’s 

energy density through several modifications: 

• Substitute electrolytes media from aqueous to non-aqueous that can broaden operation 

voltage and improve redox couples’ solubility; 
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• Design low-cost redox couples with facile kinetics and high stability (e.g., organic-

based moieties); 

• Prioritize the metal cations as the charge carriers to further enhance RFB with solid 

materials, introduce a M0/Mn+ couple. 

1.3.3.1. Non-aqueous all-flow batteries 

NAqRFBs were first described by Matsuda et al. in 1988 [59] and contained Ru-

based active species dissolved in ACN. Besides noble metal complexes, in 2009 vanadium 

acetylacetonate was employed as an active component showing promising performance 

[60]. To resolve some of the organometallic compounds’ issues (poor solubility, low 

stability), numerous organic molecules have been investigated as redox species since 2011 

[61]. The resulting organic-based NAqRFBs operate at much higher cell voltages (up to 5-

6 V), temperatures, and species concentrations that can theoretically increase RFBs energy 

and power density. At the same time, NAq solvents are more viscous than water, so one 

may expect lower IC. 

The choice of a membrane for NAqRFBs is more challenging. The Nafion 

membranes, used for aqueous systems, even in the modified state show poorer IC in 

NAqRFBs. As a result, the current range applied for NAqRFBs is only 0.1–10 mA cm-2 

vs. 0.1–1 A cm-2 for aqueous systems. High swellability of ion-exchange membranes may 

lead to severe crossover of active species. Membrane’s stability in NAq media is also 

questioned [50]. Nevertheless, organic-based NAqRFBs have a huge potential to overtake 

VRFBs and approach LIBs in terms of performance. Below, we discuss the most promising 
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NAqRFBs relying on Li-ion transfer (the examples based on other supporting ions can be 

found in Appendices, Table A3). 

Brushett et al. for the first time investigated an all-organic RFB system utilizing the 

DBBB-based catholyte, 2,3,6-trimethylquinoxaline anolyte, and ion-exchange Nafion 117 

membrane soaked in LiBF4 in PC [62]. The authors discussed intriguing advantages that 

organic materials can provide such as tailorable redox potentials, solubilities, and kinetics 

of the species. The DBBB compounds showed reversible single electron transfer at 4 V 

vs. Li/Li+ and solubility at PC of up to 7 M. The proof-of-concept 1.7-1.8 V cell, assembled 

in a coin set-up (0.0625 mA cm-1), demonstrated coulombic and energy efficiency of 

higher than 70% and 37%, respectively, during 30 cycles. Energy density was also lower 

than that for VRFBs (16 vs. 40 Wh L-1). In spite of insufficient performance reported, this 

work initiated a series of research focused on long-term stability and efficiency 

improvement through the active species tailoring, cell design, and searching for the 

membrane for Li-ion NAqRFBs. 

Wei et al. continued the all-organic systems development and examined the 

9-fluorenone-DBMMB NAqRFBs cell (2.4 V) [63]. The authors designed a flow cell 

operated by the Daramic porous membrane enabling the current density as high as 

15 mA cm-2. Despite the system approached 11 Wh L-1 energy density, it maintained only 

86% coulombic efficiency and 20% of initial capacity after 100 cycles. The authors 

associated the decay with the fluorenone radical degradation and high Daramic membrane 

permeability dictated by its 57% porosity. 
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To further improve current density, the same research group introduced 

N-methylphthalimide instead of fluorenone [64]. Using the 1.0 M LiTFSI in DME 

electrolyte and the Daramic membrane, the battery cell (2.3 V) demonstrated 50 cycles at 

35 mA cm-2 and maintained 90 and 69% coulombic and energy efficiencies throughout the 

cycling. The membrane was chosen among several Daramic and Celgard commercial 

samples according to the lowest resistance. At the same time, their permeability was not 

addressed, even though it might grow opposite to porous membrane’s resistance. 

Overall, Li-ion NAqRFBs are quite promising due to their cell voltage going 

beyond the water decomposition potential. Organic redox active species are cost-beneficial 

and allow tuning their properties through the structural modification. Nevertheless, energy 

density of the all-flow NAqRFBs is still much lower than of VRFB counterparts, so either 

cell resistance, cell voltage, or both should be further improved. A significant portion of 

attention is to be addressed to membranes: there is little information regarding its stability 

in the NAq environment and the IC (resistance)/permeability correlation. 

1.3.3.2. Li-Metal Hybrid Flow Batteries 

An intriguing approach to enhance the NAqRFB cell voltage and, hence, energy 

density is to couple a catholyte with a metallic anode (e.g., Zn, Na, Li, etc.). Li-metal hybrid 

flow batteries (Li-HFBs) are particularly interesting due to the lowest electrochemical 

potential of Li (–3.04 V). By its employment, the expected NAqRFB’s cell voltage can be 

increased to 2.5–4 V approaching that of conventional LIBs. Additionally, such a hybrid 

system simplifies the RFB’s architecture by replacing the anolyte tank with a thin Li plate 
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(Figure 1.4a). Combining the features of NAqRFBs and ASSBs this way, Li-HFBs have 

great potential to finally overtake the energy density of aqueous RFBs and even approach 

the LIB technology (Figure 1.4b). See examples of common Li-HFBs in Table 1.3. 

In 2011, Senoh et al. reported the Li-HFB performance for the first time [65]. As a 

catholyte, they employed benzoquinone-based compounds dissolved in the 1 M LiClO4 in 

GBL supporting electrolyte (SE). In the designed static-mode electrochemical cell, the 

authors used LICGC membrane to separate the anode part (Li metal in SE) from the 

cathode (active moieties in SE). The most efficient Li-DPBQ cell showed 2.6 V and 98% 

capacity retention after 25 cycles at 0.05 mA cm-2. 

 

Figure 1.4. (a) Scheme of HFB with lithium-metal anode; (b) Performance comparison of 

Li-HFBs with common RFB solution [66]. 
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Table 1.3. Performance of Li-metal HFBs. 

Catholyte / 

Membrane Positive redox couple 

OCV, 

V 

Energy density, 

Wh L-1 / current 

density, mA cm-2 

Coulombic / 

Energy 

efficiency, % Ref. 

0.1 M DPBQ + 

1 M LiClO4 in GBL / 

LiCGC 
 

2.6 − / 0.05 − [65] 

0.25 M anthraquinone-

based + 1.0 M LiPF6 in 

PC / Celgard 3401 
 

2.4 25 / 0.1 − / 82 [67] 

1 mM DBMMB + 

0.5 M LiBF4 in PC / − 

 

4.0 − / 0.1 − / 81 [68] 

0.1 M 1,4-dimethoxy-

2,5-dimethylbenzene + 

1 M LiTFSI in EC-PC-

EMC / Daramic                  

3.9 16 / 7.5 95 / 79 [69] 
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2 M TEMPO + 1.0 M 

LiPF6 in PC-EC-EMC/ 

polyethylene-based 
 

3.6 126 / 5 99 / 86 [70] 

1:1 MeO-

TEMPO:LiTFSI + 

17 wt.% H2O / LICGC  

3.3 200 / 0.1 99 / 80 [71] 

0.08 M Tetra-

aminoanthraquinone + 

1.0 M LiTFSI in 

DMSO / Nafion 115 
  

3.8 22 / 20; 

theoretical energy 

is 1858 Wh kg-1 

99 / 71 [72] 

0.3 M MPT with 

Ketjenblack + 

1.0 M LiPF6 in 

EC:DEC / LAGP 

                 

3.5 190 / 0.2 99 / − [73] 
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Later, Wang et al. proposed anthraquinone modified with triethylene glycol methyl 

ether groups as catholyte species [67]. Operated in the static mode at 2.45 V and 

0.1 mA cm-2, the cell showed 25 Wh L-1 energy density, which was never achieved before 

for NAqRFBs, and 82% energy efficiency that diminished though to 70% after 10 cycles 

due to possible oligomerization of radical anions. 

To further increase Li-HFB cell voltage, Huang et al. explored several 

DBMMB-based compounds as positive moieties [68]. At 0.4 mA, the cell (4.0 V) showed 

30 charge/discharge cycles maintaining ca. 80% energy efficiency. The liquid state of the 

DBMMB molecule allows the latter to be used as-received or co-dissolved for high-energy 

NAqRFBs. Unfortunately, there is a lack of information in the article regarding the cell 

assembling features, including the membrane used. 

Later, Huang and co-authors reported light 1,4-dimethoxy-2,5-dimethylbenzene 

catholyte species that provided ultimate capacity of 161 mAh g-1. In their performance 

experiments, the authors used the hybrid anode consisting of the stacked Li foil and 

graphite felt. Worth mentioning the anode part as well as the catholyte reservoir were filled 

with comparable volumes of active compounds in SE. This set-up excludes the impact of 

crossover from the cell performance allowing to use low-resistant porous separators and, 

hence, higher currents. Although such specifics simplify proof-of-concept studies, in 

further HFB development, the crossover impact should be considered. 

Using the same approach to the anode and cell design, Wei et al. for the first time 

investigated the Li-TEMPO flow cell [70]. Theoretical energy density of TEMPO-based 
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HFBs approaches outstanding 200 Wh L-1 primarily due to the high solubility of TEMPO 

in NAq electrolytes (2 M). In aprotic solvents, TEMPO is a stable radical showing 

reversible redox reaction within 3.4-3.9 V [74]. Using 2 M TEMPO dissolved in the LiPF6 

PC-EC-EMC electrolyte, the authors achieved 86% energy efficiency and 126 Wh L-1 

energy density (Figure 1.5a, b) reaching 67% of the theoretical value. 

 

Figure 1.5. (a) Cycling performance of 0.1 M TEMPO + 1.0 M LiPF6 in PC-EC-

EMC+15 wt.% FEC at 5 mA cm-2; (b) energy density voltage curves for Li|TEMPO cell; 

(c) Cycling behavior of Li|MeO-TEMPO flow cell during the 1st cycle at 

0.1–0.5 mA cm-2; (d) Flow cell demonstration and cycling behavior at 1 – 5 mL min-1 

flow rates [70,71]. 
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Takeshi et al. reported the MeO-TEMPO catholyte to be able to provide even 

higher energy density — 200 Wh L-1 [71]. The authors’ novel idea was to liquify 

MeO-TEMPO by mixing it with the LiTFSI supporting salt and small amount of water, 

thereby obtaining a supercooled ionic liquid. The static mode cell survived 

20 charge/discharge cycles at 0.1 mA cm-2 showing 80% energy efficiency and 84% 

capacity retention (Figure 1.5c, d). However, the system’s components stability to water 

was not evaluated. 

Outstanding research was recently carried out by Pahlevaninezhad and co-workers 

[72]. As a catholyte active compound, they utilized tetra-aminoanthraquinone (DB-1) 

capable of a 4-electron charge transfer and high electrode potential (3.5 V vs. Li). 

Theoretically, DB-1 may achieve one of the highest specific energy values ever reported 

for RFBs — 1858 Wh kg-1. According to DFT calculations (for the DMSO solvent) and 

the voltammetric studies, the molecule can not only experience the oxidation (4 e−) but also 

the reduction process (2 e−), thereby supporting the 6-electron transfer. The Li-HFB cell 

cycling with the 1.0 M LiTFSI in DMSO electrolyte, Nafion 115 membrane, and 80 mM 

DB-1 concentration (solubility is ca. 1 M) at 20 mA cm-1 showed energy efficiency of 

71%, capacity retention of ca. 100%, and 22 Wh L-1 energy density (Figure 1.6a, b). 
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Figure 1.6. (a) Performance of 80 mM DB-1 + 1.0 M LiTFSI in DMSO in Li|DB-1 cell at 

20 mA cm-2; (b) Capacity retention during 50 charge/discharge cycles; (c) First cycles of 

galvanostatic profile of 0.3 M MPT + 1 M LiPF6 in EC:DEC (1:1 vol.) in Li|MPT cell at 

0.1–0.8 mA cm-2; (d) Capacity retention and coulombic efficiency of Li|MPT cell at 

0.1 mA cm-2 [72,73]. 

 

Recently, Chiang et al. proposed the concept of semi-solid RFBs [75]. The addition 

of dispersed conductive material (solid boosters) into liquid electrolyte media can 

potentially enhance RFB’s energy density. Among the diversity of such suspension-based 

flow systems [76], the research by Chen et al. is of a particular interest [73]. The authors 

combined Li-metal anode with the MPT-based catholyte suspended with conductive 

carbon (Ketjenblack) to drastically improve the battery’s performance. As a Li-conducting 
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separating solution, the authors exploited Li1.5Al0.5Ge1.5(PO4)3 ceramic membrane placed 

between two Celgard separators. By introducing carbon, they increased cell’s volumetric 

capacity from 7 to 55 Ah L-1 and achieved energy density of 190 Wh L-1 — close to LIBs. 

Moreover, the cell demonstrated outstanding cycling stability: 95% of initial capacity 

retains after 1000 cycles (Figure 1.6c, d). Suspended RFBs are now rapidly developing and 

deserve a separate study. 

Overall, the organic-based Li-HFBs represent a promising class of electrochemical 

energy storage devices because of high operation voltage. Due to the intensive 

improvement of redox active species, electrolytes, and cell design in the last decade, some 

Li-HFBs characteristics (e.g., energy density) has approached that of conventional LIBs. 

At the same time, the performance of membranes for Li-HFBs is still underexplored. 

Passing through the most influential research published, we found that either porous, ion-

exchange, or ceramic membranes were applied in various NAqRFBs. However, their IC, 

permeability, and stability were just briefly addressed (never all together) with no deeper 

analysis. Nevertheless, all these properties do impact energy density and long-term 

operation, which are the crucial parameters for ESSs. Willing to fulfill this niche, in the 

next section, we discuss the main types of Li-conducting membranes: evaluate their 

performance, limitations, and, the most important, potential applicability in Li-HFBs. 
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1.4. Membranes for RFBs 

Ion-conductive solid-state membranes are much safer than conventional liquid 

electrolytes (negligible thermal extension, no leakage). They can be cheaper (polymeric 

materials) and even more integrable because of low thickness and flexibility. In order to be 

suitable for Li-HFBs, a membrane should meet two sets of requirements at the same time: 

for all-flow and Li-metal batteries. An ideal Li-HFB membrane should exhibit mechanical 

robustness and flexibility, high IC and Li+ selectivity (low redox species permeability), 

stability to NAq media and metallic Li anode, and low cost (Table 1.4). 

 

Table 1.4. Main targets for membranes utilized in NAqRFBs. 

Parameter Target value 

Ionic conductivity 10-4–10-2 S cm-1 

Permeability <10-6 cm2 min-1 [62] 

Chemical stability No degradation after long-term cycling 

Mechanical strength 100 MPa [77] 

Cost <40 $ m-2 [55] 

 

 

A membrane’s IC and permeability, in fact, depend on a material’s porosity and SE 

applied, so there is no uniform standard for this criterion. One can define typical IC of 

LIB’s NAq electrolyte (10-2 S cm-1) as the optimistic target and the threshold common for 

ASSB electrolytes (10-4 S cm-1) as the minimum. The membrane’s permeability should be 
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tuned in accordance with IC (they are reversibly linked), though might be approximated to 

be lower than 10-6 cm2 min-1 for NAq solvents [62]. Below, we distinguish the variety of 

membranes into porous, ion-exchange, dense polymeric, and inorganic types and discuss 

their conduction mechanisms, materials, properties, and performance. 

1.4.1. Types of Membrane Materials 

1.4.1.1. Porous Polymer 

Porous membranes (or separators) are currently used in conventional LIBs 

(Appendices, Table A3) and several RFB prototypes. The porous membrane itself is 

ionically inert — ions transfer through the liquid electrolyte penetrated into its pore system. 

Thereby, membrane’s apparent IC and selectivity strongly depends on the pore structure, 

(i.e., size, tortuosity), swellability, thickness, and stability in a chosen SE [78]. 

In this regard, one may expect insufficient selectivity of porous membranes in 

NAqRFBs. Indeed, Celgard’s permeability to DBBB in the DME-based electrolyte was at 

the order of 10-4 cm2 min-1 [79] (Table 1.5) — close to active molecules’ diffusion in the 

bulk NAq solutions [80] and inacceptable for NAqRFBs. Note that in several reports on 

Li-HFBs, the porous membrane is used in a couple with a symmetrical design of the cell 

(catholyte species were in both catholyte and anode compartments [69,70,79,81]). Such a 

proof-of-concept approach increases the currents possible to apply, but deprives the 

Li-HFB from the compact architecture and excludes a crossover effect, which enhances a 

battery’s capacity fade. This set-up is inappropriate for the next stage of prototyping, where 

both the simplified construction and the negligible crossover should be demonstrated. 
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Table 1.5. Characteristics of porous membranes employed in several NAqRFBs. 

Membrane 

IC, mS cm-1 / 

Permeability, 

cm2 min-1 

Porosity, % / 

Pore size, μm Electrolyte system Ref. 

Celgard 2325 0.5 / 1.7 ∙ 10-4 39 / 

<0.07 

Mediators: 0.1 M 

DBBB/MePh; 

SE: 1 M LiTFSI in DME 

[79] 

Daramic 175 4.6 / − 57 / 

0.15 

Mediators: 0.1 M 

DBBB/MePh; 

SE: 1 M LiTFSI in DME 

[79] 

Celgard 2400 

cross-linked with 

polysilsesquioxane 

0.5 / 1.8 ∙ 10-6 − Mediators: 0.01 M 

V(acac)3; 

SE: 0.1 M TEABF4 in 

ACN 

[82] 

Celgard 2400, 

pore-filling with 

PDDA 

5.4 / 8.5 ∙ 10-9 − Mediators: 0.4 M 

Fe(BiPy)3(BF4)2/ 

Ni(BiPy)3(BF4)2; 

SE: 0.5 M TEABF4 in PC 

[83] 

Celgard, pore-

filling with 

CuBTC 

− / 6.9 ∙ 10-5 − / 

<0.001 

Mediators: Li/ 0.05 M 

ferrocene; 

SE: 1 M LiClO4 in 

DOL:DME 

[84] 

Crosslinked PIM 0.4 / 2.3 ∙ 10-9 − / 

<0.001 

Mediator: viologen-

modified oligomers; 

SE: LiPF6 in ACN 

[85] 
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There are two approaches to suppress porous membrane’s permeability: (i) to 

modify microstructure of commercially available samples and (ii) to design the polymer 

from scratch tailoring its pore size to be smaller than the studied redox couples. For 

example, Jung et al. crosslinked the Celgard membrane with polysilsesquioxane [82] and 

diminished its permeability to V(acac)3 by 2 orders of magnitude (to 1.8 ∙ 10-6 cm2 min-1) 

comparing with pristine Celgard (Table 1.5). Kim et al. modified the Celgard membrane 

with mechanically stable urushi and anion-exchange PDDA polymer [83]. Retaining IC at 

5.4 mS cm-1, the authors suppressed the membrane’s permeability by 20–200 times (to 

8.5 ∙ 10-9 cm2 min-1) compared with the pristine samples. Peng et al. designed 3D MOF 

composed of trimesic acid and Cu2+ structures inside the Celgard pore system [84]. Due to 

the small aperture size of CuBTC (0.9 nm, Figure 1.7a-c), it easily transmits Li+ (0.15 nm) 

but stops ferrocene. After the Celgard modification, the Fc permeability was decreased to 

6.9 ∙ 10-5 cm2 min-1, whereas cell resistance kept the same. Doris et al. polymerized the 

membrane from modified 1,1’-spirobisindane and 2,3,5,6-tetrafluoroterephthalonitrile 

with the pore size of 0.4−0.8 nm fitting the viologen-based oligomeric redox couples [85]. 

As a result, they achieved an outstanding selectivity (ratio between permeability 

coefficients of Li+ and active species) of 105 and no crossover during 6-day cycling 

(17 cycles, Figure 1.7d, e). 
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Figure 1.7. (a) Design principles of the CuBTS/Celgard membrane with a MOF gradient 

distribution; (b) bottom and (c) cross-section surfaces of CuBTS/Celgard; 

(d) representation of a microporous membrane operation in oligomer-based RFBs; 

(e) discharge capacity achieved for the RFB cell equipped with the most efficient 

catholyte redox oligomers [84,85]. 
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Overall, commercially available porous membranes are not applicable for RFBs 

due to the crossover. Their pore system modification as well as the membrane synthesis 

from monomeric precursors provide the tunable porosity enabling the size exclusion for 

desired redox moieties. However, the reported IC (0.5−5.4 mS cm-1) and permeability 

values (10-9−10-5 cm2 min-1) vary in a quite wide range that leave an uncertainty regarding 

the real effect of the modification approaches. Besides, there is no data regarding 

electrochemical stability of the mentioned polymers. The development of porous 

membranes still requires more attention to the material design and fabrication technology 

prior to their implementation in RFBs. 

1.4.1.2. Ion-Exchange 

IEMs are already used in low-temperature fuel cells and aqueous RFBs. These 

membranes selectively pass only one type of ions blocking oppositely charged ones. An 

IEM’s polymeric backbone contains charged functional groups that promote conduction of 

either positive (cation exchange membrane, CEM) or negative ions (anion exchange 

membrane, AEM). In aqueous media, considering a Nafion membrane as an example 

(Figure 1.8), there are three ion-transfer mechanisms: Grotthus (cation movement via 

structural diffusion), vehicular (transfer in bulk solution through chains), and surface 

(hoping on –SO3
− groups), which is suppressed in water media due to high activation 

energy. In NAq systems, where the Grotthus and vehicular pathways are impeded (no 

structural diffusion, higher viscosity), the surface mechanism dominates [86], which makes 

the IC to be severely lower. 
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Figure 1.8. Proton conductivity mechanisms in Nafion IEM: A — Grotthus, 

B — vehicular, and C — surface mechanisms [87]. 

 

CEMs, e.g., Nafion, are the most frequently used membranes for aqueous all-

vanadium RFBs [88]. The pristine Nafion membranes, initially designed to conduct H+, 

can be modified to transport such cations like Li+, Na+, TBA+, or TEA+ — it makes Nafion 

suitable for NAqRFBs [50]. For example, Lu et al. investigated IC and permeability of the 

lithiated Nafion 117 membrane toward ferrocene [62] (Table 1.6). In the PC-based 

electrolyte, Nafion showed both low permeability (5.3 ∙ 10-8 cm2 min-1) and IC 

(10-2 mS cm-1), whereas the DMSO-based solution, having acceptable IC (5 mS cm-1), 

demonstrated poor permeability (1.4 ∙ 10-5 cm2 min-1). For both solvents, the minimum 

threshold values of >1 mS cm-1 and <10-6 cm2 min-1 were not achieved simultaneously. 
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Table 1.6. Performance of commercially available and polymerized IEMs used in 

NAqRFBs. 

Membrane 

Ionic 

conductivity, 

mS cm-1 

Permeability, 

cm2 min-1 Electrolytes Ref. 

CEM 

Nafion 117 10-2 

5.0 

5.3 ∙ 10-8 

1.4 ∙ 10-5 

1: 0.05 M Fc + 1 M LiPF6 in PC 

2: Fc + 1 M LiPF6 in DMSO 

[62] 

Nafion 115 5.9 2.5 ∙ 10-3 0.05 M V(acac)3 + 

0.2 M TEABF4 in ACN 

[89] 

POATS-PPO 0.06 1.2 ∙ 10-7 0.1 M Fc + 1 M Li CF3SO3 in 

DMC 

[90] 

AEM 

Fumasep 

FAP-375 

1.5 − 0.1 M Fc-based + 

0.5 M TEATFSI in ACN 

[91] 

Fumasep 

FAP-450 

3.5 3.7 ∙ 10-7 0.4 M Fe(BiPy)3(BF4)2 / 

Ni(BiPy)3(BF4)2 + 

0.5 M TEABF4 in PC 

[92] 

Neosepta 

AHA 

1.0 

0.2 

− 

5.1 ∙ 10-7 

1: 0.5 M TEABF4 in ACN 

2: 0.5 M TEABF4 in PC 

[93] 

[92] 

PVC-based 0.1 2 ∙ 10-7 0.01 M V(acac)3 + 

0.1 M TEABF4 in ACN 

[94] 

PAEK 1.5 − 0.01 M V(acac)3 + 

0.5 M TEABF4 in ACN 

[95] 
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Moreover, Bamgbopa et al. reported severe morphological degradation of 

Nafion 115 in NAq media that affected its swelling and permeability to V(acac)3 [89]. The 

practical use of commercial CEMs for NAqRFBs is now under question due to the 

instability, high cost ($500 m-2 [55]) of Nafion, and insufficient IC of other 

CEMs — CMI-7000, Nepem-117, and Fumapem F-141 [96,97]. 

AEMs, originally used for seawater desalination, have been also employed in 

NAqRFBs. Zhen et al. reported the Fumasep FAP-375 membrane, showing good 

performance in all-iron NAqRFB (Table 1.6), significantly degraded after 100 cycles in 

the ACN-based electrolyte that enhanced the crossover [91]. Fumasep FAP-450 tested in 

the Ni-Fe NAqRFB demonstrated IC of 3.5 mS cm-1, permeability of 3.7 ∙ 10-7 cm2 min-1, 

but high extent of swelling that led to structural deformation and porosity rise [92]. 

Neosepta AHA, providing stable long-term cycling [98], had low IC in both ACN 

(1.0 mS cm-1) and PC-based electrolytes (0.2 mS cm-1) [93]. 

Besides commercially available IEMs, a series of samples was fabricated from 

scratch via the polymerization. McCornack et al. crosslinked phenoxyaniline trisulfonate 

with brominated PPO and obtained CEMs with highly sulfonated side chain [90]. The 

resulted membranes showed low swellability, ferrocene permeability 

(1.2−1.8 ∙ 10-7 cm2 min-1), but insufficient IC of 0.06 mS cm-1, which should be necessarily 

improved prior to the introduction into NAqRFBs. Maurya et al. fabricated the PVC-based 

AEMs via polymer crosslinking with 4-vinylpyridine and 1,4-dibromobutane [94]. The 

membrane showed IC of 0.105 mS cm-1 and the permeability to V(acac)3 of 2 ∙ 10-
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7 cm2 min-1 with no evident degradation and low swelling. Kwon et al. examined the PAEK 

membranes crosslinked with dibromobutane and employed it in V(acac)3 NAqRFB [95]. 

The membranes showed high 1.5 mS cm-1 IC in TEABF4 in ACN and great stability. 

Unfortunately, no permeability data was reported. 

Overall, commercially available IEM solutions does not suit NAqRFBs, as they do 

not provide the essential set of properties — they lack either high IC (CMI, Nepem, 

Neosepta, AMI), selectivity (Nafion), or stability (Nafion, Fumasep, Neosepta). The 

promising direction is, as for the porous membranes, to fabricate IEMs by polymerization. 

Although they exhibit much higher stability in NAq electrolytes and lower permeability 

than the benchmarks, their IC should be enhanced in the future. 

1.4.1.3. Dense Polymer 

Dense polymeric membranes, proved themselves in conventional LIBs and ASSBs 

[99,100], can be reasonably considered promising for Li-HFBs as well. The dense 

polymeric structure can potentially restrict the active species crossover preventing the cell 

from capacity decay. 

Traditionally, the polymer membranes possess extremely low intrinsic IC 

(<10-6 S cm-1) [99,100], so their structure is reinforced by lithium salts dissolved within. 

The polymer’s polar groups (−O−, −N−, C=O, etc.) can complex mobile ions, promoting 

the salts dissolution and boosting the polymer’s IC. It is assumed that ion conduction in the 

polymers occurs above glass transition temperature in amorphous phase. The common 

conductivity mechanism can be described as follows [100]: Li+ coordinates to the polar 
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polymer’s site → a polymer chain experiences a segmental motion → appeared free 

volume promotes Li+ migration from one site to another within or between the polymer 

chains. Of course, the exact process might differ from polymer to polymer depending on 

its nature. Often, the IC correlation with temperature can hint the predominant ion 

migration mechanism [101,102]. Depending on Arrhenius (1.1) or Vogel-Tamman-Fulcher 

models (1.2), Li+ transport occurs either via simple ion hopping or that coupled with the 

relaxation and segmental motion [101,103]: 

(1.1)  𝜎 = 𝜎0 exp (
−𝐸𝑎

𝑅𝑇
), 

(1.2)  𝜎 = 𝜎0 𝑇−1/2exp (
−𝐵

𝑇−𝑇0
), 

where 𝜎0 represents the pre-exponential factor, 𝐸𝑎 is the activation energy, 𝐵 is the pseudo-

activation energy, and 𝑇0 — equilibrium glass transition temperature (𝑇0 ≈ Tg – 50 K). 

For conventional LIBs, a variety of polymer and salt combinations were previously 

tested and described in the literature; the most prominent examples are summarized in 

Appendices, Table A4. Among the others, we would highlight the PEO and PVdF-based 

membranes due to their relatively high IC, impressive stability (ESW of >4.3 V), and ease 

of fabrication [99,100]. Surprisingly (and unfortunately), in RFB literature we have not 

met examples of using dense polymeric membranes with embedded salts. Perhaps, the 

reason might be in leaching the salt out of the polymer structure during the contact between 

a membrane and RFB’s flowing electrolyte. We suppose the polymeric membranes’ 

performance in NAqRFBs is in vain underestimated and should be studied in the future. 
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1.4.1.4. Inorganic 

Li-conductive inorganic materials have been extensively using as membranes in 

ASSBs and developing for NAqRFBs [50,99,104,105]. Currently, the most successful 

classes of inorganic membrane materials are lithium phosphorus oxynitride (LIPON), 

LISICON, perovskites, garnets, and NASICON-type ceramics [99,104] — their typical 

performance is summarized in Table 1.7. 

 

Table 1.7. Performance of the common Li-conducting ceramic materials [104,105]. 

Material 

Ionic 

conductivity, 

mS cm-1 

Stability in 

air 

Electrochemical 

stability window, 

V vs. Li/Li+ Cost 

LIPON: 

LixPOyNz 

10-3-10-2 Mediate <5.5 Low 

LISICON: 

Li3+xMxN1-xO4 

10-2-10-1 Mediate <5.5 High 

Perovskites: 

Li3xLa2/3-xTiO3 

0.2-5 Low >1.5 High 

Sulfides: Li6PS5X 

Li4-xGe1-xPxS4 

1-25 Low <4 Mediate 

Garnet-type: 

Li5La3M2O12 

0.3-3 Low <4.5 High 

NASICON-type: 

LiM2(PO4)3 

0.1-1 Mediate <4.0-6.0 High 
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The synthesis of LIPON compounds is performed either by magnetron sputtering 

[106] or beam assisted and vapor deposition [107,108], which would be costly to scale up. 

In spite of their low IC at RT, the synthesis techniques can produce thin LIPON layers 

(0.1-0.2 μm) of low resistance, making them more suitable for thin-film ASSBs. 

LISICONs (Li4MO4) possess high electrochemical stability, but insufficient IC 

(<10-4 S cm-1) for the battery applications. 

Perovskites (Li3xLa2/3-xTiO3; Figure 1.9a), on the contrary, have promising IC of up 

to 10-3 S cm-1, but poor stability at <1.5 V making them incompatible with Li anodes [104]. 

The sulfide-type materials (thio-LISICONs, Figure 1.9b) are prospective due to the 

weaker interaction of S2− with Li+ than O2−, which gives them IC close to that of NAq 

liquid electrolytes [109]. Their total IC at RT ranges from 10-3 to 2.5 ∙ 10-2 S cm-1 — the 

highest value ever reported for Li-conductive solid materials [110]. The main drawback 

for all sulfide-based compounds is instability to moisture that leads to structural changes 

and H2S emission. Their high potential for ASSBs can be realized only by separating the 

battery from the ambient atmosphere. 

The garnets, Li5La3M2O12 (M = Ta, Nb; Figure 1.9c), represent promising 

compounds for various Li-metal batteries. This material comprises La3+ and M5+ in the 

cubic and octahedral oxide coordination. Unusually high amount of Li+ occupies 3 trigonal, 

3 tetrahedral, and 6 octahedral sites, which provides facile Li+ 3D mobility and promising 

IC (above 10-3 S cm-1 at RT) [111]. What is more, the garnet structures are relatively stable 

toward metallic Li, as Ta is less reducible than other common metals (e.g., Ti, Nb). The 
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main disadvantage of the garnet-type materials is their catastrophic sensitivity to 

atmospheric moisture and CO2 [112,113] that is still not suppressed. Overtaking the 

stability issues would lead to valuable advances in prototyping garnet-based ASSBs. 

 

Figure 1.9. Schematic structures of (a) perovskite, (b) thio-LISICON, (c) garnet-, and 

(d) NASICON-type ceramics; (e) Li+ easiest migration path [111,114–116]. 
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One of the most prospective classes of inorganic Li-conducting materials is 

NASICON-type ceramics [104]. These materials are derived from sodium superionic 

conductors, Na1+xM2(YO4)3 (M = transition metal, Y = P, Si), by replacing Na atoms to Li. 

In the NASICON rhombohedral structure, MO6 octahedrons and YO4 tetrahedrons, 

connected through oxygen, provide 3D ion diffusion within the framework (Figure 1.9d) 

[117]. Mobile ions are located in Li(1) and Li(2) sites and can jump between the positions 

(Figure 1.9e). The NASICON crystal structure is represented by different space groups 

depending on temperature and ions’ radii [118], which determines material’s IC. Varying 

in a broad range, the total IC value is usually higher than 10-4 S cm-1 and approach 

10-3 S cm-1 [119–121]. Dense NASICONs can be synthesized via simple solid-state 

routines [116]. Meanwhile, these ceramics do have several issues to resolve depending on 

the composition. For instance, Ge-doped ceramics (Li1+xAlxGe2-x(PO4)3), in spite of a 

higher IC, drastically increase in price [122]. The severe limitation of the Ti-contained 

materials (Li1+xAlxTi2-x(PO4)3) is the Ti4+ reduction at 2.5 V that hinders its compatibility 

with Li anodes. The possible solutions are introduction of specific coating (deposition of a 

protective layer [123,124], introduction into a polymer matrix) or a total substitution of Ti. 

It is assumed that the NASICON ceramics are quite stable on air, even though there 

is a lack of thorough quantitative analysis of structure and IC retention under exposure to 

ambient atmosphere (air, moisture). To shed light on the Li1.3Al0.3Ti1.7(PO4)3 (LATP) 

stability, Pogosova et al. examined the effect of air storage on ceramic’s Li(1) polyhedron 

volume and IC [116]. After the 98-day air storage, LATP lost 76% of its initial IC (Figure 



62 

  

1.10a). By means of DFT modeling and XRD refinement, the authors linked the IC fall 

with the shrinkage of Li(1) site-involved polyhedra (Figure 1.10b). They suggested that 

both IC and structural degradation arose from the reaction of LATP’s lithium ions with air 

to form Li2CO3. Furthermore, the destructive impact of water on LATP was specified 

[125]: after 2-h static soaking, ceramic’s IC decreased by 64%, as well as crystallite’s 

microcracks, formation of spherical nanoparticles, Li(1) shrinkage, and element losses 

were observed (Figure 1.10c, d). These results suggest that NASICON ceramics, LATP-

type at least, should be designed the way to not only be protected from the Li anode, but 

also from moisture prior to the use in Li-metal batteries including Li-HFBs. 

Evaluated the impact of Li and moisture, the behaviour of ceramics in NAq solvents 

should be estimated. It should be mentioned that, despite NASICON ceramics (including 

commercially available LICGC) are often used in NAqRFBs [65,71,73,126,127], its 

stability towards the battery environment was poorly addressed. Muthuraman et al. applied 

a sodium-ion conductor Na-β-Al2O3 to V(acac)3 NAqRFB [128]. The authors showed 

morphological and elemental stability of the material, although the cell’s coulombic 

efficiency was extremely low (16%) that might be an attribute of a severe crossover. 

Neither the crossover nor IC were quantitatively evaluated in this study. 
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Figure 1.10. (a) LATP total IC after storage in air and in argon atmosphere; 

(b) relationship between the LATP’s intrastructural Li(1) polyhedra volume and total IC; 

(c) SEM image illustrating the nanoparticles formation; (d) losses of LATP chemical 

elements after soaking in deionized water [116,125]. 

 

Zhang et al. examined Li-HFB based on the Li1.5Al0.5Ge1.5(PO4)3 membrane, 

BenPh active species, and LiTFSI in dimethylformamide-dichloroethane as a solvent 

[129]. At 0.2 mA cm-2, the cell retained 78-95% coulombic efficiency and ~90% initial 

capacity after 50 charge/discharge cycles. Not evaluating the membrane state after the 

cycling tests, the authors presumably linked the limited cell efficiency with either the 

membrane degradation or dendritic lithium in anolyte. 
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Overall, the NASICON-type ceramic materials are the most promising for Li-HFBs 

among the inorganic classes due to promising Li-ion conductivity and simple synthesis 

route. At the same time, NASICON membranes demand a proper protection approach to 

mitigate sensitivity to Li anode, moisture, and, probably, NAq electrolytes. A prospective 

idea is to seal the milled ceramic material into a polymer combining the functional 

properties of both filler (ceramic’s high IC) and matrix (polymer’s stability, integrity, low 

cost; Table 1.8). As far as the concept of composite membranes has been recently 

introduced, in the next section, we are going to discuss examples of the polymer-ceramic 

membrane use in batteries and estimate their applicability in Li-HFBs, specifically. 

 

Table 1.8. Qualitative performance comparison of four main membrane types. 

Membrane type 

Ionic 

conductivity Selectivity Stability Integrity Cost 

Porous polymer + − + ++ ++ 

Ion-exchange − + − + − 

Dense polymer − + + ++ ++ 

Inorganic (ceramic) ++ ? + / − − − 

++: excellent; +: good; −: unsatisfactory; ?: no reliable data 
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1.4.2. Polymer-Ceramic Composite Membranes 

Composite membranes can be distinguished by the presence/absence of a lithium 

salt in a matrix similar to that reported in Section 1.4.1.3. Besides traditional inorganic 

salts, the novel solutions for single-ion conduction (e.g., organic anions attached to the 

polymer backbone) are being developed [130]. At the same time, frequently used LiClO4, 

LiTFSI, and LiBF4 are acceptable due to their electrochemical stability and solubility. 

The filler can be either inert or active (involved in Li-conducting). The addition of 

inert fillers (clay, MOFs, etc.) promotes the formation of polymer’s amorphous phase that 

slightly increases composite’s IC [131–133]. For a more drastic IC gain, the active fillers 

such as Li-conducting NASICON- and garnet-type ceramics are used [134–137]. The 

composite membranes can be classified as “ceramic-in-polymer” and “polymer-in-

ceramic” depending on the filler content (Figure 1.11a). The latter has higher rigidity, 

better dendrite suppression, higher IC, but poorer interfacial contact with electrodes [134]. 

The formation of additional Li+ conduction paths in the composite fabricated with 

an active filler was explained by Wang et al. [135]. They showed LATP-PEO-LiClO4 

membrane’s IC firstly increases with the LATP content, but, passing the maximum at 

15 wt.% LATP (2 ∙ 10-4 S cm-1), diminishes probably due to decreasing mobility of Li+ in 

the polymer matrix. Choi et al. fabricated the composite made of Li7La3Zr2O12 (LLZO), 

PEO, and LiClO4 [136]. With no LLZO, membrane’s IC was around 6 ∙ 10-6 S cm-1 at 

60 °C. At optimum ceramic fraction of 52.5%, IC was 7 ∙ 10-4 S cm-1 at 60 °C and 

10-5 S cm-1 at RT. 
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Figure 1.11. (a) Illustration of ceramic-in-polymer and polymer-in-ceramic classes of 

composites; (b) Effects of size and ceramic content on LLZTO-PEO’s IC [137,138]. 

 

Together with the ceramic content, its particle size also plays an important role. 

Zhang et al. found that the 40 nm particles (in the backdrop of 400 nm and 10 μm, Figure 

1.11b) provide the highest IC of ca. 1.1 ∙ 10-4 S cm-1 in the 12.7 wt.% LLZO-PEO 

composite (no salt added) [137]. The smaller particles reduce the polymer crystalline phase 

formation and improve the polymer-ceramic interface that led to higher IC [137,139]. 

In addition to PEO, PVdF and derivatives are often used in composites due to their 

durability, stability, and selectivity [140,141]. Zhang et al. reported the LLZTO-PVdF-

LiClO4 membrane exhibited IC of 5 ∙ 10-4 S cm-1 at RT [142]. Sun et al. reported the LFP 

battery operated with PVdF-HFP-LLZO-LiClO4 with the addition of 20 μL liquid 

electrolyte. The wetted membrane showed 1.1 ∙ 10-4 S cm-1. Shi et al. obtained the stable 

LATP-PVdF (no salt) composite membrane that showed IC of 10-3 S cm-1, ESW of ~5 V, 

and promising cycling performance in the Li|LiFePO4 cell [143]. 
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Indeed, the polymer-ceramic approach to membrane fabrication is quite promising 

due to the balanced integrity, IC, and stability of the systems. However, there are no reports 

regarding the permeability of such systems and, hence, their applicability for either all-

flow RFBs or Li-HFBs. Nevertheless, we expect the polymer-ceramic composites to be 

prospective for Li-HFBs, as they combine good conductivity properties of active inorganic 

compounds with the flexibility of polymeric media. Among the large variety of choices, 

we will further focus on the NASICON-based LATP and PVdF combination: LATP is 

characterized by relatively high IC and moderate stability that, in turn, enables easy and 

scalable fabrication; PVdF is distinguished by its stability features and is expected to be a 

good protection of LATP against metallic Li-anode, ambient atmosphere, and other 

components of Li-HFBs. To continue, in the next section we will consider common 

fabrication methods of the polymer-ceramic class of composites. 

1.4.3. Composite Membrane Fabrication Methods 

The composite preparation methods are generally similar to those for pure dense 

polymeric membranes. The only thing is that one should ensure the fabrication conditions 

and environment do not cause degradation of the filler. The main fabrication methods of 

the composite membranes are: 1) solution casting/tape-casting; 2) spin coating; 

3) dip coating; 4) hot press; 5) melt intercalation. 

One of the most simple and affordable, but, at the same time, effective, is the 

solution casting method: 
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. 

First, a polymer is dissolved in a solvent by stirring. Then, the calculated amount of salt 

and filler is added, and, after the suspension obtained, is intensively stirred for several 

hours. After that, the slurry is casted on glass or Teflon surface (often a Petri dish). In the 

tape-casting method, the stirred solution instead of pouring on the dish is transferred to a 

pre-heated substrate and casted by a slowly moving tape blade. Finally, the samples are left 

for evaporation either in air or under vacuum. This method is good to produce dense 

polymer-based films of various thicknesses (50–300 μm) with incorporated filler particles 

and alkaline salts. Temperatures at different fabrication stages, casting atmosphere, taping 

speed, etc. can significantly affect the composite’s microstructure including porosity. The 

tape-casting method is widely used to fabricate composite membranes for ASSBs 

[99,130,144]. 
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In spin coating, the slurry preparation is proceeded similarly as in the casting 

methods: 

. 

However, instead of casting, the mixture fixed on the substrate is placed into a spin coater. 

During the coater rotation, centripetal acceleration distributes the solution upon the 

substrate. After that, heat is supplied for the solvent evaporation. The spin coating allows 

obtaining membranes of 10 nm–10 μm from the low-viscous solutions. Rotation speed, 

spin time, and surface tension can be tuned to fabricate the membrane with desired 

thickness and other qualities [145]. 

The dip coating process is usually performed in three steps: 

. 
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First, a special substrate is immersed into the solution — a precursor of the coating 

material. After a certain time, the substrate is pulled up slowly at a constant speed allowing 

a slurry residue to drain down leaving a thin film on the substrate surface. The thickness of 

the film can be tuned by varying precursor mixture density and the pulling speed [146]. 

The hot press set-up is composed of a weighing cylinder, heating chamber, and 

temperature controller: 

.  

The preliminarily mixed and grounded solid components (filler, polymer, salt) is firstly 

heated in the chamber to temperature close to the polymer’s melting point. Then, the 

mixture is pressed by the weighing cylinder at constant pressure. The hot press method is 

quite promising especially for the preparation of dense multi-component membranes. 

Besides, it is low-cost and fast and requires no solvent [147]. 
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Another non-solvent fabrication technique is melt intercalation: 

. 

First, the polymer matrix is annealed and, after the filler addition, the mixture is kneaded. 

After some time, the system is cooled. On one hand, the melt intercalation method is 

simple, cheap, and environmentally benign. On the other hand, high melting temperatures 

can harm the ceramic filler altering its structure and reducing its functional features 

(e.g., IC) [148]. 

Overall, the membrane fabrication methods described above are relatively cheap 

and simple. Among the others, the tape-casting method does not require high temperatures 

(compared to the hot press and melt intercalation) or complex instruments (spin coating) 

and allows to vary a number of parameters to improve the membrane’s final properties. 

Porosity, one of these qualities touched in Section 1.3.3, is an extremely important 

parameter that influences the durability of RFBs determining its capacity retention [50,62]. 

1.4.4. Membranes Porosity and the Ways of Its Suppression 

We have already discussed the features impacting composite membrane’s IC and 

stability, but not permeability. The main membrane-related factor determining the 
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permeability is its open porosity. As it goes from Section 1.4.1.1, when one synthesizes the 

polymeric membranes for NAqRFBs from oligomeric precursors, the porosity can be tuned 

by means of a molecular design — as a result of choice of the specific polymer, 

crosslinking agent, plasticizer, etc. In the case of a ready polymer supplied in a powder 

form (PEO, PVdF, etc.), the desired porosity is regulated through the membrane fabrication 

conditions. In this section, we are going to discuss some membrane preparation factors that 

can potentially influence its porosity. 

A temperature regime is among the most influential fabrication factors that can 

determine the polymer integrity. For instance, Li et al. investigated the impact of substrate 

temperature and ambient humidity during fabrication on PVdF’s microstructure and 

roughness by SEM [149]. It was found that high humidity and low substrate temperature 

promoted the globular microstructure of the PVdF membranes. At 0% or 100 °C (Figure 

1.12a,b), one can observe a smooth and dense polymer surface with no globules. Herewith, 

PVdF prepared at high humidity had a cloudy appearance (Figure 1.12c,d) that correlates 

with their morphological properties. Rinaldo investigated the correlation between PVdF 

membrane’s casting temperature and a dominant phase of the final sample [150]. The 

author proved that temperatures below 70 °C result in the β-phase of PVdF, while at 

T >110 °C the α-phase prevails. Based on these results, one can link the PVdF’s globularity 

with the dominant phase — by means of the α phase, the elevated casting temperatures 

may provide low porosity and better PVdF’s density and microstructure. 



73 

  

 

Figure 1.12. Top and cross-section views of PVdF’s microstructure at different 

(a) relative humidity and (b) substrate temperatures. Optical properties of the PVdF films 

(1 μm) fabricated at (c) 60% and (d) 0% relative humidity [149]. 
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Although there are a number of reports on the effect of substrate/casting 

temperature, nothing was published regarding the mixing temperature impact on PVdF 

microstructure during its dissolution in a solvent and subsequent homogenizing of the 

filler-polymer-solvent solution. However, the mixing during tape-casting usually lasts for 

1-24 h — sufficient time for the components to alter their properties. 

The choice of a solvent used during polymer dissolving is also important. The 

solvent affects not only a surface morphology [151], but also a polymer’s internal 

microstructure [152]. Both characteristics can potentially influence the membrane’s 

porosity and, hence, permeability. As was thoroughly discussed in the previous sections, 

permeability plays a key role defining RFB’s capacity decay and cycle life. 

The filler’s size, shape, and distribution in the polymer matrix were proved to 

influence the final composite’s properties [144]. A size of filler particles and of their 

agglomerates may break polymer chains and increase a number of interceramic 

voids — the both can lead to the membrane’s permeability enhance. Due to the lack of 

investigations devoted to the polymer-ceramic (filler-matrix) membranes for RFBs, there 

is no exact data on how the filler-related parameters correlate with the permeability. Hence, 

the composite’s fabrication parameters (e.g., mixing temperature, casting temperature, 

casting solvent, filler distribution, drying conditions, components ratios, etc.) and their 

direct impact on membrane’s functional properties should be thoroughly evaluated prior to 

membrane introduction into the NAqRFB prototypes. 
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1.5. Characterization Techniques: RFB Prototype and Membrane 

Performance Metrics 

In order to prototype RFB with high performance, a series of characterization 

procedures are required throughout the whole development route. While there is a number 

of RFB in-situ and ex-situ diagnostics [48], in this chapter, we focus on the key role of 

materials that determine electrochemical processes: (i) redox active species, (ii) supporting 

electrolyte (SE), and (iii) membrane. 

If new redox active species have been synthesized, one should firstly evaluate its 

chemical formula and structure to know molecular weight and estimate material’s 

theoretical capacity. For this purpose, a complex of physico-chemical methods can be 

utilized, including XRD and electron microscopies (SEM or TEM) coupled with EDX; 

atomic absorption, atomic emission, FTIR, Raman, and nuclear magnetic resonance 

spectroscopies; etc. [48,153]. Then, thermodynamic and kinetic parameters of the species-

involved redox reactions should be studied using CV, EIS, and other electrochemical 

techniques. Results would provide preliminary cell’s redox potential, reaction’s rate 

constant, diffusion coefficient, and limiting current values. After these essential data are 

collected and analyzed, the species structure or composition can be tuned if some of the 

measured parameters do not meet the target values of a desired prototype. 

SE, in which redox mediators are dissolved and pumped through the cell, 

contributes to species’ solubility, TCR, battery’s durability, and power output. The 

electrolyte’s resistance often correlates with its viscosity, so the dependence can be 
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evaluated through the screening of solvents and salts, as well as variation of a salt 

concentration [154]. High current densities and volumetric capacity (achieved by low SE 

resistance and high mediator’s concentration, respectively) enhance final energy and power 

densities of RFB. Therefore, studying SE should definitely comprise the redox species 

solubility, viscosity, and IC evaluation. 

The membrane is responsible for many RFB characteristic, e.g., TCR, cyclability, 

capacity retention, and price. Separating anode and cathode compartments, a membrane is 

not only responsible for the charge balance: the functional and mechanical stability of a 

solid electrolyte itself becomes the stability of the whole RFB system. Hence, we devote a 

little more attention to the membrane analysis. To probe the membrane’s thermal stability 

and phases behavior TGA and DSC should be applied. Analyzing the heat absorption 

peaks, one can probe composite’s components (filler, salt) interaction with the polymer 

[155]. Mechanical properties evaluation is needed to optimize the membrane’s general 

integrity and evaluate its suitability for RFBs. Calculated Young’s modulus and stress-

strain tests report membrane’s reliability revealing impacts of component interfaces, 

plasticizer’s effects, and fillers [156,157]. 

XRD analysis is a powerful and essential non-destructive tool for crystalline and 

amorphous phase identification. Besides the polymer’s phase composition, the extent of 

salt dissociation in the polymer matrix can be examined with XRD [158,159]. Moreover, 

the inorganic filler crystal structure can be solved within the composite membrane to 

reveal, if there are changes occurred after fabrication or other non-destructive tests. 
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Electron microscopies (SEM, TEM) provide a deep insight into the sample’s 

microstructure and morphology by both plane and cross-section imaging. Importantly, 

they can reveal an extent of polymer’s globularity (the plane mode) as well as ceramic 

agglomerates (cross-section mode). FTIR and Raman spectroscopy can show composite’s 

constituent groups and hint on the nature of interactions between the composite’s 

components [160]. There are other techniques to support the membrane’s structural and 

morphological qualities such as atomic force microscopy, EDX, etc. 

The membrane’s IC, permeability, stability, and the associated metrics are 

evaluated through electrochemical methods (Table 1.9). EIS allows revealing impacts of 

each system’s component and interface, though it is not always trivial or possible in a 

certain case. Decoding membrane’s impedance spectra is a comprehensive task requiring 

much experience [161–164]. IC, one of the most important parameters, can be calculated 

relying on either a particular intercept of a Nyquist plot with the real impedance axis or a 

sum of several resistances estimated the same way (e.g., ceramic’s bulk and grain 

boundaries; Figure 1.13a). Besides, EIS can probe interfaces stability between membrane 

and liquid electrolyte, Li-metal electrode and liquid electrolyte (SEI), etc. (Figure 1.13b) 

[124,165–167]. Other extractable parameters are activation energy (defines the 

temperature dependence of IC) and lithium transference number. The latter describes the 

Li+ share among all the charged particles (electrons, counter-ions) involved in the 

conductivity. 
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Table 1.9. Performance metrics and parameters important for RFB membranes. 

Parameter Unit Formula Notation description 

Ionic 

conductivity, 

𝜎 

S cm-1 

𝜎 =
𝑙

𝑅 ∙ 𝐴
 

𝑅 – membrane’s resistance; 

𝑙 and 𝐴 – membrane’s thickness 

(cm) and area (cm2), respectively 

Activation 

energy, 𝐸𝑎 

kJ 

mol-1 
𝜎𝑇 = 𝜎0 exp (

𝐸𝑎

𝑅𝑇
) 

𝜎𝑇 – membrane’s ionic 

conductivity at temperature 𝑇; 

𝜎0 – pre-exponential constant 

Lithium 

transference 

number, 𝑡𝐿𝑖+ 

− 
𝑡𝐿𝑖+ =

𝐼𝑠(𝑉 − 𝐼0𝑅0)

𝐼0(𝑉 − 𝐼𝑠𝑅𝑠)
 

𝑉 – polarization voltage; 

𝐼𝑠 and 𝐼0 – current (A) before and 

after polarization, respectively; 

𝑅𝑠 and 𝑅0 – initial and steady-

state resistance (Ω) 

Permeability 

coefficient, 

𝑃𝑖 

cm2 ∙ 

min-1 

𝑉̃
𝑑𝐶𝑡

𝑑𝑡
= 𝑃𝑖

𝐴

𝑙
(𝐶0 − 𝐶𝑡) 

𝐶𝑡 – concentration (M) of active 

species in analyzing half-cell of 

volume 𝑉̃ (mL) at time 𝑡 (s); 

𝐶0 – initial active species 

concentration in another half-cell 

Ionic 

selectivity, 𝐼𝑆 

− 
𝐼𝑆 =

𝑃𝑠

𝑃𝑎
 

𝑃𝑠 and 𝑃𝑎 – permeability 

coefficients of SE cation and 

active species, respectively 

Swelling 

ratio, 𝑆𝑊 

% 
𝑆𝑊 =

𝑙𝑤 − 𝑙𝑑

𝑙𝑤
∙ 100% 

𝑙𝑤 and 𝑙𝑑 – membrane’s thickness 

in the soaked and dry state 

Porosity, 𝜀 % 𝜀 = 1 −
𝑚𝑑

𝜌𝑚𝐴𝑙
∙ 100% 𝜌𝑚 –true density (g mL-1) 
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Figure 1.13. (a) Impedance spectrum measured with Au electrodes describing LAGP 

ceramic soaked in 1 M LiTFSI in DOL:DME; resistances: RLE,bulk — liquid electrolyte, 

RSE,bulk — bulk of ceramic, RSE,gb — grain boundaries of ceramic, RLE/SE — liquid 

electrolyte-ceramic interface. (b) Evolution of the SEI-related semicircle in 

Li|composite membrane|Li symmetric cell [143,167]. 
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In order to evaluate the selectivity of ion transfer in a respect to redox moieties, the 

membrane’s permeability to active species can be tracked [168,169]. Traditionally, the 

permeability coefficient (i.e., diffusion coefficient of transfer through the membrane) is 

measured using the two compartments cell: one of them is filled with active species 

dissolved in SE; the other one contains only SE; the membrane is placed in-between. The 

moieties transfer through the membrane is monitored by either CV or UV-Vis 

spectrometry. The redox species permeability can be related to that of SE ions (measured 

in a bulk solution) resulting in ionic selectivity (Table 1.9) [84]. Other membrane qualities, 

not electrochemical but linked with the permeability, are swelling ratio (electrolyte uptake) 

and porosity. The swelling represents the changes of polymer membrane’s thickness after 

soaking in a liquid electrolyte. High swelling is undesired for RFB membranes, as thickness 

rise increases pores volume and, hence, permeability. 

Membrane’s ESW can be probed by linear sweep voltammetry, where the current 

response vs. voltage is monitored (Figure 1.14a). The potential region of stable and low 

current defines ESW. For analyzing membrane stability to metallic Li, required for Li-

HFBs, charge/discharge cycling in the Li-symmetric cell should be performed. Uniform 

cycling curves with constant amplitude (Figure 1.14b) and no interruption report the stable 

interface formation with no short-circuiting due to the Li dendrite growth. Moreover, a 

good practice is to monitor the interfacial resistance changes after the cycling via EIS to 

semi-quantitatively illustrate their stability [124,165,166]. 
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Figure 1.14. (a) Electrochemical stability window of different LATP-PVdF composite 

membranes. (b) Voltage profiles of membranes tested in the Li symmetric cell [124,143]. 

 

Once membrane characteristics are revealed and optimized, a cell with non-flowing 

electrolytes (static: coin or disassembling cell) can be assembled for a preliminary, 

proof-of-concept evaluation of the battery performance. First, TCR can be measured using 

EIS to investigate the total impact of all components and interfaces and estimate the 

applicable current. Then, galvanostatic cycling should be applied to evaluate cell 

characteristics (efficiency, initial capacity, its decay, etc.; Table 1.10) and track 

improvements made in materials, construction, or conditions design [170]. 
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Table 1.10. Characteristic metrics of RFB performance that can be extracted from 

galvanostatic cycling analysis. 

Parameter Unit Formula Notation description 

Theoretical 

capacity, 𝑄𝑡𝑒𝑜𝑟
 

Ah 
𝑄𝑡𝑒𝑜𝑟 =

𝜈𝑖𝑛𝐹

3600
 

𝜈𝑖 – amount of active 

component (mole); 𝑛 – number 

of electrons in redox reaction; 

F – Faraday constant 

Volumetric 

capacity, 𝑄𝑉 

Ah L-1 
𝑄𝑉 =

𝑄

𝑉̃
 

𝑄 – charge amount (Ah) stored 

in volume of 𝑉̃ (L) 

State of 

charge, 𝑆𝑜𝐶(𝑡) 

% 
𝑆𝑜𝐶(𝑡) =

𝑞𝑐ℎ(𝑡)

𝑄𝑡𝑒𝑜𝑟
∙ 100 

𝑞𝑐ℎ(𝑡) – charge stored in a 

battery at a certain time (Ah) 

Capacity 

retention, 𝐶𝑅 

% 
𝐶𝑅 =

𝑄𝑑𝑖𝑠𝑐ℎ

𝑄𝑡𝑒𝑜𝑟
∙ 100 

𝑄𝑑𝑖𝑠𝑐ℎ – charge extracted 

during a battery discharge (Ah) 

Capacity fade, 

𝐶𝐹 

% cycle-1 

% h-1 
𝐶𝐹 =

(100 − 𝐶𝑅)

𝑁, 𝑡
 

𝑁 – number of battery’s 

charge/discharge cycles; 

𝑡 – time of operation (h) 

Current 

density, 𝑖 

mA cm-2 

𝑖 =
𝐼

𝐴
 

𝐼 – applied current (mA); 

𝐴 – membrane’s geometric 

area (cm2) 

Energy 

density, 𝐸̃𝑉 

Wh L-1 

𝐸̃𝑉 =
𝑄 ∙ 𝑉𝑑𝑖𝑠𝑐ℎ

̅̅ ̅̅ ̅̅ ̅

𝑉̃
 

𝑉𝑑𝑖𝑠𝑐ℎ
̅̅ ̅̅ ̅̅ ̅ – an average cell 

potential during discharge (V) 

Power density, 

𝑃 

W cm-2 𝑃 = 𝑖 ∙ 𝑉𝑐𝑒𝑙𝑙 𝑉𝑐𝑒𝑙𝑙 – cell voltage (V) 

measured at SoC = 50% 
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Coulombic 

efficiency, 𝐶𝐸 

% 
𝐶𝐸 =

𝑄𝑑𝑖𝑠𝑐ℎ

𝑄𝑐ℎ
∙ 100 

𝑄𝑐ℎ, 𝑄𝑑𝑖𝑠𝑐ℎ – charge and 

discharge cell capacities (Ah) 

Voltage 

efficiency, 𝑉𝐸 

% 
𝑉𝐸 =

𝑉̅𝑑𝑖𝑠𝑐ℎ

𝑉𝑐ℎ
̅̅ ̅̅

∙ 100 
𝑉̅𝑐ℎ, 𝑉𝑑𝑖𝑠𝑐ℎ

̅̅ ̅̅ ̅̅ ̅ – average cell 

voltages during charge and 

discharge (V) 

Energy 

efficiency, 𝐸𝐸 

% 
𝐸𝐸 =

𝐶𝐸 ∙ 𝑉𝐸

100
 

 

 

 

The most valuable metrics, especially for an early-stage RFB research, are capacity 

utilization (SoC), capacity retention, and efficiency (coulombic, volumetric, and energy) 

[48]. The galvanostatic cycling also provides a platform for the stability assessment of cell 

components [170–172] — the state of membrane, SE, and redox couples can be 

characterized by the techniques described above and compared with the pristine samples. 

As long as the stability of the cell components is proved, an introduction of the flow 

system is expected for a deeper cell operation analysis. The points requiring additional 

optimization are electrolytes’ flow rate and flow cell configuration. Their tuning should 

diminish TCR, which is frequently higher for the flow system than for the static. Indeed, 

the higher flow rates reduce the concentration polarization and enhance the convective 

mass transfer that lower TCR [173]. The cell optimization implies altering the thickness of 

carbon electrodes and membrane [173], specific Li anode design [70], etc. [174] — all of 

that can boost the applied current density and, hence, battery power. 
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1.6. Conclusions from Chapter 1 

After thorough literature screening, here we are concluding on the main results 

made throughout this overview: 

1) The use of conventional energy plants and the integration of renewable energy sources 

demand for efficient ESSs to mitigate production and consumption fluctuations; 

prevent economic, ecological, and social damages from energy overproduction; 

improve the overall energy distribution security. 

2) Electrochemical devices are specifically prospective for ESSs due to their scalability 

and high energy efficiency. Moreover, the use of lithium ion as a charge carrier opens 

the platform for high-energy dense and high-power batteries due to the lightest weight 

and the lowest electrochemical potential of Li. 

3) In spite of the advanced performance of the current LIBs, they have high energy-

specific cost for stationary applications, suffer from the inflammation risk, and stress 

the environment. A prospective alternative to conventional LIBs is RFBs, which store 

a charge externally decoupling energy and power and providing better integrity to 

ESSs, durability, and safety. The main RFB’s limitation is low energy density, far 

lower than that of LIBs. A promising solution is to combine a flow system with 

Li-metal anode that would boost cell voltage and bring Li-HFB’s energy density closer 

to LIB’s. 

4) One of the main Li-HFB limitations is an absence of a membrane with suitable cell 

integrity, high IC and selectivity, and stability toward high potentials and Li-metal 
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anode. The ceramic-in-polymer composite approach in the membrane design, recently 

employed in ASSBs, can maintain ceramic’s high IC by embedding its particles into 

the polymer matrix thereby protecting effective yet sensitive inorganic component 

from the destructing influence of ambient moisture, reactive metallic Li, and other 

factors. Among the whole diversity of materials, we emphasize the composite 

membranes based on highly conductive NASICON-type ceramic filler and stable 

PVdF polymer matrix. The tape-casting technique is chosen as an affordable, easy, 

and scalable composite membrane fabrication method. 

5) In order to create a composite membrane suitable for Li-HFB, its functional features 

(IC, permeability, etc.) and stability (structural, chemical, electrochemical, and 

mechanical) should be assessed through solid instrumental and electrochemical 

analysis. This way, one can reveal the approaches for further optimization of a 

membrane prior to battery prototyping. After, Li-HFB cells can be assembled and 

tested leading to a final conclusion on the composite’s compatibility with Li-HFBs. 

 

1.7. Goal and Objectives of the Thesis 

The goal of the Thesis is to develop an ion-conductive, selective, and stable 

ceramic-in-polymer composite membrane for Li-metal hybrid flow batteries. 

In order to accomplish this goal, a series of objectives were set: 

1) To reveal the structure-property correlations for the Li1.3Al0.3Ti1.7(PO4)3 + 

poly(vinylidene fluoride) (LATP+PVdF) membranes; to estimate how the polymer’s 
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morphology and phase, ceramic’s structure, and other composite’s features influence 

its main functional parameters: IC and permeability (selectivity to catholyte active 

species). 

2) To optimize a membrane’s composition and fabrication conditions to achieve the 

suitable structural and microstructural characteristics that would provide the 

composite with the best combination of the functional parameters. 

3) To thoroughly evaluate the membrane’s stability within the Li-HFB environment 

through comparing the composite’s features before and after cycling in the hybrid 

battery cells. 

4) To estimate the LATP+PVdF’s applicability to the Li-HFBs by measuring 

performance of the Li-TEMPO hybrid cells (efficiency, durability, capacity) equipped 

with the developed and optimized membrane. 

5) To summarize all the advances achieved during the composite membrane 

development and first attempts to prototype the Li-HFB equipped with LATP+PVdF; 

to discuss the explored hybrid cell’s limitations and define the plan for the prototype 

next-stage optimization. 
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Chapter 2. Experimental Details 

In this chapter, we provide a description of all the experiments performed during 

the Thesis research. The description covers: synthesis of ceramic active filler, fabrication 

and properties optimization of the ceramic-in-polymer composite membranes, 

characterization of the studied membranes using physico-chemical and electrochemical 

techniques, and life tests of the fabricated membranes in NAq Li-TEMPO hybrid cells. 

2.1. Synthesis of LATP Ceramic Filler 

The two-step solid-state synthesis of the LATP ceramic filler was adopted from the 

routine designed in our research group by Pogosova et al [116,125,175]. The first step is 

responsible for the decomposition of precursors and launches NASICON phase formation. 

The second step completes the LATP phase formation and provides dense ceramic 

material. 

First, Al2O3 was prepared by calcining Al(NO3)3⋅9H2O (≥97%, RusChem, Russia) 

at 900 °C for 2 h in a muffle furnace (Nabertherm L5/12/P330, Germany). Then, fresh 

Al2O3 powder was cooled, ground, and mixed (Figure 2.1) stoichiometrically with 

NH4H2PO4 (≥98%, Alfa Aesar, Japan), TiO2 (≥99.5%, Sigma-Aldrich, Germany), and 

Li2CO3 (≥99%, Sigma-Aldrich, Chile), which was taken with the 5% excess to cover Li 

losses at high temperatures. The powders were milled manually in agate mortar with the 

addition of iso-propanol and calcined at 750 °C for 3 h (14 h ramp) in the muffle furnace 

being placed in an alumina crucible protected by the burnable separator. After sintering, a 

ceramic chunk was manually milled with iso-propanol and mixed with 5 wt.% solution of 
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polyethylene glycol (PEO, Mw ~1500, MO, USA) in iso-propanol during the subsequent 

additional milling procedure. The powder was then pressed (Carver 4350.L, IN, USA) into 

0.5-g pellets, which were placed in an alumina crucible and annealed at 850 °C for 3 h 

(14 h ramp). Final pellets were air-quenched and thrown on the aluminum foil to complete 

and preserve the NASICON phase formation. The final Li1.3Al0.3Ti1.7(PO4)3 ceramics were 

further applied for the composite fabrication immediately or placed inside the Ar-filled 

glove box (overall pressure <0.4 mbar; c(H2O), c(O2), and c(CO2) <10 ppm; MBraun, 

Garching bei München, Germany) and sealed in a pouch for delayed use. 

 

Figure 2.1. A two-step solid-state synthesis of LATP ceramic material [47]. 
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2.2. Fabrication of Composite Membranes 

The composite membrane fabrication routine consists of many steps and includes a 

large set of parameters related to materials used and procedures applied. Yet, unfortunately, 

there are little-to-no comprehensive studies that would evaluate the actual impact of these 

parameters on the final performance of a membrane and what parameters can be considered 

optimal for a particular system. Therefore, to obtain the most suitable morphological and 

functional features of the ceramic-in-polymer membrane, we thoroughly investigated and 

optimized a large number of fabrication-related parameters. For convenience, below they 

are underlined and summarized in Table 2.1. The varied parameters were divided into the 

membrane composition- and fabrication condition-related subgroups. 

The membrane fabrication is initiated with the LATP filler treatment: manual 

grinding of the as-synthesized or freshly unsealed 0.5-g ceramic pellet in the agate mortar 

with the following intense ball-milling in the high-energy shaker (SPEX 8000, NJ, USA) 

for 90 min. The membranes were fabricated via the tape-casting method using LATP, 

LiClO4 (>99.99%, Sigma-Aldrich, USA), and PVdF (Mw ~534,000, Sigma-Aldrich, 

France) dissolved in a solvent: DMF (≥99.8%, RusChem, Russia), DMSO (≥99.7%, Acros 

Organics, NJ, USA), or NMP (≥99.5%, Acros Organics, NJ, USA), all dried with 3 Å 

sieves until c(H2O) <25 ppm. The components were mixed in a vial in the following ratios: 

• salt-to-(ceramic+polymer) — 0, 7.5 wt.%; 

• polymer-to-solvent — 8−20 wt.%; 

• ceramic-to-polymer — 0−60 wt.%. 
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Table 2.1. Summary of the optimizing parameters for composite membranes. 

Optimizing parameter Variation range Starting point 

Membrane composition 

Casting solvent DMF, DMSO, NMP DMF 

Salt-(ceramic+polymer) ratio 0, 7.5 wt.%. 0 wt.% 

Polymer-solvent ratio 8−20 wt.% 15 wt.% 

Ceramic-polymer ratio 0−60 wt.% 45 wt.% 

Fabrication condition 

Components mixing temperature (Tmix) 25−130 °C 50 

Solution casting temperature (Tsub) 70−150 °C 70 

Samples drying temperature (Tdry) 25−130 °C 90 

Samples drying atmosphere Dynamic vacuum; 

atmospheric pressure 

Atmospheric 

pressure 

Components mixing protocol A; B; C; D A 

 

 

Commonly (except for several samples studied in the components mixing protocols 

part, Section 3.2.4), PVdF was firstly dissolved mixing at 400 rpm for 0.5 h at the 

temperature (Tmix) of 25−130 °C. Then, the rest composite components were added into the 

vial. The composite mixture was intensively stirred at 1400 rpm for 4 h with subsequent 

storing still for 20 h at RT for degassing. After that, the slurry was poured onto the 

specifically treated glass substrate. The treatment consistently includes: i) washing the 
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glass with acetone; ii) drying the substrate with argon flow; iii) quenching the glass with 

air plasma at 0.2-0.3 atm. Such procedure improves the substrate’s adhesion with the 

polymer solution by removing the organic contaminants and activating its surface. The 

polymer slurry was then plated using the film applicator (Zehntner ZAA 2300, 

Switzerland) with the blade moved at 15 mm s-1 and the substrate temperature (Tsub) of 

70−150 °C. Finally, the samples were dried for 1 h at the drying temperature (Tdry) of 

25−130 °C under various ambient pressure: atmospheric or dynamic vacuum. 

In Section 3.2.4, we will discuss how the components mixing approaches affect the 

LATP particles distribution in the composite membrane. In that experiment, we examined 

the composites prepared via four different mixing protocols (denoted as Sample A−D): 

• Sample A, the composite is fabricated as described above; 

• Sample B, a solvent was mixed with LATP powder to follow the DMF:LATP mass 

ratio of 7:1. Immediately, a proper fraction of PVdF was added to the DMF-LATP 

suspension under intensive stirring. The composite membrane was then processed as 

Sample A; 

• Sample C, the calculated amount of LATP suspended in 1 mL of the solvent was 

added to PVdF dissolved in 2 mL of the same solvent under intensive stirring. The 

composite membrane was then processed as Sample A; 

• Sample D, the solvent-LATP suspension was prepared as described for Sample B but 

with additional sonication using the VCX 130 ultrasonic processor (Sonics & 

Materials, CT, USA) at 20% maximum power. Then, PVdF was added and the 
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composite membrane was processed as Sample A. This fabrication route is illustrated 

in Figure 2.2. 

In the next parts of the Thesis (Chapter 3, Chapter 4), unless otherwise stated, the 

composite membrane parameters were set according to the “starting points” from Table 

2.1. 

 

Figure 2.2. Fabrication scheme for LATP+PVdF composite membrane prepared via the 

mixing protocol for Sample D. 
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2.3. Characterization of Composite Membranes 

In this work, the membranes were investigated via a set of physicochemical and 

electrochemical techniques. Characterization was carried out to aim one of the following 

tasks: 

• reveal the effect of a particular fabrication parameter and determine its optimal value; 

• study the retention of a specific property after a separate process, treatment, or analysis 

(e.g., membrane fabrication or galvanostatic cycling in a hybrid cell). 

2.3.1. Physicochemical Characterization 

SEM and EDX of the composite membranes and their components were performed 

using FEI Quattro S microscope (Thermo Fisher Scientific, MA, USA) using a 

low-vacuum detector to suppress artifacts due to sample charging. The acceleration voltage 

of 2 kV and the beam current of 0.11 nA provided sufficient lateral resolution. SEM of 

some polymer membrane samples was carried out using the Jeol JCM 6000 (Japan) desktop 

device at acceleration voltages of 10 kV. Formula units 𝑛𝑖
𝑢𝑛𝑖𝑡 of the elements of LATP 

ceramic was refined according to Equation 2.1: 

(2.1)  𝑛𝑖
𝑢𝑛𝑖𝑡 =

5∙𝐶𝑖
𝑎𝑡.%

∑ 𝐶𝑖
𝑎𝑡.%

𝑖
, 

where 𝐶𝑖
𝑎𝑡.% represents the atomic percentage of the i element and “5” is a sum of 

theoretical units of Al, Ti, and P elements in the LATP formula (0.3+1.7+3=5). 

The membrane samples for TEM were prepared by the focused ion beam technique 

using FEI Helios Xe plasma FIB (Thermo Fisher Scientific). The thickness of obtained 
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samples was around 100 nm. After preparation, the samples were placed into the FEI Titan 

Themis Z (Thermo Fisher Scientific) transmission electron microscope equipped by 

Super X quadrupole EDX detector. EDX mapping was performed at accelerating voltage 

of 200 kV and quantified in a standard way by subtracting a background. 

The XRD patterns were registered using the Bruker D8 Advance, MA, USA 

(Bragg-Brentano geometry; CuKα1,2 radiation, Ni filter, circular polarization; LynXeye XE 

detector; 2.5 ° soller slits; 1 mm fixed divergence slit; 30 ° min-1 sample holder rotation; 

2θ range from 10 ° to 120 ° for LATP ceramics and from 10 ° to 80 ° for LATP+PVdF 

composite membranes; 2θ step = 0.01 °; ambient conditions, RT). Crystal structure of the 

obtained compounds was refined by the Rietveld method in the R3 ̅c space group using the 

JANA 2006 software [176]. Two specific LeBail refinement settings — zero shift and 

asymmetry factors — were established by the registration, profile and structural analysis 

of Al2O3 NIST 676a standard as described in [116]. In total, the refinement settings were 

as follows: background — manual in combination with the Chebyshev polynomial with 

5 variables; unit cell dimensions a and c; profile — Pseudo-Voigt peak-shape function 

with GW, LY, anisotropic strain broadening — tensor approach accompanied by a 

Marquart technique mode with 0.001 Fudge factor; zero-shift (values of the alumina 

standard were input and fixed); vertical shift — Sycos; asymmetry — by divergence with 

HpS/L (values of the alumina NIST standard were input and fixed); Roughness — rough1 

by Pitschke, Hermann, and Matter approach. The vertical shift correction Sycos was 

involved in the general refinement to take the sample preparation features into account: the 
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thin layer of powder or a composite membrane sample were placed on the sample holder's 

flat side with no strict height control provided. The structure refinement parameters were 

as follows: initial atomic positions of Al, Ti, P, and O were set in accordance with neutron 

diffraction data presented in Ref. [177]; Al and Ti shared a joint position; Li positions were 

fixed); thermal displacement parameters — U, harmonic anisotropic approximation for Al 

and Ti, isotropic approximation for P, O, and Li (fixed for the latter one on the 0.01 value). 

Taking into account the XRD limitations related to the low Al concentration, similar Al3+ 

and Ti4+ electron density, and low Li+ electron density, we kept the ionic occupancies fixed 

for all elements. The PVdF phase observed in LATP+PVdF samples was not included in 

refinement as a separate phase and was later qualitatively assigned in accordance with the 

peak positions. Selected refined structures were submitted to the CCDC database in .cif 

form. These XRD patterns can be found in Appendix B. XRD Refinement. 

The attenuated total reflectance FTIR measurements were carried out using the 

Bruker Alpha II (MA, USA) spectrometer equipped with a diamond crystal and a KBr 

beamsplitter. Data were collected in the 4000–400 cm-1 range within the 4 cm-1 resolution 

and signal averaging by 20 scans. 

The Raman spectroscopy measurements were carried out using the DXRxi Raman 

Imaging Microscope (Thermo Fisher Scientific) with 532-nm laser excitation. Settings of 

laser power, the number of counts, and exposure time were varied to overcome the signal-

to-noise ratio of 50 for each particular sample. 
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The membrane’s swelling ratio and porosity were estimated by the wet method. 

The membranes were soaked in PC (with the density of 𝜌𝑠𝑜𝑙𝑣) for 18 h and then their wet 

thickness and mass were checked (𝑙𝑤 and 𝑚𝑤). After, the samples were placed in an oven 

and dried at 60 °C for 18 h followed by the thickness and mass recheck (𝑙𝑑 and 𝑚𝑑). 

Membrane’s swelling ratio (𝑆𝑊) and porosity (𝜀) were calculated using Equations 2.2, 2.3: 

(2.2)  𝑆𝑊 =
𝑙𝑤−𝑙𝑑

𝑙𝑤
∙ 100%, 

(2.3)  𝜀 =
𝑚𝑤−𝑚𝑑

𝜌𝑠𝑜𝑙𝑣∙𝐴∙𝑙𝑑
∙ 100%. 

Polymer-solvent solution viscosity was measured using the electromagnetically spinning 

viscometer (EMS-1000, Kyoto Electronics, Japan) at RT. 

2.3.2. Electrochemical Characterization 

To evaluate membrane’s ESW, LSV was performed using coin cells (CR-2032) 

with lithium metal counter electrode and SS working electrode in the voltage range of 

2–6 V and 0.6 mV s-1 scan rate. The measurements were performed using the Autolab 

PGSTAT302N (Metrohm AG, Barendrecht, Netherlands) galvanostat-potentiostat. 

In chronoamperometry, the membrane was stacked between either copper 

electrodes of the custom-made electrochemical cell (for electronic conductivity evaluation, 

Figure 2.3) or lithium electrodes in a coin cell (for Li+ transference number calculation); 

voltage were 0.5 V and 0.03 V, respectively, with the application time of 9000 s. The 

measurements were carried out via the Autolab galvanostat-potentiostat. 
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Figure 2.3. Scheme of the electrochemical cell developed in our research group used for 

LSV, chronoamperometry, and EIS analysis [175]. 

 

Electronic conductivity (𝜎𝑒) of the membranes was calculated according to Equation 2.4: 

(2.4)  𝜎𝑒 =
𝐼𝑆∙𝑙

𝑉∙𝐴
, 

where 𝐼𝑆 corresponds to the steady-state current achieved during chronoamperometry; 𝑉 is 

the applied voltage; 𝑙 and 𝐴 are the membrane’s thickness and area, respectively. 

EIS analysis was performed in the 1 MHz–0.1 Hz frequency range with the 10-mV 

amplitude via the Autolab galvanostat-potentiostat. Spectra for each sample were recorded 

five times for better statistics and error evaluation. The mean square root approximations 

were performed within the Metrohm Autolab NOVA software. A Kramers–Kronig 
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relationship (χ2 ~10-8–10-6) was used to determine quality of obtained data. Sample’s IC 

(𝜎𝑖) was calculated in accordance with Equation 2.5: 

(2.5)  𝜎𝑖 =
𝑙

𝑅𝑚∙𝐴
, 

where 𝑅𝑚 is the resistance of the tested composite membrane. 

The fabricated membranes were analyzed in coin cells assembled inside the Ar-

filled glove box. In advance, the studied membranes were soaked in 1.0 M LiClO4 in PC 

(Sigma-Aldrich, Budapest, Hungary; dried with 3 Å sieves until c(H2O) below 10 ppm) for 

18 h. In IC measurements, symmetric coin cells were equipped with SS electrodes. The 

equivalent circuit used for fitting Nyquist plots of SS|membrane|SS and Li|membrane|Li 

cells are correspondingly illustrated below: 

            , 

where Rm represents resistance of a membrane soaked in SE; Ri and Qi are resistance and 

CPE related to a membrane-SE interface; Rct and Qdl are related to charge transfer 

resistance and double layer CPE; RSEI and QSEI are related to a Li anode-SE interface. The 

CPE (Q) instead of a capacitor was used for a more precise fit of experimental data. 

Capacity (𝐶) of CPE was calculated via Equation 2.6: 

(2.6)  𝐶 = 𝑅
1

𝑛⁄ −1 ∙ 𝑄
1

𝑛⁄ , 

where 𝑛 is an exponent parameter. 



99 

  

Critical EIS data (Nyquist plots and parameters’ values) are presented in 

Appendix C. EIS Fitting Data. 

Lithium transference number (𝑡𝐿𝑖+) was calculated using the Bruce-Vincent 

methodology [178] (Equation 2.7). In this measurement, at first EIS is performed to define 

initial SEI resistance (𝑅0). After that, the chronoamperometry was carried out until the 

current achieves a steady state (from 𝐼0 to 𝐼𝑠). Finally, EIS was recorded to observe the 

change of the SEI resistance (𝑅𝑠), 

(2.7)  𝑡𝐿𝑖+ =
𝐼𝑠(𝑉−𝐼0𝑅0)

𝐼0(𝑉−𝐼𝑠𝑅𝑠)
. 

Galvanostatic stripping/plating tests in a couple with EIS were performed to 

evaluate membrane’s stability to metallic lithium. For this purpose, the symmetric coin 

cells, assembled with soaked membranes and Li electrodes, were cycled using the Biologic 

battery test system (France) at 0.1 mA cm-2. EIS tests were carried out before and after the 

cycling in order to, relying on resistances behavior, estimate the interfaces degradation in 

a semi-quantitative manner. 

Permeability of the membranes to TEMPO (98%, Sigma Aldrich, Germany) was 

estimated by CV using the PalmSens4 galvanostat-potentiostat (GA Houten, Netherlands) 

following the method firstly described in Ref. [169]. The custom-made two-compartment 

diffusion cell (Figure 2.4) was equipped with working Pt electrode (1.6 mm diameter), 

3-mm glassy-carbon counter electrode, and reference electrode composed of 0.5-mm Ag 

wire. 
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Figure 2.4. Scheme of the electrochemical cell for TEMPO permeability measurements; 

CE, RE, and WE are counter, reference, and working electrodes, respectively. 

 

The half-cell with the immersed electrodes was filled with pure SE, while another 

half-cell contained 0.5 M TEMPO in the same SE. The studied membrane was placed 

between the compartments and had an active area of ca. 0.785 cm2. 1.0 M LiClO4 in PC 

was used as SE in all permeability tests. CV recording was carried out in the 

0.0–0.8 V vs. Fc/Fc+ potential range and 0.05 V s-1 scan rate at RT. The obtained peak 

currents (𝑖𝑝) were recalculated to concentrations according to the Randles–Sevcik equation 

at RT (Equation 2.8): 

(2.8)  𝑖𝑝 = 2.69 ∙ 105𝑛
3

2 𝐴𝐷
1

2 𝜐
1

2 𝐶𝑙, 
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where 𝑛 represents a number of electrons involved in the redox reaction; 𝐴 is electrode 

area; 𝐷 is the diffusion coefficient; 𝜐 is the CV scan rate; 𝐶𝑙 is the concentration of the 

analyzed redox active species (TEMPO). 

We preliminary calibrated the peak currents using a series of TEMPO solutions 

with known concentrations. So, Equation 2.8 simplifies to 2.9: 

(2.9)  𝑖𝑝 = 𝐾𝐶𝑙, 

where 𝐾 is the calibration factor, constant at a certain electrolyte, cell configuration, and 

scan rate. 

The rates of TEMPO diffusion from the right half-cell to the left (permeability 

coefficients) were calculated via the second Fick law adopted to the cylindrical cell 

geometry (Equation 2.10): 

(2.10)  𝑉
𝑑𝐶𝑙(𝑡)

𝑑𝑡
=

𝐴𝑃

𝐿
(𝐶𝑟(𝑡) − 𝐶𝑙(𝑡)), 

where 𝑉 represents the volume of SE in the left half-cell; 𝐶𝑙(𝑡) and 𝐶𝑟(𝑡) are the TEMPO 

concentrations in the left and right half-cells in the particular moment (𝑡); 𝐴 and 𝐿 are the 

membrane’s active area and thickness, respectively. 

By integrating (2.10) and plotting 𝐶𝑙(𝑡) vs. 𝑡, one can fit the resulting linear curve 

and extract the permeability coefficient from a slope. 
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2.4. Membrane Life Testing in Li-TEMPO Hybrid Cells 

2.4.1. Static Cell 

To probe the composite membrane stability under the real Li-hybrid cell conditions 

and obtain the first performance data, life tests in the Li-TEMPO static cell (Figure 2.5) 

were performed. Galvanostatic cycling was carried out in the voltage range of 2.5–4.3 V 

and the current range of 0.25–1.25 mA cm-2 using the Alians galvanostat/potentiostat 

(Electrochemical Instruments; Russia) inside the Ar-filled glovebox. Membrane cycling 

stability was evaluated at 0.5 mA cm-2. Current collectors were made of carbon felt 

(Sigracell, 4.6 mm thickness). Lithium metal electrode, supported by a dry carbon felt 

layer, after dropping 70 μL of SE on it was directly contacted with a membrane (active area 

of 1.13 cm2) stacked between two gaskets (Viton, 0.8 mm thickness). 600 μL of catholyte 

(0.1 M TEMPO + 1.0 M LiClO4 in PC) was dropped into the carbon felt on the cathode 

side, and the cell was tightly and uniformly sealed with bolts. 

 

Figure 2.5. (a) Scheme and (b) image of the Li-TEMPO static cell used in cycling tests. 
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2.4.2. Flow Cell 

The Li-HFB flow cell performance tests were carried out in a custom-made 

electrochemical cell (Figure 2.6a) at 0.5 mA and 20 mL min-1 catholyte pumping rate via 

the Alians galvanostat/potentiostat inside the Ar-filled glovebox. The cathode-side polar 

plate made of graphite contained interdigitated flow field channels. The carbon paper used 

(1.5×1.7 cm2, 5 layers) was preliminarily calcined at 450 °C in the air for 20 h to activate 

its surface. The LATP+PVdF membrane (0.03-0.04 mm thickness), soaked in SE prior to 

all battery assembling for 20 h, was fixed between Viton gaskets (0.7 mm thickness; NY, 

USA), Figure 2.6a,b. Metallic lithium as anode (0.2-0.3 mm thickness) was mechanically 

attached to a copper substrate using rollers. For better contact, a layer of dry carbon paper 

was placed between the anode and SS current collector. 100 μL of SE was dropped onto 

the Li anode to improve its interface with the membrane. The end-plates made of 

poly(tetrafluoroethylene) were fixed with bolts. The cell was connected with a peristaltic 

pump (Watson-Marlow, UK) via elastomeric tubes (Figure 2.6с). 

TEMPO concentration in catholyte was 1 mM in all the cycling tests, whereas SE 

was varied so that one can specify the impact of each parameter (salt nature, salt 

concentration, solvent) separately. 
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Figure 2.6. (a) Schematic of the custom-made flow cell and digital images reflecting 

(b) intermediate assembling stage (metallic lithium anode is visible) and (c) constructed 

and connected HFB cell. 

 

The tested SEs were numbered as follows: 

(SE I)  1.0 M LiClO4 in РС, 

(SE II)  1.0 M LiClO4 in EС:DEC, 
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(SE III) 1.0 M LiTFSI in EС:DEC, 

(SE IV) 0.75 M LiTFSI in EС:DEC, 

(SE V)  0.5 M LiTFSI in EС:DEC, 

(SE VI) 0.1 M LiTFSI in EС:DEC, 

where LiTFSI is lithium bis(trifluoromethanesulfonyl)imide (99.99%, Sigma-Aldrich, 

China), and EС:DEC — the 1:1 vol. mixture of ethylene carbonate (≥99%, Sigma-Aldrich, 

USA) and diethyl carbonate (≥99%, Sigma-Aldrich, Hungary), all additionally dried under 

3 Å sieves until c(H2O) <10 ppm). 

The theoretical capacity (𝑄𝑡𝑒𝑜𝑟), experimental capacity (𝑄𝑑𝑖𝑠𝑐ℎ), state-of-the-

charge (𝑆𝑜𝐶), coulombic efficiency (𝐶𝐸), and energy efficiency (𝐸𝐸) of both Li-TEMPO 

static and flow cell were calculated by Equations 2.11-2.15, respectively: 

(2.11)  𝑄𝑡𝑒𝑜𝑟 (
𝐴ℎ

𝐿
) =

𝐶𝑖𝑛𝐹

3600
, 

(2.12)  𝑄𝑑𝑖𝑠𝑐ℎ (
𝐴ℎ

𝐿
) =

∫ 𝐼𝑑𝑖𝑠𝑐ℎ𝑑𝑡

𝑉
, 

(2.13)  𝑆𝑜𝐶 (%) =
𝑄𝑐ℎ

𝑄𝑡𝑒𝑜𝑟
∙ 100, 

(2.14)  𝐶𝐸 (%) =
𝑄𝑑𝑖𝑠𝑐ℎ

𝑄𝑐ℎ
∙ 100, 

(2.15)  𝐸𝐸 (%) =
𝐸𝑐ℎ

𝐸𝑑𝑖𝑠𝑐ℎ
∙ 100, 

where 𝑛 represents a number of electrons involved in a redox reaction; 𝐶𝑖 is a molar 

concentration of active species; 𝐹 is the Faraday’s constant; 𝐼𝑑𝑖𝑠𝑐ℎ is the current in a certain 

time frame (𝑡); 𝑉 is catholyte’s volume; 𝐸𝑐ℎ and 𝐸𝑑𝑖𝑠𝑐ℎ are charge and discharge energy, 

respectively. 
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Chapter 3. Optimization of Composite Membrane Properties 

In this chapter, we optimize the composite membrane’s composition and 

fabrication conditions to obtain the best combination of structural, morphological, and 

functional (IC, selectivity, stability) properties suitable for application in Li-HFBs. 

Particularly, we reveal the impact of lithium salt dissolved in a polymer matrix; nature of 

the casting solvent; polymer-solvent and ceramic-polymer ratios. We examine the 

influence of solution mixing temperature; membrane casting temperature; sample drying 

conditions; membrane components mixing protocol. 

The results described as well as the figures and tables shown in this chapter were 

published in Refs. [47,172,179,180] — articles with my co-authoring. 

3.1. Composition Variation 

3.1.1. Impact of Lithium Salt 

Dissolving lithium salts in the polymer-ceramic membranes is widely used to break 

the insufficient level of solid electrolyte’s IC. At the same time, we previously assumed 

that the salts might be leached out from the composite structure, as the membrane is always 

in contact with the liquid environment in RFBs. 

The basic electrochemical characteristics of LATP+PVdF and LATP+(7.5 wt.% 

LiClO4-PVdF) composite membranes, as well as their mass change after 1 h soaking in PC, 

are presented in Table 3.1. It is seen that, despite both composites demonstrate high 

electrochemical stability and negligible electronic conductivity, the salt-contained 

membrane exhibits severe mass losses after the static soaking in the solvent. 
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Table 3.1. Basic characterization of the composite membranes. 

Membrane ESW, V vs. Li/Li+ 

Electronic 

conductivity, S cm-1 

Mass loss after 

PC, % 

LATP+PVdF 2.2−4.8 10-9 ~0 

LATP+(7.5 wt.% 

LiClO4-PVdF) 

2.2−4.5 10-9 ~12 

 

 

The SEM images of LATP+(7.5 wt.% LiClO4-PVdF) support the previous result 

(Figure 3.1) — after the soaking, decent voids both at the top and cross-sectional views 

appeared. It confirms our initial assumption regarding leaching the salt out of the polymer 

matrix during exposure to the liquid media. 

Such degradation is inacceptable for the Li-HFB membrane, so, in further 

experiments, we will use the LATP+PVdF membrane with no salt added. 

3.1.2. Solvent Variation 

A tape-casting solvent was considered as an impactful factor determining the final 

membrane properties, specifically, its porosity that influences a crossover rate through the 

membrane [151,152]. Moreover, the solvent may be harmful to the composite’s 

components, PVdF and LATP, and lead to their degradation (e.g., LATP was previously 

shown to be unstable toward water [125]). The DMF, DMSO, and NMP solvents, in spite 

of having twice lower polarity than water, solvate Li ions well that may cause ceramic’s 

phosphate dissociation [181]. 



108 

  

 

Figure 3.1. SEM images of LATP+(7.5 wt.% LiClO4-PVdF) membranes: (a) cross-

section and (b) top view before soaking; (c) cross-section and (d) top view after soaking. 

 

To analyze the behavior of LATP’s crystal structure and its stability throughout the 

membrane fabrication process, we followed the approach previously described by our 

research group investigating the LATP stability toward air [116]. In that work, the authors 

showed that the LATP unit cell dimension and conductivity properties change with aging. 

A deeper analysis revealed a strong correlation between the volume of polyhedron around 

the Li(1) lithium position ([Li(1)O6M2]) and IC — both decreased with storage time. This 

makes the combination of unit cell and [Li(1)O6M2] volumes a good indicator of the 

structural and functional stability of LATP. Similarly, Figure 3.2a shows the LATP’s cell 

and [Li(1)O6M2] polyhedra volumes before and after the LATP+PVdF fabrication. 
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Figure 3.2. (a) Unit cell and [Li(1)O6M2] polyhedra volumes of the LATP powder and 

that within the LATP+PVdF composite membranes casted with DMF, DMSO, and NMP; 

(b) FTIR spectra of PVdF and LATP+PVdF casted with the studied solvents. Signals of 

LATP are marked with asterisks. 

 

The fabrication led to the LATP’s cell shrinkage from 1304 to 1299-1300 Å3 for 

DMF- and DMSO-casted membranes (~0.38% loss). Moreover, the IC-sensitive 

[Li(1)O6M2] polyhedron diminishes from 16.0 to 15.6 Å3 (2.5% loss) for DMF and to 

15.3 Å3 for DMSO and NMP (4.4% loss). The structural changes of the close extent were 

reported in our previous publication, where the impact of water was investigated [116,125]. 

In that work, the changes were accompanied with leaching the LATP elements out of the 

structure. Although here we did not quantitatively estimate the elemental losses, we assume 

the presence of slight chemical degradation similar to that for the water case. Nevertheless, 

regardless of the solvent nature, XRD phase analysis showed no new crystallized 

compounds as well as depicted the maintenance of the initial NASICON phase of LATP. 
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In addition, the solvent impact was investigated by FTIR to analyze the polymer’s 

phases. In Figure 3.2b, one can see the characteristic bands of LATP (P–O stretching 

vibrations near 1000 cm-1 and O–P–O bending vibrations at 640 and 570 cm-1) and PVdF 

(mainly α-phase: 614, 762, 975 cm-1; and β-phase: 877, 1272 cm-1 [182,183]). We observe 

no qualitative difference in the spectra — there are no signals ascribed to either residual 

solvent or side products. Therefore, speaking about the phase composition, both LATP and 

PVdF phases maintain their initial features after the membrane fabrication. 

To study the solvent impact on the membranes’ morphology, we performed SEM 

and EDX. For all solvents, the membrane’s surface was quite smooth, ceramic filler 

particles were uniformly distributed (Figure 3.3), and element ratios roughly corresponded 

to the theoretical formula units (Table 3.2). However, in comparison to DMF, the 

membranes created with the application of DMSO and NMP possess a larger number of 

pores visible on their surface (Figure 3.4). The open pores are undesired, as might be the 

cause of the membrane’s permeability to redox species (crossover) [50]. 

Nevertheless, the calculated permeability coefficients were quite close to each 

other: 3.0, 2.7, and 3.1 ∙ 10-7 cm2 min-1 for DMF, DMSO, and NMP, respectively (Figure 

3.5). In spite of the structural and mild morphological changes occurred during membrane 

fabrication, LATP+PVdF’s permeability does not depend much on the studied solvents. 

Composite’s IC diminished from (3.1±0.5) ∙ 10-4 S cm-1 (for pure ceramic pellet) to 

(1.45±0.44), (1.0±0.3), and (1.7±0.5) ∙ 10-4 S cm-1 for the same raw of the solvents (Figure 

3.5) due to its in-matrix embedment and the slight impact of solvent. 
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Figure 3.3. EDX of LATP+PVdF membranes casted with DMF, DMSO, and NMP. 

 

 

Table 3.2. EDX elemental distribution of LATP+PVdF membranes fabricated 

using the DMF, DMSO, and NMP solvents. LATP = Li1.3Al0.3Ti1.7(PO4)3. 

Solvent 
Atomic fraction Formula unit 

Al Ti P Al Ti P 

DMF 2.1±0.3 4.4±0.8 11.8±0.9 0.6±0.1 1.2±0.2 3.2±0.2 

DMSO 1.9±0.3 4.9±0.8 12.1±0.8 0.6±0.1 1.3±0.2 3.2±0.2 

NMP 1.8±0.3 4.7±0.8 11.1±0.9 0.5±0.1 1.3±0.2 3.2±0.2 
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Figure 3.4. Top view SEM images of LATP+PVdF fabricated using (a) DMF, 

(b) DMSO, and (c) NMP solvents. 

 

Figure 3.5. A correlation between permeability (purple bar) and IC (orange bar) of 

LATP+PVdF fabricated using different solvents. 
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Worth noting, the IC values correlate with the permeability data (Figure 3.5): 

LATP+PVdF casted with DMSO possesses the lowest permeability and IC simultaneously, 

whereas the NMP-casted composites have the highest values. It confirms the connection 

between membrane’s IC and permeability through their open porosity. 

To sum up, the investigation of the solvent nature impact led us to the conclusion 

that not only pure LATP ceramics are unstable toward ambient atmosphere and water, but 

also towards pre-dried dipolar aprotic media. This observation was made for the first time. 

Nevertheless, either DMF, DMSO, or NMP can be used for fabricating the LATP+PVdF 

composite membranes, as all the membranes showed close and acceptable values of both 

permeability and IC. For convenience, all further investigations were performed using 

DMF. 

3.1.3. Polymer-Solvent Ratio 

The polymer-solvent ratio used in the composite fabrication determines viscosity 

of the intermediate solution, processing convenience, and the final membrane’s thickness. 

At viscosity of >2000 mPa s, it is hard to take the DMF-PVdF solution out of the mixing 

vial due to the lack of continuous flowing. At the same time, diluted samples (<500 mPa s) 

were too diffluent or led to the formation of overly thin membranes. Within this viscosity 

region, 15 wt.% of PVdF in DMF was fixed as an optimum composition for uniform and 

robust membrane fabrication (Figure 3.6). Worth noting, a membrane thickness can also 

be controlled by altering the blade gap of the applicator machine — no need to change the 

solution’s viscosity, if thinner or thicker samples are needed. 
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Figure 3.6. Dependence of DMF-PVdF solution’s viscosity on DMF content within. 

 

3.1.4. Ceramic-Polymer Ratio 

The filler content is one of the most important parameters determining polymer-

ceramic membrane’s robustness, IC, and permeability. Presumably, composite’s IC should 

rise with the fraction of an ion-conducting material. Permeability is affected by the 

filler-matrix interface, which can be different for the membranes with low and high content 

of the ceramics. Too high fractions may promote membrane’s fragility and porosity due to 

the increase of voids in ceramic agglomerations. 

To investigate the impact of LATP content, we firstly performed XRD, FTIR, and 

SEM analysis of the membranes with 0, 15, 30, 45, and 60 wt.% of LATP (further denoted 

as PVdF and 15, 30, 45, and 60LATP+PVdF, respectively). XRD pattern of a pure 

polymeric membrane contains wide reflexes typical for PVdF (Figure 
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3.7a) — characteristic peaks within 18–20° with a moderate crystallization level [184,185]. 

Reflexes of the composite’s patterns can be assigned to either LATP or PVdF with relative 

intensity proportional to their content in the composite. 

All the observed infrared bands of the LATP+PVdF membranes belong to either 

LATP or PVdF (Figure 3.7b). Absorption bands near 842, 1235 and 1275 cm-1 imply the 

presence of crystalline β- and γ-PVdF in both pure polymer and composite membranes 

[185]. The characteristic vibrations of LATP’s PO4 group (bending at 845 cm-1 and 

stretching in 1000–1230 cm-1) are blue-shifted compared to the initial pure LATP powder 

and possess a gradual bathochromic shift with the increase of LATP content (Figure 3.7b, 

inset). 

 

Figure 3.7. XRD patterns of (a) LATP+PVdF composite membranes with LATP content 

varied from 0 to 60 wt.%. (b) Effect of LATP content on FTIR spectra of composite 

membranes; inset — dependence of CF2 and PO4 vibration peak positions of PVdF and 

LATP on ceramic content in LATP+PVdF. 
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Moreover, the frequency of PVdF’s CF2 vibrations (1180–1190 cm-1) decreases 

with the increase of LATP content. The described results might be attributed to a certain 

interaction between LATP and PVdF. As far as the fluor ion has the highest 

electronegativity, one may expect F to coordinate either ceramic filler particles (featured 

with the oxidized surface [125]) or separate lithium ions of LATP. 

To analyze the membrane’s microstructure, we applied SEM. Two planar surfaces 

of a membrane have morphological differences: smooth side touches substrate during 

drying (Figure 3.8b,c); rough side is in contact with air (Figure 3.8d,e). This morphological 

feature is typical for both pure polymeric and composite membranes. Worth noting that 

LATP ceramic slightly increases membrane’s porosity (Figure 3.8b,d) that was confirmed 

by the soaking tests (Table 3.3): with LATP introduction, the porosity increased from 21 

to 33%. Such growth can be attributed to the ceramic agglomeration. Indeed, the cross-

section image of LATP+PVdF shows that LATP particles tend to from agglomerates of up 

to 20 μm (Figure 3.8f) in size. At the same time, the ceramic-polymer contact is visibly 

tight, which, in turn, can provide a durable structure. Indeed, the composite membrane’s 

swelling in the PC solvent was around zero unlike the pure PVdF membrane, whose 

thickness increased by ~18% (Table 3.3). Apparently, the LATP filler when combined with 

PVdF chains, provides the composite with rigidity and suppresses the thickness change. 

These results are in agreement with the FTIR data discussed above confirming the 

assumption of an interaction between the polymeric and inorganic components. 



117 

  

 

Figure 3.8. SEM images of (a) LATP ceramic; (b) rough and (c) smooth planes of PVdF 

membrane; (d) rough, (e) smooth, and (f) cross-section planes of 45LATP+PVdF 

composite. 

 

 

Table 3.3. Swelling ration and porosity of the studied membranes. 

Membrane Swelling ratio, % Porosity, % 

PVdF 18 ± 4 21 ± 4 

45LATP+PVdF ~0 33 ± 3 

45Al2O3+PVdF ~0 31 ± 6 
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After morphological and structural investigation, we evaluated the membranes IC. 

The 0-60LATP+PVdF membranes were compared with the reference 

samples — 45Al2O3+PVdF (inert filler), Neosepta AHA, and Li-Nafion (see pretreatment 

description of the commercial membranes in Appendices, D). It is seen (Figure 3.9), with 

addition of LATP, membrane’s IC grew from 3.8 ∙ 10-5 for pure PVdF to 4.6 ∙ 10-4 S cm-1 

for 60LATP+PVdF (electronic conductivity was negligible, 6.1 ∙ 10-8 S cm-1), which is a 

good result assuming the previously stated IC threshold of 10-4 S cm-1. 

In order to distinguish the impact of porosity and filler’s IC, we examined the 

composite with inert Al2O3 powder (1 µm size, 45 wt.% content) instead of Li-conductive 

LATP (Table 3.3). In fact, IC of 45Al2O3+PVdF was only ~20% higher than of the PVdF 

membrane (4.5 ∙ 10-5 vs. 3.8 ∙ 10-5 S cm-1; Figure 3.9), which is attributed to the pure effect 

of the porosity growth. Hence, ~98% of the LATP+PVdF’s IC growth (from 0.38 to 

3.4 ∙ 10-4 S cm-1) is explained by the ceramic impact and 2% — by the porosity increment. 

 

Figure 3.9. (a) Ionic conductivity and (b) permeability of 0-60LATP+PVdF, reference 

45Al2O3+PVdF, and commercially available Neosepta AHA and Li-Nafion membranes. 
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Benchmarking the composite membranes with Neosepta and Li-Nafion, we 

observed IC of commercial samples were much lower — 1.6 ∙ 10-5 and 7.4 ∙ 10-5 S cm-1, 

respectively. Neosepta’s IC is about one order of magnitude lower than in other PC-based 

electrolytes (1.6-2.1 ∙ 10-4 S cm-1) [93,94]. Li-Nafion’s IC is close to that reported for the 

dry state (6.3 ∙ 10-5 S cm-1) [186], but higher than soaked in pure PC (2.2 ∙ 10-5 S cm-1) 

[187] and 1.0 M LiFSI in DMC (10-5 S cm-1) [90]. 

The calculated membranes’ transference numbers (tLi+, Table 3.4) were relatively 

far from unity due to the membrane’s porosity filled with SE. The composite membrane 

shows the highest tLi+ among other materials, which supports the dominant role of LATP 

ceramic in LATP+PVdF’s IC. Moderate tLi+ of Li-Nafion can be caused by the incomplete 

lithiation state. The low tLi+ value for Neosepta AHA is understandable — this membrane 

has anion-exchange nature. 

 

Table 3.4. Lithium transference number (tLi+) of the studied membranes. 

Membrane tLi+ 

45LATP+PVdF 0.7 ± 0.1 

PVdF 0.57 ± 0.09 

Li-Nafion 0.62 ± 0.09 

Neosepta 0.33 ± 0.05 
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Along with IC, it is essential to evaluate the impact of LATP filler on membrane’s 

permeability. Figure 3.9b illustrates that the permeability coefficient gradually grows with 

the LATP content: being 1.2 ∙ 10-7 cm2 min-1 for pure PVdF membrane, it reaches the 

plateau at 5.9-6.6 ∙ 10-7 cm2 min-1 for 15−45LATP+PVdF and then drastically increases to 

2.6 ∙ 10-6 cm2 min-1 for 60 wt.% of LATP. The studied composite membranes showed 

higher permeability coefficients than commercially available Li-Nafion and Neosepta 

membranes (1.2−1.3 ∙ 10-7 cm2 min-1; Figure 3.9b). The dramatic permeability rise, 

according to the results above, might be attributed to the porosity increase with addition of 

ceramic filler. Despite the 15−45LATP+PVdF composites meet the formal permeability 

requirement of <10-6 cm2 min-1 (Table 1.4), it can be further suppressed to approach that 

for commercial membranes, unless it is at the expense of IC. 

Overall, the LATP filler integration into the polymer matrix has not altered much 

the components’ phases, but implies the polymer-ceramic interaction in the LATP+PVdF 

system. Composite’s IC increases with the ceramic content and was significantly higher 

than for the Nafion and Neosepta commercial membranes. At the same time, with addition 

of LATP, the membrane’s porosity increases probably due to the void formation within 

ceramic agglomerates. This, together with visible pores on a membrane surface, is assumed 

to cause the membrane’s permeability to the catholyte active species. It rises with the LATP 

introduction and was larger than that of the commercially available samples. At this stage, 

the optimum 45 wt.% LATP+PVdF membranes demonstrated the best trade-off between 

IC and permeability, so this composition will be used in further membrane optimization 
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stages. Yet, it is desired to reach the permeability of commercial level-samples 

(10-7 cm2 min-1) with the insignificant damage to IC. 

3.2. Fabrication Conditions Variation 

3.2.1. Solution Mixing Temperature 

After considering the influence of composition on membrane’s properties, we are 

moving to fabrication conditions and, particularly, solution mixing temperature (Tmix). As 

it was mentioned in Section 1.4.4, the prolonged exposure of a pre-membrane solution (that 

contains solvent, polymer, etc.) to heating have not been evaluated yet, though might 

influence the qualities of the final sample. To evaluate this, we varied Tmix of pure polymer 

PVdF membranes (to exclude interfering impacts) within 25−130 °C (Set P.1) and 

compared samples’ morphology, phase composition, and permeability. 

Figure 3.10 shows roughness of the membranes’ top surfaces. Being completely 

smooth for the sample mixed at 25 °C, the PVdF’s plane side becomes more globular at 

50−90 °C and obtains the maximum roughness at 130 °C. Simultaneously, we report the 

thickness growth for ca. 5 μm (>25% of the 25 °C sample) with the increase of Tmix likely 

due to the porosity rise. 
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Figure 3.10. SEM microphotographs of the top PVdF surface of membranes fabricated at 

Tmix of 25, 50, 90, and 130 °C. 

 

Then, we explored the PVdF membranes’ phase composition by vibrational 

spectroscopies. Based on the FTIR results (Figure 3.11a), the dominant crystalline phase 

at Tmix = 25 °C was alfa (975, 762, and 614 cm-1). With the temperature increase to 90 °C, 

the α-phase slightly gives the way to the β-phase (bands at 1272 and 877 cm-1). In the case 

of further heating to 130 °C, the α-phase almost diminishes, whereas the β-phase becomes 

dominant. Worth to mention, the gamma PVdF phase is also present on the spectra (at 1234 

and 811 cm-1), however its content was low. 
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Figure 3.11. (a) FTIR spectra, (b) Raman spectra, and (c) permeability coefficients of the 

PVdF membranes fabricated at various Tmix. 
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All the studied PVdF membranes were multi-phased — each membrane contained 

α-, β-, and γ-PVdF at least in a small amount. Raman spectroscopy confirmed the 

prevalence of α phase (bands at 611 and 797 cm-1) at Tmix of 25−90 °C and the β-phase 

formation (813 and 841 cm-1) at 130 °C (Figure 3.11b). The nature of the bands marked 

with the *-symbol (1132 and 1525 cm-1) is still unclear, but they are likely attributed to the 

–CH=CH– vibrations that might appear due to the PVdF degradation observed in 

Ref. [188]. 

Finally, the membranes’ permeability raises from 0.45 to 1.00 ∙ 10-7 cm2 min-1 with 

Tmix increasing from 25 to 130 °C (Figure 3.11c). Taking such growth into account, we 

conclude on the strong temperature-phase-globularity-permeability correlation. High Tmix 

promotes the β-PVdF formation with a more globular morphology that promotes 

permeability. Lower Tmix, which causes α-PVdF with a smooth surface, are more beneficial 

for the PVdF-based membranes, as they provide lower permeability. From now on, 

membrane’s Tmix will be maintained at 25 °C. 

3.2.2. Solution Casting Temperature 

As it goes from Section 1.4.3, substrate temperature (Tsub) in the stage of casting 

the free-standing membrane may influence its microstructure and final phase composition. 

To estimate the impact of Tsub, we studied four PVdF membrane samples casted at 70, 110, 

and 150 °C (Set P.2). It is seen (SEM images; Figure 3.12), the membrane exhibits evident 

microporosity at Tsub of 70 °C that gradually disappears with the further elevation. 
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Figure 3.12. SEM microphotographs of the top face of PVdF membranes fabricated at 

Tsub of 70, 110, and 150 °C; Tmix = 25 °C; Tdry = 90 °C. 
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The membrane prepared at Tsub = 150 °C shows a denser and glossier plane, the 

globularity is merged. The observed changes are in agreement with porosity measured for 

these samples (Table 3.5): with rise of Tsub from 70 to 150 °C, it decreased from 27 to 10%. 

Then, as it is seen at Raman spectra (Figure 3.13), with the Tsub growth, the content 

of PVdF’s β phase gradually decreases. The sample fabricated at Tsub = 150 °C has almost 

pure α phase that correlates with the lower globularity, as well as it was observed for the 

Tmix variation experiments. This supports the previously described globularity-

microstructure interrelation and confirms the globularity’s negative impact on the 

membrane’s porosity. The findings are in accordance with literature: higher Tsub diminishes 

the PVdF’s globularity leading to the smoother and denser planes [149]. 

Table 3.5. Dry-measured porosity of PVdF polymer membrane samples. 

Temperature varied, °C Porosity, % 

Set P.2 (Tsub variation) 

70 27 ± 7 

110 10 ± 9 

150 10 ± 9 

Set P.3 (Tdry variation) 

70 25 ± 7 

90 19 ± 8 

110 20 ± 8 

150 25 ± 7 
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Figure 3.13. Raman spectra of the PVdF membranes fabricated at various Tsub. 

 

Overall, higher Tsub reduces both the globular morphology and porosity of the PVdF 

membrane. We ensured that the PVdF’s β phase promotes the globular structure formation. 

Hence, optimal Tsub of 150 °C will be used further in the PVdF-based membrane 

fabrication. 

3.2.3. Samples Drying Conditions 

After a fresh membrane is casted on a substrate, it should be carried to an oven for 

drying. The drying process should provide complete but gentle solvent removal resulting 

in a smooth and non-globular membrane’s microstructure. The most influential drying 

conditions are temperature (Tdry) and atmosphere, i.e., vacuum or ambient pressure. At 

elevated temperatures, polymer chains can rearrange, aligning the structure and decreasing 
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porosity; while the dynamic vacuum accelerates solvent evaporation [189]. Below, we 

investigate the influence of Tdry and vacuum on the final PVdF membrane’s morphology. 

Figure 3.14 contains the SEM images of PVdF membranes dried at different 

regimes: 80-90 °C + atmospheric pressure (denoted as only T), 80-90 °C + dynamic 

vacuum (T+vac), and 25 °C + dynamic vacuum (only vac). It is seen (Figure 3.14a-c) that 

only T and T+vac membranes have acceptable smooth appearance in contrast to the only 

vac sample. The latter sample has evident polymer disruptions that cause deep, likely open, 

pores (Figure 3.14d) totally unsuitable for Li-HFB purposes. 

To evaluate the impact of Tdry on the PVdF microstructure, we fabricated four 

samples (Set P.3) dried at 70, 90, 110, and 150 °C (atmospheric pressure). The semi-

quantitative evaluation showed the close porosity characteristics for all the studied 

membranes (Table 3.5). It was also barely possible to see any difference in polymers’ 

appearance either visually or instrumentally. Therefore, we decided to leave Tdry equalled 

~90 °C as an optimum temperature that provides quick solvent evaporation and no samples 

destruction. 

The drying temperature range of 70−150 °C does not influence much on the 

membrane’s morphology unlike to the drying pressure that must be atmospheric for 

efficient, non-destructive solvent evaporation from the samples. 
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Figure 3.14. Plane-side SEM microphotographs of PVdF membranes dried at different 

regimes: (a) only T, (b) T+vac, and (c) only vac. (d) Cross-section image of the PVdF 

membrane dried with only vac. demonstrating high probability of open pores. 

 

3.2.4. Effect of Filler Distribution 

As assumed in Section 1.4.4, large and/or agglomerated filler particles may trap 

pores in the composite, thereby increasing a number of interceramic voids and, hence, 

permeability. Indeed, in Section 3.1.4, we observed sufficient LATP agglomerates of up to 

20 μm in the LATP+PVdF membranes, although the mean ceramic particle size was about 

1 μm (90-min ball milling; Figure 3.15).  
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Figure 3.15. (a) Dependence of the mean particle size of LATP on milling time. 

(b) Particle size distribution of LATP ball-milled for 90 min. 

 

To achieve better distribution uniformity, we examined the composite membranes 

fabricated via three different mixing protocols (Sample A-D; see preparation description in 

Section 2.2). The LATP+PVdF membranes fabricated via the A-C methods, differed only 

by the subsequence of components addition, did not show any functional 

difference — their permeability coefficients were close to each other (Table 3.6). Sample D 

was fabricated with additional ultrasonic treatment of the DMF-LATP suspension to 

improve the LATP particles dissociation and, therefore, suppress filler agglomeration. 
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Table 3.6. Permeability coefficients of Sample A-D. 

Sample Brief description Permeability, 10-7 cm2 min-1 

A 
LATP filler added into DMF-PVdF 

solution 
2.19 ± 0.24 

B 
PVdF powder added into DMF-LATP 

suspension 
2.27 ± 0.25 

C 
DMF-LATP suspension added into 

DMF-PVdF solution 
2.59 ± 0.29 

D 
PVdF powder added into ultrasonicated 

DMF-LATP suspension 
0.86 ± 0.09 

 

 

In Figure 3.16, we compare the plane and cross-sectional sides of the original 

LATP+PVdF membrane (Tmix = 50 °C, Tsub = 70 °C, no DMF-LATP sonication) and 

modified LATP+PVdF (Tmix = 25 °C, Tsub = 150 °C, DMF-LATP sonicated). One can 

observe that the modification of the composite’s fabrication route not only improved the 

surface, but also diminished the size of filler agglomerates from 20 to ca. 5 μm and likely 

suppressed voids within the agglomerates (Figure 3.16a). 

 



132 

  

 

Figure 3.16. (a) SEM images of plane and cross-section morphology of original 

(Tmix = 50 °C; Tsub = 70 °C; no DMF-LATP sonication) and modified (Tmix = 25 °C; 

Tsub = 150 °C; DMF-LATP sonicated) LATP+PVdF membranes. (b) Permeability 

coefficients of PVdF and LATP+PVdF fabricated via the original route, after temperature 

refinement, and via the final modified technique. (c) Nyquist plots and ionic conductivity 

data (inset) of LATP+PVdF prepared via the original and modified routes. 
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To quantify the advances above, we compared the permeabilities of pure polymeric 

and composite LATP+PVdF membranes prepared through the original route; with the only 

temperature-optimized route; and with both optimized temperatures and ultrasonication 

applied (i.e., fully modified route; Figure 3.16b). One can see the permeability drop of both 

PVdF polymer and LATP+PVdF membranes — the coefficients decreased from 1.2 to 

0.45 and from 6.6 to 1.85 ∙ 10-7 cm2 min-1, respectively. The DMF-LATP ultrasonication 

suppressed the composite’s permeability further: down to 0.86 ∙ 10-7 cm2 min-1, the value 

even lower than of some commercial samples (Figure 3.9b). Therefore, the whole 

tape-casting routine optimization reduced the LATP+PVdF’s permeability by ~7.5 times. 

Important to highlight, the membrane’s porosity and filler distribution do not only 

define permeability, but also IC. As it was discussed above (Section 3.1.4), the presence of 

a through porosity system filled with SE solution would also contribute to the IC of a 

soaked membrane. Hence, the porosity elimination is reasonably expected to suppress the 

final IC to some extent. Indeed, after the 7.5-fold permeability suppression, membrane’s 

IC drops from 3.4 to 1.1 ∙ 10-4 S cm-1 (Figure 3.9c). Even though the desired IC values for 

a NAqRFB membrane are recommended to reach 10-3 S cm-1 [62], the final IC achieved in 

our study meets the requirement for solid-state electrolytes (>10-4 S cm-1; Table 1.4). In 

general, a trade-off between permeability and IC should be chosen individually for each 

particular system. 

In total, the LATP ceramic distribution within the PVdF matrix largely influences 

the composite’s porosity and, hence, it’s crucial functional features — permeability and 
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IC. Among the considered protocols, the preliminary ultrasonic treatment of the DMF-

LATP suspension provides the minimal permeability likely due to suppressing the 

interceramic voids and improving the polymer-ceramic interface. 

3.3. Conclusions from Chapter 3 

In this chapter, we have optimized a number of parameters (associated with 

composite membrane’s composition and fabrication conditions) affecting LATP+PVdF 

membrane’s properties. The summary of these parameters is provided in Table 3.7. 

 

Table 3.7. Parameter values after LATP+PVdF optimization, 

Optimizing parameter Optimal value Effect 

Membrane composition 

Salt-(ceramic+polymer) ratio 0 Salt leaches from polymer matrix 

Casting solvent DMF LATP cell parameters 

Polymer-solvent ratio 15 wt.% Ease of processing 

Ceramic-polymer ratio 45 wt.% Porosity; IC and permeability 

Fabrication condition 

Solution mixing temperature 

(Tmix) 

25 °C PVdF phase, morphology, 

porosity; permeability 

Casting temperature (Tsub) 150 °C PVdF phase, morphology, 

porosity; permeability 

Drying temperature (Tdry) 90 °C No visible effect 

Components mixing protocol D LATP agglomerate size 
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After the LATP+PVdF optimization procedure, we can draw the following 

conclusions: 

1) An affordable and scalable tape-casting method allows to fabricate the robust 

composite membranes, consisting of LATP ceramic filler and PVdF polymer matrix, 

with flexibility, high-voltage stability, and other promising properties, which should 

be adopted for a certain battery type. 

2) The LATP ceramic plays a crucial role in defining the composite membrane 

properties. Despite a slight degradation during the fabrication process (likely due to 

the leaching of Li+ out), the ceramic provides the membrane with competitive Li-ion 

conductivity of >10-4 S cm-1 — higher than commercially available samples show in 

the same conditions (Li-Nafion and Neosepta in SE). The LATP ceramic filler 

interacts with the polymer matrix and reinforces it suppressing the membrane 

swelling. 

3) The LATP filler negatively impacts the composite’s porosity and, hence, permeability 

due to forming agglomerates and interceramic voids. An introduced solvent-ceramic 

preliminary sonication step successfully diminished agglomerate size (by ~4 times) 

and made the LATP+PVdF’s permeability (<10-7 cm2 min-1) lower than that of some 

commercial samples. 

4) PVdF’s globularity is the main matrix-related factor that impacts the composite’s 

porosity — this was not investigated before. It was found that the β phase of PVdF 

promotes rough and globular microstructure increasing the number of pores and 
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promoting permeability. By the precise temperature control during each LATP+PVdF 

fabrication step (components mixing, membrane casting, and sample drying), almost 

pure α-PVdF is obtained that provides dense, non-porous membrane with an extremely 

low permeability level. 

5) All the advances made throughout the membrane optimization process are expected 

to improve the performance and durability of RFB cells equipped with LATP+PVdF. 

The results described in this Chapter provide a strong impetus to launch the 

prototyping of the Li-hybrid flow cell. 
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Chapter 4. Prototyping Li-Hybrid Flow Cell Equipped with Composite Membrane 

In this chapter, we examine the performance of LATP+PVdF composite 

membranes within Li-HFB cells. First, we probe stability of the membrane and adjacent 

interfaces toward metallic Li. Then, we evaluate performance of the static-mode 

Li-TEMPO cell equipped with the membrane and analyze its stability during cycling. 

Finally, we assemble and test a flow-mode Li-TEMPO HFB cell and complement the 

picture of LATP+PVdF behavior within. 

The results described as well as the figures and tables shown in this chapter were 

published in Refs. [172,180] — articles with my co-authoring. 

4.1. Evaluation of Membranes Stability to Metallic Lithium 

Prior to start composite membrane life tests, we should ensure in its tolerance to 

metallic lithium anodes, i.e., how effectively the polymer matrix protects the sensitive 

LATP and provides robustness and integrity to the whole system. For this purpose, we 

carried out galvanostatic stripping/plating tests in Li-Li symmetric coin cells. We analyzed 

the LATP+PVdF state before and after the cycling (EIS, instrumental methods) and 

compare it with several commercially available samples — Li-Nafion and Neosepta AHA. 

As one can see (Figure 4.1a), now the system comprises two semicircles related to 

interfaces. Despite EIS decoding of such systems is not trivial and varies in different 

publications, here we adopt the description from Refs. [186,190,191]. 
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Figure 4.1. (a) Example Nyquist plot with experimental (dots) and fitting data (line) of 

Li/membrane/Li cells; inset — equivalent circuit used for approximation. Voltage 

profiles of the Li/membrane/Li cells, as well as interface resistances (Ri and RSEI) before 

and after stripping/plating tests at 0.1 mA cm-2 of (b) LATP+PVdF, (c) Li-Nafion, and 

(d) Neosepta AHA membranes. SE — 1.0 M LiClO4 in PC. 
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The first semicircle was attributed to the membrane-liquid electrolyte interface 

(Ri−Qi; parameters are close to that of blocking electrodes; Table C2,C3, Appendices), 

whereas the second one contains the charge transfer (Rct−Qdl) and SEI (RSEI−QSEI) impacts 

(according to Ref. [192]). 

Figure 4.1b−d illustrates the stripping/plating voltage profiles and interface 

resistances for LATP+PVdF, Li-Nafion, and Neosepta. The LATP+PVdF composite and 

Nafion membranes showed 400 stable charge/discharge cycles with no 

short-circuiting — no rapid rise of a voltage amplitude [186,193], although the 

LATP+PVdF’s amplitude is smaller (~100 vs. 260 mV; Figure 4.1b−c). Furthermore, 

interface resistances of the LATP+PVdF cell do not change significantly after the cycling: 

Ri grew from only 146 to 184 Ω, whereas RSEI increased from 172 to 190 Ω. In contrast, 

while the Li-Nafion’s RSEI parameter increased insignificantly (from 216 to 270 Ω), the Ri 

value rose by more than 85% (from 670 to 1250 Ω) that might indicate the interface 

degradation between Li-Nafion and Li metal [124]. The Neosepta membrane demonstrated 

even lower stability: the polarization amplitude, extremely high since the first cycle (1 V; 

Figure 4.1d), grew to 4 V after 8 cycles that might indicate enhancing cell resistances. 

Indeed, Ri and RSEI grew from 1350 and 131 Ω to 5100 and 3600 Ω, correspondingly. 

As it goes from the stripping/plating and EIS results, only the LATP+PVdF 

membrane is tolerant to metallic Li and, thus, is suitable for testing within Li-HFB cells. 

Li-Nafion and Neosepta membranes showed severe interface degradation, so there is no 

need to exploit them in Li-HFB prototyping. 
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4.2. Performance of Li-TEMPO Static Cell 

To continue adopting the composite membrane for Li-HFBs, we assembled the cell 

with Li in the anode side and a static TEMPO solution at the cathode side (Figure 2.5). 

Such a simplified cell architecture is acceptable for initial system characterization 

(e.g., probing overall stability and durability), as it avoids high catholyte volumes, neglects 

bulk diffusion, etc. These preliminary tests were carried out prior to the final optimization 

of the membrane described in Chapter 3, therefore, the original LATP+PVdF samples (see 

“Starting Point”; Table 2.1) were applied. Although these samples do not possess improved 

permeability levels, this application was considered acceptable at this early stage, as we 

focus on the first evaluation of the general membrane’s cycling stability inside the hybrid 

cell environment. 

Figure 4.2 illustrates the cycling performance of the Li-TEMPO static cell equipped 

with the LATP+PVdF membrane. It is seen (Figure 4.2b) that coulombic and energy 

efficiencies exceed 95 and 73% correspondingly during 100 charge/discharge cycles. The 

initial discharge capacity is 2.50 Ah L-1, SoC of ca. 93% — almost all TEMPO can be 

utilized at 0.5 mA cm-2. At the same time, the cell’s capacity gradually decreases (first, 

exponentially, then, linearly) to 1.37 Ah L-1 by the speed of ~0.8% h-1. Such a trend is quite 

similar to an ordinary capacity fade of RFBs due to crossover [194]. As far as the porosity 

of the initial composite was ca. 33% (Table 3.3), we can reasonably expect LATP+PVdF 

to be partially penetrable for TEMPO molecules. 
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Figure 4.2. Performance of Li-TEMPO HFB cell equipped with LATP+PVdF composite 

membrane. (a) Charge/discharge profiles at 0.5 mA cm-2. (b) Discharge capacity with 

coulombic and energy efficiencies at 0.5 mA cm-2. (c) Rate performance at 

0.25–1.25 mA cm-2. (d) Unit cell parameters and (inset) cell volume of LATP ceramic as 

a pristine powder, in as-synthesized LATP+PVdF, and in the membrane after 

100 charge/discharge cycles in the Li-TEMPO static cell. 

Catholyte — 0.5 M TEMPO + 1.0 M LiClO4 in PC. 
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At first cycles, the TEMPO concentration in the anode part is close to zero, so the 

concentration gradient is high and TEMPO species go through the membrane rapidly. The 

more TEMPO transferred, the lower is the gradient, and, hence, the capacity fade 

decelerates (the linear region in Figure 4.2b). With the increase of current density (Figure 

4.2c), coulombic efficiency grows slightly, whereas the capacity decreases slower, which 

might be attributed to the TEMPO crossover as well. 

To evaluate the LATP+PVdF’s stability, we applied a set of XRD, FTIR, and SEM 

analyzes both before and after the cycling. From Figure 4.3a,b, it is seen there are neither 

admixture phases nor signs of serious composite degradation appeared after 100 cycles. 

Furthermore, the unit cell dimensions and cell volume of the LATP filler did not change 

significantly during membrane fabrication and subsequent cycling tests (Figure 4.2d). The 

SEM images state no morphology degradation as well (Figure 4.3c−f). 

The LATP+PVdF composite membrane demonstrated the promising performance 

in the static Li-TEMPO cell: high coulombic (>95%) and energy efficiency (>73%), as 

well as ambitious cycling durability primarily due to the high phase and interfaces stability 

of LATP+PVdF. The main drawback as expected is the TEMPO species crossover through 

the membrane led to severe cell’s capacity decay (0.8% h-1). We hope that the permeability 

suppression advances shown in Chapter 3 will decrease the capacity decay. Therefore, in 

the next section, we tested the fully optimized LATP+PVdF in the designed Li-TEMPO 

flow cell. 
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Figure 4.3. State of LATP+PVdF membrane before and after 100 charge/discharge cycles 

in the Li-TEMPO static cell. Comparative (a) XRD patterns, (b) FTIR spectra, and SEM 

images of (c, d) smooth and (e, f) rough membrane sides. 
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4.3. Performance of Li-TEMPO Flow Cell 

The flow-mode cell operates with much higher volumes of catholyte and hides other 

pitfalls, so its prototyping requires much more effort than for the static cell. In this section, 

besides probing optimized membrane’s performance, we discuss Li-HFB cell’s TCR — a 

complex parameter that defines the highest applicable current and, hence, energy density. 

Here, we also discuss Li-HFBs’ capacity retention and membrane’s state after cycling. 

Besides a membrane, catholyte’s SE composition impacts Li-HFB’s TCR. To find 

a suitable candidate, we examined a set of SEs (see the list in Section 2.2) that allows to 

reveal the impact of a supporting salt, its concentration, and a solvent separately. SE I 

(1.0 M LiClO4 in PC) is a common composition previously used in our electrochemical 

analysis as well as in RFB testing from literature [66,70,195]. However, in the flow 

operation mode, it shows non-uniform charge/discharge trends with evident “shoulders” at 

first cycles, capacity shrinkage, and the ohmic drop increase (Figure 4.4a). Such an 

unstable operation of PC-based SEs might be attributed to specific PC-derived subproducts 

hindering the generation of suitable SEI for metallic Li anodes [196–198]. 

To improve the cycling stability, we substituted PC with EC:DEC (SE II). EC 

solvates Li+ ions in a lower extent than PC that leads to a more proper initiation of stable 

SEI [198,199]. DEC, facilitating ionic transportation, is frequently used in combination 

with EC for Li-ion batteries [199]. However, substituted the solvent to EC:DEC, we 

observed a similar trend — unidentified sharp inflections of the charge/discharge curves 

and even more drastic capacity shrinkage (Figure 4.4b). 
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Figure 4.4. Cycling performance of Li-TEMPO HFB cell operating with 

(a) 1.0 M LiClO4 in PC, SE I; (b) 1.0 M LiClO4 in EC:DEC, SE II; and (c) 1.0 M LiTFSI 

in EC:DEC, SE III; (d) Nyquist plots obtained for the Li-HFB cell before and after 

100 cycles using SE III. Current — 0.5 mA, active area — 2.55 cm2. 
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At the next step, we changed the LiClO4 salt to LiTFSI, which is better for SEI 

formation and more tolerant for carbon electrodes [199,200]. Resulting SE III gave more 

gradual and stable cycling than previous SE I−II (operation for 140 vs. 40 h, Figure 4.4c). 

Likely, the LiClO4 salt was the main reason for SE I−II poor cyclability, although the 

nature of this effect is unknown and should be evaluated. 

TCR measurements before and after cycling supports the observed SE I−III 

behavior. Indeed, TCRs of SE I−II, initially quite high (790 and 650 Ω), increase to 950 

and 900 Ω, respectively, after the cycling (Figure 4.5a). TCR of SE III, initially quite close 

to SE II, on the contrary, diminishes from 640 to 550 Ω. This TCR decrease might be 

associated with the better SEI stabilization, for which LiTFSI is responsible. These TCR 

results imply two points: i) EC:DEC solvent is more favorable than PC in terms of TCR; 

ii) unlike to LiClO4, the LiTFSI salt provides the long-term cycling probably due to the 

less-resistant SEI formed. 

Next, we investigate the effect of LiTFSI concentration on TCR (SE III−VI; Figure 

4.5b). The 0.75 M LiTFSI concentration provides the lowest TCR value among the studied 

SEs — 510 Ω. At concentrations below 0.75 M, TCR decreases due to the Li+ 

concentration lowering; whereas above 0.75 M, it likely increases due to the raise of 

electrolyte viscosity. Overall, SE IV turned up to be the least resistive electrolyte, so it will 

be used further to perform the durability tests and evaluate the cell characteristics. 
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Figure 4.5. (a) Cell resistance before and after cycling tests of the Li-TEMPO flow cell 

operated with SE I−III. (b) Dependence of initial TCR on LiTFSI salt concentration in 

SE III−VI; (c) Discharge capacity and coulombic efficiency of the Li-TEMPO cell at 

0.5 mA (2.55 cm2 active area) using SE IV-based 

catholyte — 1 mM TEMPO + 0.75 M LiTFSI in EC:DEC; (d) Cell capacity retention 

times, t80 and t50, of LATP+PVdF membranes fabricated via the original and modified 

routes. 
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From Figure 4.5c it is seen that coulombic efficiency of the SE IV-based cell was 

~95% for 100 cycles. However, initial capacity of 24.9 mAh L-1 (93% of theoretical) 

gradually decreases to 12.4 mAh L-1 — the fade is close to that observed for the original 

membrane (~50%; Section 4.2). From the first sight, it might seem the membrane’s 

permeability optimization did not affect the capacity fade rate. However, the original 

LATP+PVdF was tested in the static cell, where a single charge\discharge cycle takes much 

less time than in the flow one. Therefore, to compare the performance of the original and 

modified membranes properly, we introduce the t80 and t50 parameters that characterize how 

much time the battery retains 80 and 50% of its initial capacity, respectively. In these terms, 

the Li-HFB cell with the modified membrane maintains 80 and 50% capacity for 37 and 

128 h against 8 and 63 h for original LATP+PVdF (Figure 4.5d). The cell with the modified 

membrane exhibits the capacity losses of ca. 0.4% h-1 vs. 0.8% h-1 for the original sample 

(Section 4.2). Among the publications devoted to Li-HFBs [65,67,70–73,195,201], 

according to our knowledge, only a few explicitly discuss capacity retention. In the current 

work, we achieved the ~68% capacity retention after 50 cycles, which is quite close to the 

reported literature data (Table 4.1). 
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Table 4.1. Comparison of Li-hybrid flow cells performance reported in literature. 

Catholyte redox 

species / 

Concentration 

Supporting 

electrolyte 

Capacity 

retention, % / 

N cycles 

Coulombic 

efficiency, % / 

Current, mA cm-2 

Membrane Limitations Ref. 

TEMPO / 

1 mM 

0.75 M LiTFSI 

in EC:DEC  

68 / 50 

50 / 100 

94 / 0.2 Composite: 

LATP+PVdF 

Low TEMPO 

initial availability; 

high cell resistance 

This 

work 

Methoxymethyl 

ferrocene / 

100 mM 

1 M LiTFSI in 

DME 

30 / 100 91 / 20 Porous: 

Daramic 

DME volatizes in 

100 cycles 

[201] 

DB-1 / 

80 mM 

1 M LiTFSI in 

DMSO 

100 / 50 99 / 20 IEM: 

Nafion 115 

Low solubility and 

affordability of 

active species 

[72] 

TEMPO / 

50 mM 

1 M LiPF6 in 

PC 

70 / 50 97 / 5 Porous: 

Celgard 

TEMPO 

degradation during 

cycling 

[195] 
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Methyl-

phenothiazine / 

50 mM 

1 M LiPF6 in 

EC:DEC 

95 / 1000 99 / 0.2 Ceramic: 

LAGP 

Low catholyte 

volume – 4 mL 

[73] 

MeO-TEMPO LiTFSI + 

17 wt.% H2O 

ionic liquid 

84 / 20 − / 0.2 Ceramic: 

LICGC 

Low catholyte 

volume – 50 μL 

[71] 

TEMPO / 

100 mM 

1.0 M LiPF6 in 

EC:PC:EMC + 

15 wt.% FEC 

99 / 100 99 / 5 Porous: 

polyethylene-

based 

Highly corrosive 

LiPF6 

[70] 

Anthraquinone / 

250 mM 

1 M LiPF6 in 

PC 

70 / 40 93 / 0.1 Porous: 

Celgard 

Low cell voltage [67] 

Benzoquinone / 

10 mM 

1 M LiClO4 in 

GBL 

77 / 25 

50 / 100 

− / 0.05 Ceramic: 

LICGC 

Fast capacity decay [65] 
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After prolonged cycling of the membrane, we analyzed the LATP structural 

changes to ensure its stability in the real conditions of operating Li-HFB cell. Discussing 

the LATP structure, we compared ceramic’s unit cell volumes (V) and intrastructural 

polyhedron [Li(1)O6M2] volume following Refs. [116,125]. Initial LATP represents a 

well-crystallized and pure NASICON phase; V and [Li(1)O6M2] values (Appendices, 

Figure B1) were close to that previously reported [125]. After the LATP+PVdF fabrication, 

one can observe two phases (Appendices, Figure B2): LATP (refined) and α-PVdF 

(identified qualitatively based on Ref. [202]). LATP filler’s V shrank by 0.25%, whereas 

[Li(1)O6M2] grew by 4.22%. We expect these changes were caused by the Li losses 

accompanied by the Al/Ti ratio shift that occurred during the intense ball-milling and 

prolonged ceramic exposure to DMF [47]. After the cycling, LATP+PVdF still contained 

the same distinguishable phases (Appendices, Figure B3). However, we see the shift of 

both V and [Li(1)O6M2] toward the initial values of LATP. The V loss diminishes from 

0.25% to 0.11%, while the [Li(1)O6M2] decreases by 1.60% opposite to the 4.22% growth 

for the as-prepared membrane (Figure 4.6). Such behavior might only be caused by the 

LATP active involvement in Li+ migration processes, despite it is embedded in a PVdF 

matrix. This conclusion supports our previous results (Section 3.1.4): IC of the membrane 

with the inert Al2O3 filler was ~8 times lower compared to that for LATP+PVdF. 
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Figure 4.6. LATP cell volume (V) and [Li(1)O6M2] polyhedron volume of pristine 

ceramic and inside LATP+PVdF membrane before and after 100 cycles in Li-HFB cell. 

 

As far as the surface of ceramic grains is mostly covered with oxygen [125], we did 

not expect PVdF to be coordinated to LATP by fluorine. Indeed, F atoms are distributed 

homogeneously within the PVdF matrix in the as-fabricated composite membrane (Figure 

4.7). However, after cycling one can see the prominent excess of F right around a filler 

particle. Assuming PVdF is the only F-contained component in the system (LiTFSI was 

washed out), we can associate the accumulated F atoms with Li counterions both involved 

in polymer-ceramic interface formation. Although the −F∙∙∙Li coordination should elongate 

the C−F bond, the vibration frequency shift at 1180 cm-1 is not observed in FTIR spectra 

(Figure 4.8). More comprehensive interface analysis is needed to explain the influence of 

cycling on LATP+PVdF. 
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Figure 4.7. TEM-EDX images of LATP ceramic particles blended in a PVdF matrix within a composite membrane before and 

after 100 cycles in the Li-HFB cell. 
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Figure 4.8. FTIR spectra of LATP+PVdF after 100 cycles in the Li-HFB cell. 

 

The designed Li-TEMPO HFB cell, operated with the modified composite 

membrane and cyclable SE, showed >95% coulombic efficiency during 100 cycles. The 

cell’s capacity decay still exists, though halved (0.4 vs. 0.8% h-1) comparing to the 

non-optimized membranes. After the cycling, LATP+PVdF showed excellent phase and 

composition stability — neither impurity, decomposition, or etching were observed. The 

LATP cell volume parameters, V and [Li(1)O6M2], indicated the filler active involvement 

in electrochemical processes — the Li-ion transfer significantly impacts the LATP 

structure and the filler-matrix interface. Although the composite membrane proved to be 

very promising for Li-HFBs, configuration of the catholyte, flow cell, etc. should be further 

optimized to move the Li-HFB forward to the next prototyping stage. 
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4.4. Conclusions from Chapter 4 

Evaluated the performance of the Li-TEMPO HFB cells and the LATP+PVdF 

membrane’s stability within, we summarize the main results achieved in this chapter: 

1) The composite membrane, as well as the adjacent interfaces, were probed to be stable 

toward metallic Li, unlike the common commercially available samples (Nafion, 

Neosepta). The first LATP+PVdF’s life tests within the Li-TEMPO static cell did not 

show any signs of a severe morphology, phase, or structural degradation. 

2) The main problem occurred during the primary cycling tests was a cell’s capacity 

decay due to sufficient crossover through the composite membrane. The introduced 

LATP+PVdF modification (Chapter 3) enhanced the cell’s capacity stability 

diminishing the fade twice: from 0.8 to 0.4% h-1. Besides, the optimal SE composition 

(0.75 M LiTFSI in EC+DEC) provided the Li-TEMPO flow cell with ~93% initial 

capacity and >95% coulombic efficiency during 100 charge/discharge cycles. 

3) The volume changes of the Li-involved LATP’s polyhedron supported our previous 

assumption — ceramic particles actively participate in the ion-conductivity process 

within the composite membrane. Moreover, the microscopy analysis confirmed the 

presence of an interaction between the PVdF matrix and LATP filler that likely 

enhances during the cell operation; though, internal interfaces’ behavior should later 

be thoroughly studied. 
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Chapter 5. Conclusions and Future Perspective 

In the final chapter, we discuss the results of developing the hybrid battery 

system — Li-TEMPO HFB cell equipped with the LATP+PVdF composite membrane. We 

summarize all the advances achieved and define the limitations one should focus on for 

further development of the system to the next stage of prototyping. In the end, we draw 

final conclusions of the Thesis. 

5.1. System Advances and Paths for Improvement 

In the previous chapters, we worked with a large variety of different aspects and 

pitfalls of Li-HFB cells and its components. Relying on the literature data and following 

own experience, we collected important features and requirements (Table 5.1) of the 

Li-HFB concept. We also provide a list of recommendations to solve a number of 

Li-HFB-related issues. We identify them into the Membrane, Catholyte, and Design 

Problems. To each problem, the value threshold, related Li-HFB’s characteristics, our 

personal outcome, and practical recommendations correspond. 
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Table 5.1. Parameters crucial for Li-HFB cell high performance related to Membrane, Catholyte, and Design Problems. 

Parameter Value or quality threshold / 

Impact 

Our value / 

Perspective 

Recommendation 

1. Membrane Problems 

1.1. Ionic 

conductivity 

10-4−10-2 S cm-1 / 

Current density 

1.1 ∙ 10-4 S cm-1 / 

To be improved 

- Improve membrane’s internal interfaces: 

ceramic-polymer, ceramic-ceramic, etc.; 

- Introduce conductive but stable additives; 

- Evaluate the impact of each fabrication step 

on components and final composite; 

- Tune volume fraction of conductive filler; 

- Evaluate other materials and designs; 

1.2 Permeability <10-6 cm2 min-1 (depends on 

solvent) / 

Capacity decay rate 

0.86 ∙ 10-7 cm2 min-1 / 

Good 

- Improve membrane’s internal interfaces; 

- Tune membranes porosity; 

- Consider effects of matrix phase and 

microstructure 

- Consider the size of redox-active species; 

- Evaluate the impact of each fabrication step; 

- Post-treatment to collapse porosity; 
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1.3 Chemical 

stability of 

components and 

interfaces 

Neither membrane nor 

interfaces degradation / 

Cell resistance, battery 

lifetime 

400 cycles with no 

drastic increase of 

interfacial resistances 

and cell short-circuit / 

Good 

- Improve membrane’s internal interfaces; 

- Estimate stability of phase, structure, and 

functional features of both, components and 

final composite; 

- In case of a sensitive filler, consider a matrix 

that acts as protective sealing; 

2. Catholyte Problems 

2.1 Active 

species: stability; 

concentration 

No degradation during 

cycling; >1 M / 

Energy density, battery 

lifetime 

1 mM / 

To be estimated; 

improved 

- Find the concentration-solubility trade-off; 

- Improve the solubility through SE modifying; 

- Tailor the structure (easily applied for organic 

molecules) for a more suitable size/stability; 

2.2 Supporting 

electrolyte: 

resistance; 

capability with 

SEI  

The lower resistance, the 

better / 

Current density, battery 

lifetime 

0.75 M LiTFSI in 

EC:DEC; 100 cycles / 

To be improved 

- Optimize SE composition to achieve cell 

components stability, low viscosity, and 

resistance; 

- Consider cyclable F-contained salts; 

- Apply electrolyte enhancers (e.g., FEC, VC); 
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3. Design Problems 

3.1 Interfacial 

resistances 

Cell resistance of <100 Ω / 

Current density 

Total cell resistance of 

~600 Ω / 

To be improved 

- Evaluate cell components to form stable and 

low-resistant interfaces; 

- Emphasize anode design — one of the most 

crucial part responsible for Li-HFB operation; 

3.2 Cell 

architecture and 

other parameters 

General impact on cell 

resistance, capacity 

availability, stability, etc. 

To be improved - Work on the design optimization of 

electrodes, current collectors, pumping system, 

catholyte circulation, etc. 
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1. Membrane Problems. Research usually starts with identifying promising 

components: supporting Li salt (LiClO4, LiTFSI, if applicable), polymer matrix (PAN, 

PEO, PVdF, etc.) and filler (LZTO, LATP, etc.) [203]. We have followed the same 

strategy: we started with optimization of the LATP ceramic [116,125] and chose PVdF and 

LiClO4 as prospective matrix-salt basis. Then, we continued with setting the LATP+PVdF 

fabrication routine: varied a number of composite’s composition and fabrication 

parameters and measured the sample’s IC, permeability, stability, and cyclability. 

Although we have broken the initial threshold for IC (10-4 S cm-1; 1.1, Table 5.1), it should 

be further increased to 10-3 S cm-1 and higher to show the performance close to that of 

conventional LIBs. The further increase of the membrane’s IC can be implemented by 

improving the inner interfaces through modifying the components, introducing linking and 

conductive agents, and developing alternative fabrication procedures. The membrane’s 

permeability feature (1.2) is dictated by its porosity and interfacial behavior. Working on 

the porosity, one should consider the connection between IC and permeability, relevant for 

the RFB membranes, open pores of which are filled with SE. For the Li-HFB membranes, 

stability toward metallic Li anode should be evaluated to exclude the degradation of 

interfaces or the growth of Li dendrites (1.3). In sum, the membrane’s performance 

depends on its components and their interrelations. 

2. Catholyte Problems can be distinguished into the issues related to active species 

(2.1; Table 5.1) and SE (2.2). A RFB capacity loss can be affected by the size of 

redox-active compounds through the crossover. Bigger molecules hardier diffuse through 
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the membrane, so show lower permeability. At the same time, the solubility of larger 

species is frequently lower, and one should follow a trade-off in the size design [66]. 

TEMPO utilized in this work possesses high solubility in carbonate SEs (~2 M), but has a 

small size [70]. As a result, TEMPO still goes through LATP+PVdF even after the 

membrane optimization, although twice less than it used to be (Figure 4.5d). Permeability 

can be suppressed even more by the substitution of redox-active moieties to larger 

molecules, for instance, quinoxalines (e.g., DBBB), triarylamines, and other. [204,205]. 

Additionally, the species stability should be evaluated to exclude the degradation as a 

source of cell’s capacity fade. The SE issues (2.2) impact battery’s total resistance and 

lifetime. Bulky salts or highly concentrated solutions can hinder the Li+ diffusion. Finally, 

to improve the cell cyclability and stabilize SEI, fluorine-contained salts (e.g., LiTFSI and 

family) and small amounts of specific solvent additives (VC, FEC [206]) can be used. 

3. The cell Design also defines TCR. In addition to membrane and SE impacts, 

TCR also contains the contributing interface resistances (3.1), such as current collector-Li, 

Li-liquid electrolyte (SEI), and catholyte-carbon felt. Ideally, to decrease TCR, each 

interface should be separately optimized. A special attention should be devoted to the 

Li-HFB’s anode compartment. Here, we place the membrane directly onto the metallic Li 

anode because of its proven stability. This allows us to avoid additional intermediate layers 

of Celgard [67,126] or carbon papers [70,195,201] that are frequently used in the literature. 

Before, we have already mentioned adding catholyte species to the anode cell compartment 

(Section 1.3.3). From one hand, it boosts the applied current density, but neglects the 
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membrane’s permeability and deprives the Li-HFB’s simplified architecture. Another 

design problem that we personally faced is a low TEMPO concentration in the catholyte 

during the flow cell cycling. At the concentrations higher than 1 mM, the initially available 

cell capacity drastically fell down (Table 5.2) — currently, it cannot be explained. So far, 

such low concentrations might be acceptable, as we have focused mainly on the membrane 

development. This issue should be resolved during further steps of Li-HFB prototyping. 

The current Thesis work shows the complexity and versatility of developing a 

Li-HFB and, particularly, a membrane applicable for this type of batteries. Nevertheless, 

through the thorny optimization path, we configured the composite membrane with 

acceptable IC, low permeability, and superior stability within the Li-HFB environment. In 

our notation, we have solved the vast majority of the Membrane Problems toward the 

creation of a Li-HFB prototype. To step forward, from now on, the main attention should 

be devoted to overtaking the Catholyte and cell Design issues. We would like to 

particularly emphasize the TCR diminish, anode compartment modification, and active 

species availability resolution as the starting points for the next research. 

 

Table 5.2. Dependence of Li-TEMPO flow cell capacity on TEMPO concentration. 

Concentration, mM Initial capacity, % of theoretical 

1 93 

10 12 

100 ~1 
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5.2. Conclusions of the Thesis 

1) Through a combination of physico-chemical and electrochemical techniques, we 

revealed that easily fabricated ceramic-in-polymer composite membranes are 

promising for Li-HFBs — prospective electrochemical devices for large-scale energy 

storage. 

2) We found that the PVdF’s phase and microstructure significantly affect the 

membrane’s porosity, which eventually defines its permeability to the catholyte’s 

redox-active species. By applying the proper temperature regime during the 

fabrication (components mixing at RT, film casting at 150 °C, samples drying under 

atmospheric pressure), we suppressed the membrane’s permeability from 6.6 to 

1.85 ∙ 10-7 cm2 min-1. 

3) We elucidated that the ceramic filler affects both the composite’s permeability and IC. 

The added LATP particles tend to form large agglomerates (~20 μm) comprising 

severe intragranular voids that promote the membrane’s permeability. The preliminary 

ultrasonic treatment of the solvent-ceramic suspension destroys major agglomerates 

and further diminishes the permeability — from 1.85 to 0.86 ∙ 10-7 cm2 min-1. By 

means of blending inert particles into the matrix, we showed that the Li-conductive 

ceramic filler mostly contributes to the IC of the composite membranes: the addition 

of 45 wt.% LATP to PVdF enhances its IC from 0.38 to 3.4 ∙ 10-4 S cm-1, whereas the 

same amount of Al2O3 provides only 0.45 ∙ 10-4 S cm-1. What is more, the volume 
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fluctuations of Li-contained polyhedra before and after membrane cycling confirm the 

active participation of LATP filler in the conductivity process. 

4) The LATP+PVdF composites showed superior bulk and interfacial stability toward 

metallic Li. By cycling the membrane within the Li-TEMPO static cell, we ensured 

the system was capable of providing competitive efficiency, durability, and specific 

capacity with neither phase nor morphological changes. The main disadvantage is the 

rapid capacity decay likely caused by a crossover — one of the problems we mainly 

address during the Thesis. 

5) The designed Li-TEMPO HFB cell, equipped with the developed membrane, 

demonstrates high coulombic efficiency (>95%) during 100 charge/discharge cycles 

and a high initial capacity (>93%). After the LATP+PVdF optimization, the capacity 

decay rate was reduced by half from 0.8 to 0.4% h-1. After the significant advances 

made in membrane development, for further Li-HFB prototyping, we emphasize 

solving the issues related to the catholyte and electrochemical cell design through a 

TCR decrease, active species upgrade or substitution, etc. 
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Appendices 

A. Data Supporting Literature Overview 

Table A1. Main battery parameters used for performance analysis. 

Parameter Unit Description 

Energy density Wh L-1 Specifies amount of energy stored per litre 

(kilogram). Important when selecting a battery 

technology where space (mass) is critical 

Specific energy Wh kg-1 

Power density W L-1 Characterize a power output of a battery; how fast it 

releases its energy 
Specific power W kg-1 

Specific capacity Ah kg-1 A storage unit expressed in elemental charge and 

normalized to mass or volume; defines time needed 

for a battery to be (dis)charged at a certain current 

Volumetric capacity Ah L-1 

Cycle life Number A number of charge/discharge cycles a battery 

experiences until achieves a critical capacity value 

Coulombic (energy) 

efficiency  

% Ratio between supplied and released charge 

(energy) within a cycle 

Self-discharge % Time-1 Reduction of battery capacity per hour (day etc.) at 

open circuit potential (no current load) 

Depth of discharge % Level of capacity relative to maximum allowed for 

a battery type to be discharged to avoiding damage 

State of charge % Characterizes amount of capacity currently stored 

relative to a total battery capacity 
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Table A2. Variety of aqueous RFBs. 

Class Type Positive; negative redox couples 

OCV, 

V 

Energy density, 

Wh L-1 / power 

density, W L-1 

Energy 

efficiency, 

% Ref. 

All-

inorganic 

All-Vanadium VO2+/VO2
+; V2+/V3+ 1.26 25-40 / 60-100 70-85 [207] 

Vanadium-Bromine Cl−/ClBr2
−; VBr2/VBr3 1.30 35-70 / − 65 [208] 

Vanadium-Oxygen H2O/O2;  V2+/V3+ 1.49 14 / 35 (mW cm-2) 46 [209] 

Hydrogen-Bromine Br−/Br2;  H2/H
+ 1.09 200 / 1.4 (W cm-2) 90 [210] 

Zinc-Bromine Br−/Br2;  Zn/Zn2+ 1.85 60-90 / 40 65-75 [211] 

Lead-acid (soluble) Pb2+/PbO2;  Pb/Pb2+ 1.69 46 / 46 65 [212] 

Lithium-Ferrocene 

(isolated) 

Fe(CN)6
4−/Fe(CN)6

3−; Li/Li+  3.4 − / 17 (mW cm-2) − [126] 
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All-

organic 

Anthraquinone-

benzoquinone 
 

 

0.76 16 / 0.1 (W cm-2) 80 [213] 

Quinoxaline- 

Benzoquinone 
 

 

1.35 − / − 63 [214] 

Methyl viologen-

hydroxyl-TEMPO 
 

 

1.25 8.4 / − 62 [81] 
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Organic-

inorganic 

Cadmium-chloro-

benzoquinone 

Cd/Cd2+; 

 

1.13 − 82 [215] 

Anthraquinone-

bromide 
 

Br−/Br2 

1.00 50 / 1.0 (W cm-2) − [216] 

Anthraquinone-

ferricyanide 

 

Fe(CN)6
4−/Fe(CN)6

3− 

1.01 6.8 / 0.45 (W cm-2) 84 [217] 

Zinc-polymeric 

TEMPO 

Zn/Zn2+ 

 

1.66 8.1 / − 80 [218] 
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Table A3. Variety of NAqRFBs. 

Class Type Positive; negative redox couples 

OCV, 

V 

Energy density, 

Wh L-1 / current 

density, mA cm-2 

Energy 

efficiency, 

% Ref. 

All-

Inorganic 

Zinc/Cerium Ce3+/Ce4+; Zn/Zn2+ 2.5 − / 0.1 − [219] 

Ruthenium [Ru(bpy)3]
+/[Ru(bpy)3]

2+; 

[Ru(bpy)3]
2+/[Ru(bpy)3]

3+ 

2.6 − / 5 − [220] 

Chromium Cr+/Cr3+; Cr3+/Cr5+ 3.4 − / 0.14 22 [221] 

All-

Organic 

N-methylphtalimide-

TEMPO 

 

 

1.6 − / 0.35 60 [96] 
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Trimethylquinoxaline-

DBBB  

 

1.7-

1.8 

16 / 0.0625 37 [204] 

Camphoquinone-oxo-

TEMPO 

                       

                    

2.12 – / 1 71 [222] 

9-Fluorenone-DBBB 

 

 

2.37 11 / 15 71 [63] 
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N-methylphthalimide-

DBBB 
 

 

2.3 − / 35 69 [64] 

Diamino 

anthraquinone 

 

 

1.1 − / 0.66 40 [223] 

Organic-

inorganic 

Zinc-polymeric 

TEMPO 

Zn/Zn2+ 

 

1.5 − / 1 65 [224] 
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Table A4. Characteristics of porous membranes applied in conventional LIBs [78]. 

Membrane / 

Material IC, mS cm-1 

Porosity, % / 

Pore size, μm Electrolyte system Ref. 

Single polymers 

Celgard 2325 1.0 39 / <0.07 1 M LiPF6 in 

EC:DEC; 

1 M LiPF6 in 

EC:DMC:EMC 

[225] 

Microporous: 

PVdF, PAEK, 

PMIA, PVA 

1-2 50-60 / <2 [226–229] 

Nonwoven: 

alginate, PI, PVdF-

HFP, PP/SiO2 

1.4-4.3 60-75 / >5 [230–233] 

Electrospun: PI, 

PAN, PVdF/POSS 

3.4-8.4 >75 / >5 [234–237] 

Modified polymers 

PVP/PAN + 

MWCNT 

4.9 − 1 M LiPF6 in 

EC:DMC 

[238] 

Cellulose matrix + 

SiO2 filler 

6.5 − 1 M LiPF6 in 

EC:DEC 

[225] 
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Table A5. Properties of dense polymeric membranes applied in conventional LIBs. 

Polymer Salt 

Fabrication 

solvent 

Ionic 

conductivity, 

mS cm-1 

Electrochemical 

stability, 

V vs. Li/Li+ Ref. 

PEO LiFSI ACN 1.3 5.7 [143] 

LiClO4 ACN 1.2 5.5 [144] 

LiCF3SO3 − 0.8 − [145] 

PAN LiClO4 DMF 0.2 4.8 [146] 

LiPF6 DMF 3.7 4.3 [239] 

LiCF3SO3 DMF 1.0 5.6 [240] 

PVdF LiPF6 − 1.0 4.5 [241] 

LiClO4 − 1.4 4.5 [242] 

PVA-PVdF LiClO4 DMF 0.03 − [243] 

LiTFSI DMF 0.4 4.7 [244] 

LiCF3SO3 DMF 2.7 3.4 [245] 
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B. XRD Refinement 

 

Figure B1. Experimental, refined, and differential XRD patterns of the LATP ceramics 

sample, as well as R-factors, calculated cell (a, c, V) parameters, and intrastructural 

polyhedra volumes ([MO6], [Li(1)O6M2]). CCDC deposition number: 2243668. 

 

Table B1. Atomic positions, occupancies (ai), coordinates (x, y, z), and thermal 

displacement parameters (Uiso, U11, U22, U33, U12, U13, U23) for the LATP ceramic sample. 

Wyckoff 

Position 
ai x y z Uiso U11 U22 U33 U12 U13 U23 

Al 12c 0.15 0 0 0.14156(4) 0.0122(3) 0.0130(4) 0.0130(4) 0.0105(6) 0.0065(2) 0 0 

Ti 12c 0.85 0 0 0.14156(4) 0.0122(3) 0.0130(4) 0.0130(4) 0.0105(6) 0.0065(2) 0 0 

P 18e 1 0.2886(1) 0 0.25 0.0169(3)       

O1 36f 1 0.1817(2) 0.9915(2) 0.19000(6) 0.0142(5)       

O2 36f 1 0.1861(2) 0.1630(1) 0.0822(1) 0.0089(5)       

Li1 6b 1 0 0 0 0.01       

Li2 36f 0.05 0.073 0.34 0.091 0.01       
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Figure B2. Experimental, refined, and differential PXRD patterns of the LATP+PVdF 

membrane sample before cycling; R-factors, cell parameters (a, c, V), and intrastructural 

polyhedra volumes ([MO6], [Li(1)O6M2]). CCDC deposition number: 2243666. 

 

Table B2. Atomic positions, occupancies (ai), coordinates (x, y, z), and thermal 

displacement parameters for the LATP+PVdF membrane before cycling. 

Wyckoff 

Position Position ai x y z Uiso U11 U22 U33 U12 U13 U23 

Al 12c Al 0.15 0 0 0.1417(3) 0.041(3) 0.040(3) 0.040(3) 0.044(7) 0.020(1) 0 0 

Ti 12c Ti 0.85 0 0 0.1417(3) 0.041(3) 0.040(3) 0.040(3) 0.044(7) 0.020(1) 0 0 

P 18e P 1 0.2921(8) 0 0.25 0.050(3) 
      

O1 36f O2 1 0.189(1) 0.1653(8) 0.0838(9) 0.040(4) 
      

O2 36f O1 1 0.183(1) 0.9812(9) 0.1888(4) 0.032(3) 
      

Li1 6b Li1 1 0 0 0 0.01 
      

Li2 36f Li2 0.05 0.073 0.34 0.091 0.01 
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Figure B3. Experimental, refined, and differential PXRD patterns of the LATP+PVdF 

membrane sample after cycling; R-factors, cell parameters (a, c, V), and intrastructural 

polyhedra volumes ([MO6], [Li(1)O6M2]). CCDC deposition number: 2243667. 

 

Table B3. Atomic positions, occupancies (ai), coordinates (x, y, z), and thermal 

displacement parameters for the LATP+PVdF membrane sample after cycling. 

Wyckoff 

Position Position ai x y z Uiso U11 U22 U33 U12 U13 U23 

Al 12c Al 0.15 0 0 0.14126(7) 0.0242(9) 0.0264(9) 0.0264(9) 0.020(2) 0.0132(4) 0 0 

Ti 12c Ti 0.85 0 0 0.14126(7) 0.0242(9) 0.0264(9) 0.0264(9) 0.020(2) 0.0132(4) 0 0 

P 18e P 1 0.2888(2) 0 0.25 0.031(1) 
      

O1 36f O1 1 0.1829(3) 0.9893(3) 0.1885(1) 0.029(1) 
      

O2 36f O2 1 0.1846(3) 0.1636(3) 0.0813(2) 0.020(1) 
      

Li1 6b Li1 1 0 0 0 0.01 
      

Li2 36f Li2 0.05 0.073 0.34 0.091 0.01             
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C. EIS Fitting Data 

Solvent variation 

 

Figure C1. Nyquist plots of the LATP+PVdF membranes casted with DMF, DMSO, and 

NMP solvent; dots relate to experimental data and lines — to the fitting curves. 

 

Table C1. Equivalent circuit parameters for each fit of SS/LATP+PVdF/SS cells. 

LATP+PVdF fabricated via different solvents (in brackets). 

Membrane Rm, Ω Ri Qi, F sn-1 ni QSS nSS 

LATP+PVDF (DMF) 12.7 360 5.33 ∙ 10-7 0.65 1.23 ∙ 10-5 0.77 

LATP+PVDF (DMSO) 10.9 322 5.52 ∙ 10-7 0.67 1.39 ∙ 10-5 0.77 

LATP+PVDF (NMP) 15.5 221 2.5 ∙ 10-7 0.72 4.30 ∙ 10-6 0.91 
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Ceramic-polymer variation 

    

Figure C1. Nyquist plots of (a) LATP+PVdF membranes of various LATP content and of 

(b) 45Al2O3+PVdF, Li-Nafion, and Neosepta AHA reference samples. 

 

Table C2. Equivalent circuit parameters for each fit of the SS/membrane/SS cells. 

Membrane Rm, Ω Ri Qi, F sn-1 ni QSS nSS 

45Al2O3+PVdF 41 323 3.2 ∙ 10-8 0.806 7.1 ∙ 10-6 0.859 

PVdF 18.1 395 3.4 ∙ 10-8 0.827 6.6 ∙ 10-6 0.872 

15LATP+PVdF 11.1 256 6.2 ∙ 10-8 0.801 4.8 ∙ 10-6 0.919 

30LATP+PVdF 8.69 146 1.6 ∙ 10-7 0.776 4.7 ∙ 10-6 0.906 

45LATP+PVdF 5.10 90.7 9.2 ∙ 10-7 0.684 1.0 ∙ 10-5 0.785 

60LATP+PVdF 6.00 80.1 2.0 ∙ 10-6 0.639 8.0 ∙ 10-6 0.888 

Li-Nafion 47 151 9.6 ∙ 10-8 0.714 1.3 ∙ 10-5 0.820 

Neosepta AHA 643 3203 2.1 ∙ 10-8 0.661 4.4 ∙ 10-5 0.677 
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Li-membrane interface probe 

 

Figure C3. Nyquist plots of Li|membrane|Li cells before and after 400 cycles of 

stripping/plating at 0.1 mA cm-2 for (a) LATP+PVdF (inset — Li-Nafion) and 

(b) Neosepta membranes. Dots are related to experimental data, lines — to fitted curves. 

 

Table C3. Equivalent circuit parameters for each fit of the Li/membrane/Li sells. 

Membrane Cycling Rm, Ω Ri Qi, F sn-1 ni RSEI QSEI nSEI 

LATP+PV

dF 

Before 11.9 146 3.3 ∙ 10-7 0.752 172 1.4 ∙ 10-5 0.680 

After 15.8 184 4.4 ∙ 10-7 0.724 190 4.6 ∙ 10-5 0.642 

Li-Nafion 

Before 42.7 667 2.0 ∙ 10-8 0.796 216 5.5 ∙ 10-5 0.859 

After 62.1 1246 3.4 ∙ 10-8 0.739 274 2.5 ∙ 10-5 0.735 

Neosepta 

AHA 

Before 538 1351 5.7 ∙ 10-8 0.629 181 7.0 ∙ 10-6 0.714 

After 502 5141 6.5 ∙ 10-8 0.594 3619 1.8 ∙ 10-5 0.578 
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D. Pre-Treatment and Performance of Commercial Membranes 

Commercial Nafion 112 (Sigma-Aldrich; dry thickness of ~50 µm) was chosen to 

prepare the lithiated cation-exchange membrane (Li-Nafion). The “112” model was chosen 

because of its close thickness to our composite membranes (ca. 50 vs. 40 µm, respectively). 

Prior to use, the Li-Nafion membrane was boiled within the following aqueous solutions 

subsequently: H2O (deionized) for 0.5 h → 0.1 M H2O2 for 1 h → H2O for 0.5 h → 

0.1 M HCl for 1 h → H2O for 0.5 h → 0.1 M LiOH for 1 h → H2O for 0.5 h. After that, 

the membrane was dried at 75 °C under dynamic vacuum for 12 h and then soaked in 

1.0 M LiClO4 in PC for 18 h. 

Anion-exchange Neosepta AHA (Astom; dry thickness of ~200 µm, stored in 

deionized water) was dried at 75 °C under dynamic vacuum for 12 h. After that, it was 

immersed in pure PC for 1 h and then soaked in 1.0 M LiClO4 in PC for 18 h. 

 

As it might be expected, commercial membranes demonstrated no stable cycling 

due to the instability toward Li metal (Section 4.1) and low IC (Section 3.1.4). Discharge 

capacities of the Li-TEMPO cell with Li-Nafion and Neosepta were initially 0.91 and 

0.50 Ah L-1 (SoC of 33 and 20%, respectively) and drastically decreased within 5 cycles to 

0.017 and 0.029 Ah L-1, respectively (SoC of ~1%, Figure D1). Furthermore, the maximum 

current density achieved for Nafion and Neosepta is an order of magnitude lower than for 

LATP+PVdF (0.05 vs. 0.5 mA cm-2, correspondingly) due to their too high IC. 
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Figure D1. Charge/discharge of Li-TEMPO static cell equipped with (a) Li-Nafion and 

(b) Neosepta AHA membranes. 0.05 mA cm-2. Catholyte — 0.5 M TEMPO + 

1.0 M LiClO4 in PC. 


