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ABSTRACT 

The rising demand for lithium necessitates extraction methods that are faster, more 

selective, and environmentally sustainable. This thesis demonstrates electrochemical 

Li+ extraction, exploring electrode materials, membrane design, and cell architecture to 

enhance selectivity, energy efficiency, and operational stability. At the material level, 

layered and two-dimensional electrodes, including layered double hydroxides and 

MXenes, achieve selective Li+ uptake and release through controlled interlayer 

environments and electrostatic/kinetic effects. Membrane integration via ceramic-based 

solid electrolyte and optimized cell architecture enables continuous Li+ separation from 

complex aqueous sources, with energy generation demonstrated in a fuel cell Li+ 

extraction system. These results show that rational material design, combined with 

optimized cell design and operational parameters, can deliver sustainable, scalable, and 

selective Li+ extraction. In summary, the work exemplifies novel approaches for designing 

electrochemical Li+ recovery technologies.  



 

 

ZUSAMMENFASSUNG 

Der steigende Lithiumbedarf erfordert Extraktionsverfahren, die schneller, selektiver und 

ökologisch nachhaltiger sind. Diese Dissertation demonstriert die elektrochemische 

Extraktion von Li+-Ionen und verknüpft Elektrodenmaterialien, Membrandesign und 

Zellarchitektur, um Selektivität, Energieeffizienz und Betriebsstabilität zu verbessern. Auf 

Materialebene ermöglichen schichtartige und zweidimensionale Elektroden - darunter 

geschichtete Doppelhydroxide und MXene - eine selektive Aufnahme und Freisetzung von 

Li+ durch gezielt eingestellte Zwischenlagenumgebungen sowie elektrostatische und 

kinetische Effekte. Die Einbindung von Membranen in Form eines keramischen 

Festelektrolyten und eine optimierte Zellarchitektur erlauben eine kontinuierliche Li+-

Abtrennung aus komplexen wässrigen Quellen. Dies wurde am Beispiel eines 

Brennstoffzell-basierten System gezeigt, das neben der Li+-Extraktion gleichzeit Strom 

erzeugte. Die Ergebnisse belegen, dass rationales Materialadesign in Kombination mit 

optimierten Zelldesign und Verfahrensparametern eine nachhaltige, skalierbare und 

selektive Li+-Extraktion ermöglicht. Zusammenfassend zeigt diese Arbeit neuartige 

Ansätze zur Entwicklung elektrochemischer Technologien zur Li+-Rückgewinnung. 
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MOTIVATION 

The demand for lithium is projected to increase roughly 2 to 4 times by 2030, driven by the 

rise of electric vehicles, grid-scale battery storage, and mobile devices.[1, 2] Currently, 

traditional evaporation ponds used for lithium extraction consume more than 100 m3 of 

water per tonne of lithium carbonate equivalent (LCE) in Chile, and this creates a threat 

to underground freshwater resources due to salinization.[3] These processes often harm 

ecosystems and communities, highlighting the need for sustainable alternatives. 

Electrochemical ion separation technologies such as electrodialysis, 

electrodeionization, and capacitive deionization offer an alternative, providing promising 

selectivity values compared with traditional methods while consuming less energy, thus 

supporting sustainable development in the industry.[4-7] Specific energy consumption 

and the purity of recovered lithium are key indicators of process efficiency. Due to the 

similar chemical properties between Li+ and Na+, achieving high selectivity in Li+ 

extraction remains a significant challenge.  

Therefore, the development of advanced electrode and membrane materials plays a 

critical role in improving parameters such as selectivity, purity, and energy efficiency 

because they influence ion selectivity, transport efficiency, and overall energy 

consumption. Over the decades, advancements in materials science have introduced 

new materials that shift the charge storage mechanism from electrosorption to Faradaic 

reactions, alternating carbon, the traditionally favored material in capacitive systems.[6, 

8] The key difference between Faradaic and non-Faradaic processes is the presence or 

absence of charge transfer at the fluid-solid interface.[7] Li+ selective materials, such as 

MnO2, Li1.6Mn1.6O4, H2TiO3, and H1.6Mn1.6O4, have been studied extensively for lithium 

recovery due to their good selectivity and recovery yields.[9] Nevertheless, achieving the 

highest possible lithium purity remains the most desirable outcome for electrochemical 

extraction processes, as it directly influences the efficiency, performance, and 

commercial viability of the extracted product. This thesis investigates recent advances in 

electrode and membrane materials to improve the efficiency and selectivity of Li+ 

extraction. Furthermore, it provides a critical evaluation of emerging technologies 

developed to enhance the overall performance of Li+ recovery processes (Figure 1).
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Figure 1: Motivation of this thesis. 
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THEORETICAL BACKGROUND 

1. Importance of Lithium Extraction 

Lithium extraction is central to the global transition to clean energy and electrification, 

making it strategically and economically significant today.[10] As a crucial component of 

rechargeable lithium-ion batteries, lithium powers electric vehicles, enables grid-scale 

energy storage, and supports portable electronics, contributing to a sixfold increase in 

lithium production.[11] Additionally, it plays a critical role in reducing global carbon 

emissions. Ongoing exploration has led to a notable increase in the worldwide estimated 

and indicated lithium resources, currently totaling approximately 115 million tons.[12] 

These resources are primarily distributed across the lithium triangle (Argentina, Chile, 

and Bolivia), Australia, and the United States of America. At the same time, China handles 

more than half of global refining capacity (Figure 2).[12, 13] The global lithium mining 

market was estimated to be worth approximately €3.6 billion in 2025 and is expected to 

grow significantly, reaching around €7.3 billion by 2035.[2]  

 

 

Figure 2: Distribution of world lithium resources.[12]
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Conventionally, lithium has been extracted from lithium-bearing minerals like 

spodumene, lepidolite, and petalite, which are found in pegmatite formations.[14] The 

extraction process is energy-intensive and requires heavy equipment for digging pits, 

crushing rocks, and using concentrated chemicals.[14] Lithium extraction is typically 

carried out through two main methods: hard-rock mining and brine evaporation.[15] Hard 

rock mining primarily involves extracting spodumene through either the open-pit or 

underground methods.[16, 17] As a second method, lithium-rich brine is extracted from 

underground salars, which have been predominant in South America, such as Salar de 

Atacama, and then slowly evaporated in shallow solar ponds over 1-2 years to 

concentrate the lithium salts.[18] Hard-rock mining offers high lithium recovery and 

flexibility in producing battery-grade lithium, particularly lithium hydroxide (LiOH), but at 

the cost of high energy consumption, high emissions, and significant land and waste 

impacts.[19] Evaporation ponds have low energy input but are highly water-intensive and 

inefficient, resulting in limited recovery rates and significant environmental impacts in 

arid regions.[10] These methods are energy-intensive and require a significant amount of 

water, leading to potential environmental and social concerns; hence, there is a real need 

for more efficient, sustainable, and faster approaches to lithium recovery from brines. 

Technoeconomic analyses show high profitability for modern lithium extraction methods 

under certain conditions. For example, in favorable integrated cases, such as direct 

lithium extraction (DLE) from geothermal brine, lithium extraction can be achieved in less 

than a year with internal rates of return over 700%, and with a lower environmental impact 

than traditional mining and evaporation methods.[20] However, such outcomes are 

highly sensitive to fundamental assumptions, including lithium market prices, capital 

and operating costs, plant scale, brine composition, and the degree of integration with 

existing geothermal infrastructure. DLE may also reduce water use, land requirements, 

and carbon emissions by up to 95% compared to conventional techniques, making them 

appealing for sustainable development.[10] 
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2. Direct Lithium Extraction (DLE) 

DLE explores new methods designed to reduce possible negative environmental impacts 

of traditional lithium mining by minimizing land and water disruption. Unlike open-pit 

mining or large-scale brine evaporation, which can damage ecosystems, deplete 

underground water resources, and threaten sensitive wildlife habitats, DLE allows the 

majority of the water and brine to be reinjected into the source without evaporation.[21, 

22]  

DLE targets selective extraction of lithium from brines using advanced methods like 

adsorption, ion exchange, or solvent-based systems (Figure 3).[7] These processes 

greatly reduce water and energy use and minimize land impact.[23] For example, DLE can 

reduce water consumption to less than 2 m3 per ton of LCE, compared to over 100 m3 per 

ton in evaporation ponds in places like Chile.[22, 24] By enabling faster production cycles 

and higher lithium recovery rates, DLE technologies are set to meet the increasing global 

demand for lithium, which is essential for batteries in electric vehicles and renewable 

energy storage, all while supporting sustainability goals.[25] In DLE processes, lithium is 

either captured by or transported through highly selective materials, including 

functionalized adsorbents, lithium-ion sieves, specialized ion-exchange resins, or 

lithium-selective membranes and electrodes.[14] Subsequently, Li+ is released into a 

concentrated eluate or electrolyte, which enables most of the remaining brine to be 

processed and reinjected.[26] 

DLE refers to any selective, non-evaporative process for recovering Li+ directly from 

brines or dilute aqueous sources, including adsorption (Figure 3a), ion exchange 

(Figure 3b), solvent extraction (Figure 3c), nanofiltration (Figure 3d), and 

electrochemical methods (Figure 3e). In this thesis, we focused on electrochemical DLE 

methods, including the development of intercalation electrodes, membrane materials, 

and different electrochemical cell systems, because of their potential for high selectivity, 

energy efficiency, and compatibility with low-Li+ feedstocks relevant to sustainable 

recovery. 
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Figure 3: DLE technologies. a) adsorption, b) ion exchange, c) solvent extraction, d) 

nanofiltration, e) electrochemical methods.[7, 14, 27, 28] 

 

2.1. Sorption / Ion-exchange-based DLE 
Sorption is the process by which solid materials take up substances, such as ions or 

molecules, either by attaching to their surfaces or by incorporating them into their 

structures.[29] Sorption includes both adsorption and ion-exchange processes. In 

adsorption-based DLE, Li+ is adsorbed to surface or near-surface sites by chemical or 

physical interactions. In contrast, ion-exchange-based DLE involves exchanging Li+ in a 

liquid phase with other positively charged ions, such as H+, on a solid ion exchanger, 

typically a manganese or titanium-based sorbent.[30] Therefore, the recovery of Li+ using 

ion sieves is a specific type of Li+ recovery that relies on adsorption; it is an adsorption 

process governed by the crystal structure. While all ion sieves function as adsorbents, 
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not every adsorbent qualifies as an ion sieve.[31] Because sorption is controlled by 

kinetic and sometimes physical factors, the durations of adsorption and desorption can 

vary significantly, and thermodynamic equilibrium is often not achieved.[32] These 

methods provide a sustainable, fast alternative to traditional evaporation ponds, as well 

as a safer and less chemical-intensive option than solvent extraction.  

Sorbents based on lithium manganese oxides (LMO), lithium titanium oxides (LTO), and 

aluminum-based layered oxides have been extensively studied.[15] LMOs are known for 

their high sorption capacity and rapid kinetics, making them a favorable choice in various 

applications. Lithium titanium oxides, such as H2TiO3, a monoclinic crystalline type of 

LTO, are common ion sieves for Li+ extraction via topotactic reactions.[33] Another type 

of LTO is spinel-structured H4Ti5O12, which shows a similar structure to LMO.[34] Gao et 

al. reported LTO-based material showing a capacity of 24.4 mg/g after 24 h.[34] Chen et 

al. used powder hydrogenated titanate (HTO) with a Li+ adsorption capacity of 

30.0 mg/g.[35] In another work, a λ-MnO2-based LMO material showed a capacity of 

30.9 mg/g under highly basic conditions.[36] Recently, Zhang et al. reported a H2TiO3-

based hybrid aerogel with an adsorption capacity of 30.3 mg/g.[37] Average capacity 

values for the LMO- and LTO-based adsorbents range from 20 mg/g to 50 mg/g for LMO 

and from 10 mg/g to 40 mg/g for LTO.[38] 

Aluminate precipitation is more environmentally friendly and has shown recovery of 

lithium from brine with high Mg2+/Li+ ratios. In a 2023 study by Jayanthi et al., an extraction 

efficiency of 86% and a maximum capacity of 37.9 mg/g were achieved in a single-step 

lithiation.[39] Aluminum-based layered oxides demonstrate a promising selectivity but 

relatively slow kinetics, whereas manganese-based layered oxides show faster kinetics 

with moderate selectivity.[7, 40, 41] Zhong et al. achieved an adsorption capacity of 

7.3 mg/g and high selectivity with Li+/Mg2+ of 125 in real brine for aluminum-based layered 

hydroxides through co-precipitation from natural Salt Lake.[42] Another study showed 

that a Fe-doped aluminum-based layered oxide achieved a capacity of 11.3 mg/g.[43] 

In the ion-exchange process, the precursors can be produced via soft chemical and solid-

phase synthesis techniques.[38, 44-46] The soft chemical synthesis approach involves 

dissolving Li+ and Mn2+ ions in aqueous solutions to form a mixture using synthesis 

methods like sol-gel, solid-phase combustion, molten salt synthesis, and hydrothermal 

method.[38] In solid-phase combustion, Li and Mn salts are mixed in stoichiometric 
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proportions, and calcination is performed at controlled temperatures to obtain the final 

product.[38] Subsequently, the ion-sieve is obtained through an acid treatment that 

removes nearly all the Li+, while maintaining the unity of the product’s spine structure as 

the process of Li+ is replaced by protons. 

Certain drawbacks arise for the LMO-type ion-exchange process due to the powdered 

structure of the adsorbents. Therefore, specialized fabrication techniques are needed to 

process powder ion-exchange adsorbents. Thus, typical forming methods such as 

granulation, foaming, and membrane formation are used to produce LMO 

precursors.[31]  

Layered Li2TiO3 or spinel Li4Ti5O12 structures have been explored for LTO-based 

sorbents.[47] The production of LTOs generally employs a variety of techniques, including 

solid-state, sol-gel, and hydrothermal methods for preparing precursors, followed by 

acid treatment to create the ion-sieve material. In the traditional solid-state method, TiO2 

and Li2CO3 are combined, ground together, and then calcined at about 700 °C before 

cooling to ambient temperature. This technique provides a relatively higher capacity than 

other methods for Li+ adsorption and ion selectivity.[48] In comparison to manganese-

based sorbents, lithium titanate oxides exhibit less dissolution loss during acid treatment 

because of their enhanced durability in acidic conditions, making them more stable.[49] 

However, the speed of Li+ adsorption rate for LTOs tends to be slower than that of LMO 

sorbents.[14, 38] For layered structures, the underlying mechanism is less complex than 

that of spinel structures.[50] For instance, layered H2TiO3 displays improved Li+ selectivity 

compared to other cations like Ca2+, Mg2+, Na+, and K+, attributed to its thin interlayer 

exchange sites.[48] As a result, the separation factor for Li+ relative to other cations 

exceeds several hundred.[51] 

Commercially prevalent aluminum-based layered double hydroxide (Al-LDH) adsorbents 

represent another alternative for DLE technologies.[40, 52] In layered double hydroxides, 

the presence of octahedral vacancies particularly facilitates the adsorption of Li+.[53] 

This specific attraction of Li+ in the process arises from its ability to infiltrate the Al(OH)3 

structure and occupy octahedral vacancies. It offers tunability of parameters such as the 

distance between layers, the presence of interlayer anions, crystal size, and the 

dimensions of the particles.[54] AL-LDHs do not require acidic substances or chemical 

reagents and have a minimal environmental footprint, achieving over 90% extraction 
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efficiency during commercial operations.[55] However, the kinetics of desorption are 

often limited by strong electrostatic interactions and barriers to interlayer diffusion.[56] 

Figure 4 represents selected advantages and disadvantages of the sorbent-based 

materials for adsorption-based DLE. 

 

 

Figure 4: Selected advantages and disadvantages of common sorbent-based 

materials.[7, 27, 38, 55, 57, 58] 

 

2.2. Membrane-Based DLE 
Membrane-based DLE has emerged as an innovative alternative to traditional methods 

like evaporation ponds and chemical precipitation. The increasing demand for lithium in 

battery production and the need for sustainable, high-purity extraction from low-grade 

brines have gained interest in membrane technologies. In contrast to conventional 

techniques, membrane-based DLE enables selective separation of Li+ under mild 

conditions.[59] For years, various types of membranes have been explored for lithium 

recovery through DLE, including ion-exchange membranes, nanofiltration membranes, 

and solid-state membranes that can effectively conduct Li+.[59] Nanofiltration (NF) 

operates under pressure. It can partially separate monovalent and multivalent ions, 

where the pore sizes or chemical coatings prefer lithium over larger ions.[28, 60] One 

limitation is that nanofiltration is effective at distinguishing Li+ from multivalent cations, 
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such as Mg2+, but is less effective at separating Li+ from other monovalent ions like 

Na+.[61] Electrosorption occurs under an electric field, with cations moving toward the 

cathode, and anions toward the anode. While a membrane is not strictly required for 

electrosorption, its presence improves cation uptake efficiency. Membranes play a 

crucial role in electrodialysis, which can utilize either cation-exchange membranes 

(CEM) or anion-exchange membranes (AEM).[59] 

Membranes can be classified as inorganic membranes and organic membranes.[28] 

Inorganic membranes such as solid-state ion-conductive membranes (e.g., lithium super 

ionic conductor (LISICON), sodium super ionic conductors (NASICON), Li+ conductive 

glass-ceramic (LICGC or NASICON-type), lithium titanium oxide, or lithium aluminum 

germanium phosphate (LAGP) are known for their high conductivity and selectivity, which 

result from their crystalline structure.[62-65] Their dense and rigid structure is their main 

disadvantage for operational conditions.[28, 66] Organic membranes are an alternative 

to inorganic membranes because of their flexibility, being more cost-effective, and easier 

to process.[7] Li+ selectivity can be obtained via mechanisms, including size exclusion, 

charge or Donnan effects, which will be discussed in detail later, coordination with 

functional groups, or ion-sieving channels engineered within polymer matrices.[67] 

Another approach involves inserting inorganic lithium particles into a polymer matrix, 

forming polymer composite membranes that can enhance Li+ selectivity and provide a 

flexible structure. [66, 68, 69]  

 

2.3. Solvent Extraction 
Solvent extraction employs an organic solvent that does not mix with water and contains 

specific extractant molecules to extract Li+ selectively from aqueous solutions.[28] This 

method is advantageous for being continuous, scalable, and compatible with low lithium 

sources.[70-73] The most extensively studied solvent extraction systems are tri-n-butyl 

phosphate (TBP) diluted in kerosene or methyl isobutyl ketone combined with ferric 

chloride (FeCl3).[74] Here, FeCl3 participates in the formation of chloro-complexes that 

facilitate Li+ extraction through coordination equilibria. At the same time, TBP functions 

as a neutral solvating agent that transfers these Li-Fe-Cl species into the organic 

phase.[73] Deep eutectic solvents (DES) and ionic liquids are alternatives to organic 

solvents, exhibiting low vapor pressure as well as thermal and chemical stability. DES are 
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liquid systems formed by mixing two or more components whose strong intermolecular 

interactions significantly lower the melting point relative to the individual components. 

Ionic liquids are salts composed entirely of ions that remain liquid below 100 °C. DES 

offer selective extraction of metal ions and enable high-purity recovery, while Ionic 

liquids offer low vapor pressure, good ionic conductivity, and thermal stability. However, 

regeneration is often required to address viscosity and interaction-related 

challenges.[75-77] 

 

2.4. Electrochemical DLE Systems 
Electrochemical systems offer a promising alternative for DLE, achieving high extraction 

rates while using electricity.[78] These systems utilize electricity as the driving force. 

When voltage or current is applied through a cell, ions move toward the electrode in the 

targeted area, or separation occurs via a specially designed membrane.[79, 80] Their 

notable ability to extract Li+ effectively with minimal environmental impact indicates that 

electrochemical systems are likely more cost-effective, especially for low Li+ 

concentrations, compared to precipitants or solvents.[14] The main drawbacks of 

electrochemical Li+ extraction involve considerable energy requirements, caused by slow 

Li+ intercalation and de-intercalation kinetics, as well as unwanted side reactions and low 

ionic conductivity.[78] Additionally, the high costs of durable electrode materials and 

specialized membranes can limit scalability and economic feasibility.[14, 78]  

 

2.4.1. Electrodialysis (ED) 
This method utilizes ion-exchange membranes (including cation and anion-exchange 

membranes) positioned between electrodes.[81] When an electric field is applied, Li+ 

moves through selective membranes, separating them from the other ions and 

concentrating in a recovery solution located in alternating compartments.[82] The 

efficiency of ED is influenced by factors such as operating voltage, temperature, pH, 

coexisting ions, and electrolyte concentration.[79, 83] ED is a technique that can be 

combined with other processes and stands out for its scalability and ease of design, 

reaching high recovery rates of 75% to 95%.[81, 82] It is effective in complex brines with 

multiple ions, such as those found in salt lakes; it exhibits low volumetric energy 

consumption, typically ranging from 0.2 kWh/m3 to 5 kWh/m3, depending on ion 
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concentration and composition of brines when separating monovalent ions.[78, 84, 85] 

However, it is prone to membrane fouling, scaling, or degradation, and requires pre-

treatment for divalent ions like Mg2+.[14]  

Combining electrodialysis with other separation methods has also been demonstrated 

for enhancing Li+ extraction.[79] Zhao et al. designed a liquid-membrane ED system that 

layers liquid-membrane extraction with ED, achieving over 60% current efficiency while 

efficiently isolating Li+ from Na+.[86] In 2020, another group integrated nanofiltration and 

a bipolar membrane electrodialysis system to generate high-purity lithium hydroxide, 

achieving more than 92% Li+ recovery even from brines with elevated Mg2+/Li+ ratios.[87] 

Kumar et al. developed a combined process utilizing nanofiltration, membrane 

distillation, and precipitation, allowing for effective removal of interfering ions and 

targeted recovery of Li+ as Li2CO3.[88] In summary, these hybrid systems demonstrate the 

improved efficiency and selectivity that can be achieved through multi-step membrane-

based Li+ extraction.[79] 

 

2.4.2. Electrochemical Ion Pumping Systems (EIPS) 
Electrochemical ion-pumping systems employ battery-like electrodes, such as LMO or 

lithium iron phosphate (LiFePO4, LFP), which selectively intercalate Li+ through redox 

reactions.[89] Li+ is removed from the feed solution and then released into a recovery 

solution by reversing the applied voltage or alternating the solutions.[90] EIPS offers high 

Li+ selectivity, achieving purities as high as 99.9% with low energy usage.[89] Selectivity 

mainly depends on how well the cation radius matches the material structure and on the 

hydration energy of cations. For instance, LMO is less affected by competing cations, 

while Na+ has a stronger influence on EIPS.[89] The performance of electroactive 

materials in Li+ extraction is mainly determined by their intrinsic properties, which 

establish the upper limit of capacity achievable in each adsorption cycle.[91] Materials 

that facilitate reversible electrochemical reactions tend to exhibit enhanced cycling 

stability, whereas lattice distortion significantly contributes to capacity fade.[89] Overall 

energy consumption and cost are primarily influenced by the production expenses of 

electrode materials and the electrical energy needed for electrochemical Li+ extraction. 

However, transitioning the process from laboratory settings to large-scale industrial 

applications presents a considerable obstacle.[89] 
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2.4.3. Capacitive Deionization (CDI) 
Capacitive deionization (CDI) utilizes carbon electrodes that electrosorb ions. This 

creates an electrical double layer (EDL), an essential interfacial structure that is formed 

when a charged surface encounters an electrolyte in classic CDI.[92, 93] When a voltage 

is applied (typically <1.23 V), ions are adsorbed onto the electrodes. Reversing the 

voltage or short-circuiting the system leads to the desorption of these ions into a recovery 

solution.[94] Hybrid capacitive deionization (HCDI) uses ion-exchange membranes to 

enhance selectivity during the ion removal process.[95] Optimized cell designs, such as 

flow electrode CDI, HCDI, asymmetric cells, etc., can be used with advanced materials 

for higher Li+ selectivity, reduced energy consumption, and the ability to handle wide 

ranges of feed concentrations.[96] For instance, Xie et al. reported a flow-through HCDI 

cell, storing Li+ in λ‑MnO2 with a Li+ uptake of 18.1 mg/g.[97] Yoon et al. proposed Li-

selective hybrid CDI with LMO and Ag-coated active carbon electrodes.[98] Ag-coating 

increased Li+ uptake by approximately one-third compared to the pristine active carbon 

counter electrode. He et al. studied metal organic framework (MOF) in 2025, reporting a 

Li+ adsorption capacity of 59 mg/g in 10 mM LiCl with good capacity retention over 50 

cycles.[99] Such advancements in electrode and cell system design highlight CDI 

technologies as a promising technique for Li+ recovery, offering advantages over 

traditional evaporation-based brine mining.[81] Nonetheless, this method has several 

drawbacks. Li+  adsorption generally decreases in environments with high salinity, and 

the electrodes may suffer from fouling or deterioration over time.[100] Also, the uptake 

capacity is rather limited, typically falling between 10 mg and 37 mg of Li+ per gram of 

electrode material, and the effectiveness greatly depends on the optimization of the 

electrode substances.[6]  
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3. Fundamentals of Electrochemical Lithium-Ion Extraction 

3.1. Electrochemical Ion Separation Mechanisms 

The fundamental component of most electrochemical Li+ extraction systems involves Li+ 

selective electrodes that reversibly take in and release Li+ through regulated 

reactions.[101] Upon application of voltage, these electrodes incorporate Li+ from the 

feed solution towards the working electrode. When the voltage is reversed, the electrode 

polarity changes, and the stored Li+ is released back to the recovery stream.[102] Recent 

developments in the field mainly focus on addressing critical issues related to selectivity 

and efficiency.[103] A notable challenge is the existence of competing cations such as 

Na+, K+, Ca2+, and Mg2+, which are present in natural water sources.[104] To enhance 

selectivity, several strategies can be implemented, including tuning the electrode 

surfaces, the use of pulsed electrochemical techniques to modify surface adsorption 

sites, and the incorporation of advanced membrane technologies.[105, 106] By 

improving electrode designs, membrane configurations, and operational strategies, the 

field progresses toward scalable solutions that will be crucial for meeting future 

requirements for energy storage.[107] Li+ removal processes differ depending on the 

underlying mechanism. Although electrosorption of Li+ inherently involves charge storage 

(or charge recovery), it does not necessarily operate as a permselective process 

(Figure 5). The following sections will discuss various mechanisms based on the 

electrode model. 

 

3.1.1. Redox-active Mechanism 
In redox reactions, inorganic materials act as redox centers by changing the oxidation 

state of transition metal ions reversibly, enabling the insertion and removal of Li+ ions 

coupled with electron transfer.[108] This process converts electrical energy into 

chemical energy and vice versa. Materials commonly utilized for Li+ extraction include 

spinel LMO, LFP, LiCoO2 (LCO), and λ-MnO2.[101] All of these materials have distinct 

crystal structures with specific locations intended for the intercalation of Li+ to the host 

structure via redox reactions. Simplified half-reaction is shown below; 

Host + xLi+ + xe- ↔ LixHost (Eq. 1) 
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Some materials, such as LFP and LCO, which were originally developed as lithium-ion 

battery cathodes, have been repurposed for Li+ extraction due to their highly selective Li+ 

intercalation thermodynamics, compatibility with aqueous media, and well-defined 

diffusion pathways. During conventional battery charging, Li+ desolvates at the electrode-

electrolyte interface before intercalating into the electrode material. In redox mediators, 

the charge-transfer process shifts from a heterogeneous process to a fast homogeneous 

chemical reaction.[109] 

Redox-active couples have also been explored in electrolyte solutions, which are known 

as electrolyte redox reactions. A redox-coupled electrolyte can perform as the counter 

electrode, easing the redox involved in Li+ uptake.[110] Kim et al. proposed a redox couple 

(I-/I3-) to achieve charge-transfer balance in an electrochemical cell for Li+ capture from 

seawater.[105] In another study, the redox couple Fe(CN)6
3-/Fe(CN)6

4- does not play a 

direct role in the capture or discharge of Li+. Still, it serves as a donor or acceptor at the 

electrolyte-electrode interface by facilitating rapid electron transfer.[111]  

 

3.1.2. Mechanism of Intercalation, De-intercalation, and Adsorption 
Li+ is mainly captured and released through a coupled intercalation and adsorption 

process in the current technical implementation. This process combines surface 

adsorption at the electrode-electrolyte interface with bulk ion insertion, or intercalation, 

within the crystal structure of the electrode (Figure 5).[101] When a negative potential is 

applied, Li+ migrates toward the electrode due to electrostatic attraction. At the interface, 

Li+ can adsorb onto surface-active sites via electrostatic or chemical interactions, or with 

transition-metal centers.[50, 112] 
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Figure 5: Li+ electrosorption, ion insertion into the crystal lattice, and ion intercalation 

between the layers, respectively.[113] 

 

Ion insertion and intercalation are related electrochemical processes that differ in 

mechanism, structure impact, and reversibility.[113] Ion insertion refers to the general 

process of ions entering a host material's structure, which can involve structural 

distortion, lattice expansion, or even phase transformations in some cases, as seen in 

conversion reactions.[114, 115] Intercalation is a specific type of insertion in which guest 

ions (e.g., Li⁺ or Na⁺) reversibly occupy preexisting sites in a host lattice, preserving the 

structural framework while causing minimal structural disruption and no new phase 

formation.[116, 117] 

During intercalation/de-intercalation, Li+ can penetrate the crystal lattice or occupy the 

spaces between layers of the electrode material.[118] This process involves the insertion 

of Li+ into designated crystallographic positions, such as octahedral or tetrahedral voids 

found in spinel oxides, or interlayer spaces in layered oxides.[101] The intercalation 

occurs in a manner coupled with redox reactions, where electrons transfer between the 

external circuit and the redox-active metal centers within the host material.[119] During 

reverse polarization, Li+ ions are de-intercalated, meaning that they return to the 

electrolyte. This process reverses the redox reaction, permitting Li+ to move out of the 

lattice and detach from the surface back into the solution.[118-120]  

Several types of LMO are effectively derived from precursors with high Li+ adsorption 

performance. These include spinel like λ-MnO2, birnessite type MnO2 (MnO2·0.3H2O, and 

MnO2·0.5H2O), which are obtained from LiMn2O4, Li1.33Mn1.67O4 (Li4Mn5O12), and 

Li1.6Mn1.6O4 (Li2Mn2O5), respectively.[31] There is a two-stage process to synthesize 
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manganese-based sorbents, including the preparation of a precursor via heat treatment 

and the removal of Li+ from the spinel structure via acid treatment.[7] The reaction can be 

shown as follows; 

 

Li [Mn3+ Mn4+]O4 + H+ → H [Mn3+ Mn4+]O4 + Li+ (Eq. 2) 

2Li [Mn3+ Mn4+]O4 + 4H+ → 3
2

[Mn2
4+]O4 + 2Li+ + Mn2+ + 2H2O  (Eq. 3) 

[Mn2
4+]O4 + Li+ + OH- → Li[Mn3+ Mn4+]O4 + 1

2
H2O + 1

4
O2 (Eq. 4) 

 

Adsorption influences kinetics at the interface while intercalation determines the 

thermodynamic preferences and overall capacity, as only ions that match the lattice 

structure can penetrate. In many cases, the overall rate is limited by solid-state diffusion 

or desorption kinetics when Li+ binds too firmly within the lattice or interlayer region.[119, 

121] Consequently, to achieve high-rate capability, it is crucial to develop an active 

material structure that promotes fast ion transport and structural changes.[122] 

 

3.1.3. Membrane Transport  
Membrane transport is enabled by mechanisms that allow ions to move across selective 

barriers, driven by a variety of forces.[123] This selective permeability is influenced by 

several factors, including the size of the molecules, interactions based on electric 

charge, chemical affinities, and structural features such as the spacing between layers 

in the membrane.[28] For example, the majority of commercial nanofiltration 

membranes are constructed from polyamide and carry a negative charge at neutral pH. 

However, some membranes are positively charged, which enhances the separation of 

Li+/Mg2+ or Li+/Ca2+, allowing them to repel divalent ions more effectively than Li+.[124] Li+ 

has the highest hydration energy among alkali cations because of its small ionic radius 

and elevated charge density. It creates a highly stable hydration shell that is challenging 

to disrupt. As a result, Li+ is less mobile and more difficult to exchange or move across 

membranes or sorbents in comparison to other monovalent ions such as Na+ and K+.[59]  

Understanding the sieving-size effect in membranes is important to increase Li+ 

selectivity.[59] The ionic hydration size follows the order: K+<Na+<Li+<Ca2+<Mg2+ 

(Figure 6a-b). This order differs from bare ionic size as follows: 

Mg2+<Li+<Na+<Ca2+<K+.[125] This effect helps us understand ion dissociation through 
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steric hindrance (Figure 6c). Donnan exclusion refers to the electrostatic repulsion of 

ions of the same charge (co-ions) from a charged membrane or surface, which hinders 

their entry into the charged area (Figure 6c).[126] When ions lose their hydration shell 

and pass through the pore, the dielectric properties of the pore change the permeation 

energy barrier, allowing membranes to differentiate between similar monovalent ions 

(Figure 6c). After entering the pore, the transport of solutes is additionally hindered by 

surface friction and viscous drag, which result from the chemical attraction of the pore 

wall through van der Waals forces and electrostatic interactions.[127] 

 

 

Figure 6: Cation size effect of Li+, Na+, K+, Mg2+, and Ca2+. a) Ion Hydration Size, b) Ionic 

Bare size, c) Mechanism effect on the energy barrier for solute transportation.[28, 59, 

128] 

 

Ion transport is regulated by three main processes: migration, diffusion, and convective 

transport (also called convective flow). Migration is influenced by electric force and 

concentration, causing ions to migrate toward the membrane as described by the Nernst-

Planck equation (Eq. 5). This process is called electrodiffusion.[129] 

𝐽 = 𝐷∆𝑐 + 𝑐𝑣 +
𝐷𝑧𝑒

𝐾𝐵𝑇
𝑐𝐸 (Eq. 5)  

where J is the flux, ∆𝑐 is the concentration gradient, v is the flow velocity, E is the electric 

field, D is the diffusivity, e is the charge of elements, T is the temperature, KB is the 

Boltzmann constant, and z is the valence of ionic species. 
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Diffusion occurs due to concentration gradients, moving from areas of high 

concentration to those with low concentration, following Fick’s law. Convective 

transport, or convective flow, involves the bulk movement of fluids driven by osmotic, 

hydraulic, or electroosmotic forces.[130] It plays a significant role in pressure-driven 

membrane processes and in electrochemical setups where electroosmotic drag may 

occur. In some systems, such as layered oxides, robust electrostatic interactions 

between Li+ and the surfaces within the layers can impede desorption, leading to kinetic 

limitations.[131] Interlayer diffusion resistance occurs due to closely packed or 

collapsed spaces. That complicates ion movement and slows down transport rates.[132] 

Concentration polarization occurs when ions accumulate at membrane surfaces, which 

can limit flux unless mitigated by improved mixing or the application of pulsed electric 

fields.[133, 134] 

 

3.2. Key Performance Metrics 

Lithium extraction from sources including brines, hard-rock minerals such as 

spodumene, clay deposits, and geothermal fluids plays a key role in scaling the global 

battery supply chain. Given that lithium is not only chemically complex to isolate but also 

unevenly distributed in nature, the assessment and optimization of extraction processes 

require a comprehensive set of evaluation parameters.[22]  

Evaluating these metrics allows operators to estimate resource quality, project 

feasibility, energy needs, water and environmental impacts, and the long-term 

sustainability of extraction projects.[2, 10] The following section outlines the main 

categories of these metrics, explains their components, and discusses their importance 

in lithium extraction. 

 

3.2.1. Lithium Concentration 
Lithium is a relatively rare element in Earth's crust, typically present at concentrations of 

tens of parts per million.[2] However, it becomes significantly enriched in specific 

pegmatitic hard-rock deposits and in closed-basin saline brines, where prolonged 

evaporation increases dissolved lithium to economically viable concentrations.[28] In 

conventional processes, brines are first subjected to solar evaporation for a long period 
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before lithium extraction. As evaporation continues, various salts such as NaCl, KCl, 

MgCl2⋅6H2O, Na2(SO4)2⋅12H2O, and Mg(OH)2 precipitate from the solution.[28] To prevent 

precipitation of these salts, pre-treatment is needed for higher efficiency. Moreover, CaO 

can be added to promote Mg(OH)2 precipitation and prevent Li+ entanglement during the 

process.[135] Conventional salars contain 200 mg/L to 2000 mg/L of lithium.[12] The 

most common examples of conventional salars are: Salar de Atacama (Chile), exhibiting 

concentrations of 1.500 mg/L-2000 mg/L, and Salar de Uyuni (Bolivia), which contains 

concentrations of 200-600 mg/L.[12]  

Oilfield brines, produced as a secondary product during oil and gas production, may have 

significant lithium concentrations, typically ranging from 10 to 600 mg/L.[136] As an 

example of the most common oilfield brine, Smackover (USA) has a lithium concentration 

of ~100 mg/L to 600 mg/L.[28] Similarly, geothermal brines are another type of brine 

category known to contain lithium at concentrations generally between 100 mg/L and 

300 mg/L.[136] One of the most attractive high-quality brines is in the USA (Salton Sea), 

with a lithium concentration exceeding 100 mg/L and a low Mg2+/Li+ ratio.[28] 

Another lithium source is seawater, which contains an estimated 2.3·1011 tons.[61] There 

have been several studies exploring seawater for Li+ recovery.[62, 137, 138] However, the 

concentration of lithium in seawater is low, at approximately 0.1 mg/L to 0.2 mg/L, and it 

remains far from being a viable source for commercial technologies.[138] Extracting large 

quantities of lithium typically requires significant use of seawater and large-scale 

equipment.[28] Additionally, the water evaporation process poses a threat to the marine 

ecosystem.[22] 

 

3.2.2. Uptake Capacity 
The term uptake capacity refers to the maximum amount of Li+ that can be adsorbed or 

intercalated from a specified feed solution at equilibrium, normalized by the mass of the 

sorbent, the mass of the electrode, or occasionally the geometric area. It is usually shown 

as mg/g or mmol/g.[101] 

uptake capacity =
𝑉 𝑥 𝑐−𝑐𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝑚𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
 (Eq. 6) 
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When the concentration of Li+ is low, uptake capacity is restricted by the overall moles of 

Li+ delivered to the electrode during a cycle; as the concentration increases, it gets closer 

to the theoretical intercalation/adsorption capacity of the material.[139, 140] Recent 

continuous-flow electrode studies show that, at fixed current, increasing the inlet 

concentration of Li+ increases both extraction and the apparent “per-cycle capacity” until 

internal diffusion and ohmic limitations become the factors that limit the rate.[141] 

Reported uptake capacities depend on current density and timescale, because faster 

cycling or higher current increases mass-transfer and solid-state diffusion 

limitations.[139] Uptake capacity can increase with the increasing geometric area 

(mAh/cm2) because this directly links to plant-scale throughput and reactor sizing, unlike 

gravimetric mg/g values alone.[141] However, very thick or highly loaded electrodes may 

suffer from severe Li+ transport limitations and mechanical instability over cycling, so 

electrochemical studies typically optimize an intermediate loading that balances high 

areal capacity with acceptable rate performance and long-term structural stability.[139, 

141] 

 

3.2.3. Selectivity 
Selectivity or separation coefficient refers to the electrode, membrane, or system that 

adsorbs or transports Li+ over competing ions (e.g., Na+, K+, Mg2+, Ca2+).[101] It is a metric 

measured using the separation factor (𝛼), which represents the ratio of Li+ concentration 

to the concentration of competing ions in the recovered solution, compared to the same 

ratio in the feed solution.[142]  

α =
𝐶𝐿𝑖,𝑟/ 𝐶𝑀,𝑟

𝐶𝐿𝑖,𝑓/𝐶𝑀,𝑓
  (Eq. 7) 

where CLi,r and CM,r are the concentrations of Li+ and competing ion in the recovery 

solution, respectively. CLi,f and CM,f are the concentrations of Li+ and competing ions in the 

feed solution, respectively. 

In the literature on Li+ extraction from multicomponent brines or simulated feed 

solutions, selectivity factors vary depending on the extraction technique. Adsorbent-

based systems, such as manganese oxide ion sieves and layered double hydroxides, 

typically report Li+/Na+ separation factors in the range of 30-400, with higher values 
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achieved under optimized conditions and lower values when divalent cations such as 

Mg2+ or Ca2+ compete strongly for adsorption sites.[78] For example, Mn-based ion sieves 

have shown Li+/Na+ separation factors up to 400:1, while LDH-type materials often report 

values below 100:1 in complex feed solutions.[54, 55] In contrast, liquid solvent 

extraction systems employing extractants exhibit higher selectivity, with reported 

separation factors frequently reaching the hundreds to thousands, reflecting strong 

lithium-specific complexation and efficient phase transfer.[57, 81, 143] 

Electrochemical extraction systems, including capacitive deionization, electrodialysis, 

and lithium-intercalation electrodes, generally demonstrate moderate selectivity, with 

separation factors most commonly in the tens to hundreds, depending on electrode 

materials, membrane properties, and operating conditions.[59, 101] Overall, while 

solvent extraction offers higher ion selectivity, adsorbent and electrochemical systems 

provide competitive separation factors with advantages in process simplicity, 

environmental compatibility, and electrochemical controllability. 

 

3.2.4. Current Efficiency and Energy Consumption 
Current efficiency (η), also known as Faradaic efficiency, measures the fraction of total 

charge passed through an electrochemical cell that contributes to Li+ extraction.[142] In 

most operations, electrochemical Li+ extraction occurs through charge-discharge cycles, 

where energy is supplied by the discharge step and consumed by the charging step. 

𝜂 =
F x ∆C x V

1000 x 𝑀𝐿𝑖 𝑥 ∫ 𝐼
𝑡

0
(𝑡) 𝑑𝑡 

 𝑥100%  (Eq. 8) 

where ∆C is the concentration difference of Li+ in the recovery solution with a unit of mg/L, 

F is Faraday´s constant (96485 C/mol), V (L) is the volume of the recovery solution, MLi is 

the molar mass of lithium, I is the current (A), and t is the time.  

Energy consumption is calculated by the total electrical energy required to extract a unit 

of lithium. It can be reported as kWh/mol Li+.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
𝐸

𝑉 𝑥 ∆C𝐿𝑖 𝑥 𝑀𝐿𝑖
  (Eq. 9) 

where E is the consumed electrical energy during the charge step, V is the cell voltage, 

∆C𝐿𝑖 is the concentration change in the recovery solution,[63] MLi is the molar mass of 
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lithium. To accurately analyze energy use, the flow rate of the pumps, the duration of 

operation, and the energy consumed by the pumps should be considered. 

 

3.2.5. Purity and Stability 
Product purity is an important parameter and practical indicator of the composition and 

impurity level of the extracted Li+, enabling the production of high-quality lithium salt as 

a product. In contrast, selectivity and recovery describe the extraction performance in 

terms of preferential Li+ transfer and overall yield, respectively. It can be described as the 

ratio of the concentration change of Li+ in the recovery solution to the concentration 

change of other competing ions, shown as M in Equation 10. 

𝑃𝑢𝑟𝑖𝑡𝑦 =
∆C𝐿𝑖

∆C𝑀
 x100% (Eq. 10) 

Stability refers to whether a material or process can operate for a long period of cycles 

without losing selectivity, capacity, or efficiency.[142] Although initial uptake capacity 

and selectivity may appear promising, poor stability rapidly degrades these advantages 

due to material loss, structural damage, and increasing operational costs.[9] Numerous 

systems depend on optimal feed solutions, and their efficiency drops considerably in 

actual brines with high concentrations of Mg2+, Ca2+, and SO4
2-.[28] The compromise 

between Li+ flux and selectivity, along with issues related to scalable manufacturing and 

module integration, continues to hinder practical implementations.[28] 
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4. Electrode Materials for Lithium-Ion Extraction 

Electrode materials are crucial for the selective capture and release of Li+, and a 

specialized design can significantly enhance Li+ extraction performance.[144] To 

optimize the selectivity of Li+ towards other competing ions, several key factors should be 

emphasized, including the crystal structure and the ion sieve effect of Li+.[61] For 

example, a spinel-structured λ‑MnO2 creates three-dimensional tunnels after 

delithiation, and this structure is uniquely suited for the accommodation of Li+.[82] 

Similarly, LTO displays a Li+ extraction due to its topotactic intercalation-

deintercalation.[33] Furthermore, the one-dimensional channel in the olivine structure of 

LFP can be specifically designed for Li+ transport.[7] In the coming sections, a detailed 

discussion will be provided on the Li+ selective electrodes for efficient Li+ recovery. 

 

4.1. Layered Transition Metal Oxides 

LiMn2O4 has been widely explored as a host cathode material because of its structural 

benefits for Li+ extraction.[145] LMO has a spinel structure with the Fd3m space group, 

with Li+ occupying sites (8a sites of tetrahedra), Mn4+/Mn3+ occupying sites (16d sites of 

octahedra), and oxygen anion occupying sites (32e sites of the face-centered cubes).[38] 

Early work established the uptake/release reaction of LMO with a rocking-chair battery, 

demonstrating an absorption capacity of 20.6 mg Li+ per 1 g MnO2 over 0.8 h.[146] Kim et 

al. reported a battery-recycling plant using an LMO-based electrode for Li+ removal from 

industrial wastewater. They obtained ∼1900 mg/L of Li+ at the end of the process with a 

lithium purity of 98.6 mol%.[147] Another work using LMO with activated carbon achieved 

a Li+ recovery capacity of 3.51 mmol/g with energy consumption of 3.8 Wh/mol.[148]  

Current density and electric field intensity have also been studied to improve the 

performance of LMO electrodes. Zhao et al. found that the selectivity of Li+, Mg2+, Na+, and 

Ca2+ decreases at potentials above 0.8 V.[145]. Another study by Guo et al. proposed a 

rocking-chair electrode system for LiMn2O4/Li1-xMn2O4 by regulating the electrochemical 

driving mode.[149] They compared two operational modes: constant current-constant 

voltage (CC-CV) and self-driven-constant voltage (SD-CV), and found that CC-CV shows 
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better performance than SD-CV. They reached a Li+ extraction capacity of 34.69 mg/g with 

a selectivity of 555:1. 

Lithium iron phosphate, another Li+ selective material, has been explored as an 

alternative electrode material to Li+ extraction because of its structural stability, Li+ 

intercalation barriers, and high Li+ affinity.[150, 151] The first LFP-based report in the 

literature was in 2012 by Pasta et al.[152] Wang et al. investigated a LiFePO4 electrode, 

using a rocking-chair cell configuration. They obtained a lithium extraction capacity of 

21 mg/g with an energy consumption of 3.03 Wh/mol per Li+.[153] Recently, Kong et al. 

used LFP/FePO4 electrode materials to intercalate Li+ electrochemically and obtained 

battery-grade LiOH as a product.[154]  

Li-Al layered double hydroxides (Al-LDH) are extensively studied for Li+ recovery because 

of their minimal environmental impact, direct Li+ separation mechanism, which enables 

single-step Li+ extraction, and straightforward synthesis.[54, 155] Koplan et al. were the 

first to extract Li+ from Dead Sea brine through aluminum salt precipitation in 1963.[156] 

Since the 1970s, the structure of Al-LDHs has been the subject of ongoing research, 

leading to a more profound understanding of their layered structure and the pathways for 

lithium access.[54] Lv et al. utilized electrostatic interactions and the infiltration of 

anions into the interlayer to introduce interlayer anions, replacing chloride ions with 

phosphate ions to address structural degradation. [157] Jayanti et al. employed Al-LDH 

for DLE from geothermal brines and minerals. They showed that their material, Cl-LDH-

A, can undergo complete delithiation within 2 h.[158] 

To facilitate the mass production of Al-LDHs, numerous preparation techniques have 

been thoroughly explored, such as co-precipitation, impregnation, and ball-milling, 

which have been confirmed as effective methods for synthesis.[159-162] The production 

methods are varied and have their own advantages and disadvantages. For instance, 

coprecipitation offers benefits such as efficient product performance and versatile 

manufacturing, but it also has drawbacks, including reduced product stability and 

extensive equipment requirements.[159] The hydrothermal technique features an easy 

operational process; however, it suffers from issues including low yield and extended 

preparation times.[163] 
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Layered double hydroxides can show structural changes by calcination at different 

temperatures.[164] This thermal process enables the formation of LiCl from Li-layered 

metal oxides, specifically anions such as Cl- or SO4
2-.[165] A recent study by Kim et al. 

examined direct aluminate precipitation from Uyuni brine by combining a calcination 

process at temperatures ranging between 300-400 ᵒC.[164] The presence of LiCl by 

calcination converts a layered sorbent into a tailored mixture of LiCl and Al 

oxide/aluminate phases.  

Although sorption methods and mild elution techniques are widely explored in the 

literature, the electrochemical recovery of Li+ with Al-LDHs presents an attractive 

method, offering a straightforward, eco-friendly, and continuous operational 

procedure.[41] Abujayyab et al. evaluated Li+ recovery from desalination brine, examined 

LDH structure and performance, and compared LDHs among other layered 

sorbents.[166] The adsorbent demonstrated a Li+ uptake capacity of 49.7 mg/g, along 

with a desorption efficiency of 92%. Paranthaman et al. developed an electrode by 

optimizing temperature at 18 ᵒC, 30 ᵒC, 40 ᵒC, and 90 ᵒC, which minimized residual 

products and enhanced recovery efficiency from geothermal brine with Al-LDHs.[167] 

Another study on Al-LDHs with potential for electrochemical studies was conducted by 

Pan et al. in 2025.[168] They introduced an activated carbon-based pretreatment 

method, demonstrating that a sustainable preconditioning step can be performed 

without altering the adsorbent, while kinetic behavior remains unchanged. 

In a recent study, Kök et al. utilized an Al-LDH electrode for chemical sorption of Li+, 

followed by electrochemical desorption and regeneration with a mild, pH-neutral step in 

an electrochemical cell.[58] The average Li+ release capacity was found to be 13 mg/g 

compared to the Na+ release capacity of 3.8 mg/g. The reported selectivity factor for Li+ 

over Na+ was 2.5 times higher compared to the unmodified electrode across 15 cycles.  

The limited number of electrochemical studies on Al-LDH can be linked to several 

reasons, such as the one-step chemical sorption method being more feasible than 

repeated faradaic cycling, stability in alkaline conditions, interference from other ions, 

and challenges in making electrodes.[169] 

Beyond widely explored materials such as LMO, LFP, and Al-LDH, other layered oxide 

materials also play an important role in enhancing cycling stability and ion selectivity in 
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electrochemical Li+ separation. Strategies such as structural adjustment (including 

annealing processes, interlayer spacing in layered materials, and pre-lithiation 

treatment), surface coating, pore engineering, and metal element doping have been 

explored over the last decades to improve electrode performance significantly.[142, 170]  

Strategies have been developed to reduce the Mn content in these materials to prevent 

distortion caused by Mn dissolution.[171, 172] Li[NiCoMn] (LNCM) has a close-packed 

oxygen framework similar to that of the spinel structure.[173] The oxidation states of 

nickel and cobalt adjust to maintain charge neutrality and enhance capacity when Li+ are 

removed in LNCM materials.[174] Wu et al. developed a powder material containing 

LiNi0.025Co0.025Mn1.95O4, and showed that Ni and Co doping can prevent Mn3+ reduction and 

improve Li+ diffusion.[175] Conversely, LNCMs suffer from several intrinsic drawbacks in 

aqueous electrochemical systems.[176] Due to the limited electrochemical stability 

window imposed by water splitting, only a single pair of redox peaks can be observed, 

indicating constrained redox activity. Moreover, LNCMs exhibit negligible 

electrochemical activity in lithium-free electrolytes, similar to LiFePO4 and LiMn2O4, 

highlighting their strong dependence on Li+ participation. The presence of water further 

worsens material degradation by accelerating the reduction of Ni3+, inducing lattice 

oxygen loss and structural transformation from a layered phase to a rock-salt structure, 

and promoting LiOH formation. These coupled effects significantly undermine the 

structural integrity and long-term electrochemical stability of LNCMs. 

Li3V2(PO4)3, which has a NASICON structure, exhibits high thermal stability and good 

selectivity towards Li+.[177] Zhou et al. first reported the use of carbon-coated Li3V2(PO4)3 

as a cathode electrode.[177] The optimized electrode exhibited a maximum Li+ extraction 

capacity of 25.8 mg/g and retained 78% of its capacity after 50 cycles. Zhang et al. used 

Ti-doped Li3V2(PO4)3 for the electrochemical extraction of Li+ and obtained an intercalation 

capacity of 100 mg/L for Li+.[178] Despite their favorable thermal stability and Li+ 

selectivity, Li3V2(PO4)3 is hindered by low extraction capacity and poor cycling stability.  
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4.2. MXenes 

MXenes are a family of two-dimensional (2D) materials composed of transition metal 

carbides, nitrides, and carbonitrides.[179] The general formula of MXene is Mn+1XnTx, 

where M signifies an early transition metal such as titanium, vanadium, or niobium, X 

represents carbon and/or nitrogen, and Tx represents surface terminations like -O, -OH, 

or -F, which are incorporated during the selective etching of the original MAX phases 

(Figure 7).[180] MXenes demonstrate promising performance across various fields, such 

as electrochemical energy storage (including Li-ion, Na-ion, and Zn-ion batteries and 

supercapacitors), electrocatalysis, water purification and ion separation, sensing 

technologies, and biomedicine.[180-182] 

 

Figure 7: Elements used to build MXene from the periodic table.  

MXenes are becoming promising electrode materials for electrochemical ion separation 

due to their hydrophilic, lamellar structure, high electronic conductivity, high surface 

area, and pore structure, which allow for tunable interlayer spacing and surface charge. 

[183-185] MXene nanosheets create subnanometer channels that serve as pathways for 

ion sieving, allowing for optimized conditions where confinement, partial dehydration, 

and electrostatic interactions promote the movement of Li+ ions in the presence of other 

monovalent and multivalent cations like Na+, Ca2+, or Mg2+.[13, 186] This adjustment 

supports high efficiency while keeping the resistance low and ensuring strength during 
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repeated use in electrochemical processes.[187, 188] In 2022, Li et al. assembled an LTO 

microsphere derived from MXene.[189] They reported that the mesoporous structure 

increased the electrode´s specific surface area (above 180 m2/g) and revealed additional 

active sites for adsorption, thereby improving the rate of Li+ adsorption. Faheem et al. 

recovered Li+ through electrosorption utilizing pseudocapacitive composite materials 

made of polystyrenesulfonated MXene and sodium titanate/graphene oxide in a single-

cell capacitive deionization system.[190] Recently, Kök et. al. reported a two-step 

electrochemical strategy using alkyl-functionalized Ti3C2Tx electrodes to improve Li+ 

selectivity.[184] Interlayer engineering with alkyl chains adjusted the channel size and 

surface chemistry, thereby enhancing Li+ insertion and deinsertion behavior relative to 

pristine MXene. Their compatibility with organic, inorganic, and carbon nanomaterials 

expands the possibilities for creating multifunctional electrode materials that combine 

redox activity, capacitive properties, and nanochannel selectivity, highlighting the 

potential of MXenes for advanced, energy-efficient Li+ recovery technologies. 

 

4.3. Other Functional Materials 

Metal-organic frameworks (MOFs) feature designable porous networks with high surface 

area and tunable ligands for Li+ sieving.[191] While literature primarily focuses on 

membrane studies, recent studies have explored the use of MOFs as electrode materials 

due to their superior properties. Lim et al. synthesized a MOF-Carbon nanotube-based 

material for flow-electrode capacitive deionization (FCDI).[192] The operation with the 

MOF electrode reached a deionization performance 2.3-fold that of commercial active 

carbon for all targeted ions (e.g., lithium, sodium, nickel, and manganese) with a removal 

of 89.1%. He et al. designed a heterostructured MOF electrode using an in situ growth 

strategy.[99] The electrode material achieved Li+ adsorption of 59.1 mg/g and a stability 

of 95.5% over 50 cycles. Hossain et al. achieved a Li+ selectivity of 3.1 over Na+ with a CDI 

system using Zeolitic imidazolate frameworks (ZIF).[193] Recently, He et al. constructed 

a hierarchical conductive MOF using Zn with the polyhydroxy ligand 2,3,6,7,10,11-

hexahydroxytriphenyl.[194] They obtained a specific capacitance of 198.33 F/g with an 

adsorption capacity of 50.3 mg/g over 100 cycles in the CDI system. The capacity 

retention was reported as 87.5%.  
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Polymer-based electrodes enhance Li+ extraction by enabling structural flexibility, 

selective ion capture via tuning ion and electron transport, improving conductivity, and 

reducing energy consumption in processes for direct Li+ recovery from brines.[195-197] 

Xu et al. combined polyethylene glycol (PEG), a polymer featuring multiple hydroxyl 

groups, with polyvinylidene fluoride (PVDF), along with LiFePO4 to create a hydrophilic 

porous LiFePO4 electrode.[198] Their system maintained 27 mg/g adsorption capacity 

over 1000 cycles. Another LiFePO4 electrode with PEG modification was explored by Yin 

et al. in 2024.[199] PEG-modified electrode showed a current efficiency of 38.8% with an 

intercalation capacity of 28.4%.  

Graphene creates conductive composites when combined with nanoparticles, improving 

charge transfer and packing density while reducing dissolution in electrodes for Li+ 

extraction. Yang et al. obtained LMO/graphene oxide flakes by hydrothermally lithiating 

Mn3O4.[200] The stability and adsorption capacity were improved compared with pure 

LMO. The reason for the improved stability of the graphene oxide electrode was due to 

the restriction of the distortion of LMO particles. Zhang et al. proposed a Li+ extraction CDI 

system using a ball milling strategy with LMO and graphene.[201] The 2023 LMO study by 

Yu et al. on graphene explored simulated seawater and demonstrated a capacity 

retention of 75.1%, which was higher than that of bare LMO over 50 cycles.[202] The 

purity of the electrode was 65.5%. Similarly, Hu et al. doped La particles in LMO and 

coated them with graphene oxide for lithium extraction via CDI.[203] Shang et al. 

designed a CDI electrode of Li2VO4 on reduced graphene oxide to extract Li+.[204] They 

demonstrated a Li+ extraction capacity of 39.5 mg/g under the cell voltage of 1.2 V.  

Alongside inorganic ion sieves, polymer and graphene-based electrodes have emerged 

as key complementary materials for electrochemical extraction of Li+. Recent composite 

designs that combine these materials have improved applicability, rate performance, 

and operational longevity.[142] With improved mechanistic understanding and 

demonstrations of continuous, low-energy electrochemical systems, functional 

materials are evolving from experimental concepts into technologically advanced 

components, underscoring their potential for large-scale, sustainable Li+ recovery. 
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5. Membrane Materials for Lithium-Ion Extraction 

Membrane materials play a central role in determining the performance of Li+ extraction 

systems. An ideal membrane should exhibit high Li+ selectivity over competing ions, 

chemical stability, fast ion transport, and mechanical robustness.[59] Several types of 

membrane materials have been investigated to meet these requirements, including 

polymer, inorganic, and composite membranes. 

Inorganic membranes, such as ceramics, oxides, or Li+ conducting solid electrolytes, 

offer superior chemical and thermal stability.[61] Materials like lithium lanthanum 

titanate (LLTO) and garnet-type oxides exhibit intrinsic Li+ conductivity, enabling highly 

selective Li+ transport.[62, 90] Despite their high selectivity, inorganic membranes are 

typically expensive, brittle, and difficult to scale up, limiting their large-scale industrial 

application.[28] Vacancy-mediated hopping is a dominant ion transport mechanism in 

inorganic and composite membranes, where Li+ migrates through a crystalline lattice by 

hopping between Li sites via pre-existing vacancies (Figure 8a).[205] Due to its small 

ionic radius and low migration barrier, Li+ exhibits a lower activation energy for vacancy 

hopping (depending on material, ranging from 0.25 eV to 1.0 eV) compared with 

competing monovalent and multivalent cations.[61, 206-208] 

Polymer membranes have been extensively researched due to their flexibility, low cost, 

and ease of manufacturing.[61, 137] Functional polymers with ion-selective groups, such 

as crown ethers, sulfonic acids, or amide groups, can selectively interact with Li+ through 

size exclusion and coordination.[38, 60, 106] However, polymer membranes often have 

limited selectivity in high-salinity brines and may swell or degrade under harsh chemical 

conditions.[7, 13] Segmental motion occurs in transporting Li+ in polymer membranes 

(Figure 8b).[209] Li+ moves by binding to functional groups, such as ether oxygens or 

sulfonate groups, along flexible polymer chains. The efficiency of this segmental motion 

depends on how flexible the polymer chains are and the level of solvation.[209] Greater 

segmental mobility improves Li+ movement but usually reduces ion selectivity compared 

to transport in solid crystalline forms.[209]  

To address challenges such as the low selectivity and brittleness of inorganic materials, 

composite membranes combining polymers with inorganic fillers or functional 



THEORETICAL BACKGROUND 
 

Page | 32 

nanomaterials have attracted increasing attention. By combining the processability of 

polymers with the selectivity and stability of inorganic materials, composite membranes 

can improve Li+ permeability and ion selectivity.[128] Li+ transportation takes place via an 

interfacial transport mechanism in the polymer-composite membranes (Figure 8c). The 

interface between the disrupted polymer packing and the distorted inorganic lattice 

creates a space-charge region rich in mobile Li+ ions and vacancies.[210] This 

environment facilitates rapid Li+ exchange between the coordination sites of the polymer 

and the lattice sites of the inorganic material.[211, 212] Despite their advantages, 

challenges remain. Issues such as membrane fouling, limited long-term stability, and 

trade-offs between permeability and selectivity continue to hinder large-scale 

applications.[28] Therefore, future research aims to develop membranes that allow for 

faster Li+ transport, exhibit durability in harsh brine conditions, and have scalable 

manufacturing processes. 

 

 

Figure 8: Transport mechanisms of different types of membranes; a) Vacancy hoping. b) 

Segmental motion. c) Interfacial transport.  
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5.1. Inorganic Membrane Materials 

Inorganic membrane-based materials have been extensively investigated for Li+ 

extraction owing to their intrinsic chemical robustness, thermal stability, and resistance 

to oxidative or highly saline environments, which are critical for extracting Li+ from 

complex brines.[213] These membranes show well-defined ion transport mechanisms 

such as lattice diffusion in Li+ conductive ceramics, sub-nanometer channel sieving, and 

electrostatic exclusion to preferentially transport Li+ over competing cations.[62] 

Crystalline inorganic membranes, including garnet-type oxides, NASICON/LISICON 

structures, and layered metal oxides, offer precise transport pathways with high 

conductivity exceeding 1.10-4 s/cm.[214, 215]  

 

5.1.1. NASICON-Type 
NASICON, the sodium superionic conductor, refers to a family of polyanionic solid 

electrolytes with a three-dimensional framework that enables fast alkali ion transport 

and high chemical and electrochemical stability.[215] It was discovered in the early 70s 

as a rapid Na+ conductor. NASICON materials that conduct Li+ typically have the general 

composition LiM2(PO4)3, where M can be Zr, Ti, Ge, Hf, Sn, or related metal cations. In this 

family, LiTi2(PO4)3 (LTP) and Li1+xAlxGe2-x(PO4)3 (LAGP) have been investigated most 

extensively because they combine high chemical stability with relatively low material 

cost.[216] 

Wang et al. developed a Li+ extraction redox flow battery (LE‑RFB) for continuous lithium 

recovery, reporting an extraction rate of 0.04 mg/cm2/h and an energy consumption of 

2.5 Wh/g for the system.[62] Kök et al. propose a fuel cell system that continuously 

extracts Li+ from seawater and real mine water while simultaneously generating electrical 

energy.[63] The system uses a ceramic-based solid electrolyte, Li1+xAlxGe2-x(PO4)3 (x = 0.5, 

LAGP) ceramic membrane as a Li+ selective solid electrolyte and advanced 

electrocatalyst electrodes, achieving a twofold enhancement in Li+/Na+ selectivity 

compared with conventional approaches.  
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5.1.2. Perovskite-Type 
LixLa(2-x)/3TiO3 (LLTO, 0 < x < 0.50) is originally derived from a ferroelectric compound. La3+ 

and vacancies can be found at the A sites of the perovskite ABX3 structure, while Ti4+ is 

located at the B sites.[217] Li et al. investigated glass-type Li0.33La0.56TiO3 (LLTO) 

membranes for Li+ recovery from seawater and demonstrated that lithium concentration 

reached approximately 9000 ppm after five treatment stages.[90] Golmohammadi et al. 

modified an LLTO membrane to enhance diffusion pathways within its structure.[218] The 

findings validated the influence of pH and temperature on the increase in LLTO pore size 

as well as the enhancement of Li+ movement across the membrane.  

 

5.1.3. Garnet-Type 
Garnet-type solid electrolytes, primarily based on Li5La3M2O12 (M=Nb, Ta, Zr), feature a 

cubic crystal structure that enables exceptionally high Li+ ionic conductivity ( near 103--

104- S/cm at room temperature) and good chemical stability against lithium metal, 

making them promising as Li+ selective membranes for electrochemical Li+ 

extraction.[215, 219] Studies have explored LLZO and doped variants (e.g., Ta- or Al-

LLZO) in Li+ selective membranes where flexible garnet-polymer hybrids can achieve 

stable cycling and high selectivity in solid-state extraction cells.[219, 220] 

 

5.1.4. LISICON-Type 
LISICON is a class of solid electrolytes, especially known as sulfide-based materials for 

high Li+ conductivity at elevated temperatures, originating from the garnet-like structure 

of Li14Zn(GeO4)4.[221] Recent advances include carbon-coated Li3V2(PO4)3 composites 

achieving uptake capacities influenced by voltage and brine composition.[177] Hoshino 

first proposed a Li+ extraction method from seawater using a lithium superionic 

conductor (LISM) as a separation membrane via dialysis, achieving a 7% increase in 

lithium recovery after 72 hours without external electrical input.[64]  

Inorganic membrane materials face several challenges, including high interfacial 

resistance, brittleness, complex processing, and long-term mechanical stability.[222, 

223] Consequently, current research is increasingly focused on developing organic and 
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hybrid membrane designs, as well as enhancing interfacial engineering and mechanical 

properties.  

 

5.2. Organic-Polymer Membrane Materials  

Organic polymer-based materials, primarily derived from polymers and covalent organic 

frameworks (COFs), leverage precise pore engineering at the sub-nanometer scale to 

separate Li+ from competing multivalent cations such as Mg2+ and Ca2+ based on 

hydration shell differences and electrostatic interactions.[224] Jiang et al. constructed 

an electro-membrane based on acid-functionalized COF for Li+ extraction.[225] Eden et 

al. developed a flexible, low-cost membrane based on a sulfonic acid-functionalized 

MOF using an electrochemical separation method.[226] In 2025, Baird et al. developed a 

sulfonated polymer membrane for electrochemical Li+ enrichment tested in mixed cation 

solutions.[227] The system removed 29% of Na+ and 41% of K+ while extracting only 9.5% 

of Li+, generating a stream enriched in Li+ relative to non-Li cations. Another recent study 

on polymer membranes was demonstrated by Ying et al. using polyaniline (PANI) based 

CEM for electrodialysis.[228] They reached a selectivity of 5.26 for the Li+/Mg2+ and 

0.2 mmol/cm2/h lithium permeation rate. 

 

5.3. Composite Membrane Materials 

Composite polymer membranes have emerged as promising materials for selective Li+ 

separation in electrochemical processes, particularly for extracting Li+ from brines, salt 

lakes, and spent batteries, where high selectivity over competing ions like Na+, K+, and 

Mg2+ is critical.[229] These membranes typically integrate polymers such as PVDF, 

polyethersulfone (PES), or quaternized polymers with functional additives like ion-

imprinted polymers, polypyrrole (PPy), or Li+ conductors to create hybrid structures that 

enhance Li+ transport. For instance, the IIP@PPy/rGO@PVDF membrane achieves an 

adsorption capacity of 214 mg/g.[230] It maintains performance over 10 cycles in acidic 

conditions under applied voltage, leveraging electric fields and 12-crown-4 ether for 

specific Li+ selectivity, with reduced graphene oxide and PPy providing mechanical 

stability and conductivity.[230] Similarly, PES-based composites with HMO exhibit 

Li+/Mg2+ selectivity up to 11 without voltage and sustain high Li+ fluxes (0.0026 mol/m2/h), 
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attributed to reduced polymer chain spacing, low glass transition temperatures, and 

uniform filler dispersion that facilitates ion diffusion.[229] Flexible Li+ selective 

composites combining quaternized polymers with Li+ conductors demonstrate Li+/Na+ 

selectivity of 35.5 and flux of 8.33×10-10 mol/cm2/h, outperforming commercial 

monovalent cation exchange membranes by factors of 68 and 2.7, respectively.[231] 

The selectivity mechanisms in these systems are based on the hydration energies of ions, 

with channel sizes designed to enhance the partial dehydration of Li+ in preference to the 

larger Mg2+.[28, 128] They utilize electrostatic repulsion through charged functional 

groups such as sulfonates or crown ethers, along with improved pathways from 

conductive fillers, which facilitate effective electrochemical driving in processes like 

electrodialysis or membrane capacitive deionization.[128] Recent advances also 

incorporate crown ether-functionalized polymers, yielding Li+/Na+ diffusion ratios up to 

9.5 and a separation factor of >400,000 for Li+/Mg2+, addressing scalability challenges 

through flexible, stable designs suitable for high-ion-ratio brines.[232] Overall, these 

literature examples highlight the collaboration between polymer matrices and 

nanomaterials for effective and selective recovery of Li+. 
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6. Electrochemical Cell Designs and Operations 

Electrochemical cell design for Li+ separation integrates principles from battery 

applications and electrochemical engineering to couple selective ion transport with 

controlled redox reactions that maximize selectivity, capacity, and energy 

efficiency.[233] These cells consist of one or more ion‑selective compartments 

separated by ion-exchange or bipolar membranes, or Li+ selective electrodes in which Li+ 

is transported under an applied potential between a feed stream containing mixed salts 

(Figure 9).[7, 101] 

A most preferred choice is either to design a Li+ selective phase with an intercalation 

electrode (e.g., FePO4, spinel, or layered oxides) or a permselective membrane (e.g., 

monovalent-selective cation exchange membranes or NF-like membranes). That 

determines if selectivity is dominated by solid-state insertion thermodynamics and 

kinetics or by Donnan exclusion, steric hindrance, and hydration effects in the membrane 

nanochannels.[60, 101, 234] 

 

Figure 9: Different electrochemical cell design systems.[7, 91, 101, 233] 
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Intercalation-based “ion pumping” cells adapt Li+ battery electrodes to either static or 

flow-electrode architectures and operate by alternately polarizing the Li+ selective 

electrode to capture Li+ from a feed solution, then releasing it into a recovery or 

concentrating solution. In contrast, a redox couple or a counter electrode maintains 

charge balance and enables a continuous cycling process.[233]  

 The geometry of these cells, such as flow-by channels, flow-through porous electrodes, 

or slurry electrodes, has a strong influence on mass transport, as flow-through and semi-

solid architectures can substantially increase electroactive area and effective mass 

loading relative to thin flow-by electrodes, thereby improving current efficiency and 

specific Li+ recovery at a given current density.[234] Electrochemical flow reactors 

designed for the direct recovery of Li+ frequently utilize 3D porous electrodes along with 

precisely adjusted flow rates to minimize concentration polarization.[235] In contrast, 

membrane-based selective electrodialysis cells arrange repeating recovery and feed 

compartments separated by CEMs and AEMs, and recent work on Li+/Mg2+ separation has 

revealed the importance of a dense polyamide surface layer on CEMs to achieve 

monovalent selectivity by combining positive surface charge, small effective pore size, 

and favorable partitioning of Li+ over Mg2+.[236] 

More complex architectures, such as redox-flow desalination cells, integrate ion-

exchange membranes functionalized with polyelectrolytes and redox-active electrolytes 

to simultaneously extract Li+ with a well-designed cell layout, such as the number and 

order of compartments, membrane type at each interface, and flow rate, which is used 

to combine monovalent-selective CEM transport with functionalized groups control so 

that only targeted ions can cross the membrane.[62] Zan et al. Introduced a flow device 

using a 2,2,6,6-Tetramethylpiperidin-1-oxyl (TEMPO) redox couple and a flexible 

composite membrane for lithium extraction from seawater.[237] Combining redox 

chemistry with selective membranes via inorganic Fe(CN) couples shows how molecular 

redox mediators can actively transport Li+ across interfaces in a flow configuration. Shan 

et al. coupled redox flow desalination with continuous Li recovery to recover Li+  from 

spent LiFePO4 battery material.[238] Kim et al. designed a combined CDI and redox flow 

battery system for desalination and Li+ capture.[111] The study demonstrates Li+ recovery 

with desalination in a flow electrochemical context, showing how RFB elements can be 

coupled to other flow separation modules.  
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Continuous lithium extraction is desirable for enhancing the efficiency of DLE processes. 

A fuel cell Li+ extraction system was developed that enables simultaneous Li+ recovery 

and electrical energy generation.[63] This system uses a ceramic-based membrane and 

advanced electrodes to extract Li+ ions continuously. This approach aims to replace the 

usual energy-consuming methods used in traditional battery processes. 

These strategies reflect the ongoing evolution of electrochemical cell design for Li+ 

extraction, which includes a range of technologies, such as ion-pumping architectures 

and selective electrodialysis, resulting in improved systems that focus on Li+ selectivity, 

energy efficiency, and scalability.[239] Key advancements address challenges in 

complex brines by utilizing innovative materials and strategies to reduce energy use and 

unwanted side reactions. These developments facilitate sustainable Li+ recovery from 

low-grade sources such as seawater and support carbon-neutral supply chains, aligning 

with the increasing global demand for battery-grade lithium.
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APPROACH AND OVERVIEW 

This thesis establishes the theoretical and technological basis of Li+ extraction, focusing 

specifically on direct lithium extraction and electrochemical Li+ extraction systems. 

Conventional processes are energy-intensive and exhibit low selectivity, whereas 

emerging DLE technologies are promising but remain far from practical application due 

to limited adsorption capacity and selectivity. Therefore, we examine advanced 

separation strategies that offer improved efficiency, selectivity, and sustainability. The 

chapters are structured to move from mechanistic understanding and material-level 

design to general system-level concepts. This aspect provides a clear framework for 

evaluating electrochemical Li+ extraction technologies. 

The rational design of materials plays an important role in advancing Li+ extraction 

technologies, as it directly determines the selectivity, efficiency, and long-term stability 

of the extraction process. Building on insights into the importance of material design, we 

first focus on material-driven strategies for selective electrochemical Li+ separation 

in Publication I. In this initial work, we report a novel acid-free electrochemical 

regeneration strategy for Sandrose-like aluminum layered double hydroxide electrodes 

designed for selective Li+ recovery from mixed-ion solutions. The study demonstrates that 

these Al-LDH electrodes combine chemical adsorption affinity for Li+ with an 

electrochemically driven release process, enabling efficient cyclic uptake and release of 

Li+ without the need for harsh acidic or basic eluents. This gentle, pH-neutral regeneration 

preserves the structural stability of the electrode material and significantly reduces 

secondary waste and environmental impact compared to traditional extraction methods. 

The layered structure of the Al-LDH selectively favors Li+ over Na+, resulting in promising 

selectivity and practical effectiveness for Li+ recovery from aqueous streams. 

In addition to material-level advances in layered oxides such as Al-LDH, MXene-based 

electrodes have emerged as an attractive platform for many electrochemical 

applications due to their two-dimensional layered structure, high electrical conductivity, 

and tunable chemistry. Unlike conventional inorganic sorbents, MXenes can offer precise 

control over interlayer spacing and surface functionality, enabling selective ion transport 

and storage through structural design. In Publication II, by tuning the MXene interlayer
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environment via organic molecule intercalation, the transport pathways can be 

engineered to preferentially accommodate Li+ while sterically and energetically excluding 

competing alkali ions such as Na+. This tunability allows MXenes to combine fast 

electrochemical kinetics with high ion selectivity and operational stability in aqueous 

media. Consequently, MXene interlayer engineering represents a powerful 

complementary strategy to layered material systems, where selectivity arises from the 

intrinsic layered affinity, highlighting how structure-guided material tuning can 

enhance electrochemical ion separation performance. 

While material design plays a critical role in enhancing selectivity and capacity for Li+ 

separation, membrane selection, cell architecture, and operational strategies are 

equally important for a scalable, efficient electrochemical ion separation system. 

Optimizing these elements influences ion transport pathways, separation throughput, 

energy efficiency, and long-term stability, enabling continuous operation under realistic 

feed conditions. In this context, in Publication III, we introduce a continuous Li+ 

extraction system that combines a ceramic-based membrane with a fuel cell system 

architecture and advanced electrode coatings to achieve selective, continuous Li+ 

separation from complex aqueous sources such as seawater and mine water. By 

integrating a ceramic membrane that preferentially transports Li+ with a titania-coated 

electrode prepared via atomic layer deposition, the system demonstrates both enhanced 

Li+/Na+ selectivity, doubling selectivity compared to a pristine electrode. Furthermore, it 

exhibited a high product purity of ~95% Li+ while simultaneously generating electrical 

energy throughout the process. This work highlights how membrane chemistry, 

electrode surface engineering, and continuous cell operation can be combined to 

improve practical extraction outcomes, positioning membrane and cell design as 

essential factors to advanced material development of efficient electrochemical Li+ 

separation. 

Emphasizing the need for standardized evaluation of electrochemical ion separation, in 

Publication IV, we introduce a systematic framework for collecting, analyzing, and 

interpreting electrochemical desalination data, setting the best practices for 

evaluating the performance of electrochemical ion separation systems. To provide a 

mechanistic basis for system performance, we addressed this by defining key metrics, 

including salt removal efficiency, ion removal capacity, charge efficiency, energy 
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consumption, and the effect of operating parameters on these outputs. We also provided 

detailed guidance on how to calculate and normalize them in a reproducible way. 

Complementing these advances, in Publication V, we wrote a comprehensive review of 

direct lithium extraction that systematically assesses key DLE technologies, including 

sorption, ion-exchange, solvent extraction, membrane-based, and electrochemical 

methods. This review establishes the broader DLE approach as a sustainable 

alternative to traditional mining and evaporation, providing a foundational framework 

that highlights our experimental innovations in previous papers within ongoing 

industrial and academic efforts to meet the increasing lithium demands for energy 

storage while reducing environmental impacts. 
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Figure 10: Overview of the strategies and focus of this thesis on electrochemical Li+ extraction. 

The schematic highlights three key design levels: membrane, electrode, and cell operation, 

highlighting performance metrics such as selectivity, energy use, purity, and cycling stability.
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CONCLUSIONS AND OUTLOOK 

My doctoral work demonstrates that material and system design are essential for 

advancing electrochemical Li+ extraction toward higher selectivity, efficiency, and 

sustainability. In these studies, material development, electrode and membrane 

engineering, system architecture, and performance evaluation provide practical 

strategies for selective Li+ recovery from complex aqueous environments. 

At the material level, this thesis establishes layered materials as a versatile and selective 

class for electrochemical Li⁺ separation. An aluminum layered double hydroxide 

electrode was shown to enable selective Li+ uptake combined with an electrochemical 

regeneration process, in addition to gentle acid-free washing. Compared to conventional 

adsorption-based DLE technologies that rely on chemical regeneration and harsh 

eluents, this approach allows reversible Li+ extraction under mild, pH-neutral conditions, 

thereby improving material stability and reducing secondary waste. In parallel, MXene-

based electrodes were explored as an alternative to the layered-material platform for 

electrochemical Li+ separation, where interlayer engineering via organic-molecule 

intercalation enables preferential Li+ transport while suppressing competing ions. These 

results highlight how layered structures with tunable chemistries can be effectively 

designed for selective electrochemical ion separation. 

Beyond material design, this thesis highlights the role of membrane choice, electrode 

surface engineering, and cell configuration for achieving continuous Li+ extraction. By 

integrating a ceramic-based solid electrolyte membrane and coated electrodes into a 

fuel cell system configuration, selective and continuous Li+ recovery from seawater and 

mine water was achieved, with 95% purity and improved Li+/Na+ selectivity. In this 

context, my work examines how electrochemical systems originally developed for energy 

storage and conversion can be effectively adapted for desalination applications, 

particularly for Li+ selective ion separation. 

To support meaningful comparison and system optimization, a standardized framework 

for evaluating electrochemical ion separation performance was also developed in the 

best practice for electrochemical water desalination paper. By defining key metrics and 

calculation methods, this paper enables reproducible evaluation of efficiency, capacity, 
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and energy consumption across different systems. Finally, a comprehensive review of 

direct lithium extraction technologies addresses these findings within the broader 

context of sustainable lithium supply, highlighting DLE approaches as promising 

alternatives to conventional mining and evaporation. 

Overall, this work shows that combining material design with optimized system 

architecture and standardized evaluation of electrochemical DLE technology can 

compete by offering mild operating conditions, high selectivity, and compatibility with 

continuous processing. While some challenges remain, such as long-term stability, 

extraction kinetics, and scale-up, this thesis provides concrete design principles that 

distinguish electrochemical approaches from conventional DLE methods. Future 

research should focus on improving long-term stability and kinetics, deepening 

mechanistic understanding of ion–material interactions, and scaling continuous systems 

under realistic operating conditions. These advances will be essential for developing 

sustainable and efficient Li+ extraction technologies to meet the growing demand for 

energy storage materials. 
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