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A B S T R A C T

The growing global demand for lithium, fueled by the expansion of electric vehicles and energy storage systems, 
calls for efficient and sustainable extraction technologies. Capacitive deionization (CDI) is emerging as a 
promising electrochemical method for lithium recovery from diverse aqueous sources, including low-grade 
brines, geothermal waters, and industrial effluents. By applying a low-voltage electric field, CDI captures 
lithium ions either through electrosorption onto porous electrodes or via intercalation into redox-active mate
rials. Compared to conventional separation technologies, CDI offers distinct advantages such as low energy 
consumption, mild operating conditions, rapid adsorption kinetics, and scalable modular design. This review 
systematically summarizes recent advancements in CDI-based lithium extraction with a focus on research 
methodology. Key research strategies are categorized into four domains: structural engineering of electrodes, 
surface and interface modification, advanced material integration, and machine learning and simulation. Ap
plications across various source solutions are discussed, and standard performance metrics such as adsorption 
capacity, selectivity, energy consumption, and cycling stability are outlined. The review concludes by identifying 
critical challenges and proposing future research directions that emphasize multifunctional electrode design, 
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scalable fabrication, and data-driven material discovery. This work offers comprehensive guidance for advancing 
CDI technologies toward practical and sustainable lithium recovery.

1. Introduction

The global transition toward renewable energy, electric vehicles 
(EVs), and portable electronics has drastically increased the demand for 
lithium, a critical component of lithium-ion batteries [1]. According to 
recent projections, global lithium demand may exceed supply as early as 
2030, driven by aggressive decarbonization targets and battery market 
expansion [2]. While traditional lithium sources such as pegmatites and 
high-grade salt lakes continue to dominate global production, they are 
geographically concentrated, capital-intensive, and environmentally 
disruptive [3–5]. Consequently, the development of alternative lithium 
sources, such as seawater and low-grade brines, has garnered significant 
attention [6–12].

However, recovering lithium from these dilute and complex aqueous 
matrices poses critical technical and economic challenges. The low 
lithium concentration, e.g., ~0.2 mg/L in seawater and < 100 mg/L in 
many geothermal brines, and the presence of competitive ions such as 
Na+, Mg2+, K+, and Ca2+ at orders-of-magnitude higher concentrations, 
limit the effectiveness of conventional separation methods such as pre
cipitation, solvent extraction, and membrane filtration [1,9,13]. These 
limitations call for highly selective, energy-efficient, and regenerable 
lithium extraction technologies.

In recent years, capacitive deionization (CDI) is emerging as a 
promising electrochemical technique for lithium recovery [14]. CDI 
operates at low voltages and removes ions from water by electrosorption 
onto porous electrodes or via intercalation into redox-active materials 
[14–16]. Compared to traditional separation technologies, CDI offers 
several advantages, including low energy consumption, mild operating 
conditions, rapid adsorption and desorption kinetics, material regener
ation ability, and modular scalability [17–19]. Despite substantial 
progress over the past decade, CDI for lithium recovery remains in its 
developmental stage, with challenges in achieving high selectivity and 
scalability. Conventional CDI electrodes, typically based on activated 
carbon, lack inherent lithium selectivity [20]. To address these chal
lenges, recent research has explored a diverse array of electrode engi
neering strategies, including surface and interface modification, 
functional material integration, membrane-based systems, and theory- 
guided material screening.

Several recent reviews have summarized lithium extraction tech
nologies from aqueous resources, including membrane-based, adsorp
tion-based, and electrochemical approaches, in which CDI is typically 
mentioned as one of several emerging techniques [11,21–26]. Other 
reviews have focused on CDI technology itself, emphasizing electrode 
materials, system configurations, and water treatment applications 
[27–30]. However, the specific application of CDI for lithium recovery 
has generally received limited dedicated discussion. With the rapid 
growth of studies on CDI-based lithium recovery in recent years, the 
literature has become increasingly fragmented in terms of materials 
design, system configurations, feed compositions, and evaluation met
rics. A focused synthesis is therefore needed to consolidate recent ad
vances and provide a clearer framework for this emerging research 
direction. This review aims to provide a systematic and research- 
method-oriented review of recent advancements in CDI for lithium re
covery from brines and other aqueous solutions. By organizing the field 
along methodological lines, this review seeks to offer actionable insights 
for researchers, comparative analysis across CDI configurations, and 
design guidelines for high-performance lithium recovery systems.

2. Capacitive deionization technologies for lithium recovery

2.1. Basic principles of CDI and extended systems

CDI is an emerging electrochemical separation technique that 
removes charged species from saline water using a low-voltage electric 
field, and is increasingly recognized as a promising approach for lithium 
recovery from dilute brine solutions [15,22,31–35]. This technology 
was initially conceived by Blair and Murphy in 1960, and the term “CDI” 
was first put forward by Farmer et al. in 1996 [36]. CDI operates under 
low voltages (typically ≤1.5 V), driving cations and anions toward 
oppositely charged porous electrodes with high specific surface areas. 
Upon polarization reversal, the temporarily adsorbed ions are released 
back into the bulk solution, completing the regeneration cycle. [37]. In 
its conventional form, CDI employs a pair of porous electrodes to adsorb 
cations and anions onto oppositely charged surfaces through the for
mation of electric double layers (EDLs). Upon voltage reversal or 
discharge, the adsorbed ions are released, allowing for electrode 
regeneration and target ion recovery [38–40]. To further enhance the 
ion-removal performance, more novel CDI cell architectures, including 
membrane CDI (MCDI) [41–43], flow-electrode CDI (FCDI) [44,45], and 
hybrid CDI (HCDI) [46,47], have been investigated in recent years, as 
presented in Fig. 1.

2.1.1. Membrane CDI (MCDI)
MCDI is an advanced configuration of classical CDI, in which ion- 

exchange membranes (IEMs) or ion-selective membranes (ISMs) are 
incorporated between oppositely charged electrodes. The presence of 
these membranes mitigates co-ion expulsion, suppresses anode oxida
tion, lowers energy consumption, and enhances both ion adsorption 
capacity and selectivity [48–50]. MCDI was first applied to wastewater 
desalination in 2006 by Lee et al., targeting effluents from a thermal 
power plant [51]. Beyond investigating operational modes and perfor
mance of ion removal [52–57], researchers attempted to expand its 
application to selective recovery of target ions from aqueous solutions 
[41,58]. Notably, MCDI demonstrates high separation efficiency and 
low energy consumption when dealing with low-concentration solutions 
(≤ 20 mM), making it particularly attractive for resource recovery from 
dilute streams. In recent years, the progress of MCDI studies is concen
trated in membrane fabrication [59,60], operation optimization 
[55,61], cell structure design [62,63], and application development 
[64].

2.1.2. Flow-electrode CDI (FCDI)
FCDI was first introduced by Jeon et al. in 2013 for seawater desa

lination [65], building upon the concept of the flow electrode put for
ward by Kastening et al. in 1997 [66]. Among various CDI architectures, 
FCDI represents a distinct configuration in which the stationary solid 
electrodes are replaced by continuously circulating slurry-based elec
trodes, which enables uninterrupted operation and theoretically un
limited ion removal capacity, making it well-suited for continuous 
desalination processes [67,68]. Similar to the conventional CDI elec
trodes, the active phase of the flow electrode primarily comprises 
carbon-based or battery-type materials, which serve as ion adsorption 
media. In addition to the active material, flow electrodes also contain 
supporting electrolytes and conductive additives to ensure sufficient 
charge transport and rheological stability [69,70]. The applications of 
FCDI range from seawater desalination [71], water softening [72], 
control of toxic chemicals and heavy metals [73], to resource and 
nutrient recovery [74].
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2.1.3. Hybrid CDI (HCDI)
HCDI, proposed by Lee et al. in 2014, is a modified CDI configuration 

inspired by electrochemical energy storage systems [75]. In this design, 
one of the capacitive electrodes is replaced with a faradaic intercalation- 
type electrode, enabling selective and reversible recovery of target ions 
through redox-driven insertion processes [38,76]. The incorporation of 
a battery-type electrode in HCDI not only enhances ion selectivity but 
also significantly increases the overall ion storage capacity. This 
improvement arises from the dual ion storage mechanisms: electrostatic 
adsorption on the electrode surface and faradaic intercalation into the 
crystal lattice of the electrode material via redox reactions [77]. An ideal 
electrode for HCDI should possess a high specific capacity, good elec
trical conductivity, and economic viability to facilitate scalable imple
mentation, e.g., manganese oxides, titanium oxides, phosphates, 
chromates, and Prussian blue (PB) [78–80].

Different CDI architectures exhibit distinct advantages and limita
tions in terms of ion transport, charge efficiency, operational 
complexity, and scalability. A comparison of the main CDI configura
tions used for lithium recovery, including flow-by CDI, MCDI, FCDI, and 
HCDI, is summarized in Table 1.

2.2. Lithium recovery mechanisms in CDI

Selective lithium recovery in CDI systems relies on multiple inter
related physicochemical mechanisms, which govern lithium transport, 
recognition, and retention at the electrode-electrolyte interface. These 
mechanisms can be broadly classified into two main categories: non- 
Faradaic processes, which involve electrostatic adsorption without 
charge transfer, and Faradaic processes, which entail redox reactions 
and ion intercalation, as schematically illustrated in Fig. 2. In conven
tional CDI systems, Li+ is primarily adsorbed via non-Faradaic EDL 

formation on the porous carbon electrodes. This mechanism is energy- 
efficient but generally suffers from low selectivity and limited capacity 

Fig. 1. Schematic illustrations of CDI cell architectures. a) Classical flow-by CDI, b) MCDI, c) HCDI, d) FCDI.

Table 1 
Comparison of CDI architectures for lithium recovery.

CDI 
architecture

Working principle Advantages Limitations

Flow-by CDI Feed solution flows 
parallel to the 
electrode surface 
while ions are 
removed through 
electrosorption or 
intercalation

Simple cell 
configuration; low 
hydraulic resistance; 
easy system 
integration

Limited ion 
transport 
efficiency; lower 
salt removal rate 
compared with 
flow-through 
designs

MCDI Ion-exchange 
membranes are 
placed in front of 
electrodes to 
suppress co-ion 
expulsion and 
improve charge 
efficiency

Improved charge 
efficiency; enhanced 
ion selectivity; 
reduced parasitic 
reactions

Increased system 
cost due to 
membranes; 
potential 
membrane fouling 
and additional 
resistance

FCDI Suspended 
conductive particles 
serve as flowable 
electrodes, enabling 
continuous ion 
adsorption and 
regeneration

Continuous 
operation; high salt 
adsorption capacity; 
scalable for large- 
volume processing

Complex system 
design; slurry 
stability and 
pumping energy 
requirements

HCDI Combines capacitive 
carbon electrodes 
with Faradaic or 
intercalation-type 
electrodes

High ion selectivity; 
improved lithium 
recovery efficiency; 
tunable 
electrochemical 
properties

Material stability 
and cycling 
durability 
challenges; more 
complex electrode 
fabrication
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due to non-specific interactions with coexisting ions [18,44,81,82].
Lithium selectivity under non-Faradaic conditions is primarily 

influenced by ionic hydration and structural accessibility. Fig. 3 illus
trates the bare and hydrated ionic radius of Li and its main competitors 
in natural water resources. Ions with smaller hydrated radii are more 

likely to access microporous regions and active sites within electrode 
structures. In contrast, ions with larger hydration shells, such as Mg2+

and Ca2+, are sterically excluded, especially under size-confining con
ditions [83–85]. This size-based discrimination becomes particularly 
effective when the pore distribution of the electrode is engineered with a 

Fig. 2. Schematic illustration of Li extraction mechanisms in CDI systems. (a) non-Faradaic ion electrosorption mechanisms, where lithium ions are stored through 
electric double-layer (EDL) formation. (a1) Representation of a classical EDL structure formed between two planar electrodes, consisting of a compact Stern layer and 
a diffuse layer. The electrostatic attraction between charged electrodes and counter-ions governs ion accumulation, while diffusion controls ion transport within the 
electrolyte. (a2) Magnified view of ion electrosorption within the microporous carbon network, where hydrated cations are adsorbed. (b) Faradaic Li intercalation 
mechanisms, where Li ions are captured via redox reactions and intercalation into redox-active crystal frameworks. (b1) Li-intercalation process in a Faradaic 
electrode. (b2) Li occupancy within the vacant sites of various intercalation-type crystal structures. Fig. (a1) obtained from [89] with copyright permission from IOP 
Publishing. Fig. (b1) obtained from [90] with copyright permission from Elsevier. Fig. (b2) obtained from [91] with copyright permission from John Wiley and Sons.

Fig. 3. Bare and hydrated ionic radius of Li, Na, K, Mg, and Ca and their hydration enthalpy. Figure obtained from [19] with copyright permission from Elsevier.
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high proportion of micropores [86]. Moreover, ion valence plays a dual 
role: although divalent ions may have stronger electrostatic interactions, 
their higher hydration energy and limited mobility often result in lower 
uptake compared to monovalent lithium ions under identical conditions 
[87,88]. These structural and physicochemical parameters, including 
hydrated radius, valence, and ion–pore compatibility, collectively 
define the non-Faradaic selectivity behavior observed in carbon-based 
or hybrid electrodes.

Selective MCDI enhances non-Faradaic selectivity by introducing 
monovalent or Li-selective membranes, which act as size- and charge- 
based sieves against interfering ions and are well effective in complex 
mixtures with extreme ion ratios [17,19,60,92]. Some electrode surfaces 
are functionalized with chelating ligands or ion-imprinted polymers that 
exhibit specific affinity for Li+ or competing cations, such as crown 
ethers [93,94], or sulfonic groups [95,96]. These provide additional 
selectivity through coordination chemistry. Strategies such as con
structing vertically aligned channels or embedding active materials 
within conductive matrices, e.g., rGO, CNTs, reduce ion diffusion bar
riers and accelerate lithium transport [32,97–101]. These structural 

optimizations contribute to faster kinetics and improved separation 
performance., and the mechanisms are schematically illustrated in 
Fig. 4.

Advanced lithium-selective electrodes, such as LiCoMnO4 [107], 
LiFePO4 [108], and Li3V2(PO4)3 [109], function via redox-mediated 
lithium intercalation or conversion reactions. These Faradaic processes 
provide greater selectivity and capacity by leveraging crystal structures 
with favorable lithium diffusion pathways and binding energies 
[90,110,111]. Lithium-ion sieves (LIS) exhibit strong lithium preference 
due to their narrow interlayer spacings and memory effect, which allows 
for selective Li+–H+ exchange [1,99,112]. This mechanism is particu
larly effective at excluding multivalent ions based on steric hindrance 
and hydration energy differences.

In most advanced CDI systems, these mechanisms do not operate in 
isolation but synergistically. For example, a typical HCDI device may 
simultaneously leverage Faradaic intercalation, surface functionaliza
tion, and membrane selectivity to enhance both lithium capacity and 
separation factor. This integrated approach is increasingly emphasized 
in recent studies [97,113–115], where systems are specifically designed 

Fig. 4. Selectivity enhancement mechanisms in MCDI systems through (a) membrane-based ion discrimination and (b) surface functionalization. Figure (a) obtained 
from [102] with copyright permission from Royal Society of Chemistry. Figure (b) obtained and edited from [103–106] with copyright permission from Elsevier.
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to combine complementary mechanisms for enhanced performance. 
Such multi-mechanism configurations enable the simultaneous benefits 
of high capacity, fast kinetics, and strong ionic discrimination. A clear 
understanding of these interactions is thus essential for the rational 
design of next-generation CDI materials and systems tailored for lithium 
extraction from diverse aqueous matrices.

3. Strategies for enhancing lithium recovery in CDI systems

While CDI offers a technically simple and energy-efficient platform 
for lithium extraction, its real-world application faces several chal
lenges, notably the low lithium selectivity in the presence of competing 
cations and the degradation of electrode materials over multiple cycles. 
To address these issues, researchers have developed a wide range of 
strategies targeting material design, electrode architecture, interfacial 
chemistry, and system-level optimization. This section systematically 
categorizes recent advances in CDI-based lithium recovery according to 
research strategies, including structural engineering of electrodes, sur
face and interface modification, functional material integration, elec
trode screening, polymer and biomass-derived approaches, and 
simulation-guided material development [116,117].

3.1. Structural engineering of electrodes

Electrode structure plays a critical role in dictating ion transport 
kinetics, adsorption capacity, and regeneration efficiency in CDI sys
tems. Strategies such as nanostructure design, aligned ion pathways, 
flexible substrates, and hierarchical porosity collectively contribute to 
improving lithium adsorption kinetics, selectivity, and cycling 
durability.

Architectural optimization at the micro- and nano-scale significantly 
enhances lithium ion accessibility and minimizes diffusion resistance. 
One common approach involves constructing one-dimensional nano
structures, e.g., nanorods or nanowire, that offer direct lithium ion 
transport pathways. For example, in-situ growth of LiMn₂O₄ nanorods on 
flexible carbon cloth (LiMn₂O₄@CC) reconciles the trade-off between 
capacity, conductivity, and porosity, achieving a high adsorption ca
pacity of 37.7 mg/g and excellent Li+/Mg2+ selectivity of 804.6 [118]. 
In addition to spinel-type lithium manganese oxides, other lithium 
intercalation materials and battery materials, including layered 
transition-metal oxides and layered oxides such as olivine LiFePO₄ and 
Li(NiCoMn)O₂ (NCM) have also attracted increasing attention as CDI 
electrodes for lithium extraction. LiFePO₄, widely used in lithium-ion 
batteries, possesses a stable olivine framework that enables reversible 
Li+ intercalation/deintercalation with good structural stability and 
cycling durability [119–122]. Structural engineering strategies, 
including nanoscale particle design, conductive framework integration, 
and hierarchical porous architectures, have been applied to these ma
terials to enhance lithium ion transport kinetics and electrode stability 
in electrochemical lithium recovery systems. Three-dimensional porous 
structures, including hollow nanocubes [107], vertically aligned 

graphene-based frameworks [97], hydrogels [123,124], and carbon 
aerogels [125], further increase the specific surface area and provide 
hierarchical pore networks. Representative examples of one-, two-, and 
three-dimensional electrode architectures are illustrated in Fig. 5. 
Flexible current collectors are another focus of structural engineering. 
Electrodes supported on carbon cloth or conductive textiles show better 
mechanical stability, higher areal capacitance, and scalable integration 
potential. Compared with rigid Ti-based substrates, flexible carbon cloth 
improves conductivity and lithium diffusion rate by several orders of 
magnitude, as demonstrated in the LiMn₂O₄@CC system [118].

Overall, structural engineering strategies primarily address mass 
transfer limitations and diffusion resistance in CDI electrodes. By con
structing ordered ion transport pathways, hierarchical porous struc
tures, and flexible conductive frameworks, these approaches improve 
lithium ion accessibility, accelerate ion diffusion, and enhance electrode 
stability during repeated adsorption-desorption cycles.

3.2. Surface and interface modification

Surface and interfacial properties of electrodes profoundly influence 
ion recognition, selectivity, charge transfer, and long-term electro
chemical stability in CDI systems. Rational surface modification strate
gies have been widely adopted to tailor electrode–electrolyte interfaces 
for enhanced lithium recovery. The main strategies include elemental 
doping, surface coating, and interfacial modification, as schematically 
illustrated in Fig. 6.

One of the most widely explored strategies is elemental doping, such 
as Al, Zn, La, B, and N, to modulate the electronic structure and lattice 
parameters of lithium-selective materials. For instance, Al-doped 
LiMn2O4 demonstrated a reduced lattice constant, which led to a 
higher Li+ diffusion coefficient and intercalation energy difference be
tween Li+ and Na+. As a result, it achieved a selectivity of 1653.8 for 
Li+/Na+ and 434.9 for Li+/Mg2+ in synthetic brine, with a lithium 
adsorption capacity of 21.7 mg/g [126]. Similarly, boron-doped 
H1.6Mn1.6O4 significantly suppressed Jahn–Teller distortion and Mn 
dissolution while enhancing Li+/Na+ selectivity to 1211.68, owing to 
the B–O bond-induced stabilization and lattice contraction [113]. La- 
doping in lithium manganese oxide (La-LMO) has also been used to 
reduce Mn dissolution and improve electrochemical cycling stability. 
When encapsulated with graphene oxide (GO), the La-LMO composite 
exhibited a Li+ capacity of 1.33 mmol g− 1 and a Li+/Mg2+ separation 
factor of 126, demonstrating the dual role of La doping in suppressing 
phase distortion and promoting structural rigidity [127].

In addition to bulk doping, surface coatings have been developed to 
mitigate structural degradation. For example, a thin layer of amorphous 
AlF3 was deposited on LiMn2O4 spheres to prevent Mn leaching and 
phase transformation during lithium cycling. This AlF3 coating not only 
enhanced surface stability but also enabled a Li+ capacity of 31.5 mg/g 
and a selectivity factor of 7.66 for Li+/Mg2+ [128]. Surface function
alization using chelation ligands or ion-imprinted polymers has also 
shown promising results. For example, an imprinted CDI electrode 

Fig. 5. Schematic illustration of one-, two-, and three-dimensional nanostructures.
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incorporating dibenzo-14-crown-4 ether and polypyrrole achieved 
lithium adsorption capacities of 2047.71 μmol/g in acidic conditions, 
with excellent selectivity over Na+, K+, Mg2+, and Al3+ [129].

Interface modification via polymer coatings or membrane layers is 
another effective approach to improve ion selectivity and capacity 
[131,132]. For instance, layer-by-layer deposited PAH/PSS functional 
membranes were integrated with FCDI systems to convert a divalent- 
preferring cation exchange membrane into a monovalent-selective 
interface [132]. Similarly, selective lithium capture was enhanced by 
coupling Nafion membranes with LiMn₂O₄-coated surfaces, enabling 
selective MCDI devices to effectively separate Li+ from concentrated 
Mg2+ environments with high charge efficiency [32]. Additionally, 
modifying electrode wettability and interfacial hydrophilicity through 
incorporation of graphene oxide, bacterial cellulose, or oxygen va
cancies has been proven effective for facilitating lithium adsorption/ 
desorption dynamics [97,125,133]. Such modifications improve elec
trolyte penetration and lower interfacial impedance, thus enhancing ion 
accessibility and system responsiveness.

In summary, surface and interface modification strategies mainly 
target the limited ion selectivity and structural instability of lithium- 
selective materials in complex brine environments. Through doping, 
surface coating, and interfacial functionalization, these approaches 
regulate ion recognition behavior, suppress structural degradation, and 
improve the electrochemical stability of CDI electrodes.

3.3. Advanced material integration

To further improve lithium selectivity, capacity, and electrochemical 

stability in CDI systems, researchers have increasingly explored the 
incorporation of advanced functional materials into the electrode ma
trix. These materials, including metal–organic frameworks (MOFs), 
conductive carbon nanomaterials, Prussian Blue analogues (PBAs), and 
MXenes, provide tailored physical and chemical environments to 
enhance lithium ion transport, recognition, and adsorption.

One promising class of materials is MOFs [134,135] and MOF- 
derived carbons [136–140]. A flow electrode based on ZIF-8/CNT 
composite exhibited exceptional conductivity and pore size compati
bility with hydrated Li+ ions, and achieved 2.3-fold higher deionization 
performance and significantly enhanced lithium selectivity over Na+, 
Ni2+, and Mn2+ ions [141]. LiMn₂O₄ nanoparticles in situ embedded in 
carbon networks derived from MOF led to a capacity of 3.5 mmol g− 1 

and a Li+/Mg2+ separation factor of 24.5 [114].
Incorporating conductive carbon nanomaterials such as reduced 

graphene oxide (rGO) and CNT into active materials has become a 
prevalent strategy to boost electrical conductivity, structural integrity, 
and surface area. For instance, composites of Li₃VO₄/rGO, Li₂TiO₃/rGO, 
and λ-MnO₂/rGO have consistently outperformed their pure counter
parts in terms of Li+ adsorption capacity, cycling stability, and charge 
transfer efficiency [99–101]. The reduced graphene oxide (rGO) not 
only facilitates electron mobility but also prevents the aggregation of 
active nanoparticles, exposing more Li+ adsorption sites. A representa
tive study reported a CNT-strung LiMn₂O₄ (CNT-s-LMO) material with a 
net-like structure formed by threading CNTs through LMO particles. 
This unique configuration improved conductivity and enhanced elec
trochemical performance, achieving a Li+/Mg2+ selectivity factor of 181 
and 90% capacity retention after 100 cycles [98].

Prussian Blue (PB) and its analogues (PBAs) are another group of 
redox-active materials with open-framework crystal structures that 
allow for fast and reversible Li+ intercalation. A CDI electrode composed 
of PB nanoparticles anchored on porous activated carbon delivered a 
high Li+ electrosorption capacity of 24.42 mg/g, with 95.1% capacity 
retention after 50 cycles [111]. The synergistic interaction between PB's 
redox activity and the high conductivity of AC facilitated efficient 
charge transport and lithium intercalation. MXene materials, such as 
Ti3C2Tx, possess hydrophilic surfaces, metallic conductivity, and tunable 
interlayer spacing, which facilitate electrolyte wettability, accelerate 
electron transport, and provide ion diffusion pathways, thereby pro
moting efficient Li+ transport and adsorption in CDI systems [142].

Overall, the integration of advanced functional materials provides 
synergistic improvements in conductivity, ion transport pathways, and 
lithium adsorption sites. By combining the advantages of multiple ma
terial components, these hybrid systems help overcome the intrinsic 
limitations of single-material electrodes and enable enhanced lithium 
recovery performance in CDI systems.

3.4. Modelling and simulation

The discovery and optimization of electrode materials for selective 
lithium recovery in CDI systems is a complex, multidimensional problem 
involving numerous variables: from material composition and 
morphology to electrochemical environment and operational parame
ters. Computational approaches have increasingly been used to support 
the rational design of CDI materials and systems for lithium recovery. 
However, their roles differ across methodologies. In the current litera
ture, density functional theory (DFT), molecular dynamics (MD), and 
finite element simulations (FES) are used predominantly to elucidate ion 
adsorption, diffusion, and transport mechanisms, whereas recent ma
chine learning (ML) studies have begun to demonstrate genuine pre
dictive capability for performance estimation, parameter optimization, 
and accelerated material screening [6,143–146].

DFT calculations have played a central role in the rational screening 
of CDI electrode materials. By evaluating key properties such as 
adsorption energy, ionic diffusion barriers, and lattice deformation, DFT 
enables researchers to identify promising candidates before 

Fig. 6. Schematic illustration of surface and interface modification strategies 
for CDI electrodes, (a) element doping, (b) surface coating, (c) surface and 
interface modification. Figure (a) obtained from [130] with copyright permis
sion from ACS Publications.
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experimental synthesis and analyze the mechanism of physical and 
chemical processes. For example, DFT studies of Li₃V₂(PO₄)₃ revealed 
that Li+ has a lower diffusion energy barrier and smaller hydrated radius 
compared to Mg2+ and Ca2+, explaining its superior selectivity in real 
brines [109]. Similarly, DFT has also been used to investigate the 
memory effect in lithium-ion sieve materials, such as H₂TiO₃, where Li+/ 
H+ exchange occurs at narrowly confined lattice sites. Theoretical 
modelling demonstrated that Li+ forms stronger hydrogen bonds and 
lower-energy adsorption configurations on the [111] facet compared to 
Na+ and K+, particularly when an external electric field is applied [147]. 
Beyond atomic-level insights, MD and finite FES offer complementary 
information on ion hydration, diffusion behavior, and macroscale 
transport phenomena in CDI systems [97,126].

More recently, ML has emerged as a complementary data-driven 
approach that enables predictive analysis of lithium adsorption perfor
mance and accelerated screening of electrode materials. By integrating 
large experimental datasets with material descriptors, operating pa
rameters, and solution characteristics, ML models can identify key fac
tors governing lithium selectivity and adsorption efficiency. Several 
recent studies have demonstrated that ML-based models can accurately 
predict lithium recovery performance and provide guidance for opti
mizing adsorbent design and operating conditions [6,143,145,146]. 
Compared with conventional mechanistic modelling, these data-driven 
approaches offer a promising pathway toward high-throughput 
screening and rational design of lithium-selective CDI electrodes. 
However, the application of ML in CDI-based lithium recovery remains 
at an early stage and is currently limited by data availability.

4. Source solutions and performance evaluation in CDI-based 
lithium recovery

Although CDI technology study for lithium recovery application has 
emerged as a trending research topic, the lack of standardization in feed 
solution selection and performance evaluation methods remains a major 
barrier to cross-study comparability, material benchmarking, and in
dustrial translation. Researchers employ diverse feed compositions, 
ranging from simplified LiCl solution to complex natural brines, as well 
as inconsistent metrics to evaluate performance, making it difficult to 
fairly compare electrode materials or system architectures. This section 
presents a comprehensive and critical analysis of the feed solution types 
and performance metrics commonly employed in CDI-based lithium 
recovery studies. The influence of these choices on experimental out
comes is discussed, and standardized recommendations are proposed to 
enhance reproducibility, consistency, and reliability within the research 
community.

4.1. Feed solutions

CDI has shown versatility across a broad range of lithium-containing 
solutions. However, the effectiveness of CDI technologies for lithium 
recovery is highly dependent on the characteristics of the source solu
tion, including lithium concentration, coexisting ion composition, and 
solution complexity. Different water sources, such as simplified brines, 
synthetic brines, natural brines including salt lakes, geothermal brines, 
oilfield brines, and seawater brines, present diverse challenges and op
portunities for CDI-based lithium extraction. While synthetic systems 
offer high control for mechanism studies, real brine applications test the 
system's selectivity and long-term performance.

The ionic composition of these aqueous resources varies drastically 
across different origins. Seawater and desalination brine typically 
contain Li+ in trace levels (< 2 mg/L), accompanied by abundant Na+

and Mg2+ ions, whereas salt lakes and geothermal brines can exhibit Li+

concentrations from sub-ppm levels up to several grams per litre, 
depending on local geochemical evolution. Fig. 7(a) summarizes the 
representative cation concentrations of Li, Na, K, Mg, Ca in seawater, 
desalination brine, salt-lake, geothermal, and oilfield brines, clearly 

illustrating the orders-of-magnitude differences in lithium content and 
the dominance of competing ions such as Na+ and Mg2+. Specifically, 
high-Li salt lakes (HL-SL) were represented by the Atacama and Zabuye 
salt lakes, exhibiting Li+ > 1 g/L. medium-Li salt lakes (ML-SL) included 
the Hombre Muerto and Clayton Valley brines, characterized by inter
mediate Li+ contents (0.3–1 g/L). Low-Li salt lakes (LL-SL) encompassed 
the Uyuni, Qarhan, Chott Djerid, Taijinar, Da Qaidam, Yiliping, Lungmu 
Co, and related brines, all with Li+ ≤ 0.3 g/L. Geothermal brines (G- 
Brine) were derived from Southern Tibet, Salton Sea, Cerro Prieto, and 
Cesano sources, while oilfield brines (O-Brine) were represented by the 
Smackover formation. The average and standard deviation of Li+, Na+, 
K+, Mg2+, and Ca2+ concentrations were calculated from the published 
data of these representative brines [148–153]. Fig. 7(b) illustrates the 
corresponding ionic ratios of Na/Li, K/Li, Mg/Li, Ca/Li.

4.1.1. Synthetic single-ion and binary solutions
Synthetic lithium-containing solutions, often composed of LiCl or 

LiOH with or without selected competing cations (e.g., Na+, K+, Mg2+, 
Ca2+), are widely used in laboratory-scale studies for initial evaluation 
of lithium adsorption capacity and electrode kinetics under idealized 
conditions. A representative selection of CDI studies utilizing single or 
binary feed electrolytes is presented in Table 2. In single-ion solution 
cases, lithium concentration can play a critical role in capacity 
achievement. For example, an MCDI cell using H₂TiO₃/rGO composite 
electrodes achieved a Li+ adsorption capacity of 13.67 mg/g in a 69.4 
mg LiCl solution [101]. In another study, Li₃VO₄/rGO electrodes 
exhibited the highest reported Li+ adsorption capacity of approximately 

Fig. 7. Representative ionic composition and lithium selectivity challenge 
across different aqueous resources. (a) Major cation concentrations (Li+, Na+, 
K+, Mg2+, Ca2+) for high-Li (HL-SL), medium-Li (ML-SL), and low-Li (LL-SL) 
salt lakes, geothermal brine (G-Brine), oilfield brine (O-Brine), seawater, and 
seawater-desalination brine (SWDB). (b) Corresponding M/Li concentration 
ratios (Na/Li, K/Li, Mg/Li, Ca/Li) derived from panel (a), illustrating the 
selectivity difficulty among resource types. The data for Figure (a) normaliza
tion is from [148–153].
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39.53 mg/g in 610.42 mg/L LiCl solution [100].
Binary model systems incorporating Li ion with one competing 

cation are widely adopted to quantify pairwise ion selectivity. These 
systems are especially valuable for elucidating the competitive adsorp
tion behavior and the role of ionic properties such as valence, hydrated 
radius, and dehydration energy in CDI processes. Reported selectivity 
values vary significantly across studies, depending on both the absolute 
concentrations and the molar ratio between Li+ and the competing ion. 
Some studies adopt equimolar Li+/Mⁿ+ ratios to isolate the intrinsic 
selectivity of electrode materials [19,20,31,154], whereas others vary 
the concentration ratio to simulate diverse brine conditions and stress- 
test selectivity under asymmetric competition [126,155]. For example, 
one investigation systematically altered the Li+/Na+ ratio (e.g., 3:17, 
10:10, 17:3) while maintaining constant ionic strength, demonstrating 
that both lithium recovery and selectivity are strongly influenced by the 
relative abundance of competing ions [156]. Similarly, a study 
employing λ-MnO₂-based electrodes demonstrated that, at a fixed Li+

concentration of 10 mM, increasing the Mg2+/Li+ ratio from 1:1 to 20:1 
resulted in a monotonic increase in the Li+/Mg2+ separation factor from 
5.0 to 24.5 [114]. Other studies using LiCoMnO4 nanotube [107] and 
LiNi0.5Mn1.5O4 [157] electrodes observed a similar trend, reporting a 
substantial increase in Li+/Mg2+ selectivity from 3 to 88.7 and from 5 to 
104, respectively, as the Mg2+/Li+ ratio increased from 1 to 30, with Li+

concentration held at 5 mM. A similar pattern was observed with 
HMO@ZIF-AC electrodes tested in Li+/Na+ binary mixtures. As the 
Na+/Li+ molar ratio increased from 1 to 96, the selectivity factor rose 
from 5.0 to 115.0 [158]. These findings collectively suggest that, 

contrary to conventional expectations, increasing the relative abun
dance of the competing cation, i.e., a higher Mⁿ+/Li+ ratio, can enhance 
the calculated selectivity factor. This counterintuitive trend can be 
partially attributed to the definition of the selectivity factor, which de
pends on the relative adsorption changes of Li+ and the competing ion. 
When the concentration of the competing ion increases, its adsorption 
onto lithium-selective materials often remains strongly suppressed due 
to unfavorable hydration energy, steric constraints, or limited interca
lation compatibility. As a result, the relative difference between Li+

uptake and competing-ion adsorption becomes more pronounced, 
leading to a higher calculated selectivity factor even though the absolute 
lithium adsorption capacity may remain unchanged or only moderately 
affected. However, exceptions have also been reported. In a study 
investigating the effect of different Mg2+/Li+ ratios on the performance 
of the R-FCDI system, Ma et al. reported that, solutions with Mg/Li ratios 
of 10, 20, and 30 yielded non-monotonic selectivity trends, with cor
responding separation factors of 4.67–15.93, 8.52–11.04, and 
1.48–3.12, respectively [159].

4.1.2. Simulated and natural brines
To evaluate the practical feasibility of CDI systems for lithium re

covery, many studies have moved beyond idealized binary and single- 
ion electrolytes to more complex brine compositions. These include 
laboratory-prepared synthetic brines, designed to mimic the ionic 
environment of typical salt lake or geothermal resources, as well as real 
brine samples collected directly from natural sources. Together, these 
solution types offer critical insight into the selectivity, robustness, and 
operational viability of CDI systems under conditions that more closely 
resemble industrial applications. Simulated brines are typically 
composed of lithium alongside a mixture of competing cations (e.g., 
Na+, Mg2+, K+, Ca2+) in concentration ratios representative of real 
sources. These solutions allow for controlled testing of selectivity 
mechanisms under high ionic strength, high Mg/Li ratios, and multi
valent ion interference. A representative summary of key CDI perfor
mance outcomes using simulated brines is provided in Table 3. The table 
compiles major cation concentrations and corresponding Li+ selectivity 
factors, highlighting the variation in CDI system types and brine for
mulations used across studies.

On the other hand, real brine samples provide the most rigorous 
assessment of system performance as these samples often exhibit com
plex and variable compositions. While such heterogeneity poses repro
ducibility challenges, it also validates CDI systems under realistic 
operating conditions. A representative summary of CDI studies using 
natural brines is provided in Table 4. The table lists the major cationic 
constituents and reported Li+ selectivity factors for brines from salt lakes 
such as Dongtaijinaier, Tibet, Golmud, Zabuye, East-Taijinaier, and Lop 
Nor. Selectivity factors vary widely across samples, ranging from modest 
values, e.g., Li/Mg ≈ 2.0 in Lop Nor, to exceptionally high figures, e.g., 
Li/Mg ≈ 6307.2 in Golmud or Li/Na ≈ 513 in Zabuye, reflecting the 
combined influence of source composition, CDI system architecture, and 
electrode material design. These studies have shown that with appro
priate electrode design, such as the use of spinel-structured materials, 
functional coatings, and composite architectures, CDI systems can ach
ieve excellent selectivity even in real brines with complex ionic back
grounds [109,114,118,125,159,162–164].

4.2. Performance metrics and evaluation methods

Quantitative evaluation of lithium recovery performance is essential 
for comparing CDI systems, understanding adsorption mechanisms, and 
guiding the design of next-generation electrodes and cell architectures. 
The performance assessment of CDI-based lithium recovery systems 
critically depends on the selection and application of appropriate eval
uation metrics. Due to the diversity of experimental conditions and 
reporting standards across studies, establishing consistent and compa
rable performance benchmarks remains a significant challenge. This 

Table 2 
Representative CDI studies employing single and binary feed solutions for Li 
recovery. The table includes CDI cell architecture, electrode material, applied 
voltage, feed solution type, and reported lithium extraction performance.

Cell 
architecture

Electrode 
material

Applied 
voltage

Source 
solution

Li extraction 
performance

Ref.

Flow-by 
CDI

LVO/rGO 1.2 V 610.42 
mg/L LiCl 
solution

LAC~39.53 mg/ 
g, remained 
~30.84 mg/g 
after 20 cycles

[100]

λ-MnO2/ 
rGO

− 0.9 to 
0.7 V

423.9 
mg/L LiCl 
solution

LAC~206 μmol/ 
g, remained 75% 
after 30 cycles

[99]

MCDI AC/ZIF-8
±1.0 V

Li/Na, Li/ 
K, Li/Mg, 
Li/Ca 
binary 
solutions

ρLi
Na~3.08 [20]

AC/ZIF-8- 
PDA ±0.5, 

±1.0, 

±1.5 V

ρLi
K ~1.85 [19]

AC/CB/ 
PVDF

0.6 to 
1.4 V

Li/Mg 
solution 
(500 mg/ 
L of Li)

ρLi
Mg~2.95 [34]

LMO/GA/ 
PVA

0.1 to 
2.0 V

50 mg/L 
LiOH 
solution

LAC~1.36 mg/g [131]

FCDI AC-LiCl 
slurry

1.2 V 1 to 100 
mg/L LiCl 
solution

LiCl 
removal~85.7%

[160]

HCDI LNMO/ 
AC

− 0.3 to 
0.8 V

423.9 
mg/L LiCl 
solution 
Li/Mg 
mixed 
solution

LAC~260 μmol/g 
ρLi

Mg~104
[157]

LMO/AC 1.0 V Binary 
solution 
(69.4 
mg/L of 
Li)

LAC~0.35 μmol/ 
g

[133]

LMTO/AC 
/PVDF- 
EDA

1.23 V LiCl 
solution

LAC~31.1 mg/g [161]

H. Yu et al.                                                                                                                                                                                                                                       Desalination 629 (2026) 120098 

9 



section provides a comprehensive overview of the key metrics employed 
in the literature, summarizes their calculation approaches, highlights 
differences and limitations, and offers recommendations for future 
standardization.

4.2.1. Lithium adsorption capacity
Lithium adsorption capacity (LAC or QLi), also referred to lithium 

adsorption amount, is the most widely used metric to quantify the 
amount of lithium ions removed per unit mass of electrode material. It is 
typically calculated using the following formulas: 

LAC or QLi =

(
CLi

0 − CLi
e
)
V0

m
(1) 

LAC or QLi =

⃒
⃒
⃒
⃒C

Li
0 V0 − CLi

e Ve

⃒
⃒
⃒
⃒ −

∑t

0
CLi

t Vt

m
(2) 

Where CLi
0 , CLi

e , and CLi
t (mol/L or mg/L) represent the lithium concen

trations in the feed solution, the final effluent, and at time t in the CDI 
adsorption phase, respectively; V0, Ve, and Vt (L) denote the volume of 
feed solution, final effluent, and the collected sample at time t; m (g) is 

Table 3 
Representative studies employing simulated brines with multi-cationic composition to evaluate the selectivity of CDI systems for lithium recovery. The table sum
marizes the major cation concentrations, CDI configuration, and reported selectivity performance. Selectivity factors (ρ) are defined as the ratio of Li+ removal relative 
to competing cations.

Simulated brine type Cation concentration (mg/L) CDI type CDI performance Ref.

Li Na K Mg Ca

Geothermal brine 15.7 10,298 102 50 / FCDI ρLi
Na~141, ρLi

K ~46 [165]
Salt Lake brine 162.97 5897.84 1870.13 2937.38 22.85 Flow-by CDI ρLi

Na~38, ρLi
K ~57, 

ρLi
Mg~41, ρLi

Ca~ 8
[99]

HCDI ρLi
Na~82, ρLi

K ~58, 
ρLi

Mg~76, ρLi
Ca~ 10

[107]

Salar de Uyuni brine 34.7 – – – – Flow-by CDI ρLi
Na~365, ρLi

K ~298, 
ρLi

Mg~48, ρLi
Ca~ 115

[127]

166.56 20,921 3128 3403 120.24 HCDI ρLi
Na~782.3, ρLi

Na~707.4, 
ρLi

Na~449.2
[97]Baqiancuo brine 5.52 2299 277.61 316.03 60.12

Atacama brine 145.74 7587 1798.6 97.24 308.62
West Taijnar Salt Lake 

brine
300 102,400 8500 15,400 200 HCDI ρLi

Na~1653.8, ρLi
Mg~434.9 [126]

241.62 100,843 15,582 15,083 3541 HCDI ρLi
Na~1212, ρLi

K ~1292, 
ρLi

Mg~1352, ρLi
Ca~783

[113]

220 82,600 6900 13,200 310 HCDI High Li+ selectivity; negligible uptake of Na+, K+, Mg2+, 
Ca2+

[166]

Simulated Brine 162.96 5900 1869 2938 22.85 MCDI ρLi
Na~5.74, ρLi

K ~40, 
ρLi

Mg~5.25, ρLi
Ca~5.48

[167]

1500 76,000 18,500 9600 310 HCDI ρLi
Na~11, ρLi

K ~47, 
ρLi

Mg~167, ρLi
Ca~334

[157]

2 2000 500 1000 500 MCDI ρLi
Na~568, ρLi

K ~643, 
ρLi

Mg~505, ρLi
Ca~ 840

[115]

34.7 115 – 121.6 – CDI-RFB hybrid 
module

ρLi
Na~15.25, ρLi

Mg~57.7 [154]

150 – – – – MCDI ρLi
Na~2.85, ρLi

K ~1.98, 
ρLi

Mg~2.21, ρLi
Ca~ 1.98

[128]

Simulated acidic brine 50 50 50 50 50 Imprinted CDI ρLi
Na~6.32, ρLi

K ~11.52, 
ρLi

Mg~13.52
[144]

(Note: “–” indicates that the corresponding ion concentration was not reported in the original publication; “/” denotes that the respective ion was not present in the 
feed solution.)

Table 4 
Representative studies employing natural brines for Li recovery via CDI. The table summarizes the major cation concentrations and corresponding Li selectivity factors 
reported in each case. Note that CDI system configurations vary across studies.

Natural brine Cation concentration (mg/L) Selectivity factor Ref.

Li Na K Mg Ca Li/Na Li/K Li/Mg Li/Ca

Dongtaijinaier salt lake 93.6 15,117.2 1578.0 2729.5 102.0 19.1 3.6 32.9 0.9 [114]
Tibet salt lake 295.35 20,997 2958 2524 213.81 116.88 136.11 187.50 4.92 [109]

2.21 1.65 1.59 1.78 [162]
Golmud salt lake 1065.8 2020.5 982.2 84,553.4 3738.6 4.04 2.37 6307.19 1471.68 [163]

1299 1886 719.75 47,000 4657.5 / / 4.13–24.94 / [159]
Zabuye salt lake 605 50,540 6250 54 112 513 212 804 / [118]
East-Taijinaier Salt lake 50 80 20 1200 – 7.0 11.1 53.8 / [125]
Lop Nor Xieli salt flat 42.09 95,366.54 10,101.31 29,403.1 57.71 6.8 4.2 2.0 2.5 [164]
Poland geothermal brine 15.7 10,298 102.1 50.3 63.7 5.6 5.5 4.4 1.3 [168]

12.6 7363 80 38.2 57.6 4.6 3.8 2.5 3.2 [169]

(Note: “–” indicates that the corresponding ion concentration was not reported in the original publication; “/” denotes that the metric was not present in the original 
publication.)
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the mass of the electrode or the effective material mass on the electrode. 
Eq. (1) is applicable when no solution samples are collected during the 
electrosorption process, while Eq. (2) accounts for the loss of solution 
volume due to intermittent sampling. However, to simplify calculations, 
many studies adopt Eq. (1) and neglect the effect of collected sample 
volumes on the final result.

While simple and intuitive, this method varies across studies in terms 
of what is defined as active material (e.g., total electrode weight vs. 
active phase only), leading to inconsistencies. Some researchers also 
report capacity normalized to geometric electrode area (mg/cm2), 
which complicates direct comparison. In addition, some investigations 
focus exclusively on the adsorption phase, reflecting lithium removal 
rather than recovery potential [99]. Conversely, certain studies also 
calculate desorption metrics independently, further complicating 
comprehensive evaluation [31,147].

Desorption efficiency (D) or the recovery rate (RR) were employed to 
evaluate the proportion of desorbed lithium relative to the initially 
adsorbed lithium. These are typically calculated using the following 
equation: 

D or RR (%) =

(
CLi

de − CLi
d0

)
Vd

(
CLi

0 − CLi
e
)
V0

×100% (3) 

Where CLi
d0 and CLi

de (mol/L or mg/L) are the lithium concentrations in the 
initial desorption solution and the final effluent in the CDI desorption 
phase, respectively. Vd (L) is the volume of desorption solution.

4.2.2. Separation metrics
Selectivity is a critical parameter for quantifying the preference of 

electrodes for lithium over competing cations such as Na+, K+, Mg2+, 
and Ca2+ in multicomponent systems. Two main approaches have been 
adopted in the literature to quantify selectivity, each offering different 
insights into ion discrimination mechanisms.

The first method is the adsorption selectivity ratio ρLi
M, which reflects 

the relative efficiency of lithium compared to a competing ion M, and is 
defined as: 

ρLi
M =

ηLi

ηM
(4) 

Where ηx is the ion removal efficiency (or adsorption rate) given by: 

ηx =
Cx

0 − Cx
e

Cx
0

×100% (5) 

Where Cx
0 and Cx

e are the initial and final concentrations of ion x during 
the CDI adsorption phase.

This method is widely used in batch-mode or flow-through CDI tests 
with synthetic brines, as it provides a simple means to compare the 
extent of lithium removal against other ions under the same experi
mental conditions. However, this method is highly sensitive to the 
concentration of background ions. Elevated competing ion levels can 
suppress lithium uptake, leading to underestimated selectivity ratios. 
Moreover, it does not account for desorption behavior and is limited to 
the adsorption phase.

The second method is the separation factor SLi
M, which captures the 

relative enrichment of lithium in the desorption effluent compared to 
the competing ion, and is expressed as: 

SLi
M =

CLi
de

/
CM

de

CLi
0
/
CM

0
(6) 

Where CM
0 and CM

de are the concentrations of M in the feed solution and 
the final effluent in the CDI desorption phase, respectively. This metric is 
especially valuable in closed-loop or regeneration-focused studies, as it 
reflects the potential of selective lithium recovery during desorption. 
However, values of SLi

M are highly dependent on desorption solution 

composition, desorption time, and prior adsorption loading. Some 
recent studies attempt to report both ρLi

M and SLi
M concurrently, providing 

a more holistic view of CDI selectivity. However, few studies have 
benchmarked these metrics under standardized test conditions, e.g., 
fixed Li+/M+ ratio, identical operating voltage, or real brine matrices, 
limiting direct comparison across materials and configurations. Thus, 
while both methods provide useful insight into lithium selectivity, their 
interpretation must be contextualized within experimental design, ionic 
background, and phase of evaluation. Future studies should report both 
metrics under standardized conditions or provide normalization strate
gies to facilitate comparison.

4.2.3. Charge efficiency and energy consumption
Charge efficiency Λ quantifies the fraction of the total applied charge 

that is effectively used for lithium adsorption, serving as an indicator of 
electrochemical utilization. Its calculations may differ markedly 
depending on whether they account for total ion removal, lithium- 
specific recovery, or are based on idealized theoretical capacities 
derived from electrochemical characterizations such as cyclic voltam
metry (CV) rather than actual CDI cell experiments. CDI-based charge 
efficiency is calculated as: 

Λ =

(
CLi

t − CLi
0
)
V0F

MLiQ
×100% (7) 

Where F is the Faraday constant (96,485C mol− 1); MLi is the molar mass 
of Li (6.94 g mol− 1); Q (C) is the charge supplied per adsorption cycle. A 
higher charge efficiency indicates that a greater proportion of input 
electrical energy contributes to targeted lithium capture rather than 
parasitic reactions. However, Λ is highly sensitive to side reactions such 
as water electrolysis, especially at higher voltages or in real brine 
matrices with redox-active impurities. Moreover, discrepancies in the 
definition of Q, e.g., total charge passed vs. effective charge after 
background correction, lead to inconsistencies in reported values across 
studies. Few papers account for coulombic losses or correct for baseline 
current, resulting in overestimated efficiencies.

In parallel, energy efficiency is often evaluated using the energy 
normalized to lithium (ENL), which reflects the number of lithium moles 
captured per joule of energy consumed. It is defined as: 

ENL (μmol/J) =
(
CLi

t − CLi
0
)
V0

MLiEad
=

(
CLi

t − CLi
0
) ∫

Idt
MLi

(8) 

Where Ead is the energy supplied during CDI process, and 
∫

Idt is the 
time-integrated current over the cycle. ENL is particularly useful for 
comparing different CDI system designs or operational modes under 
practical energy constraints. Despite its importance, ENL remains 
underreported in the literature, partly due to the difficulty of accurately 
measuring instantaneous power and integrating it over dynamic CDI 
cycles. Only a few studies have systematically correlated ENL with 
lithium recovery efficiency and selectivity [19,59]. Additionally, 
different energy measurement methods further complicated 
interpretation.

4.2.4. Electrosorption kinetics
Adsorption and desorption kinetics are key indicators of the opera

tional efficiency of CDI systems. Rapid adsorption kinetics enable high- 
throughput processing and facilitate continuous or semi-continuous 
operation, which are critical for practical deployment in lithium 
extraction. Faster kinetics enable shorter cycle times, lower energy 
consumption per unit lithium recovered, and improved compatibility 
with continuous-flow operations. Kinetic performance is commonly 
assessed using either empirical rate metrics or model-based fitting 
approaches.

A widely used empirical metric is the average electrosorption rate 
(AESR), which reflects the lithium removal rate normalized to either 
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electrode mass or area over a defined period. It is expressed as: 

AESR =

(
CLi

0 − CLi
t
)
V0

mt
(9) 

However, AESR is dependent on test duration and initial concen
tration, and may overestimate performance if calculated before equi
librium is reached. In equilibrium-based batch adsorption experiments, 
kinetic behavior is often described by fitting adsorption data to classical 
models [129,144]. The pseudo-first-order (PFO) model assumes that the 
adsorption rate is proportional to the number of unoccupied sites, and is 
described as: 

dqt

dt
= k1(qe − qt) (10) 

The pseudo-second-order (PSO) model, which often provides a better 
fit for chemisorption-driven or intercalation-dominated processes, as
sumes the adsorption rate is proportional to the square of the unoccu
pied sites: 

dqt

dt
= k1(qe − qt)

2 (11) 

Where qt and qe are the adsorption capacities at time t and at equilib
rium, respectively, and k1, k2 are rate constants. The choice of model 
depends on electrode properties and adsorption mechanisms. PSO 
models generally provide a better fit for ion-imprinted polymer systems 
and LIS-based electrodes. In contrast, porous carbon-based electrodes 
tend to follow PFO kinetics, especially when surface adsorption domi
nates. Nonetheless, fitting accuracy is often limited by sparse time-point 
sampling and the neglect of intra-particle diffusion or film resistance 
effects. Moreover, the kinetic models are primarily derived from batch 
adsorption systems and may not accurately represent real-time CDI 
dynamics, particularly under constant current or voltage modes.

Desorption kinetics are often overlooked but are equally critical for 
evaluating full-cycle recovery. Slow or incomplete desorption can lead 
to capacity fading, electrode passivation, and increased energy demands 
in successive cycles. Despite its importance, desorption kinetics are 
rarely quantified, and no standard metric currently exists for bench
marking regeneration speed.

4.2.5. Regeneration and cycling stability
Cycling stability is crucial to assessing the long-term reliability of 

CDI electrodes. It reflects the electrode's ability to maintain performance 
over repeated electrosorption–desorption cycles under operational 
conditions. Key indicators include capacity retention (CR), lithium 
selectivity retention (SR), and material integrity over time. CR and SR 
are defined as: 

CR =
Qn

Q1
×100% (12) 

SR =
SLi/M

n

SLi/M
1

×100% (13) 

Where Q1 and Qn are the LAC in the first and nth cycle, respectively; SLi/M
1 

and SLi/M
n are the lithium selectivity in the first and nth cycle, 

respectively.
The degradation may arise from several mechanisms, including 

electrode material dissolution or leaching, structural collapse or loss of 
ion-accessible surface area due to repeated swelling/shrinkage, and 
accumulation of irreversible co-ions or impurities on the electrode sur
face. Most studies report cycling data over 10 to 100 cycles, but the test 
conditions such as regeneration method, applied voltage, and electrolyte 
composition vary substantially, impeding cross-study comparison. 
Cycling performance is often underreported or assessed under mild, 
idealized conditions that do not reflect real-world brine compositions. 
Long-term testing in complex feed matrices is critical for commercial 

viability.
Methodological discrepancies also arise from different analytical 

measurement approaches. Some studies use direct CDI testing with 
coupled plasma mass spectrometry (ICP-MS) analysis of effluents to 
evaluate real-time lithium recovery and cycling behavior 
[98,118,126,162]. Others rely on electrochemical proxy measurements 
such as CV, electrochemical impedance spectroscopy (EIS), and galva
nostatic charge–discharge (GCD) in three-electrode setups 
[109,143,155]. Such electrochemical proxy results, while insightful at a 
mechanistic level, may not accurately reflect practical CDI performance 
due to differences in system conditions, electrode arrangements, and ion 
transport dynamics. Cycle stability testing further amplifies discrep
ancies, with metrics derived from different cycling protocols ranging 
from single-cycle assessments [100,147] to multi-cycle average results 
[98,109,111,162]. Given the significance of electrode stability and po
tential performance degradation due to electrode aging, fouling, and 
ion-exchange equilibrium changes, these varied protocols significantly 
impact reported outcomes.

4.3. Recommendations for standardization

To enable meaningful comparison and accelerate progress in CDI- 
based lithium recovery, the adoption of standardized performance 
evaluation protocols is essential. Currently, variations in feed solution 
compositions, testing durations, operational modes, and metric defini
tions, e.g., adsorption capacity, selectivity, or energy consumption, 
hinder the direct comparison of results across studies. Without stan
dardized protocols, reported performances may reflect differences in 
experimental design rather than true material or process advantages. 
Establishing uniform testing procedures and clearly defined metrics will 
ensure comparability, improve reproducibility, and facilitate objective 
benchmarking of CDI systems for lithium recovery. In particular, studies 
should clearly report feed solution compositions, including lithium 
concentration, concentrations of major competing ions (e.g., Na+, K+, 
Mg2+, and Ca2+), as well as key ion ratios such as Li/Mg and Li/Na that 
strongly influence lithium selectivity. Given the diversity of feed solu
tion types, metric selection and measurement methods should be 
tailored accordingly.

For binary or simplified systems, studies should report lithium- 
specific adsorption–desorption capacities, cycle-averaged selectivity 
factors using unified formulae, and consistent energy efficiency metrics 
over multiple cycles. Experimental conditions such as applied voltage, 
cycle duration, electrode mass loading, and solution volume should also 
be clearly specified to allow reproducibility and fair comparison across 
studies. For multi-ion synthetic and real brines, standardized ICP-based 
ion concentration measurements across repeated cycles are critical. 
Metrics must integrate both adsorption and desorption contributions to 
reflect true lithium recovery.

Across all systems, key parameters, such as LAC, selectivity, charge 
efficiency, ENL, and kinetic rates, should follow consistent definitions 
with clearly stated normalization bases. Cycling tests under realistic 
conditions should be conducted, reporting the retention of both capacity 
and selectivity. Where possible, testing using simulated multi-ion brines 
or representative natural brines is recommended in addition to simpli
fied single-salt systems to better reflect practical lithium recovery con
ditions. Electrochemical proxy results are suggested to be clearly 
distinguished from CDI-derived data.

5. Challenges and future perspectives

5.1. Challenges

Despite the significant progress in CDI-based lithium recovery, 
several challenges remain before the technology can be translated from 
laboratory-scale studies to practical applications. One major challenge 
lies in the development of electrode materials that combine high lithium 
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selectivity, fast ion transport kinetics, and long-term cycling stability. 
Although various lithium-ion sieves, redox-active materials, MOF- 
derived structures, and carbon-based composites have demonstrated 
promising performance, many of these materials remain at the proof-of- 
concept stage. Further research is needed to improve structural stability, 
suppress competing ion interference, and enhance electrochemical 
durability under realistic operating conditions. Additionally, most cur
rent studies primarily focus on the design of lithium-selective working 
electrodes, while the role of counter electrodes has received compara
tively limited attention. In typical CDI-based lithium recovery systems, 
activated carbon or ion-exchange-membrane-coated carbon electrodes 
are commonly used as counter electrodes to provide charge compensa
tion. However, the electrochemical properties of the counter electrode 
can significantly influence system stability, energy efficiency, and 
overall lithium recovery performance.

Beyond material-related challenges, several system-level issues must 
also be addressed. Real brine compositions typically contain high con
centrations of competing ions such as Na+, Mg2+, Ca2+, and K+, which 
can significantly reduce lithium selectivity and affect electrode stability 
during long-term operation. In addition, the presence of suspended 
solids, organic matter, or scaling species in practical water matrices may 
lead to fouling and performance deterioration in CDI systems. Further
more, energy efficiency and operational optimization remain critical 
considerations. Although CDI generally operates at relatively low volt
ages, the overall energy consumption is strongly influenced by opera
tional parameters such as applied voltage, flow rate, cycle duration, and 
electrode utilization.

Another critical issue is the lack of standardized evaluation meth
odologies across CDI studies. Current research employs a wide variety of 
feed solution compositions, testing conditions, and performance met
rics, which complicates the direct comparison of reported results. In 
particular, simplified single-ion or binary solutions are often used to 
demonstrate lithium selectivity, whereas practical brine systems contain 
complex mixtures of competing ions. This lack of methodological con
sistency limits the ability to fairly benchmark materials and CDI con
figurations across different studies.

5.2. Future perspectives

To advance CDI-based lithium recovery toward practical imple
mentation, future research should focus on both material innovation and 
system-level optimization. From a materials perspective, further devel
opment of lithium-selective electrode materials with improved struc
tural stability, faster ion transport pathways, and enhanced resistance to 
competing ions will be essential. In addition, the coordinated design of 
both working and counter electrodes should be considered to ensure 
balanced electrochemical performance. Rational capacity matching be
tween electrodes may help improve charge utilization, energy effi
ciency, and long-term operational stability. Future studies should also 
emphasize the adoption of standardized testing protocols. Experiments 
conducted under representative multi-ion brine conditions, combined 
with consistent definitions of key performance metrics such as lithium 
adsorption capacity, selectivity factors, charge efficiency, and energy 
consumption, will enable more meaningful comparisons across different 
CDI systems and materials.

In addition, the scalability and system integration of CDI technolo
gies remain important research directions. Most current studies are 
conducted using small laboratory cells with limited electrode areas and 
batch operation modes, which differ significantly from practical indus
trial systems. Translating laboratory-scale CDI configurations into 
practical lithium extraction systems requires improvements in electrode 
manufacturing, module design, and long-term operational stability. The 
integration of CDI with complementary technologies, such as membrane 
separation or electrochemical processes, may also provide opportunities 
to enhance lithium recovery efficiency. Future scale-up strategies may 
include the development of modular CDI stacks with enlarged electrode 

areas, optimization of flow distribution within multi-cell modules, and 
the integration of continuous-flow operation. In addition, scalable 
electrode fabrication methods and durable materials capable of main
taining performance over long-term cycling will be essential for prac
tical deployment. Addressing these engineering challenges will be 
crucial for translating CDI-based lithium recovery from laboratory 
demonstrations to industrial-scale applications.

6. Conclusions

CDI has emerged as a promising technology for lithium recovery 
from low-grade and compositionally complex aqueous resources. 
Compared to conventional extraction methods, CDI offers advantages 
such as low energy consumption, mild operating conditions, and elec
trode regenerability. Recent advances in electrode materials, structural 
engineering, and system configurations have significantly improved 
lithium adsorption capacity and selectivity. Continued progress in CDI- 
based lithium recovery will depend on the combined development of 
advanced electrode materials, improved system designs, and standard
ized evaluation methodologies. With ongoing research efforts and 
improved understanding of ion-selective mechanisms, CDI has strong 
potential to become a viable technology for sustainable lithium extrac
tion from unconventional aqueous resources.
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