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1. Introduction

Water, as an indispensable fundamental resource on Earth, sustains biological existence, drives economic
development across industries, and permeates all facets of daily life [1,2]. Although approximately 71% of the
planet’s surface is covered by water, 97.5% constitutes saline water unsuitable for direct utilization, with merely
2.5% classified as freshwater [3]. Consequently, over one-quarter of the global population faces extreme water
scarcity, a crisis severely threatening sustainable human development and essential ecosystem functions [4-6]. To
address escalating potable water demands and water shortage challenges, desalination technologies have spurred
extensive worldwide research [7—12]. Conventional desalination techniques consume electrical, thermal, or
mechanical energy to remove salts from seawater/brackish water, producing freshwater that meets municipal,
industrial, and agricultural requirements. Current technology paradigms are dominated by thermal processes (e.g.,
multi-stage flash, MSF [13]) and pressure-driven membrane processes (e.g., reverse osmosis, RO [14-16]), collectively
accounting for 87% of global desalination capacity. Alternative approaches such as nanofiltration (NF) [17-20], forward
osmosis (FO), and electrodialysis (ED) [21,22] still exhibit significant energy consumption bottlenecks. In contrast,
capacitive deionization (CDI) technology leverages electrosorption and redox reactions at electrode interfaces to
achieve ion removal, offering integrated advantages of low energy consumption, high ion selectivity, and
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environmental compatibility [23-26]. Figure 1 shows the advantages of the CDI system for salt ion
adsorption/desorption.
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Figure 1. Summary of various CDI advantages.

The first generation of CDI systems emerged in 1960, featuring a fundamental configuration consisting solely
of electrode assemblies and a direct current power source. Subsequent technological advancements led to the
development of membrane capacitive deionization (MCDI) by integrating ion-exchange membranes (IEMs) at the
electrode-water flow channel interface [27-29]. Building upon this architectural innovation, the use of flowing
carbon slurry electrodes instead of static electrodes successfully established the flow-electrode capacitive
deionization (FCDI) system [30—32]. In this setup, peristaltic pumps continuously deliver the slurry into electrode
chambers, enabling continuous desalination of high-concentration solutions. Further iterations introduced
pseudocapacitive electrodes into the CDI framework, giving rise to hybrid capacitive deionization (HCDI)
technology [33-35]. Its core mechanism relies on rapid faradaic redox reactions occurring at or near the electrode
surface for ion removal. Notably, the incorporation of faradaic materials creates a pseudocapacitive storage
mechanism based on redox reactions, forming a dual synergistic hybrid energy storage behavior that effectively
overcomes the capacity limitations of traditional electric double-layer (EDL) capacitor materials. This
breakthrough has spurred the emergence of advanced systems such as rocking-chair capacitive deionization
(RCDI) [36-38] and battery deionization (BDI) [39-41].

This review focuses on the technological advancements in HCDI and FCDI, excluding other configurations
such as MCDI and RCDI. This selectivity stems from the unique design philosophies of these two systems and
their transformative impact on the CDI field. First, electrode materials serve as the core element of CDI systems,
directly determining desalination performance. By replacing traditional porous carbon electrodes with faradaic
materials, HCDI significantly enhances device desalination efficiency. Recent research has achieved
breakthroughs in the development of novel faradaic materials, with representative examples including transition
metal sulfides (TMS) [42], MXenes [43—45] and prussian blue analogues (PBAs) [46—48], among which cathode
intercalation materials have also been extensively explored. The HCDI system integrates the redox reactions of
“battery-type” electrodes with the EDL adsorption mechanism, creating a synergistic desalination effect
characterized by high capacity and efficiency. Through material optimization strategies such as core-shell structure
design and heterointerface engineering, HCDI electrodes demonstrate significantly improved structural stability
during long-term charge-discharge cycles. FCDI represents a significant innovation within the CDI technology
field. Unlike conventional CDI systems that employ fixed solid-state electrodes, the effective capacity of
electrodes in FCDI units is dynamically adjustable, and its desalination capability is no longer constrained by the
inherent capacity of fixed electrodes. This unique advantage endows FCDI with significantly enhanced salt
removal capacity, making it particularly suitable for treating high-salinity water sources (such as seawater).
Furthermore, FCDI systems can operate continuously without requiring discharge regeneration steps. Common
electrode materials for FCDI include activated carbon (AC) and its derivatives, while novel materials such as
hydrogels and metal-organic frameworks (MOFs) have also been explored. Notably, efficient electron and ion
transport is a critical factor determining the desalination efficiency of FCDI systems [49]. Moderate mass loading
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facilitates contact between AC particles or between particles and the current collector, thereby enhancing electron
conduction; however, excessive mass loading may increase the risk of clogging and elevate pumping energy
consumption [50]. Consequently, substantial research focuses on exploring superior electrode materials and their
optimal loading levels, often through the incorporation of redox-active species to improve electron transfer and
enhance system performance. Recently, a novel design utilizing magnetic fields to precisely regulate the motion
of the flow electrode (slurry) has been developed, offering the potential for more precise operational control of
FCDI systems. In the future, such enhancements in control precision will significantly expand the application
potential of FCDI. Beyond the aforementioned core components, optimizing the design of current collectors and
the overall FCDI system configuration also constitutes a major research priority.

HCDI and FCDI represent two advanced derivatives of conventional CDI, each exhibiting distinct
performance characteristics rooted in their fundamental operational mechanisms. A direct comparison across key
metrics reveals their complementary strengths and limitations. In terms of salt adsorption capacity, HCDI often
demonstrates high values per batch (30-80 mg-g™!) by leveraging Faradaic battery-grade materials [51-54],
whereas FCDI achieves theoretically unlimited and continuous desalination through circulating flow electrodes,
offering superior total treatment capability [55]. Regarding energy consumption, HCDI generally operates more
efficiently, particularly in brackish water, due to its lower operating voltage and absence of pumping systems; in
contrast, FCDI incurs significant auxiliary energy expenditure for slurry circulation [56-58]. Cycle stability
presents a major differentiator: HCDI performance degrades over hundreds to thousands of cycles due to structural
fatigue of the intercalation electrodes [59-61], while FCDI exhibits exceptional long-term stability as the flow
electrode is continuously regenerated externally. Concerning applicability across salinities, HCDI is optimal for
low-salinity brackish water desalination [62], whereas FCDI’s adaptable operation makes it highly effective across
a broader range, including seawater and industrial brine concentration [63,64]. Finally, their operational modes
are inherently different-HCDI functions in a batch-wise manner requiring periodic electrode regeneration, while
FCDI enables true continuous processing, a critical advantage for scaling and integration into industrial water
treatment trains.

This review systematically evaluates the technical characteristics of HCDI and FCDI from the perspective of
electrode materials and device configurations. It specifically elucidates novel electrode materials, structural
innovations, and their application potential. Building upon recent advancements in CDI technology, the work
further proposes that continuous refinement of electrode-device synergistic mechanisms and their deep integration
with modern technologies are essential to expand the application prospects of this technology.

2. Hybrid Capacitive Deionization

CDI systems store ions via the EDL mechanism, with their adsorption capacity constrained by the electrode’s
specific surface area (SSA) (typically <20 mg-g ! for AC electrodes [65]). In contrast, HCDI technology employs
faradaic-active electrode materials (e.g., metal oxides, conductive polymers, and sodium-ion battery materials).
By coupling EDL storage with faradaic redox reactions, HCDI establishes multiple ion adsorption pathways to
enhance system efficiency. Consider a representative HCDI configuration: The system replaces conventional
carbon electrodes with a Na;MnoO15 (NMO) electrode, combined with an anion-exchange membrane (AEM) and
a porous carbon electrode in a layered assembly. During desalination, sodium ions are stored via intercalation
reactions in the NMO electrode, while chloride ions are adsorbed within the EDL formed at the porous carbon
electrode surface. The NMO electrode requires no additional ion-selective membrane due to the manganese
oxide’s intrinsic cation selectivity. However, to prevent desalination efficiency decay caused by cation adsorption
on the carbon electrode, an AEM is positioned adjacent to the carbon electrode to block cation permeation. Testing
demonstrates that this system achieves a desalination capacity of 31.2 mg-g™' across broad NaCl concentration
ranges [52]. By synergizing EDL adsorption and faradaic reaction mechanisms, HCDI technology significantly
enhances desalination efficiency, energy recovery capability, and multi-scenario applicability, representing a
significant advancement toward next-generation high-efficiency water treatment technologies.

2.1. HCDI Cathode

HCDI technology faces two key challenges: (i) Inter-electrode kinetic mismatch-the rate disparity between
rapid EDL adsorption on carbon electrodes and diffusion-controlled faradaic reaction kinetics constrains
desalination efficiency; (ii) Structural degradation of faradaic materials during ion storage, compromising long-
term system stability. To address these limitations, recent research focuses on developing novel electrode material
systems including TMS, MXenes, PBAs, layered double hydroxides, and conductive polymers. Concurrently,
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systematic optimization of electrode microarchitecture design synergistically enhances reaction kinetics and
cycling stability.

2.1.1. TMS

TMS feature a characteristic sandwich-like S-Mo-S layered structure. Their large interlayer spacing-
particularly exemplified by MoS,-provides abundant ion storage sites and rapid intercalation kinetics when utilized
as sodium-ion capturing electrodes in HCDI systems, effectively addressing key limitations of conventional HCDI.
Under an applied electric field, MoS, undergoes reversible redox reactions, driving valence transitions (Mo*" <
Mo**/Mo*") accompanied by electron transfer. This process achieves charge compensation through adsorption of
counterions from the electrolyte, thereby significantly enhancing desalination performance. However, the 2D
MoS; structure exhibits a pronounced tendency for interlayer aggregation, resulting in substantially constrained
cycling durability in MoS;-based HCDI systems. Pan et al. [66] constructed a MoS,/MXene heterostructure by
compositing MoS; with MXene. As revealed by the scanning electron microscopy (SEM) images in Figure 2a,b,
marked structural differences are evident: pure MoS; exhibits an irregular, wrinkled morphology, whereas the
MoS,/MXene heterostructure displays an ordered layered structure with enhanced interfacial contact. This design
utilizes two-dimensional MXene and MoS; to construct a three-dimensional “mutually supporting” framework,
effectively suppressing structural agglomeration. Simultaneously, the MXene component significantly enhances
the conductivity of the system, thereby synergistically improving its desalination capacity and rate. Experimental
results demonstrate that the heterostructure achieves a desalination capacity of 23.98 mg ¢! and a desalination
rate of 4.6 mg g™''min"!, with only 4% capacity decay after 100 cycles. Inspired by research on MoS,, Tang et al. [67]
noted that MoSe; possesses a similar Se-Mo-Se sandwich structure, yet exhibits higher electrical conductivity and
larger interlayer spacing than MoS,. They pioneered the application of MoSe; in a HCDI system via a solvothermal
method, successfully fabricating a MoSe,/MCHS composite material (structural model shown in Figure 2¢). The
MCHS framework not only effectively stabilizes MoSe, but also endows the composite with excellent
hydrophilicity, high electrical conductivity, low ionic resistance, and a rich mesoporous structure. These
characteristics synergistically facilitate rapid ion transport and prevent structural agglomeration. When treating a
500 mg-L! NaCl solution under an applied voltage of 1.2 V, the composite material achieves an adsorption
capacity of 45.25 mg-g™! and an adsorption rate of 7.75 mg-g !'min!. Furthermore, the composite exhibits
significantly enhanced capacity retention after multiple charge-discharge cycles.

TMS exhibit superior performance to oxides in terms of ion storage kinetics, capacity, and cycle life, owing
to their large interlayer spacing, high conductivity, and multi-electron redox properties. These advantages make
them particularly suitable for high-power-density desalination systems and next-generation energy storage
devices. However, the inherent thermodynamic metastability of TMS materials poses a challenge to their practical
application, necessitating multiscale structural design and interface engineering to reconcile the stability-
performance trade-off. Furthermore, machine learning (ML)-integrated high-throughput screening can effectively
accelerate the discovery of stable sulfide materials.

2.1.2. MXenes

MXenes, a class of two-dimensional transition metal carbides and nitrides featuring inherent hydrophilicity
and metallic conductivity, have demonstrated tremendous promise for high-rate pseudocapacitive energy storage
applications. Usually, MXenes are synthesized from ternary layered ceramic materials such as MAX phases
(Mn+1AX,, where M is an early transition metal, A is an element from groups 13—16, X is carbon and/or nitrogen,
and n = 1-4). MXene synthesis involves selective etching of the A group element from its parent MAX phase,
following an intercalation-assisted delamination. The resulting MXene can be represented by the general formula
Mi+1AXn, where Tx denotes the termination groups (-F, -Cl, -O, and -OH), which are responsible for the
hydrophilicity of MXenes. MXenes have demonstrated a unique combination of 2D morphology and the ability to
intercalate various cations spontaneously with subsequent surface redox reactions.

Gogotsi et al. [68] first reported the application of MXene materials in HCDI technology. They designed a
dual-stacked electrode architecture based on size-graded Ti3C,Tx MXene nanosheets, with experimental validation
confirming its significant potential for HCDI. This work laid a crucial foundation for subsequent MXene-based
desalination research. However, follow-up studies revealed that pristine MXene tends to undergo aggregation and
restacking, leading to diminished cycling stability. The introduction of functional interlayer mediators between
MXene sheets has proven effective in enhancing electrochemical performance and structural integrity, driving
continuous modification efforts. Wang’s team employed conductive polypyrrole (PPy) as an intercalating agent.
The incorporation of PPy not only expanded the MXene interlayer spacing to 1.57 nm (effectively suppressing
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self-restacking) but also formed an antioxidative protective layer. Electrochemical tests demonstrated that the
Ti;C2Tx @PPy composite exhibits high specific capacitance (345.8 F-g!) and low charge transfer resistance. It
delivered excellent desalination performance in 100 mg-L ™! NaCl solution while maintaining high efficiency even
in the presence of heavy metal ions [69]. Jin et al. [70] utilized a molten salt etching strategy to grow NiCo prussian
blue (PB) nanocubes in situ on Ni-doped TisC,Tx nanosheets, constructing a TizsC,Tx/Ni/NiCo-PBA composite
electrode (Figure 2d). The NiCo-PBA nanocubes effectively inhibited MXene restacking, increased lattice
spacing, and facilitated salt-ion diffusion/storage, achieving a desalination capacity of 53.22 mg-g ™. Notably, the
material demonstrated remarkable cycling stability—after 20 cycles, the capacity fluctuated minimally from 56.8
to 57.0 mg-g .

Although these interlayer modification strategies enhance adsorption performance and stability, their
complex fabrication processes and high costs impede scalable application. Consequently, developing low-cost,
readily available, and easily synthesized alternatives has become a research priority. Mahmoud’s group developed
a chitosan-lignosulfonate/MXene (CLM) nanocomposite using chitosan-lignosulfonate nanospheres (CSLS) as
interlayer mediators. The CSLS integration expanded the MXene interlayer spacing from 1.32 nm to 1.57 nm,
effectively suppressing stacking while leveraging the inherent cost-effectiveness and eco-friendliness of chitosan
and lignosulfonate as natural biopolymers [71].

The stability of MXenes in CDI applications is pivotal for their practical deployment, a property
fundamentally governed by their synthesis and post-processing conditions. Primarily, the choice of synthesis route-
such as HF etching, in situ HF formation, or Lewis acid molten salt etching-directly predetermines the material’s
surface terminal chemistry (e.g., the ratio of -F, -O, and -OH groups). This not only dictates the initial
hydrophilicity and electrical conductivity but also lays the foundation for its anti-oxidation stability in aqueous
environments [72]. Building upon the synthesis, molecular-level interfacial engineering for precise modulation of
surface chemistry has proven to be an effective strategy for enhancing stability. For instance, the construction of
an interfacial hydrogen-bond network using phytic acid (PA) can effectively activate and stabilize the reactive -
OH terminals, thereby significantly boosting oxidation resistance while simultaneously enhancing capacity [73].
Furthermore, the selection of transition metal elements constitutes another critical dimension for tuning the
intrinsic stability of MXenes. Vanadium (V)-based MXenes, for example, demonstrate superior structural stability
and electron transport capability compared to conventional titanium (Ti)-based MXenes, attributed to their
multivalent d-orbital electron configuration and abundant defects, offering a new material choice for designing
long-lasting CDI electrodes [74]. MXenes hold great promise for HCDI, owing to their high electrical conductivity
that ensures fast charge-transfer kinetics and a tunable interlayer spacing that enables high ion storage capacity.
Their practical deployment, however, is challenged by two main factors: an inherent susceptibility to surface
oxidation, which compromises long-term stability and requires mitigation via surface engineering or protective
layers, and synthesis procedures that involve corrosive reagents, raising safety and environmental issues [75-77].
A thorough evaluation is therefore essential to navigate the trade-offs between their performance benefits and the
imperatives of cost, durability, and safe operation.

2.1.3. PBAs

The chemical formula of PB is Fes[Fe(CN)s]3-xH>O, featuring a three-dimensional cubic lattice structure
formed by low-spin Fe?" and high-spin Fe** bridged via cyanide ligands (CN"). This open framework contains
nanoscale pores (approximately 4.6 A in diameter), enabling reversible insertion/extraction of water molecules or
ions (e.g., Na", K*). Owing to its high theoretical capacity, open framework structure, and tunable active sites, this
material has attracted considerable attention [46,78—-80].

However, studies reveal that PBAs with single active sites, such as NiFe PBAs and ZnFe PBAs, often exhibit
low sodium storage capacity due to structural defects and hindered ion diffusion. In contrast, dual-active-site PBAs
(e.g., CoFe PBAs) demonstrate higher theoretical capacities through synergistic interactions between metals.
Consequently, PBAs with dual or multi-metal active sites are more suitable for CDI electrodes. To this end,
Wang et al. [81]. synthesized a dual-active-site PBA using a two-step co-precipitation method (Figure 2¢). By
adjusting the concentration of the shell-growth precursor, they encapsulated high-capacity CoFe PBA within a
robust NiFe PBA shell, successfully fabricating a core-shell heterostructure (CoFe@NiFe PBA) with optimized
shell thickness. This strategy leverages the exceptional stability of NiFe PBA to encapsulate dissolution-prone
CoFe PBA, preserving the high theoretical capacity of CoFe PBA while mitigating common PB issues such as
dissolution sensitivity and volume expansion. The heterostructured PBA with optimal shell thickness achieved a
high desalination capacity of 49 mg-g ! in 4000 mg-L ! saline solution, maintaining 92.6% capacity retention after
50 cycles and 77.7% after 200 cycles-significantly outperforming single-active-site PBAs.
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To further address the low conductivity and structural collapse of PBAs, Wang et al. [82] constructed a CoNi-
PBA@Co/N-HC heterostructure by anchoring cobalt-doped nickel hexacyanoferrate (CoNi-PBA) onto ZIF-67-
derived Co/N co-doped hollow porous carbon (Co/N-HC). The confinement effect of Co/N-HC effectively
suppresses structural collapse in PBAs, substantially improving the poor cycling stability of conventional PBAs.
Additionally, this material maintains efficient desalination performance across a wide salinity range.

Recently, Ding et al. [83]. reported a novel strategy: combining glycerol ligands with metal ions (Mn?*, Co?")
to form uniform metal-glycerate solid spheres via solvothermal reaction, followed by introducing potassium
ferrocyanide solution to synthesize ternary-metal CoMnFe-PBA. The hollow sphere structure (CoMnFe-PBA-HS)
prepared through this process effectively mitigates severe lattice distortion during charge/discharge cycles induced
by trimetallic incorporation. Subsequently, CoMnFe-PBA-HS was composited with MXene via electrostatic self-
assembly (Figure 2f). In this composite, CoMnFe-PBA alleviates lattice distortion during cycling, while MXene
provides structural support to prevent PBA collapse. Their synergistic interaction constructs 3D ion channels that
facilitate rapid Na* diffusion and storage. When applied in HCDI systems, the material exhibits an adsorption
capacity of 185.25 mg-g ' at 1.4 V and 20 mA-g !, with no observable capacity decay after 80 cycles.
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Figure 2. SEM images of MoS: (a) and MoS2/MXene heterostructure (b). Reprinted with permission from Ref. [66].
Copyright 2022, Elsevier. (¢) Schematic diagram of the MoSe2/MCHS composite with a 1:1 MoSez-to-MCHS ratio.
Adapted with permission from Ref. [67]. Copyright 2023, Elsevier. (d) The synthesis process of Ti3C2Tx/Ni/NiCo-
PBA composites. Reprinted with permission from Ref. [70]. Copyright 2024, Elsevier. (e) Schematic illustration
of the preparation procedure of CoFe@NiFe PBA. Reprinted with permission from Ref. [81]. Copyright 2024,
Elsevier. (f) Schematic illustration of the preparation process of PBA@MXene. Reprinted with permission from
Ref. [83]. Copyright 2025, Elsevier. TEM images of HWC (g), UWC (h) and NWC (i). Reprinted with permission
from Ref. [84]. Copyright 2023, Elsevier.

In summary, multi-active-site PBAs demonstrate superior synergistic desalination performance in HCDI
applications. Through crystal structure modulation or defect engineering, high-density active sites can be
introduced while preserving the intrinsic 3D ion channels of PBAs, significantly increasing surface adsorption
sites and faradaic reaction sites. During desalination, these sites concurrently capture multiple ions via EDL
capacitance and redox reactions. This enhanced charge storage mechanism overcomes the performance limitations
of conventional single-site materials, maintaining high desalination efficiency even at elevated salt concentrations
while exhibiting superior cycling stability compared to traditional PBAs. Nevertheless, excessive increases in
active site density may cause structural disorder, necessitating a balance between site density and crystal integrity
to ensure long-term cycling durability. Furthermore, combining PBAs with highly conductive carriers or applying
surface modifications can further optimize electron transfer efficiency, offering new pathways for developing high-
performance HCDI electrodes.

2.1.4. Other

The asymmetric structure of HCDI systems often leads to ion storage imbalance, thereby constraining their
desalination performance. Zhang et al. [85]. proposed optimizing HCDI systems by modulating the electrode mass
ratio. Their study demonstrated that a system employing NaTi,(PO4)s/reduced graphene oxide composite (NTP-
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rGO-700) as the cathode and AC as the anode achieved optimal performance when the cathode-to-anode mass
ratio was 2:1. Furthermore, the structural characteristics of electrode materials significantly influence their
performance [86]. Tang et al. [84] recently evaluated three configurations of carbon-encapsulated W sOso:
nanowires (NW), urchin-like nanowires (UW), and hollow nanowires (HW) (Figure 2g—i). Among these, the
urchin-like Wi3040@C (UWC) exhibited the most superior comprehensive performance, including the optimal
pore size distribution, the largest SSA and specific capacitance, and the highest graphitization degree and carbon
content. Under batch-mode operation at 1.2 V with an initial NaCl concentration of 1000 mg-L™!, the UWC
electrode achieved a salt adsorption capacity (SAC) of 32.25 + 0.70 mg-g™'. This electrode also demonstrated
robust cycling stability, high charge efficiency (CE), and low energy consumption. These results underscore the
importance of increasing pore size and SSA for enhancing the efficiency of CDI systems. Collectively, the
aforementioned studies not only deepen the understanding of the structure-performance relationship in electrode
materials but also establish a solid foundation for developing novel, high-performance, and low-cost CDI
electrode materials.

2.2. HCDI Anode

Currently, research on cathode materials receives extensive attention, while studies on anode materials
remain relatively scarce. Existing primary materials for anion removal, such as Ag/AgCl and Bi/BiOClI, suffer
from sluggish dechlorination kinetics and susceptibility to hydroxide precipitation. Furthermore, silver-based
electrodes are prohibitively costly [87-89]. Consequently, developing efficient, stable, reversible, and low-cost
chloride ion storage electrodes represents a highly promising research direction. Li et al. [90] proposed a novel
chloride ion-intercalation anode-ZnCo-Cl layered double hydroxide (LDH)-to enhance HCDI system
performance. Upon applying a positive voltage during desalination, Zn?* rapidly deintercalates from the ZnCo-Cl
LDH, creating numerous Zn?* vacancies. Concurrently, CI” ions are extracted from the solution to occupy these
vacancies, while additional CI” ions intercalate into the LDH interlayers. When a reverse voltage is applied, C1™
deintercalates from the LDH and releases back into the solution, simultaneously with Zn?" reintercalation, ensuring
the structural reversibility of the material (as shown in Figure 3a,b). Experimental results demonstrate that this
electrode achieves a SAC of 56.1 mg-g™! at 1.2 V, with an 86% capacity retention after 20 cycles. Additionally,
He et al. [91] successfully fabricated a binder-free Bi@MXene film by introducing size-controlled bismuth
nanoparticles into MXene nanosheets via electrostatic self-assembly. This porous film structure not only provides
efficient ion diffusion pathways but also enhances the material’s ion storage capacity through its three-dimensional
configuration, while effectively suppressing volume expansion caused by phase transitions during conversion
reactions. The HCDI cell employing the Bi@MXene film exhibits excellent desalination performance, with a SAC
as high as 113.4 mg g, highlighting its potential as a high-performance HCDI electrode. In summary, further
exploration into anion-intercalation materials is still required, and developing suitable faradaic anode materials
represents an effective strategy to address kinetic asymmetry constraints in HCDI systems.
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Figure 3. (a) The working mechanism, (b) the schematic of the ZnCo—Cl LDH//AC HCDI system. Reprinted with
permission from Ref. [90]. Copyright 2021, The Royal Society of Chemistry.
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3. Flow-Electrode Capacitive Deionization

A typical laboratory-scale FCDI system is illustrated in Figure 4a. Its core components include flow
electrodes, current collectors, IEMs, and fluid channels. These components are assembled using spacers to form
the fundamental FCDI unit. Feed water flows through the feed chamber located between the two IEMs. The
electrode chambers are formed by the current collectors and spacers incorporating channels that guide electrode
flow. Flow electrodes are continuously pumped into these chambers for circulation. During system operation,
charged particles within the flow electrodes adsorb ions migrating through the IEMs. Subsequently, the ion-laden
flow electrodes exit the electrode chambers, undergo regeneration of their charge state in an external circuit, and
then re-enter the system for continuous desalination [32].
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Figure 4. (a) Schematic representation of a typical laboratory scale FCDI device and its major components. Photos of the
major components are also provided. Reprinted with permission from Ref. [32]. Copyright 2021, American Chemical
Society. (b) Schematic of the FCDI process. The flowable electrode continuously circulates between the IEM and current
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collector. Reprinted with permission from Ref. [30]. Copyright 2013, The Royal Society of Chemistry.

Kim et al. [30] pioneered the FCDI system utilizing carbon-based suspensions as flow electrodes. When a
voltage is applied between the current collectors of the FCDI cell, electrolyte ions migrate through the IEMs to the
flow electrodes and are adsorbed; simultaneously, the ion-saturated electrodes flow through an external circuit for
regeneration (Figure 4b). This design eliminates the need for the electrode desorption step required in conventional
CDI to release adsorbed ions, ensuring continuous desalination. By adjusting the flow velocity and circulation
mode of the electrodes, the process can be optimized for treating feed water of varying salinities, such as seawater.
Studies demonstrate that the FCDI system achieves a total dissolved solids (TDS) removal capacity of up to
35,000 mg-L!, significantly surpassing the technical limitations of traditional CDI. Furthermore, spent flow
electrodes can be efficiently recovered via simple gravitational sedimentation with minimal material loss.

3.1. FCDI Electrode

FCDI faces key challenges in desalination and wastewater treatment:(i) Limited electron transport between
dispersed electrode particles; (ii) Elevated viscosity at high particle loadings, resulting in clogging and leakage
risks within electrode channels [92-94]. Addressing these limitations is crucial for enhancing the desalination
efficiency and operational stability of FCDI systems. Recent research strategies focus on optimizing flow electrode
composition, improving current collector design, and implementing magnetic field-assisted particle alignment.
These approaches not only enhance interfacial charge transfer processes but also improve the overall electrical
conductivity and mobility of the electrodes, thereby significantly boosting system performance.

3.1.1. Particle Size

The electrode constitutes the most critical and extensively studied component in FCDI systems. Unlike other
CDI technologies, FCDI utilizes flowable slurry electrodes, which inherently suffer from incomplete interparticle
contact, compromised electrical conductivity, and susceptibility to channel clogging. To address these limitations,
initial research efforts focused on modulating the particle size within the slurry. AC serves as the primary material
for such electrodes. Zaviska et al. [95] produced fine activated carbon (FAC) particles via ball-milling of AC
powder. Morphological comparisons between AC and FAC are presented in Figure 5a,b, revealing significantly
reduced particle dimensions and enhanced contact area in the milled material. This particle size reduction, coupled
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with improved pore accessibility (Figure Sc), resulted in superior desalination performance compared to pristine
AC. Notably, although smaller slurry particles typically increase viscosity and energy consumption, experimental
data demonstrated only a marginal increase in energy demand for FAC milled for 90 min (Figure 5d). To
systematically investigate the influence of particle size on FCDI viscosity and desalination efficiency, the team
evaluated FCDI performance using AC with varying particle sizes. The findings indicate that finer AC particles
enhance desalination capacity by increasing the available contact surface area, while larger particles improve slurry
fluidity by reducing pressure drop [96]. Consequently, a broader particle size distribution enables an optimal trade-
off between desalination performance and energy consumption.

This principle exhibits universal applicability, extending beyond single-component AC systems to diverse
carbon-based materials. Through systematic investigation of five carbon-based electrodes in both individual and
hybrid configurations, Xue et al. [97] uncovered intrinsic structure-property relationships governing desalination
performance and energy efficiency. Experimental results demonstrate that nano-scale electrode materials-carbon
black (CB), multi-walled carbon nanotubes (MWCNTSs), and graphene nanoplatelets (GNPs)-at 2 wt% carbon
loading significantly outperformed micro-scale counterparts (AC and carbon fibers, CF). Owing to distinct spatial
configurations among the three nano-materials, hybrid electrodes demonstrated a distinct performance hierarchy:
AC + MWCNTs/GNPs > AC + CB > pristine AC systems.

3.1.2. Redox Mediators

Incorporating redox mediators (RMs) represents one of the simplest and most efficient technical approaches
for modifying flowable slurry electrodes [98,99]. The core mechanism of introducing RMs into FCDI systems lies
in their ability to function as “electron shuttles” through highly efficient and reversible redox reactions at the
electrode interface. This significantly enhances electron transfer efficiency between suspended carbon materials
and current collectors, thereby effectively reducing the system’s interfacial charge transfer resistance and operating
voltage. This mechanism synergizes with carbon materials (e.g., AC, carbon nanotubes (CNTs)) or conductive
polymers (e.g., PEDOT:PSS) to establish highly efficient electron-ion hybrid conduction pathways [100-102].
The resulting synergistic effects markedly enhance charge transfer kinetics and interfacial ion transport, leading
to substantially reduced energy consumption, significantly improved desalination rates, and notably enhanced
operational stability. Chen et al. [103] systematically evaluated the impact of four commonly used RMs on FCDI
performance. As shown in Figure Se, the addition of 10 mM Ki[Fe(CN)s] to the flowing electrode significantly
enhanced desalination efficacy. Under carbon loadings of 5% and 10%, the average salt removal rate (ASRR)
increased by 267.2% and 262.3%, respectively. Mechanistic studies revealed that the hexacyanoferrate undergoes
the [Fe(CN)s]* /* redox reaction at the current collector surface. This electron transfer process induces the
migration of charged species across the IEM into the electrode chamber, where they participate in interfacial
electrochemical reactions with the AC: [Fe(CN)®]* + AC — [Fe(CN)s]* + AC. This reaction drives the formation
of an EDL on the AC surface, enabling efficient capture of sodium ions via electrostatic adsorption. Figure 5f
further corroborates that the indirect charge transfer initiated by K3;[Fe(CN)s] is the dominant mechanism
governing the Na" adsorption process. Rajendran et al. [104] conducted a similar study, systematically
investigating the effect of mixing high- and low-surface-area AC with redox couples on FCDI desalination
performance. The results demonstrated that combining high-surface-area AC with the ferri/ferrocyanide redox
couple significantly enhanced desalination efficiency, achieving 76.38%.

While vanadium-based, ferricyanide, and organic molecular redox additives have been shown to enhance
FCDI desalination rates, Wessling et al. [105] noted concerns regarding secondary pollution and high costs
associated with these systems. Addressing these limitations, they proposed two iron-based redox couples: iron
chloride and ferric citrate. Their investigation revealed that an AC slurry incorporating iron chloride achieved
twice the desalination capacity of a conventional AC slurry. Furthermore, water treated using a flow electrode
modified with ferric citrate exhibited a final pH closer to drinking water standards compared to other systems.

Furthermore, in flow-electrode capacitive deionization systems, the strategic matching of redox mediators
with specific pollutant characteristics is essential for achieving efficient treatment. The Fe(CN)s> or I7/I;
systems, known for their high reversibility and low toxicity, demonstrate excellent performance in removing
conventional ions [104,106—108]. For heavy metal contaminants, mediators such as quinones and Fe-EDTA exhibit
distinct advantages due to their exceptional complexation capability and selective adsorption characteristics [109,110].
Meanwhile, organic pollutants can be effectively treated using mediators like reactive oxygen species (ROS), hydro-
carbons, aromatics, and amines, which provide outstanding conductivity and catalytic oxidation functions [111].
This precise alignment between pollutant properties and mediator functionality significantly enhances the system’s
treatment efficiency and selectivity for specific contaminants.
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Figure 5. SEM images of (a) pristine AC and (b) FAC after 90 min grinding. (¢) Salt removal rate and desalination
efficiency and (d) charge efficiency of AC and FAC at different grinding time. Reprinted with permission from
Ref. [95]. Copyright 2022, Elsevier. (¢) ASRR of the FCDI cell with the flow electrodes containing different RMs
and carbon contents. “Control” represents the flow electrodes that did not contain RMs. [RM] TOT = 10 mM,
where RM = AQS, TEMPO, HQ or K3[Fe(CN)g]. (f) Contributions of different pathways to ASRR. fac is the ion
migration rate induced by direct charge transfer process between the graphitic current collector and the ACs, fx
stands for the direct ion migration rate by the redox reaction of RMs, and fm represents ion capture rate due to the
indirect charging of the carbon particles. Reprinted with permission from Ref. [103]. Copyright 2022, Elsevier.

3.1.3. Materials

In FCDI systems, flow electrodes are predominantly composed of carbon-based materials. Consequently,
research efforts have primarily focused on modifying and functionalizing these carbon-based components.
Zhang et al. [112] fabricated a porous polyaniline-activated carbon (pPANI-AC) composite flow electrode via in-
situ polymerization. This design leverages the pseudocapacitive effect of porous polyaniline while simultaneously
enhancing the accessibility of AC pores and surfaces, thereby optimizing ion transport pathways. Structural
optimization significantly increased the material’s SSA (from 213.5 to 616.1 m?>-g™') and capacitance (from 93 to
178 F-g 1), while substantially reducing the viscosity of the electrode suspension (from 127 to 21 Pa-s). Collectively,
these performance enhancements resulted in a 70% improvement in the system’s desalination efficiency.

CNTs serve as ideal modifiers for flow electrodes owing to their exceptional electrical conductivity, high
SSA, and structural tunability [113,114]. Linkhorst et al. [115] fabricated porous microscale poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-CNT composite flow electrodes by integrating
PEDOT:PSS with CNTs. The composite exhibits intrinsic porosity, flexibility, low density (1.01-1.18 g-cm™),
and pronounced hydrophilicity. As depicted in Figure 6a, after 1-h sedimentation, the 1.5 wt% PEDOT:PSS-CNT
suspension demonstrated a substantially higher volumetric fraction (60—70 vol%) compared to 7.5 wt% AC. This
enhanced packing density promotes greater interparticle contact probability, thereby improving electrode
utilization efficiency. Viscosity measurements in Figure 6b reveal a continuous decrease in electrode viscosity
with increasing CNT content. At 40 wt% CNT loading, the viscosity (~80 mPa-s) approached that of 7.5 wt% AC
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slurry (~100 mPa-s). This characteristic confers exceptional pumpability-maintaining favorable fluidity even when
particle concentrations significantly exceed the percolation threshold-representing a critical advantage over
conventional AC materials. Furthermore, Figure 6¢c demonstrates that PEDOT:PSS-CNT achieves a remarkable
SAC 0f 955 mg-g™!, surpassing AC by 8-10 times and exceeding the highest documented AC performance records.
The primary objective of material compositing is to synergistically combine the merits of individual components
while compensating for their inherent limitations, thereby achieving a “whole greater than the sum of its parts”
effect. Wang et al. [116] developed an AC/(CB + CNT) ternary composite slurry by incorporating both CB
nanoparticles and CNT nanoparticles into an AC-based slurry, leveraging CNTs interparticle bridging capability
and CB filling strategy. In comparison to AC/CB and AC/CNT systems (Figure 6d), spherical CB particles
exhibited significant agglomeration around AC particles, whereas tubular CNTs formed entangled clusters
between AC particles. This distinctive point-line-plane connectivity morphology creates enhanced synergistic sites
that accelerate charge percolation network development within the slurry. Since charge transfer primarily involves
electron transport from electrode current collectors to active particles and ion migration from electrolytes to
particle micropores, these processes generate corresponding responses in electronic current density (I.) and ionic
current density (Iion). Computational fluid dynamics (CFD) simulations (Figure 6g) revealed that the Type IV
slurry demonstrated significantly expanded high-I. and high-Iio, regions compared to other formulations, indicating
superior charge transfer capabilities. This enhancement stems from CNT particles serving dual functions:
connecting AC particles to current collectors while bridging and filling interparticle spaces, thereby establishing
efficient point-line-plane contact pathways. Furthermore, the extensive external surface area of CNTs acts as an
additional ionic buffer reservoir, providing lower-resistance ion transport paths through surface capacitance
effects. Experimental measurements (Figure 6e) demonstrated that the AC/(CB + CNT) slurry achieved an average
salt removal rate (ASAR) of 4.41 umol cm™2 min™' under sustained 1.6 V operation, corresponding to 4.45-, 1.79-, and
1.32-fold improvements over pure AC, AC/CB, and AC/CNT slurries, respectively. Moreover, the AC/(CB + CNT)
slurry exhibited exceptional desalination stability during prolonged operation (Figure 6f), maintaining a CE of
approximately 96.74% and a normalized concentration (C/Cy) of 0.21. Zhao et al. [117] constructed a flexible and
continuous three-dimensional conductive network (HCS@CNT) by integrating hollow carbon spheres (HCS) with
CNTs. Due to the inherent excellent fluidity of HCS and its unique spherical node structure, this composite design
effectively prevents CNT agglomeration, thereby significantly enhancing their bridging function within the three-
dimensional framework. Furthermore, the CNTs act as conductive “bridges” within the structure, facilitating more
efficient and frequent electron transfer and ion migration. However, it is worth noting that the current
manufacturing cost of the HCS@CNT composite remains substantially higher than that of conventional AC
materials, posing a major impediment to its commercial-scale implementation.
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Figure 6. (a) Photograph of a PEDOT:PSS-CNT and AC flow electrode after sedimentation. (b) Viscosity of
PEDOT:PSS-CNT and electrochemically comparable AC flow electrodes measured in a plate-plate rheometer
setup. (¢) Comparison of the SAC of PEDOT:PSS-CNT flow electrodes of various CNT concentration with an AC
slurry. Reference values from literature are presented in orange. Reprinted with permission from Ref. [115].
Copyright 2023, Wiley-VCH. (d) SEM images of AC/0.2 wt% CB, AC/0.2 wt% CNT, and AC/0.2 wt% (CB +
CNT). (e) the calculated ASAR and Em. (f) The temporal profiles of C/Co, CE, and I for AC/(CB + CNT) flow
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electrodes during long-term operation in single-pass/SCC mode within the FCDI system. (g) Schematic diagrams
illustrating electron/ion transport processes and electronic/ionic current density distribution plots for AC (type-I),
AC/CB (type-1I), AC/CNT (type-III), and AC/(CB + CNT) (type-IV). Analysis of the enhanced charge transport
mechanism in AC/(CB + CNT) (type-IV). Reprinted with permission from Ref. [116]. Copyright 2023, Elsevier.

Owing to its excellent intrinsic conductivity and low cost, CB is considered a highly promising alternative
material. However, CB particles exhibit strong agglomeration tendencies in solution, substantially diminishing
their effective SSA and active sites. To mitigate this limitation, Peng et al. [118] implemented surface modification
of CB particles using Direct Blue (DB) molecules, effectively suppressing CB agglomeration and sedimentation.
Given that sulfonate groups in DB significantly enhance surface hydrophilicity, this approach concurrently
improves both dispersion stability within flow electrodes and system-level energy conversion efficiency.
Experimental results demonstrate that under optimized conditions (DB:CB mass ratio = 1:500, cell voltage =1 V),
the modified electrode achieved an ASRR of 53.43 pg-cm 2‘min! during treatment of 2900 ppm saline water,
with corresponding salt removal efficiency (SRE) of 78.5% and coulombic efficiency of 93.17%.

Owing to its low cost, environmental compatibility, abundant availability, porous structure, and excellent
electrical conductivity, biomass is recognized as a highly promising electrode candidate material. The development
of biomass-derived flow electrodes further aligns with carbon neutrality strategic objectives. Yao et al. [119]
synthesized pinewood-derived porous carbon (PPC) with hierarchical pore structures through high-temperature
carbonization combined with KOH activation using pinewood powder as the precursor. When evaluated in FCDI
systems, the PPC electrode exhibited exceptional desalination performance: an ASAR of 23.3 pug-cm2'min~' and
desalination efficiency reaching 98.96%. These results unequivocally validate the high-efficiency salt removal
capability and practical utility of biomass-derived flow electrodes in real-world applications such as water
treatment. Moreover, the development of biomass-based flow electrodes contributes to carbon neutrality
initiatives, thereby offering dual environmental benefits through climate change mitigation and environmental
crisis alleviation.

MOFs demonstrate distinctive advantages as electrode materials in CDI desalination and wastewater
treatment applications, owing to their ultrahigh SSA, tunable porosity, and precisely designable pore structures.
Capitalizing on these attributes, Liu et al. [120] developed a porous carbon-based flow electrode (C-MOF@G)
through surface modification of MOF-5 with graphene oxide (GO). This modification strategy not only preserved
electrode structural integrity but also significantly enhanced the material’s SSA. Under optimized operating
conditions (voltage: 1.2 V, flow rate: 20 mL-min"!, carbon content: 4 wt%, NaCl concentration: 1 g-L™"), the C-
MOF@G electrode achieved a salt removal rate of 68.4 ug-cm 2-min'-1.8-fold and 8.7-fold higher than pristine
C-MOF and AC electrodes, respectively. Given the structural homology between PBA coordination polymers and
MOFs, the team innovatively constructed a NiHCF@CNTs composite flow cathode by bridging nickel
hexacyanoferrate (NiHCF) with carbon nanotubes. This composite exhibited sustained desalination stability
throughout 20 consecutive operational cycles [121].

Future research should focus on developing low-cost materials and addressing low energy consumption.
Integrating multi-scale simulations and in-situ characterization techniques will deepen the understanding of
interfacial charge transfer mechanisms, advancing FCDI technology toward high efficiency and sustainability.

3.1.4. Magnetic Field-Coupled Magnetic Electrodes

Magnetic FCDI technology significantly enhances desalination efficiency through the innovative integration
of magnetic field regulation. This technology employs composite flow electrodes such as magnetic carbon (MC),
where magnetic materials synergistically interact with functionalized carbon materials. Wu et al. [122] pioneered
the magnetic field-assisted FCDI system. By applying external magnetic fields on both sides of the electrode
chambers, they achieved oriented enrichment of magnetic carbon particles near the current collectors, fully
activating their adsorption sites and realizing over 100% improvement in desalination performance. However,
particle agglomeration induced by high salt concentrations led to increased pumping energy consumption and
reduced system stability. To overcome this limitation, the team developed an optimized magnetic array design
(Figure 7a): magnets were uniformly arranged along the flow channel to create alternating magnetic/non-magnetic
regions. Using core-shell structured MC as a conductive additive, the flow electrode was guided to form a high-
concentration layer near the current collectors within magnetic zones, while recovering a uniformly dispersed state
upon entering non-magnetic zones (Figure 7b). Experiments confirmed this design boosted the desalination rate
by 120% in low carbon-loading systems (1.0-2.0 wt%), maintaining a stable ASRR of 0.35 umol-cm™2-min™! at
1.2 V, effectively balancing desalination efficiency and energy consumption [123]. Addressing the issue of
magnetic component separation in core-shell MC during long-term cycling, the team further designed a novel
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Fe;04@C structure: encapsulating Fe;O4 nanoparticles within an AC matrix (Figure 7c). After 20,000 cycle
testing, the Fe;04@C electrode maintained stable current density (j), ASRR, and CE (Figure 7d). Post-cycling
SEM analysis revealed intact particle morphology without carbon layer detachment (Figure 7e,f). XPS
characterization (C 1s, Fe 2p, O 1s spectra, Figure 7g—i) confirmed the chemical structure stability of the material during
continuous operation, providing reliable assurance for the long-term operation of magnetic FCDI systems [124].

a . - d 15
Magnetic flux variation 5
T : '
(1] £ 94 42
< Pulsed magnetic field
= 6 @ 3 Response current
£ o HO0L  hAAAS
0 f 0
I d WE 0 . - - - T T
e Vel oy e | 5 &
— — 5 >
; = - g
L L 5]
o T 2
g %
i 02+ %
2 0 T T T T T T T 05
b F1omm 4 i o 0 2500 5000 7500 10,000 12500 15000 17,500 20,000

Cycles (n)
Initial wio magnet

bt //\
w A
Feql) after
Fel) oy
Fol

) 0L oH rep

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.}

Fe_,‘oJ

(core) : g
10 nm 295 290 285 280 740 730 720 710 700 540 535 530 525
BE. (eV) B.E.(eV) B.E. (eV)

Figure 7. (a) Magnetic flux variation and MC transport in flow channel. (b) Schematic illustration of the effects of
MC on flow electrodes. Reprinted with permission from Ref. [123]. Copyright 2022, Elsevier. (¢) TEM images of
Fe3;04@C. (d) Variations in current density (j), ASRR, and CE of the magnetic FCDI system under pulsed magnetic
field (PMF) mode. (e,f) SEM images and (g—i) XPS spectra of Fes04@C samples before and after 20,000 cycles.
Reprinted with permission from Ref. [124]. Copyright 2022, Elsevier.

3.2. Current Collectors

In FCDI systems, current collectors are typically fabricated from highly conductive materials, serving dual
critical functions: providing physical support to guide flow electrode movement while establishing efficient
charge-transfer pathways between external power sources and active materials in flow electrodes. Although
conventional graphite collectors exhibit high electrical conductivity and large SSA, they present significant
challenges during prolonged operation. These materials are susceptible to mechanical wear from flow electrode
friction and oxidation reactions with environmental components. Such issues not only reduce material utilization
efficiency but also frequently trigger electrode deposition. This phenomenon severely compromises operational
stability, impedes effective ion transport, and ultimately impairs CDI system performance. To address limitations
of conventional graphite current collectors, Zhao et al. [125] developed a polyaniline-graphite composite current
collector (PGP-CC) via material modification. The incorporated polyaniline exhibits high electrical conductivity
and notable pseudocapacitance, establishing additional conductive active sites within the composite framework.
These enhanced charge transport pathways facilitate more efficient electron transfer, improving charge transfer
efficiency by 18.7%. Significantly, the novel composite mitigates electrostatic repulsion between AC particles,
reducing electrode deposition by 15%. This advancement not only decreases maintenance costs but also enhances
desalination performance and operational stability of FCDI systems, demonstrating superior practicality compared
to conventional configurations.

The structural design of current collectors critically governs their electrochemical performance. Systematic
investigations reveal inherent limitations in 2D collectors concerning charge transfer kinetics and electric field
distribution: planar geometry constrains charge transport pathways, reduces effective field coverage, and restricts
charge-transfer interfaces, thereby diminishing system efficiency. In contrast, 3D architectures effectively mitigate
these deficiencies by enhancing field homogeneity and expanding charge-transfer surface area. As demonstrated
in Figure 8a—d, Zhao et al.’s carbon-coated 3D nickel foam collector enables electron transfer to substantially more
AC particles within flow channels compared to 2D configurations, exhibiting stronger electric field intensity for
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broader charge delivery. Quantitative analysis confirms the 3D collector’s charge-transfer area (11.5%)
significantly surpasses that of 2D counterparts (8.99%), facilitating effective charging of more AC particles. This
carbon-coating strategy optimizes electric field distribution through extended charge-transfer interfaces, enhancing
FCDI desalination performance by 15.3%. Further studies (Figure 8e) demonstrate pore density profoundly
influences performance: decreasing pore size (20 ppi — 35 ppi) increases charge-transfer area from 11.5% to
43.4%, verifying enhanced charge delivery through expanded interfacial contact at higher pore densities. However,
the inactive zone proportion concurrently rises from 5.56% to 8.95%, indicating excessive pore density generates
non-conductive regions that may impede hydrodynamic flow and reduce carbon slurry utilization efficiency. These
findings underscore the necessity to balance maximized charge-transfer area against minimized inactive zones,
with 30 ppi identified as the optimal pore density. Notably, the system maintains stable desalination performance
when treating actual seawater samples from the Yellow Sea and South China Sea (Figure 8f,g), demonstrating
significant potential for large-scale desalination applications [126]. Building upon this principle, Zhou et al. [127]
engineered a three-dimensional titanium mesh current collector (3D-TM). As structurally illustrated in Figure 8h,
the 3D-TM significantly enhances charge-transfer area through a unique cross-stacking design. This configuration
simultaneously induces turbulent flow effects, promoting electron transfer, charge penetration, and ion migration
processes. A representative 20-mesh 3D-TM with 12 stacked titanium layers achieves an average desalination rate
of 5.06 pmol-cm 2-min"! at 2.0 V with 92.9% CE. Remarkably, the system maintains over 76.4% desalination
performance after 100 consecutive cycles, validating the exceptional cycling stability of the 3D-TM FCDI system.
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Figure 8. 3D electric field simulation of (a) 2D planar structured and (b) 3D foam-structured current collector; The
charge transfer area of (¢) 2D planar structured and (d) 3D foam-structured current collector. (e) Schematic
diagrams, grid graphs, 3D electric field simulation plots, charge transfer area plots, CFD simulation plots, and
inactive zone plots of the 3D foam current collector model with 20-35 um pore size in 3D electric field and CFD
simulations. (f) The long-term desalting test of real seawater sample from Yellow Sea and (g) South China Sea in
carbon coated nickel foam flow-electrode capacitive deionization (CF-FCDI) device. Reprinted with permission
from Ref. [126]. Copyright 2022, Elsevier. (h) Cross-stacked configuration of the 3D-TM current collector.
Reprinted with permission from Ref. [127]. Copyright 2024, Elsevier.

Structural refinement necessitates exploration of more suitable electrode configurations, where peak
performance is contingent upon optimal compatibility between flow electrodes and current collectors. Yu et al. [128]
investigated the synergistic interplay between collector architecture and flow electrodes, constructing a 3D-FCDI
system employing porous titanium foam as the collector and rectorite (Rec) as the flow electrode. To substantiate
the superiority of Rec electrodes, comparative analysis was performed against AC and CB counterparts. Results
demonstrate that under 1.8 V applied voltage with 5 wt% electrode concentration in SCC mode, the Rec electrode
achieves an ASAR of 11.74 ug-cm 2-min "', exhibiting markedly enhanced desalination performance.

Beyond optimizing collector materials and structures, the design of flow electrode channels is equally critical.
Conventional collectors primarily employ straight or parallel-connected channels, yet such simplistic designs
exhibit inherent limitations: they inevitably cause non-uniform solution distribution. This flow field heterogeneity
further reduces ion-electrode contact efficiency, impeding optimal FCDI performance. Inspired by the
hydrodynamic principles governing liquid flow electrodes, Zhang et al. [129] innovatively incorporated
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Archimedean spiral channels (Figure 9a,b). This configuration enables more uniform flow velocity distribution
and prolongs fluid residence time, significantly enhancing desalination efficiency. Subsequently, novel channel
designs including mosquito-repellent incense-shaped channels, double Fermat spirals, and hexagonal honeycomb
dynamic channels have been proposed (Figure 9c—f) [130—132]. Pawtowski et al. [133] further revealed that
channels inducing flow perturbations effectively reduce flow electrode viscosity, thereby improving fluidity. This
insight provides a viable approach to mitigate channel clogging. With advancing research, design principles for
flow electrode channels are being systematically refined.

Figure 9. (a) a 2D schematic of the spiral flow channel model and (b) velocity distribution of carbon paste.
Reprinted with permission from Ref. [129]. Copyright 2022, American Chemical Society. (¢) current collector with
spiral mosquito-repellent incense-shaped channel. Reprinted with permission from Ref. [131]. Copyright 2022,
American Chemical Society. (d) current collector with dual Fermat spiral flow channels. Reprinted with permission
from Ref. [130]. Copyright 2023, American Chemical Society. (e) 2D schematic of the hexagonal honeycomb-
shaped flow channel and (f) velocity distribution of carbon paste. Reprinted with permission from Ref. [132].
Copyright 2023, American Chemical Society.

4. Novel Design of CDI

A prominent trend persists in current CDI selective separation research: predominant focus remains on
developing selective materials. While these materials undeniably play a critical role in enhancing CDI
performance, this emphasis has led to prolonged neglect of system design considerations. In reality, CDI
architectural design constitutes an equally vital determinant of overall functionality. System optimization expands
application scenarios, reduces energy consumption, and improves desalination efficiency, thereby enabling
multifaceted enhancement of CDI performance.

Liu et al. [134] revealed that IEM structures critically influence desalination performance: the significantly
higher diffusion coefficient of CI” versus Na" induces a thicker ion depletion layer near cation exchange
membranes (CEMs) (due to rapid ClI” migration) and a more pronounced ion enrichment layer (resulting from
restricted Na* counter-migration). Leveraging this phenomenon, the team developed a dual-channel FCDI system
(CAC-FCDI, Figure 10a) featuring an asymmetric architecture with dual CEMs sandwiching an AEM. This
configuration accelerates adsorption kinetics in flow electrodes, enhancing desalination efficiency, particularly for
NaCl solutions or seawater where Na'/Cl~ exhibit divergent diffusion coefficients.

Xiao et al. [135] engineered a four-chamber flow-electrode capacitive deionization system (F-FCDI, Figure 10b)
that directly channels removed metal ions into concentration chambers, bypassing flow electrodes. This
mechanism prevents performance degradation caused by metal ion adsorption and reduction on AC. Experimental
results demonstrate successful concentration of 2000 mL copper ions (Cu?") solution (initial concentration: 100 ppm)
to 50 mL after 48-h cycling (enrichment factor: 28.5). The system also exhibits effective removal capabilities for
lead (Pb*"), cadmium (Cd*"), and cobalt (Co*") ions. Wang et al. [136] proposed an innovative tri-channel CDI
configuration where saline water flows directly through electrodes, maximizing salt ion-electrode contact
efficiency to ensure high-performance desalination.
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Wang et al. [137] developed an innovative two-stage flow-electrode system (TS-FCDI, Figure 10c) that
integrates stationary and flow electrodes. This synergistic coupling substantially expands the electroactive
interfacial area, thereby enhancing ion removal efficiency while improving overall electrochemical performance.
Remarkably, the system attains an ASRR of 113 pg-cm™2-min”!, demonstrating twice the desalination capacity of
conventional FCDI systems.
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Figure 10. Schematic diagrams of (a) the CAC-FCDI system. (b) the F-FCDI system, and (c¢) the TS-FCDI
system.[134,135,137]. Reprinted with permission from Ref. [134]. Copyright 2023, Elsevier. Reprinted with permission
from Ref. [135]. Copyright 2023, Elsevier. Reprinted with permission from Ref. [137]. Copyright 2024, Elsevier.
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5. Removal of Other Substances
5.1. Removal of Inorganic lons

Common inorganic ions in aquatic environments encompass not only Na* but also cations such as Li", Ca*", and
Mg?*', along with anions including C1~, PO4>~, and SO4*, which collectively form the fundamental ionic composition
of natural water bodies. Li*, as a strategic emerging resource, poses a dual challenge for water treatment technologies-
its accumulation reflects the impact of modern industrial development, requiring both control of its environmental
concentration and the realization of its recovery potential as a valuable resource [138,139]. Meanwhile, excessive
PO4* serves as a key driver of water eutrophication, stimulating algal blooms, depleting dissolved oxygen, and
disrupting aquatic ecosystem balance [140]. Consequently, the effective management and selective removal of these
common inorganic ions, particularly the resource-oriented recovery of Li* and advanced purification of PO4*",
represents a core challenge and critical research direction for the practical application of CDI technology.

Li et al. [141] developed a composite electrode featuring a core-shell architecture, with nickel
hexacyanoferrate as the core and A-MnQO; as the shell. This design demonstrated outstanding lithium extraction
performance, achieving a high adsorption capacity of43.51 mg-g™!, a fast adsorption rate of 8.1 mg-g™!"min~!, and
a low energy consumption of 0.86 Wh-g!. The electrode also exhibited remarkable ion selectivity, with separation
factors for Li* over Na* and Mg?* reaching 68.7 and 21.0, respectively. These superior properties are attributed to
the synergistic effect at the core-shell interface, which facilitates rapid lithium-ion migration and enhances
structural stability, as evidenced by a high capacity retention of 78.4% after 40 cycles in a real brine environment.
In a parallel development focusing on material fundamentals, Shetty et al. [142] pioneered the use of covalent
organic frameworks as cathode materials for electrochemical lithium recovery via hybrid capacitive deionization.
They engineered a two-dimensional COF, termed Tta-Dfp, with a precisely controlled distribution of nitrogen
species, including pyridine, imine, and triazine motifs. This nitrogen-rich framework delivered a lithium uptake
capacity of 15.7 mg-g™! and a lithium selectivity of approximately 80% against competing ions. Furthermore, it
showed exceptional electrochemical stability, retaining 97.7% of its initial capacitance after 500 charge-discharge
cycles. Experimental data combined with density functional theory calculations revealed that the polarized
nitrogen sites within the framework significantly enhance the electrostatic interaction with lithium ions,
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underpinning the high selectivity and performance. To tackle the particularly difficult separation of lithium from
brines with high magnesium-to-lithium mass ratios, Zhou et al. [143] designed a novel four-stage ion-distillation
flow-electrode capacitive deionization system. This device integrates commercial monovalent selective cation
exchange membranes with multiple flow-electrode channels. The multi-stage configuration exponentially
amplifies the intrinsic selectivity of a single membrane, resulting in an exceptionally high Li*/Mg?" separation
factor of up to 76,295.41, an enrichment ratio of 4.95, and a final lithium solution purity of 99.97%, all while
maintaining a low energy consumption of 0.21 kWh-mol!. Electrochemical analysis and mathematical modeling
validated that the superior performance stems from the faster migration kinetics of lithium ions, which possess a
diffusion coefficient 2.83 times greater than that of magnesium ions and a lower diffusion resistance. The practical
viability of this system was confirmed by processing a natural salt lake brine, successfully producing battery-grade
lithium carbonate with a purity of 99.66%. Collectively, these studies, ranging from molecular-level material
design to macro-scale system integration, provide a comprehensive and promising technological pathway for the
efficient and sustainable recovery of lithium resources.

Cho et al. [144] systematically modulated the micropore structure, surface charge, and particle size of coconut
shell-derived activated carbon through ball-milling treatment. In a symmetric CDI system without an ion-exchange
membrane, the modified carbon achieved high selective adsorption of SO4*~ from a mixed SO4>7/C1” solution, with
an adsorption ratio (K value) of 2.13-a 36% improvement over the untreated electrode. This result highlights the
potential of mechanical modification in enhancing ion sieving and ion replacement kinetics. Yang et al. [145]
prepared biochar from lotus leaves and applied it in a flow-electrode capacitive deionization system. Under an
initial phosphorus concentration of 20 mg-L™!, a removal efficiency of 98.55% was achieved, with the effluent
phosphorus concentration falling below 0.3 mg-L™!, meeting stringent discharge standards. The phosphorus
removal mechanisms involved multiple pathways, including physical adsorption, electrosorption, ion exchange,
precipitation, and ligand exchange, demonstrating the promising engineering application of biomass-derived
materials in cost-effective and efficient phosphorus removal. Furthermore, Wang et al. [146] developed a ZnFe-
PANI/CNT composite electrode that integrates the high affinity of layered double hydroxides with the excellent
conductivity of polyaniline/carbon nanotubes. This material exhibited outstanding phosphate removal performance
across a broad pH range (3—10), achieving an exceptionally low effluent concentration of 0.095 mg-L™!. It also
demonstrated strong resistance to ionic interference and remarkable cycling stability, maintaining a removal rate
of 77% after 10 adsorption-desorption cycles. With an extremely low system energy consumption of 0.00274 kWh-g™!
P, this composite provides a new material foundation for highly selective and energy-efficient phosphorus
recovery technologies.

5.2. Removal of Heavy Metals

Heavy metal pollution represents a critical driver exacerbating freshwater scarcity. Industrial effluents
discharged from mining, metallurgy, electroplating, and chemical industries commonly contain toxic heavy metals,
including Cu?*, Pb%*, Cd?*, uranium (U®"), arsenic (As*"), and chromium (Cr°") ions, posing significant risks to
human health and ecosystems. Among remediation strategies, CDI has emerged as an effective and promising
technology for the removal of heavy metal ions from aqueous solutions.

Cu, a prevalent heavy metal pollutant in industrial wastewater, exists as highly toxic divalent Cu?" with
significant recovery potential. Recent research prioritizes developing advanced electrode materials for enhanced
copper ion removal. Zhang et al. [147] synthesized ZIF-8-derived Co/Fe co-doped porous carbon (CoFe-NC)
electrodes demonstrating exceptional Cu?" removal efficiency in CDI systems. Experimental results revealed a
selective adsorption capacity of 85.71 mg-g! for Cu®" in multi-ion solutions, with negligible removal rates for
competing ions. The Langmuir isotherm model indicated a theoretical maximum adsorption capacity of 540.8 mg-g !,
confirming outstanding removal performance and ion selectivity. Wang et al. [148] fabricated irregular hexagonal
CuSe nanosheet electrodes enabling preferential Cu?" adsorption in complex systems via strong coordination
interactions between selenium vacancies and Cu?" ions. Notably, these electrodes maintained stable adsorption
capacity (>350 mg-g ") across a broad pH range (0.5-4.5), exhibiting robust performance under strongly acidic to
neutral conditions-a critical advantage for practical electroplating wastewater treatment.

In chemical industries, Cu?" exhibits strong affinity for functional groups (e.g., amino and carboxyl groups),
forming persistent complexes such as Cu(II)-EDTA that resist conventional removal methods. To address this
challenge, Wang et al. [149] developed an integrated system by coupling contact electrocatalysis (CEC) with CDI,
enabling synchronous complex decoupling and contaminant adsorption. Furthermore, industrial wastewater
contains prevalent toxic heavy metal ions including Pb?*, Cr®", As*", Cd*", and U®', with specific treatment
strategies and performance metrics detailed in Table 1.
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Table 1. Performance Benchmark of Heavy Metal Removal via HCDI and FCDI Systems.
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Target Adsorption capacity . Flow rate Electrode Voltage Cyclic Stability
Cathode Anode Ion or Efficiency Feed Concentration (mL-min) Parameter V) Adsorption Retention Ref.
|
COOH/AC Pb(IT) O.légrgag 100 pg-L™! 5 5x5cm 1.2 [150]
rGO/NCDs rGO/NCDs Pb(II) 19.26 mg-g™! 5.0 mg-L™! 20 4 x4 cm 1.0 931.2% [151]
PC-ZIF-67 PC-ZIF-67 Pb(II) 1172 mg-g! 800 mg-L"! D =40 mm 1.4 9})(3/ [152]
(V]
Mo0./C AC Pb(II) 157.7 mg-g™! 100 mg-L™! 40 1.2 [153]
. 156.24 mg-g™! Tl 10
NF/Mn2CoOs@Mo0- graphite Pb(1D) 99.99 50 mg-L 10 5x5cm 1.4 95.94% [154]
|
ZAC@VS: AC Pb(II) 239'9592;‘[;5 £ 500 mgL™! 6.6 8 x 10 cm 1.2 70'? % [155]
Fe7Ss@NCNT AC Pb(II) 223.1 mg-g’! 200 mg-L"! 20 4x4cm 1.2 0 11(6)(y [156]
. ()
o1
TpPa@rGO AC Pb(II) 137'35},}? & 100 mg-L"! 40 4 x4 cm 1.2 [157]
N-TizCaTx graphite Pb(ID) 99.5% 5.0 mg-L™! 20 I x1.5cm 1.5 [158]
. 49.71 mg-g! 4 3
AC NiFe/MoS: Cr(VI) 99,425 100 mg'L 20 1.2 81.0% [159]
472 mg-g! - 20
V2AIC-OH, AB Cr(VI) 9905 150 mg'L 10 3x3cm 1.4 20% [160]
o1
AC NiFe-LDH/PPy Cr(VI) 47'99 55 ;‘;%A)g 100 mg-L! 20 1.2 [161]
ol
Ni-BTC/TisC2Tx AC Cr(VI) 124@?& & 30 mg'L! 2x2cm 4.0 [162]
10
| T -1
AC CoOx/AC As(1II) 0.0163 mg'g 150 pg'L 1 1%1cm 1.2 ~92.0% [163]
ol
CNTs-S@Fe:04 CNTs-S@Fe:04 As(III) 0'46;‘9‘5‘}]2 & 1.0mgL™! 10 1.2 [164]
MO-MgAl MO-MgAl As(II) 4366 mg-g’! 4.0 mgL™! 5 1.4 [165]
YP-50F YP-50F Cd(Im) 54% 100 mg-L! 20 2.4 [166]
Cd(1n) 177 mg-g™! 500 mg-L™!
W-800 W-800 T 5974 mg-g! 500 mg-L! 30 1.2 [167]
o1
AC AC U(VI) 2659210%) & 360 mg'L! 20 1.2 [168]
ol
OMPAC OMPAC UV > 8§57.ngo/0g 60 mg-L! 20 1.2 [169]
o1
MoS:-GO/CC cC U(VI) 74'39?;‘% J 50mgL™ 15x15cm 09 [170]
UiO-66-NH2/MXene UiO-66-NH2/MXene U(vh 229.1 mg-g! 100 mg-L™! 1 x5cm 1.2 915((;) [171]
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Although modified materials exhibit superior desalination performance and ion selectivity, their practical
implementation faces challenges including high manufacturing costs and poor operational stability. For scenarios
requiring non-selective removal, adsorbents with broad-spectrum heavy metal affinity emerge as ideal alternatives.
To address this need, Li et al. [172] developed Cu**-modified super activated carbon electrodes for CDI systems.
The Cu?" functionalization synergistically optimizes pore structure and surface chemistry, enabling cooperative
heavy metal removal via electrostatic adsorption and complexation mechanisms, achieving high removal
efficiencies of 95.2% for Pb*, 93.9% for Cu?*, and 92.1% for Cd**. Alternatively, Zhang et al. [173] engineered
interlayer-tunable two-dimensional titanium carbon oxides (TCOs) by tailoring alkylammonium cation sizes
(TMA®, TEA®, TPA"). Three distinct TCOs with progressively expanded interlayer spacing were synthesized:
TCOs-TMAH < TCOs-TEAH < TCOs-TPAH (Figure 11a). Galvanostatic charge-discharge (GCD) analysis
(Figure 11b) revealed TCOs-TPAH possesses the longest discharge duration, indicating superior capacitive
behavior. At a scan rate of 1 mV-s™!, TCOs-TPAH delivers a specific capacitance of 166 F-g! (Figure 11c),
outperforming TCOs-TMAH and TCOs-TEAH. This enhancement originates from its expanded interlayer spacing
(1.47 nm), which provides optimized diffusion channels for efficient charge transfer and ion transport, endowing
the electrode with reinforced charge storage capacity and exceptional cycling stability.
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Figure 11. (a) Schematic illustrations of TCOs-TMAH, TCOs-TEAH, and TCOs-TPAH preparation processes.
Electrochemical performance of TCOs-TMAH, TCOs-TEAH, and TCOs-TPAH in 1.0 mM NaCl solution: (b) GCD
curves at 0.1 A-g! current density; (¢) specific capacitance at scan rates of 1, 5, 10, 20, 40, 60, 80, and 100 mV-s ™!
Reprinted with permission from Ref. [173]. Copyright 2024, Wiley-VCH.

5.3. Removal of Organic Matter

Current research predominantly concentrates on selective separation of inorganic ions via CDI, whereas
organic contaminant removal remains underexplored. This gap primarily stems from inherent incompatibilities
between organic compound characteristics and CDI mechanisms. Most organic pollutants (e.g., dyes,
pharmaceutical residues, humic acids) exhibit weak polarity or neutrality with low surface charge, while CDI
primarily removes charged species through electrostatic adsorption, resulting in suboptimal electrosorption
efficiency for neutral/weakly charged organics. Furthermore, irreversible adsorption or redox reactions of organic
compounds on electrode surfaces may cause fouling, compromising regeneration efficiency and operational
lifespan. A novel approach involves pre-converting organic compounds into ionic species via auxiliary
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technologies prior to CDI capture. Consequently, hybrid systems integrating CDI with electrochemical oxidation
(EO), photocatalysis, and advanced oxidation processes (AOPs) have emerged as promising technological
innovations. Wang et al. [174] coupled photocatalysis with CDI, wherein tetracycline (TC) is first adsorbed onto
electrodes by the CDI component and subsequently decomposed via H" and -OH radicals generated
photocatalytically. This approach simultaneously achieves organic contaminant removal and mitigates organic-
induced electrode fouling. In an innovative configuration, Lim et al. [175] integrated photoelectrochemical (PEC)
oxidation with FCDI to establish a dual-function PEC-FCDI system. During brackish water treatment, this system
produces highlyROS capable of degrading eight types of organic pollutants. Additionally, other studies have
demonstrated the coupling of EO with CDI for the removal of sulfamethazine and sulfate ions [176].

Enhanced research on organic matter removal not only facilitates the advancement of desalination technologies
toward real seawater applications but also promotes their market expansion into high-value sectors such as
electronics, rare earth elements, and food processing. Although significant challenges persist in applying CDI for
organic contaminant removal, concerted efforts are underway within this field. Looking forward, the integration of
CDI systems with complementary technologies is anticipated, aiming to maximize synergistic effects.

6. Regulation

Electrode characteristics and operational parameters (e.g., voltage, current density, feed flow rate, salt
concentration) critically govern CDI performance. Strategic optimization of these variables enables concurrent
enhancement of desalination efficiency and reduction of energy consumption. Intelligent parameter regulation-
achieving real-time water quality monitoring and dynamic operational adjustments through feedback mechanisms-
constitutes a defining feature of modern CDI systems.

Prerequisite to intelligent control is elucidating the impact of individual CDI components on desalination
capacity and energy expenditure. Of note is that in the practical application of FCDI, the system’s energy
consumption primarily originates from the resistance of the flow electrodes, the ion transport barriers across the
IEMs, and the solution resistance within the desalination chamber. Among these, the energy consumption
attributed to the flow electrodes is dominant under most operating conditions. Mitigating this electrode-related
energy loss can be achieved through the optimization of flow electrode composition, the design of high-efficiency
current collectors, and system-level architectural improvements [56]. Furthermore, operational parameters
significantly influence energy consumption: while increasing the current density enhances the salt removal rate, it
leads to a non-linear increase in energy demand and exacerbates concentration polarization. Raising the flow rate
of the feed stream in the desalination chamber can reduce the transport resistance across IEMs to some extent,
albeit at the cost of lower charge efficiency. Similarly, although increasing the flow rate of the flow electrode or
its AC content improves electrode conductivity and reduces its specific energy consumption, it concurrently
elevates the risk of clogging due to increased slurry viscosity and offers limited benefit for reducing energy
consumption in the IEMs and desalination chamber [58,177,178]. Consequently, the development of steady-state
process models or the implementation of model-based intelligent control strategies becomes a vital tool for
deconvoluting the energy contributions of individual components, predicting system performance, and guiding the
design and operational optimization of FCDI systems. Ultimately, achieving an optimal trade-off between energy
efficiency and desalination performance is of paramount importance for advancing the practical implementation
of FCDI technology. Wu et al. [179] employed a dynamic transport model with uncertainty quantification (UQ)
to delineate the effects of electrode properties, operational conditions, and salt characteristics: (i) Pore size
distribution and electrode connectivity critically modulate the effective diffusion coefficient, with macroporosity
exerting predominant influence; (ii) Constant voltage (CV) operation is recommended for low-salinity wastewater
to minimize resistive losses, whereas constant current (CC) mode proves optimal for high-salinity feeds. Zhu et al. [56]
developed a steady-state FCDI model to quantify energy consumption distribution across components. By
measuring potential drops and resistive losses in flow electrodes, IEMs, and desalination chambers, they
established correlations between current density, desalination chamber flow rate, flow electrode velocity, and AC
content. Their findings indicate flow electrodes dominate energy consumption in most scenarios. Parameter
adjustments not only alter total energy usage but also reconfigure energy allocation among components.

ML enables computer systems to autonomously acquire knowledge from data and algorithms, thereby
enhancing task performance. Pan et al. [180] employed ML methodologies to systematically investigate the
structure-performance relationships among electrode materials, operational conditions, and CDI outcomes. By
inputting characteristic parameters-including electrode dimensions, electrolyte concentration, applied voltage, and
flow rate-into four ML models (Gradient Boosting (GB), Random Forest (RF), Support Vector Machine (SVM),
and Artificial Neural Network (ANN)), they quantitatively evaluated predictive capabilities for desalination
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metrics (SAC, ASAR). The GB model demonstrated statistically superior performance, achieving the lowest root
mean square error (RMSE) for both SAC and ASAR predictions. SHapley Additive exPlanations (SHAP) analysis
identified electrolyte concentration and SSA as the most critical determinants of desalination efficiency. This work
establishes a robust correlation framework linking electrode properties, operational parameters, and desalination
performance through ML-CDI integration, advancing intelligent CDI technology development.

Subsequent investigations have employed ANN [181], deep reinforcement learning (DRL) [182], and extended
Fourier amplitude sensitivity testing (eFAST) [183] (Figure 12a—c) to predict CDI desalination capacity. Crucially,
both ANN and eFAST analyses converge in identifying feed salinity concentration and current density as the
dominant determinants of desalination performance. Consequently, moderate pretreatment of brackish water coupled
with optimized current density selection is imperative for achieving high-efficiency desalination and maximized
energy efficiency. Furthermore, DRL studies establish the soft actor-critic model as the optimal control strategy.

a Input Layer Hidden Layer 1  Hidden Layer 2 Output Layer

Voltage >
Initial Concentration’|
Flow Rate >

Salt Removal Percentage

supply

b | Deep reinforcement learning for CDI optimizati ]
Cell voltage(V) T
CoMSOL 4 DRLalgorithms | ol
‘numerical model Floweete (L) H i
for CDI H
- i I| off-policy
W Adsorption time (s) H i
. L/r\ 1 f
g I !
Power Porous . 4
|.M
== |
I
[
1
1
i

1 s U
1 )
)
B (DNsxy  water — f ovsuics
- - 2 1l
J— '
Rewards(r,) e
dC(mM)
Production(L)
SEC(Wh/L)
C Random Variables Simulation Model Quantities of Interest
( Current collector
Porous carbon electrode Qol
:

X Porous carbon electrode

X L.

node
(]
° CHARGE

DISCHARGE

.
Global Sensitivity Analysis )
/\ (1) Spi=Si+Si+ - +S12.k Sobol indices 52
a n
¢
2)1 =ZS,-+ZS,-,-+ Z Syl + -+ S12..k S,and Sy,
x5 =1 = i<t )

Figure 12. (a) Schematic of ANN structure with three layers of input, hidden (2 layer) and output along with input
and output variables. Reprinted with permission from Ref. [181]. Copyright 2022, Elsevier. (b) Overall DRL
structure for CDI optimization. In_con: influent salt concentration; dC: amount of removed salt; SEC: specific
energy consumption; SAC: soft actor-critic; TD3: twin delayed deep deterministic policy gradients; PPO: proximal
policy optimization; A2C: advantage actor-critic. Agents observe the state (si-1) and update the actions (at) to obtain
the highest expected reward (ri). Reprinted with permission from Ref. [182]. Copyright 2025, Elsevier. (¢) Flow
chart in implementation of the eFAST sensitivity analysis. Reprinted with permission from Ref. [183]. Copyright
2025, Elsevier.
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The intelligent parameter regulation model utilizes sensors to monitor electrolyte concentration and ion species
in real-time, coupled with ML models for dynamic adjustment of operational parameters such as applied voltage and
flow rate. It automatically increases the applied voltage to enhance the adsorption driving force under high electrolyte
concentration conditions, while lowering the voltage to reduce energy consumption during low electrolyte
concentration periods. Furthermore, based on real-time predictions of electrode adsorption status (e.g., SAC), the
system intelligently switches between adsorption and regeneration phases, minimizing efficiency loss due to electrode
saturation. Additionally, the model predicts optimal electrodes and operational parameters for specific water sources
in diverse application scenarios, thereby formulating rational operational strategies for CDI systems.

7. Summary and Future Perspectives

As an emerging desalination technology, CDI enables development of diverse standalone units and hybrid
systems through continuous modifications to active electrode materials, device designs, and system architectures.
Characterized by high energy efficiency, operational simplicity, low maintenance costs, environmental
compatibility, and zero secondary pollution, CDI demonstrates substantial potential for desalinating low-to-
moderate salinity brackish water.

Nevertheless, commercialization faces significant challenges: electrode material costs and lifespan remain
critical constraints, where scalable manufacturing encounters high raw material expenses and complex synthesis
processes-exemplified by CNTs and MXenes exhibiting superior performance yet prohibitive production costs.
Prolonged operation induces electrode fouling and regeneration issues that degrade efficiency while increasing
maintenance expenditures. Current CDI configurations exhibit limited treatment capacity, restricting applications
to small-scale or low-salinity scenarios; scaling requires optimized flow channel designs and enhanced system
integration. Balancing treatment efficiency and energy consumption proves particularly challenging for high-
salinity feeds, where elevated voltages may trigger parasitic reactions compromising safety and cost-effectiveness.
Furthermore, market adoption remains constrained by dominant conventional water treatment technologies,
necessitating demonstrated superiority in reliability and economic viability for CDI to gain traction.

The HCDI system enhances conventional CDI desalination via faradaic reactions, with electrode materials
being performance-determining. Transition metal oxides, MXene, and PBAs share structural advantages including
open porous/layered architectures (providing abundant ion adsorption sites) and stable frameworks (ensuring long-
term cycling stability). However, inherent limitations persist: poor conductivity of transition metal oxides
necessitates conductive additives, while long-term cycling causes particle agglomeration and active site loss,
leading to capacitance decay; despite high conductivity and surface area, MXene faces prohibitive synthesis costs
and complex processing hindering industrial-scale implementation; PBAs risk metal ion leaching (potential
environmental contamination) and undergo significant volume changes during ion insertion/extraction, causing
structural collapse. Thus, continued material modification research must emphasize energy efficiency, cost
reduction, and environmental sustainability-particularly through waste valorization. Advancing anode materials
remains crucial for comprehensive HCDI system improvement.

In FCDI systems, optimizing conductive networks and adsorption/desorption performance is paramount due
to the unique flowing electrode properties. Carbon material selection (AC/CB/CNTs), particle size distribution,
and hybridization strategies significantly impact system performance and energy consumption. Beyond
conventional carbons, eco-friendly biomass-derived alternatives show promise, with RM integration offering
additional performance enhancement. Notably, Wu et al.’s innovative magnetic FCDI design addresses
hydrodynamic challenges via flow path and velocity optimization. Current collectors play vital roles, where 3D
collectors with hierarchical pore networks facilitate ion diffusion while reducing interfacial contact resistance
through continuous conductive pathways. Their 3D structure homogenizes current distribution, mitigates side
reactions from local overpotential, and improves energy utilization efficiency. Current collector optimization will
remain a key research focus.

CDI demonstrates emerging potential for heavy metal and organic contaminant removal, though its practical
efficacy requires comprehensive evaluation integrating pollutant properties, electrode materials, and
environmental factors. Key advantages include voltage-or surface charge-mediated selective removal of heavy
metals, mild operating conditions, low energy consumption, and compatibility with complementary technologies.
However, significant challenges persist: complex pollutant compositions constrain adsorption mechanisms, high
ionic strength reduces target contaminant adsorption capacity, while nonpolar/macromolecular organics cause pore
blocking that impedes mass transfer-particularly rendering organic removal a critical bottleneck.

Current research disproportionately focuses on material development while neglecting system-level design
considerations, constituting a fundamental barrier to commercialization. Future investigations should extend beyond
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inorganic ion separation to encompass organic molecules and neutral substances. Strategic integration with advanced
technologies could expand CDI applications from conventional groundwater/municipal wastewater treatment to high-
value sectors like electronics, rare-earth processing, and food industries. Notably, many studies employ oversimplified
conditions (e.g., single-component electrolytes simulating real water), ignoring real-world complexities such as trace
ions, organic pollutants, and impurities that cause electrode fouling, side reactions, and energy loss. Theoretical models
frequently oversimplify material-environment interactions, limiting practical relevance; performance metrics prioritize
adsorption capacity while overlooking removal kinetics and energy efficiency.

As an energy-efficient separation technology, CDI necessitates not only continuous material optimization but
also enhanced integration with complementary systems. Future designs should transcend singular component
improvement and incorporate artificial intelligence for predictive model optimization, thereby enhancing operational
precision and responsiveness to accelerate technological adoption. Figure 13 depicts the anticipated development of
CDL. In the future, CDI is expected to achieve greater societal acceptance and find widespread application.
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Figure 13. Summary of the future outlook for CDI.
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