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Abstract

Flow-electrode capacitive deionization (FCDI) enables continuous desalination, but its performance is
often constrained by the limited charge-storage capability of carbon-based flow electrodes and
inefficient slurry transport. Herein, a material-flow-field synergistic strategy was developed by coupling
spherical bismuth nanoparticles confined within N/S co-doped carbon (Bi@NSC) flow-electrode particles
with a wavy-shaped channel (WSC). The Bi@NSC composite combines the Faradaic redox activity of Bi
with the capacitive charge storage of the heteroatom-doped carbon framework, delivering a specific
capacitance of 352 F g™ at 5mV s~ '. Under optimized operating conditions, the Bi@NSC-WSC FCDI
system achieved a NaCl removal efficiency of 50.0% and a salt adsorption capacity of 10.0 mgg™".
Computational fluid dynamics simulations using COMSOL further indicated that the WSC reduced low-
velocity regions, improved slurry distribution, and mitigated local particle accumulation, providing a
hydrodynamic explanation for the improved desalination performance. These results demonstrate that
the coordinated optimization of flow electrode materials and channel architecture offers an effective
strategy for improving FCDI desalination.

1. Introduction

The increasing scarcity of global freshwater and growing demand for saline water treatment have
stimulated the development of efficient low-energy desalination technologies. Conventional desalination
technologies, such as reverse osmosis (RO)[1] and electrodialysis (ED)[2, 3], have been widely
implemented for water purification; however, their practical applications are often restricted by high
energy consumption, membrane fouling, and challenges in concentrate management. Therefore, the
development of sustainable desalination technologies with low energy requirements, high operational
flexibility, and environmental compatibility is highly desirable.

Capacitive deionization (CDI) is an electrochemically driven desalination technology that has attracted
increasing attention owing to its low energy consumption, facile operation, and potential compatibility
with renewable energy sourcesl[4]. In conventional CDI systems, salt ions are primarily removed through
electric double-layer (EDL) adsorption within porous carbon electrodes. However, the limited charge
storage capacity, finite active sites, and electrode saturation during continuous operation significantly
restrict the long-term desalination capability of fixed-electrode CDI[5, 6]. Flow-electrode capacitive
deionization (FCDI) has emerged as an advanced CDI configuration that replaces stationary electrodes
with continuously circulating slurry electrodes, enabling continuous operation and theoretically unlimited
desalination capacity[7—-9]. During FCDI operation, charged flow electrode particles participate in ion
migration through ion-exchange membranes and store the removed ions through electrochemical
processes. Consequently, electrical conductivity, ionic transport behavior, particle dispersion, and
dynamic interactions between particles and current collectors are critical factors governing FCDI
performance.
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Carbon-based materials, including activated carbon (AC)[10], carbon black[7], and graphene
derivatives[11], remain the most commonly used flow electrode materials owing to their large surface
areas, abundant porous structures, and chemical stability. Nevertheless, their desalination mechanism is
primarily dominated by EDL adsorption, which intrinsically limits charge-storage capability and salt
removal efficiency. Moreover, insufficient electrical connectivity among carbon particles can increase
internal charge-transfer resistance and reduce effective electrode utilization during continuous
circulation[12, 13]. To overcome these limitations, the introduction of Faradaic-active components into
carbon frameworks has been considered an effective strategy for constructing hybrid flow electrodes
with coupled capacitive/Faradaic charge-storage mechanisms. Compared with conventional carbon
materials, Faradaic materials can provide additional redox-active sites and enhance ion storage
capability[14, 15]. However, the practical application of Faradaic materials in flow electrodes remains
challenging owing to poor intrinsic electrical conductivity, active-site accessibility limitations, particle
aggregation, and structural instability during long-term operation.

Among various Faradaic materials, bismuth (Bi)-based materials have attracted considerable interest
owing to their reversible redox activity, high theoretical charge-storage capability, and favorable
electrochemical stability[16—19]. Incorporating Bi species into conductive carbon frameworks provides
additional Faradaic storage sites beyond conventional EDL adsorption, offering new opportunities to
improve FCDI performance. However, the direct utilization of Bi nanoparticles is hindered by severe
aggregation, limited electron transport pathways, and insufficient utilization of active sites. Constructing
carbon-confined Bi nanostructures with heteroatom-doped conductive networks is therefore an effective
approach to integrate the electrochemical activity of Bi with enhanced electrical conductivity and
structural stability[20]. Furthermore, besides electrode composition, the flow-field architecture plays an
equally important role in FCDI performance. As flow electrodes rely on continuous particle transport,
channel geometry directly affects slurry dispersion, particle—collector interactions, and interfacial mass
transfer.[21] Nevertheless, current studies have mainly focused on developing advanced electrode
materials, while the synergistic optimization of flow-electrode composition and flow-channel architecture
remains insufficiently explored.

Herein, we propose a synergistic optimization strategy integrating a Bi@NSC flow electrode with a wavy-
shaped channel (WSC) for enhanced FCDI desalination. Bi nanoparticles were confined within an N/S co-
doped carbon framework to construct a composite flow electrode with coupled capacitive/Faradaic
charge-storage capability. The Bi nanoparticles provide redox-active sites, whereas the NS-doped carbon
matrix facilitates electron transport and suppresses the aggregation of active components. Meanwhile,
the WSC architecture was introduced to regulate the flow electrode transport behavior, and
computational fluid dynamics (COMSOL Multiphysics) simulations were employed to analyze the flow
distribution, velocity variation, and interfacial mass-transfer characteristics under different channel
configurations, thereby elucidating the influence of channel geometry on particle transport and electrode
utilization. This work provides a material-flow-field synergistic strategy for the rational design of high-
performance flow electrodes and optimized FCDI reactors.
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2. Experimental section

2.1. Synthesis of Bi@NSC

The Bi@NSC composite was synthesized via a one-step pyrolysis method using bismuth citrate and MES
potassium salt as precursors. Briefly, bismuth citrate and MES potassium salt were mixed at a mass
ratio of 1:5 (w/w) and thoroughly ground to obtain a homogeneous precursor mixture. The resulting
mixture was transferred into a ceramic boat and placed in a tubular furnace for further processing. After
purging with high-purity Ar to establish an inert atmosphere, the sample was heated from room
temperature to 900°C at a slow heating rate of 2°C min~ ' and maintained at 900°C for 120 min. The
furnace was then allowed to cool naturally to room temperature under continuous Ar protection. The
obtained carbonized product was washed several times with ultrapure water to remove residual soluble
potassium-containing species and other impurities. Finally, the product was dried to obtain the N,S-
doped carbon-confined Bi composite, which was denoted as Bi@NSC.

2.2. Configuration of the FCDI Cell

A laboratory-scale FCDI cell was assembled using ion exchange membranes (AEM/CEM), graphite
current collectors, flow channels, and sealing gaskets[22]. Three graphite flow-field configurations,
including straight-turning-shaped channel (STSC), arc-shaped channel (ASC), and wavy-shaped channel
(WSC), were fabricated with identical hydraulic dimensions (Scheme. 1).. The flow channels were
designed with a uniform width of 3 mm, and the WSC was constructed using periodic elliptical units with
an aspect ratio (a/b) of 5 to regulate flow distribution. The Bi@NSC slurry was circulated through the
flow channels, while the feed solution passed through the desalination chamber. Under an applied
voltage, ions migrated across the ion exchange membranes and were stored by the Bi@NSC flow
electrodes through coupled capacitive/Faradaic processes.

2.3. Computational fluid dynamics simulation of flow-field
distribution

The flow behavior of Bi@NSC slurry within the STSC, ASC, and WSC configurations was simulated using
the Laminar Flow module of COMSOL Multiphysics 6.2. Three-dimensional geometrical models were
constructed according to the experimentally fabricated channel dimensions, while maintaining identical
hydraulic dimensions among different channels to systematically evaluate the effect of channel
geometry on flow-field distribution. The Bi@NSC slurry was assumed to be an incompressible Newtonian
fluid, and its flow behavior was described using the continuity equation and Navier—Stokes equations[23,
24]. The inlet boundary condition was defined by the average velocity corresponding to the experimental
flow rate of 20 mL min~ ", while the outlet was set as zero gauge pressure. A no-slip boundary condition
was applied to the channel walls. The physical parameters of the slurry were defined as follows: density
of 1050 kg m™ 3, dynamic viscosity of 3.5 x 10”2 Pa-s, and operating temperature of 298 K. A tetrahedral
mesh was generated for model discretization, with local refinement applied in curved and contraction-
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expansion regions to accurately capture velocity gradients. Mesh independence analysis was performed
to determine the appropriate mesh density and ensure simulation reliability. The velocity distribution,
streamline profiles, and local flow disturbance characteristics were extracted to elucidate the influence
of channel geometry on Bi@NSC slurry transport, particle renewal behavior, and interfacial mass-transfer
processes.

3. Results and discussion

3.1. Rational design of Bi@NSC flow electrode for
enhanced FCDI desalination

The rational design of the BI@NSC composite flow electrode is shown in Scheme 1. In conventional
activated carbon (AC)-based flow electrodes (Scheme 1a), salt removal mainly relies on ion adsorption
within the electric double layer (EDL) formed at the carbon/electrolyte interface. Although porous carbon
materials provide abundant adsorption sites, their charge storage capability is intrinsically limited by the
non-Faradaic nature of EDL adsorption[25, 26]. In contrast, the Bi@NSC flow electrode (Scheme 1b)
introduces electrochemically active Bi nanoparticles into an N/S co-doped carbon framework, enabling
coupled capacitive and Faradaic charge-storage processes. The confined Bi nanoparticles serve as
additional redox-active sites for Faradaic charge storage, while the NS-doped carbon matrix provides a
conductive network for rapid electron transport and suppresses Bi nanoparticle aggregation[27].
Therefore, compared with conventional AC flow electrodes, the Bi@NSC architecture integrates EDL-
based capacitive storage with Faradaic reactions, providing enhanced charge-storage capability and
improved electrode utilization[28]. Furthermore, the spherical morphology of Bi@NSC particles is
favorable for slurry dispersion and flow stability, facilitating particle transport and dynamic particle—
collector interactions during FCDI operation[29]. This rational combination of faradaic-active Bi
nanoparticles and conductive carbon framework provides a promising strategy for improving charge
transfer, ion transport, and desalination performance in flow-electrode systems.

3.2. Materials characterization

The structural and morphological features of the Bi@NSC composite were systematically investigated by
XRD, SEM, STEM, and EDS elemental mapping. As shown in Fig. 13, all diffraction peaks of Bi@NSC can
be indexed to metallic Bi (PDF#85-1330), while no obvious impurity peaks are detected, confirming the
successful formation of crystalline Bi nanoparticles within the carbon matrix[30]. The incorporation of Bi
nanoparticles is expected to introduce additional electrochemically active sites, providing potential
charge-storage capability for the subsequent flow-electrode desalination process.

SEM images reveal that Bi@NSC exhibits a uniform spherical morphology (Fig. 1b). The enlarged SEM
image (Fig. 1c) shows that the particle surface is composed of abundant nanoscale features, generating
a hierarchical rough structure. Such a surface architecture can increase the accessible interface
between the electrode material and electrolyte, shorten ion diffusion pathways, and facilitate ion
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transport under dynamic flow conditions. Moreover, the spherical morphology is beneficial for slurry
transport by reducing flow resistance and promoting homogeneous dispersion of Bi@NSC particles,
which is critical for stable operation of flow-electrode systems.

TEM characterization further confirms the internal structure of Bi@NSC (Fig. 1d). Numerous uniformly
distributed dark nanoparticles are observed within the carbon framework, indicating that Bi
nanoparticles are effectively confined within the carbon matrix without severe aggregation. STEM image
and corresponding EDS elemental mappings (Fig. 1e—i) demonstrate that C forms the continuous
backbone, while Bi nanoparticles are homogeneously dispersed throughout the carbon structure.
Meanwhile, N and S elements are uniformly distributed, confirming the successful construction of NS-
doped carbon layers. The uniform confinement of Bi nanoparticles prevents particle aggregation-induced
electron transport limitations, whereas heteroatom doping can modulate the electronic structure of
carbon frameworks and improve interfacial interactions.

Overall, the Bi@NSC composite integrates three structural advantages: Bi nanoparticles as
electrochemically active centers, NS-doped carbon as a conductive framework, and spherical
morphology for favorable flow behavior[31]. This unique architecture simultaneously addresses the
requirements of electron transport, ion diffusion, and slurry stability, providing a structural foundation for
enhanced charge transfer, efficient salt migration, and improved electrode utilization in the Bi@NSC-
based FCDI system.

3.3. Electrochemical performance

The electrochemical charge-storage behavior of the Bi@NSC electrode was investigated by cyclic
voltammetry (CV) measurements at different scan rates. As shown in Fig. 3a, increasing the scan rate
from 5to 100 mV s~ ! enlarged the CV curves while maintaining distinct redox peaks, indicating the
coexistence of electric double-layer capacitive and Faradaic charge-storage processes. A high specific
capacitance of 352 F g™ at 5mV s~ ' was achieved, demonstrating the enhanced charge-storage
capability of the Bi@NSC electrode. This improvement can be attributed to the incorporation of Bi
nanoparticles, which provide additional Faradaic active sites beyond conventional carbon-based
electrodes dominated by electrostatic ion adsorption.

The redox kinetics were further evaluated according to the relationship between peak current and scan
rate: 4 = av®. As shown in Fig. 3b, the calculated b-values for the two redox peaks were 0.50 and 0.51,
respectively, suggesting that the charge-storage process is predominantly governed by diffusion-
controlled processes[32]. Meanwhile, the retained redox response at high scan rates indicates that the
NS-doped carbon framework facilitates electron transport and maintains efficient electrochemical
accessibility of Bi active sites.

To quantitatively distinguish the capacitive and diffusion-controlled contributions, the current response
was further separated at different scan rates (Fig. 3c). The contribution from pseudocapacitive storage
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increased continuously with increasing scan rate, from 14.85% at 5mV s~ ' t0 75.32% at 100 mV s™ ',

indicating accelerated surface-controlled charge storage under rapid electrochemical operation. At 30
mV s~ ', the pseudocapacitive contribution reached 36.59% (Fig. 3d), confirming the significant
contribution of fast surface-controlled processes.

Overall, Bi@NSC integrates Faradaic-active Bi nanoparticles with an NS-doped conductive carbon
framework, enabling synergistic capacitive and Faradaic charge storage. Such a hybrid charge-storage
mechanism provides an electrochemical basis for enhanced charge utilization and rapid salt removal in
the subsequent Bi@NSC-based FCDI system.

3.4. FCDI performance

The influence of flow-field configuration on the desalination performance of the Bi@NSC flow-electrode
system was investigated under identical operating conditions. As shown in Fig. 4a, b, all three flow
channels (STSC, ASC, and WSC) exhibited continuous decreases in conductivity and C’t/CO, confirming
the effective removal of NaCl from the feed solution. The corresponding NaCl concentrations were
calculated based on the conductivity—concentration calibration curve (Fig. S1). Distinct differences in
desalination kinetics were observed among the three channel configurations. After 1800 s of operation,
the WSC configuration reduced the NaCl concentration to 500 mg L™, corresponding to a removal
efficiency of 50.0% and a salt adsorption capacity (SAC) of 10.0 mg g~ . In comparison, the ASC and
STSC configurations achieved removal efficiencies of 46.0% and 41.0%, with corresponding SAC values
of 9.2 and 8.2 mg g™ ', respectively. These results indicate that the WSC configuration provides a more
favorable flow environment for Bi@NSC slurry transport, thereby improving desalination performance.

As shown in Fig. S2, EIS analysis further demonstrated distinct resistive responses among the three
flow-field configurations. The fitted R values of STSC, ASC, and WSC were 23.7,18.5, and 20.1 Q,
respectively, with ASC exhibiting the lowest R, suggesting reduced overall ohmic losses associated
with its smoother flow path. In contrast, the corresponding R,; values were 1.68,2.11, and 1.23 Q, with
WSC showing the lowest value, 26.8% and 41.7% lower than those of STSC and ASC, respectively. The
difference between the R, and R, trends indicates that bulk transport and interfacial charge transfer
are affected differently by channel geometry. The periodic undulation of WSC promotes continuous
slurry redistribution and particle renewal, which favors dynamic particle—current-collector contact and
consequently lowers the interfacial charge-transfer resistance. This electrochemical response is
consistent with the superior desalination performance observed for the WSC configuration.

After identifying WSC as the optimal flow-field configuration, the effect of flow-electrode rate on

desalination performance was further evaluated (Fig. 4c). Increasing the flow-electrode rate from 5 to 20

mL min~ " accelerated the conductivity decay, indicating enhanced NaCl removal kinetics at higher slurry

circulation rates. This improvement is mainly associated with the accelerated renewal and redistribution
of Bi@NSC particles, which increases particle—particle interactions and particle—current collector
contact frequency. In addition, the enhanced hydrodynamic disturbance reduces the diffusion boundary
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layer around the particles, thereby facilitating ion transport and charge transfer processes. However, the
improvement became less pronounced at higher flow rates, suggesting that the desalination process
gradually shifted from external mass-transfer limitation toward limitations associated with particle
charging and interfacial electrochemical processes. Therefore, an appropriate flow-electrode rate is
required to balance particle transport, effective charging time, and energy consumption.

The influence of Bi@NSC concentration on desalination performance was subsequently investigated
(Fig. 4d). Increasing the Bi@NSC concentration from 1 to 10 wt% resulted in improved desalination
kinetics, which can be attributed to the increased number of electrochemically active particles and
enhanced conductive network within the flow electrode. The higher particle concentration provides more
available pathways for electron transport and more active interfaces for salt storage, thereby improving
electrode utilization. However, further increasing the Bi@NSC concentration to 20 wt% led to a slight
decline in desalination performance, likely due to the increased slurry viscosity and reduced particle
mobility. Excessive solid loading may hinder effective particle dispersion and weaken the dynamic
contact between particles and the current collector. These results indicate that an optimal Bi@NSC
concentration should be achieved by balancing electrochemical activity and flowability of the slurry
electrode.

The effect of applied voltage on the desalination performance was further examined (Fig. 4e). Increasing
the applied voltage from 0.8 to 1.8 V continuously enhanced the conductivity decay, owing to the
strengthened electric-field driving force for ion migration and improved charging of the Bi@NSC flow
electrode. A significant improvement was observed when the voltage increased from 0.8t0 1.5V,
whereas further increase to 1.8 V resulted in only limited enhancement. This phenomenon suggests that
the desalination process gradually becomes constrained by ion transport and interfacial charge-transfer
kinetics rather than the applied electrical driving force. Therefore, although higher voltage promotes
desalination, an appropriate operating voltage is essential to achieve a balance between desalination
efficiency and energy consumption.

Finally, the desalination performance under different initial NaCl concentrations was evaluated to assess
the applicability of the BI@NSC-FCDI system under various salt-loading conditions (Fig. 4f). The system
maintained continuous NaCl removal over the investigated concentration range (500-2000 mg L™ ),
demonstrating good adaptability toward different saline conditions. However, the conductivity decay rate
decreased with increasing initial NaCl concentration, which can be attributed to enhanced concentration
polarization and increased ion transport resistance under higher salt loading. Despite this limitation, the
Bi@NSC flow electrode maintained stable desalination behavior, highlighting its potential for treating
low-salinity and brackish water streams.

3.5. Effect of flow-field architecture on Bi@NSC slurry
transport behavior
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To elucidate the underlying mechanism of the enhanced desalination performance induced by flow-field
regulation, the velocity distribution and particle transport behavior of Bi@NSC slurry in different channels
were investigated by COMSOL Multiphysics simulation[33, 34]. As shown in Fig. 5a—c, all three channels
exhibited typical laminar flow characteristics; however, significant differences in local velocity
distribution were observed due to the distinct channel geometries. In the STSC configuration (Fig. 5a),
abrupt changes in flow direction at the turning regions generated pronounced velocity gradients,
accompanied by obvious low-velocity zones near the inner corners and channel walls. The enlarged local
velocity profile further confirmed the formation of non-uniform flow regions caused by flow separation
and insufficient momentum transfer. In comparison, the ASC structure with smoother curvature
alleviated the local flow disturbance and reduced velocity fluctuation (Fig. 5b). However, the limited
curvature regulation still resulted in uneven velocity distribution at the bending regions. Notably, the WSC
configuration exhibited a more homogeneous velocity field with reduced velocity gradients throughout
the channel (Fig. 5¢). The periodic wavy structure continuously disturbed the slurry flow and promoted
redistribution of fluid velocity, thereby minimizing stagnant regions and improving the dynamic transport
environment of Bi@NSC particles.

The corresponding particle distribution simulations further revealed the influence of flow-field
architecture on slurry dispersion and particle utilization (Fig. 5d—f). In the STSC channel (Fig. 5d),
Bi@NSC particles tended to accumulate near sharp turns and low-velocity regions, indicating insufficient
particle renewal during continuous circulation. Such particle aggregation may reduce the effective
contact between Bi@NSC particles and the electrolyte, thereby limiting ion transfer and active-site
accessibility. The ASC channel exhibited improved particle dispersion due to the smoother flow pathway
(Fig. 5e); however, localized particle enrichment was still observed near curved regions. In contrast, the
WSC channel maintained a more uniform particle distribution with significantly reduced aggregation
behavior (Fig. 5f). The periodic contraction—expansion units generated continuous hydrodynamic
perturbation, facilitating particle migration and enhancing particle—collector interactions. Previous two-
phase CFD studies have similarly demonstrated that improved spatial distribution of conductive particles
favors the formation of effective charge-percolation pathways and consequently promotes charge
transfer within flow electrodes [35, 36].

The improved slurry transport behavior in the WSC channel provides a favorable hydrodynamic
environment for the Bi@NSC flow electrode. The reduced low-velocity regions and enhanced particle
dispersion can promote continuous exposure of electroactive Bi sites, accelerate ion transport across
the electrode/electrolyte interface, and improve the utilization efficiency of the composite flow
electrode[36, 37]. Therefore, the superior NaCl desalination performance observed in the BI@NSC-WSC
FCDI system can be attributed not only to the enhanced capacitive/Faradaic charge-storage capability of
Bi@NSC, but also to the optimized flow-field regulation provided by the WSC architecture. These results
demonstrate that coupling advanced flow-electrode materials with rational flow-channel engineering is
an effective strategy for improving the practical performance of FCDI systems.

4. Conclusion
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In summary, a Bi@NSC composite flow electrode coupled with a wavy-shaped channel was developed
for enhanced FCDI desalination through the synergistic regulation of electrode composition and flow-
field structure. The Bi@NSC electrode integrated capacitive and Faradaic charge-storage mechanisms,
where Bi nanoparticles provided additional redox-active sites and the N/S co-doped carbon framework
facilitated electron transport. Under identical operating conditions, the Bi@NSC-WSC FCDI system
achieved a NaCl removal efficiency of 50.0% and a salt adsorption capacity of 10.0 mg g~ ', which were
higher than those of the STSC (41.0%, 8.2 mg g~ ') and ASC (46.0%, 9.2 mg g~ ') configurations.
Furthermore, COMSOL simulations indicated that the WSC architecture reduced low-velocity regions and
improved the flow-field distribution, which may facilitate Bi@NSC slurry transport and mitigate particle
accumulation during operation. These findings suggest that the integration of Faradaic-active flow
electrodes with optimized flow-channel architectures provides an effective approach for improving FCDI
desalination performance.

Declarations

CRediT authorship contribution statement

Lijun Zhang original draft, Methodology, Investigation, Funding acquisition, Conceptualization, Formal
analysis. Xiaoshi Yi: Visualization, Formal analysis, Writing. Yarui Song: Writing — review & editing,
Supervision, Resources, Validation. Baochuan Qi: Writing — review & editing, Funding acquisition, Formal
analysis, Data curation, Visualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the Gansu Provincial Joint Project on Soft Science and Statistical Research
(25JRZA157), Xinjiang Uygur Autonomous Region Tianchi Talent Introduction Plan (2025 JXRC001), and
Project of Xinjiang Key Laboratory of Clean Conversion and High-Value Utilization of Biomass Resources
(XJSWZ202501).

References

1. Du X, Perera H, Ahasan T, Wang Y, Shu F, Wang H, Yuan K, Anovitz LM, Ben Ishai P, Xu P (2025)
Mechanisms of electromagnetic field control on mineral scaling in brackish water reverse osmosis:
Combined homogenous and heterogeneous nucleation. Sep Purif Technol 355:129630.
https://doi.org/10.1016/j.seppur.2024.129630

2. Silva AFR, Lebron YAR, Brasil YL, Lange LC, Amaral MCS (2022) Effect of electrolyte solution
recycling on the potassium recovery from vinasse by integrated electrodialysis and K-struvite

Page 10/20



10.

11.

12.

13.

14.

precipitation processes. Chem Eng J 450:137975. https://doi.org/10.1016/j.cej.2022.137975

. Al-Amshawee S, Yunus MYBM, Azoddein AAM, Hassell DG, Dakhil IH, Hasan HA (2020)

Electrodialysis desalination for water and wastewater: A review. Chem Eng J 380:122231.
https://doi.org/10.1016/j.cej.2019.122231

. Yang X, Li J, Qu W, Wang W, Wang P, Ma J (2025) Bibliometrics and systematic reviews: Recent

development and prospects of electrode materials for capacitive deionization. Desalination
599:118450. https://doi.org/10.1016/j.desal.2024.118450

. Cai Y, Zhao X, Wang Y, Ma D, Xu S (2020) Enhanced desalination performance utilizing sulfonated

carbon nanotube in the flow-electrode capacitive deionization process. Sep Purif Technol
237:116381. https://doi.org/10.1016/j.seppur.2019.116381

. Dingfei Deng D, Deng MK, Luhasile MK, Luhasile H, Li H, Li Q, Pan Q, Pan F, Zheng F, Zheng Y, Wang Y,

Wang (2022) A novel layered activated carbon with rapid ion transport through chemical activation
of chestnut inner shell for capacitive deionization, Desalination 115685-115685.
https://doi.org/10.1016/j.desal.2022.115685

. Alsultan A, Alkhaldi A, Alsaikhan K, Li J, Xie R, Peng Z (2023) Surface-treated carbon black for

durable, efficient, continuous flow electrode capacitive deionization. Sep Purif Technol 313:123444.
https://doi.org/10.1016/j.seppur.2023.123444

. Jiang Y-X, Zhang W-C, Deng Y-M, Cao J-X, Asare JA, Alhassan SI, Zhang F-L, Wang P, Wang H-Y

(2025) The electrode materials in flow-electrode capacitive deionization desalination: a mini review.
Rare Met 44:4551-4570. https://doi.org/10.1007/s12598-024-03215-5

. Liu Q, Xie B, Xiao D (2022) High efficient and continuous recovery of iodine in saline wastewater by

flow-electrode capacitive deionization. Sep Purif Technol 296:121419.
https://doi.org/10.1016/j.seppur.2022.121419

Jin G, Zhu Q, Guo J, Zhang L, Xu X, Yang P (2025) Carbon particle aggregation for enhanced flow
capacitive deionization. Chem Commun 61:15610-15613. https://doi.org/10.1039/D5CC03868E

SunY, Cheng Y, Yu F, Ma J (2021) Enhanced salt removal performance using graphene-modified
sodium vanadium fluorophosphate in flow electrode capacitive deionization. ACS Appl Mater
Interfaces 13:53850-53858. https://doi.org/10.1021/acsami.1c15205

Cai Y, Zhao F, Zhao J, Wang Y (2024) Flexible construction of three-dimensional continuous
conductive structure by hollow carbon sphere and CNT for promoted ions transport in flow-
electrode capacitive deionization. Sep Purif Technol 337:126405.
https://doi.org/10.1016/j.seppur.2024.126405

Ma D, Fan C, Chen P, Liu R, Wang Y, Jiao M, Wang J, Li Z, Yin X, Ji L, Li H (2026) A dot-line lap
CNTs@ZIF-67 composite enhances desalination efficiency via CoN mediated ion-adsorption in flow
capacitive deionization. Chem Eng J 529:172853. https://doi.org/10.1016/j.cej.2026.172853
Mishra B, Biswal S, Tripathi BP (2024) Spinel Nickel Ferrite on Metal-0Organic Framework-Derived
Porous Carbon as a Robust Faradaic Electrode for Enhanced Flow Capacitive Deionization. Environ
Sci Technol Lett. https://doi.org/10.1021/acs.estlett.4c00374. acs.estlett.4c00374

Page 11/20



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Qiao X, Ma R, Li H, Yang D, Yu X, Yang Q, Xiao Z, Zhao X, Zhang S, Wang Z (2026) MXene/LiFePO,
heterostructure for lithium recovery in flow-electrode capacitive deionization. Chem Eng J
544:178758. https://doi.org/10.1016/j.cej.2026.178758

Ma NAQ, Luo W, Jia D, Guo N, Xu M, Ai L, Leng C, Wang L (2026) Bismuth Nanoparticles
Encapsulated in Nitrogen-Doped Carbon Hierarchical Porous Spheres as a Chloride lon Capturing
Electrode for Capacitive Deionization, ACS Appl. Energy Mater. acsaem.5c04115.
https://doi.org/10.1021/acsaem.5c04115

Liu B, Pang F, Xu X, Yang D, Yu X, Yang S, Hao J, Khaorapapong N, Xiao Z, Zhao X, Yamauchi Y, Zhang
S (2026) Heterointerface Engineering of Bismuth Nanosheets/Nitrogen-Doped Carbon Nanoleaves
Enables High—Performance Electrochemical Dechlorination. Adv Sci 13:€75448.
https://doi.org/10.1002/advs.75448

Prasanna SB, Lyu J-L, Lee Y-L, Chung R-J, Ku H, Chen P-C (2026) Parylene-C templated synthesis of
hierarchical bismuth nanoflowers for reversible chloride-ion storage. Chem Eng J 534:175204.
https://doi.org/10.1016/j.cej.2026.175204

Wang Z, Guo Z, Ma Q, Shen G, Xiao B, Zhang L, Li Q, Liu Y, Yuan X (2024) Combining Bismuth
nanoclusters embedded 3D carbon nanofiber Aerogels: Towards fast and ultra-durable faradic
capacitive deionization. Chem Eng J 482:149028. https://doi.org/10.1016/j.cej.2024.149028

Yu Y (2021) Bismuth nanoparticles@carbon composite as a stable and high capacity anode for
high-voltage bismuth-manganese batteries. Energy Storage Mater.
https://doi.org/10.1016/j.ensm.2021.06.042

Chen R, Deng X, Wang C, Du J, Zhao Z, Shi W, Cui F, Zhang C (2023) Enhanced desalination
performances by using porous polyaniline-activated carbon composite flow-electrodes in capacitive
deionization system. Desalination 557:116568. https://doi.org/10.1016/j.desal.2023.116568

Deng Z, Lu H, Mo J, Li H, Li Q, Long J, Zhang G, Xie Y, Wang T, Chen J, Zhang W, Xiao T, Deng Y
(2026) Flow—electrode capacitive deionization using citric—acid—modified biochar for efficient
treatment of acidic electroplating wastewater. J Hazard Mater 142487.
https://doi.org/10.1016/j.jhazmat.2026.142487

Guan, Liu M, Liu Y, Yue J, Liu S, Gao W, Liang J (2025) Improved desalination performance of flow-
electrode capacitive deionisation by a novel drop-shape channel. Environ Technol 46:303-313.
https://doi.org/10.1080/09593330.2024.2354124

Ma J, Wang X, Bian Y, Zhang C, Liu C, Niu J, Zhang J, Shen G, Liu J (2022) Novel Current Collector
with Mosquito-Repellent Incense-Shaped Channel of Flow Electrode Capacitive Deionization. ACS
Sustainable Chem Eng 10:4818-4821. https://doi.org/10.1021/acssuschemeng.2c00442

Xiong J, Deng Z, Zhu Z, Jiang G, Qiu Y, Chen M, Mu L, Lu X, Zhu J (2024) Nitrogen-doped porous
carbon with regulated pore structure and surface wettability as flow electrodes for efficient
capacitive deionization. J Electroanal Chem 965:118356.
https://doi.org/10.1016/j.jelechem.2024.118356

Page 12/20



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xie B, Liu Q, Hu C, Li H, Tan G, Xiao D (2023) Enhanced desalination performance in flow electrode
capacitive deionization with nitrogen doped porous carbon. New J Chem 47:8625-8637.
https://doi.org/10.1039/D3NJ00491K

Zou X, Ye S, Ou C, Zheng X, Tian F, Lei D, Wang C (2024) Double-layer carbon coated on the
micrometer bismuth by photothermal effect as anode for high-rate sodium-ion batteries. Energy
Storage Mater 71:103573. https://doi.org/10.1016/j.ensm.2024.103573

Qi B, Wang J, Song Y, Chen R, Li L, Zhao Z (2026) A shielded active core architecture for
multifunctional deionization: Synergistic chlorine capture, robust stability, and intrinsic antibacterial
activity enabled by Ag-Bi@MXene heterointerfaces. Chem Eng J 174768.
https://doi.org/10.1016/j.cej.2026.174768

Cai Y, Zhao F, Zhao J, Wang Y (2024) Flexible construction of three-dimensional continuous
conductive structure by hollow carbon sphere and CNT for promoted ions transport in flow-
electrode capacitive deionization. Sep Purif Technol 337:126405.
https://doi.org/10.1016/j.seppur.2024.126405

Lu S-Y, Yu Y-N, Bao S-J, Liao S-H (2015) In situ synthesis and excellent photocatalytic activity of tiny
Bi decorated bismuth tungstate nanorods. RSC Adv 5:85500—-85505.
https://doi.org/10.1039/C5RA15406E

Qi B, Li Y, LiL, Zhao Z (2025) Enhanced nickel removal by N, S co-doped hierarchical porous biochar
in capacitive deionization process: Performance and application. Chem Eng J 504:158686.
https://doi.org/10.1016/j.cej.2024.158686

Liu J, Wang J, Xu C, Jiang H, Li C, Zhang L, Lin J, Shen ZX (2018) Advanced Energy Storage Devices:

Basic Principles, Analytical Methods, and Rational Materials Design. Adv Sci 5:1700322.
https://doi.org/10.1002/advs.201700322

Saif HM, Gebregeorgis TH, Crespo JG, Pawlowski S (2024) The influence of flow electrode channel
design on flow capacitive deionization performance: Experimental and CFD modelling insights.
Desalination 578:117452. https://doi.org/10.1016/j.desal.2024.117452

Zhang X, Zhou J, Zhou H, Zhang H, Zhao H (2022) Enhanced Desalination Performance by a Novel
Archimedes Spiral Flow Channel for Flow-Electrode Capacitive Deionization. ACS EST Eng 2:1250-
1259. https://doi.org/10.1021/acsestengg.1c00445

Yan L, Annor Asare J, Wu B, Gang H, Wei D, Cao Y, Chen P, Wang H, Huang L (2023) A Hexagonal
Honeycomb-Shaped Flow Channel for High-Efficient Desalination and Flowability in Flow-Electrode
Capacitive Deionization. ACS EST Water 3:2753-2764.
https://doi.org/10.1021/acsestwater.3c00242

Wang Z, Chen X, Zhang Y, Ma J, Lin Z, Abdelkader A, Titirici M-M, Deng L (2025) Locally Enhanced
Flow and Electric Fields Through a Tip Effect for Efficient Flow-Electrode Capacitive Deionization.
Nano-Micro Lett 17. https://doi.org/10.1007/s40820-024-01531-0

Fang H, Jin Y, Li J, Wang J, Wang Y, Deng J, Wang W (2025) Enhancing desalination efficiency via
structurally optimized symmetrical flow channels in flow-electrode capacitive deionization (FCDI),

Page 13/20



Separation and Purification Technology 365 132622. https://doi.org/10.1016/j.seppur.2025.132622

Schemes

Scheme 1 is available in the Supplementary Files section
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Figure 1

Design strategy of Bi@NSC composite flow electrode for enhanced FCDI desalination. Schematic
illustration of (a) conventional carbon-based flow electrode relying mainly on capacitive charge storage
and (b) Bi@NSC flow electrode integrating coupled capacitive and Faradaic charge storage.
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Figure 2

Structural and morphological characterization of Bi@NSC. (a) XRD pattern; (b, c) SEM images at different
magpnifications; (d) TEM image; (¢) STEM image of the selected region for elemental mapping; and (f-i)
corresponding EDS elemental mappings of C, Bi, N, and S, respectively.
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Figure 3

Electrochemical charge-storage behavior and pseudocapacitive contribution of Bi@NSC electrode: (a)
CV curves at different scan rates; (b) relationship between peak current and scan rate; (c) capacitive and
diffusion-controlled charge contributions at different scan rates; and (d) representative separation of
pseudocapacitive contribution at 30 mV s™.
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Figure 4

Effects of flow-field configurations and operating parameters on the NaCl desalination performance of
Bi@NSC-FCDI system: (a,b) Time-dependent conductivity and normalized salt concentration () profiles
under different flow-field configurations (STSC, ASC, and WSC). Experimental conditions: Bi@NSC
concentration of 5 wt%, flow-electrode rate of 20 mL min™, applied voltage of 1.2V, and initial NaCl
concentration of 1000 mg L. (c) Effect of flow electrode rate on desalination performance.
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Experimental conditions: WSC flow channel, Bi@NSC concentration of 5 wt%, applied voltage of 1.2V,

initial NaCl concentration of 1000 mg L, and flow-electrode rates of 5, 10, and 20 mL min™. (d) Effect of
Bi@NSC concentration on desalination performance. Experimental conditions: WSC flow channel, flow-
electrode rate of 20 mL min™, applied voltage of 1.2 V, initial NaCl concentration of 1000 mg L' and
Bi@NSC concentrations of 1, 5, 10, and 20 wt%. (e) Effect of applied voltage on desalination
performance. Experimental conditions: WSC flow channel, Bi@NSC concentration of 5 wt%, flow-

electrode rate of 20 mL min™, initial NaCl concentration of 1000 mg L™, and applied voltages of 0.8, 1.0,
1.2,1.5, and 1.8 V. (f) Effect of initial NaCl concentration on desalination performance. Experimental

conditions: WSC flow channel, BI@NSC concentration of 5 wt%, flow-electrode rate of 20 mL min™,
applied voltage of 1.2 V, and initial NaCl concentrations of 500, 1000, 1500, and 2000 mg L™
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Figure 5

Hydrodynamic regulation of Bi@NSC flow electrode by different channel architectures: (a—c) Simulated
velocity distributions and local magnified flow fields; (d—f) simulated Bi@NSC particle distributions in
STSC, ASC, and WSC channels.
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