P L OYAL SOCIETY
OF CHEMISTRY
Nanoscale -

View Article Online

View Journal | View Issue

\1) B Nanoscale carbonaceous materials via element

hyperaccumulation for electrochemical
desalination application

Cite this: Nanoscale, 2026, 18, 2710
Juan Zhou, Xue-Jing Ma, & * Ashkar Batol, Huan Gou, Jie Feng, Xia-Yue Yuan,
Jun-Hu Liu and Wei-Bin Zhang ‘& *

Developing renewable green electrode materials with outstanding electrochemical properties is essential for
advancing the practical application of flow electrode capacitive deionization (FCDI) technology. This study
introduces an innovative green biosorption approach combined with a carbonization technique to fabricate
self-doped manganese biomass-derived porous carbon. The resulting composite possesses a high specific
surface area of 635.24 m? g, which facilitates the exposure of more active adsorption sites and ion trans-
port pathways. Furthermore, the synergistic interaction between the electric double-layer capacitance of
biomass-derived porous carbon and the pseudocapacitance of transition metal manganese enables the
electrode material to show exceptional electrochemical performance, achieving a specific capacitance of
137.30 F g~ at a current density of 0.25 A g%. When integrated into an FCDI system, the electrode material
reaches a high salt adsorption capacity of 459.51 mg g~* and a high average desalination rate of 9.95 mg g~*
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h~! under identified optimal conditions. Moreover, after extended desalination cycles, the retention rates for
both salt adsorption capacity and average desalination rate remain approximately 70%. Notably, this novel
approach not only paves the way for designing transition metal-doped biomass-derived porous carbon
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1. Introduction

The global shortage of freshwater resources has seriously
threatened the survival and sustainable development of
mankind. Although traditional desalination technologies such
as thermal desalination (flash distillation, multi-effect distilla-
tion or mechanical distillation compression)"? and membrane
desalination (reverse osmosis or electrodialysis)>* have alle-
viated the pressure on freshwater demand to some extent, they
still have problems such as high operating costs, consumption
of huge amounts of energy and potential secondary pollution.’
Therefore, the research and development of seawater desalina-
tion technology with excellent desalination performance, sig-
nificant cost advantages and good environmental compatibil-
ity have become a technical bottleneck that needs to be over-
come in the current water treatment field.

Capacitive deionization (CDI) technology achieves seawater
desalination through electrical energy-driven chemical reac-
tions® and has been widely developed because of its advan-
tages of energy saving, environmental protection, flexible scale
and no secondary pollution. However, it is found that there is
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materials but also contributes to mitigating environmental pollution caused by manganese metals.

an obvious bottleneck in the deionization capacity of fixed
electrode CDI cells, and the collector size limits the number of
active electrodes, which directly affects the overall performance
of the system. In addition, the traditional CDI systems face the
technical problem of electrode saturation, which often requires
intermittent regeneration of electrodes by short circuit or
application of a reverse voltage,” which increases the complex-
ity of system operation and reduces the efficiency of desalina-
tion. To alleviate such a problem, Jeon et al.® developed the
flow electrode capacitive deionization (FCDI) in 2013 with the
aim of addressing the limitations of conventional deionization
techniques. The technology uses flow electrodes instead of
conventional solid electrodes, and the electrode slurry enters
the FCDI unit through a serpentine channel in the collector.
The intermediate chamber, which treats the brine, is physically
separated from the electrode chambers on both sides by an
ion exchange membrane. Under the action of an electric field,
salt ions in the intermediate chamber migrate directionally to
the electrode chamber through the anion exchange membrane
and are subsequently adsorbed on the flowing electrode par-
ticles, thus effectively reducing the salinity of the effluent solu-
tion. After the adsorption process is completed, the electrode
can be regenerated by applying a reverse potential. This tech-
nological breakthrough solves the key problems of traditional
electrodes, such as easy saturation and low regeneration
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efficiency, and provides a new technological path for efficient
seawater desalination.’

In the field of FCDI, carbon-based materials such as acti-
vated carbon (AC), carbon nanotubes, carbon nanofibers and
graphene occupy an important position in electrochemistry by
virtue of their excellent electrochemical stability, outstanding
electrical conductivity and unique structure.'® However, these
materials face a number of challenges in practical appli-
cations. Their single structure makes it difficult to achieve sat-
isfactory electrochemical performance, and the pore structure
modulation process is complicated and expensive, which
seriously restrict the large-scale application of carbon-based
materials. In recent years, renewable biomass-derived carbon
materials in the field of flow electrode capacitive deionization
have been subjected to increasingly in-depth research; their
large specific surface areas for ion adsorption provide
sufficient active sites, their adjustable pore size structures help
achieve selective ion transport, their excellent chemical stabi-
lity ensures that they withstand long term use in a complex
aqueous environment, and this kind of material is inexpensive
and easy to process, laying the foundation for large-scale appli-
cations."" Furthermore, the unique structure and the presence
of heteroatoms (N, S, B and P) in biomass resources have also
been shown to enhance ion storage performance by improving
the wettability and conductivity of materials, and providing
additional pseudocapacitance and defective structures.'>™*
Unfortunately, bare biomass-derived porous carbon materials
are limited by the double layer capacitance energy storage
mechanism, which results in a single process of charge
accumulation at the electrode interface, making it impossible
to achieve satisfactory specific capacitance performance.'® A
large number of studies have proved that by introducing
pseudocapacitors with Faraday reaction or reversible redox pro-
perties into porous carbon materials, the synergistic effect of
electric double-layer capacitance and pseudocapacitance can
be effectively realized, and the specific capacitance perform-
ance of the materials can be significantly improved."”*°

On the other hand, transition metal oxides (TMO) are
pseudocapacitive materials with great development potential.
Among them, the typical MnO is highly valued in the field of
FCDI due to its reversible faradaic reaction, high theoretical
specific capacitance, low production cost, wide potential
window®® and wide natural availability. However, despite the
good performance of MnO,. electrode materials, their inherent
low conductivity severely limits the electron transfer efficiency,
and the slow ion diffusion kinetics during charge/discharge
cycling further aggravates the degradation of the material pro-
perties, which will limit their practical applications in the field
of electrochemical energy storage.”’ Therefore, it has been
shown that the synergistic effect between the transition metal
manganese oxide and porous carbon materials can not only
improve the conductivity, but also provide a channel for
charge transport, so as to obtain excellent electrochemical pro-
perties. Van Lam et al.>* used a laser scribing technique to
convert Mn-based metal-organic frameworks EG-MOF-74(Mn)
into pseudocapacitance hybridized MnO/Mn,C; materials,
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exploiting the synergistic effect generated between MnO/
Mn,C; nanoparticles and graphitic carbon, resulting in com-
posites that exhibit significant advantages in electrochemical
performance, with electrochemical specific capacitances as
high as 403 F g~ and excellent cycling stability. Han et al.*®
successfully synthesized hierarchical porous manganese oxide/
carbon (MnO/C) microsphere materials using a combination
of chemical solution and high-temperature pyrolysis tech-
niques. The material was optimized to exhibit excellent electro-
chemical properties, with a specific capacitance of 378 F g™ at
a 0.1 A g' current density, and its cycling stability was out-
standing, with a capacitance retention of 96.66% after 1000
cycles at a 1 A g~ ' current density. Li et al.>* used the KOH acti-
vation technique to construct the porous structure, combined
with the hydrothermal method to successfully load manganese
oxides onto the surface of biomass porous carbon, and pre-
pared the manganese oxide/biomass porous carbon compo-
sites. The electrochemical performance test shows that the
composite exhibits excellent capacitance characteristics in the
three-electrode system, and its specific capacitance value reaches
482 F g' at a 0.5 A g " current density. Zhao et al.*® first carbo-
nized grapefruit peel into biomass carbon, and then prepared
sea urchin manganese-like manganese/biomass composites with
porosity and high specific surface area (SSA) by hydrothermal
reaction with potassium permanganate. The electrochemical
specific capacitance of the electrode can be as high as 205.5 F
g1 at 0.5 A g™", and it also exhibits good long cycling capability
after 4000 charge-discharge cycles. However, although it can be
proved that the manganese oxide loading can effectively increase
the specific capacitance, there are still some problems, such as
low efficiency, irregular structure and uncontrollable loading of
manganese oxide on porous carbon materials, which will directly
affect the electrochemical properties of the materials.'®**?*
Therefore, a simple, efficient and green method was found to
prepare manganese oxide and biomass-derived carbon compo-
sites. Fortunately, the superaccumulation properties of plants
can effectively convert manganese ions into organic salts to
accumulate in cells, which can subsequently be used to prepare
manganese self-doped biomass-derived carbons.>**’

At the same time, the demand for manganese continues to
rise as a result of rapid economic development, and the
problem of water pollution caused by the over-exploitation of
manganese ore resources is becoming more and more promi-
nent.?® Therefore, controlling and mitigating the pollution of
heavy metal manganese to water resources has also become an
urgent problem to be solved. The results show that the use of
phytoremediation in biological methods can not only save
costs, but also effectively deal with manganese pollution.
Through existing research, it has been proved that leafy herbs
are the most heavily enriched and polluted plants with heavy
metals,?*?° while Epipremnum aureum (EA) as a typical orna-
mental plant in hydroponics shows rapid growth and pos-
sesses a rich void structure which are of significant advantage
in the process of manganese enrichment. This plant can
efficiently adsorb manganese ions in the aqueous environment
through its rich void network while maintaining the integrity
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of the original pore structure. In view of this, we chose EA as a
carrier for super-enriched manganese, and used its super-
accumulation characteristics to convert manganese ions into
organic salts and accumulate them in cells, and then in situ
doped biomass-derived carbon composites with manganese.
In this work, EA was initially cultured in an aqueous
manganese nitrate solution at a concentration of 0.02 M to
enrich the manganese elements, and then carbonized to
obtain in situ manganese-doped porous carbon Mn@EAC. The
prepared composites demonstrated a synergistic effect
between the electric double-layer capacitance of biochar and
the pseudocapacitance of manganese, leading to superior
electrochemical performance and long-term desalination
cycling stability. This research result not only provides new
ideas for the design of transition metal-modified biomass-
derived porous carbon materials, but also opens up an innova-
tive way to solve the problem of high value-added utilization of
biomass and heavy metal manganese in water pollution.

2. Experimental and characterization
2.1. Biosynthesis and characterization of materials

The schematic diagram of the preparation process of
Mn@EAC-x (x means x days) is shown in Fig. 1. EA with a
similar growth status was selected for the experiment, and was
cultured in a deionized water environment for 10 days before
being transferred to 200 mL of manganese nitrate solution with
a concentration of 0.02 M for secondary culture. Samples were
taken at 10-day intervals, and the stem and leaf parts of the
plants were collected, washed several times with deionized
water, and then placed in a constant temperature oven at 60 °C
for 48 h of drying treatment. Subsequently, the samples were
placed in a tube furnace and heated to 500 °C for 1 h of pre-car-
bonization at a rate of 5 °C min™ under a N, protective atmo-
sphere, followed by heating to 800 °C for 2 h of final carboniz-
ation. The resulting product was washed to neutrality with de-
ionized water and then dried at 60 °C for 24 h to obtain in situ
manganese-doped biomass-derived carbon (Mn@EAC-x).

The manganese content in Mn@EAC-x was analyzed using
an inductively coupled plasma spectrometer (ICP-OES, Agilent
5110). The crystal structures of active carbon (AC) and
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Mn@EAC-x were determined using an X-ray diffractometer
(XRD, Anton Paar XRDynamic500, Austria). The wettability of
AC and Mn@EAC-x was analyzed by a contact angle test. The
morphology and element distribution were studied using a
scanning electron microscope (SEM, ZEISS Sigma 360,
Germany) and a transmission electron microscope (TEM, JEOL
JEM 2100F, Japan) equipped with an energy dispersive spectro-
meter. The specific surface area and pore size distribution of
the material were analyzed using an automatic specific surface
area and porosity analyzer (BET, Micromeritics ASAP2460).
Raman spectroscopy was performed using a Raman spectro-
meter (Renishaw inVia, UK) with a laser wavelength of 532 nm.

2.2. Electrochemical measurement and deionization
performance

First, the active material Mn@EAC-x/AC, the binder
polytetrafluoroethylene (PTFE), and the conductive additive
graphite powder were weighed at a mass ratio of 8:1:1, with
the active material mass being 8 mg. The mixture was
thoroughly ground to homogeneity, and an appropriate
amount of N-methyl-2-pyrrolidone (NMP) was added dropwise
with stirring until a uniform slurry formed. This slurry was
then uniformly coated onto a graphite sheet (1 cm x 1 cm) and
transferred to a constant temperature oven at 60 °C for over-
night drying. After drying, the material was densified using a
pressing pressure of 10 MPa to obtain a working electrode with
a stable structure. Finally, a three-electrode system was
assembled with an Ag/AgCl reference electrode, a Pt counter
electrode and a prepared working electrode, and the electro-
chemical properties (CV, GCD, and EIS) of the electrode
materials were tested using a Shanghai Chenhua CHI660E
electrochemical workstation. The CV test was conducted at
different scan rates between —1 V and 1 V, and the areal
specific capacitance (Cy, F g7) in the cyclic voltammetry test
was calculated according to eqn (1):*

~ Jidv
T 2AVIMWY

(1)

C

where C; is the areal specific capacitance of the electrode (F
g™, i is the applied current (A), AV is the voltage window of
the CV curve (V), m is the effective mass of the active material
on the electrode sheet (g), and v is the scan rate.
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Botanical name: Epipremnum aureum. Source of the Mn?*(aq.): 0.02 M aqueous Mn(NO0,), simulated wastewater.

Growth temperature: R.T.

Fig. 1 Schematic diagram of the preparation process of MNn@EAC-x.
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The GCD was tested at different current densities between
—1 Vand 0 V in terms of voltage. Eqn (2) was used to deter-
mine the specific capacitance (C,, F g7) in the charge-dis-
charge test with a constant current:

IAt

Cz - (2)

T mAV

where C, is the specific capacitance of the electrode (F g™'), I
is the current response (A), At is the discharge time (s), m is
the effective mass of the active material on the electrode sheet
(g), and AV is the scanning potential range.

The detailed schematic of the working principle of the
FCDI system is illustrated in Fig. S1. Firstly, the mobile elec-
trode was dispersed in an aqueous solution of NaCl (500 mg
L™, 100 mL), stirred magnetically for 2 h, and the content of
the mobile electrode was selected as 60-100 mg, and secondly,
the aqueous solution of NaCl of the same concentration was
configured as the simulated seawater, and then two peristaltic
pumps were used to circulate the mobile electrode and simu-
lated seawater at different operating voltages (0.8-1.3 V) at the
same electrode flow rate (15-35 mL min~"). Finally, the con-
ductivity change of simulated seawater was monitored and
recorded in real time using a conductivity meter (DDSJ-319L,
Shanghai Leici). The salt adsorption capacity (I') and average
desalination rate (¢) of the electrode materials can be calcu-
lated using eqn (2) and (3), respectively:**

o= (GO,;AGtt)V (4)

where I is the salt adsorption capacity (mg g™), ¢ is the desali-
nation efficiency (mg g~* h™), G, and G, are the initial and
final NaCl concentrations (mg L"), V is the total volume of the
salt solution (L), m is the effective mass of the active material
in the flow electrode (g), and At is the charging time (h).

3. Results and discussion

3.1. Microstructures of the materials

The structures of the AC and Mn@EAC-x have been character-
ized by XRD, as shown in Fig. 2a; all materials exhibited two
wide diffraction peaks, corresponding to the (002) and (100)
crystal planes of graphitic carbon, respectively, revealing that
the prepared Mn@EAC-x has a typical amorphous carbon
structure.”® Fig. 2d shows the Raman tests of AC and
Mn@EAC-x materials, and it can be seen that all the samples
present characteristic peaks at 1340 cm™ and 1600 cm™,
which correspond to the D and G bands of the carbon
materials, respectively, where the D band indicates the sp®
hybridized carbon structure or edge defects, and the G band
indicates the in-plane vibration modes of the sp® hybridized
carbon atoms.>® Finally, the graphitization characteristics of
the materials were quantitatively evaluated by calculating the
intensity ratio of the D to G bands (Ip/Ig). The measured Ip/I
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values for AC, Mn@EAC-0, Mn@EAC-30, and Mn@EAC-40 were
0.9818, 0.9972, 0.9954, and 0.9882, respectively. This trend
indicates that during the hydroponic process of EA, the
absorbed manganese ions functioned as catalysts in the sub-
sequent pyrolysis, facilitating the transformation of amor-
phous carbon into an ordered graphitic structure and thereby
enhancing the graphitization degree of the material. The
improved graphitization endows the materials with excellent
electrical conductivity, which ensures faster electron transfer
and more efficient ion adsorption/desorption kinetics in the
FCDI process, ultimately leading to significantly enhanced
desalination efficiency of the FCDI system. The amount of
manganese doped in the composites was then determined by
ICP-OES, and as shown in Fig. 2e, the manganese content in
the composites increased with the extension of the incubation
time. The manganese content gradually accumulated from
113.57 mg kg™* on day 0 to 609.98 mg kg™* on day 40.

To thoroughly elucidate the regulatory effect of hyperaccu-
mulation on the porous structure of the materials, this study
conducted quantitative analysis of the specific surface area
and pore size distribution of the Mn@EAC-x series through
systematic N, adsorption-desorption tests (relevant data are
detailed in Table S1). As shown in Fig. 2b and S2, the iso-
therms of all materials exhibit typical type IV characteristics,
with distinct hysteresis loops observed in the relative pressure
(P/Py) range of 0.4-0.9, indicating the presence of a typical
mesoporous structure in the materials.*® As can be observed,
with the extension of manganese hyperaccumulation time, the
pore structure of the materials exhibits a significant evolution-
ary trend: first, the specific surface area of Mn@EAC-0
(without manganese addition) after hyperaccumulation treat-
ment is only 433.81 m® g~'. With increasing manganese
enrichment, the specific surface areas of Mn@EAC-10,
Mn@EAC-20, and Mn@EAC-30 gradually increase to 516.37 m?>
g7, 619.82 m® g7, and the highest value of 635.24 m> g/,
respectively. This trend positively correlates with the manga-
nese content determined by ICP-OES, indicating that manga-
nese species play an in situ pore-forming role during pyrolysis.
However, when the enrichment time extends to 40 days
(Mn@EAC-40), the specific surface area decreases to 489.74 m>
g7, suggesting that excessive manganese may lead to pore
blockage or structural collapse. Subsequently, the pore size
distribution curve calculated using the BJH model (Fig. 2c)
shows that Mn@EAC-30 exhibits a concentrated pore size dis-
tribution within the 2-5 nm range, with an average pore size of
3.36 nm. This size falls within the typical mesoporous range
(2-50 nm) and is particularly conducive to the rapid diffusion
and adsorption of hydrated Na* and CI™ ions.

Finally, the contact angle test demonstrated that the degree
of manganese enrichment in the biomass char materials sig-
nificantly affects the surface wetting properties of the compo-
sites. The experimental data show (see Fig. 2f and Fig. S3) that
the contact angle of Mn@EAC-30 is significantly lower than
those of other Mn@EAC-x composites, indicating that the
material has excellent hydrophilic properties. The enhance-
ment of the surface wettability of the material contributes to
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Fig. 2 Characterization of the physical properties of the materials. (a) X-ray diffraction (XRD) analysis of AC and Mn@EAC-x; (b and c) nitrogen
adsorption—desorption isotherm and pore size distribution of MN@EAC-30; (d) Raman spectroscopy analysis of AC and Mn@EAC-x; (e) inductively
coupled plasma optical emission spectroscopy (ICP-OES) elemental content analysis of Mn@EAC-x; and (f) contact angle test of MN@EAC-x.

the uniform dispersion of the self-doped manganese biomass-
derived carbon material in the flowing electrode system, which
in turn effectively inhibits the deposition of the electrode
material in the delivery pipeline and the collector device, and
thus improves its desalination performance.®®

Fig. 3 and S4 present the scanning electron microscopy
(SEM) images of AC and Mn@EAC-x composites with varying
manganese doping levels. The AC sample (Fig. S4a) exhibits a
typical activated carbon morphology, characterized by uneven
pore distribution and disordered pore structures. In contrast,
the Mn@EAC-x series (Fig. 3a and Fig. S4b-e) displays more
abundant and well-organized hollow straight pore structures.
The formation of such structures can be attributed to the pres-
ervation of the plant template’s biological architecture during
carbonization and the pore-forming effect induced by manga-
nese species. With increasing manganese doping (from
Mn@EAC-0 to Mn@EAC-40), the pore structures of the
materials show a clear evolution trend: Mn@EAC-0 retains the
microporous framework of the biomass precursor (Fig. S4b);
Mn@EAC-10 and Mn@EAC-20 (Fig. S4c and d) show uniformly
dispersed manganese oxide nanoparticles on the pore sur-
faces, which partially fill the original pores and promote the
formation of new mesoporous structures; Mn@EAC-30
(Fig. 3a) exhibits the most optimized pore structure, with
smooth pore walls and a uniformly distributed mesoporous
structure, facilitating rapid electrolyte infiltration and ion
transport. Notably, when the doping level further increases to
Mn@EAC-40 (Fig. S4e), significant agglomeration of manga-
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nese particles is observed, accompanied by partial collapse of
the pore structure, which may explain the decrease in specific
surface area and electrochemical performance.

Transmission electron microscopy (TEM) analysis further
supports these findings. The TEM images of Mn@EAC-30
(Fig. 3b and c) reveal a typical amorphous porous structure,
with no distinct lattice fringes observed in high-resolution
images, indicating that the manganese species predominantly
exist in an amorphous or nanocrystalline form. Selected area
electron diffraction (SAED) patterns exhibit diffuse ring fea-
tures (inset), further confirming the amorphous nature of the
material. These morphological characteristics are highly con-
sistent with the broad diffraction peaks in the XRD patterns
and the high specific surface area (635.24 m*> g~') and meso-
pore-dominated pore size distribution determined by BET
measurements. Together, these results demonstrate that
manganese doping effectively modulates the pore structure of
biomass-derived carbon, providing a structural foundation for
its excellent electrochemical performance and desalination
capabilities. Immediately after that, the elemental distribution
of the Mn@EAC-30 composite was characterized by EDS, as
shown in Fig. 3d, and the test results indicated that the three
elements C, O, and Mn showed a homogeneous distribution in
the material.

3.2. Electrochemical properties

The electrochemical performance of AC and Mn@EAC-x was
evaluated using a three-electrode system in 1 M NacCl solution

This journal is © The Royal Society of Chemistry 2026
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Manganese

Fig. 3 Morphological analysis of the Mn@EAC-30 material. (a) Scanning Electron Microscopy (SEM) image; (b and c) transmission electron
microscopy (TEM) images; and (d) energy dispersive spectroscopy (EDS) elemental mapping image.

(as shown in Fig. 4 and S5). Fig. 4a shows the CV curves of
Mn@EAC-30 at different scan rates from 5 to 50 mV s~ . It is
observed that all the CV curves show a symmetric quasi-rec-
tangular morphology as the scan rate is increased, which
suggests a typical bilayer capacitance property. Subsequently,
GCD tests were performed on the Mn@EAC-30 material, as
shown in Fig. 4b and Table S2, and their charge/discharge
curves showed a symmetric morphology of approximate tri-
angles, confirming that the electrode material possesses excel-

lent charge transport properties with good electrochemical
reversibility. The calculated specific capacitances of materials
AC, Mn@EAC-0, Mn@EAC-10, Mn@EAC-20, and Mn@EAC-30
at a current density of 0.25 A g~ are 176.03 F g™, 120.91 F g/,
90.23 F ¢7', 106.38 F g%, and 137.30 F g™, respectively.
Furthermore, the electrochemical behaviour of AC and
Mn@EAC-x was investigated by cyclic voltammetry at a scan
rate of 5 mV s™*. As shown in Fig. 4c, the area enclosed by the
CV curves tends to increase with the increase of the doped Mn
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Fig. 4 Electrochemical performance and desalination performance testing of the materials. (a) Cyclic voltammetry (CV) curves of MN@QEAC-30 at
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efficiency of AC and Mn@EAC-x.
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content. This phenomenon is mainly attributed to the enrich-
ment effect of EA on manganese and the synergistic effect
between the biomass-derived carbon material and the doped
manganese, which work together to significantly improve the
electrochemical performance of Mn@EAC-x. Finally, in order
to deeply investigate the kinetic characteristics of the self-
doped manganese biomass-derived carbon material,>” we per-
formed EIS tests, and the results are displayed in Fig. 4d.
Compared with the commercial AC material, the prepared
Mn@EAC-x material showed a significant decrease in the
charge transfer resistance and a reduction in the ion diffusion
internal resistance, suggesting that the material is a promising
electrode material for FCDI.

According to the previous characterization and electro-
chemical tests, with the increase of manganese doping in
biomass-derived carbon materials, the specific surface area
and specific capacitance of the composites are significantly
increased, and the charge impedance is also significantly
reduced. Here, AC is used for comparison at an operating
voltage of 1.0 V, an AC/Mn@EAC-x content of 80 mg, and an
electrode flow rate of 15 ml min~". The desalination properties
of Mn@EAC-x materials obtained under different cultivation
period conditions were investigated. According to the experi-
mental data in Fig. 4e and f, with the increase of manganese
doping, the desalination capacity of the obtained Mn@EAC-x
gradually increases, and its performance reaches the best level
at 30 days, and its salt adsorption capacity and average desali-
nation rate reach 266.58 mg g ' and 5.55 mg g ' h7},
respectively.

However, with further increase in manganese doping, the
performance decreases sharply, which may be attributed to the
synergistic effect of pore blockage and specific surface area
attenuation induced by excessive manganese doping. Analysis
of the existing characterization data reveals that although
Mn@EAC-40 possesses the highest manganese content
(609.98 mg kg ™), its specific surface area (489.74 m” g™') is
significantly lower than that of Mn@EAC-30. This seemingly
paradoxical phenomenon precisely reveals the internal mecha-
nism of performance degradation - excessive manganese
species may form larger-sized clusters during the carboniz-
ation process. These clusters not only fail to effectively contrib-
ute active sites but also block the crucial mesoporous chan-
nels, thereby directly reducing the specific surface area avail-
able for ion adsorption, significantly increasing the ion
diffusion resistance within the channels, and hindering ade-
quate contact between the electrolyte and internal active sites.
Therefore, when manganese doping exceeds the optimal level
(30 days), the combined effects of mass transfer limitations
caused by pore blockage and specific surface area attenuation
outweigh the benefits, ultimately leading to the sharp decline
in performance. Thus, the Mn@EAC-30 prepared from EA with
a culture time of 30 days was selected for subsequent research.

3.3. Desalination performance

To investigate the desalination performance of the
Mn@EAC-30 electrode in the FCDI system, we carried out desa-
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lination experiments under different electrode -contents,
working voltages, electrode flow rates and salt solution concen-
trations, and analyzed the difference of seawater desalination
performances. Firstly, the effects of different electrode con-
tents on the desalination performance of the FCDI system
were discussed. As shown in Fig. 5a and b, with the increase of
electrode content, the conductivity of the Mn@EAC-30 elec-
trode material decreases continuously in a constant time, but
its salt adsorption capacity and average desalination rate
increase first and then decrease. This is because the density of
active adsorption sites in the system increases with the
increase of electrode content, the collision between active
material particles is more frequent, and electrons can move
more easily between particles, so the desalination performance
will be better. However, when the electrode content is exces-
sively high, its viscosity will increase accordingly, which will
lead to the partial deposition of the active material in the hose
and current collector, which will reduce the mobility of the
ions and limit the transfer of charge, and is not conducive to
the regeneration of the electrode material. Therefore, the
system exhibited optimal desalination performance when the
electrode loading reached 80 mg, specifically demonstrated by
a salt adsorption capacity of up to 266.58 mg g™, with an
average desalination rate stabilizing at 5.55 mg ¢~* h™".

Secondly, the working potential is a key parameter for the
formation of the EDL and an important parameter affecting
the operation of FCDI. Therefore, this study systematically
examined the variations in the desalination performance of
the FCDI system under different operating potential con-
ditions. As shown in Fig. 5c and d, with the increase of the
working voltage, the conductivity of simulated seawater
decreases significantly, and the driving force of the ion
migration of the Mn@EAC-30 flow electrode also increases. As
the operating voltage increased from 0.8 V to 1.2 V, the salt
adsorption capacity and average desalination rate of the
Mn@EAC-30 flow electrode exhibited a significant linear
growth trend. However, when the voltage continues to increase
to 1.3 V, the upward trend of the desalination performance of
the FCDI system is significantly reduced. At the same time, the
increase of the input power of the FCDI system will inevitably
lead to an increase in energy consumption. Therefore, it is not
wise to continue to increase the working potential in order to
improve the desalination efficiency. Therefore, 1.2 V is selected
as the appropriate voltage for subsequent experiments.

It is well known that the degree of turbulence of the flow
electrode is closely related to its flow velocity. Increasing the
relative motion between particles can improve the stability of
the conductive network. As depicted in Fig. 5e and f, the
experimental findings demonstrate that the electrode flow rate
exerts a considerable influence on the seawater desalination
efficacy of Mn@EAC-30. When the electrode flow rate is
increased to 25 mL min~", the system desalination perform-
ance reaches its optimal value, at which point the salt adsorp-
tion capacity reaches 357.08 mg g¢~' and the average desalina-
tion rate increases to 7.38 mg g~ " h™". This is because within a
certain range, the increase of the current flow rate can reduce

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 The FCDI desalination performance of MN@EAC-30 in a 500 mg L™ NaCl solution. (a and b) The impact of varying electrode solid contents
on desalination efficiency with an applied electrode potential of 1.0 V, an electrode flow rate of 15 mL min~* and a salt solution concentration of
500 mg L™ (c and d) the influence of different applied voltages on desalination performance with the flowing electrode solid content of 80 mg, an
electrode flow rate of 15 mL min~* and a salt solution concentration of 500 mg L™%; (e and f) the effect of varying electrode flow rates on the desali-
nation process with the flowing electrode solid content of 80 mg, an applied electrode potential of 1.0 V, and the salt solution concentration of
500 mg L (g and h) The effect of salt solution concentration on the desalination process with the flowing electrode solid content of 80 mg, an

applied electrode potential of 1.0 V, and an electrode flow rate of 15 mL min™.

the transfer resistance between electrons, thereby promoting
the charge transfer rate between electrode particles and within
the electrode flow channels, and ultimately enhancing the
desalination efficiency of the FCDI system. When the electrode
flow rate continues to increase, the diffusion path of ions in
the solution is extended accordingly. Meanwhile, the wear
effect of the high flow rate on the peristaltic pump and the ion
exchange membrane cannot be ignored. So it will have a
greater impact on the seawater desalination performance of
the FCDI system.

Finally, to systematically evaluate the applicability of the
Mn@EAC-30 electrode in actual water bodies, this study inves-
tigated the effect of salt solution concentration on its FCDI
desalination performance. As shown in Fig. 5g, as the NaCl
solution concentration increased from 250 mg L™" to 1000 mg
L™, the system conductivity exhibited a stepwise decline, with
a more pronounced rate of decrease in the higher concen-
tration range, indicating enhanced ion migration driving force
at elevated salinity levels. The results in Fig. 5h demonstrate
that both the salt adsorption capacity and average desalination
rate of Mn@EAC-30 significantly improved with increasing
influent salt concentration. Specifically, at 250 mg L™", the salt
adsorption capacity was 230 mg g~ ', and the average desalina-
tion rate was 4.83 mg g~' h™'; when the concentration was
raised to 500 mg L™", the salt adsorption capacity increased to
266.58 mg g~ ', with a desalination rate of 5.55 mg g~' h™;
and at a further elevated concentration of 1000 mg L™, the
salt adsorption capacity reached 407.5 mg g™, accompanied
by a desalination rate of 8.55 mg ¢~ " h™". This trend aligns
with electric double-layer theory and ion transport kinetics:
higher ion concentrations provide stronger electrochemical

This journal is © The Royal Society of Chemistry 2026
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driving forces, promoting the formation of electric double
layers on the electrode surface and enhancing ion adsorption,
thereby improving desalination efficiency. These findings indi-
cate that the Mn@EAC-30 electrode exhibits favorable concen-
tration adaptability across a relatively broad salinity range
(250-1000 mg L), particularly suited for desalination treat-
ment of medium-to-high salinity water bodies, providing
experimental support for its practical applications in seawater
desalination and high-salinity wastewater reuse.

Additionally, this study systematically investigated the stabi-
lity performance of the Mn@EAC-30 flow electrode during
long-term continuous cycling in an FCDI system. The specific
experimental conditions were as follows: a NaCl solution con-
centration of 500 mg L™, an operating voltage of 1.2 V, an elec-
trode flow rate of 25 mL min~', and a Mn@EAC-30 solid
content in the flow electrode of 80 mg. In Fig. 6, the
Mn@EAC-30 flow electrode shows good operational consist-
ency over five consecutive desalination cycles, with both its
salt adsorption capacity and average desalination rate main-
tained at approximately 70% of their initial values.

It is noteworthy that the desalination performance of the
material still experienced a certain degree of decay during the
cycling process. To elucidate the mechanism behind this per-
formance decline, scanning electron microscopy (SEM) and
contact angle tests were conducted on the cycled material
(results shown in Fig. S6). SEM images revealed that the overall
morphology of the material remained intact, but evident par-
ticle agglomeration was observed within its hollow straight
channels. Simultaneously, the surface wettability of the
material significantly weakened, with the contact angle
increasing from 60.1° before cycling to 75.9° after cycling. The
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decline in surface hydrophilicity, along with the agglomeration
of active materials, may collectively lead to reduced dispersion
uniformity of the electrode slurry, exacerbate local concen-
tration polarization, and increase the ion transport resistance
at the electrode/electrolyte interface. These factors work
together to contribute to the gradual attenuation of desalina-
tion performance.

The above results indicate that although the Mn@EAC-30
electrode material exhibits good structural retention and per-
formance stability during cycling, the evolution of its inter-
facial properties remains a key factor influencing long-term
operational efficiency.”®*° This study provides important
insights into understanding the degradation behavior of flow
electrodes in FCDI systems and points the way for further
optimization of material interface design to enhance long-
term desalination stability.

In short, as shown in Fig. 7, a novel and green preparation
method was adopted in this work, which first used the super-
accumulation characteristics of EA to super-enrich metal

Fig. 7 A new and green biosynthesis path for desalination application.

2718 | Nanoscale, 2026, 18, 2710-2720

manganese ions from wastewater, and then carbonized to
prepare self-doped manganese
materials for FCDI seawater desalination treatment, showing
excellent performance.

biomass-derived carbon

4. Conclusion

Self-doped manganese biomass-derived porous carbon compo-
sites were successfully prepared by a green and simple superac-
cumulation and carbonization. The transition metal manga-
nese elements were uniformly distributed on the biomass-
derived carbon materials by the bioabsorption method using
EA, and the synergistic effect between the electric double-layer
capacitance of the biomass-derived carbon matrix and the
pseudocapacitance of the transition metal manganese was
used to make the Mn@EAC-30 material a porous material with
a high specific surface area of 635.24 m> g~* and a specific
capacitance of 137.39 F g™* at a current density of 0.25 A g™*.
The salt adsorption capacity and average desalination reten-
tion rate of the FCDI system assembled with this material were
about 70% after long-term desalination cycles. This work pro-
vides a simple, controllable and eco-friendly method for the
synthesis of transition metal element self-doped biomass-
derived porous carbons as advanced electrode materials for
FCDI desalination application.
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