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Capacitive deionization (CDI), a new electrochemical technique, exhibits excellent desalting performance
for removing salt from seawater. The desalting performance mainly depends on the electrode adsorption
and desorption processes in CDI devices, which are inseparable from the structure of the electrode
material. Traditional porous electrode materials are typically carbon-based, and among these materials,
biomass-derived carbon has emerged as a promising candidate owing to its abundant raw material
sources, structural tunability, and environmental benignity. In this study, the desalination mechanism and
process of CDI are comprehensively expounded, and the advantages and disadvantages of each unit
structure of CDI are summarized. This study completely analyzes the entire process of biomass-derived
carbon materials from raw material selection, pretreatment of precursors, and preparation of bio-derived
carbon to modification, providing a complete technical route. By selecting the appropriate CDI unit
structure and combining the preparation and modification technologies of biomass materials, it is
expected that electrode materials with economical, environmentally friendly and excellent desalination
performance can be designed. In addition, this study focuses on the desalination performance of
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Desalination of seawater is a sustainable technology. Carbon materials are one of the most fundamental materials. The modification technology of carbon
materials is key to the development of capacitive deionization desalination technology for sustainability.

1 Introduction

Due to the rapid growth of population, people's demand for
freshwater has increased significantly in daily life and indus-
trial water use.” Most of the world's water resources are saline
water, and freshwater accounts for only 3% of the world's water
resources. There is an urgent need for a technology that can
convert brine to freshwater.™?

At present, many technologies for desalination have been
developed. One is the pressure-driven process of membranes,
such as reverse osmosis (RO) and nanofiltration (NF). Electro-
chemically driven processes, such as forward osmosis (FO),
electrodialysis (ED), and capacitive deionization (CDI), are by
far the most dominant technologies for producing fresh water
from various water sources.* However, conventional membrane
pressure-driven processes have certain limitations, such as high
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energy consumption and insufficient generation of secondary
chemicals or waste. In contrast, emerging electrochemically
driven processes are favored by researchers because of their
lower energy consumption and lower environmental impact.>®
Among them, capacitive deionization technology, which is
a technology based on electrochemical methods to generate
fresh water, has attracted much attention owing to its advan-
tages of high energy efficiency, high cost-effectiveness and
environmental friendliness.>”® The principle is based on
a mechanism similar to that of double capacitance and pseudo-
capacitance.” When the capacitor electrode,' or Faraday elec-
trode" is energized by an external power supply, an electric
double layer is formed at the interface between the electrode
and the solution. This electric double layer is able to adsorb
excess ions in the salt solution, thus achieving desalting.™
CDI technology's unique working principle enables it to
regulate the salinity of the produced freshwater. Its energy
consumption is proportional to the required reduction in the
salt concentration. This proves that CDI is more energy efficient
than traditional technologies.’*'* CDI covers a variety of
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structural forms, including static electrode CDI, hybrid capac-
itive deionization (HCDI), membrane capacitive deionization
(MCDI) and flow electrode capacitive deionization (FCDI).*®
Each of these structures has its characteristics and is suitable
for different application scenarios and needs.'® The desalina-
tion capacity of capacitive deionization technology mainly
depends on the electrode material in its structure, and when the
salt adsorption capacity of the CDI electrode material reaches
the upper limit, we need to optimize the electrode material to
significantly improve the adsorption performance of the CDI
technology."”

At present, various materials have been applied in the
research and development of CDI electrode materials. There are
two main types: carbon-based materials and Faraday materials,
including activated carbon, high-performance biochar, gra-
phene, carbon aerogel, carbon-based composites, metal-
organic framework derivatives, and carbon nanotubes.'® Fara-
daic materials, however, encompass transition metal oxides
(TMOs), transition metal sulfides (TMSs), transition metal
carbides (TMCs), layered double hydroxides (LDHs), Ag, and
organic-based electrode materials.” These materials not only
exhibit unique physical and chemical properties but can also
effectively improve the performance and desalination efficiency
of electrodes through different mechanisms, showing good
application prospects.'®*°

A common configuration of faradaic materials in CDI
involves the use of Na“ insertion materials, including sodium
transition metal oxides, polyanionic conversion compounds,
and metal hexacyanometallates. Their mechanism relies on
trapping/releasing Na' through insertion/extraction. Mean-
while, CI™ capture is achieved via conversion-type materials,
such as Ag/AgCl or Bi/BiOCl,.*

These materials not only possess unique physicochemical
properties but can also effectively enhance electrode performance
and seawater desalination efficiency through diverse mecha-
nisms, demonstrating promising application prospects.'®*

Compared with other materials, activated carbon features
simple preparation, high cost-effectiveness, a porous structure,
and a high specific surface area. However, it still has drawbacks,
such as certain environmental impacts.>” Porous carbon mate-
rials with high specific surface areas and excellent conductivi-
ties exhibit significant advantages for adsorbing large amounts
of salt ions for seawater desalination. Nevertheless, carbon
materials have a limited charge storage capacity because they
can only adsorb ions on their surface. Owing to the presence of
ions with the same charge in the material, repulsive effects
occur, significantly reducing the charging efficiency. Moreover,
as the solution concentration increases, the charging efficiency
decreases noticeably, thereby impairing desalination perfor-
mance. Faradaic electrodes, however, can significantly over-
come these limitations. They provide a larger charge storage
capacity by reacting with ions at the electrode-electrolyte
interface or within the material. Additionally, faradaic materials
exhibit selectivity, reacting only with ions carrying specific
charges, which avoids co-ion effects and notably improves the
desalination efficiency of CDI in high-concentration solutions.
Nevertheless, the types of faradaic cathode materials are
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relatively fewer compared to carbon-based materials, and fara-
daic anode materials (often silver based) are expensive, leading
to higher application costs.”

To integrate the advantages and mitigate the drawbacks of
both material types, biomass-derived carbon has emerged as an
ideal alternative to electrode materials.>* From the perspective
of cost and environmental sustainability, biomass-derived
carbon materials are considered promising electrode mate-
rials owing to their unique characteristics, such as low cost and
low environmental pollution.*® Biomass-derived carbon mate-
rials are activated carbon derived from biological waste, and
their preparation methods include high-temperature carbon-
ization,*® activation method*” and template method.*®?*® Biochar
has attracted much attention owing to its porous structure, high
surface area and abundant functional groups; in addition, it has
the advantages of good biodegradability and environmental
friendliness.**** Researchers have been working on the prepa-
ration of bio-derived carbon electrode materials with excellent
properties, and the modification technology aims to improve
the adsorption and electrochemical properties of carbon
materials, such as structural modification and elemental
doping.** A common doping modification method is to change
the electronic structure of bio-derived carbon materials by
doping with N, P, and S, thereby increasing their porosity and
adsorption area.*®** One of the structural modification methods
is composite modification. Biomass-derived carbon materials
are eco-friendly and have various sources. When developed as
the main carbon matrix, they can be modified by combining
them with other materials. This helps improve their poor
wettability and insufficient physical and chemical stability.*

Based on this, the purpose of this review is to systematically
review the previous research progress of the CDI technology and
to explain the working mechanism of CDI and its application in
the field of desalination. By analyzing the unique advantages of
biomass-derived carbon as a CDI electrode material, the key
links of its preparation process are elaborated, multiple strate-
gies for biochar modification technology are comprehensively
summarized, and the application performance of modified bi-
ochar in desalination practice is discussed in detail.

2 Capacitive deionization technology
for desalination
2.1 History of capacitive deionization

Over the past two decades, a total of 4109 articles were identified
in the field of CDI according to the search criteria, with an
average of 8432 citations per year. Publication and citation data
from 2004 to 2024 are shown. As illustrated in Fig. 1, the
number of papers in the field of CDI in the Web of Science
database is increasing yearly, indicating that the research and
development of CDI systems are on the increase.

Throughout the evolution of CDI theory over half a century,
its development trajectory has profoundly confirmed the rigor
and innovative vitality of the discipline system. In the early
1960s, Blair, Murphy and colleagues first proposed electro-
chemical desalination of water, which systematically
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demonstrated the adsorption effect of electrode polarization on
salt ions, creating a new model of electrochemical desalination,
and focused on the distinction between cations and anions,
which evolved into the distinction of electrodes.*® Soon after,
Murphy and Caudle et al. successfully simulated the process of
electrochemical desalination and successfully completed the
experiment under different variable conditions, completing the
leap from the theory to the practice of electrochemical desali-
nation.”” Further, Evans and Hamilton et al. discovered the
Faraday reaction and explored the principle of the original
electrochemical desalination, which was to adsorb hydrogen
ions through the cathode to produce a Faraday reaction, thereby
generating OH™. In the regeneration process, the alkaline
solution composed of OH™ makes the weakly acidic groups on
the electrode surface exchange with the ions in the brine, and
the cations enter the aqueous solution, thereby achieving
desalination. However, at that time, the electrode material was
mainly carbon, and later, scholars gradually discovered that the
Faraday effect was not the core reaction of electrochemical
desalination.*® Therefore, in 1970, Johnson et al. proposed the
“potential-modulated ion sorption” theory, which is the EDL
theory, stating that the electroadsorption capacity (SAC) is
determined by the capacitance of EDLs, and this has remained
the driving mechanism of electrochemical desalination until
now.* In 1986, Reid et al. innovatively discovered a new appli-
cation strategy for electrochemical desalination, which could
not only remove salt ions but also achieve Ca**, Mg>*, SO,>~ and
other ions, which provides a theoretical framework for the
subsequent capacitive deionization in sewage and the removal
of heavy metal ions.* Electrochemical desalination continued
to be studied until the 90 s of the 20th century, when Farmer
et al. first named electrochemical desalination capacitive
deionization (CDI).** With the rapid development of CDI in the
past 20 years, various scholars have created various unit struc-
tures of CDI, such as FCDI and iCDI, which are elaborated
below.*?

2.2 Capacitor deionization mechanism

The ions in capacitive deionization are separated by electro-
adsorption and desorption by capacitive or Faraday ion storage

4366 | RSC Sustainability, 2025, 3, 4364-4409

mechanisms. When the electrode is charged, the electro-
adsorption process is completed by the electric double-layer
effect or Faraday reaction, while the desorption process is ach-
ieved by a short circuit or reversal of the power supply. There-
fore, we next introduce in detail the two principles of ion storage
and adsorption in the adsorption process: the EDL ion storage
principle and the Faraday reaction.*

2.2.1 EDL ion storage. The ability of CDI to adsorb and
desorb salt ions mainly depends on the capacitive characteris-
tics of EDL.** The EDL refers to the area between the electrode
and the electrolyte solution. Its principle is that when the
electrode is charged, ion adsorption occurs—specifically, ions
accumulate at the interface between the electrode and the
electrolyte. At the end of the 19th century, Helmholtz proposed
a theoretical model of this principle, pointing out that the
phenomenon of charge separation occurs at the interface
between the electrode and the electrolyte on the surface of the
planar electrode. This is due to the accumulation of charges on
the electrode surface, while the opposite charges accumulate on
the other side of the electrolyte solution, as depicted in Fig. 2a.*
However, the Helmholtz EDL model does not consider the fact
that the ions do not aggregate by completely attaching to the
electrode surface owing to the thermal motion in the electrolyte
solution. Therefore, Gouy and Chapman further modified the
Helmbholtz EDL model, proposing that the ions in the electrolyte
solution move and continuously distribute in the solution to
form a diffusion layer, and proposed the Gouy-Chapman model
(Fig. 2b).** At higher potentials, it was found that the instability
of the EDL capacitance limits the desalination performance of
CDI. Therefore, based on the Helmholtz model, Gouy-
Chapman-Stern proposed a new hypothesis by combining the
previous models and pointed out that the double layer can be
divided into the Helmholtz layer and Gouy-Chapman layer, also
known as the inner layer region and the diffusion region. The
regions are distinguished mainly by the position of the ion,
which is the inner region on the surface of the electrode, and
the area where the ion is far away from the surface of the elec-
trode is the diffusion region, as shown in Fig. 2¢.*® In response
to electrodynamic force, ions migrate to electrodes of opposite
polarity and form EDLs on accessible surfaces.*”” The GCS model

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Models for describing the structure of an electrical double layer at a positively charged surface:** (a) the Helmholtz model, (b) Gouy—

Chapman model, (c) Stern model, and (d) modified Donna model.

is suitable only when the EDL does not overlap; when the Debye
length is equal to or greater than the pore size of the micro-
pores, it is adjusted and improved by considering that ions will
produce additional non-electrostatic attraction when entering
the pores. As shown in Fig. 2d, the Donnan model was
proposed, which can accurately describe the charge and salt
adsorption capacity simultaneously and meet the needs of the
desalination performance of CDIL.*

2.2.2 Faraday ion storage. Faraday reactions typically use
a pseudo-capacitance/intercalation effect to store ions through
a reversible redox reaction.*® In contrast, FPCs store energy
through surface redox processes and have a higher energy
density than EDL but have poor power density and cycling
stability.* Among them, the Faraday reaction is at the positively
charged electrode in the electrodesorption process, that is, the
anode, and oxidation reactions, such as carbon electrode
oxidation, water oxidation and chloride oxidation, may occur;
the reduction reaction, such as oxygen reduction, occurs at the
cathode.” However, the reduction reaction occurring at the
cathode in the Faraday electrode automatically drives the anode
potential to the value of the subsequent anodic oxidation,
resulting in a significant decrease in the long-term stability and
desalination performance of the electrode.> Charge storage in
pseudo-capacitive materials involves electron transfer reac-
tions, but not all Faraday processes result in pseudo-capacitive
behavior.”
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The intercalation process achieves pseudo-capacitance by
ions that occupy tunnels or vacancies inside most materials,
accompanied by rapid Faraday charge transfer without
changing the crystal phase.”® This is shown in Fig. 3a.
Commonly used intercalation electrode materials are sodium
transition metal oxides (NaTMO, TM = Mn, Ti, Fe, Ni, Co, etc.),
sodium ferrophosphate, Prussian blue analogues for cation
trapping, and conductive polymers (polypyrrole or polyaniline),
along with Ag/AgCl and BiOCI for anionic bonding®. In addi-
tion, there are differences in the ions of different dimensions of
materials, such as the rapid diffusion and storage of ions
through tunnels in one-dimensional materials. A two-
dimensional material with a layered space can accommodate
the original ion insertion. Simultaneously, three-dimensional
materials provide three-dimensional ion transport channels.**
Rapid and reversible oxidation/reduction reactions occur in
electrode-based two- and quasi-two-dimensional planes
compared to electric double-layer mechanisms, resulting in
higher specific capacitance and energy density.>® Faraday ion
storage is mostly driven by electric field forces that undergo
redox reactions.’® As shown in Fig. 3b, redox reactions can occur
on the electrode surface to form higher densities of pseudo-
capacitance. The most commonly used pseudocapacitance
materials are transition metal oxides (e.g., RuO, and MnO,),
including manganese dioxide (MnO,), sodium manganese
oxide, and nickel hexacyanoferrate.”” Compared to cations,
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Fig. 3 faradaic ion capture mechanisms:*® (a) ion insertion, (b) surface redox, (c) conversion reaction, and (d) electrolyte redox.
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anions in aqueous solutions are stable and difficult to react with
other electrode materials. As shown in Fig. 3c, desorption
anions can only be desorbed by binding to specific Faraday
electrode materials within a limited potential range (between
H, and O, release), including silver, bismuth, conductive poly-
mers, MXenes, and TMDs. Ag and AgCl as well as Bi and BiOCl
are the most common materials for CI~ removal, and the
principle is shown in eqn (1) and (2):*®

Ag+Cl- 2 AgCl + e (1)

Bi*Cl™ + H,O 2 BiOCl + 2H" + 3¢ ™. (2)

The CDI can also compensate for the charge through the
Faraday transformation reaction, as shown in Fig. 3d, by gain-
ing or losing electrons at the solid/liquid interface to change its
oxidation state, showing that the cation is adsorbed by the
oxidation reaction; the reduction reaction is completed after
being released into the solution, and the ion selection or
desorption can be achieved, as shown in eqn (3):**

P~ +2e = 3I". 3)

2.2.3 Desalination performance test for CDI. Salt adsorp-
tion capacity (SAC) and desalination efficiency (DE) were used to
evaluate desalination performance.

Salt adsorption capacity (SAC) is expressed as a function of
the weight of the adsorbed electrode, expressed in the mass of
the adsorbed salt, and calculated according to eqn (4) in milli-
grams of adsorbed salt per gram of electrode material:

G-y n

m

where SAC is the salt absorption capacity (mg g™ ); C, and C, are
the conductivity of the salt solution in the initial and saturation
stages, respectively (mg L™ "); V is the volume of the salt solution
(L), and m is the effective mass of the active material (g).*
Desalination efficiency (DE) is calculated using eqn (5):

(G-C) vV
m At

DE = , (5)
where DE is the desalting rate (mg g~ " h™'); G, and G, are the
conductivity of the salt solution in the initial and saturation
stages, respectively (uS cm™'); m is the effective mass of the
active material (), and At is the charging time (h).*

The average adsorption rate is calculated using the following

eqn (6):
ASAR = ; (6)

where ¢ is the adsorption time.*
2.2.4 Various capacitive deionization unit structures
2.2.4.1 Traditional capacitive deionization. Traditional
capacitive deionization (CDI) technology has the advantages of
a relatively simple structure and low operating cost. The desa-
lination process mainly relies on two basic mechanisms to drive
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ion removal, each of which impacts desalination performance.
Among them, the Faraday process is driven by a pseudo-
capacitive intercalation effect, which is usually combined with
a redox reaction on the surface of the electrode or inside the
matrix, and can achieve a charging efficiency of 92.2% at low
running voltages. However, owing to the complexity of the redox
reaction, the process can produce chemical by-products that
can shorten the electrode's lifespan. Simultaneously, the ion
removal efficiency is relatively low; there is room for improve-
ment in charging efficiency, and the treatment time of seawater
is longer. In addition, the Faraday process has poor selectivity
for some special ions, and there is an ionization effect, leading
to problems such as ion residue and poor desorption effect,
which affects the overall desalination efficiency.®

Based on the electric double layer theory, the electrode
becomes polarized owing to the charge, ions in the solution are
adsorbed onto the corresponding electrode via the electric
double layer, and the salt ions in the feed solution are adsorbed
to the electrode that has the opposite charge to the ions, that is,
the electrode adsorbs the counterion and remains in the electric
double layer in the electrostatic form, thus removing the ions.
When electroadsorption reaches saturation, reverse polariza-
tion is formed by removing or reversing the voltage, and the
adsorbed ions on the electrode are discharged and thus
unbound, allowing the electrode to be regenerated and
reused.®*** The mechanism of the electrode reaction during the
desorption process was studied by measuring the conductivity,
effluent, pH, and current through the battery at different elec-
trode potentials. The results showed that within the potential
range of 0.8-1.5 V, the amounts of NaCl adsorbed within 10
minutes were 5.64, 8.24, 12.22, and 15.42 mg at electrode
potentials of 0.8, 1.0, 1.2, and 1.5 V, respectively. This confirms
that the NaCl adsorption capacity increases linearly with
increasing potential. Additionally, the desalination efficiency
(n,) at each potential, calculated as a function of adsorption
time using Formula (7), is presented in Fig. 3:

" Cupdt
n, = (1 - fOT” x 100%, (7)

1Co

where C, is the initial concentration of the feed solution, C.¢ is
the effluent concentration, and ¢ is the adsorption time. As
shown in Fig. 5, desalination efficiency increases as the cell
potential increases, reaching a maximum of 83.4% at 1.5 V.
However, the removal efficiency decreases over time because the
electrode gradually becomes saturated with adsorbed salt
ions.

As shown in Fig. 4, the seawater desalination efficiency
increases with an increase in potential. In addition, as shown in
Fig. 5, the pH value of the solution changes significantly with
the change in potential. When the potential is less than 1.0 V,
the pH value increases owing to the decrease in dissolved
oxygen. At potentials above 1.2 V, the pH decreases owing to the
oxidation reaction of the anode. The change in current indicates
that the adsorbed ions are not completely desorbed and that
a small fraction of the ions remain on the carbon electrode.
When the potential is reapplied, these accumulated ions are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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readsorbed on the electrode surface, resulting in a decrease in
the desalination efficiency of CDI.*

Therefore, based on the original CDI, various scholars have
made different adjustments to each part. To adapt to the
desalination scenarios of different salt concentrations, desali-
nation efficiency is improved.

2.2.4.2 Flow-electrode capacitive deionization. Flow electrode
capacitive deionization (FCDI) enables continuous operation by
combining ion-selective membranes with flow electrodes,
making up for the shortcomings of intermittent operation of
traditional CDI and improving desalination efficiency.®*®” As
shown in Fig. 6, it is the components and usage program of
FCDI.*®

Although FCDI has moved beyond the traditional CDI cell
structure, there are still shortcomings of a high carbon load
(20.0-35.0 wt%), which leads to the blockage of the flow elec-
trode material and shortens its service life. In addition, cleaning
and maintenance caused by blockages further increase costs.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

(. DC Power
Laptop

FCDI Cell

1
1
1
1
1
1
1
1
1
I
1
1
' Conduetivity
Meter

Feed water

Fig. 6 Schematic of the (a) FCDI components and (b) experimental
procedure used for the FCDI device.

To optimize the desalination performance of FCDI, researchers
focus on the preparation of electrode materials, which can
improve the adsorption capacity and reduce the electrode
resistance, thereby reducing the energy consumption of
desalination.®

2.2.4.3 Membrane capacitive deionization. In the CDI
process, ions cannot be fully removed, which significantly
reduces desalination efficiency. To overcome this challenge,
researchers have developed membrane capacitive deionization
(MCDI), which introduces selective cation removal and anion
exchange membranes to the traditional CDI to improve desali-
nation performance. The diagram illustrates the composition of
an MCDI system that controls the conventional and cyclic flow
of desalination via the flow rate of the concentrator tank, as
shown in Fig. 7.*”* In the MCDI process, the MCDI temporarily
stores the detached electrons in the electric double layer of the
porous electrode, and ions with a high ionic charge and
hydration radius are preferentially adsorbed to the porous
electrode.” Furthermore, based on the relationship between the
amount of adsorbed ions and the strength and duration of the
applied current, the ion concentration of the effluent can be
adjusted by controlling the applied current.” In addition, based
on the characteristics of its ion exchange membrane,
researchers have conducted studies on the selective separation
and recovery of various ion species.” It is widely used in soft tap

RSC Sustainability, 2025, 3, 4364-4409 | 4369


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00439j

Open Access Article. Published on 05 Agosti 2025. Downloaded on 31/10/2025 19:28:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

View Article Online

Tutorial Review

()
=1l
MCDI MCDI
Module Module
H;#H - —
T TDS meter
Diaphragm
Pump
Feed water Product water
Tank Tank
Laptop PC
(b) Adsorption - - <
= Desorption !!| | !!| |
i — — — -
Diaphragm
MCDI MCDI P
Module | || | Module amp
Diaphragm
Pump i
DC Power Supply
(p| T 22 Eo
Feed water Product water r
Tank II I Tank

Laptop PC

Fig. 7 Configuration of the MCDI system:”°7* (a) the conventional process and (b) the flow-through process. Depending on the configuration,
the system is carried out using a single module or two modules connected in series.

water (Ty), hard tap water (75), cooling tower blowdown (W),
and wastewater discharge, with good ion selection functions.”
Zhang et al. showed that compared with traditional CDI,
membrane participation in the process enhances the adsorp-
tion capacity of F~ and DIC species while reducing energy
consumption. However, as the voltage increases, the adsorption
capacity increases and the energy consumption also increases
significantly. Therefore, the voltage is adjusted according to the
concentration of ions removed.” Bales et al. found that MCDI
can be operated intermittently using photovoltaics as an elec-
trode power source owing to its low voltage operation and low
energy consumption. Consequently, 27% of electricity can be
saved. Larger-scale MCDI devices can be synthesized to further
improve the desalination efficiency. However, the device's
limitations must be considered, and various performance
parameters must be balanced.””

2.2.4.4 Hybrid capacitive deionization. To overcome the
limitations of the traditional CDI deionization efficiency and
slow reaction kinetics,” a hybrid capacitive deionization (HCDI)
system has been developed. The HCDI desalination system is
made up of an electrochemical workstation, an HCDI unit,
a peristaltic pump, a conductivity meter and a computer. Its

4370 | RSC Sustainability, 2025, 3, 4364-4409

structure is based on hybrid capacitors, and hybrid capacitors
guide the dual-stage quality matching strategy in HCDI. As
shown in Fig. 8, the HCDI desalination system consists of an
electrochemical workstation, an HCDI unit, a peristaltic pump,
a conductivity meter, and a computer.” It is made of two elec-
trode materials: one is a CDI electrode, which works based on
an EDL mechanism, and the other is a battery material

Power supply

Conductivity
meter

HCDI cell

Fresh Water | s

Current Collector

NTP-rGO-700 Electrode ()

Current Collector

Porou- Carbon El~ctrode ( + )

8 1 @ cations @ anions

Pump

<—

Continuous flow

Fig. 8 Schematic of the HCDI composition and process.”®
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electrode, which works through a Faraday reaction.*® Faraday
materials are used to replace traditional carbon electrode
materials, which have high desalination ability and ion selec-
tivity.® Xing et al. found that echinoid W,30,,@C (UWC) as an
HCDI electrode material could achieve excellent desalination
from 32.25 + 0.70 mg g~ to 1000 mg L~ *.%2

2.2.4.5 Inverted capacitive deionization. During traditional
CDI charging, the carbon anode oxidizes and co-ions are
repelled.® Gao et al. developed a new seawater desalination
system, the inverted capacitive deionization (i-CDI) system,
which significantly improves the salt separation performance of
the i-CDI system by enhancing the net surface charge of the
carbon material, salt desorption during battery charging, and
salt adsorption during short circuits. The test potential is shown
in Fig. 7, which forms the counter electrode of CDI by assem-
bling two asymmetrical electrodes and then completing the
desorption process between the two EPZCs. Fig. 9a shows that
this potential window is an innovative modification of the
traditional EPZC potential window and that its i-CDI window
position is exactly the opposite of the traditional one. This helps
to screen the utilization of all estimated voltages, thus
improving the limitation that the anode is susceptible to
oxidation during operation. In addition, as shown in Fig. 9b, at
an operating voltage of 0.8 V, we calculated a potential value of
—0.62 V for the Si-CX anode (E) and —0.17 V for the CX cathode
(E7) compared to the SCE. Similarly, the short-circuit voltage is
—0.19 V. By comparing Fig. 7a and b, we find that the maximum
applied voltage of the i-CDI cell should be 0.8 + 0.1 V, which is
slightly higher than the estimate for the EPZC position but still
conforms to the value of the EPZC.**

@ ,0.70
@ 0.59(est [ | 0.62 -
'g‘ \ E | 0'5'5 E
9 e _| $ g -;.1 0 \}_‘,....lp 8 V===
mg | lao > [ F 1 i0a19
N ©® ook ¢+ -
e ||Y ! I E
=l (O, -0.13(est)|i 1 i 1
g [la E A =i ="
2 || g -0.17
p: ' 20.20
(P cation @® 1.5
(® anion ® t(102 )

(a)

Fig.9 Electrode potential distribution and desalination characteristics
in the reverse capacitive deionization (i-CDI) system.®* (a) A novel CDI
system is proposed called inverted capacitive deionization (i-CDI).
When the EPZCs for both electrodes are dissimilarly located with
respect to the short-circuit voltage (E,), the potential window between
the EPZCs at the anode and cathode can be used for the desalination
process, but the adsorption—desorption behavior is totally inverted. (b)
Potentials distributed at the anode (E*) and cathode (E”) at a total cell
potential of 0.8 and 1V in 4.3 mM deaerated NaCl solution when a Si-
CX anode and pristine CX cathode were used in a four-electrode cell.
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Nie et al. produced PAN/PMMA-based porous carbon nano-
fibers (N-CNFs) via electrospinning, which exhibited a negative
surface charge. Positively charged carbon nanofibers (P-CNF)
were then obtained after chemical modification with ZnCl,.
Then, the self-supporting P-CNF cathode and N-CNF anode
were obtained to construct an asymmetric capacitive deioniza-
tion device. Based on the electrostatic synergy between the
cathode and anode, an excellent ion adsorption capacity of 30.4
mg g ~'and a high ion adsorption rate of 1.0 mg~ " ¢~ min were
achieved. In the long-term cycling tests, the asymmetric elec-
trodes showed high charging efficiency, stability, and reus-
ability. Gao et al. composed an i-CDI battery using an amine-
modified microporous carbon cathode, which positively
enhanced the surface charge of the electrode, thereby achieving
a desalination capacity of ~5.3 mg g~ '.%

2.2.4.6 Dual-ion capacitive deionization. Owing to the
charge/mass imbalance of HCDI, the cathode or anode is
underutilized, and there is a kinetic mismatch between the
redox and capacitive electrodes.*® Therefore, scholars have
explored the DICD system, which is developed based on the
HCDI. By coupling the material to the carbon-based cathode to
form an electric double layer, cations and anions can be
removed simultaneously via Faraday redox reactions.®” At high
voltages, cation insertion occurs at the negative electrode and is
offset by the water oxidation of the carbon-based cathode,
resulting in a lower voltage. However, if Faraday material is used
to replace the carbon-based anode, although the ion adsorption
capacity can be enhanced, the operating voltage of the system
can also be significantly increased.®® It has been reported that
Wei has developed an advanced pseudocapacitive behavior-
induced double-ion selective deionization (Di-CDI) system
based on MoS,/PPy//Ag@PANI/AC to remove Na' and Cl~ by
introducing a Faraday reaction on both electrodes. A high
adsorption capacity of 25.1 mg g~ ' and an ultrafast maximum
deionization rate of 5.88 mg g~ ' min~ " are exhibited.®* Yue et al.
proposed that Na;,V;0; @reduced graphene oxide
(NVO@rGO) was used as the sodium ion intercalated cathode
electrode and Ag@rGO chloride ion intercalated anode elec-
trode, and the two electrodes formed a new two-ion hybrid CDI
system, with strong sodium ion adsorption capacity owing to its
NVO ribbon structure. By coupling with rGO and adding an ion
conductor network, it provides a migration platform for high
sodium ions and significantly improves their migration rate.
The rGO-based flexibility further improves structural stability.
To validate the desalination capability of the Di-HCDI system,
we tested the desalination capability of Ag@rGO| NVO-
250@rGO and rGO||NVO-250@rGO HCDI units. Fig. 10a illus-
trates the working principle of desalination (1.2 V) and salini-
zation (0.7 V). Then, we introduce an electric field of 1.2 V DC
voltage so that a large number of sodium ions move instanta-
neously under the action of electrostatic force and are inserted
into the NVO-250@rGO electrode, and when the Cl ions are
easily adsorbed in the Ag@rGO electrode through the corre-
sponding equation below, the initial conductivity generated is
500 pS em ™' (~250 mg L™'). The corresponding conductivity
and current transients generated are shown in Fig. 10b and c.*®

Negative electrode:
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Fig. 10 Working mechanism, conductivity characterization, and current transient response of the binary high-capacity electrochemical system
Ag@rGO||NVO-250@rGO in the 1.2 V/500 pS cm™* NaCl system.®° (a) Working mechanism of AgarGO||NVO-250@rGO Di-HCDI system, (b)
conductivity and (c) current transient of the Ag@rGO||NVO-250@rGO Di-HCDI system in 500 pS cm ™ NaCl solution at 1.2 V.

Na1‘1V3O7'9 + xNa+ + xe — Nal.l + XV3O7A9. (8)
Positive electrode:
xAg + xClI™ — xAgCl + xe ™. 9

To intuitively present the characteristics, advantages,
disadvantages and desalination efficiency of the six capacitive
deionization types (traditional CDI, MCDI, FCDI, HCDI, i-CDI
and DCID), the following table is compiled, which summa-
rizes their structural features, pros and cons, and desalination
efficiency (Table 1).

3 Raw materials and structure of
biocarbon electrode materials

Electrode materials are critical to CDI operation; their perfor-
mance directly affects adsorption and desorption efficiency.**
Carbon materials, such as activated carbon, porous carbon,
carbon nanotubes, graphene, templated carbon, metal-organic
framework-derived carbon, and hybrids, are the most studied in
CDI and electrochemistry. Their large surface area, good
conductivity, and high stability meet basic high-performance
CDI electrode needs.®® However, traditional carbon materials
have drawbacks: expensive precursors and complex, time-
consuming synthesis limit large-scale production."* Thus,

4372 | RSC Sustainability, 2025, 3, 4364-4409

sustainable, low-cost, eco-friendly carbon materials are vital for
CDI.** Biomass-derived carbon materials solve these issues.
From abundant biomass, they are cheap, green, and renewable.
Controlled preparation tunes their chemical structures and
morphologies to meet high-performance CDI electrode
requirements.?*” The following sections detail these materials
and their preparation.

The animal and plant components in nature have evolved
over hundreds of millions of years to form a relatively complete,
multi-scale conforming structure and build a complete and
superior biomass material system. In addition, it has attracted
the attention of most scholars because of its functional diver-
sity.”® Biomass is mainly composed of cellulose, hemicellulose,
and lignin, with a small amount of extract.”>'*® The above is
a narrow definition, and a broader definition is that biomass is
a complex bio-organic or non-organic solid product that can be
derived from the natural environment, industrial waste, and so
on.'” Biomass in the narrow sense is organic matter formed
through photosynthesis, including plant-based materials (such
as agricultural and forestry biomass, and forestry biomass) and
animal-based materials (such as insects, shrimp and other
components). There are also microbial-based materials, such as
bacteria and prokaryotes. Biomass in a broad sense can also be
derived from industrial waste.'** In summary, biomass-derived
charcoal is derived from organic products, forestry, agricul-
tural, industrial and household wastes or residues, as well as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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livestock production or livestock waste, and is a renewable
resource that can be produced in a relatively short cycle.**>

3.1 Raw materials for biomass-derived carbon materials

Wood, orange peel, grass, mangosteen peel, apricot shell,
coconut shell and other such materials are widely recognized as
biomass resources.'** Additionally, various biological materials,
including poplar catkin, lignin, corn stover, bagasse, switch-
grass, rice husk, wood chip, animal manure and even sewage
sludge, have been wused to produce biomass-derived
carbon.'**1%

Biochar is a carbon-rich porous material produced through
the thermochemical conversion of biomass. It exhibits high
aromaticity and gas-generating properties during formation,
with feedstock sources divided into two categories: (1) ligno-
cellulosic biomass includes agricultural/forestry residues and
wood waste, and (2) non-lignocellulosic materials are mainly
from municipal solid waste.'® Lignocellulosic is the most
abundant renewable biomass, with low moisture, low ash
content, high calorific value, high bulk density, and fewer
voids.'”” Compared to other feedstock options, wood biochar
typically contains a more specific surface area (SSA) and pore
volume (PV). SSA and PV are functions that reduce relatively
large wood-based cell structures to smaller pores. Wood biochar
contains more C, but this is only due to the lack of other
elements (e.g., N, S, P, K, Ca, and P), resulting in a low trend of C
loss in wood biochar.'®® One of the main characteristics of non-
lignocellulosic biomass is its high inorganic ash and carbon
content compared to other materials, such as wood or agricul-
tural wood fiber qualities. It also has an abundant element
content, which facilitates self-doping and structural regula-
tion." However, non-lignocellulosic biochar(NLBM) waste,
which is widely distributed, has a complex and diverse
composition owing to its wide range of sources. Its composition
mainly includes proteins, lipids, sugars, inorganic substances,
and a small part of lignin and cellulose. The threat to the
ecological environment is greater because it has a high content
of heavy metals and heteroatoms (such as nitrogen, phos-
phorus, and sulfur) and faces difficulties and challenges in the
pretreatment stage. Therefore, it is important to understand the
physicochemical properties and select the appropriate
pretreatment to achieve efficient preparation, which is di-
scussed in detail in the subsequent sections.**®

3.1.1 Lignocellulosic biomass. Lignocellulose is composed
of cellulose, hemicellulose and lignin with extremely high
overall abundance. Among them, lignin comprises 15-30 wt%
of the biomass wall. Studies have shown a direct positive
correlation between lignin content and biochar yield; higher
lignin biomass consistently produces greater biochar quanti-
ties."™ Therefore, the degradation of lignocellulose can be
a promising source of aromatic compounds and chemicals.'*
Cellulose is an elongated, linear polysaccharide with a crystal-
line structure consisting of glucose units linked by B-1,4-glyco-
sidic bonds. Simultaneously, hemicellulose is a branched-chain
polysaccharide that comprises various monosaccharides,
including pentoses and hexoses. Lignin is a complex three-
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dimensional macromolecule composed mainly of aromatic
compounds and is a binder between hemicellulose and cellu-
lose. Together, these components form a tightly connected
complex supramolecular network structure held together by
hydrogen, ester, and ether bonds."* The above describes the
composition of lignocellulose. Simultaneously, commonly used
lignocellulosic biomass can be divided into agricultural waste,
forestry waste, energy crops, and human-derived waste. More
typical examples within each category are introduced to provide
a deeper understanding.

3.1.1.1 Agricultural waste. Straw is a common source of
agricultural waste within lignocellulosic biomass. Straw biochar
is formed by carbonization under completely anaerobic or
partially anoxic conditions. It has an abundant pore structure
and a large specific surface area, which has attracted the
attention of researchers."** Zhang et al.’s research indicates that
microporous-derived carbon synthesised from corn stalk waste
is activated using a potassium hydroxide solution. The analysis
shows that SEM and TEM images reveal the formation of
abundant micro-mesopores, as illustrated in Fig. 11 and 12,
while nitrogen adsorption analysis validates the types of pore
diameters, as demonstrated in Fig. 13"** Gou et al. developed an
innovative approach to preparing porous carbon materials
using agricultural straw as the feedstock. Through KOH-
activated carbonization of lignocellulosic foam, they success-
fully obtained carbon materials exhibiting a high specific
surface area of 772 m* g~ . The optimized micropore size (1.05-
1.74 nm) shows perfect compatibility with 6 M KOH electrolyte,
demonstrating excellent electrochemical matching.'*®

3.1.1.2 Forestry waste. Forestry waste primarily refers to
forest-derived residues, including leaves, bark, and wood
shavings. Patel's study noted that pine sawdust was used as
a precursor. A physicochemical activation synthesis scheme
using both KOH and CO, as activators is proposed. Activated
porous carbons were prepared using three methods: physico-
chemical activation, chemical activation (KOH only), and
physical activation (CO, only). Their -effectiveness was
compared, with the maximum BET surface area reaching 2216
m?” g~ ' Prasankumar et al. demonstrated that Tasmanian
eucalyptus globulus bark (TBG) can serve as a precursor for
porous carbon, prepared via simple carbonization, followed by
KOH activation. The resulting carbon material exhibits a high
specific surface area of 971 m”> g~ * and an average pore size of
2.2 nm, with its carbon framework featuring an excellent
layered mesoporous structure.”*® Since the carbon content of
the carbonaceous residue of eucalyptus leaves is the highest in
biomass, the content can reach 75%. It is a good choice for
biochar raw materials. Therefore, Bejjanki et al. used bio-oil
extracted from eucalyptus leaves as a carbon precursor. With
ZnCl, as a chemical activator, they synthesized activated carbon
at temperatures ranging from 400 °C to 800 °C. The results
showed that at 700 °C, the biocarbon's surface area increased
significantly to 1027 m> g~', and its specific capacitance
reached 196 F g~', which was attributed to the expansion of
cellulose structures in lignin induced by activation.™*®

3.1.1.3 Municipal waste. Municipal waste includes urban
green waste (e.g., leaves, branches, and yard waste), waste wood

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM images* of (a) corn stalks, (b) AS-KOH(3), (c) AC-KOH(0), (d) AC-KOH(2), (e) AC-KOH(3), (f) AC-KOH(4) and (g) AC-KOH(5).

products (e.g.,, sawdust and wooden furniture from
manufacturing processes), and waste paper. Treating municipal
waste as an alternative to energy crops or agricultural residues
can effectively protect the environment and promote sustain-
able resource development.'*” Menon et al. indicated that yard
waste—with its high lignin content, abundant natural aromatic
carbon rings, and active functional groups—can be converted
into biochar materials via carbonization (Fig. 14). This process
yields a micro-mesoporous structure with a surface area of up to
381 m” g '. Therefore, it is a better raw material selection
strategy to effectively reduce energy and environmental pres-
sure by treating it.***

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.1.2 Non-lignocellulosic biomass. Compared with ligno-
cellulosic biomass, non-lignocellulosic biomass (NLBM)
contains more diverse elements, including N, P, S, and metallic
elements. NLBM can typically arrange the atoms of these
elements in an orderly manner, forming a well-structured
framework by embedding the atoms into its building blocks.
In the preparation process, it can be used as an activator or
catalyst for the thermal decomposition of biomass, which is
conducive to the formation of a biochar framework with more
pores and structural frameworks. Therefore, it has excellent
electrochemical, catalytic and adsorption properties.'** In non-
lignocellulosic biomass, the sources are abundant and the
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Fig. 12 TEM images™® of (a) and (b) AC-KOH(2), (c) AC-KOH(3), (d) AC-KOH(4), and (e) and (f) AC-KOH(5).

compositions complex, meaning that it does not fall into
a single category. Therefore, we introduce it by giving an
example of a representative NLBM.

3.1.2.1 Sewage sludge. Sewage sludge (SS) from urban
wastewater treatment is a highly viable biomass resource. It
typically contains non-toxic organic compounds and inorganic
substances, along with some toxic components and a high
moisture content (approximately 55-80%). This is a very
feasible biomass generation resource for urban sewage treat-
ment."** Zhang et al. prepared efficient, layered porous biochar
by carbonizing and activating aerobic granular sludge (AGS)
from a biological wastewater treatment plant as a precursor. It is

4376 | RSC Sustainability, 2025, 3, 4364-4409

a green and sustainable preparation strategy. As shown in
Fig. 15, we can observe that the source of the sludge is extracted
from the sludge discharged from the wastewater treatment
system. As shown in Fig. 13b and c, the morphology of biochar
after drying and carbonization can be observed. The results
show that the specific surface area was 1822.07 m*> g, the
micropore area ratio was 58.65%, and the micropore volume
was 0.576 cm® g™, Biochar has good desalination performance
as an electrode in MCDIL."**

3.1.2.2 Algae. Seaweed is a promising algal resource due to
its high content of nutrients, such as N and P, and other
nutrients.” Compared with lignocellulosic biochar, carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 N, adsorption and desorption isotherms** (a) of the activated carbon samples and the corresponding pore size distribution (b) calculated

by the BJH method using the desorption branch of the isotherms.
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materials derived from algal feedstocks have a lower carbon
content, surface area, and cation exchange capacity. Their raw
materials contain nitrogen, ash, and other inorganic elements
and minerals. Therefore, it can be used as an agricultural soil
conditioner to improve soil fertility and nutrient supply

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacity. Additionally, biochar can be used as an adsorbent for
wastewater treatment and desalination.'*® Zhang et al. syn-
thesised nanoporous microalgal biochar (NP-MBC) using
microalgae as the raw material via formaldehyde-stabilised
hydrothermal treatment, KOH activation, and high-
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Fig. 15 Preparation process and sample characterization of biochar derived from the AGS wastewater treatment system emissions.*** (a) AGS
was collected from the effluent of the AGS wastewater treatment system. (b) The sludge was obtained after drying at 80 °C for 6 h. (c) Biochar

was obtained by carbonization and activation.

temperature pyrolysis. The pyrolysis temperature helped to
improve the pore structure and surface chemistry of NP-MBC
and increased the specific surface area to 1137 m> g~ .

3.1.2.3 Manure. In addition, in the lignocellulosic biochar
prepared in the laboratory, the biochar produced from wood
biomass has a relatively high C content. Biochar from cow dung
and algae showed relatively low elemental carbon levels of
11.55% and 24.62%, respectively. Studies have shown that bi-
ochars derived from animal manure have lower carbon, oxygen,
and hydrogen contents than those derived from lignocellulosic
biomass. This is due to the higher content of volatile
compounds in manure, which are lost during the drying and
carbonization stages of pyrolysis. In addition, the low carbon
content is a typical feature of the microalgae production of bi-
ochar compared to lignocellulosic biochar-derived biochar.'”
For example, Tsai et al. reported that the first series of biochars
derived from dried pig manure fertiliser via slow pyrolysis; their
pore structure increased significantly with an increase in
temperature, and their structure was good.**®

3.1.2.4 Other. Animal bones and hair are widely available,
so using them as precursors for biochar production makes
sense for promoting sustainable development. Among them,
shrimp shells are the most widely used, containing up to
36.43% chitin—the second most abundant biopolymer on
Earth after cellulose. Owing to its strong intermolecular
hydrogen bonding, it is conducive to metal ion support and
heteroatom doping and activation.”” Wei et al. developed
honeycomb-like hierarchical porous carbon (MSHPC) using
mantis shrimp shell waste as a precursor via a self-template
method coupled with hydroxide activation.®® Hair can be
made from bovine hair solid waste, which comes from leather
production plants. Song et al. prepared biochar (with a specific
surface area of up to 1753.075 m”> ¢ ) in a N, atmosphere.'**

3.2 Structure of biomass-derived carbon materials

Compared with other carbon materials, biomass-derived
carbon can inherit the unique structure, defects and chemical

4378 | RSC Sustainability, 2025, 3, 4364-4409

composition of biomass precursors in the preparation process.
The electrochemical properties of different carbon species are
mainly related to the physicochemical properties of biocarbon-
based materials. If the appropriate electrode material can effi-
ciently adsorb the required ions, and the circularity is relatively
stable, the desalination efficiency also significantly increases.**>
The macroscopic morphological characteristics of carbon-
based materials can be categorised into spherical, fibrous,
tubular, and layered shapes."** What we want to explore is the
multi-dimensional structure of carbon-based materials in
different forms, which can be categorised
dimensional, one-dimensional (1D), two-dimensional (2D),
and three-dimensional (3D) configurations.*** These include 0D
carbon balls and dots, 1D carbon fibers and tubes, 2D carbon
sheets, 3D carbon aerogels, and hierarchical carbon mate-
rials.”®® Owing to their sustainability, affordability, and adjust-
able structure of various forms of carbon materials,*®
dimensional materials feature high-density active sites, one-
dimensional materials have porous structures, two-
dimensional materials possess tuneable defects, and three-
dimensional materials exhibit multi-scale porosity. This
enables carbon-based materials to offer potential for a wide
range of applications through their multidimensional
structures.

3.2.1 Zero-dimensional. Zero-dimensional biomass carbon
materials include carbon nanoparticles, carbon dots, carbon
nanocages, and carbon nanoonions.”®” They exhibit broad
application prospects in rechargeable ionic/metal batteries and
supercapacitors. Carbon dots (CDs) are a new type of carbon
material consisting of small carbon nanoparticles smaller than
10 nm in size. They are synthesised via a bottom-up approach
using cross-linking-induced carbonization from various
precursors.”*® It has the characteristics of quantum size, abun-
dant surface functional groups, and uniform dispersion, and
the ability to adjust the structure and composition of the
material.*** Previously, there were three main types of carbon
dot (CD) applications: direct use of CD, CD-based nanohybrid
materials, and CD-driven materials. Although there have been

into zero-

ZEro-
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some reports that CD can be used as an electrode material, it is
still challenging due to its high cost and relatively low electro-
chemical performance.**® Wei et al. proposed an innovative
strategy to improve cation adsorption capacity by constructing
electron-rich regions on the electrode surface, thereby
improving electrochemical performance. This method has no
adverse effects on carbon materials. A series of multi-level
porous carbon materials with controllable surface states
(including electron-rich regions) have been successfully fabri-
cated by calcining carbon dot-hydrogel composites.***

Li et al. pointed out that lignin-derived carbon nanoparticles
(LCNPs) constitute a unique class of carbon materials, as shown
in Fig. 16¢, which have the advantages of high strength, corro-
sion resistance and heat resistance of traditional carbon
materials, and simultaneously, have the characteristics of
environmental protection and low energy consumption of
lignin. This is because lignin molecules contain 60% carbon
and are rich in unsaturated groups, such as aromatic rings and
carbon-carbon double bonds, as shown in Fig. 16a. As shown in
Fig. 16b, there are six types of LCNPs: spheres, aggregates,
hollow spheres, non-spheres, irregular particles, and carbon
quantum dots. Therefore, as a nanomaterial, lignin-based
carbon nanoparticles (LCNPs) exhibit small particle size
effect, surface effect and macroscopic quantum tunneling
effect. Compared with traditional carbon materials, LCNP has
excellent performance in terms of high specific surface area,
tunable permeability, strong mechanical strength and electrical
conductivity.*** In addition, Wu et al. showed that a carbon
matrix obtained from bamboo fiber (BF) can be used as
a support material for immobilized platinum (Pt) nanoparticles.
This significantly enhances the performance of the hydrogen
evolution reaction (HER). This method takes advantage of the
large surface area, excellent conductivity, and environmental
protection properties of BF-derived carbons, thereby effectively

P
Lugnlflcatlon

Biomass Lignin
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promoting the dispersion and stability of Pt nanoparticles.**

Simultaneously, Gaddam et al. reported a method for the
preparation of carbon nanoparticles (CNPs) from coconut oil by
applying the flame deposition method. CNPs were further
modified with piranha solution to obtain surface-carboxylated
carbon nanoparticles (c-CNPs).***

3.2.2 One-dimensional. Bio-carbon nanotubes,
are

carbon

nanorods, and carbon nanofibers common one-
dimensional bio-carbon materials with significant application
prospects in energy storage and conversion.'*® Hidalgo et al.
developed carbon nanotubes (CNTs) using biomass as
a precursor via pyrolysis and microwave-assisted heating, which
significantly increased the specific surface area."*® In addition,
carbon nanotubes (CNTs) exhibit excellent chemical stability,
flexibility, and excellent electrical properties, making them
highly promising candidates for flexible electronic devices.
The Seebeck coefficient of carbon nanotubes ranges from 20 to
40 wv K~ and has good conductivity in the range of 3000-5000
S m*1‘136

Owing to the limited aspect ratio of nanorods, it is difficult to
establish conductive networks. In addition, their dielectric
losses are due to the resulting polarization relaxation of the
internal heterogeneous interface. Based on these characteris-
tics, carbon nanorods require a high preparation strategy,
usually by in situ assembly and synthesis, but self-assembly also
faces the challenge of coercivity generated by magnetic metal
ions."” Therefore, Wu et al. converted cellulose nanocrystals
(CNCs) into porous nitrogen (N)-doped carbon nanorods for the
first time. This is an innovative strategy that allows CNC to be
used not only as a carbon source but also as a template to
regulate growth. Additionally, by doping melamine formalde-
hyde (MF) and nitrogen, carbon nanorods (N-MFCNCs) are
formed."*® Fang et al. designed a high-strength layered structure
with excellent electrochemical properties for the first time—

Hollow
spheres

hysical or chemical
: methods Carbomzahon

Lignin-derived

Lignin =
carbon nanoparticles

nanoparticles

Fig.16 Schematic of lignin structure, morphological display and manufacturing process diagram of LCNPs.*#2 (a) A representative lignin structure
(not the actual molecular structure). (b) Common morphologies and (c) fabrication routes of LCNPs.
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Fig. 18 Comparison of the GPCN preparation process and SEM microstructure of YZP and 10%-A/O series pretreatment samples.’* (a) Synthetic
route of GPCN. SEM images of samples prepared with different pretreatment (b, and b,) YZP, (c; and ¢,) 10%-A, (d; and dy) 10%-0O, (e; and e,)

10%-A/O-1, (f; and f,) 10%-A/O-2, and (g, and g,) 10%-A/O-3.
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carbon nanorod-supported hydrothermal carbon and carbon
fibers (CNR/HTC/CFs) using waste straw as the carbon source,
as shown in Fig. 17. Carbon nanorods with a high specific
surface area are formed by purifying the gas after pyrolysis of
the straw and then introducing it. The tensile strength of CNR/
HTC/CF monofilament could reach 2743 4 467 MPa.'* Svin-
terikos et al. showed that carbon nanofibers (CNFs), as a one-
dimensional carbon material, have a wide range of applica-
tions in energy storage, catalysis and adsorption with diameters
in the sub-micron and nanometer ranges. As a low-cost and
renewable biological resource, lignin has become a promising
precursor material for the production of CNF.**°

3.2.3 Two-dimensional. Graphene and its porous deriva-
tives demonstrate exceptional electrochemical properties as
advanced electrode materials, combining a high specific surface
area with rapid ion/electron transport kinetics. These materials
exhibit a remarkable mass loading capacity while maintaining
mechanical flexibility and stability during repeated charging or
discharging. Compared with conventional carbon-based mate-
rials, graphene and its derivatives have demonstrated better

View Article Online
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performance in energy storage.” Chai et al. highlighted the
intrinsic correlation and evolutionary behavior of synergistic
interactions between micro/nanostructures, active species, and
electrochemical properties.’ Niu et al fabricated tunable
nitrogen-doped large-scale graphene-like porous carbon nano-
sheets (LGPCNs) using bagasse pith and chitosan as raw
materials via self-template and structural design strategies. Its
ingenious design is to use bagasse pith as a carbon source,
which also acts as a hard template and nitrogen source, thus
providing a platform for regulating nitrogen-doped carbon
nanosheets. Therefore, the electronic conductivity and wetta-
bility of the surface of the carbon material are enhanced,
providing excellent electrochemical properties.” Zhao et al.
developed graphene-like porous carbon nanosheets (GPCNs)
derived from waste pomelo peels, as illustrated in Fig. 18a.
Compared with traditional graphene, they prepared GPCNs that
have the advantages of low cost, high yield, and ease of
production. Fig. 18b; and b, show the topography of pomelo
peel treated with different amounts of HAc and H,0,, which
exhibit a brick-like block structure with a smooth surface. The

Fig. 19 Preparation of cellulose-based carbon nanofiber films and multiscale microscopic characterization of CeO, nanorod composite
structures.’ (a) Optical picture of the size comparison of pristine cellulose-based filter paper (left) and carbon nanofiber film (right) after
pyrolysis; (b) SEM image of cross-linked carbon nanofibers derived from cellulose filter paper; (c) SEM image of CeO, nanorods agglomerates
homogeneously decorated on the cellulose-derived carbon structure; (d) higher magnification image of a fiber decorated with CeO, nanorods.

(e and f) TEM images of CeO, nanorods at various magnifications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface of the 10% HAc sample after the hydrothermal reaction
showed a rough surface and a sheet-like structure, as shown in
Fig. 18c; and c,. Although another equal amount of H,0, is
carried out under the same reaction, the material retained
a brick-like morphology. However, with a 10 wt% HAc/H,0,
mixture, the sample thickness gradually decreased from 270 nm
to 140 nm as the HAc/H,O, molar ratio increased from 1 to 3
(Fig. 18 eq, e,, g1, and g,). This indicates that HAc exerts a more
pronounced positive effect on pomelo peel treatment as its
content increases.'”

3.2.4 Three-dimensional. The 3D structures of biocarbon
materials exhibit excellent interconnectivity, large specific
surface area (SSA) and controllable porous structure, and their
structural design has attracted the attention of many
researchers. Typical 3D materials include carbon sponges, aer-
ogels, carbon microspheres, and carbon nanofibers, which are
mostly composed of 2D materials, such as graphene, carbon
nanotubes, or carbon nanofibers. Consequently, they inherit
the high electrical conductivity of 2D materials."*® Azam et al.
developed a cost-effective and environmentally friendly
method: CeO, nanorods are used to modify carbon nanofibers
on a cellulose paper-based carbon fiber framework, and the
composite is then subjected to high-temperature pyrolysis to
prepare an intermediate layer for battery cathodes. This layer
can alleviate the polysulfide shuttle effect, as shown in Fig. 19a.
The morphology and size derived from cellulose fibers are
illustrated in Fig. 19b, while the cross-linking state of the
pyrolyzed carbon fibers is shown in Fig. 19c and d. These figures
also indicate that the CeO, nanorods are successfully grown on
the surface of the carbon nanofibers, forming a strong contact,
clearly revealing the 3D structure of the carbon fibers. Fig. 19¢
and f display the morphology of CeO, nanorods at different
magnifications, with diameters ranging from 5 to 10 nm and
from 50 to 150 nm.*”

In addition, the pore size of three-dimensional porous
carbon materials is adjustable, and its pore diameter can be
divided into macropores, mesopores, and micropores according
to the diameter size. The diameter ranges are >50 nm, 2-50 nm,
and <2 nm. Zhao et al. showed that the high reversibility and
porosity of microporous-mesoporous-derived carbon materials
prepared from mangosteen peel are owing to the micro-
mesoporous structure of the materials, electron or ion diffu-
sion.”® Wu et al. developed bifunctional electrocatalysts for
oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) using single and zirconium flux spray drying techniques.
Owing to the characteristics of the protein biomass, carbon
microspheres have a large specific surface area and high pore
volume."® However, there are currently no hollow-structured
carbon nanospheres that can be derived directly from
biomass without using a template method. Qu et al. reported
a particle evolving from an aerosol-assisted process, with
glucose and glucosamine as precursors, featuring a spherical
morphology and falling within the nanoscale range. It also has
a high specific capacitance of 266 F g ' at 0.2 A g™, long-cycle
stability of 96.8% capacitance after 3000 cycles, and a fast
charge—-discharge process. This conclusion can be used to guide

4382 | RSC Sustainability, 2025, 3, 4364-4409
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the design and synthesis of various hollow materials using
biomass as feedstock."*

4 Pretreatment and preparation of
biomass-derived charcoal
4.1 Pretreatment

Biomass is widely available, has irregular shapes, and is mostly
composed of cellulose, hemicellulose, and lignin, of which
cellulose is composed of chains of 10000-15,000 cellobiose
units, hemicellulose is a heteropolymer composed of C5 and C6
sugars, with a branched chain structure, forming a sheath-like
coating on cellulose fibrils,*** and the purpose of pretreatment
is mainly to treat cellulose and lignin in biomass, achieving
a high specific surface area and porosity during biomass
carbonization.'”* Untreated biomass-derived carbon, especially
lignocellulosic biomass, is not suitable for direct use as an
electrode material that contains a large number of electro-
chemically inert impurities and their native structural resis-
tance. In addition, these impurities and resistance can hinder
biomass carbonization.'® In addition, the carbon yield of bio-
derived carbon is determined by its precursor. If the carbon
yield rate is very low, even if the electrode material has excellent
performance, it limits its large-scale production, and the solu-
tion to this issue is to pretreat biomass precursors to facilitate
their carbonization, thereby increasing the yield.'** Second,
some biomass residual pollutants lead to secondary pollution if
not treated well. For example, sewage sludge produced from
wastewater contains a large number of contaminants, and the
usual simple cleaning cannot meet the needs of the sample, so
it is necessary to select the corresponding pretreatment
according to the characteristics of the biomass.*** Carbohydrate
conversion efficiency can be achieved through biological
pretreatment solvents, which are commonly used biomass-
derived solvents, carbohydrate-derived solvents, and lignin-
derived solvents.'®® Pretreatment techniques can generally be
categorised into physical, physicochemical, chemical, and bio-
logical techniques. The physical method mainly helps to
increase the surface area of bio-derived charcoal, while physi-
cochemical methods mainly use chemicals and solvents to
facilitate the hydrolysis of cellulose and hemicellulose. The
chemical method is mainly used to reduce lignin content, and
the biological method is used to change the internal structure of
biomass-derived charcoal by producing enzymes.'®” Excess
water in the precursor reduces heat transfer rates during
biomass carbonization, lowering biocarbonisation efficiency.'®®
The second is to make the biomass more evenly heated and
have better porosity during the carbonization process through
grinding. The third is deashing, which refers to the removal of
inorganic substances, such as elements (including K, Na, Ca,
Mg, Al, Fe, P, S, Cl, and Si) as well as trace elements (including
Mn and Ti) from biomass via pretreatment, thereby reducing
adverse effects on the pyrolysis process, such as scaling, slag-
ging, and hot corrosion.*®

There are many forms of pretreatment, and many
researchers have modified the structure of carbon materials

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using different pretreatment methods. Qin et al. prepared
activated carbon (SMAC) using pig manure (SM) as a carbon
source by combining the in situ template method, KOH activa-
tion method, and pyrolysis method. The process of pretreat-
ment and preparation of SMAC is illustrated in Fig. 20. The
prepared SMB and SMACs are expressed as SMBx-y and
SMACx-y, respectively, where x represents hydrochloric acid
(HC) pretreatment, y represents HF treatment, and SMACNON
and SMACPHF represent no pickling and HF pickling after
pyrolysis, respectively. The precursor SM is dried at 500 °C and
then pickled with KOH solution and hydrofluoric acid HF. After
heating, the residual acid in SMACs was removed by repeated
washing and pickling processes; finally, activated carbon
SMACs were obtained.'”*

Wang et al. investigated and indicated that after freeze
treatment, the specific surface area (SBET) and total pore
volume of carbon materials derived from low-cost coconut
shells (CSs) sourced from biological precursors increased
significantly by 92.8% and 44.4%, respectively.””* Wang et al.
used beehives - a natural pretreatment procedure that is
formed by bees chewing and reassembling natural plants.
Moreover, the beehive has the microstructure of a micro-nano
lignocellulose capillary network, which can complete the acti-
vation of biomass-derived carbon with fewer chemical reagents,
greatly reducing the use of chemical reagents."”> However, to
address the challenge of traditional pretreatment methods for
non-glycogen-derived lignin streams, Meng et al. proposed
increasing the lignin yield ratio using biomass-derived
pretreatment solvents.'”

4.2 Preparation of biomass-derived carbon materials

There are three approaches to preparing biomass-derived
carbon materials (BCMs): carbonization, activation, and
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templating. Typical carbonization techniques include pyrolytic
carbonization, laser-induced carbonization, Joule thermal
carbonization, hydrothermal conversion, and salt encapsula-
tion carbonization."”* Among them, hydrothermal carboniza-
tion (HTC) and pyrolysis are the most common methods. There
were differences in the morphology and structure of the BCMs
prepared by applying different methods. However, porosity is
greatly affected by additives such as activation reagents and
templates, which can lead to the formation of porous BCMs."”*
In addition, in recent years, there have been novel preparation
strategies, such as laser-induced carbonization,® pyrolysis
carbonization, and pyrolysis.'”

4.2.1 Carbonization

4.2.1.1 Pyrolysis. Pyrolysis is one of the most efficient and
environmentally appealing thermochemical processes'’” that
can convert biomass into high-value products, such as biochar,
bio-oil, and syngas, at temperatures in the range of 300 °C-900 °©
C under oxygen-free conditions.””®'”® In the pyrolysis process,
a large number of reactions occur in parallel or series. Biomass
pyrolysis comprises three main stages: (i) initial evaporation of
free water, (ii) primary decomposition, and (iii) secondary
reactions (petroleum cracking and repolymerization). These
phases do not occur sequentially but in a mixed manner.**
Fig. 21 illustrates the process of the deoxidation catalytic
cracking of structural components during the pyrolysis of
lignocellulosic biomass. Pyrolysis is characterised by a signifi-
cant increase in aromaticity and energy density, while at
temperatures above 400 °C, the internal surface area of the solid

material increases substantially, while oxygen-containing
functional groups decrease, and the material becomes
hydrophobic.*®*

Depending on the heating rate, the pyrolysis process can be
divided into three types: slow (0.1-1 °C s '), medium (1-200 °C

HCI pickling ) .
(25°C, 1.5 h) Flushed until |
neutral by
10 g, each ll» ‘I» ”’ Tube furnace | deionized water
fime Pyrolysis _anddried HF pickling
— (500°C, 0.5 ) I— (@5°C, 1)
/ dried [ Removethe |
(75°C, 24 h) II- m I remaining KOH | (VUGS II- SMACyr
Pyrolysis — HF pickling
(500°C, 0.5 ) HF pickling (25°C, 1h)
(25°C, 1 h)

»

SMACpye

Deionized water

e

l ‘ Immersed -
Pickling SM, SMB and \Iﬂ I— e
process SMAC ’ _D o o
20mlof1.0M  Flushed until Dried at 85°C
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Fig. 20 Schematic of SMAC preparation.*’”® The prepared SMBs and SMACs were denoted by SMBx—y and SMACx-y, where x represents
hydrochloric acid (HCl) pretreatment, y represents hydrofluoric acid (HF) treatment, and SMACNON and SMACPHF represent no pickling and HF

pickling after pyrolysis, respectively.
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s~ 1), and fast pyrolysis (200-1000 °C s~ * or flash pyrolysis).'*> We
mainly introduce the principles of slow pyrolysis and fast pyrol-
ysis. Medium speed pyrolysis is similar to the first two, but it can
be launched in the same way, and it is not elaborated in detail.
Slow pyrolysis is a technique that enhances the yield of high-
quality carbonised products by combining low heating rates,
low temperatures, and long residence times, also known as
a continuous system of “charcoal”. The minimum heating rate is
5-7 °C min~"', and the maximum heating rate is 20-100 ©°
C min~". In an anaerobic environment, the organics are slowly
heated at temperatures greater than 400 °C for 5-30 minutes or
several days, after which the volatile organic compounds begin to
crack and recombine to produce coking and other distillate
liquids.”™® In rapid pyrolysis, biomass is a liquid product ob-
tained by immediate quenching of the pyrolysis vapour, i.e., bio-
oil. Bio-oil is composed of various condensable chemicals
produced by many simultaneous and sequential reactions
during the pyrolysis of lignocellulosic biomass.'* Additionally,
the pyrolysis rate corresponding to the particle size is different.
For small particles, a higher heating rate should be used to
accelerate bond cleavage reactions, thereby promoting volatile
formation and increasing the yield of bio-oil. When the particles
are larger, a relatively slow heating rate may drive the recombi-
nation reaction, which may further lead to carbonization rather
than volatile formation, thus reducing the yield of bio-oil."*®
Wang et al. prepared pine source porous carbon (PBC) by
mixing KOH and pine powder evenly in proportion and then
subjecting the mixture to thermal decomposition in a tube
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furnace (a nitrogen flow rate of 100 mL min ", heating rate of
5°C min~", and holding time of 2 h) after homogeneous mixing
of KOH and pine powder in a proportional and uniform
manner."® Aspergillus niger mycelia are used as raw materials
and are sustainably cultured with food waste hydrolysate as the
nutrient substrate. During preparation, mycelial fibers are first
filtered and compressed into thick sheets, transforming the
dispersed mycelia into dense, thick sheets. Then, carbonization
is performed following the method by Chen et al.: the temper-
ature is increased from room temperature to 800 °C at a rate of
5 °C min ', maintained for 2 hours under an argon atmo-
sphere, and then activated. In this process, the original inter-
woven and layered porous structure of the mycelial mat is
retained, transforming into a porous, flexible, and self-
supporting fungal mycelium-derived carbon pad (FhACPad).
Meanwhile, an approximate weight loss of 83.2% is observed,
with the carbon sheet shrinking to 1 cm x 5 cm in area, about
300 pum in thickness, and having a bulk density of 0.20 g cm ™.
This carbon pad can be directly used as a CDI electrode,
achieving the conversion of biomass into high-performance
electrode materials."®

4.2.1.2 Hydrothermal carbonization. Conventional pyrolysis
(using tube furnaces or muffle furnaces) exhibits limitations,
such as slow heating rates, high energy consumption, and poor
efficiency, when processing high-moisture biomass (e.g, algae
and sludge). In contrast, hydrothermal carbonization employs
water as the reaction medium to efficiently convert biomass into
hydrochar at relatively low temperatures, demonstrating
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Fig. 21 Catalytic cracking of structural components during rapid pyrolysis of acid catalysts.*82-184
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particular suitability for direct processing of high-moisture
feedstocks.”* This approach not only overcomes the draw-
backs of traditional methods but also yields hydrochar with
lower ash content and higher calorific value,"* showing prom-
ising potential for energy applications."*

When biomass undergoes a hydrothermal reaction, it
undergoes a series of reactions, such as condensation, poly-
merization, hydrolysis, decarboxylation, dehydration, and
aromatization. These reactions do not represent sequential
reaction steps; they may show different/parallel reaction paths,
and the reactions depend primarily on the type of feedstock.'**
As shown in Fig. 22, lignocellulose is mainly composed of
carbohydrate polymers (ie., cellulose and hemicellulose),
aromatic polymers (i.e., lignin), extracts (resins, tannins, and
fatty acids), and inorganic components (ICs).*** However, owing
to the high ionisation constant of water at elevated tempera-
tures, hydrothermal carbonization can hydrolyze organic
compounds; various organic acids are then further catalysed by
acids and bases, thereby reducing the pH value.”® The resulting
hydronium ions act as catalysts for the degradation of oligo-
saccharides into the corresponding monosaccharides, which
then undergo cyclic C-C bond cleavage and dehydration

View Article Online

RSC Sustainability

reactions to form furfurals. These compounds are further
broken down into aldehydes, acids, and phenols. After a series
of reactions, the monomers and decomposed molecules
undergo condensation and polymerization into polymers. This
polymerization reaction is enhanced by aldol condensation or
intermolecular dehydration. It is accompanied by the aromati-
zation of polymers.*”**® Through this series of processes, after
the complete disintegration of the biomass's physical structure,
most organic matter in the biomass is converted into solids.***

In the HTC process, the longer the reaction time, the greater
the structural porosity, pore volume, and BET surface area.””
However, compared with other methods, carbon materials
produced via hydrothermal carbonization have limitations,
including a lower specific surface area and poorly developed
porosity. Therefore, hydrothermal carbonization is often
combined with the activation process to improve the physico-
chemical properties of carbon materials.>™ Baig et al. syn-
thesised nickel-cobalt sulfide/wheat husk activated carbon
(NiCo,S4/WHAC) on nickel foam through an external synthesis
process. Its growth was formed through hydrothermal carbon-
ization, with the synthesis mechanism, as illustrated in Fig. 23.
The NiCo precursor is synthesized by applying a hydrothermal
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Fig. 23 Schematic of the synthesis of the electrode materials.2%”
method, and its growth mechanism is shown in eqn CO+>~ + 20H™ + 2Ni** — Ni,(OH),COs (13)
(10)—~(14).2°>** The reaction starts with the hydrolysis of urea:
urea first hydrolyzes to generate hydroxide ions and carbonate CO;*” +20H™ — CO,(CO5)(OH), (14)

ions. Subsequently, in the reaction system, nickel ions and
cobalt ions react with the above-mentioned ions, respectively,
transforming into nickel hydroxycarbonate and cobalt hydrox-
ycarbonate, and finally forming the NiCo precursor.

After the hydrothermal reaction, the total mass loading of
the material before and after the hydrothermal reaction was
measured using an electronic weighing difference method. The

CO(NH,), + H,O — 2NH; + CO, (10) mass loading of NiCo,S, on the nickel foam was approximately
2.13 milligrams. The morphology of the prepared NiCo,S,/

NH; + H,O — NH," + OH™ (11) WHAC electrode can be observed in Fig. 24 via scanning elec-
tron microscopy (SEM), revealing a floret-like spherical struc-

CO, + H,0 — 2H" +CO5*" (12)  ture composed of nanosheets and small cross-linked

20kV  X3,000 S5um 20kV  X5,000 Spm 2019 15 35 SEI

20kV  X10,000 1pm 15 35 SEI 20kV  X25,000 1pm 2019 15 35 SEI

Fig. 24 SEM images of NiCo,S4/WHAC on Ni foam at different magnifications. (a and b) 5 um, (c and d) 1 um.2”

4386 | RSC Sustainability, 2025, 3, 4364-4409 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00439j

Open Access Article. Published on 05 Agosti 2025. Downloaded on 31/10/2025 19:28:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

View Article Online

RSC Sustainability

Fig. 25 TEM images of NiCo,S4/WHAC on Ni foam at different magnifications. (a) 20 nm, (b) 10 nm, (c) 5 nm.%?

microneedles. However, the lattice fringes observed through
transmission electron microscopy (TEM) depicted in Fig. 25 are
consistent with the XRD pattern, indicating the polycrystalline
nature of NiCo,S,;, and the WHAC matrix formed during
carbonization offers low resistance®’”.

4.2.1.3 Other methods. Altwala et al. used date palm seeds as
a suitable starting biomass and employed another carboniza-
tion process known as flash carbonization, which uses a shorter
time (5-10 minutes) and lower temperature (400 °C) in the
presence of air to convert the biomass into carbonaceous
material, and the carbonaceous substance obtained is resistant
to activation, so it produces highly microporous-activated
carbon (surface area of 995-2609 m”> ¢! and pore volume of
0.43-1.10 cm® g~ '). It has a high bulk density even at high
activation levels.?®

4.2.2 Activation. To synthesize activated carbon with a high
carbon content and a large specific surface area and pore
volume, the biomass material is usually activated in the prep-
aration process. There are usually two types of activation
processes: physical activation and chemical activation. Physical
activation involves the mild gasification of carbonaceous
materials using steam, nitrogen, or carbon dioxide, while
chemical activation refers to the activation of biomass using
chemical dehydrating agents.>® The primary goal of the acti-
vation process is to fine-tune porosity and eventually form
a highly porous material. During activation, pore development
takes place in three steps: (a) opening inaccessible pores, (b)
forming new pores, and (c) increasing the size of existing pores.
Different activation parameters (temperature, time, and water
flow rate) have different effects on the pore structure of carbon
synthesized from coconut shell biomass.**

4.2.2.1 Physical activation. Physical activation is a two-step
process: the first step is used to carbonize the raw materials
in an inert atmosphere (N, or Ar) to eliminate volatile
substances at low temperatures, and the second step is used to
activate the carbonized substances at higher temperatures.”**
CO, is the most widely used and effective physical activator.
This is because CO, has better pore uniformity compared to
steam. The typical reactions associated with CO, and steam
activation are described by eqn (15)-(17).*> The activation of
CO, occurs mainly through the Budouard reaction (eqn (15)),
which is triggered above 700 °C. In addition, physical activation
is more environmentally friendly than chemical activation

© 2025 The Author(s). Published by the Royal Society of Chemistry

because it uses naturally occurring activators. However, phys-
ical activation occurs at relatively high temperatures and lasts
for a long time, and the activation energy of physical activators
is higher than that of chemical activation.*** CO,-based physical
activation has been extensively studied, and it is preferred over
steam owing to its ease of handling, low activation temperature
requirements, and carbon recovery methods. However, the use
of purified CO, streams can increase process expenditures.
Therefore, it is recommended that the flue gas produced after
post-combustion, containing a binary mixture of N and CO,, is
commonly used, and the use of nitrogen helps to control the
activation phase, which is easy to handle and inexpensive.***

C(s) + CO,(g) — 2CO(g), AH = 159 kJ mol ! (15)
C(s) + H,0(g) —» CO(g) + H,, AH = 117 kJ mol™"  (16)
CO(g) + H,O(g) — CO(g) + Hy(g), AH =41KkJ mol ™! (17)

4.2.2.2 Chemical activation. Chemical activation is called
wet oxidation and is commonly used in raw materials contain-
ing cellulose, such as wood, sawdust, or fruit pits. These
materials are also known as biomass resources. In the prepa-
ration of the activated carbon via chemical activation, organic
precursors are activated in the presence of chemicals at high
temperatures. Compared with the physical activation of carbon
gasification, chemical activation is carried out at a relatively low
temperature and is completed in a single step, while the
prepared carbon material has a higher yield and a very high
specific surface area.””® The precursor material is mixed with
activators, such as KOH, ZnCl,, NaOH, K,CO;, H;PO,, and
FeCl;, which act as dehydrating and oxidising agents.”*® In
chemical activation, H;PO, and ZnCl, are often used to activate
uncarbonized  lignocellulosic =~ materials, while metal
compounds, such as KOH, are used to activate the precursors of
charcoal and coke. Compared with ZnCl,, H3;PO, has less
impact on environmental and toxicological contamination and
requires a lower activation temperature than potassium
hydroxide.*"”

Most reagents used for chemical activation are KOH, which
can be used to prepare highly porous carbon materials with
a large surface area (>2000 m”> g~ '). Compared with most
chemical reagents,*® KOH can react with species containing
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active O in biomass at a lower chemical-to-biomass ratio (1: 8-
1:2) and temperature (400-600 °C). After KOH is completely
converted to K,COj3, a large amount of gaseous products and
75% phenolic substances are generated. As phenolic substances
and O species decrease significantly, hydrocarbons become the
dominant component (reaching 57.43%), and O-containing
groups are further converted into more stable OH, CO and
COOH groups. During the activation process, potassium is
embedded into the carbon network, promoting the formation of
mesopores and micropores.”** However, owing to the corrosive
and toxic nature of its reagents, its use poses environmental
problems. Therefore, the development of a non-hazardous
chemical agent is needed to solve this problem.>*® In addition,
to remove residues from precursors or reactants, as well as
inorganic residues (ash) introduced during activation, post-
activation washing of activated carbon is required, which
makes the process cumbersome, time-consuming, energy-
intensive, and costly. Li et al. used a new strategy of Fenton
chemical activation to obtain a layered porous biomass carbon
material with a very high specific surface area of 3440 m* g~ .
Compared with the traditional activation process, the activation
efficiency doubled. The optimized carbon electrode exhibited
an excellent specific capacitance of 425.2 F g~ at a current
density of 0.1 A g~ ' and excellent rate performance in a 6 M
KOH electrolyte (286.1 F g~ " at 100 A g~ 1).>°

4.2.2.3 Microwave-assisted activation. Microwave-assisted
activation (MW) is a promising chemical treatment and activa-
tion technique for AC heat. The carbon bed converts microwave
energy through dipole rotation and ion conduction inside the
particle, directly providing energy to the carbon bed.
Microwave-induced/assisted activation was developed to avoid
the obvious problems of traditional heating processes during
physical and chemical activation.”® MW heating has many
advantages, such as uniform and internal heating, fast and
selective heating, easy control, simple setup, insensitivity to
particle size and shape, and low pretreatment requirements for
raw materials.*”* This is based on the fact that the large thermal
gradient from the inside of the coke particles to their cooling
surface enables microwave-induced reactions to proceed faster
and more efficiently at lower overall temperatures, saving
energy and reducing processing time.””® Under microwave, the
reaction rate of steam is faster than that of CO,, resulting in
a shorter activation time. However, the use of CO, as an acti-
vator under microwave can improve the carbon yield, but the
resulting AC exhibits porosity characteristics similar to those
obtained with conventional heating.”** Microwave-assisted
methods provide highly porous materials with high specific
surface area (SSA), such as activated carbon with SSA = 3100 m>
g~ ', a metal-organic framework with SSA =~ 4200 m* g/,
a covalent organic framework with SSA = 2900 m® g™, and
a metal oxide with a relatively small SSA = 300 m> g~ '.>** As
reported by Tsai et al., biochar was prepared from cow manure
(CD) by microwave pyrolysis, and the biochar product kept for
5 min at 800 W had a maximum BET surface area of 127 m> g~ "
and a total pore volume of 0.104 cm® g~ *.>*° Furthermore, when
a microwave (MW) acts on biomass-derived carbon materials,
stronger MW absorption occurs at the glass transition
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temperature of the biomass components. Specifically, when
acting on cellulose, microwaves can relax or even significantly
activate hydrogen bonds at the O site, enabling the relevant
groups to rotate freely and align with the MW field. This makes
protons related to the CH,OH group more accessible. These
groups can transfer MW energy to the chemical structure; thus,
the interaction between biomass and MW is achieved by
promoting hydrolysis or regulating pyrolysis mechanisms.**’

4.2.3 Template method. Template strategies can be divided
into hard templates, soft templates, and dual template
methods. The carbon material obtained by applying the
template method can have a controlled pore structure.
However, the disadvantages of this approach are also obvious;
for example, the fact that the template is expensive and the
process is relatively time-consuming.?*®

4.2.3.1 Hard formwork method. The hard template method is
an inorganic template method, also known as the nano casting
method, which uses inorganic materials as templates to prepare
the corresponding mesoporous carbon materials, as shown in
Fig. 26a.**° Given that metals, inorganic substances, and
various mixtures can maintain their microstructure during
processing (e.g., high temperatures), they are often used in
templating methods.”®* For a solid material to be suitable as
a template, it must meet two criteria: it must possess a certain
rigidity and have a porous structure. The biomass is melted into
a liquid carbon precursor and poured into the pores of the
template, and the pore structure of the template is replicated by
heat treatment.”®* Commonly used template agents are silica
gel, medium-pore molecular sieves, etc. Among them, silica-
based porous template agents, such as zeolite and meso-
porous molecular sieves, have the characteristics of pore
structure, narrow pore size distribution and high specific
surface area.***?*** The preparation process involves the pene-
tration of a carbon precursor into the template in the form of
a liquid or gas, followed by the carbonization of the biomass
precursor at high temperatures; the extraction of the template
with acid or alkaline solutions, such as NaOH and HF; and the
stimulation of mesopore formation.>**>3°

Li et al. synthesized hierarchical porous carbon (HPC) using
non-myelinated corn stalks as a carbon source and calcium
carbonate (CaCOs3) as a hard template through a sustainable
one-pot method. CaCOj; can interact with an activator (potas-
sium oxalate) to produce etching effects and vaporization,
resulting in a honeycomb structure with many interconnected
channels that adjust porosity.>*” The disadvantage of the hard
template method is that the template needs to be removed after
the preparation is completed, which usually adds difficulty to
the preparation process. Therefore, scholars have developed
a special hard template method called the self-template
method. It uses endogenous minerals in raw materials (such
as Ca0, MgO, and SiO,) as hard templates for the production of
porous carbon materials, provides a skeleton structure for bi-
ochar carbonization, and interacts with organic components
during the pyrolysis process without the use of activators,
reducing costs. However, the process of mutual reaction may
affect the pore structure and functional groups of the biochar.>**
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Fig. 26 Schematic of biochar using the template method:?*>#*¢ (a) hard template method and (b) soft formwork method.

Wau et al. developed a new strategy for preparing porous bi-
ochar (HPBC) through the co-pyrolysis of biomass and zinc salt
composites, as shown in Fig. 27a. The in situ formation of the
mesoporous ZnO template with zinc salt ions effectively
addresses the step of removing templates when using hard
template methods, thereby saving process time and associated
costs. Fig. 27b shows a significant difference between BC and
HPBC, and it is found that HPBC is porous owing to the evap-
oration of ZnCl, during pyrolysis and thawing owing to the ZnO
template. Fig. 27c and d show the morphologies of HPBC-1,
HPBC-2, and HPBC-3 by nitrogen adsorption and desorption,
which are type I and mixed types I and IV, respectively, indi-
cating that the pore sizes formed are mainly microporous and
micromesoporous, respectively.

4.2.3.2 Soft formwork method. The difference between the
hard template method and the soft template method is that the
hard template method is relatively easy to control the product
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owing to its template deconstruction and fixation, while the soft
template method needs to rely on the co-assembly between the

© 2025 The Author(s). Published by the Royal Society of Chemistry

surfactant and the inorganic phase. However, the hard stencil
method requires the use of corrosive acids or alkaline chemicals
to remove the template, which leads to a more complex process,
high cost, and the limitation of difficulty in mass production. In
contrast, soft templates are simple to apply and inexpensive,
and have commercial advantages.* In the soft stenciling
process, there is a distinctive feature: “self-assembly”. This
refers to the fact that amphiphilic molecules can not only self-
compose a series of different deconstructions in solution, but
in the case of templates, amphiphilic molecules can also
combine with reaction precursors to form composite structures,
such as silica nanoparticles, and mesopores filled with surfac-
tant assemblies. Second, the solution is crucial in the soft
template and is the key to the size of the assembled structure, as
shown in Fig. 26b.>*!

It is important to ensure the complete development of
micelles and/or liquid crystal phases in the soft templating
method. This must meet two conditions: first, the micelles do
not form at a given temperature, and the active agent does not
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Fig. 27 Characterization diagram of HPBC and adsorbent performance based on biomass/zinc salt composite materials.?*® (a) Schematic of
HPBC prepared by biomass/zinc salts composites; (b) SEM images of the adsorbents; (c) N, adsorption/desorption isotherms, (d) pore size

distribution curve of adsorbents; (e) Raman spectra of the adsorbents.

dissolve below that temperature and remains in a hydrated
solid state. Consequently, to reach the Krafft temperature, the
solubility increases dramatically, and the surfactant reaches
a narrow concentration range, the critical micelle temperature,
forming micelles. Second, the addition of surfactants is subse-
quently incorporated into micelles.>> However, the flexible film
plate method is time-consuming and energy-intensive, and the
activation process is often accompanied by significant carbon
loss and chemical composition changes.*** Therefore, scholars
are constantly adjusting and improving the soft film plate
method to ensure the best performance of the prepared mate-
rials. Wu et al. used a soft template-assisted method to prepare
yolk/silica shell particles, which can produce hollow silica
spheres doped with different particles, regardless of their
diameter, geometric shape, and composition.”** Chen et al. re-
ported a novel mechanism of dynamic growth induced by
synergistic interactions between soft templates and biomass, in
which ribose sugar is used as a biological precursor to form
carbonaceous nanoparticles through hydrothermal reactions.

4390 | RSC Sustainability, 2025, 3, 4364-4409

Owing to their interactions, asymmetrical flask-like hollow
carbonaceous structures with highly uniform morphology and
narrow size distribution are created, thus providing a high
specific surface area (2335 m* g~ ') of carbon nanoparticles.?**
4.2.3.3 Double-template method. To further precisely adjust
the pore structure of carbon materials, combining hard and soft
templates is common in preparing materials with higher
strength and performance. This is because the hard template
method requires toxic reagents (e.g., NaOH or HF) for template
removal, while the soft template method tends to be unstable
under heating—often being accidently removed during
carbonization. The dual template method, however, can effec-
tively integrate their advantages and mitigate their draw-
backs.**® It leverages the hard template to accurately replicate
pore structures and the soft template to enable mesoporous
structure adjustment, thereby obtaining porous carbon mate-
rials with more controllable pore structures and surface
morphologies. These materials provide more adsorption sites
and facilitate rapid mass transport through mesopores and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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macropores. Such a hierarchical porous structure in biochar is
beneficial for enhancing adsorption capacity.*"”

The research by Xia et al. indicates that the natural structure
of endogenous activators (IHA) and exogenous organic
components, including nitrogen-doped additives (OONA) in pig
bones, can play a dual role, as natural porous hard templates
and endogenous nitrogen-doped soft templates, during the
carbonization process and can form a highly active nitrogen-
doped hollow carbon framework on biochar derived from pig
bones, which is more conducive to PS-induced catalytic degra-
dation. Fig. 28a shows that different pyrolysis temperatures
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significantly affect pig bone biochar (PBCs), resulting in struc-
tural and crystal phase transitions. Fig. 28b shows various
typical peaks owing to the formation of a carbon network
structure by the long chain of organic macromolecules on the
surface of porcine bones during the pyrolysis process, which
acts as a soft template for carbon formation, providing —OH/
—NH active sites for PBCs. Fig. 28c shows that the carbon
network formed by OONA can produce a domain-restricted
carbonization effect during the preparation process, and the
synergistic effect of endogenous IHA in the domain can
promote the formation of a three-dimensional porous structure
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Fig. 28 XRD plots of PBC-water with different carbonization temperatures?*® (a), FTIR plots (b), and the pore formation mechanism of the

OONA-IHA structure (c).
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of PBCs. In addition, during the pyrolysis process, the collagen
in pig bones and the lipid long-chain molecule-fixed carbon
skeleton were deformed to cause chemical changes in THA,
which could better exert the hard template effect of IHA.>*®

5 Biomass-derived carbon
modification technology for
desalination applications

In CDI's desalination applications, electrode materials play
a key role. However, traditional energy-intensive electrode
materials often cannot fail to meet environmental require-
ments, and the energy consumption is usually reduced by
preparing biomass-derived carbon electrodes. To improve the
desalination performance of electrode materials, various prep-
aration strategies are often used, such as embedding agents,
surface modification, heteroatom introduction, and com-
pounding of other materials.>* In this section, we explore
various modification technologies for bio-derived charcoal by
examining their methodological features and desalination
performance.

5.1 Surfactant modification

Surfactant molecules can be anionic, nonionic, and zwitter-
ionic.>®® It goes through various mechanisms, as shown in
Fig. 29. These mechanisms include electrostatic interactions,
hydrogen bonds, w-1 electrons, bilayer formation, and hydro-
phobic interactions to affect the adsorption capacity of mate-
rials. In addition, the formation of multiple layers of surfactants
on adsorbents and the formation of micelles further enhance
the adsorption capacity of inorganic and organic substances.”>

Daudi et al. found that KOH-activated coconut shell carbon
electrodes acquire positive charges when treated with
(CH3),N'Br~ surfactant. The specific surface area of PAC is
376.29 F g~ ', while EAC increases to 628.20 F g~'. The salt
adsorption capacities of PAC and EAC are 2.78 and 10.96 mg
g~ !, respectively.>> Kosaiyakanon's study showed that coffee
shell biochar was prepared by pyrolysis activation and modified
with the cationic surfactant cetyltrimethylammonium bromide
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(CTAB). In this regard, as the mass of SDBS increases, the
adsorption capacity also increases as the modification produces
more active sites on the biochar. The maximum adsorption of
biochar-SDBS by MB occurs on the adsorbent when the sorbent
mass is 15 mg and the optimal pH is 10.>** Anas et al. modified
pyrolysis-derived cassava skin biochar using the anionic
surfactant sodium dodecylbenzene sulfonate (SDBS). This
modification significantly enhanced the biochar's adsorption
performance through two mechanisms: electrostatic interac-
tion and another interaction mechanism.?*

5.2 Heteroatom doping modification

Heteroatom doping modifies carbon materials by introducing
surface functional groups, which generate new active sites while
enhancing surface wettability. These modifications lead to edge
functionalization, expanded interlayer spacing, and increased
adsorption surface area, ultimately resulting in improved
adsorption performance.>>>

5.2.1 Nitrogen doped. Incorporating nitrogen atoms into
the carbon structure induces pseudocapacitive effects through
nitrogen-containing functional groups. These effects signifi-
cantly increase the specific capacitance, as well as the wetta-
bility of carbon and electrolyte, and further enhance the
conductivity of the material.>” However, current nitrogen (N)
doping requires more complex technical methods. Achieving
significant nitrogen doping conveniently remains a challenging
area of research. Based on this, Khan et al. pioneered a cost-
effective strategy to decorate layered mesoporous carbon with
graphene nanospheres and then doped it with N to form
a layered mesoporous carbon framework (GNNLMCS). Owing to
the high level of N-doping (up to 10.56 at%), the obtained
porous carbon exhibits the effects of a layered porous sheet
structure with a large surface area. The GNNLMCS-12 CDI
electrode, fabricated from a layered mesoporous carbon
framework = (GNNLMCS), demonstrates concentration-
dependent desalination behavior. Under constant voltage
conditions, its salt adsorption capacity shows a positive corre-
lation with solution concentration, achieving equilibrium
within 40 minutes (Fig. 30a). The Ragone curve shows the

Micelles creation
Bilayer

. formation
Electrostatic

AN

& inorganic compounds

Fig. 29 Possible mechanisms of organic and inorganic compound adsorption on the surfactant-modified biochar surface.?*
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fastest SAR and the fastest SAC of the electrode, as shown in
Fig. 30b. For the same solution concentration but different
voltages, GNNLMCS-12 in 500 mg L~ " NaCl solution (flow rate:
25 mL min ') is shown in Fig. 30c. The results showed that at
1.2V, the Ragone diagram of the GNNLMCS-12 electrode shifts
to the uppermost rightmost region. This indicates that SAR is
faster and SAC is faster. At 1.2 V, the charging efficiency of the
electrode increases, which improves the SAR of the electrode.
Thus, when the applied voltage is increased to 1.2 V, the ions are
completely adsorbed from the NaCl solution.*®® However, N
doping faces several limitations: (1) excessive nitrogen doping
content, (2) demanding preparation requirements, (3) complex
processing steps, and (4) high production costs.

5.2.2 Phosphorus-doped. The most widely used N-doping
strategies require ammonia gas or more complex processes.
In contrast, phosphorus (P)-containing inorganic or organic
materials are widely available, making P a better alternative to
nitrogen for doping. Owing to P's low electronegativity, it
endows P-doped GACs with unique potential properties, aiding
charge transfer. Simultaneously, P atoms are larger than
carbon atoms, so doping with P increases defect density and
interlayer spacing.*® Among various heteroatoms, such as
nitrogen and boron, P doping has attracted significant
interest. This is due to P exhibiting lower electronegativity,
a larger covalent radius, and a larger atomic size than carbon.
P doping introduces more defects and expands interlayer
spacing in the carbon structure, thereby promoting charge

View Article Online
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redistribution, creating active sites for ion accumulation, and
enhancing capacitive performance.”* Additionally, it endows
carbon materials with hydrophilic acidic surfaces while
improving their chemical stability. Yi et al. found that carbon
derived from lignocellulose and produced via germanium-
assisted pyrolysis exhibits excellent rate performance and
retains over 97.9% capacitance after 10 000 cycles.*** Xing et al.
developed porous carbon (PPCP) using Pina sinone as the
carbon source and H;PO, as the activator. They demonstrated
that this PPCP electrode exhibits desalination capacity. The
desalination capacity of the PPCP electrode after desalination
testing is shown in Fig. 31a, indicating that the desalination
capacity of the PPCP electrode increases significantly with an
increase in the concentration of the feed salt solution, sug-
gesting that the initial salt concentration has a positive effect
on desalination efficiency. In addition, the PPCP800 electrode
showed a high deionization capacity of 14.62 mgg ' at 1.2 Vin
1000 mg L~ NaCl solution, with the fastest desalting rate, as
shown in Fig. 31b. In addition, cyclic electroadsorption and
desorption tests showed good regeneration performance over
200 cycles because the number of ions entering and leaving the
electrode before and after charging and discharging remained
almost the same. However, by the 100th-200th cycle, the
desalination capacity of the electrode decreased possibly
owing to oxidation of the carbon electrode*** (Fig. 31c).

5.2.3 Sulfur-doped. Sulfur(S)}-doped carbon exhibits
enhanced electrochemical activity owing to its unpaired electrons
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Fig. 30 SAC and Ragone plot of GNNLMCS-12 under different NaCl concentrations and voltages.*® (a and b) SAC curves and Ragone plots of
GNNLMCS-12 at different concentrations of NaCl solution and (c and d) SAC curves and Ragone plots of GNNLMCS-12 at different cell voltages

in 500 mg L~ NaCl solution.
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Fig. 31 PPCP electrode performance and cycling stability.?%? (a) Electroadsorption capacity of PPCP electrodes at different initial NaCl
concentrations at a charging voltage of 1.2 V; (b) CDI Ragone plot of the PPCP electrode; and (c) cycling stability of the electrode over 200
consecutive adsorption—desorption cycles in 500 mg L~! NaCl solution PPCP800 at a charge voltage of 1.2 V using a short-circuit desorption

method.

and high polarizability. These characteristics facilitate the
formation of active sites, promote the occurrence of reversible
redox reactions, and endow electrode materials with a higher
pseudocapacitive effect.”*® Furthermore, S atoms possess a supe-
rior atomic size and electrochemical activity compared to
nitrogen. When incorporated into carbon matrices, S doping
effectively disrupts the electron density equilibrium on the carbon
surface through its distinctive functional groups. This structural
perturbation induces variations in bond lengths and angles within
the carbon framework, ultimately enhancing the material's
wettability properties.**®* Zhao et al. fabricated sulfur-rich carbon
nanosheets (S-CNSs) via a facile pyrolysis process, utilizing a three-
dimensional scaffold framework derived from diverse plant waste
sources. The S-CNS demonstrated exceptional electrochemical
performance, delivering (1) an ultra-high reversible capacity of
605 mA h g " at 50 mA g ', (2) outstanding rate capability with
133 mA h ¢~ maintained at 10 A g, and (3) remarkable cycling
stability with ~94% capacity retention after 2000 cycles at 5 A g~ "
This further demonstrates that sulfur doping can significantly
enhance the performance of electrode materials.>*®

5.2.4 Co-doped. Co-doping is based on the synergistic
effect of different atoms.” It significantly improves the
electrochemical performance of the electrode material. Liu et al.
innovatively prepared N,S-codoped porous carbon (HAPCCs)
from sewage sludge via hydrothermal carbonization and

4394 | RSC Sustainability, 2025, 3, 4364-4409

chemical activation. The enhanced adsorption capacity stems
from its basic functional groups and N/S doping, which impart
a positive surface charge, enabling efficient adsorption through
strong 7-1 stacking and electrostatic attraction.”®® Chen et al.
synthesized an MOF (metal-organic framework)/biochar
composite by carbonizing zirconium-based MOFs and
bagasse, achieving in situ nitrogen-zirconium co-doping to form
an N@Zr/C electrode material. This material exhibits enhanced
adsorption sites, a high specific surface area, and excellent
conductivity. Consequently, the N@Zr/C electrode exhibits an
optimal electroadsorption capacity of 32.30 mg P g~ " at 1.2 V.2%°
Huang et al. adopted a one-step method to synthesize three-
dimensional carbon nanosheets co-doped with nitrogen and
sulfur using mycelium particles as the carbon source. They
possess a hierarchical porous structure, and the preparation
process is shown in Fig. 32a. SEM reveals that the surface of
NSHPC changes before and after doping, from the smooth
surface during the original calcination process to the layered
structure of interconnected layered pores, along with the
abundant microporous structure observed under TEM and
HRTEM. This is shown in Fig. 32b and c. The results show that
the NSHPC electrode delivers an outstanding electrosorption
capacity of 18.71 mg g~ ' in 500 mg L' NaCl solution.>®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Preparation process of NSHPC and microstructural characterization of MPC and NSHPC:2%¢ (a) schematic of the NSHPC preparation
procedure, (bl and b2) SEM images of MPC, (c1 and c2) SEM images of NSHPC, and (d1 and d2)) HRTEM images of NSHPC.

5.3 Acid and alkali treatment modification

5.3.1 Acid treatment. Acid treatment is a typical wet
oxidation process. It enhances surface hydrophilicity by intro-
ducing oxygen-containing functional groups (e.g., hydroxyl,
carbonyl, carboxyl, quinone, lactone, and carboxyanhydride) to
the porous carbon surface while eliminating mineral compo-
nents. Common acids employed for such modifications include
HNO; H,SO,4, HCI, H;PO,, H,0,, and HCIO. Among these acids,
nitric acid and sulfuric acid are widely utilized by researchers
owing to their strong oxidizing properties, while weak acids
(e.g., inorganic weak acids) are rarely applied owing to their low
ionization degree.””® Xiao et al. prepared O-activated carbon
cellulose (O-ACF) with high adsorption activity by 20% nitric
acid oxidation as an electrode in the CDI process. Their exper-
iments on Cu(u) adsorption showed that it had excellent
electroadsorption performance. The maximum adsorption
capacity was 48.60 mg g ', which was 1.63 times that of
commercially activated carbon. The adsorption regeneration
experiment showed that O-ACF retained 95% adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance for Cu(u) after 5 adsorption regenerations, which
had good practicability.””* Huang et al. showed that activated
carbon can be modified with nitric acid as an electrode in the
CDI process. The results indicated that the modification greatly
improved the desalination efficiency by about 15%. This is
because nitric acid modification can enhance the oxygen-
containing functional groups on the surface of carbon mate-
rials, resulting in an increase in capacitance and a decrease in
charge resistance.”””

5.3.2 Alkali treatment. Alkaline solution modification
involves soaking or suspending biochar in various alkaline
reagents.””® This process enhances the material's porosity by
introducing alkaline functional groups, thereby increasing the
specific surface area of biochar.”* For example, sodium
hydroxide (NaOH), potassium hydroxide (KOH) and calcium
hydroxide (Ca(OH),) are used to enhance the porosity of the
material. Compared with acid solution modification, it has
higher H/C (stability) and lower O/C (hydrophilicity) compared
with acidic solution modification.>”
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Li et al. used biogas sludge (BS) as a raw material to produce increase in KOH concentration, the BS-derived porous carbon
BS-derived porous carbon materials via hydrothermal carbon- materials (HAx, x = 0, 0.5, 1.0, 1.5) showed a trend of first
ization and KOH modification. The results showed that with an  increasing and then decreasing in terms of the specific surface
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Fig. 33 Microstructure and compositional characterization of biochar, MXene, and BCM-2:2° (a) SEM image of biochar, (b) SEM image of MXene,
(c) cross section of BCM-2, (d) surface of BCM-2, (e and f) EDS mapping images of BCM, (g and h) TEM images of BCM-2, (i) HRTEM images of
BCM-2, (j) SAED pattern of BCM-2, and (k1-k2) AFM height image and phase diagram of BCM-2.
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area and pore volume. The HA-0.5 sample exhibited the highest
specific surface area and largest pore volume of 1040 m”> g~ ' and
0.42 cm® g~ ', respectively. The appropriate amount of KOH
modification also increased the oxygen content of the HA-0.5
sample (from 6.77% to 10.53%), thereby providing more
active sites and enhancing its performance in the electro-
chemical desalination process. In addition, the HA-0.5 elec-
trode retained more than 80% of its desalination capacity after
50 cycles, exhibiting excellent performance, especially in
carbon-based capacitive deionization (CDI) electrodes.?”

5.4 Composite material modification

In addition, BC-based composites can be modified by
combining other materials. Functional materials, magnetic
materials, and nanoparticles have been developed and designed
for modification, and abundant functional groups have been
introduced to effectively play the synergistic effect between
different materials and make up for some of the shortcomings
of the original BC.>”®

Yu et al. prepared MOF-derived porous carbon by applying
the solvothermal method, combining it with Cu@Cu,O to serve
as CDI cathode materials. The results showed that HDC-1100
exhibited the best desalination capacity of 30.9 mg g~ ' under
a voltage window of —1.2 V to 1.2 V, a current density of
40 mA ¢, and a 5 mmol L™ NaCl solution. HDC-1100 also has
good cycling stability. After 20 adsorption and desorption
cycles, good adsorption performance was retained.””” Cheng
et al. used jute fiber as a precursor and heteroatom doping to
form high-value carbon composites. This method significantly
improves wettability, and the resulting material has a higher
specific surface area, higher microporous/mesoporous proper-
ties, higher pore volume, and lower electrical resistance.””® Ge
et al. prepared a layered porous MXene-modified biochar
material (BCM-2), which serves as an electrode in the mixed
process of electrodialysis (EO) and capacitive deionization
(CDI). Characterization is shown in Fig. 33a, where activation
creates abundant mesopores that facilitate ion adsorption. After
modifying biochar with MXene, the layered structure of MXene
was observed in the SEM images (Fig. 33b). Furthermore, the
elemental mapping images of this area (Fig. 33e and f) indicate
that the C, O, and F of polyvinylidene fluoride (PVDF) are
uniformly distributed on the surface of BCM-2, while the Ti
from MXene is concentrated on the biochar, collectively
demonstrating the successful modification of MXene. Addi-
tionally, Fig. 33b illustrates the Tyndall effect of the MXene
solution. Moreover, the significant enhancement in desalina-
tion performance is attributed to the effective combination of
the inherent porous structure of biochar and the layered
structure of MXene, as depicted in Fig. 33c. This combination
effectively increases the specific surface area and significantly
reduces the overlapping effects of the electric double layer. We
found that MXene also increased the adsorbable sites of the
electrode material by forming a membrane over the original
biochar, as shown in Fig. 33d. Subsequently, we further illus-
trated the continuous diffraction rings corresponding to the
(027), (015), and (004) planes of MXene, as well as the (002)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plane of graphite, through TEM and HRTEM images, as shown
in Fig. 33g-k, further confirming the structure of MXene and
indicating good modification. The results indicate that BCM-2
exhibits excellent CDI performance at 1.2 V, achieving desali-
nation capabilities of 15.40-65.97 mg g~ " in a 100-1000 mg L™
Na,SO, solution.?”®

5.5 Nanomaterial modification

Nanomaterials are a large class of substances with unique
properties. They have structural properties that range from bulk
solids to molecules.”® The doping of nanochar into biochar can
perform various functions, enhancing the adsorption perfor-
mance of BC by altering its functional group profile and active
sites on the surface of BC.>®' Wang et al. used a 15% concen-
tration of ZnO nanoparticles to modify the biochar material.
The results showed that the water contact angle of the ZnO
nanoparticle-modified biochar was significantly reduced, and
the wettability of the biochar was improved. In addition, the
contact area between the modified carbon particles increased,
which improved their conductivity. The results showed that the
electroadsorption capacity for 20 mg L™ CIO*™ at 1 V was
28.31 mg g !, which was four times higher than that of an
electrode without voltage.**

6 Conclusion and outlook

Electrochemical capacitive deionization technology has gradu-
ally become one of the most promising desalination technolo-
gies, and scholars have spent a lot of energy on the selection and
preparation of electrode materials to achieve better desalination
performance, adsorption capacity and desalination efficiency.
Biomass-derived carbon materials stand out among many
electrode materials owing to their wide range of sources, low
production cost and environmental friendliness. In this review,
the development history and desalination mechanism of
capacitive deionization are reviewed, and the advantages and
disadvantages of different structures of CDI are demonstrated.
Then, different biochar raw materials and preparation methods
were introduced, and different modification technologies, such
as surfactant treatment and atom-doped composites, were
introduced to improve the structure of biomass-based electrode
materials and provide better performance. Therefore, we
conclude that we can achieve better desalination performance
in CDI by modifying biomass-derived carbon materials and that
their modification technologies will provide innovative options
for seawater desalination.

Biomass-derived carbon materials are characterized by wide
sources and controllable structures. Relying on their natural
porous structures and abundant surface functional groups, they
can achieve the synergistic enhancement of ion adsorption and
desorption performance through precise regulation of pore
structures and directional doping of atoms, thereby showing
unique advantages in the field of seawater desalination. This
material also has considerable application potential in various
capacitive deionization unit structures. It can be synthesized
into electrode materials through processes such as pyrolysis,

RSC Sustainability, 2025, 3, 4364-4409 | 4397


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00439j

Open Access Article. Published on 05 Agosti 2025. Downloaded on 31/10/2025 19:28:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

physicochemical activation and the template method. By
adjusting preparation parameters, such as pyrolysis tempera-
ture and activator ratio, biomass-derived carbon with a specific
surface area, reasonable pore size distribution and surface
charge distribution can be prepared, which can be used as
electrode materials to adapt to different CDI structures.

For example, for the traditional CDI structure, it is necessary
to prepare biomass-derived carbon electrodes with a higher
specific surface area to improve their adsorption capacity for
salt ions; for MCDI, surface modification technology can be
used to endow the electrodes with specific ion selectivity,
combined with ion exchange membranes to enhance the
desalination effect. In FCDI, biomass-derived carbon can be
made into carbon slurry, which can optimize the conductivity
and stability of the flow electrode and reduce the problem of
clogging.

However, when biomass-derived carbon materials are
adapted to different capacitive deionization structures, there
are problems such as significant differences in preparation
processes and procedures, temporary inability to achieve large-
scale production, and difficulty in accurately matching the
needs of capacitive deionization. Simultaneously, it still faces
many difficulties in the capacitive deionization stage. First, the
phenomenon of ion competitive adsorption is prominent in
high-salt concentration environments, and the selective
adsorption capacity of the material is insufficient, making it
difficult to distinguish efficiently between different types of
ions. Second, the cycle stability of the material needs to be
improved. After multiple adsorption-desorption cycles, the
pore structure is easily blocked by residual ions, resulting in
a significant decrease in adsorption capacity. Third, adapt-
ability to different CDI structures needs to be further optimized.
For example, in HCDI, the synergistic effect between biomass-
derived carbon and Faraday electrodes is weak, which cannot
give full play to the performance advantages of composite
electrodes. Fourth, during the preparation process, impurities
in biomass raw materials are difficult to completely remove,
which affects the conductivity and chemical stability of elec-
trode materials.

Therefore, it is urgent to break through the bottleneck of low-
cost large-scale production in the future, which requires putting
forward innovative ideas. First, in situ characterization
combined with theoretical calculations can be used to reveal the
mechanism of ion adsorption and desorption, providing theo-
retical support for the precise development of materials suitable
for different capacitive deionization structures. For example, by
constructing differentiated pore structures and adjusting the
pore parameters of electrode materials according to different
ion characteristics, ion transport capacity can be improved.
Second, using the abundant surface functional groups of
biomass-derived carbon materials, a stable surface modifica-
tion layer can be designed to reduce pore clogging during the
cycle and improve the stability of desalination performance.
Third, electron transfer efficiency can be optimized through
interface engineering to improve the desalination efficiency of
composite materials. Finally, aiming at the difficult removal of
impurities from raw materials, multiple process means can be
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coupled to strengthen the treatment of raw material impurities
and to fully improve the performance of the prepared materials.
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