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Abstract:  Capacitive deionization (CDI) is  an emerging desalination  tech-
nology that  uses  ion  electrosorption  at  electrically  charged  electrode   inter-
faces and has gained increasing recognition as a sustainable and cost-effect-
ive  solution  for  water  purification.  Among  the  various  electrode  materials,
carbon  nanotube  (CNT)-based structures  have  attracted  considerable   re-
search interest  because of their  outstanding physicochemical properties,   in-
cluding high specific  surface  area,  superior  electrical  conductivity,  and ex-
cellent  electrochemical  stability.  Significant  efforts  have  been  devoted  to
improving the CDI performance of CNT-based electrodes using material en-
gineering and  structural  design.  A  comprehensive  analysis  of  recent   ad-
vances  in  performance  optimization  strategies  for  CNT-based CDI   elec-
trodes is provided, and their pivotal role in driving technological progress in
CDI is evaluated. Persistent challenges and promising research to overcome
current limitations are also considered.
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 1    Introduction
As  global  demand  for  clean  water  continues  to

rise, natural freshwater resources are increasingly un-
der pressure, and water scarcity has emerged as one of
the key challenges of  the 21st century[1–3].  Addressing
this  issue  through  the  development  of  efficient  water
purification technologies, such as seawater and brack-
ish  water  desalination,  has  become  a  research
priority[4–5].  Various  water  treatment  technologies
have been explored to date, including reverse osmosis,
electrodialysis,  and  thermal  distillation.  However,
these  conventional  technologies  are  often  associated
with inherent limitations, such as high capital and op-
erating costs, substantial energy consumption, and ad-
verse  environmental  impacts,  which  hinder  their
large-scale deployment[6–8].

CDI is a comparatively new desalination process
that  removes  dissolved  salts  from  brackish  water  by
electrosorption  onto  electrode  surfaces  when  ions
form electric double layers (Fig. 1a). The process has

demonstrated  considerable  potential  for  producing
drinking water from brackish water resources[9]. Simil-
ar  to  electric  double-layer  capacitors  (EDLCs)  used
for  energy  storage,  CDI  devices  are  often  referred  to
as  flow-through  capacitors,  as  they  typically  operate
with brackish water continuously flowing through the
cell[10–12].  Regeneration  can  be  readily  achieved when
the electrodes  become  saturated  with  salt  ions  by   re-
versing the applied potential or by short-circuiting the
electrodes[13]. CDI  offers  several  important   advant-
ages over  conventional  desalination  methods,   includ-
ing the  absence  of  chemical  additives  during   opera-
tion and the application of  low voltages,  which helps
avoid  water  electrolysis[14–15].  Thus,  CDI  represents  a
cost-effective and  environmentally  friendly   alternat-
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ive  to  conventional  desalination  methods,  such  as
thermal distillation,  reverse  osmosis,  and   electrodia-
lysis[16–17].  This  technology  holds  significant  promise
for  providing  affordable  and  pollution-free  drinking
and agricultural water. Previous reviews have categor-
ized  CDI  as  a  replacement  desalination  technology,
with  membrane-based,  flow-through, hybrid,  and   en-
tropy battery  systems  classified  as  its  major   subcat-
egories[18–20].

Ideal CDI electrode materials should possess the
following  characteristics:  (1)  a  high  specific  surface
area to provide abundant ion electrosorption sites; (2)
a well-optimized pore size distribution, featuring high
microporosity for  enhanced salt  electrosorption  capa-
city along  with  an  interconnected  macroporous   net-
work for  facile  ion  transport;  (3)  high  electrical   con-
ductivity to ensure uniform voltage distribution across
the electrodes and minimize resistive heat generation;
(4)  high  wettability  to  promote  effective  contact
between  the  electrode  materials  and  ions,  thereby
maximizing  pore  utilization  during  the  CDI  process;
and  (5)  excellent  electrochemical  stability,  which  is
critical  for  the  design  of  CDI  electrodes  capable  of
withstanding redox reactions and achieving long oper-
ational lifetimes[21–28]. Among various candidates, car-
bon nanotubes (CNTs) have attracted considerable at-

tention  as  promising  CDI  electrode  materials  due  to
their unique  structural,  electrical,  and  chemical  prop-
erties[29].  CNTs exhibit  a  large surface area,  excellent
electrical  conductivity,  and high mechanical  stability,
which are essential for ensuring high ion electrosorp-
tion capacity,  efficient  charge transfer,  and long-term
durability of CDI electrodes[30–31]. In addition, the tun-
able surface chemistry of CNTs enables functionaliza-
tion  and  composite  formation  with  other  materials,
thereby allowing precise tailoring of electrode proper-
ties to meet specific desalination requirements[32]. Re-
cent advances have focused on integrating CNTs with
other  carbon  materials,  metal  oxides,  polymers  and
conductive hydrogels to further enhance CDI perform-
ance[33–35]. CNT-based composites often exhibit syner-
gistic effects,  such as improved wettability,  enhanced
ion  selectivity,  and  superior  stability  during  repeated
charge-discharge cycles[36–37]. Furthermore, the utiliza-
tion of CNTs-based electrodes in hybrid CDI systems,
combining CDI with other desalination or energy stor-
age technologies, has opened new avenues for achiev-
ing optimal  energy  efficiency  and  desalination   capa-
city[38]. Despite these advances, several challenges re-
main.  Issues including electrode fouling,  scaling,  and
material aging during long-term operation must be ad-
dressed  to  enable  the  practical  deployment  of  CDI
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Fig. 1    (a) Schematic diagram of a typical CDI system. Copyright 2018, Elsevier. (b) Schematic diagram of how to create Electrical Double Layers, Copyright
2018, Elsevier. (c) A flow-through electrode (FTE) CDI System. Copyright 2018, Elsevier. (d) A flow electrode (FE) CDI System. Copyright 2018, Elsevier
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technologies.  In  addition,  the  current  fabrication  cost
of  high-quality CNTs  remains  relatively  high,   limit-
ing  their  large-scale  applications.  These  challenges
call for  the  development  of  novel  electrode   architec-
tures,  scalable  synthesis  strategies,  and  next-genera-
tion CDI systems[39–41].

This  review provides a  comprehensive overview
of the application of CNTs and their composites in ca-
pacitive  deionization.  It  discusses  the  fundamental
principles  of  CDI,  the  unique  advantages  of  CNTs-
based materials  as  electrode  candidates,  recent   ad-
vances  in  material  innovation  and  integration
strategies, as well as the remaining challenges associ-
ated  with  large-scale  deployment.  By  consolidating
recent achievements and outlining future research dir-
ections, this  work  aims  to  contribute  to  the   develop-
ment of next-generation CDI technologies for sustain-
able and environmentally friendly water desalination.

 2    History and theory of CDI
 2.1    History of CDI

CDI is  a  relatively  recent  desalination   techno-
logy compared to conventional desalination processes
and  was  first  conceived  in  the  1960s  by  Caudle  and
Hodes[42]. Early studies by Caudle et al. demonstrated
the  feasibility  of  using  porous  electrodes  to  remove
ions  from  brackish  water  under  an  applied  electrical
potential, based  on  the  principle  of  ion   electrosorp-
tion  at  charged  electrode  surfaces.  This  pioneering
work laid  the  foundation  for  subsequent   investiga-
tions  into  CDI  mechanisms  and  electrode
materials[43–45].

In later  years,  Johnson  and  Newman  further   es-
tablished the theoretical framework of CDI by propos-
ing  a  porous  electrode  model[46–47]. Their  model   ex-
amined the interplay among ion electrosorption, elec-
trical  double-layer  characteristics,  electrode  surface
area,  and  applied  voltage,  providing  deeper  insights
into ion storage behavior in porous carbon electrodes
during the CDI process[48–50].

The  breakthrough  occurred  in  the  1990s  when
Farmer et al. prepared carbon aerogels with unusually
high  surface  areas  and  conductivity[51]. These   com-

pounds  significantly  enhanced  CDI  performance  by
increasing  ion  storage  capacity  and  efficiency.  This
breakthrough stimulated a vast amount of research on
carbon-based materials, leading to innovations such as
activated  carbons,  graphene,  CNTs  and  carbide-de-
rived carbons[52].

Over time, material technology has improved the
performance  of  CDI  systems  considerably.  High-sur-
face-area materials  and  specifically  engineered   elec-
trodes have enabled increased salt  electrosorption ca-
pacities, making CDI not only feasible but also a more
practical  option  for  desalination  and  water  treatment
applications. CDI continues to be a viable and sustain-
able  technology  for  addressing  global  water  scarcity
today[53–55].
 2.2    Theory of CDI

CDI theory is  primarily based on the concept  of
Electric Double Layer (EDL) that is formed at the in-
terface of a charged electrode surface and an electro-
lyte solution[56]. The EDL accounts for the charge se-
gregation  caused  by  electrostatic  forces  that  create
two distinct charged layers: one immobile on the elec-
trode  surface  and  another  mobile  in  the  surrounding
electrolyte[57].

Under  the  CDI  conditions,  an  external  voltage
across  electrodes  causes  cations  and  anions  of  the
electrolyte to  migrate  to  oppositely  charged   elec-
trodes,  where  they  are  adsorbed  and  accommodated
within the EDL. This process displaces ions from the
electrolyte and efficiently desalts the solution[58–60].
 2.2.1    Classic EDL theory

The  classic  EDL  theory,  initially  proposed  by
Helmholtz, describes the EDL as a parallel-plate capa-
citor with  a  single  layer  of  tightly  packed  ions   at-
tached to the electrode surface[61–62].  This  theory does
not  account  for  the  dynamic  distribution  of  the  ions
within  the  electrolyte.  Later  developments  by  Gouy
and Chapman introduced the concept of a diffuse lay-
er,  where  the  potential  of  electrolyte  ions  exhibits  an
exponential  decay  with  distance  from  the  electrode
surface[63]. The Gouy-Chapman theory is closer to the
ion  distribution  but  overestimates  capacitance,  as  it
treats  ions  as  point  charges,  leading  to  excessively
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high charge densities[64–65].
In  1924,  Stern  combined  the  Helmholtz  and

Gouy-Chapman theories  and  presented  a  more   re-
fined  description  of  the  EDL[66]. The  Stern  model  di-
vides  the  EDL  into  2  main  regions.  Stern  layer:  A
thick layer of strongly adsorbed ions on the surface of
the electrode. Diffuse layer:  A region where the ions
are loosely bonded and distributed in a Boltzmann dis-
tribution  fashion.  This  two-layered structure   accur-
ately models the relationship between ion electrosorp-
tion  and  spatial  charge  distribution  in  an
electrolyte[67–69].
 2.2.2    CDI Mechanism and ion dynamics

In the CDI system, high-surface-area porous car-
bon materials are usually used for electrodes to facilit-
ate EDL formation as much as possible[70–71]. When an
potential  difference  is  applied,  the  positive  ions
(cations) are attracted towards the negative electrode.
Negatively  charged  ions  or  anions  travel  towards  the
positive electrode. They form the Stern layer near the
surface of the electrode and a diffuse layer in the bulk
electrolyte further  away  from  the  surface.  Ion   elec-
trosorption reduces  the  concentration  of  ions  to   in-
duce desalination[59,72].

CDI can be regenerated by discharging the elec-
trodes,  thereby  releasing  the  adsorbed  ions  back  into
the solution. This regenerating capability renders CDI
more energy-efficient compared with conventional de-
salination  technologies,  such  as  reverse  osmosis.
Ideally,  the  hydration  shell  contains  excess  ions  that
are electrostatically  attracted  and  adsorbed  at  the   vi-
cinity of the Stern plane[73] (Fig. 1b). The parameter H
represents the  thickness  of  the  Stern  layer,   corres-
ponding to the Helmholtz double layer distance, while
ψ denotes  the  electric  potential  at  the  electrode   sur-
face. Eq.  (1)  describes  the decrease in  ion concentra-
tion as  a  function  of  distance  from the  electrode  sur-
face, following  the  Boltzmann  distribution  with   re-
spect to electric potential and temperature. 

Cj,x =Cbulk ×EXP(−Z j×Φ(x)) (1)

Φ(x)

where  Cj,x  is  the  concentration  at  electrode,  Cbulk  is
bulk  concentration,    is  the  potential  distribution
with  distance  x  from  electrode  divided  by  thermal

voltage (VT)1, and Zj is ionic charge number.
In double layer theory,  the potential  at  the Stern

plane is  determined  by  a  key  surface  electrical   prop-
erty known  as  the  zeta  potential.  This  value  is   influ-
enced  by  the  chemical  composition  of  the  particle’s
surface  and  the  pH  of  the  solution  in  which  the
particles are dispersed[74].

The  capacitance  of  a  double  layer  is  calculated
by modeling it as 2 hypothetical capacitors connected
in series, as expressed in Eq. (2): 

1
Cd1
=

1
Cst
+

1
Cd

(2)

where Cdl  is  the total  capacitance of  double layer, Cst

is  stern  layer  capacitance  and Cd  is  the  Gouy-Chap-
man capacitance.

Eq. (3) estimates the Stern layer capacitance un-
der the assumption of a fixed capacitance for symmet-
ric ions, whereas Eq. (4) provides the calculation of Cd

according to the Gouy-Chapman-Stern theory. 

Cst =
ε

4πd
(3)

 

Cd =
ε

λd
× cosh

(
Z×∆Φd

2

)
(4)

∆Φd

where  Cst  represents  the  Stern  capacitance,  ε  is  the
dielectric permittivity in C V−1 m−1, d is the Stern layer
thickness,    is  dimensionless  potential  difference
over  diffuse  layer1  and  λd  is  the  Debye  length  (m).
According  to  Eq.  (3),  the  Stern  capacitance  depends
primarily on the thickness of the Stern layer, which is
approximately equal to the hydrated radius of the ions.
In  contrast,  Eq.  (4)  suggests  that  a  reduction  in  the
Debye  length,  achieved  by  increasing  the  electrolyte
concentration, results in a higher capacitance[75–77].
 2.3    Factors that influence CDI efficiency

The operation  of  a  CDI  cell  is  normally   quanti-
fied by the electro-sorption capacity, and this will also
be  dominated  primarily  by  most  crucial  factors  such
as  cell  design,  electrode  selection,  operating  process
conditions,  and  water  composition  of  the  feed.  All
these  thus  need  to  be  examined  in  great  depth  when
developing a CDI system.
 2.3.1    Structural geometry of a CDI cell

In  experimental  CDI  cell  design,  both  the  feed-
water  flow direction and electrode configuration play
critical  roles  in  determining  desalination
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performance[78].  A  typical  CDI  system  consists  of  2
porous  carbon  electrodes  with  thickness  below
500 µm,  arranged  in  parallel  and  separated  by  a  nar-
row gap of approximately 0.6-1 mm to allow water to
pass  through.  Based on the water  flow configuration,
CDI cells can be classified into flow-by (FB) or flow-
through systems (Fig. 1c). The FB configuration is the
most  widely  used  arrangement  in  laboratory-scale
studies[79–80].  In  this  configuration,  saline  water  flows
through  the  gap  between  2  parallel  porous  carbon
electrodes.  The  electrodes  are  typically  fabricated  as
thin  films  or  coated  onto  conductive  substrates,  such
as graphite,  copper,  or  titanium,  which  serve  as   cur-
rent collectors.

Nevertheless,  flow-by  CDI  systems  face  several
challenges[81].  First,  desalination in FB configurations
is  largely  diffusion-controlled,  resulting  in  relatively
long processing  times.  Second,  the  separator   posi-
tioned  between the  electrodes  serves  a  dual  function:
enabling  fluid  transport  while  preventing  electrical
short  circuits.  Consequently,  its  thickness  must  be
carefully  optimized  to  minimize  electrical  resistance
without compromising water flow efficiency[82–84].

The CDI  cell  geometries  discussed  above   oper-
ate  in  a  discontinuous  manner  with  2  distinct  steps:
electrosorption to  remove  ions  and  desorption  to   re-
charge  the  electrodes[85–86].  The  second  drawback  of
FB and flow-through electrode (FTE) CDI systems is
the additional energy required for electrode regenera-
tion. In  an  attempt  to  alleviate  these,  the  flow   elec-
trode (FE) concept (Fig. 1d), explored by Micka in the
1960s, has been presented as a solution for the applic-
ation of continuous CDI operation[87]. This configura-
tion enables uniform concentration distribution in the
split outlet stream.

In Fig. 1d, the FECDI process enables simultan-
eous regeneration and desalination of the electrode[18].
This is facilitated by passing a highly conductive car-
bon slurry  in  two  distinct  directions  since  ion   ex-
change membranes  that  electrically  insulate  the   elec-
trodes  from  the  feed  stream  prevent  ion  exchange
between  feed  stream  and  electrodes[88].  The  carbon
slurry treated by the CDI system can subsequently be

regenerated through mixing of the anodic and cathod-
ic streams,  which  facilitates  carbon  particle   separa-
tion  and  brine  formation.  In  comparison  with  carbon
particle saturation limiting FB and FTE CDI systems,
FECDI regulates saturation through the adjustment of
the  slurry  flow  rate  as  well  as  electrode  circulation
channel diameters[28,85,89].
 2.3.2    Feedwater characteristics

The composition of the feed water plays a critic-
al role  in  determining  the  performance  of  CDI   sys-
tems[86,90].  It  significantly  influences  key  performance
metrics, including ion removal efficiency, energy con-
sumption, and electrode stability. Feed water compos-
ition varies depending on the source and may contain
a wide range of ionic species, organic compounds, and
other  contaminants.  The  interactions  between  these
constituents  and  CDI  electrodes  are  therefore  crucial
for  understanding  desalination  mechanisms  and  for
optimizing system performance[91–93].

The  concentration  and  speciation  of  ions  in  the
feed water are critical factors that affect how well the
CDI works. For instance, monovalent ions such as so-
dium (Na+) and chloride (Cl−) are more likely to be re-
moved.  This  is  because  they  have  smaller  hydration
radii,  and they are  more mobile  than divalent  ions or
multivalent  ions  like  magnesium  (Mg2+),  calcium
(Ca2+),  or  sulfate  (SO4

2−)[94].  High  concentrations  of
salt  can  increase  the  competition  among  ions  for  the
electrosorption  sites  that  are  present  on  the
electrodes[95].  This  increased  competition  may  reduce
the system’s ion removal capacity.  At the same time,
when  the  ionic  strength  goes  up,  it  may  cause  the
thickness  of  the  EDL  to  decrease.  A  smaller  EDL
thickness  might  change  the  way  the  electrosorption
mechanism works,  possibly  affecting  energy   effi-
ciency  in  ways  not  fully  understood.  The  effects  of
these  factors  can  vary,  and  their  relationship  to  the
overall  performance  of  the  system  is  not  always
straightforward[96–98].
 2.3.3    Operating conditions

Temperature  and  flow  rate  primarily  affect  ion
electrosorption on electrode surfaces in CDI[86,99]. The
temperature will  control  the ionic mobility as well  as
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the ionic diffusion rate, and the greater the rise in tem-
perature,  the greater the ion movement as well  as the
ion removal rate[100–101]. Although increasing temperat-
ure enhances  ionic  mobility,  it  can  decrease   electro-
static  interactions  between  the  electrode  surface  and
ions  and  lower  electrosorption  capacity.  A  suitable
temperature  is  thus  essential  in  delivering greater  ion
transport and stable electrosorption[102–103].

Flowrate,  which  decides  ions’  residence  time  in
the  electrode  gap,  is  also  an  important  parameter  for
CDI performance[78,104–105]. High flowrates reduce res-
idence time of  ions close to electrodes and thus limit
electrosorption efficiency. Low flowrates enhance res-
idence time and thus achieve maximum ion-electrode
interaction  and  electrosorption.  Very  low  flowrates
can,  however,  reduce the system throughput and thus
overall efficiency[106].

Apart from flowrate and temperature, pH value is
also  an  important  parameter  in  CDI  performance[107].
The pH of  the  feedwater  affects  the  ionization of  the
various  ions  and  the  surface  charge  of  the  electrode.
Decreased  pH  increases  the  concentration  of  protons
(H+), which can lead to a more positive electrode sur-
face  charge  that  would  enhance  anion  electro-
sorption[108]. On the other hand, at high pH values, hy-
droxide ion concentration (OH−) is higher and thus in-
creases  the  negative  electrode  surface  charge,  which
favors  cation  electrosorption.  pH  also  influences  the
electrochemical  stability  of  electrodes  since  extreme
alkalinity or acidity can cause electrode breakdown or
corrosion and  thus  decrease  the  efficiency  and   life-
time of the system[81]. Additionally, the ion selectivity
of CDI systems is also influenced considerably by the
solution pH.  Electrostatic  attraction  towards  the   sur-
face of the electrode and towards anions is stronger in
acidic pH,  whereas  with  cations  it  is  stronger  in   al-
kaline  pH[109–111].  Hence,  pH  conditioning  of  the  feed
water  can  be  a  method  of  optimizing  in  removal  of
target  ions  depending  on  what  type  of  contaminants
are present in the water.
 2.3.4    Electrical potential

Because  CDI  is  driven  by  an  applied  electrical
potential, this parameter plays a dominant role in reg-
ulating  the  electrosorption-desorption  process  and,

consequently,  the  overall  desalination
efficiency[112–113].  Increasing  the  applied  potential
strengthens  the  electrostatic  attraction  between  the
electrode  surface  and  ions,  thereby  enhancing  the
electrosorption  capacity.  However,  excessively  high
potentials  may  induce  undesirable  effects,  such  as
electrode  polarization,  overcharging,  and  parasitic
side  reactions,  which  can  compromise  desalination
performance and lead to progressive electrode degrad-
ation over prolonged operation[109].

The  electrical  potential  is  also  responsible  for
controlling the  selectivity  of  ion  removal  because   in-
dividual ions may have greater affinity with the elec-
trodes  within  certain  ranges  of  potential[114–115].  Such
selectivity proves to be beneficial for selective elimin-
ation  of  desalination  or  individual  contaminants.  The
energy efficiency  of  CDI  systems  is  similarly   influ-
enced by the potential applied; while increased poten-
tials enhance ion removal, they use more energy. Op-
timal potential thus becomes the key to balancing effi-
ciency and energy consumption[116–117].

During operation, the potential facilitates the mi-
gration of  ions  to  oppositely  charged  electrodes   dur-
ing electrosorption  and  drives  their  release  upon   de-
sorption, thus enabling regeneration of the electrodes.
This mechanism emphasizes the importance of poten-
tial  control  in  sustaining  CDI  performance[118].  Elec-
trical  potential  in  aqueous  environments  needs  to  be
carefully controlled in order to achieve maximum de-
salination  efficiency,  electrode  stability,  and  power
usage,  thus  qualifying  it  as  a  key  parameter  in  CDI
operations.
 2.3.5    Properties of electrode materials

The preceding discussions suggest that the struc-
tural and morphological properties of electrode mater-
ials play a crucial role in the performance of CDI sys-
tems. In particular, these properties support the devel-
opment  of  a  porous  architecture  that  enhances  ion
electrosorption. This section examines the key charac-
teristics that  influence  how  electrode  materials   func-
tion  across  different  CDI  setups,  from  commercially
available activated  carbons  to  advanced  hybrid   com-
posites  that  incorporate  metal  oxides,  polymers,  and
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carbon nanomaterials.
It  is  important  to  note  that  the  effectiveness  of

these materials depends not only on pore structure, but
also on a range of other factors. These include electro-
chemical  stability,  electrical  conductivity,  surface
chemistry,  wettability,  mechanical  strength,  and cost-
effectiveness[114,119].  A  comprehensive  understanding
of how these properties interact is essential for design-
ing efficient and practical CDI systems.

To  achieve  optimal  CDI  performance,  several
key material properties must be taken into account. A
high specific  surface  area  (SSA) is  crucial  because  it
offers ample active sites for ion adsorption. However,
not all of the measured surface area is necessarily ac-
cessible  to  ions,  making  the  electrochemically  active
surface area a more relevant metric.  Although micro-
pores (< 2 nm) greatly contribute to SSA and support
charge  storage  through electrical  double-layer  forma-
tion,  they  can  also  impose  steric  limitations  that
hinder  the  movement  of  ions,  especially  those  with
larger  hydration  shells[120–121]. In  comparison,   meso-
pores  (2-50  nm)  act  as  conduits  for  ion  transport,
lowering  diffusion  resistance  and  enhancing  reaction
kinetics, though often at the expense of volumetric ca-
pacitance. Macropores  (>  50  nm),  meanwhile,   pro-
mote bulk  electrolyte  flow.  Thus,  an  optimal   elec-
trode should possess  a  hierarchical  pore  network that
intelligently  balances  micro-,  meso-,  and  macropores
to improve both ion access and storage capability[122].

Electrical conductivity is  equally vital,  as it  pro-
motes uniform  charge  distribution  across  the   elec-
trode and reduces energy losses and Joule heating dur-
ing  operation.  Highly  conductive  materials  support
faster electron transfer, which is necessary for achiev-
ing high-rate  performance and energy-efficient desal-
ination[123].  Moreover,  electrodes  must  exhibit  strong
electrochemical  resilience  under  varying  voltage  and
pH conditions to maintain performance over repeated
cycling.  Chemical  and  mechanical  durability  are  also
key  to  avoiding  corrosion,  deformation,  or  structural
failure, thereby supporting long-term operational reli-
ability[112].

Wettability is  another  fundamental  aspect   gov-

erning the electrode-electrolyte interface. Hydrophilic
surfaces improve electrolyte permeation and help fully
utilize the  porous  interior,  which  in  turn  boosts   elec-
tro-adsorption  capacity  and  kinetics.  On  the  other
hand,  hydrophobic  surfaces  may  result  in  inadequate
wetting  and  diminished  effectiveness.  Accordingly,
surface modifications such as chemical functionaliza-
tion  or  composite  integration  are  commonly  used  to
optimize wetting behavior[124–126].

Finally, cost and scalability play decisive roles in
the real-world adoption of CDI systems. Although ad-
vanced nanomaterials  often  show  improved  perform-
ance, their  expensive  and  complex  production   pro-
cesses may limit widespread use. This has spurred in-
terest  in  developing  electrode  materials  that  are  not
only efficient  and  durable  but  also  economically   vi-
able and scalable[127].

Common carbon-based materials used in CDI in-
clude activated carbons (ACs), activated carbon fibers
(ACFs),  carbon  aerogels,  templated  carbons,  CNTs,
carbon  nanofibers  (CNFs),  and  graphene.  Of  these,
CNT-based  electrodes  have  attracted  notable  interest
due  to  their  high  surface  area,  exceptional  electrical
conductivity, mechanical  strength,  and  ease  of   func-
tionalization. The following section discusses in great-
er  detail  the  role  of  CNT-based materials  in  CDI  ap-
plications[101,128].

 3    CNT-based electrode materials  in
CDI

From the  above  discussed  points,  it  can  be  con-
cluded that the electrode material has an effective role
in optimizing the performance of CDI systems, where
intense  focus  has  been  laid  on  electroconductivity,
structural durability, and low costs. Out of many elec-
trode materials screened, CNTs have gained consider-
able  attention  due  to  their  unique  physicochemical
characteristics,  as  well  as  their  potentialities  towards
enhanced  CDI  performance[129–130].  Application  of
CNTs as  electrode  material  in  CDI  technology   ex-
ploits their large surface area, high electrical conduct-
ivity, and chemical stability.

The  pore  structure  of  CNT-based  electrodes

Wang Xiaomei: Carbon nanotube-based materials as capacitive deionization electrodes

Vol. 41 | Issue 2 | Apr. 2026 | 305 New Carbon Materials



plays a decisive role in ion electrosorption, and optim-
al  design requires  a  well-balanced distribution of  mi-
cropores  and  mesopores.  Mesopores  serve  as  ion
transport channels, while micropores have active sites
with rich resources for electrosorption of ions[131]. The
interface between these 2 pore regimes offers flexibil-
ity in  achieving  high  ion  mobility  and  efficient   sur-
face area utilization, which are essential for high-per-
formance CDI  applications.  Moreover,  the  high  elec-
trical  conductivity  of  CNTs  ensures  efficient  charge
distribution  with  minimum  energy  loss  and  reduced
thermal effects during operation[132–133].

The  hydrophilic  functionalization  of  CNTs  can
enhance  their  wettability,  ensuring  all  active  surface
areas  are  engaged  in  the  CDI  process.  Moreover,  the
chemical  inertness  and  mechanical  stability  of  CNTs
under various conditions of pH as well as voltages en-
able  operation  cycles  for  a  long period without  time-
dependent material degradation. Furthermore, the eco-
nomic  feasibility  and  scale-up  possibility  of  CNT-
based electrodes also potentially increase the practice-
based application of CDI systems[134–135].

Various  CNT-based  configurations  including
pristine CNTs,  CNTs  composites,  and  hybrid  materi-
als incorporating metal oxides or polymers have been
used to optimize CDI performance[136]. Different kinds
of  CNT-based  electrodes  and  their  ways  to  increase
the application  and  efficiency  of  capacitive  deioniza-
tion are presented in the following sections.
 3.1    Pristine and modified CNT electrodes

CNTs have the potential to become electrode ma-
terials  in  CDI  application  due  to  their  high  electrical
conductivity,  huge specific  surface area,  and superior
chemical stability. However, there are 2 primary chal-
lenges that  prevent  the  use  of  CNTs  as  CDI   elec-
trodes. One,  CNTs  are  naturally  hydrophobic,   result-
ing  in  an  undesirable  electrode-water  interface  in  the
desalination process[137]. This hydrophobicity also pro-
motes aggregation in water, reducing the effective sur-
face area for ion removal.  Additionally,  use of CNTs
with  binders  or  additives  significantly  deteriorates
their  properties,  reducing  the  efficiency  and  reaction
kinetics of CDI[138]. Second, processing and immobil-

ization of CNTs have a tendency to alter  their  poros-
ity, preventing  the  capacitance  from reaching  its   the-
oretical  limit[139]. Therefore,  CDI  electrode  design   re-
quires a mechanically robust, scalable, and stable sub-
strate with optimized porosity for immobilization and
nanocarbon  accommodation[140].  Cellulose  yarns  with
biocompatibility were successfully developed by Mor-
onshing et  al.  as  favorable  substrates  for  the   anchor-
ing of CNTs (Fig. 2a)[141]. The native porosity as well
as the  hydrophilicity  of  cellulose  synergistically   en-
hances  the  performance  of  CNTs  in  CDI  processes.
Moreover,  the  CNT-immobilized  yarns  are  scalable
and  can  be  utilized  in  numerous  structural  formats,
which makes  them  particularly  promising  for  a   vari-
ety  of  applications.  The  CNTs  electrodes  prepared
have an electro-sorption capacity of 139 mg g−1 and a
salt electrosorption rate of 2.78 mg g−1 min−1. In addi-
tion,  the  system exhibited  efficient  removal  (～80%)
for cations (Na+,  K+,  Mg2+ and Ca2+) and anions (Cl−,
SO4

2−  and  NO3−).  With  a  tunable  capacitance  of
0.4–120  mF  and  a  high  specific  capacitance  of
～ 27.2  F  g−1, the  device  exhibits  superior   perform-
ance  in  a  broad  range  of  saline  concentrations  (50-
1000 mg L−1). After 5 cycles, the performance degrad-
ation is less than 3%, indicating that the electrode ma-
terial exhibits excellent cycling stability.

In recent years, nitrogen doping in carbon materi-
als has  garnered  significant  attention  due  to  its   en-
hancement  of  electrochemical  activity[142].  Electrical
conductivity, wettability of carbon structures, and ion
electrosorption  capacity  are  enhanced  with  nitrogen
doping[143]. Following  the  trailblazing  study  on   nitro-
gen-doped graphene for CDI purposes, many kinds of
nitrogen-dense carbon  materials  with  variable   mor-
phology have been produced[144]. Of these, CNTs have
shown  remarkable  performance  in  a  wide  range  of
electrochemical applications  because  of  their   in-
creased  electrode-electrolyte  contact  and  reduced  ion
and  electron  diffusion  distances.  Despite  having  all
these  benefits,  the  synthesis  of  nitrogen-doped  CNTs
for particular  CDI  applications  is  still  a  serious  chal-
lenge[145].  In  an  attempt  to  overcome  this  challenge,
Shi  et  al.  synthesized  nitrogen-doped  CNTs  (nit-
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CNTs)  through  thermal  conversion  of  polypyrrole
nanotubes  in  a  nitrogen  atmosphere  (Fig.  2b)[146].
Compared with  commercially  purchased  CNTs   syn-
thesized by the chemical vapor deposition method, the
nit-CNTs  synthesized  have  some  outstanding  merits:
(1)  3D  network  structure  of  nanotubes,  which  offers
enough  space  for  ion  storage  and  excellent  paths  for
electron  transmission.  (2)  Abundant  nitrogen  dopants
within the carbon lattice, which leads to high electric-
al conductivity and ion electrosorption. (3) Open tube
walls,  which  enhances  the  electrosorption  ability  of
ions further. Thereafter, the nit-CNTs possess a capa-
city of up to 17.18 mg g−1 for desalination and also ex-
hibit excellent cycling stability with hardly any loss of
capacity after 20 cycles.

Major challenges in applying CNTs as CDI elec-
trodes include their high energy requirements and de-
pendence  on  binders  for  flat-sheet fabrication.   Cur-
rently,  the application of CNT electrodes is primarily
limited  to  doping  or  blending  with  support
materials[147].  The  intrinsic  hydrophobicity  of  CNTs
impedes both ion transport and electrosorption in sea-
water, and  therefore  hydrophilic  modification  is   ne-

cessary  for  enhanced  performance  as  CDI  electrode
materials[114].  Common  hydrophilization  methods,
such as strong acid treatment, enhance electrosorption
capacity.  Moreover,  grafting  hydrophilic  functional
groups  such  as  sulfonic  acid  and  amine  onto  pre-
treated CNTs  surfaces  can  significantly  improve   sur-
face  wettability[148]. However,  these  treatments   intro-
duce  additional  processing  steps,  complicating  the
overall  preparation  process[41].  Lee  et  al.  successfully
fabricated  electrically  conductive  free-standing  hol-
low fiber CNTs (HF-CNTs) using wet-spinning tech-
nology[149].  Wet-spinning is a fiber-forming technique
where a  CNT  dispersion  is  extruded  through  a   spin-
neret  into  a  coagulation  bath,  forming  hollow  fiber
structures  without  electrical  field  application.  After
the removal of the binding polymers, HF-CNTs retain
the excellent electrical properties of CNTs but exhibit
better water wettability due to their three-dimensional
hollow  fiber  structure  that  is  more  effective  than  2D
flat-sheet types. Thus, HF-CNTs have been utilized as
CDI electrode materials with enhanced electrical per-
formance  and  remarkable  electrosorption  capacity
based  on  their  structural  advantages.  The  HF-CNTs
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exhibited a surface area of 55.6 m2 g−1, and the specif-
ic  capacitance  was  23.8  F  g−1,  exhibiting  excellent
electrical stability under repeated current-voltage cyc-
ling.  Consequently,  the HF-CNTs electrode exhibited
great  electrosorption  capacity  of  58.2  mg  g−1  in  a
500  mg  L−1  NaCl  solution  at  a  specific  voltage  of
1.2 V.  The  outstanding  electrochemical   characterist-
ics  of  the  HF-CNTs  are  attributed  to  their  unique
structure  that  reduces  resistance  for  ion  transfer  and
enhances  electrosorption  efficiency.  The  test  results
exhibited the outstanding retention of specific capacit-
ance after 50 sweeps of potential, indicating good cyc-
lic stability.
 3.2    CNT/graphene composite electrodes

Carbon nanomaterials  are widely investigated as
electrode  materials  for  CDI  applications.  However,
despite their promising properties of high specific sur-
face  area  and  excellent  electrical  conductivity,
graphene and CNTs have shown poor performance as
CDI  electrodes[150].  Such  poor  performance  is  largely
due to the re-stacking of graphene sheets or bundles of
CNTs caused by the  strong π-π interactions,   signific-
antly reducing the effective surface area for ion elec-
trosorption and storage[151].

Prominently,  CNT/graphene  hybrid  composites
have shown  much  greater  capacitance  and   desalina-
tion efficiency.  This  is  attributed to the better  disper-
sion  and  prevention  of  re-stacking of  the  2   compon-
ents. Composites of graphene and CNTs are routinely
prepared  by  the  physical  mixture  of  the  2  materials.
Although this method is easy and effective, the homo-
geneous dispersion of the 2 components remains chal-
lenging. Wang et al. reported a chemical vapor depos-
ition method to produce CNT/graphene composites in
gram scale (Fig. 3a)[152]. The composite exhibited spe-
cific capacitance of 242.3 F g−1 at 0.5 A g−1, more than
four  times  that  of  pristine  CNTs.  Furthermore,  the
composite-based  electrodes  also  showed  excellent
cycling  stability  with  performance  maintained  over
4000 cycles at 1 A g−1.  This remarkable stability was
due  to  their  improved  electrical  conductivity  and
unique structural features. The composite,  as an elec-
trode in membrane capacitive desalination, achieved a

desalination capacity of 16.46 mg g−1 at 1.2 V applied
voltage with 500 mg L−1 NaCl solution as feed water.

2D  graphene  suffers  from  several  limitations  in
practical  applications,  including  strong  π-π  interac-
tions  that  induce  sheet  agglomeration,  difficulties  in
electrode  fabrication,  and  performance  degradation
arising  from  the  use  of  polymer  binders[153]. In   con-
trast, 3D graphene gels offer distinct advantages over
their 2D counterparts:  First,  their  interconnected  por-
ous architecture provides abundant sites for ion accu-
mulation and facilitates efficient ion transport, thereby
enhancing  electrosorption  capacity.  Second,  3D
graphene gels  exhibit  macroscopic  integrity  and   su-
perior  mechanical  strengths,  enabling  their  direct  use
as  electrodes  while  mitigating  issues  such  as  pore
blockage caused by binders[154–155]. Among various 3D
graphene-based  materials,  graphene  hydrogels  (GH)
have been popularly utilized as CDI electrode materi-
als.  However,  their  modest  electrosorption  speed  and
conductivity  limit  the  electrosorption  performance  of
GH,  representing  the  necessity  for
improvement[156–157].  The  combination  of  CNTs  with
graphene has then been discovered to  be an effective
means to enhance the electrosorption capacity of GH.
The incorporated  CNTs  function  as  conductive   net-
works  and  suppress  graphene  sheet  agglomeration.
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Cao et al. developed a one-step water bath method to
prepare 3D  graphene  hydrogels  with  CNTs  to   pro-
mote  material  conductivity  and  suppress  graphene
sheet agglomeration (Fig. 3b)[158]. The experiments in-
dicated that  CNT/graphene  possessed  an   electrosorp-
tion capacity of 48.73 mg g−1 owing to its large specif-
ic  surface  area  (308.37  m2  g−1) and  specific   capacit-
ance  (36.35  F  g−1).  These  results  indicate
CNT/graphene as  a  highly  compatible  and   prospect-
ive material for CDI applications.

The industrial application of CNT/graphene com-
posites  in  CDI  is  primarily  limited  by  prohibitively
high production costs and the complexity of synthesis
protocols. Although the materials are blessed with ex-
cellent properties such as excellent electrical conduct-
ivity,  enormous  surface  area,  and  excellent  chemical
stability, the  complex  synthesis  processes  often   re-
quire expensive precursors,  advanced equipment,  and
energy-intensive  protocols[159]. Furthermore,   scalabil-
ity is  also  a  hurdle  that  hinders  their  widespread   ap-
plication  in  CDI  technology,  particularly  industrial-
scale applications. To satisfy these requirements is the
development  of  cost-effective and  efficient   fabrica-
tion techniques  to  bridge  the  gap  between   commer-
cialization  and  laboratory  development[160–161].  Luo  et
al. developed  CNTs  composites  incorporating   re-
duced  graphene  oxide  (rGO)  through  electrospinning
and  subsequent  heat  treatment,  with  potential  for
large-scale  production  (Fig.  3c)[162].  Microstructural
characterization revealed  that  the  CNTs  became   em-
bedded  within  the  inner  fiber  matrix  and  intercalated
between graphene layers, thereby generating addition-
al defects  and  pores  that  significantly  enhanced  elec-
trosorption performance. The as-prepared tri-compon-
ent nanofibers could be directly used without binders,
demonstrated  a  desalination  capacity  of  13.6  mg  g−1

for  a  500  mg  L−1  NaCl solution  and  also   demon-
strated  excellent  cycling  stability  and  98%  capacit-
ance retention after 1000 charge-discharge cycles. The
incorporation of  GO  and  CNTs  significantly   en-
hanced  conductivity  and  electrosorption  efficiency.
The  tri-component  CNTs  sheet  has  high  potential  in
the fabrication of high-performance electrodes for dif-

ferent CDI applications.
 3.3    CNT-conductive polymer  composite  elec-
trodes

Conductive  polymers  serve  as  pivotal  electrode
materials  in  CDI  systems,  demonstrating  exceptional
deionization  capabilities  through  their  unique
doping/dedoping mechanisms and ion-exchange prop-
erties[163].  The hybrid  materials  formed by integrating
conductive  polymers  with  CNTs are  considered ideal
electrode systems  for  efficient  electrosorption,   syner-
gistically  combining  the  high  pseudocapacitance  of
conductive polymers with the superior  electrical  con-
ductivity of CNTs[164].
 3.3.1    CNT-based polypyrrole electrodes

Polypyrrole (PPy)  has  attracted  considerable   re-
search interest  in  CDI  applications  owing  to  its   out-
standing  electrochemical  properties,  including  high
electrical  conductivity,  substantial  surface  area,  and
excellent ion exchange capacity. The internal conduct-
ivity  of  PPy,  along  with  its  facile  doping/dedoping
process, enables efficient and rapid electrosorption of
ions  during  the  CDI  process[165].  PPy’s ability  to   un-
dergo electrochemical and structural changes also en-
hances performance, since it can be precisely tuned as
far as ion-selective qualities. All these traits make PPy
an extremely potential  player in enhancing efficiency
and sustainability within CDI technology, specifically
where  ion  removal  ability  and  energy  are
concerned[166].

Despite  its  advantages,  PPy  faces  limitations  in
CDI applications primarily due to its inherent electro-
chemical instability. Furthermore, the incorporation of
polymeric binders  during  electrode  fabrication  negat-
ively  impacts  both  the  electrical  conductivity  and
electrosorption performance of the material[167]. Schol-
ars began looking for some solutions in order to tran-
scend these issues. Current studies have revealed that
the  synergistic  action  between  PPy  and  chitosan  is
largely responsible for PPy stability and this is  a res-
ult  of  chitosan  functional  groups  ―NH2  and
―COOH. Chitosan is also an excellent adhesive as a
result of its very high viscosity and unique molecular
structure[168–169].  Moreover,  chitosan  possesses  higher
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electrosorption  capability  in  removing  heavy  metals,
acidic  ions,  dyes,  and  other  forms  of  contaminants.
These  good  properties  render  the  chitosan-PPy  com-
posite  as  a  promising material  for  CDI electrode use.
Zhang et al. prepared a PPy/CNT composite nanoelec-
trode by in situ polymerization (Fig. 4a)[170]. The spe-
cific  capacitance  and  electrosorption  capacity  of  the
composite nanoelectrode  were  found  to  rise  with   in-
creasing dosage  of  chitosan  from  the  cyclic   voltam-
metry  measurements,  before  reaching  plateau.  The
highest  values  achieved  were  103.19  F  g−1  and
16.83  mg  g−1, respectively.  Specific  capacitance   re-
duced 13.1% at 100 cycles and the loss in the first 50
cycles  and  remaining  50  cycles  was  9.7%  and  3.4%,
respectively.  The above result  verifies that  composite
electrode is extremely stable after 50 cycles. The elec-
trosorption  rate  of  the  PPy/CS/CNT composite  nano-
electrode  at  100  mg/L  concentration  of  CuSO4  is
80.08%, which verifies the strong adsorbing capacity.

In composite electrode materials, ion doping is a
strong method to  enhance the  capacitive  deionization
performance[171].  The  dopant  species  in  CNT/PPy
composites  modulate  the  electrode’s  ion-exchange
properties,  facilitating  co-ion expulsion  during   char-
ging  while  preventing  counterion  re-adsorption  dur-
ing discharging. The selection of dopants is critical in

determining  the  ion  exchange  characteristics  of  the
CNT/PPy  composite  electrode[172].  Various  dopants
may  alter  the  electrochemical  characteristics  of  the
composite,  making  it  perform  better  during
charge/discharge cycles. Specifically, the dopants help
remove  co-ions  easily  from  the  electrode  surface  on
charging. This leads to better  ion mobility and an ef-
fective  charging  process[173].  The  dopants  also  help
prevent  re-electrosorption  of  ions  upon  discharging
and thereby ensure greater  overall  efficiency and sta-
bility  of  the  electrode  material  through  multiple
cycles. The forms of the dopant must be optimized in
order to enhance the performance and stability of en-
ergy  storage  systems  using  such  composite
electrodes[167]. Ma et al. successfully fabricated 2 types
of composite  electrodes for  the CDI cell  using chlor-
ide (Cl−) and dodecyl benzene sulfonate (DBS−) doped
CNT/PPy[174]. The CNT/PPy-Cl electrode exhibits an-
ion exchange characteristics, where facile Cl− de-dop-
ing  generates  vacant  positive  sites  on  the  PPy  chain.
In  contrast,  the  CNT/PPy-DBS  electrode  adsorbs
cations  during  charging,  as  the  electronegativity  of
DBS−  permits  electrosorption,  while  the  bulky  DBS−

is  less  prone  to  de-doping  from  the  polymer  chain.
Further  studies  have  concluded  that  the  optimal  CDI
cell  configuration  consists  of  the  CNT/PPy-Cl  elec-
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trode as an anode and the CNT/PPy-DBS electrode as
a  cathode.  This  configuration  exhibits  nearly  double
the  saturated  electrosorption  capacity  of  the  reverse
configuration.  These  findings  are  the  foundation  for
further  studies  on  employing  CNT/PPy  electrodes.
The electrode  material  possesses  a  maximum   elec-
trosorption capacity of 35.46 mg g−1 for sodium chlor-
ide,  reflecting  its  strong  ion  removal  capability.
Moreover,  after  20  consecutive  charge-discharge
cycles,  the  electrosorption  capacity  of  the  CNT/PPy-
Cl  and  CNT/PPy-DBS  assembled  electrodes  only
suffered a degradation rate of 8.85%, reflecting super-
ior  cycling stability.  This  relatively low capacity loss
is reflective  of  the  high  structural  integrity  and   elec-
trochemical  stability  of  the  composite  electrodes,
which makes them good candidates for long-term ca-
pacitive deionization applications.
 3.3.2    CNT-based polyaniline electrodes

Polyaniline (PANI)  and  CNTs  composites   pos-
sess superior advantages in CDI applications based on
their  synergistic  properties[175].  PANI,  a  conductive
polymer  that  can  be  readily  prepared,  possesses  high
pseudocapacitance,  which  allows  for  greater  charge
storage  and  rapid  ion  electrosorption[176]. Upon   com-
bination with  CNTs,  the  composite  possesses   en-
hanced  ion  removal  efficiency,  rapid  charge-dis-
charge cycles, and excellent long-term stability. Addi-
tionally, the hierarchical architecture of the composite
improves accessibility of ions and therefore CDI effi-
ciency, particularly  in  energy  terms  and  ion   selectiv-
ity during desalination[177]. The outstanding properties
of  CNT/PANI  composites  render  them  exceedingly
promising for future water treatment technologies.

Compared  to  metal  ion  removal,  an  exhaustive
literature  survey  reveals  the  exceptional  prospect  of
CNT/PANI composite  electrode  materials  in  the   se-
lective removal  of  phosphate  anions  in  CDI   applica-
tions. CNTs show promise as  CDI electrodes  but  ex-
hibit limited phosphate storage capacity, low selectiv-
ity,  and  poor  performance  in  wastewater  with  low
phosphate  concentrations[178].  The  amino  and  imine
functional groups in PANI have the ability to interact
specifically with negatively charged phosphate anions

PO3−
4( ) by  electrostatic  attraction  or  hydrogen   bond-

ing,  thus  facilitating  the  selective  electrosorption  of
phosphate[179].  As  a  result,  the  CNT/PANI  composite
is  an  extremely  promising  electrode  material  with
great environmental  adaptability  and  excellent   capa-
city for the selective capture of PO4

3−. Zhang et al. de-
veloped  a  CNT-based  electrode  material  through  a
simple  co-precipitation method,  incorporating   poly-
aniline-doped  carboxyl-intercalated  metal  hydroxide
composites  for  enhanced  phosphate  removal  from
wastewater[164].  The  results  show that  the  CNT/PANI
electrode  exhibits  efficient  phosphate  removal  in
2–10  mg  L−1  concentrations,  largely  attributable  to
electric  double-layer  capacitive  electrosorption  and
pseudocapacitive electrosorption  mechanisms.   Not-
ably, the  effluent  phosphate  concentration  was   re-
duced to 0.095 mg L−1. After 10 cycles, the phosphate
removal  efficiency  remains  above  77%,  demonstrat-
ing excellent cyclic stability.
 3.4    CNT-functional polymer modified electrodes

Polymer-functionalized  CNTs  possess  particular
advantages as  electrode  materials  for  CDI   applica-
tions[180].  The  functional  groups  (such  as  amino,
carboxyl) grafted on the surface of CNTs enhance the
hydrophilicity  and  electrochemical  activity  of  CNTs,
enhancing  electrode-ion interactions  and   con-
sequently improving electrosorption capacity. Further-
more, the functional polymers can modulate the elec-
tronic  conductivity  and mechanical  stability  of  CNTs
for  long-term  performance  and  structural  integrity
over numerous cycles[181]. The polymer treatment also
allows  for  fine-tuning  of  the  structural  properties  of
the CNTs, such as porosity and specific surface area,
which are ideal for charge storage and ion transport in
the  deionization  process.  Collectively,  these  qualities
enable functional polymer-treated CNTs to realize im-
proved  performance  in  CDI  systems  and  make  them
an attractive material for efficient and sustainable wa-
ter treatment[182].
 3.4.1      Hydrophilic  polymer-functionalized  CNT
electrodes

Hydrophilicity enhances  ion  transport  and   elec-
trode wettability, improving the efficiency and stabil-
ity  of  CNT electrodes  in  CDI  processes.  It  facilitates
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better access  of  the  electrolyte  to  the  electrode   sur-
face, improving charge storage capacity and desalina-
tion performance[183]. In CDI processes, CNTs are usu-
ally oxidized to reverse their inherent hydrophobicity.
However, this process has a tendency to yield subop-
timal  results.  Researchers  have  employed  advanced
hydrophilic  polymer  modifications  to  enhance  CNT
hydrophilicity  and  CDI  performance[184].  Ma  et  al.
synthesized  a  novel  sulfo-butyl  ether  β-cyclodextrin
polymer  (SBE-β-CDP)  containing  multiple  hydroxyl
and sulfonic groups as an electrode material modifier
for  CNTs  (Fig.  4b)[185].  SBE-β-CDP,  being  a  new
charged  polymer,  exhibits  excellent  water  solubility
and  ion  selectivity.  These  properties  originate  from
SBE-β-CD polymerization,  with  each  molecule   con-
taining ～14 hydroxyl and 7 sulfonic groups. Deposit-
ing SBE-β-CDP onto carbon materials with non-cova-
lent bonds is most likely to significantly alter the car-
bon electrode surface properties through a synergistic
effect  of  the  large  numbers  of  hydroxyl  and  sulfonic
groups.  Additionally,  the  long-chain molecule   struc-
ture of SBE-β-CDP helps alleviate self-aggregation of
carbon materials,  particularly  CNTs.  The  as-prepared
CNT/SBE-β-CDP  electrode  demonstrates  significant
enhancements in both capacitive performance and hy-
drophilicity  compared  to  the  pristine  CNT  electrode,
reaching  60.9  F  g−1  and  65.5°,  respectively.  Such  an
enhancement signifies  that  multisulfonic  and   hy-
droxyl groups on the surface of the CNT/SBE-β-CDP
electrode promote efficient ion transmission through a
synergistic effect. In desalination experiments, the av-
erage  salt  electrosorption  capacity  was  6.37  mg  g−1.
Even  after  50  cycles  of  experiment,  the  attenuation
rate  of  salt  electrosorption  capacity  was  4.4%,  which
indicates that the electrode material prepared is of ex-
cellent long-term stability.
 3.4.2      Redox-active  polymer-functionalized  CNT
electrodes

The modification of CNTs with redox-active ma-
terials  is  now  widely  recognized  as  an  effective
strategy to improve their performance in CDI. Numer-
ous  studies  have  investigated  different  redox-active
materials for  CDI applications,  such as  quinones,  va-

nadium compounds,  Prussian  blue  analogs,  and   iod-
ide  redox  couples[186].  Despite  this  progress,  these
modified  materials  and  composites  face  significant
challenges. Their synthesis typically demands consid-
erable  time  and  effort.  For  instance,  preparing
quinone-modified CNTs  requires  48  to  72  h  of   reac-
tion  time  using  solvent  thermal  processes.  Similarly,
vanadium compound composites need protection with
an  inert  atmosphere  like  argon  during  high-temperat-
ure fabrication at 1000 °C or above to prevent oxida-
tion, which  substantially  increases  production   com-
plexity[21,186–187]. Another  concern  is  that  some   addit-
ives, including quinones, show cytotoxic effects. With
a half-maximal inhibitory concentration ranging from
0.1  to  1  μmol  L−1  for aquatic  organisms,  these   sub-
stances could potentially leak into freshwater systems,
threatening  both  aquatic  ecosystems  and  human
health[188].

In response to these limitations, researchers have
developed  redox-active  polymer  modifications  for
CNTs  as  a  promising  alternative.  This  approach
provides  several  key  benefits  that  help  overcome  the
drawbacks  of  conventional  redox  materials[189].
Redox-active  polymers  introduce  additional  faradaic
charge  storage  mechanisms  that  work  alongside  the
inherent  electric  double-layer  capacitance  of  CNTs,
leading to increased overall desalination capacity. The
redox  behavior  of  these  polymers  can  be  tuned
through  molecular  design,  for  example  by  adjusting
redox potentials,  which  enhances  both  energy   effi-
ciency  and  ion  selectivity.  Furthermore,  polymer
modification improves  CNT  wettability  and   disper-
sion. Compared to pristine CNTs, the aggregate size is
reduced by 50%  to  60%,  resulting in  better  electrode
utilization and improved electrolyte access.

Rauer and  colleagues  successfully   functional-
ized  CNTs  with  the  redox-active  polymer  poly(3,4-
ethylenedioxythiophene)  polystyrene  sulfonate  (PE-
DOT:PSS) for  CDI  applications.  In  this  system,   PE-
DOT:PSS stores charge through reversible redox reac-
tions involving the oxidation of thiophene units in PE-
DOT,  while  the  sulfonate  groups  from  PSS  improve
wettability  and  ion  affinity.  The  resulting
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PEDOT:PSS/CNT  electrodes  delivered  exceptional
CDI performance. When tested in a high-salinity brine
containing 60 000 mg L−1 NaCl at  an applied voltage
of 1.2 V, these electrodes achieved a sodium chloride
electrosorption  capacity  of  955  mg  g−1.  This  value  is
10  to  20  times  greater  than  that  of  pristine  CNTs,
which  typically  achieve  40  to  50  mg  g−1,  and  5  to  8
times  higher  than  quinone-modified  CNTs,  which
reach 120 to 150 mg g−1.  The electrodes also showed
outstanding cycling stability, maintaining 85% of their
initial capacitance after 300 charge-discharge cycles at
a  current  density  of  1  A  g−1, demonstrating  their   po-
tential for long-term reliable operation[190].
 3.4.3      pH-responsive  polymer-functionalized  CNT
electrodes

CNTs functionalized with pH-responsive copoly-
mers offer distinct  advantages in CDI systems due to
their capacity  to  dynamically  alter  surface   character-
istics  in  response  to  changes  in  solution  pH[191].  This
copolymer  modification  improves  the  ion  selectivity
of  CNTs,  allowing  the  electrode  to  adsorb  or  reject
specific ions  depending  on  pH  conditions.  For   ex-
ample,  it  can  preferentially  capture  anions  in  acidic
environments  and  cations  under  alkaline
conditions[192].  This  adaptive  capability  enhances  ion
removal efficiency, making it particularly valuable for
treating  water  sources  with  inconsistent  composition,
such as industrial wastewater with varying pH levels.
Additionally,  pH-responsive  copolymers  improve
CNT  wettability,  reducing  the  water  contact  angle
from  over  100°  to  between  50°  and  60°.  They  also
create  a  protective  film  that  reduces  organic  fouling
by  40%  to  50%  by  resisting  humic  acid  adsorption,
while  simultaneously minimizing surface degradation
to  ensure  long-term  electrode  durability[193–194].  The
combination  of  CNTs’  high  electrical  conductivity
and  mechanical  strength  with  the  pH  responsiveness
of copolymers creates a synergistic  effect  that  optim-
izes CDI performance, especially for selective ion re-
moval or operation under extreme pH conditions.

Recent research  has  demonstrated  that   incorpor-
ating pH-responsive polymers strengthens electrostat-
ic  interactions  between  the  electrode  and  target  ions,

resulting in improved electrosorption capacity.  Xiong
and collaborators  developed  a  versatile  CNT   mem-
brane  electrode  by  combining  CNTs  with  the  pH-re-
sponsive  block  copolymer  poly(2-dimethylamino-
ethyl  methacrylate)-block-polystyrene  (PDMAEMA-
b-PS)[195]. Fig. 4c shows the fabrication process, which
involves blending PDMAEMA-b-PS with CNTs, cast-
ing the membrane, and using selective swelling to ex-
pose  PDMAEMA  blocks  on  the  membrane  surface.
During CDI operation, the PDMAEMA blocks, which
contain  tertiary  amine  groups  (―N(CH3)2),  become
protonated  in  acidic  environments  with  pH <  6.  This
protonation  generates  positively  charged ―N+(CH3)2
sites  that  strongly  attract  anions  such  as  Cl−  and
H2PO4

−.
Experimental  results  highlighted  the  importance

of  solution  pH  in  determining  CDI  performance.  At
the  optimal  pH  of  5  for  anion  removal,  the
PDMAEMA-b-PS/CNT  electrode  reached  maximum
electrosorption capacities of approximately 15 mg g−1

for  NaCl  and  about  38.7  mg  g−1  for  NaH2PO4  when
tested  in  100  mg  L−1 NaCl  and  50  mg  L−1 NaH2PO4

solutions,  respectively.  The  electrode  also  showed  a
H2PO4

−/Cl− selectivity ratio between 8 and 10. Import-
antly, the electrode demonstrated improved mechanic-
al  and  chemical  stability.  After  10  charge-discharge
cycles at  1.2 V, performance degradation remained <
5%,  with  no  observed  anode  oxidation.  The  swollen
layer of the copolymer also created a steric barrier that
eliminated the typical co-ion repulsion effect, prevent-
ing  the  15%-20%  capacity  loss  commonly  seen  in
conventional  CDI  electrodes  while  improving  energy
efficiency by 25% to 30%[195].
 3.5    CNT-metal compound composite electrodes

Metal  compounds,  such  as  Titanium  dioxide
(TiO2), Manganese dioxide (MnO2) and Molybdenum
disulfide  (MoS2),  have  gained  immense  attention  in
the field  of  CDI  due  to  their  inherent  pseudocapacit-
ive  nature  and  high  ion  electrosorption
capacities[196–197].  The  metal  oxides  can  undergo  fast
and reversible Faradaic processes,  allowing for better
charge storage than the electrical double-layer capacit-
ance mechanism prevalent in carbonaceous materials.
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Thus, their intercalation with CNTs actually improves
the total  charge  storage  ability,  thus  leading  to   im-
proved  electrochemical  performance  and  improved
desalination efficiency[198].

The incorporation of metal compounds into CNT
composites  enhances  electrode  performance  through
two primary  mechanisms.  First,  these  additives   in-
crease  the  natural  capacitance  and  wettability  of  the
electrodes,  facilitating  greater  electrolyte  penetration
and enhanced ion migration. Metal oxides further con-
tribute by  providing  active  sites  for  ion   electrosorp-
tion, enabling more selective and efficient ion remov-
al[199]. This  synergistic  combination is  particularly  ef-
fective as CNTs form conductive networks that  com-
pensate  for  the  poor  inherent  conductivity  of  many
metal  oxides,  promoting  rapid  electron  transfer  and
optimal charge redistribution.

Second, the integration of CNTs with metal com-
pounds  significantly  improves  the  structural  stability
and durability of electrode materials[200]. Unlike metal
oxides, which typically suffer from volume expansion
and structural degradation during repeated charge-dis-
charge  cycles,  CNTs  provide  essential  mechanical
support  and  elasticity.  These  properties  effectively
mitigate  deformation  effects  and  substantially  extend
electrode lifespan.  The  resulting  structural   enhance-
ment also enables superior regeneration capability, al-
lowing numerous electrosorption-desorption cycles to
occur without significant performance degradation.
 3.5.1    CNT-based titanium (Ti) compound electrodes

TiO2 has been extensively investigated as a CDI
electrode material due to its attractive combination of
high chemical stability across a wide pH range (3-11),
low  cost,  and  inherent  pseudocapacitive
behavior[201–202].  Nevertheless,  pure  TiO2  suffers  from
intrinsic drawbacks, including low electrical conduct-
ivity and  a  limited  specific  surface  area,  which   re-
strict  charge  transfer  and  ion  electrosorption.  These
disadvantages  can  be  overcome  by  combining  TiO2

with CNTs.  CNTs  possess  high  electrical   conductiv-
ity and  a  large  specific  surface  area.  When   compos-
ited with TiO2, they form conductive networks that fa-
cilitate  electron  transport  and  create  tubular  channels

for ion  diffusion,  thereby  enhancing  CDI   perform-
ance.

Although  CNTs  exhibit  excellent  conductivity,
their inherent hydrophobicity and lack of pseudocapa-
citance limit  their  ion removal  efficiency.  To address
these issues,  atomic layer deposition (ALD) has been
employed to coat TiO2 nanoparticles onto CNT mem-
branes, resulting in improved electrosorption capacity
and  enhanced  hydrophilicity[201].  ALD  allows  precise
control  over  TiO2  film  thickness  and  uniformity,
thereby  strengthening  the  interfacial  interaction
between CNTs and TiO2.  This modification increases
the available  surface  area  for  ion  adsorption  and   re-
duces  the  water  contact  angle  of  CNT membranes  to
around  60°–70°, which  promotes  electrolyte   infiltra-
tion  and  ion  conductivity.  Furthermore,  TiO2  intro-
duces pseudocapacitive charge storage through the re-
versible  Ti3+/Ti4+  redox couple,  which  further   im-
proves the  electrochemical  performance  of  the   com-
posite electrode.

Feng  et  al.  prepared  TiO2-decorated CNT mem-
branes  by  ALD  for  CDI  applications[202]. As   illus-
trated in Fig. 5a, the process included pretreatment of
the  CNT  membrane  by  plasma  cleaning  to  improve
surface adhesion,  alternating  pulses  of  titanium   tet-
raisopropoxide  and  water  as  precursors,  and  purging
to  remove  unreacted  species.  After  20  deposition
cycles, a uniform TiO2 film of about 20 nm thickness
was  obtained.  The  resulting  CNT-TiO2  membranes
showed significantly improved CDI performance. In a
50 mg L−1 Cr(VI) solution at 1.2 V, the removal effi-
ciencies  of  total  Cr  and  Cr(VI)  reached  92.1%  and
93.3%,  respectively,  which  was  30%−40%  higher
than  that  of  pristine  CNT  membranes.  Cycling  tests
demonstrated good durability, with the Cr(VI) remov-
al  efficiency  maintained  at  approximately  93%  after
four cycles.  These  results  confirm ALD as  an  effect-
ive  method  for  fabricating  high-performance  CDI
electrodes and highlight its potential in electrochemic-
al water purification[202].

The  choice  of  preparation  method  has  a  direct
impact on  the  structure  and  electrochemical   proper-
ties  of  CNT/TiO2  electrodes  and,  consequently,  on
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their  ion  removal  performance.  In  addition  to  ALD,
the sol-gel method represents another reliable and ver-
satile  fabrication  route.  This  solution-based  approach
enables the deposition of porous and compositionally
tunable  TiO2  coatings  on  CNTs.  Titanium  alkoxide
precursors, such as tetrabutyl titanate, undergo hydro-
lysis and  condensation  to  form  a  gel,  which  is   sub-
sequently heat-treated at 400–600 °C to yield crystal-
line TiO2.  The sol-gel method is scalable,  compatible
with  carbon  substrates,  and  allows  tuning  of  pore
structure, which  is  crucial  for  enhancing   electrosorp-
tion capacity and charge storage performance[203].

Nguyen et al.  synthesized CNT/TiO2 composites
by  the  sol-gel  method  and  systematically  evaluated
their CDI performance. As shown in Fig. 5b, the fab-
rication  process  involved  the  hydrolysis  of  titanium
alkoxides in ethanol, dispersion of CNTs into the res-
ulting sol, film casting, and subsequent heat treatment
at 500 °C to generate porous TiO2. The obtained com-
posite  electrode  exhibited  a  mesopore  volume  of
0.3–0.5  cm3  g−1, which  reduced  ion  diffusion   resist-

ance by 40%–50% compared with pure TiO2.  In CDI
experiments  with  a  200  mg  L−1  NaCl  solution  at
1.4 V, the electrode achieved a salt electrosorption ca-
pacity of 17.5 mg g−1 and a charge efficiency of 90%.
In addition, the capacitance remained unchanged after
3000 cycles, demonstrating excellent long-term stabil-
ity[203].

Another frequently  used  technique  for   fabricat-
ing CNT/TiO2 composites is the solvothermal process.
In  this  method,  titanium  precursors  such  as  titanium
tetrachloride  are  dissolved  in  a  solvent,  for  example
N-methylpyrrolidone (NMP),  and subjected to a  con-
trolled  reaction  in  a  sealed  autoclave  at  180–
220 °C[204]. This process enables uniform deposition of
TiO2 nanoparticles with sizes of 10–15 nm on CNTs,
preventing agglomeration while allowing control over
particle size, crystallinity, and morphology, which are
critical for electrochemical performance.

Ma  et  al.  reported  a  solvothermal  strategy  for
preparing  CNT/TiO2  composites.  As  illustrated  in
Fig. 5c, the process involved mixing titanium precurs-
ors  with  CNTs  in  NMP,  reacting  at  200  °C  for
12 h in an autoclave, followed by washing to remove
impurities. The  resulting  composite  displayed   out-
standing  electrochemical  characteristics,  including  a
specific  capacitance  of  87.6  F  g−1  and  a  maximum
electrosorption  capacity  of  6.5  mg  g−1  for  chloride
ions  in  a  100  mg  L−1 NaCl  solution  at  1.2  V,  which
was  2  to  3  times  higher  than  that  of  pure  TiO2.  Fur-
thermore, the  electrode  maintained  stable  dechlorina-
tion efficiency over  5  consecutive cycles  without  no-
ticeable  degradation,  indicating  good  long-term  ap-
plicability[204].

Overall,  each synthesis  method provides  distinct
advantages  depending  on  the  CDI  application.  ALD
offers atomic-level precision and is particularly effect-
ive for heavy metal removal. The sol-gel method sup-
ports large-scale fabrication and is suitable for cost-ef-
fective  brackish  water  treatment.  The  solvothermal
process enables uniform nanoparticle distribution and
is advantageous  for  selective  anion  removal.  Consid-
eration of these trade-offs is essential for selecting the
most appropriate  synthesis  method  for  specific   elec-
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Fig. 5    (a) SEM images of CNT-based electrodes and CNT/TiO2 elec-
trodes. Copyright 2021, Elsevier. (b) SEM images of CNT/TiO2 electrode.
Copyright 2023, Wiley. (c) Synthetic schemes of TiO2/CNT composites.
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trochemical water treatment scenarios[201–204].
 3.5.2      CNT-based  molybdenum  (Mo)  compound
electrodes

CNT-Mo  compound  composites,  particularly
CNT/MoS2,  have  shown  promising  performance  in
CDI  due  to  the  complementary  properties  of  the  2
components[205].  MoS2  alone is  attractive  for  CDI  be-
cause  of  its  pseudocapacitive  nature,  but  it  suffers
from  low  electrical  conductivity  (10−6–10−3  S  cm−1)
and a tendency for severe layer restacking (interlayer
distance around 0.62 nm), which hinders charge trans-
port  and  restricts  ion  access[150].  Incorporating  CNTs
can  effectively  overcome  these  drawbacks.  CNTs,
with high conductivity (104–106 S m−1), provide a 3D
conductive framework that  accelerates  electron  trans-
fer,  while  their  tubular  structure  prevents  MoS2
nanosheets from restacking by expanding the interlay-
er  spacing  to  0.8-1.0 nm.  This  structural  design   cre-
ates  continuous  ion  transport  channels  and  exposes
more active sites, combining the electric double-layer
capacitance  of  CNTs  with  the  Faradaic  activity  of
MoS2, thereby  enhancing  both  electrosorption   capa-
city and cycling stability[206].

Cai et  al.  prepared a high-performance electrode
by  assembling  few-layer  MoS2  nanosheets  with  a
CNT  network  through  a  hydrothermal  method.  As
shown  in  Fig.  6a,  the  process  involved  synthesizing
MoS2 nanosheets with lateral sizes of 50-100 nm, dis-
persing CNTs into the suspension, and constructing a
three-dimensional interconnected  structure.  The  com-
posite displayed  2  key  advantages.  First,  the   expan-
ded MoS2  interlayer  spacing of  about  0.9  nm created
numerous  Faradaic-active  sites  for  reversible
Mo4+/Mo6+  redox  reactions,  which  accounted  for
60%–70%  of  the  total  capacitance.  Second,  the  CNT
framework lowered the water contact angle from more
than  90°  for  pure  MoS2  to  about  65°–70°,  improved
electron transfer,  and  reduced  charge  transfer   resist-
ance  by  40%–50%.  In  CDI  experiments  with  a
300  mg  L−1  NaCl  solution  at  1.2  V,  the  electrode
achieved  a  salt  electrosorption  capacity  of
25.35 mg g−1, which was 3 to 4 times higher than that
of pure MoS2 (6–8 mg g

−1) and about 1.5 times higher

than  pure  CNTs  (16–18  mg  g−1).  Long-term  stability
was  also  confirmed,  with  the  electrode  retaining
98.8%  of  its  initial  capacity  after  30
electrosorption/desorption cycles[206].

In addition  to  serving  as  standalone  CDI   elec-
trodes,  CNT/MoS2  composites  can  also  be  used  to
modify  other  2D  materials  such  as  MXenes,  thereby
addressing their  inherent  shortcomings  while   main-
taining synergistic  advantages.  MXenes  are  attractive
for electrochemical applications because of their high
specific  capacitance  (300–400 F  g−1), rapid  ion   inter-
calation kinetics, and good hydrophilicity (water con-
tact  angle  around  40°–50°).  However,  their  practical
application  is  limited  by  2  major  problems.  First,
MXenes are prone to oxidation. For instance, Ti3C2Tₓ
can oxidize in air within 7–10 days, forming TiO2 and
losing  30%–40%  of  its  capacitance.  Second,  their
strong  interlayer  restacking  reduces  ion  transport
channels and lowers electrosorption efficiency[207].

To address these issues, Zargar et al. proposed a
one-step  hydrothermal  method  to  prepare  Ti3C2Tₓ
MXene/CNT-MoS2  heterostructures.  As  illustrated  in
Fig. 6b, the procedure included exfoliation of Ti3C2Tₓ
into few-layer sheets, addition of ammonium molybd-
ate and thiourea as MoS2 precursors, incorporation of
CNTs,  and  subsequent  hydrothermal  treatment  at
200 °C to build a 3D framework. In the resulting het-
erostructure, MoS2 nanosheets acted as spacers to ex-
pand the  MXene interlayer  distance  from 0.98  nm to
1.2–1.5 nm, thus alleviating restacking and providing
wider ion  diffusion  channels.  CNTs  formed   continu-
ous  conductive  bridges  between  MXene  and  MoS2,
which  reduced  charge  transfer  resistance  by
50%–60%.  At  the  same time,  the  CNT/MoS2  coating
protected MXene  against  oxygen  and  water,   extend-
ing its shelf life to more than 30 days and limiting ox-
idation-induced capacitance  loss  to  less  than 10%.  In
CDI experiments with a 500 mg L−1 NaCl solution at
1.2 V, the heterostructure exhibited a salt electrosorp-
tion capacity of 25.82 mg g−1, about 40%–50% higher
than  that  of  pure  Ti3C2Tₓ  MXene  (17–18  mg  g−1).
After ten charge-discharge cycles, it retained 98.1% of
its  initial  desalination  capacity,  indicating  excellent
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cycling stability[208].
 3.5.3    CNT-based Mn compound electrodes

Mn-based compounds such as MnO2 and Mn3O4

have  been  extensively  studied  as  electrode  materials
for  CDI  because  of  their  high  theoretical  capacitance
(～ 1370  F  g−1  for  MnO2),  multiple  redox  states
(Mn2+/Mn3+/Mn4+) that  enable  reversible  Faradaic   re-
actions  and  low  cost[209].  Among  them,  MnO2  is  the
most widely investigated, owing to its  excellent elec-
trochemical performance,  natural  abundance,  and  en-
vironmental  friendliness[210].  The  crystal  structure  of
MnO2  strongly  affects  its  properties.  In  particular,
MnO2, with a layered structure, provides more access-
ible ion intercalation channels and a higher density of
active sites compared with other polymorphs, making

it especially suitable for CDI.
Despite these advantages, MnO2 alone faces sig-

nificant  challenges.  Its  intrinsic  conductivity  is  very
low (10−5–10−3 S cm−1), which limits charge transport,
and  it  undergoes  considerable  volume  expansion
(20%–30%) during repeated redox cycling. This often
leads  to  structural  degradation  and  more  than  50%
loss of capacitance after about 100 cycles[211]. To mit-
igate  these  problems,  MnO2  is  frequently  combined
with  CNTs.  CNTs  provide  continuous  conductive
pathways,  which reduce charge transfer  resistance by
60%–70%.  Their high mechanical strength also helps
to restrain MnO2 volume expansion to below 5%. As a
result,  CNT/MnO2  composites exhibit  higher   elec-
trosorption capacity, improved charge storage, and en-
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Fig. 6    (a) The synthesis process of the MoS2/CNT sample. Copyright 2021, Elsevier. (b) Schematic illustration of MoS2/CNT
composite. Copyright 2024, Elsevier
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hanced cycling durability[212–213].
Material  design  and  interfacial  engineering  are

crucial  for  maximizing  the  synergy  between  CNTs
and  MnO2.  By  carefully  controlling  the  interaction
between the  two components,  it  is  possible  to  optim-
ize pore structure, strengthen interfacial bonding, and
improve  electron  transport[214].  Self-assembly  ap-
proaches have  proven  especially  effective  in   con-
structing CNT/MnO2 composites with high conductiv-
ity and  porous  architectures  that  promote  ion   diffu-

sion and charge storage.
Wang  et  al.  reported  a  self-assembled

CNT/MnO2  composite with  excellent  CDI   perform-
ance. As illustrated in Fig. 7a, bulk MnO2 was exfoli-
ated  into  nanosheets  with  lateral  sizes  of  200–
300  nm,  which  were  then  dispersed  with  CNTs  to
form an expanded lamellar structure. This process in-
creased the MnO2 interlayer spacing from 0.44 nm to
about 0.8–1.0 nm, thereby creating efficient ion trans-
port  channels.  When  tested  in  a  500  mg  L−1  NaCl
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新型炭材料（中英文） Review

Vol. 41 | Issue 2 | Apr. 2026 | 318 New Carbon Materials



solution at  1.2  V,  the  composite  achieved  an  ion   re-
moval capacity of 42.6 mg g−1, which was 4 to 5 times
greater than pure MnO2 (8–10 mg g

−1) and twice that
of  CNTs  alone  (20–22  mg  g−1). Moreover,  the   elec-
trode maintained 93% of  its  initial  capacity  after  100
cycles, demonstrating outstanding durability. This was
attributed  to  the  mechanical  support  of  CNTs,  which
prevented nanosheet peeling, and to the expanded in-
terlayer spacing,  which  reduced  stress  during  ion   in-
tercalation[215].

Wadi et al.  proposed another method for prepar-
ing  CNT/MnO2  composites  by  combining  self-as-
sembly  with  electrostatic  co-precipitation. The   pro-
cess (Fig. 7b), included surface modification of CNTs
to  introduce  carboxyl  groups,  electrostatic  adsorption
of  Mn2+  ions  on  the  CNTs,  oxidation  to  form MnO2,
and subsequent hydrothermal treatment at  180 °C for
12 h to strengthen interfacial  bonding.  This  approach
yielded a  stable  3D porous network with  hierarchical
pores ranging from 10 to 50 nm and a specific surface
area of 250–300 m2 g−1, about 3 to 4 times higher than
that of pure MnO2. In CDI experiments with a 600 mg
L−1  NaCl solution  at  1.2  V,  the  composite   demon-
strated a high electrosorption capacity of 65.1 mg g−1,
highlighting  its  great  potential  for  practical  water
treatment applications[216].
 3.6    CNT-porous carbon composite electrodes

Porous carbon  materials  such  as  activated   car-
bon  (AC),  biochar  (BC),  and  carbon  microspheres
(CMs)  have  been  widely  used  in  CDI  electrodes
thanks to  their  high  specific  surface  area,  well   de-
veloped  pore  structure  and  low  cost.  However,  their
performance is  often  limited  by  poor  electrical   con-
ductivity,  structural  instability  during  cycling,  and  a
tendency  for  pores  to  agglomerate.  These  drawbacks
restrict  further  improvements  in  CDI  efficiency  and
durability.  A  promising  approach  to  address  these
challenges  involves  incorporating  carbon  nanotubes
into porous carbon matrices.
 3.6.1    CNT-based AC electrodes

AC  is  widely  used  as  an  electrode  material  in
CDI and  FCDI  systems  due  to  its  high  specific   sur-
face area, well-developed pore structure, and low cost,

making  it  highly  suitable  for  real-world  applications.
These  characteristics  allow  AC  to  provide  abundant
active  sites  for  ion  electrosorption  through  electric
double-layer capacitance,  making  it  effective  for   de-
salination and heavy metal removal[217]. However, un-
modified AC has several limitations: its poor electric-
al conductivity  leads  to  high  charge  transfer   resist-
ance,  and when formulated into  slurries,  the  particles
often lack continuous contact, further reducing charge
transport efficiency.  Previously,  researchers   attemp-
ted  to  address  the  conductivity  issue  by  using  higher
AC loadings. However, this increased the viscosity of
the slurry, often resulting in clogging issues and high-
er  energy  consumption[218].  A  more  effective  solution
is to  composite  AC with  CNTs.  CNTs  exhibit   excel-
lent electrical conductivity and a tubular structure that
facilitates  the  formation  of  a  continuous  conductive
network within the AC electrode. This enhances elec-
tron transfer,  reduces  electrical  resistance,  and   pre-
vents particle agglomeration.  As a result,  the  integra-
tion of CNTs significantly improves desalination per-
formance,  ion  selectivity,  and  long-term  stability  in
FCDI systems through synergistic effects[219].

Most AC electrodes for CDI are fabricated by the
slurry coating  method.  For  a  long  time,  these   elec-
trodes have faced 2 key issues. One is that their elec-
tron transfer rates fail to meet practical needs, and the
other is that they peel off from the substrate during ex-
tended operation[220–221].  To solve these problems, Xie
et al.  proposed  a  modification  strategy  for  AC   elec-
trodes[222].  This  approach  includes  2  core  steps.  The
first  step  is  to  carbonize  the  binders  which  typically
have poor conductivity to enhance the overall electric-
al  continuity  of  the  electrode.  The  second  step  is  to
use  a  one-step  vacuum  chemical  vapor  deposition
(CVD) process to graft CNTs in-situ across the entire
AC electrode,  and  the  specific  preparation  process  is
illustrated in Fig. 8a. The in-situ grafted CNTs distrib-
ute more uniformly within the AC electrode structure.
They do not  simply mix with AC particles but  act  as
“conductive  bridges”  to  connect  individual  AC
particles tightly, forming a robust and highly conduct-
ive  carbon  framework.  This  structural  improvement
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directly  leads  to  better  performance.  Compared  with
traditional  unmodified  AC  electrodes,  the  CNT/graf-
ted  AC  electrode  achieves  a  notable  salt  adsorption
capacity  of  15.6  mg  g−1.  More  importantly,  it  shows
strong  long-term reliability.  Even  after  60   consecut-
ive  charge-discharge  cycles,  the  CNT/AC  electrode
retains  its  adsorption capacity  stably  without  obvious
performance degradation. This confirms the electrode’s
excellent cycling  stability  and  reproducibility,   mak-
ing it more suitable for practical CDI applications.

In addition to more complex fabrication methods
such  as  chemical  vapor  deposition,  even  electrodes
prepared  by  simple  physical  blending  of  CNTs  and
AC exhibit  commendable  electrochemical   perform-
ance. Chand  and  colleagues  fabricated  flow   elec-
trodes  by  physically  integrating  AC  with  CNTs,  and
systematically evaluated  the  system  performance   un-
der  varied  operational  conditions[223]. The   introduc-
tion of CNTs into the AC-based flow electrode mitig-
ated  inter-tube  aggregation,  enhanced  interparticle
contact between  AC  particles,  established  a   continu-
ous  conductive  network,  and  improved  the  overall
electrical conductivity of the slurry electrode, thereby
promoting efficient Cr(VI) removal. Results indicated
that  incorporating  only  1.5%  of  CNTs  into  the  AC
matrix under an applied voltage of 0.9 V led to a 3.4-
fold increase in current response compared to the pure
AC electrode.  This synergistic enhancement concom-
itantly  achieved  a  notable  Cr(VI)  removal  efficiency
of  99.5%, underscoring  the  efficacy  of  CNT  integra-
tion in  advancing  electrode  performance  for   decon-
tamination applications.
 3.6.2    CNT-based BC electrodes

BC is  a  renewable  porous  carbon  material   pro-
duced from pyrolyzed biomass. It has attracted grow-
ing  interest  as  an  electrode  material  in  CDI  systems,
owing  to  its  low  cost,  naturally  hierarchical  pore
structure,  and  environmentally  friendly  nature[224].
These characteristics allow BC to offer abundant act-
ive  sites  for  ion  electrosorption  through  EDLC,  and
also support  the value-added reuse of  biomass waste.
That said,  untreated  BC electrodes  face  several   chal-
lenges that limit their practical performance[225]. Their

electrical conductivity is often relatively low, a result
of  incomplete  carbonization  and  disordered  carbon
structures, which  leads  to  high  charge  transfer   resist-
ance.  When  used  in  slurry  configurations,  BC
particles are prone to agglomeration, which can block
pores and hinder efficient  ion transport.  Furthermore,
compared  to  conventional  AC,  BC generally  exhibits
lower specific surface area and inferior structural sta-
bility  over  repeated  charging  and  discharging
cycles[226].

To  overcome  these  drawbacks,  researchers  have
turned to compositing BC with CNTs. CNTs contrib-
ute  excellent  electrical  conductivity,  high  mechanical
strength, and a unique 1D tubular architecture. Within
the BC matrix, they form a continuous conductive net-
work  that  facilitates  electron  transport,  reduces
particle  aggregation,  and  helps  optimize  the  overall
pore structure by serving as conductive links between
BC particles[227]. This composite strategy preserves the
economic and sustainability benefits of BC, while sig-
nificantly improving its electrochemical properties. As
a result, BC/CNT electrodes have emerged as a prom-
ising and  environmentally  sustainable  materials   plat-
form for high-performance CDI applications[228].

Nguyen and his team fabricated a highly cost-ef-
fective electrode with excellent performance by incor-
porating  a  small  amount  of  CNTs,  only  1%,  into
coconut  shell-derived  activated  carbon  (BC),  along
with  a  minor  graphene  addition  to  improve  electrical
conductivity  (Fig.  8b)[229].  The  prepared  BC/CNT
composite electrode  exhibited  outstanding   electro-
chemical  properties.  When  tested  in  a  200  mg  L−1

NaCl  solution  at  a  scan  rate  of  5  mV  s−1, it   demon-
strated  a  specific  capacitance  of  60  F  g−1.  Further-
more, under an applied voltage of 1.0 V, the electrode
achieved a salt adsorption capacity of 9.58 mg g−1 and
a  salt  adsorption  rate  of  1.51  mg  g−1 min−1.  Notably,
due to the synergistic effects between the components,
this  hybrid  additive  system  at  low  loading  (1%)
showed  better  performance  and  economic  viability
compared to using any single additive alone.
 3.6.3    CNT-based CMs electrodes

CMs,  which  are  porous  carbon  materials  known
for  their  uniform  spherical  shape,  controllable  size,
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and tunable  pore  structure,  have  emerged  as  a  prom-
ising candidate for electrode materials in CDI[230]. The
spherical morphology  not  only  mitigates  particle   ag-
glomeration  but  also  promotes  efficient  ion
transport[231]. Meanwhile, the adjustable porous frame-
work  facilitates  ion  electrosorption  through  EDLC,
and  their  inherent  chemical  stability  aligns  well  with
the operational demands of typical CDI systems[232].

Nevertheless, pristine  CMs  face  several   limita-
tions.  Their  electrical  conductivity  is  generally  lower
than that of CNTs, resulting in higher charge transfer
resistance. The  often  narrowly  distributed  pore  struc-
ture  also  makes  it  difficult  to  simultaneously  achieve
high  ion  storage  and  rapid  ion  transport,  particularly
in  high-salinity  environments[233].  Furthermore,  CMs
tend  to  exhibit  insufficient  mechanical  strength  for

long-term  use  in  flowable  electrode  systems  such  as
FCDI.

To  overcome  these  challenges,  researchers  have
turned  to  composite  strategies  incorporating  CNTs.
The integration of CNTs helps establish a continuous
conductive network  that  significantly  enhances   elec-
tron  transfer  throughout  the  electrode.  CNTs  also
serve as structural bridges that improve the mechanic-
al integrity of CMs-based electrodes. In addition, they
introduce secondary mesoporous pathways that optim-
ize  pore  hierarchy  for  improved  ion  accessibility.  By
combining the strengths of CMs and CNTs, this com-
posite  approach  mitigates  the  inherent  drawbacks  of
pure CMs,  offering  a  competitive  and  durable   elec-
trode  material  for  high-performance  CDI
applications[234].
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Currently, the  performance  of  CDI  is   con-
strained by several technical challenges, including dis-
continuous conductive  networks,  inadequate   disper-
sion  of  suspended  carbon  particles,  and  obstructed
electron and ion transport pathways. To address these
limitations,  Cai  and  colleagues  developed  a  flexible
and  continuous  3D  conductive  network,  designated
CMs/CNTs, by integrating CMs with CNTs using as a
flow electrode in CDI systems (Fig. 8c)[235]. The incor-
poration  of  HCS  significantly  improved  the  fluidity
and  collision  efficiency  of  the  flow  electrode  slurry.
Meanwhile, CNTs  facilitated  the  formation  of   inter-
connected  pathways  that  enable  smooth  ion  transport
and rapid electron transfer. Furthermore, the spherical
CMs  structures  served  as  fluid  nodes  that  effectively
mitigated  the  agglomeration tendency of  CNTs.  As a
result,  the  deliberately  engineered  CMs/CNT  flow
electrode demonstrated  favorable  rheological   proper-
ties,  along with  high hydrophilicity,  elevated specific
capacitance,  and  low  ion  diffusion  resistance.  When
treating a high-concentration NaCl solution (10 g L−1),
the  electrode  achieved  a  salt  removal  capacity  of
197 mg g−1. Notably, it maintained consistent stability
and operational continuity throughout a 10-h continu-
ous  desalination  test,  highlighting  its  strong  potential
for high-salinity brine treatment applications.
 3.7    CNT-metal-organic  frameworks  composite
electrodes

Metal-organic frameworks  (MOFs)  are   prom-
ising CDI  electrode  materials  due  to  their   exception-
ally  high  surface  area,  tunable  porosity,  and  versatile
chemical  functionality[236].  These  properties  allow
them to provide numerous active sites for ion adsorp-
tion and support  selective ion removal.  However,  the
practical application of MOFs in CDI is often limited
by their  inherently  low electrical  conductivity,  which
restricts efficient  charge  transfer  during  the   elec-
trosorption process[237].

To overcome this challenge, researchers have in-
tegrated  CNTs  into  MOF-based  electrodes.  CNTs
contribute  high  electrical  conductivity,  mechanical
strength,  and  a  unique  one-dimensional  structure  that
makes them an excellent  complementary material[238].

In such composites, CNTs enhance electrical conduc-
tion throughout  the electrode and also provide mech-
anical  support  that  helps prevent MOF particles from
agglomerating  or  degrading  over  repeated  charging
and discharging  cycles.  This  improvement   signific-
antly boosts the electrode’s cycling stability[239].

Moreover,  the  combination  of  CNTs  and  MOFs
creates a synergistic effect that improves surface wet-
tability and  promotes  optimized  ion  transport   path-
ways. These enhancements lead to greater electrosorp-
tion capacity and faster deionization kinetics[240]. As a
result,  CNT/MOF composites  have  gained  increasing
attention as high-performance materials capable of ad-
vancing CDI technology[241].

Phuoc et al. developed a ZIF-67 composite using
CNTs as a supporting framework, effectively integrat-
ing the  advantages  of  MOFs  and  nanocarbon  materi-
als  for  application  in  CDI  electrodes  (Fig.  9a)[242].
Their  results  demonstrated  that  incorporating  30%
ZIF-67/CNT  into  the  electrode  led  to  an  88%  en-
hancement  in  salt  removal  performance  compared
with pristine AC. Further electrochemical characteriz-
ation  using  cyclic  voltammetry  and  electrochemical
impedance spectroscopy  confirmed  that  the   compos-
ite  electrode  exhibited  reduced  electrical  resistance
and  increased  capacitance.  In  CDI  tests  conducted
with  a  500  mg  L−1  NaCl  solution,  the  electrode
achieved  a  salt  adsorption  capacity  of  11.32  mg  g−1.
Moreover, the  electrode  maintained  stable   perform-
ance  over  25  consecutive  charge-discharge  cycles
(1000 min), indicating excellent cycling durability.

Akulwar and  colleagues  employed  a   straightfor-
ward  one-step  hydrothermal  approach  to  synthesize
Fe-MOF/CNT  composites.  In  this  process,  multi-
walled carbon nanotubes were dispersed in a solution
of ferric  chloride,  formic  acid,  and   dimethylformam-
ide,  and  the  mixture  was  reacted  at  100  °C  for  6  h
(Fig.  9b)[243]. The  resulting  composite  forms  a   con-
ductive  network  that  facilitates  efficient  electron
transport and  provides  ample  pathways  for  ion  diffu-
sion. These structural advantages contribute to an out-
standing desalination  performance,  including  a   re-
markable  salt  adsorption  capacity  of  80.575  mg  g−1
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when treating a 1000 mg L−1 NaCl solution at  1.6 V.
Moreover, the  electrode  demonstrates  excellent   cyc-
ling stability, retaining its performance over 100 con-
secutive  cycles  without  significant  decay.  A  key
strength of this synthesis route is its simplicity, which
streamlines production  and  enhances  process   effi-
ciency. Unlike  conventional  methods  that  often   in-
volve  multiple  steps,  high-temperature  treatments,  or
intricate  post-processing,  this  approach  reduces  both
energy  consumption  and  preparation  time  while  also
curtailing  potential  pollution.  The  use  of  inexpensive
and readily available precursors, such as iron salts and

carbon  nanotubes,  further  helps  keep  material  costs
low. This efficient and user-friendly synthesis method
shows strong  potential  for  scaling  up  electrode   pro-
duction and advancing practical  applications  in  capa-
citive deionization.

The diverse strategies for designing and synthes-
izing  CNT-based  electrode  materials,  as  discussed  in
Sections 3.1 to 3.7,  are comprehensively summarized
in Fig.  10 and Table  1.  This  schematic  illustrates  the
architectural designs, composite components, and syn-
ergistic  advantages  that  contribute  to  enhanced  CDI
performance, while the table presents a detailed quant-
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itative comparison of the key electrochemical and de-
salination performance metrics of various CNT-based
electrodes under different test conditions.

 4    Conclusions and prospects
This comprehensive review systematically exam-

ines the scientific and technological advances in CNT-
based electrode  materials  for  CDI.  Through a  critical
analysis of material  architectures,  synthesis methodo-
logies, and  performance  characteristics,  it  is   demon-
strated that CNTs and their composite derivatives rep-
resent  a  significant  advancement  in  electrochemical

desalination  technologies.  The  fundamental  attributes
of CNTs, including their high aspect ratio, exception-
al mechanical  strength,  and  superior  electrical   con-
ductivity,  constitute  the  basis  for  their  outstanding
electrochemical  performance.  When  combined  with
versatile  surface  modification  enabled  by  chemical
functionalization, these intrinsic properties have facil-
itated the development of advanced electrode systems
that  substantially  outperform  conventional  carbon-
based materials.

The strategic  integration  of  CNTs  with   comple-
mentary materials such as graphene, conductive poly-
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Table 1    Various carbon materials and their capacitive deionization performance

electrode Voltage
/V

Solution
/(NaCl, mg L−1)

Specific capacitance
/(F g−1)

Electrosorption capacity
/(mg g−1)

CDI Decay rate (%)/cycles Refs.

CNTs 1 1000 160.4 at 0.5 A g−1 139 3/5 [141]
CNTs 1.2 584 158.6 at 0.5 A g−1 17.2 0/20 [146]
CNTs 1.2 500 23.8 at 50 mV s−1 58.2 0/10 [149]

CNT/graphene 1.2 500 243.2 at 0.5 A g−1 16.5 0/15 [152]
CNT/graphene 2.0 300 36.4 at 1 mV s−1 48.7 - [158]
CNT/graphene 1.2 500 - 13.6 0/20 [162]

CNT/PPy 1.2 500 96.8 at 5 mV s−1 35.5 8.9/20 [174]
CNT/SBE-β-CD 1.2 500 60.9 at 5 mV s−1 6.4 4.4/50 [185]
CNT/PEDOT:PSS 1.2 60000 - 955.0 - [189]

CNT/PDMAEMA-b-PS 1.2 100 - 6.4 0/10 [195]

CNT/TiO2 1.4 200 178 at 1 A g−1 17.5 - [203]
CNT/TiO2 1.2 200 87.6 at 1 mV s−1 6.5 0/5 [204]
CNT/MoS2 1.2 500 140.0 at 0.5 A g−1 25.4 1.2/5 [206]
CNT/MoS2 1.2 500 140.0 at 5 mV s−1 25.8 1.9/5 [208]
CNT/MnO2 1.2 500 189.5 at 2 mV s−1 42.6 1.9/5 [215]
CNT/MnO2 1.2 600 19.0 at 1 mV s−1 65.1 - [216]
CNT/AC 1.5 1000 84.0 at 1 mV s−1 15.6 0/60 [222]
CNT/BC 1 200 60.0 at 5 mV s−1 9.6 - [229]
CNT/CM 1.2 10000 125.0 at 5 mV s−1 197 - [235]
CNT/MOF 1.2 500 96.6 at 1 mV s−1 11.3 0/25 [242]
CNT/MOF 1.6 1000 114.5 at 10 mV s−1 80.6 0/100 [243]
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mers, metal oxides, porous carbons, and metal organ-
ic frameworks  has  yielded  composite  electrodes   ex-
hibiting synergistic effects that enhance multiple CDI
performance  parameters.  These  advanced  materials
consistently  demonstrate  salt  adsorption  capacities
ranging from 25 to 65 mg g−1, with optimized config-
urations  achieving  even  higher  values  under  specific
operational conditions. The composite electrodes typ-
ically  exhibit  specific  capacitance  values  exceeding
200 F g−1, while  maintaining exceptional  cycling sta-
bility. Most systems preserve over 90% of their initial
capacity after 100 charge-discharge cycles. These per-
formance enhancements  primarily  originate  from   ra-
tional  material  design  that  effectively  combines  the
superior charge transport properties of CNTs with ad-
ditional functionalities  provided  by  secondary   com-
ponents,  including  pseudocapacitive  contributions,
improved hydrophilicity,  and  optimized  pore   struc-
ture engineering.

Despite these notable achievements, several sub-
stantial challenges  impede  the  practical   implementa-
tion  of  CNT based  CDI  systems  and  require  focused
research attention. Electrode fouling caused by organ-
ic contaminants and mineral scaling from multivalent
ions presents significant limitations to long term oper-
ational stability, typically resulting in performance de-
gradation  of  15%  to  20%  during  extended  operation.
The chemical stability of CNT based electrodes under
extreme pH conditions or elevated operating voltages
remains  concerning,  particularly  for  functionalized
variants  where  surface  modifications  may  introduce
vulnerabilities to  electrochemical  degradation.   Eco-
nomic considerations constitute another major barrier,
as high  purity  CNTs,  especially  single  walled  variet-
ies  or  those with specific  functionalization,  rendering
large  scale  deployment  economically  challenging.
Furthermore, synthesis  protocols  for  high   perform-
ance CNT composites  often involve complex,  energy
intensive processes  such  as  chemical  vapor   depos-
ition, solvothermal treatment, and atomic layer depos-
ition, creating  significant  obstacles  for  mass   produc-
tion  and  consistent  quality  control.  The  scalability  of
these manufacturing  methods  while  maintaining   pre-

cise  control  over  critical  parameters  including  CNT
alignment, distribution  within  composites,  and   inter-
face  engineering  represents  a  formidable  challenge
that must be resolved to ensure commercial viability.

Future research  should  prioritize  several   stra-
tegic  directions  to  advance  CNT-based CDI   techno-
logy. The development of cost effective and environ-
mentally sustainable synthesis routes demands imme-
diate attention.  Promising  approaches  include   utiliz-
ing waste  derived precursors,  establishing continuous
flow synthesis systems, and implementing energy effi-
cient processing  methods  that  could  potentially   re-
duce production costs by 30% to 50% while maintain-
ing  performance  standards.  The  design  of  intelligent
electrode systems with stimuli responsive characterist-
ics represents another crucial research frontier. Mater-
ials capable of adapting their properties in response to
variations in water composition, pH levels, or temper-
ature fluctuations  would  significantly  enhance  opera-
tional flexibility and treatment efficiency. The integra-
tion of  self  cleaning  mechanisms  through   photocata-
lytic  coatings  or  electrochemically  active  surfaces
could  further  improve  long  term  stability  and  reduce
maintenance requirements.  From  a  system   perspect-
ive, the strategic integration of CDI units with renew-
able  energy  sources  such  as  solar  photovoltaics  or
wind  power,  coupled  with  advanced  energy  recovery
systems during electrode regeneration, could substan-
tially improve overall  energy efficiency and econom-
ic competitiveness. The establishment of standardized
testing  protocols  and  performance  evaluation  metrics
across  the  research community  is  equally  essential  to
enable meaningful comparisons between different ma-
terial systems  and  accelerate  technology  transfer.   Fi-
nally,  the  implementation  of  advanced  computational
methods,  including  machine  learning  algorithms  for
material discovery  and  multi  scale  modeling  for  pro-
cess  optimization,  promises  to  significantly  shorten
development cycles  and  enhance  system  level   per-
formance prediction.
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