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Rational fabrication strategies of freestanding/
binder-free electrodes for efficient
capacitive deionization

Zhibo Zhao,* Fanggiao Wang,*” Baobao Li,** Zhuomin Chen,” Hao Zhou,*
Xiaoru Wen*< and Meidan Ye (2 *3°

Capacitive deionization (CDI) has received enormous attention as an emerging desalination alternative
owing to the efficient energy footprint, low capital cost, and environmental friendliness. Conventionally,
CDI electrodes are mainly fabricated using the slurry-coated method, through which insulated
polymeric binders are utilized to integrate the active materials in powdery form and the conductive
agents, thereby leading to inferior conductivity and poor cycling lifespan. Recently, freestanding/binder-
free electrodes have provided great opportunities to improve the CDI performance due to the enhanced
conductivity and stability. In this review, we show a comprehensive overview of the recent advances in
the fabrication strategies (e.g., template-free, template-guided, and other less-common methods) of
freestanding electrodes for CDI. Besides, we also highlight the related deionization performance metrics,
including the ion removal capacity, rates, efficiency, and energy consumption. Furthermore, we discuss
the remaining challenges and further outlooks for the continued development of freestanding
electrodes for CDI applications.

1. Introduction

Global population expansion, industrial explosion, and envir-
onmental pollution have caused overexploitation and utiliza-
tion of freshwater resources. Hence, freshwater scarcity is
currently one of the most concerning global crises faced by
the human society.' It is worth noting that more than 97% of
the water on Earth is seawater or brackish water,” making
desalination one of the most effective and practical solutions
to alleviate the growing demand for freshwater. Present-day,
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large-scale water purification technologies mainly use thermal
processes or membrane-based desalination, which mostly include
multi-stage flash (MSF),> multi-effect distillation (MED),°
reverse osmosis (RO),” and electrodialysis (ED).> However, most
of the conventional desalination systems have limitations, includ-
ing considerable energy consumption and secondary pollution.
Thermal desalination requires large amounts of thermal energy to
separate water vapor.’ RO is a process that needs high pressure
to exceed the osmotic pressure of the feed solution.”'
What is more, the extremely high voltage, utilized for the migra-
tion of salt ions during the ED processes, could cause water
decomposition.”"" Consequently, sustainable technologies for
water remediation with lower energy implementation, high effi-
ciency, and zero secondary waste are urgently required.
Capacitive deionization (CDI), burgeoned with the properties
of efficient energy footprint, low capital cost, and environmental
friendliness, has attracted enormous attention as a promising
next-generation desalination alternative.'®'® Different from tra-
ditional desalination technologies, CDI generally does not
require the thermal treatment, sophisticated membrane, or an
extremely high applied voltage, but relies on extracting exotic
species from the feed stream through electric charges at room
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temperature. Typically, the ions induced by the external electro-
static field (normally <2.0 V) between a pair of fixed electrodes
migrate oppositely to the charged electrodes.'®>" Subsequently,
the charged ions are immobilized within the electrodes, produ-
cing freshwater (Fig. 1a). The stored ions can be released back
into the bulk solution by eliminating or reversing the applied
voltage, further refreshing the electrodes and inverting the
deionization process (Fig. 1b). Thus, the electrodes, as a core
part of CDI, play a decisive role in efficient deionization.

Generally, CDI electrode materials are conceptually categor-
ized into non-Faradaic via the electrosorption/electrical double
layer (EDL) mechanism and Faradaic materials harnessing the
underpinning surface redox, ion insertion, or conversion reac-
tion processes (Fig. 1c and d).>**** Carbon materials, predo-
minantly based on electrosorption mechanisms, have been
vigorously explored as traditional CDI electrodes due to the
merits of good electrical conductivity, adjustable porous structure,
and electrochemical stability.”*° However, the utilization of
carbon materials remains precluded by the moderate removal
capacity, inevitable co-ion expulsion, and non-permselective coun-
terion capture in high molar strength.*"**> Unlike carbon-based
materials, Faradaic materials enable ions to be trapped accom-
plished by the charge transfer process within the bulk electrodes
through the abovementioned reactions, which gives them a
higher deionization capacity, tolerability, and permselectivity at
a high ionic concentration.”*** Therefore, Faradaic materials
have been rigorously adopted to ameliorate the aforementioned
limitations of carbon-based materials in the CDI community,
triggered by the pioneering work of a desalination battery, hybrid
CDI, and intercalation-based systems.**™*

Until now, prosperous deployment of CDI mostly dedicates
on leveraging state-of-the-art electrode materials ranging from
tailoring carbon materials (e.g., porosity,** surface area,*® and
surface functionalization***?) to exploiting various Faradaic
materials (e.g., metal oxides,’®™*® MXene,* transition metal
dichalcogenides (TMDs),*® carbon/Faradaic compositions,”' ™
and so on). However, innovation in the fabrication of electrodes
for CDI also shows substantial potential. In general, most
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Fig. 1 Schematic illustration of the (a) deionization process, (b) regeneration process, ion uptake mechanisms of (c) non-Faradaic materials and (d)
Faradaic materials, and specific features of a (e) slurry-coating electrode and (f) freestanding electrode.

conventional electrodes are prepared based on the indispensa-
ble slurry-coated method, in which the mixed slurries of active
materials, conductive agents (e.g., carbon black), and polymeric
binders with a typical ratio of 8:1:1 are cast onto a current
collector.>**® During this process, polymeric binders (e.g.,
polytetrafluoroethylene (PTFE) and polyvinylidene (PVDF)) are
implemented to integrate each individual component. Unfortu-
nately, polymeric binders are generally inactive and hydropho-
bic, which inevitably deplete the electrical conductivity,
deteriorate the capacity performance, and increase the cost
(Fig. 1e).>® Significant research has been conducted to study
and enhance the electrical conductivity of slurry-coated
electrodes.’”° Moreover, the poor adhesion force between
the cast materials and the substrates leads to inferior cycling
stability,’ in which the active materials can be easily dislodged
from the conductive substrates during the long-term deioniza-
tion process. Therefore, it is imperative to replenish radical
preparation methods to avoid the utilization of detrimental
binders. In recent years, binder-free electrodes have attracted
substantial attention due to the following metrics. First, non-
binder preparation methods without the post-coating process,
addition of polymeric binders, and conductive additives can
simplify the electrode fabrication procedures and lower the
manufacturing costs.®’ Second, most binder-free electrodes are
attached directly onto the conductive matrix by the judicious
in situ methods, in which the intimate binding and seamless
contact between active phases and substrates can consolidate
the effective charge transfer and suppress the active mass

© 2023 The Author(s). Published by the Royal Society of Chemistry

shedding (Fig. 1f).°> Third, the adsorbed ions in the bulk stream
can sufficiently access active space and facilitate mass transfer
without the insulation of polymeric binders. Thus, the binder-free
electrodes favor enhancing the deionization performance and
cycling stability for practical high-performance CDI. Considering
the substantial development achieved in binder-free electrodes for
CDl], it is essential to review the progress and outlooks in recently
reported advanced binder-free electrodes.

In this review, we intend to focus on various recent fabrication
methods of the freestanding (mostly binder-free) electrodes
utilized in CDI, mainly including template-free, template-
guided methods and some others (Fig. 2 and Table 1). Herein,
the freestanding electrode demonstrates the active materials
freely stand/attach on the conducive substrate without the
assistance of polymeric additives, featuring a self-supported
characteristic. Moreover, electrospinning, vacuum filtration,
and paste-molding methods are the main template-free methods,
which usually integrate active materials together or with conduc-
tive carbon-based materials. Among the template-guided meth-
ods, in situ growth strategies (e.g., hydrothermal/solvothermal
methods, chemical bath deposition, and thermal treatment) are
exploited to prepare freestanding electrodes on the conductive
supporting substrates (e.g;, Ni foam, Ti plate, carbon cloth,
graphite paper, and wood). And some other less-common tech-
nologies in the CDI field, such as 3D printing, electrophoretic
deposition, and so on, are also summarized. Meanwhile, we also
highlight and investigate the electrochemical and deionization
performance metrics, such as ion removal capacity, efficiency,

Mater. Adv., 2023, 4, 2247-2268 | 2249
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Fig. 2 Schematic diagrams of the active materials, template-free, and
template-guided fabrication methods of the freestanding electrodes.

energy consumption, and rates in the CDI application. Finally, we
critically discuss the challenges and perspectives for the further
development of freestanding electrodes in the CDI community.

2. CDI performance evaluation metrics

Establishing systematic CDI performance metrics is substantial
in the evaluation of deionization performances of electrodes,
which are utilized for various CDI cell architectures. In term of
CDI cell configurations, versatile cell-architecture concepts, ran-
ging from the conventional cell designed in the original CDI to
the further hybrid CDI (HCDI) and ion-exchange membrane
(IEM)-based CDI (e.g., flow electrode CDI and rocking-chair
CDI), have been explored with the development of CDIL.>'*%
Albeit at different cell configurations, the underlying processes
decoupled from all architectures, in which the target cations and
anions are immobilized by cathode and anode electrodes
through the invested charges under external voltages, respec-
tively, are in essence the same. The real-time conductivity of the
bulk feed stream is recorded by a conductivity meter throughout
the deionization process. Moreover, the voltages and dynamic
currents supplied by the direct current (DC) power meter are
recorded by a battery analyzer for further utilization. Beyond the
cell design described above, other variable factors such as
operational parameters including the initial solution concen-
tration, applied voltage, flow rate, and ion type, can indispen-
sably affect the CDI performance. Correspondingly, the related
key evaluation metrics are presented in the following chapters.

2.1. Ion/salt removal capacity

Ion removal capacity is one of the most intuitive performance
metrics used to evaluate the deionization capability, which

2250 | Mater. Adv, 2023, 4, 2247-2268
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denotes the number of ions removed from the feed bulk
solution. The salt removal capacity depends on the process by
which ionic species (e.g., cations and anions) compensate for
the depleted charges of electrodes, so it is rational to normalize
the deionization capacity by the electrode mass. Thus, the
gravimetric salt removal capacity, defined as the mass of ions
removed per unit mass of electrode (MEions &  electrodes)y 1S
calculated by eqn (1):**

(C() - Ct) V
m

Ion removal capacity = (1)
where Cy and C; are the initial and final concentrations of the
streaming ion solution (mg L"), respectively. V depicts the
total rotative volume of the feed solution (L), and m represents
the total mass of the paired electrodes (g).

Additionally, the ion release capacity during the electrode
regeneration or long-term cycling process, which can inevitably
deviate from deionization capacity, is also a substantial signature.
Specifically, the release capacity, demonstrating the resilience of
electrodes, is a critical diagnostic metric to estimate electrode
performance and system condition.’

2.2. Ton/salt removal rate

In addition to the ion removal capacity, the salt removal rate,
reflecting the rate of deionization (or electrode regeneration)
process,®”® is another important metric to be considered

using eqn (2):

Ion removal capacity
1

Ton removal rate =

(2)

where ¢ is the corresponding deionization time (s min ‘). As
defined, the unit of ion removal rate is mg g ' s~ '/mg g ' min~".

Similar to the deionization capacity, the deionization rate
also depends highly on factors including the electrode materials
(e.g, intrinsic kinetics), electrode fabrication (e.g., thickness), cell
architectures (e.g., flow by and flow through), and operational

parameters (e.g., flow rates and influent concentrations).**°”

2.3. Charge efficiency

Charge efficiency (A) is defined as the ratio of the amount of

removed species from the feed stream and the total invested
68,69

electric charges during the ion removal process, as
described in eqn (3):
. (Co—C)VF
Charge efficiency(n) = —————— 3
g yn) ="— TTrd (3)

where F is the Faraday constant (96485 C mol '), M is the
molar mass of removed species (e.g., NaCl/58.44 ¢ mol™ ") and I
is the real-time current recorded by the analyzer.

Ideally, the total invested electric charges are utilized to
extract ions, in which the value of charge efficiency could
approach 1. However, there are several detrimental factors that
suppress the energy utilization, including the exacerbated co-
ion expulsion in high concentrations, especially for carbon
electrodes, and adverse side reactions.”®”*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Freestanding electrodes with their corresponding synthetic methods and deionization performance
Electrodes Methods Ion removal capacity Cycling stability Ref.
C030,@CNF@CNT Electrospinning with annealing 56.86 mg g~ ' in a NaCl solution of ~ Negligible deterioration after 20 88
and oxidization 1500 mg L' at 1.2V cycles
CNF@Mn,0; Electrospinning with a chemical 27.43 mg g ' in a NaCl solution of  14.3% decay in 30 cycles 91
bath 3000 mg L' at 1.2V
S,N co-doped CNT Electrospinning with thermal 29.50 mg g~ " in a 500 mg L™* Slight fluctuation during 23 cycles 89
treatment NaCl solution at 1.4 V
Graphene quantum dots Electrospinning with thermal and  19.34 mg ¢ ' in a 500 mg L ™" 94% capacity retention after 30 90
decorated CNT etch treatment NacCl solution at 1.2 V cycles
N-CNF Electrospinning with annealing 30.4mgg 'ina500mgL ' NaCl Over 70 cycles 92
P-CNF treatment solution at 1.2 V
Graphene embedded with ~ Vacuum filtration with calcina- 32.3 mg g~ ' in a 10 mM NaCl Less than 5% decay after 50 cycles 105
fungal hyphae tion treatment solution at 1.2 V
Porous carbon pad Vacuum filtration with carboni- 35.6mg g ' ina585mgL ' NaCl Variation less than 10% after 40 106
zation and activation processes solution at 1.2 V cycles
MXene/NiHCF Vacuum filtration with chemical 85.1 mg g ' in a 1000 mg L™ No obvious degradation after 50 112
bath NaCl solution at 1.4 V cycles
CoFe-LDH/MXene Vacuum filtration 149.25 + 6.17 mg g ' in a NaCl Capacity retention of 81.7% after 113
solution of 20 mM at 50 mA g~ " 30 cycles
Na'-TizC,T,-MS Paste-rolling with molten-salt 14.8 mg g ' in a NaCl solution of ~ 90.5% after 10 cycles 119
process 100 mgg 'at1.2V
N-doped graphene Compression molding 21.8 mg g ' in a NaCl solution of Retention of 95% after 10 cycles 115
100 mg g~ ' at
WS,/rGO-CNT aerogel Solvothermal with freeze-drying 80 mg g 'in a 3000 mg L' NaCl Over 50 cycles 131
solution at 1 mA
VS,@GP Hydrothermal 31.19 mg g ' ina 520 mg L™* Without evident degradation after 132
NaCl solution at 1.2 V 30 cycles
MoS,/CoS,@TiO, Hydrothermal with 44.22 mg g ' in a 600 mg L~" A subtle decay after 20 cycles 124
electrodeposition NacCl solution at 1.2 V
Nano-patterned MOF Chemical bath deposition 21.3 mg g ' in a 40 mM NaCl Little capacity fading after 30 141
solution at 1.2 V cycles
rGO/CNF Chemical bath deposition 84.6 mg g 'ina250 mg L' NaCl Over 91% capacity retention after 142
solution at 1.2 V 20 cycles
N-doped CNT Chemical bath deposition with 56.9 mg g~ ' in a 60 mM NaCl Little capacity fading after 50 143
etch and pyrolysis treatment solution at 1.2 V cycles
Balsa wood Thermal treatment with etch 12.45 mg g 'ina 500 mg L " No obvious decline after 12 h 146
process NaCl solution at 1.2 V
Mg>*-MXene aerogel Sol-gel with freeze-drying 33.3mgg 'ina 1000 mg L' Over 30 cycles 159
NaCl solution at 1.4 V
MXene/CNT Electrodeposition 34.5mg g 'ina 500 mg L™' NaCl Retention of 89% after 40 cycles 161
solution at 1.2 V
N-doped GO/CNT 3D printing 75 mg g " in a 2500 mg L' NaCl 50 cycles 167

solution at 100 mA g

2.4. Energy consumption

Energy consumption of deionization is a radical metric to
differentiate from other traditional water remediation technol-
ogies with the exclusive future of efficient energy footprint.
Generally, in the CDI community, the energy consumption
is expressed as the specific energy consumption, which is
assigned to the energy spent per unit amount of removed
species (such as the terms of W h g~' and J mol ').”>”?
The energy consumption is drastically susceptible to various
operational parameters, such as the stream concentration,
working mode (constant voltage vs. constant current), and the
charge efficiency.”*” Furthermore, according to the aforemen-
tioned definition, the energy consumption is usually given by

eqn (4):

JoUIdt

Energy consumption = ————
gy p o C)P

4

where U and I are the voltage (V) and current (A), respectively,
and the unit of the calculated energy consumption is W h g™,

© 2023 The Author(s). Published by the Royal Society of Chemistry

3. Template-free methods for the
fabrication of freestanding CDI
electrodes

Generally, template-free methods, mostly including electro-
spinning, vacuum filtration, paste rolling, and paste molding,
can directly fabricate freestanding CDI electrodes without the
assistance of substrates but usually with further combinational
treatment. Moreover, the freestanding electrodes prepared
using template-free methods are mainly nanofibers and film-
forming electrodes without constraint of templates, thereby
giving it flexibility, controllability, and tunability.

3.1. Electrospinning

Electrospinning technology, featuring controllability, simpli-
city, and high efficiency, has attracted enormous attention as
a promising strategy to prepare one-dimensional (1D) nano-
fibers with tunable diameters.”®”” Furthermore, it is one of the
most exceptional methods used to fabricate freestanding

Mater. Adv,, 2023, 4, 2247-2268 | 2251
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electrodes, mostly consisting of randomly interconnected nano-
fibers. Fig. 3a displays the general setup of an electrospinning
unit including a high voltage power supply, a spinneret, and a
conductive fiber collector. Typically, the conductive precursor
solution filled in the spinneret is firstly charged under the
sufficiently high voltage applied between the paired spinneret
and the collector. Afterwards, the liquid tip will be gradually
tailored into a conical shape called the Taylor cone associated
with the counteraction between the electrostatic repulsive
forces and the surface tension. When the increasing electro-
static repulsion overcomes the surface tension, the droplet
ejects a stream of charged liquid flying towards the collector.
Finally, the solidified nanofibers gathered on the collector
are obtained from the charged jet after the complex stretching
and elongating motion in conjunction with the evaporation
of solvent during the free flying process.”® Clearly, the precur-
sor, polymer or melt, plays a vital role in the electrospinning
technology. Generally, different polymers exhibit different
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chain entanglements in the precursor solutions, which could
influence the diameters of the as-fabricated nanofibers. Moreover,
materials including metal, metal oxide, ceramics, and combinations
can be made into nanofibers with post-treatment, in which the pre-
treated polymeric precursor has the suitable properties (e.g:, con-
ductivity, viscosity, and surface tension) for electrospinning.”*
Furthermore, it is worth noting that most of the freestanding
CDI electrodes synthesized by electrospinning with a subsequent
thermal process are stable and conductive carbon-based nano-
fibers decomposed from various polymers (typically, polyacrylo-
nitrile (PAN)). Therefore, the development of electrospun
nanofibers for freestanding CDI electrodes progressively encom-
passes modifying texture properties (such as porosity and hydro-
philicity) and exploiting hybrid electrodes. Specifically, ZnO/
N-doped porous carbon fibers,* MnO,/rGO-doped PAN compo-
site fibers,®* activated carbon fibers (ACF),*®> carbon nanofiber
(CNF) hybrids,*® and NiO-doped carbon nanofibers®” have been
successfully fabricated via electrospinning with post-treatments.

(b)

I PAN/PSICo(Ac),
Bl Co,0,

B CNT

Carbonization

Filtration

(a) Schematic diagrams of the electrospinning process. lllustration of the preparation of the freestanding (b) Coz04@CNF@CNT and (c) S/N co-

doped CNT electrodes, reproduced from ref. 88 and 89 with permission from Elsevier. (d) Schematic of the fabrication of graphene quantum dot
modified CNT electrodes, reproduced from ref. 90 with permission from the American Chemical Society.
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Embedding carbon nanofibers with Faradaic materials is an
effective way to prepare the freestanding electrodes using
electrospinning-based strategies. For instance, Guo et al.®® used
a specific precursor to prepare freestanding Co;0,/CNT deco-
rated nanofibers (Co;0,@CNF@CNT) using an electrospinning-
annealing-oxidization procedure. Specifically, during the ther-
mal process, the tubular carbon nanofibers were constructed
without any residual polymeric additives under the decomposi-
tion and evaporation of polystyrene (PS), thereby providing the
freestanding electrodes with a conductive network. And the
nitrogen doped CNTs were embedded by bubbling pyridine, in
which pyridine and Co;0, worked as the carbon source and
catalyst, respectively. As shown in Fig. 3b, CNT tentacles encap-
sulating the CNF matrix anchored with Co;0, nanoparticles can
be clearly observed. And the conductive CNF substrate and
N-doped CNT tentacles improved the electrical conductivity and
favored the hydrophilicity, permeability, and electrochemical
performance. Therefore, the as-prepared Co0;0,@CNF@CNT
based HCDI cell delivered a satisfactory SAC (i.e., 58.6 mg g "
in a NaCl solution of 1500 mg L™ %) associated with an excellent
salt adsorption rate (SAR, 12.27 mg g~ ' min~" in a NaClI solution
of 2500 mg L™ ") at 1.4 V.

Furthermore, the HCDI system achieved reliable durability
with no obvious deterioration after 20 cycles. In addition,
Liu et al.’* reported freestanding Mn,O; decorated electrospun
carbon nanofibers (CNF@Mn,03) using electrospinning and
subsequent in situ chemical bath methods. The Faradaic
Mn,0O; nanoflowers coated on the 1D CNFs can provide excep-
tional pseudo-capacitance to the CDI system, in which the
CNF@Mn,0; based HCDI system demonstrated superior SAC
(27.43 mg g~ "), stability (14.3% decay in 30 cycles), and charge
efficiency (0.92) in a NaCl solution with the initial concen-
tration of 3000 mg L™ " under an applied voltage of 1.2 V.

Apart from the integration of carbon nanofibers and
advanced Faradaic materials, the heteroatom doping strategy
can also be fabricated through the electrospinning-based methods
and serve as freestanding electrodes without any conductive
additive and polymer binder. For instance, Gao et al.*° fabricated
S,N co-doped carbon nanofibers directly utilized as a freestand-
ing CDI electrode by the co-electrospinning method coupled
with a thermal treatment. As schematically illustrated in Fig. 3c,
trithiocyanuric acid (TA) and PAN acted as the S/N and carbon
sources, respectively, during the carbonization treatment. The
obtained S,N co-doped carbon nanofibers provided high elec-
trical conductivity, improved hydrophilicity, and tailored pore
structures, which were derived from an electron-rich heteroatom
(S, N) doping strategy and conductive carbon backbone under
the decomposition of polymeric additives. Large specific surface
area (523 m> g~ '), better wettability, and integrated binder-free
structures led to a satisfactory salt adsorption capacity (SAC) of
29.50 mg g ' in a 500 mg L~ NaCl solution under an applied
voltage of 1.4 V. The superior charged efficiency (>80%) and
cycling stability (slight fluctuation during 23 cycles) were also
demonstrated. Moreover, their theoretical calculations indicated
the synergistic effect of S,N co-doping on boosting the adsorp-
tion capacity of both Na and Cl ions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Additionally, leveraging the texture properties including por-
osity, surface area, and surface functionalization of carbon nano-
fibers is also a preferential strategy to synthesize electrospinning-
based freestanding electrodes. Gong et al.’® contrived a porous
hydrophilic carbon nanofiber fabric decorated with graphene
quantum dots as a freestanding electrode by electrospinning
in combination with thermal and etch treatment. Notably, as
displayed in Fig. 3d, the authors integrated the metrics of electro-
spinning (e.g:, structural tunability and composition modulation),
in which the well-designed porous structure and hydrophilicity
were produced from the pore and hydrophilic groups formerly
dissolved in the polymer precursor. Moreover, the polymeric
additives were decomposed into a conductive carbon matrix
effectively, which could eliminate the deleterious influence of
the insulated polymeric additives during the carbonization
process. And the interconnected mesoporous structure and
good hydrophilicity in conjunction with the large accessible
surface area (405 m”> g~ ') of the as-prepared monolithic binder-
free fabric are favorable for the hydrated Na® and Cl~ ion
adsorption, enabling a superior desalination capacity of
19.34 mg g ' at 1.2 V in a 500 mg L' NaCl solution associated
with good cycling stability (94% capacity retention after 30 cycles).
In another recent study, Nie et al. fabricated the opposite surface
charged carbon nanofibers as a self-supporting electrode for the
inverted CDI, using electrospinning with subsequent annealing
treatment.”” The negative charged carbon nanofibers (N-CNF) and
positive charged carbon nanofibers (P-CNF) were dramatically
exploited as the cathode and anode, respectively, which was
termed inverted CDI. Moreover, numerous vacated active sites
were liberated under the pre-charging activation process, in which
ions were individually adsorbed followed by desorption driven by
the voltage difference between N-CNF and P-CNF, leading to the
delivery of an outstanding desalination capacity of 30.4 mg g~
with a satisfactory desalination rate (1.0 mg g~' min™"). The
experimental results unveiled the superior cycling durability over
70 cycles.

In short, although the electrospinning method is suitable
for synthesizing freestanding CDI electrodes, it is imperative to
explore effective but simple design routes of polymer type,
concentration, and material properties, along with the subse-
quent property-performance relationship between nanofibers
and desalination capacity. Furthermore, coupling with more
categories of Faradaic materials and integrating more subse-
quent post-treatment procedures remains challenging.

3.2. Vacuum filtration

Vacuum filtration is an effective and facile strategy to prepare
freestanding films serving as monolithic electrodes, featured with
good homogeneity, flexibility, and controllable thickness.’***
Generally, as depicted in Fig. 4a, the pre-treated solution or
dispersion is filtered through the specific membrane, in which
the target materials uniformly accumulate and stack on the
membrane surface, forming a macroscopic film. Furthermore,
no polymeric additives are generally required to construct the
monolithic electrodes by vacuum filtration. Thus, various flexible
freestanding CDI electrodes, such as carbon-based and two-
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dimensional (2D)-based materials, can be fabricated by filtering
different specific precursors. Typically, carbon-based materials
(especially carbon nanotubes (CNTs), activated carbon (AC), and
graphene), possessing features of excellent electrical conductivity,
large specific surface area, and exceptional mechanical stability,
have received substantial attention as ideal supports in the energy
storage community.®>°® Therefore, vacuum filtration is commonly
utilized to couple the aforementioned carbon-based materials with
other outperformed materials to form integrated freestanding
electrodes (e.g:, TiS,/CNT,”” M0S,/CNT,”® V,05/CNT,” NazV,(PO,);
(NVP)/CNT,'® MXene/AC,'”" Na,Ti;O,-CNT (NCNT)@rGO,"*
MXene-derived sodium titanate (M-NTO)/rGO,'” and N-doping
graphene (NDG) paper'®") for high performance CDL

For example, Chen et al.'°> embedded graphene with binder-
free fungal hyphae derived from Aspergillus niger (G-FhEld) to
form the freestanding pad, by a facile vacuum filtration process
with subsequent calcination treatment (Fig. 4b). The fabricated G-
FhEId pad was directly utilized as the freestanding CDI electrode
without any binders or conductive additives. The interwoven

(a)

@ Graphene
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fibers sintered from fungal hyphae provided a conductive 3D
carbon backbone with a hierarchical structure for CDI. Moreover,
the embedment of graphene enhanced the electrical conductivity,
increased the specific surface area, and provided extra available
active sites for target ions, which synergistically improved the salt
storage performance. As a result, the freestanding electrode
realized a SAC of 32.3 mg g~ " associated with an average removal
rate of 1.1 mg g~ ' min~" and a high current efficiency (96.2%) in a
low-salinity concentration of 10 mM under an applied voltage of
1.2 V. Also, the variation of SAC was less than 5% after 50 CDI
cycles, demonstrating the superb long-term stability. Moreover, in
another recent biological material work, Chen et al.'®® obtained
the freestanding porous carbon pad derived from fungal hypha
via the vacuum filtration method followed by carbonization and
activation processes. The fungal hypha activated carbon pad
(FhACPad) film consisting of interconnected fibers can be cut
into a specific size and directly utilized as the electrode because
of its flexibility and integrity. The freestanding FhACPaD realized
a desalination capacity of 35.6 mg g ' with a removal rate of
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and 113 with permission from Elsevier, and reproduced from ref. 112 with permission from American Chemical Society.
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1.2 mg ¢ ' min~", which was much higher than the traditional
slurry-casted AC electrode.

Additionally, MXenes, benefiting from its accessible sandwich-
like feature, extraordinary theoretical electrochemical capacity,
and facile ion intercalation/deintercalation, have been vigorously
exploited as prospective Faradaic candidates for the rational
construction of freestanding CDI electrodes by the vacuum filtra-
tion method. For instance, L-S-Ti;C,T, films,'”” Ag/TizC,T,, "
three-dimensional (3D) alkalized TizC,T,,"*° freestanding Ti;C,T,
films,"'® and Ti;C,T,/bacterial fibers (BC)''* have been success-
fully fabricated for CDI applications. For instance, Wang et al.'*>
designed freestanding Ti;C,T, films with embedded Prussian
blue analogues (PBAs, specially nickel hexacyanoferrate (NiHCF)
and copper hexacyanoferrate (CuHCF)) particles, which were
directly utilized as HCDI electrodes, via the vacuum filtration
strategy. The scanning electron microscopy (SEM) image of
TizC,T,/PBAs films (Fig. 4c) indicated the PBAs nanoparticles
were encapsulated in the Ti;C,T, nanosheets. The embedded
NiHCF/CuHCF nanoparticles can not only restrain the restacking
of Ti;C,T, nanosheets, but also enlarge the interlayer spacing,
thus replenishing more accessible active surface areas and form-
ing more opening structures, which were preferential for the ion
diffusion and intercalation. Moreover, the conductive Ti;C,T,
nanosheets embedded with the PBA particles forming a 3D
conductive framework in turn effectively improved the desalina-
tion kinetics and consolidated the electron transmission through-
out the electrodes. The significantly decreased slope of TizC,T,/
NiHCF (Fig. 4d) demonstrated the improved Na' ion diffusion
owing to the conductive Ti;C,T,. Benefiting from the synergistic
effect of MXene, PBAs, and binder-free preparation, the free-
standing Ti;C,T,/NiHCF films showed an ultrahigh desalination
capacity of 85.1 mg g ' (80.4 mg g ' for Ti;C,T,/CuHCF) in
conjunction with an ultrafast removal rate of 43.3 mg ¢~ ' min ™"
with a NaCl concentration of 1000 mg L™ " at 1.4 V. And an
excellent charge efficiency (above 90%) and cycling stability were
also demonstrated.

In addition, the exploitation of CDI electrodes has been
rarely conducted to capture Cl~ ions, in which most of the CDI
research focused on the cation storage. Then, Lei et al'"
fabricated a self-supporting CoFe-layered double hydroxide
(CoFe-LDH)/Ti3C,T, film via facile vacuum filtration, as dis-
played in Fig. 4e, and utilized it as the CI™ stored electrode.
The high exposed adsorption sites, conductive framework, and
hierarchical micro-mesoporous structure deriving from the
interweaving layered CoFe-LDH with conductive Ti;C,T,, led to
the ultrahigh desalination capacity of 149.25 & 6.17 mg g " ata
current density of 50 mA ¢~ * with an optimal desalination rate of
3.86 mg ¢ ' min~' at 100 mA g ' under a NaCl solution
concentration of 20 mM. Moreover, the hybrid CDI system,
using the LDH/Ti;C,T, electrode as anode, exhibited low energy
consumption of 0.32 + 0.03 kW h kg™, excellent charge
efficiency, and good regeneration with a capacity retention of
81.7% after 30 cycles.

In general, vacuum filtration represents a promising strategy
for the preparation of freestanding films with desirable proper-
ties, providing a valuable platform for the development of high-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance CDI electrodes. However, the freestanding CDI
electrodes fabricated by the vacuum filtration method have
exclusively focused on carbon-based and MXene-based materials
in recent years. Therefore, it is necessary to exploit versatile
innovative Faradaic materials utilized for freestanding CDI
electrodes via vacuum filtration. And the vacuum filtration
method is only suitable for specific materials with a specific size
and film-forming property, which severely hindered its further
development.

3.3. Paste rolling and molding

Paste rolling is another robust template-free method to prepare
freestanding electrodes used for CDI without supporting sub-
strates. Typically, the pre-treated slurry is rolled into macro-
scopic freestanding films under external pressure (Fig. 5a).
Most of the paste rolling-based process utilizes the binders to
integrate each individual component, forming freestanding
films. The as-fabricated freestanding electrodes have good
homogeneity, excellent denseness, and controllable thickness
compared to those prepared via the traditional manual slurry-
coated method, which further significantly reduced the labor
input. Until now, carbon-based materials and some other
materials (e.g., AC,"** N-doped graphene,""” porous carbon,"
MXene,""” and Prussian blue analogues (PBAs)''®) have been
adopted as freestanding CDI electrodes for ion uptake via the
paste rolling method. For instance, Chen et al.'*® tailored a
special architecture with sub-sized Ti;C,T, intercalated by Na*
ions (Na'-Ti;C,T,-MS). Then, the freestanding films were
obtained by rolling the mixed slurry of Na'-Ti;C,T,-MS, carbon
black, and polytetrafluoroethylene (PTFE) binder with the ratio
of 8.5:1:0.5, respectively. Moreover, the enlarged interlayer
spacing derived from the Na" intercalation and suitable sub-sized
particles can effectively supply the sufficient active constituent,
optimize the ion diffusion path, and improve the desalination
kinetics. Thus, the freestanding Na™-Ti;C,T,-MS film electrode
exhibited a high desalination capacity of 14.8 mg g~ * and charge
efficiency of 0.81 associated with good cycling stability in a
100 mg L™" NaCl solution under a cell voltage of 1.2 V.
Furthermore, Singh et al."*° proposed a vanadium hexacya-
noferrate (VHCF, a PBA) electrode encapsulated with a protec-
tive conducting polymer (poly-pyrrole, doped with polystyrene
sulfonate), using the coprecipitation method with subsequent
cold-rolling and electrodeposition treatment, as freestanding
CDI electrodes for selective ion removal towards water reme-
diation. Specifically, a hybrid CDI cell (Fig. 5b) consisting of a
VHCEF electrode coated with a protective layer worked as the
cathode for selective removal of divalent ions, and an oversized
activated carbon isolated using an anion-exchange membrane
(AEM) from the mixed stream, worked as the anode. Moreover,
the protective conducting polymer, which effectively cut off the
contact between the electrode and feed stream, essentially
eliminated the contamination of treated solution caused by
the leaching of electrode components. As a result, the VHCF
electrode exhibited preferential adsorption for divalent Ca®*
over monovalent Na', along with a separation factor of 3.5 (Bca/Nas
the ratio of adsorption efficiency of target ions). Simultaneously,
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Fig. 5 (a) Schematic diagram of the paste-rolling method. (b) Schematic of the hybrid CDI cell and (c) density functional theory (DFT) calculations of the

VHCF, reproduced from ref. 120 with permission from Wiley. (d) Fabrication schematic and (e) SEM image of the freestanding N-doped graphene
membrane electrode, reproduced from ref. 115 with permission from Elsevier.

density functional theory (DFT) calculations also demonstrated
the switched affinity toward Ca®* (Fig. 5c).

More recently, Zhang et al.''® used graphene oxide (GO)
sheets and PS spheres as precursors to prepare the porous free-
standing N-doped graphene membrane electrode (F-N-GPM) by
the route of compression molding method followed by thermal
treatment. Fig. 5d schematically illustrated the preparation of a
freestanding F-N-GPM electrode through the compression mold-
ing method, yet without the utilization of a binder. The SEM
image of the F-N-GPM electrode (Fig. 5e¢) implied its intercon-
nected porous structure. The 3D interconnected network, increas-
ing the accessible surface area, and the N doping, boosting the
hydrophilicity of the electrode surface, synergistically contributed
to the enhanced desalination performance. In particular, the F-N-
GPM electrode delivered a desalination capacity of 21.8 mg g~*
with good cycling durability in a 100 mg L' NaCl solution at
1.8 V. It also exhibited a certain adsorption ability towards some
other salts, including KCl, CaCl,, and MgCl,.

From an objective viewpoint, the freestanding CDI electrodes
fabricated by the paste rolling and molding methods exhibit good

2256 | Mater. Adv, 2023, 4, 2247-2268

homogeneity, denseness, and controllable thickness, while the
unsatisfactory desalination capacity resulting from the utilization
of deleterious polymeric binder catastrophically restrict their
further practical application. Specifically, the effect of the poly-
meric additives on the electrode properties could be deemed to be
correlated with the following aspects: Firstly, the polymeric binder
integrates the individual components together, further forming
freestanding electrodes and maintaining the structural integrity.
Secondly, in general, the polymeric additives are known to be
hydrophobic and electrically insulated, which could lead to the
inferior ionic conductivity and electrochemical kinetics. Thirdly,
the excessive use of polymeric additives can lead to decreased
porosity and ion accessibility of the electrode, which can reduce
the overall electrochemical performance, thereby leading to the
unsatisfactory CDI performance. Therefore, these effects should
be carefully considered when using polymeric additives in the
fabrication process of freestanding CDI electrodes via paste roll-
ing/molding methods. Moreover, the optimized procedures and
the development of materials that eliminate the need for insu-
lated binder are still urgently required.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4. Template-guided methods for the
preparation of freestanding CDI
electrodes

The in situ growth strategy, in which the target active materials are
directly grown on the substrates during the preparation process, is
the key factor for template-guided methods to fabricate the free-
standing CDI electrode. Typically, the synthetic methods include
the hydrothermal/solvothermal method, chemical bath, and ther-
mal treatment. Additionally, the selection of appropriate sub-
strates and target materials plays a crucial role in determining
the approach for preparing freestanding electrodes. At present,
the common substrates are committed to using the carbon-based
and metal-based materials as assistants. Therefore, the carbon/
metal-based substrates (e.g., carbon cloth,'*" graphite paper,** Ni
foam,"*® and Ti plate,'**) with excellent conductivity and excep-
tional structural stability have been vigorously exploited.

View Article Online
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4.1. Hydrothermal/solvothermal methods

The hydrothermal/solvothermal method, featured with the
advantages of a one-step synthetic route, precise tunability,
and modest operating conditions, is one of the most effective
strategies to prepare the freestanding electrodes.'* Generally, in
a typical hydrothermal/solvothermal process (Fig. 6a), the func-
tionalized groups (e.g, oxygen-containing groups and defects)
distributed on the substrates provide suitable sites for the
nucleation and conformal growth of an active solid phase,
thereby ensuring the uniform formation of active materials on
the substrates.’”® Simultaneously, the nucleation process and
crystal growth can be facilitated with the elevated temperature
and pressure.'®” Therefore, the reaction conditions, such as the
substrates, temperature, pH, and reactant concentration signifi-
cantly affect the morphology, component, and crystal structure
of the as-fabricated active materials. For instance, the pre-
treatment of substrates is necessary to remove the impurities
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(a) Schematic illustration of hydrothermal/solvothermal methods. (b) Photograph and schematic and (c) in situ XRD patterns during the charging

step of WS,/rGO—-CNT aerogel, reproduced from ref. 131 with permission from the Royal Society of Chemistry. Schematic diagram of (d) preparation and
(e) ion removal capacity of the self-supported VS,@GP electrode, reproduced from ref. 132 with permission from the American Chemical Society.
Schematic illustration of (f) the fabrication of MoS,/CoS,@TiO, nanotube hybrid electrodes, and SEM images of (h) TiO, nanotubes, (i) Co(OH), skeleton,
and (j) hybrid electrode, reproduced from ref. 124 with permission from Elsevier.
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and increase the functionalized groups on the substrate surface.
In recent years, various conductive matrices associated with versa-
tile outperforming materials (e.g., NiCoAl-mixed metal oxides,'**
Pd/NiAl-layered metal oxides,'*® Na;V,(PO,);/graphene aerogels,
AgCl/graphene  aerogels,’”  Prussian blue (PB)/graphene
aerogels,® and WS,/rGO-CNT aerogels'®') have been successfully
fabricated using hydrothermal/solvothermal methods.

For instance, Vafakhah et al.’*' prepared the freestanding
WS,/rGO-CNT aerogel as a CDI electrode through a simple
solvothermal method and subsequent freeze-drying treatment.
The as-fabricated freestanding aerogel and schematic structure
were presented in Fig. 6b, in which the redox active WS,
nanoflowers were embedded in the conductive interconnected
rGO-CNT network without any polymeric additives/binders. In
addition, the interlayer spacing of the unique WS, nanosheets
was enlarged via an efficient strategy of oxygen incorporation,
which could increase the ion accessibility of the electrode,
further resulting in the enhanced desalination performance.
At the same time, the slight shift of the characteristic peaks to
lower angles with the increased voltage was confirmed by in situ
X-ray diffraction (XRD) measurements, unveiling the expanded
interlayer spacing and intercalation mechanism for the removal of
Na' ions (Fig. 6¢). The unique active redox WS, nanoflowers with
enlarged interlayer spacing associated with the 3D conductive
rGO-CNT framework synergistically improved the conductivity,
facilitated the diffusion of ions, and boosted the reaction kinetics,
thereby contributing to the enhanced desalination performance.
As a result, the assembled hybrid CDI cell, consisting of the
freestanding WS,/rGO-CNT aerogel and rGO/CNT aerogel served
as the cathode and anode, respectively, demonstrated a desalina-
tion capacity of 80 mg g ' in a 3000 mg L' NaCl solution at
1 mA, an optimal removal rate of 3.90 mg g ' min~" at 10 mA,
and a favorable lifespan.

Apart from the aforementioned metal oxides and hybrid
carbon aerogel, many other freestanding CDI electrodes loaded
with high-performance Faradaic materials can also be obtained
by the hydrothermal/solvothermal method and directly utilized
as electrodes without conductive agent, polymeric binder, and
even the current collector. Our group proposed a series of related
works in recent years. To date, Co(OH), nanosheet@graphite
paper (GP),"** SnS, nanosheet@GP,'** VS, nanosheet@GP,"*
N-doped carbon nanolayer (N-C) encapsulated titanium nitride
(TiN) nanorod@carbon cloth (N-C@TiIN@CC),'*" and MoS,/
CoS,@TiO, nanotubes'* were successfully fabricated as the
freestanding and binder-free electrodes for CDI. For instance,
we synthesized the self-supported VS,@GP electrode consisting
of VS, nanosheets in situ grown on the functionalized GP
substrate via a facile one-step hydrothermal reaction."** Specifi-
cally, the preparation procedures were schematically illustrated
in Fig. 6d. The conductive GP not only served as the skeleton to
grow the VS, nanosheets, but also acted as the current collector.
Benefiting from the superior hierarchical framework, binder-free
synthesis process, and improved electrical conductivity, the
freestanding VS,@GP electrode demonstrated an outstanding
desalination capacity of 31.19 mg g ' in a 520 mg L' feed
solution at 1.2 V, which was much higher than that of the
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powder VS, electrode (7.96 mg g~ ') fabricated using the tradi-
tional slurry-coating method (Fig. 6e). Moreover, the monolithic
VS,@GP electrode delivered a satisfactory charge efficiency (0.76)
and cycle lifespan.

In addition, titanium foils, possessing the merits of excep-
tional electronic conductivity, excellent mechanical stability,
and good chemical inertness, can be suitable scaffolds for
fabricating freestanding CDI electrodes. Therefore, our group
contrived a self-supported MoS,/CoS,@TiO, electrode, which
consisted of Ti foil loaded with TiO, nanotubes encapsulated
with the composite of MoS, and CoS,, via the electrodeposition
method followed by a hydrothermal process.">* Fig. 6f shows a
schematic of the in situ synthetic procedures. In the first step,
the anatase TiO, nanotubes with an average diameter of about
100 nm (Fig. 6g) were fabricated by the anodic oxidation method
and the subsequent annealing treatment. Subsequently, the
Co(OH), nanosheets, serving as the template of the final free-
standing electrode, were deposited on the pre-obtained anatase
TiO, nanotubes. The smooth 3D Co(OH), nanosheets can be
observed in Fig. 6h. Finally, the uniformly dispersed MoS,/CoS,
nanoflowers were directly grown on the TiO, nanotubes via a
hydrothermal process without requiring any binders. The corres-
ponding SEM image is shown in Fig. 6i. Furthermore, the highly
open nanoflowers assembled from interconnected nanosheets,
the effective combination of Faradaic materials, and the integrated
self-supported electrodes synergistically ensured the effective elec-
tron transfer, improved the diffusion path of ions, and provided
sufficient active sites to accommodate ions, leading to an excellent
Na' adsorption capacity of 44.22 mg g ' in a 600 mg L™" feed
solution at 1.2 V. Moreover, the monolithic electrodes also exhib-
ited a satisfied cycle lifespan with a subtle decay of desalination
capacity after 20 cycles.

In general, the hydrothermal/solvothermal method, based
on the in situ growth principle, presents an effective approach
for fabricating freestanding CDI electrodes, thereby eliminating
the need for binders. And the reaction conditions play a critical
role in determining the electrochemical properties of the resulting
electrodes. However, although the hydrothermal/solvothermal
method can simplify the electrode preparation process and avoid
the utilization of conductive agent and polymeric binder, some
intrinsic issues (e.g., high-mass loading and scalable fabrication)
still remain. It is also limited by the unfirm bonding between
active materials and substrates and rapidly increasing manufac-
turing costs under thick active loaded layers.

4.2. Chemical bath deposition

Chemical bath deposition is another versatile template-assisted
technique used to fabricate freestanding electrodes, processing
the merits of moderate operational conditions (e.g., low tempera-
ture and atmospheric pressure), low costs, and simplicity.'**"*>
Typically, the chemical bath deposition process is generally con-
ducted in a container containing the precursor solution with
conductive substrates (Fig. 7a), on which target active materials
are uniformly and spontaneously deposited. And the essential
backbone can be readily tailored by the functionalized treatment
(e.g, acid etch), resulting in the generation of abundant functional

© 2023 The Author(s). Published by the Royal Society of Chemistry
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groups for further anchoring the active materials. Moreover,
the active material loading on the pre-treated conductive matrix
can be controllable and versatile, achieved by adjusting the
composition, concentration, time, and temperature.’*® In
recent years, extensive efforts based on the optimized sub-
strates, versatile active materials, and combinational post-
treatments have been put forward to fabricate the monolithic
CDI electrodes with enhanced deionization performance via
the chemical bath deposition method. Specifically, SiO, nano-
particles/activated carbon cloth (ACC),"*” porous carbon fibers
(PCF),"*® §-MnO,@rGO/CC,"*® and Prussian blue analogues

© 2023 The Author(s). Published by the Royal Society of Chemistry

(PBAs)/CC™*® have been successfully obtained by chemical bath
deposition-based methods.

For instance, an exemplified freestanding CDI electrode
through in situ anchoring the metal-organic framework
(MOF) nanocrystals on the functionalized carbon cloth skeleton
was prepared via the route of one-pot chemical bath deposition
(Fig. 7b)."** The monolithic electrode fabricated through the
above binder-free procedure not only boosted the electrical
conductivity, but also ensured sufficient accessible surface
areas to accommodate target ions compared to the slurry-
coated electrode. In this regard, Fig. 7c depicted the obviously
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enhanced desalination capacity of the freestanding nano-
patterned MOF electrode (14.4 mg g~ ') compared to that of
the coated one (2.2 mg g ') in a NaCl solution (5 mM) at 1.2 V.
Moreover, the monolithic electrode demonstrated a maximum
capacity of 21.3 mg g~ ' in a 40 mM NaCl solution at 1.2 V,
and an outstanding cycle lifespan with little capacity fading
after 30 cycles.

As aforementioned, modulating the conductive matrix, such as
incorporating binary substrates and modifying surface charge, is
another promising strategy to fabricate the integrated CDI elec-
trodes with boosted desalination performance. Li et al.'** intro-
duced an innovative binary Cu-Ni foam (CNF) serving as the
backbone and current collector to couple with reduced graphene
oxide (rGO) using a route of two-step chemical bath deposition
followed by freeze drying. The synthetic procedures displayed in
Fig. 7d implied that the monolithic rGO/CNF electrode was
fabricated by in situ growing rGO onto the binary CNF substrate
without the assistance of polymeric binders. In this work, the
authors were committed to generating Ni foam loaded with
different Cu contents by adjusting the substitution time and then
modulating the structure and morphology of the integrated rGO/
CNF electrode, thereby featuring it with a porous network and
more accessible surface area. As a result, the optimal rGO/
CNF electrode contributed to the increased surface areas and
facilitated ion transport, thereby leading to delivery of an excellent
deionization performance with a desalination capacity of
84.6 mg ¢~ (2.23 times higher than that of rGO with the single
Ni substrate), a satisfactory removal rate of 4.88 mg g " min™ ',
and an acceptable long-term stability (over 91% capacity retention
after 20 cycles) in a 250 mg L™ " NaCl solution at 1.2 V. In addition,
Zhang et al.'** synthesized manganese (Mn)-based Prussian blue
analogues (MPBs) loaded on various tailored substrates (e.g., the
acid-treated carbon cloth (ACC), F-doped carbon cloth (FCC),
chitosan-coated carbon cloth (CCC), and N-doped carbon cloth
(NCCQ)) to investigate the effects of different functional groups and
surface charge on the carbon cloth towards desalination perfor-
mance. Specifically, the different monolithic MPB/CC electrodes
were fabricated using a facile chemical bath deposition method,
and directly utilized as the CDI electrode in a hybrid CDI system
(Fig. 7e). Integrating the advantages of the modified carbon cloth
and nanostructured MPBs, the freestanding MPBs/FCC electrode
demonstrated the highest desalination capacity of 10.92 mg g~ ',
and the highest charge efficiency (82.28%) in conjunction with
the lowest energy consumption (0.45 kW h m™3).

Furthermore, leveraging the post-treatment coupled with
the chemical bath deposition process is also an effective
strategy to obtain the freestanding CDI electrodes. Xu et al.'*®
elaborately developed monolithic tubular N-doped carbon
tubes (NCTs) derived from a MOF via chemical bath deposition
followed by unique etch and pyrolysis treatment. The fabrication
procedures are presented in more detail in Fig. 7f. The as-
fabricated freestanding NCTs were attached to a current collector
directly serving as the CDI electrode without adding any con-
ducive agents and deleterious binders. The unique tubular
architecture, binder-free electrode configuration, and abundant
nitrogen dopants synergistically improved the diffusion path of
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electrons and ions, provided enough accessible surface areas,
and enhanced the electrical conductivity, thereby boosting the
deionization performance. Accordingly, the NCTs delivered an
excellent CDI performance with a maximum desalination capa-
city of 56.9 mg ¢ ' in a 60 mM NaCl solution under 1.2 V with
good cycling stability.

Overall, chemical bath deposition is a promising technique
that offers several benefits for the fabrication of freestanding
CDI electrodes, in which the active materials can be directly
deposited onto the pre-treated matrix, forming the monolithic
CDI electrode without the assistance of conductive additives and
binders. However, although various integrated CDI electrodes
have been proposed, the unsatisfied desalination capacity is an
important factor hindering their further practical applications.
Thus, exploiting versatile conductive substrates coupled with
more high-performance Faradaic materials via the chemical bath
deposition-based methods is still in high demand.

4.3. Thermal treatment

Thermal treatment is an exclusive method to fabricate the self-
supported monolithic CDI electrodes, which are mostly derived
from carbon cloth/wood-based materials, serving not only as the
substrates, but also the active materials.*****” In the context of
thermal treatment process (Fig. 8a), the carbon-based precursor is
converted to self-supported integrated CDI electrodes, featured
with versatile structures, morphologies, porosity, and doping
characteristics, by the carbonization, activation, and combination
process under sintering at high temperature. At present, this
robust method has been applied to obtain various carbon-based
monolithic electrodes, which can be categorized into carbon fiber-
based (e.g., carbon nanofiber aerogels'*>'*¥**® and variable acti-
vated carbon cloth®'™**) and wood-based (converted from var-
ious wood such as beech wood,"> basswood,"” and balsa'*®)
materials.

In an exemplified sample, Ahn et al."*® developed a nitrogen-
incorporated porous activated carbon cloth (N-ACC), which was
directly engaged as the integrated binder-free redox-mediated
deionization (Redox-DI) electrodes via a judicious thermal
deposition method. Specifically, the N-ACC with high catalytic
activity groups (Fig. 8b) was obtained by a simple heat treatment
utilizing urea as the nitrogen source. Moreover, the assembled
Redox-DI cell (Fig. 8c) consisting of the as-fabricated monolithic
N-ACC electrodes serving as both the cathode and anode and the
Na;Fe(CN)s/Na,Fe(CN)s solution as the redox intermediates was
proposed. On account of the enhanced electrocatalytic activity,
improved reaction kinetics, and decreased transfer resistance of
redox couple reactions derived from N doping, the binder-free
N-ACC electrodes delivered an ultrahigh desalination capacity of
69.1 mg g ', and a remarkable charge efficiency of 95.3% in
conjunction with an energy consumption of 122.0 kJ mol " with
a stream brine solution of 10 mM.

Moreover, as for the wood converted route, He et al'*®
synthesized binder-free wood converted porous carbon utilizing
natural balsa, pine, and basswood via the thermal treatment
subsequently activated by the chemical bath route. And the as-
prepared wood converted carbon was directly attached to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the thermal treatment process. Illustration of (b) the fabrication of activated carbon cloth and (c) redox-deionization cell,

reproduced from ref. 156 with permission from Elsevier. SEM images of (d) carbonized balsa, (e) carbonized pine, and (f) carbonized bass, reproduce from
ref. 146 with permission from Wiley. Schematic diagrams of (g) the preparation of a 3D wood electrode and (h and i) ion uptake mechanisms, reproduced

from ref. 157 with permission from the America Chemical Society.

current collector used as the freestanding CDI electrode without
any binder. In addition, the surface morphology of the carbo-
nized wood demonstrated different pore structures. Specifically,
as shown in Fig. 8d, the carbonized balsa exhibited two tunnel
sizes of dominated small channels associated with less large
channels. The SEM image of carbonized pine (Fig. 8e) mani-
fested its noticeable uniform tunnel structure. Furthermore, the
carbonized bass exhibited a dispersed porous structure with
varying channel sizes, attributed to the obstruction caused by
the carbonized organic tissue (Fig. 8f). The activated balsa
electrode integrated the advantages of extensive surface area,
enhanced electrical properties, and improved hydrophilicity,
enabling the superior deionization performance. As expected,
the binder-free balsa electrode displayed a salt removal capacity
of 12.45 mg g ' in a 500 mg L~ NaCl solution at 1.2 V, which
was higher than most pure wood converted carbon electrodes.
Meanwhile, the activated balsa electrode exhibited an extraor-
dinary adsorption ability for heavy metal toxic ions of Pb** and
Cr’ in 100 mg L' PbCl, and 50 mg L~ " CrCls, respectively,
under 1.2 V.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Additionally, Wei et al.*>” designed an all-wood-based battery
deionization cell designated as battery deionization (BDI) com-
prising a self-supported wood electrode in conjunction with a
freestanding polyaniline (PANI)}-modified wood electrode serving
as the cathode and anode, respectively. As shown in Fig. 8g, the
3D wood electrode was fabricated by thermal treatment followed
by functionalization with redox-active sites via a chemical oxida-
tion process, associated with the waste wood as raw materials.
Specifically, the hemicellulose and cellulose components in
native wood were efficiently converted into carbon materials
under thermal treatment. Simultaneously, the lignin component
underwent slight structural modifications, resulting in the loss
of certain functional groups while preserving its fundamental
structure, which plays a crucial role in ion capture for the final
electrode. Meanwhile, the PANI, featured with the variability
among three discrete oxidation states, was electrodeposited on
the thermal-treated wood to obtain the PANI-modified wood
electrode. Moreover, the authors proposed the underlying ion-
uptake mechanisms (Fig. 8h and i), in which the cations were
captured by hydrophilic -OH and reactive -C—O combined with
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protonated imine nitrogen atoms for anion removal under
electrochemical redox conditions. Integrating the as-prepared
3D wood electrode with abundant redox-active sites, reinforced
hydrophilicity, and modulated porosity with the PANI-modified
wood electrode, the assembled cell exhibited an outperformed
total ion (ie., Na", Mg®>*, and Cl7) deionization capacity of
164 mg g~ in real seawater.

In summary, the thermal treatment is a robust approach for
fabricating monolithic carbon-based CDI electrodes, and the
rational modulation of organic components in wood precursor
is a crucial factor in determining the properties (e.g., porosity,
hydrophilicity, and morphology) of the final electrodes. However,
from an objective standpoint, the inferior desalination capacity
resulting from the inherent disadvantages of carbon-based CDI,
such as deleterious co-ion expulsion and intolerance at high
salinity, severely limits their practical application. In addition,
the intensive studies outlined above mainly focused on exploring
the hydrophilicity, porosity, and activation types of monolithic
thermal-treated carbon-based CDI electrodes towards ion-selective
adsorption and ion sieving. Thus, the standardized metrics
increasingly need to be delineated for quantification and compar-
ison of various CDI systems for selective ion removal.

5. Other methods for the synthesis of
freestanding CDI electrodes

In addition to the aforementioned template-free and template-
assisted methods, some other less-common strategies (e.g., the
sol-gel method,***7*%° electrodeposition,*®**¢* chemical vapor
deposition,'® atomic layer deposition,'®® and 3D printing
technique,'®”) in the CDI community have been adopted to
fabricate the freestanding electrodes.

The sol-gel method, featuring low cost, moderate processing
temperature and simplicity, is a facile strategy to prepare
versatile gels with various physicochemical properties,'®®"7°
indicating its practical prospects in the CDI community. For
example, Ding et al."> proposed a freestanding Mg>"-MXene
aerogel via the sol-gel method and subsequent freeze-drying
treatment without incorporating any external polymeric binders,
serving as the CDI electrodes. Moreover, the authors demon-
strated an accessible strategy for the scalable fabrication of
large-area Mg”*-MXene aerogels using PS spheres as substrates
(Fig. 9a). Specifically, the uniform crumple-textured MXene (CT-
MXene) platform with the oxygen-plasma treated PS as the back-
bone was first obtained through a drop-cast method combined
with modulation by the doctor blade method. And the freestand-
ing Mg®>-MXene aerogels derived from the freeze-dried Mg**-
MXene hydrogel were stripped from the matrix. Thus, the final
freestanding electrode was devoid of any residual polymeric
additives or binders. Furthermore, the SEM images demonstrated
the similarly oriented mesopores of binder-free Mg**-MXene
aerogels and CT-MXene platforms (Fig. 9a). Owing to the boosted
electrical conductivity, enlarged surface area, and high robustness
in water, the Mg”*-MXene aerogels delivered an outstanding
desalination performance (capacity: 33.3 mg g '; desalination
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rate: 1.1 mg ¢~ " min~') with a satisfactory long-term stability
(over 30 cycles).

In addition, chemical vapor deposition has received consider-
able attention for fabricating electrodes in the energy storage
field."”*"”* For instance, Song et al'®® prepared a freestanding
CNT film as binderfree CDI electrodes via floating-catalyst
chemical vapor deposition (FCCVD). In the context of the fabrica-
tion process, the CNT aerogel, derived from the decomposition of
polymeric precursors, was firstly obtained under high temperature.
And then the CNT gel was transferred downward via the hydrogen
gas, thereby transformed into a CNT film at the bottom of the
chamber (Fig. 9b). It is noteworthy that, despite the utilization of
pyrrole as a precursor, the high-temperature pyrolysis process led
to the complete decomposition and transformation of pyrrole into
freestanding CNT films, precluding any residual polymeric addi-
tives in the final electrode. Furthermore, Fig. 9c shows that the
binder-free CNT film had a freestanding and flexible structure. As
a result, the obtained binder-free CNT film with a large specific
surface area of 198 m> g~ delivered a desalination performance of
11.39 mg g~ .

Electrodeposition is another accessible method to fabricate
freestanding electrodes, in which the target materials are
directly deposited onto the working electrodes (conductive
substrates) under an external electric field,'”* subsequently
forming the integrated CDI electrodes. Thus, there is no need
for the external polymeric additives or binders to integrate the
individual components together. An exemplified binder-free
film electrode via coupling the layered MXene and conductive
CNT on the conductive graphite paper was prepared by the
electrophoretic deposition (EPD) method.'®" Fig. 9d schematically
displayed the process of EPD and the as-fabricated self-supported
film electrodes with a dense and uniform structure. Moreover, the
restrained self-stacking of MXene, modulated charge transfer
path, improved ion diffusion kinetics, and more spacious ion-
insertion sites derived from the synergistic effects of conductive
CNT and the binder-free BED method were proposed to enhance
the desalination performance. Consequently, the integrated
MXene/CNT film electrode attained an outstanding desalination
performance with a desalination capacity of 34.5 mg g ', a
removal rate of 3 mg g~ ' min~", and a low energy consumption
of 0.26 kW h kg " associated with excellent long-term stability
(retention of 89% after 40 cycles) in a 500 mg L' feed stream at
1.2 V, which was much higher than that of the conventional
slurry-coated electrode (18.7 mg g™ ).

Additionally, the 3D printing method has attracted enormous
attention as a novel technique for rapid prototyping in many
applications.'”>'”® Recently, Vafakhah et al.'®” contrived a free-
standing integrated nitrogen-doped GO/CNT electrode via 3D
printing technology (Fig. 9¢), in which there was no need for any
polymeric additives. As a result, the monolithic 3D printed
electrodes delivered an ultrahigh desalination of 75 mg g~ * at
100 mA g, a low energy consumption of 0.331 W h g~ " with a
removal capacity of 60 mg g !, as well as excellent cycling
lifespan (50 cycles).

To conclude, although versatile less-common methods have
been exploited to fabricate freestanding electrodes in the CDI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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field, the rational selection of materials, demand of polymeric
additives, and modulation of components should also be taken
into consideration for novel fabrication strategies. Moreover,
there is a growing demand to excavate and replenish novel
techniques for the preparation of integrated CDI electrodes
combined with an outstanding deionization performance.

6. Summary and outlook

Having burgeoned as a promising alternative towards brackish
water remediation, CDI has received considerable attention in
recent years. In all cases, the electrodes play a crucial role in
high-performance and efficient CDI. Compared with conven-
tional slurry-coated electrodes, freestanding electrodes

© 2023 The Author(s). Published by the Royal Society of Chemistry

integrate simplified fabrication procedures, enhanced electri-
cal conductivity, and improved cycle lifespan, contributing to
boost the deionization performance. In this review, we put forth
a comprehensive overview of recent advances in the fabrication
strategies of freestanding electrodes and related performance
metrics (e.g:, ion removal capacity, ion removal rate, charge
efficiency, and energy consumption) for CDI. Specifically, the
preparation methods of freestanding electrodes (mostly binder-
free) are conceptually categorized into template-free methods,
template-guided methods, and some other less-common methods.
Template-free methods involving electrospinning, vacuum filtra-
tion, and paste-rolling methods can synthesize the freestanding
electrodes without the prepared substrates. And template-guided
methods, depending largely on in situ growth onto a conductive
matrix (e.g., Ni foam, Ti plate, graphite paper, and carbon cloth),

Mater. Adv., 2023, 4, 2247-2268 | 2263


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma01100j

Open Access Article. Published on 19 April 2023. Downloaded on 4/11/2026 6:15:11 AM.

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

(cc)

Review

mainly include hydrothermal/solvothermal methods, chemical
bath deposition, and thermal treatment. Moreover, other less-
common methods, such as 3D printing, can also be used to
fabricate freestanding electrodes. Table 1 summarizes recent free-
standing electrodes with their corresponding synthetic methods
and deionization performance. Furthermore, Table 2 provides a
summary of the typical values for various properties of electrodes
fabricated using the aforementioned methods.

Although substantial deployment of freestanding electrodes
has been achieved, the field is not yet mature enough to meet
the requirements for practical applications. And several major
challenges still remain in the further development of free-
standing electrodes. (i) Fabrication methods. Although versatile
strategies have been adopted to prepare the freestanding
CDI electrodes, each method has its own limitations. In terms
of the main methods (e.g, electrospinning, vacuum filtration, and
hydro/solvothermal) currently available, for example, freestanding
electrodes constructed by the electrospinning technique depend
largely on the composition of precursors, and subsequent thermal
treatment is usually needed. Moreover, the hydro/solvothermal
method still suffers from the challenges of high-mass loading,
cycling durability, and scalable fabrication of electrodes. Besides,
the related CDI performance is still unsatisfactory for practical
applications. So, it is imperative to exploit tailored methods and
routes of freestanding electrodes towards high-performance CDI.
In addition, the techno-economic feasibility, environmental
friendliness, and large-scale fabrication should also be consid-
ered. Notably, rational combination of different strategies and
exploitation of innovative techniques, such as 3D printing, can
possibly be an effective way to combat the aforementioned issues.

(if) Advanced materials for freestanding electrodes. Carbon-
based and Faradaic materials mostly possess intrinsic disad-
vantages in terms of moderate removal capacity caused by the
deleterious co-ion expulsion and inferior structural stability
derived from the unaccommodated volume change, respec-
tively. Hence, combining stable and conductive carbon-based
materials with high-capacity Faradaic materials has been
deemed as an efficient way to prepare freestanding electrodes
with enhanced deionization performances in recent years.
However, a major obstacle of high manufacturing costs of some
carbon-based materials (e.g;, graphene and CNTs) and unsatisfac-
tory ion removal capacity still remains, thus hindering their
further practical application. Therefore, the underlying correlation
from the inherent properties of electrodes to deionization perfor-
mance, novel materials, and the exploitation of instructive strate-
gies (e.g., rational modulation of component ratio, advanced
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structural design, and judicious phase engineering) should be
replenished to fabricate the freestanding electrodes with a com-
bined CDI performance, thereby addressing these challenges.
Meanwhile, in terms of the rare exploitation of Cl™ stored
materials, more intensive advanced materials for freestanding
electrodes toward Cl~ removal need to be explored to alleviate
the issue of differentiated adsorption kinetics between Na* and
Cl, thus enabling further optimization of the CDI performance.

(iii) Regarding the CDI process, the electrical conductivity,
hydrophilicity, and texture properties are crucial factors in
determining the deionization performance of all CDI electrodes
including the freestanding/binder-free electrodes. Therefore, it is
crucial to rationally modulate the relevant properties of freestand-
ing/binder-free electrodes to enhance their deionization perfor-
Furthermore, given the fundamental structure of
freestanding/binder-free electrodes, which consists of intercon-
nected conductive substrates and active materials, and the relevant
properties for optimal performance, a straightforward design guide-
line can be proposed. Firstly, the selection of appropriate conduc-
tive substrates and materials that ensure good connectivity, good
electrical conductivity, and intimate attachment is critical. Sec-
ondly, the rational modulation of microstructure/morphology of
the active materials to obtain the superior texture and diffusion
kinetic properties, which could ensure good connectivity among
each individual component, thereby improving the overall conduc-
tivity. Finally, the rational reconfiguration of the surface properties
(e.g., chemical activation) could play a critical role in decreasing the
interface resistance between the electrode and electrolyte, thereby
increasing the accessible surface area for ions. In summary, from
an objective standpoint, a rational design guideline is of great
significance for the fabrication of high-performance freestanding/
binder-free CDI electrodes. However, the rational tradeoffs among
relevant components, structure, and properties remain challenges
due to the various materials and methods. Therefore, there is still
much work to be done in this field.

(iv) Tailored applications. Until now, the advanced CDI
materials show great promise for tailored applications ranging
from the water desalination to ion sieving and heavy metal
removal.>*>'77178 However, the current research towards free-
standing CDI electrodes mainly focuses on desalination, in
which only rare studies on selective ion and heavy metal removal
have been proposed. Thus, for the further development of free-
standing electrodes, the exploitation towards tunable applica-
tions outlined above is definitely required, ensuring its
competitive advantages compared with conventional materials
and methods.

mance.

Table 2 Typical values for various properties of electrodes fabricated using the aforementioned methods

Methods Mass loading (mg) Thickness Porosity (surface area, m*> g~ ) Permeability
Slurry-cast ~10-200 ~200-500 pm ~100-1000 Average
Electrospinning ~50-200 ~200-500 um ~400-1300 Good
Vacuum filtration ~30-150 ~20-500 um ~100-1000 Good
Paste-rolling and molding ~40-120 ~200-500 pm ~100-800 Average
Hydrothermal/solvothermal ~20-150 ~10-100 nm ~100-1000 Good
Chemical bath deposition ~20-150 ~10-100 nm ~100-1000 Good
Thermal treatment ~40-200 — ~400-2000 Good
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In summary, the versatile freestanding CDI electrodes fabri-
cated by the recent advanced methods show great promise in the
field of CDI community. Although challenges, including tunable
synthetic methods, advanced materials, and tailored applications,
still remain, it can be foreseen that the well-crafted freestanding
CDI electrodes will provide a promising platform for the effective
water remediation applications, therefore leading to a sustainable
solution towards global water shortages.
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