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Due to its unique advantages such as flexible planar structure, ultrahigh specific surface area, superior
electrical conductivity and electrical double-layer capacitance in theory, graphene has unparalleled
virtues compared with other carbon materials. This review summarizes the recent research progress of
various graphene-based electrodes on ion electrosorption fields, especially for water desalination

utilizing capacitive deionization (CDI) technology. We present the latest advances of graphene-based
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heteroatom-doped graphene and graphene/polymer composites. Furthermore, a brief outlook on the

DOI: 10.1038/d2ra082529 challenges and future possible developments in the electrosorption area are also addressed for
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researchers to design graphene-based electrodes towards practical application.

1. Introduction

Traditional desalination technologies include membrane
separation, electrodialysis, thermal separation and precipita-
tion centrifugation.' These traditional technologies usually
require expensive infrastructure, high energy consumption and
easy to cause secondary pollution.” Therefore, new desalination
technologies with low cost, low energy consumption, high effi-
ciency and green production are urgently required.

Capacitive deionization (CDI) technology, also known as
electro-sorption (EST) technology, is a novel water treatment
technology that has attracted many researchers in recent years
to achieve water purification/desalination.® Fig. 1 shows the
advantages of capacitive deionization technology in wastewater
treatment.* By applying a low potential (usually lower than 2 V),
the charged ions are forced to the oppositely charged electrode
and concentrated in the electric double layer (EDL) which is
formed on the surface of the electrode.® A typical CDI cell is
usually similar to the battery structure of a supercapacitor. It
consists of a pair of electrodes separated by water and the
aqueous solution is between/flow through the electrodes.®
When an external potential is applied, the ions can migrate to
the oppositely charged electrodes to form EDL. While the
external potential is set to the opposite charge, the ions will
withdraw from the electrodes to the feed solution.” Therefore,
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the ions can migrate directionally in the solution to be enriched
and concentrated to achieve the purpose of ion separation and
removal, as shown in Fig. 2.%

The concept of CDI was first proposed by Caudle and John-
son group in the 1960s.>'* They designed a CDI system using
porous activated carbon electrodes, similar to supercapacitors,
but due to the limitations of electrode materials, the technology
has not been further developed. Until the 1970s, Johnson et al.
conducted a reversible electrosorption model for activated
carbon electrode regeneration,' and the concept of CDI has
hardly improved. Later, the CDI process experienced a stage of
rapid development on electrode materials, and the mechanism
of which was attributed to the adsorption of ions in the EDL. In
the past decade, the CDI process has been applied in many
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Fig. 1 Wastewater treatment and its solution through capacitive
deionization technology.
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Fig. 2 Schematic diagram of a typical CDI system (a) deionization/
desalination step (b) electrode regeneration steps. (Reproduced with
permission from ref. 8 Copyright 2018 Elsevier.)
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Fig. 3 (a) Schematic illustration for the CDI experimental set-up (b)
working of CDI cell. (Reproduced with permission from ref. 47
Copyright 2018 Elsevier.)

Separator

fields, such as wastewater treatment and insulin purification
due to its environmental friendliness, no secondary pollution
and reduced energy consumption owning to the advantages of
low capital cost, low driven energy, reliable regeneration and
none secondary pollution.”** Also, the technology has been
advanced in many areas such as hybrid materials for electrode
synthesis, flow electrodes,'>*® flow-through electrodes,'”** and
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the relationship between surface properties and CDI efficiency,
etc.

The electrode material is an important factor in CDI opera-
tion because the electrode material must have a large specific
area, low resistance, suitable pore size distribution structure,
good electrical conductivity and electrochemical stability,
which are beneficial for the electrosorption capacity.” The
process has to go through multiple steps of electrosorption and
circulation. Therefore, the electrode should has not only good
pore structure and reusability, but also wettability and hydro-
philicity to ensure that all pores could participate in the
adsorption process.”*** At the same time, a certain degree of
scalability is essential so that the electrode material can be
modified in some ways to optimize its performance in the future
to enhance application potential.

In CDI system, different operation and structural parameters
can affect the performance of CDI, such as applied voltage, flow
rate of salt solution, initial concentration, salt adsorption
capacity of electrode,” as well as ion selectivity and electrode
thickness. The performance of ion selectivity depends on its
affinity with functional groups.* Grafting the electrode surface
with functional groups can improve the hydrophilicity of the
electrode material, and also improve its electric adsorption
capacity. Freire et al® prepared Graphite Felt (GF) 3D
composites and improved the performance of CDI by changing
the electrode thickness on GF. The results of CDI experiments
demonstrated that the values of salt adsorption capacity could
be improved by more than 200% when reducing GF electrode
thickness from 6.0 mm to 2.6 mm. Barcelos et al.*® studied the
effects of electrode thickness on the deionization performance.
The results showed that the enhanced diffusion kinetics in
a thin electrode with high intergranular porosity might play
a decisive role in the selection of the optimal electrode for CDI
applications.

Generally, the electrode, the heart of CDI, is generally
fabricated with carbon materials, such as activated carbon,*°
porous carbon,**** carbon aerogel,*** carbon nanotubes,***
graphene,*® and the various carbon-based materials/compos-
ites.*>* In particular, graphene exhibits unique advantages
such as flexible planar structure,** ultrahigh specific surface
area (2600 m* g~ %), superior electrical conductivity (7200 m s~
at room temperature) and electrical double-layer capacitance
(21 puF em™?) in theory,* so it has unparalleled virtues compared
with other carbon materials. In terms of supercapacitors, gra-
phene meets the requirements of ideal capacitors, and its
theoretical capacitance value reaches more than 200 F g~ "%
Therefore, graphene is highly expected in electrode application.

One of the preliminary reports of graphene for CDI appli-
cation is the use of reduced graphene oxide (rGO) to produce
graphene nanoflakes.**** The specific surface area of the exfo-
liated graphene nanoflake was 222.01 m> g~ ', and the salt
adsorption capacity was 4.30 mg g *.*® For decades, researchers
have developed different ways to use graphene as CDI elec-
trodes. For instance, J. Ahirrao et al.*’ investigated the electro-
sorption performance of various carbon-based materials
including carbon fabric (CF), functionalized-multiwall carbon
nanotubes (F-MWCNT) and solar reduced graphene oxide

RSC Adv, 2023, 13, 6518-6529 | 6519
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(SRGO) (Fig. 3). The outcome demonstrated that high electro-
sorption capacity of 10.70, 31.22 and 37.54 mg g~ have been
achieved with CF, F-MWCNT, and SRGO electrodes, respec-
tively, under 1.4 V and 900 mg L™ condition. Among all the
electrodes studied, SRGO has the highest electrosorption
capacity, followed by FMWCNT and CF.

However, the electrosorption performance of graphene
synthesized from the reduction method is not ideal in CDI
process due to the re-stacking of graphene sheets because of van
der Waals and m-7 interactions.*®*® Meanwhile, part of the
reason why the electrosorption properties of ordinary graphene
materials are so poor is due to their hydrophobicity. Hence,
there are some approaches to enhance the electrosorption
capacity of pristine graphene materials by adjusting intrinsic
pore structure or improving the surface chemistry, such as
fabricating 3D structure or introducing additional components,
typically metal oxide or polymer.*®

There is still a review gap in the field of modified graphene
electrode materials. To fill this vacancy, we summarized the
graphene-based electrodes for electrosorption reported in the
literature for recent five years and categorized them into five
parts: 3D graphene, graphene/metal oxide (MO) composites,
graphene/carbon composites, heteratoms-doped graphene and
graphene/polymer composites, which are more detailed than
the previous reviews, and also laid a foundation for the future
development and application of graphene-based electrodes.

2. Modification methods
2.1 3D graphene

In order to solve the stacking problem of graphene sheets,
fabricating 3D structures for graphene is applicable. The porous
structure of interconnection can change the volume of pores
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@ @ 5

Electrosorption capacity(mg/g]

10 12 14 16 18 20
Potential(V)

Fig.4 (a) Schematic synthesis process of HGC; (b) SEM image of HGC;
(c) electrosorption capacities at different potentials of HGC in a batch-
mode circulation system at a flow rate of 10 mL min~! (NaCl
concentration of 5 mM). (Reproduced with permission from ref. 60
Copyright 2019 Elsevier.)
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and provide paths for ion transfer.*>** In addition, a continuous
skeleton of interconnected graphene sheets enables rapid
electron transfer.*»* The 3D graphene can be used directly as
an electrode without rebuilding the electrode passes through
the adhesive, thus retaining the 3D structure can maximize its
advantages. Different 3D forms of graphene, such as 3D
composites, graphene hydrogel or graphene agrogel®° have
been reported to overcome the shortcomings of graphene and
enhanced the electrosorption capacity.

Chang et al® designed a honeycomb type of graphene
clusters (HGC) and the electrosorption capacity was 14.08 mg
¢ ! with continuous circulation of 28 mL 5 mM NaCl solution
(Fig. 4). Zhang's group® developed a 3D intercalated graphene
sheet ball nanocomposite (GSSNA) by using graphene oxide and
[Ni,(EDTA)] as precursors. The electrosorption capacity of
22.09 mg g ' was achieved in 500 mg per L NaCl solution at
1.2 V, and the salt removal efficiency was 90% (Fig. 5). Much
work have been focused on salty water electrosorption, but the
separation and recovery of heavy metal from wastewater by 3D

Complex with
°  EDTA

i- C-C cleavage
ii-Graphene
Growth

GSSNA/Ni

Acid etching
—_—

Fig. 5 Schematic representation of the fabrication of GSSNA.
(Reproduced with permission from ref. 61 Copyright 2018 Royal
Society of Chemistry.)
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Fig. 6 Schematic illustration of separation and recovery of heavy
metal ions and salty ions from wastewater by 3DEGR and 3DNGR.
(Reproduced with permission from ref. 62 Copyright 2017 Royal
Society of Chemistry.)

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra08252g

Open Access Article. Published on 24 February 2023. Downloaded on 12/4/2025 9:04:11 PM.

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

(cc)

Review

@ - ®)

-2‘28 coc

l_ ooooc © oo

®
Desalinated
© Water

MnO,-Decorated  Positive
MWCNT  Graphene Oxide

© =Na+ions @ =Cl-ions

——AG-AG

~——— MWCNT-MnO2/AG - AC/AG
MWCNT-MnO2/AG - AG
IDMNO2AGVSAG .

Self
Assembly

_
// - <I Hydrothermal

U=
Self Assombled 3D Graphene/MWCNT-MnO, 5
Composita Composites te 10 Trzenatn?gnn?gte,fg o
Fig. 7 (a) Schematic illustration of synthesizing the 3D nano-

composites; (b) schematic figure showing CDI working electrode; (c)
salt adsorption capacity of MWCNT-MnO, and 3D composite.
(Reproduced with permission from ref. 68 Copyright 2022 Elsevier.)

graphene can also be effective. Liu et al.** explored two 3D
graphene-based electrodes (3DEGR and 3DNGR) and used as
cathode and anode, respectively. The removal efficiency for Pb>*
and Na' reached 99.9% and 98.7%, respectively (Fig. 6).

In addition, some layered pore structures including micro-
pores, mesopores and macropores have been introduced into
these 3D graphene-based material, which are conducive to ion
diffusion and transmission, and enhance the electrosorption
capacity.®*°® However, because of the inherent barrier properties
of graphene, the diffusion of ions in the micro/mesopores
materials and the storage of brine in the macropores are
hindered, thereby reducing the desalination performance of 3D-
based graphene materials. Note that, Wang's group®” designed
a sample named 3DGA-OP with overall openness and
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Fig. 8 (a) Illustration of the nucleation growth mechanism of MnO,/G
nanocomposites; (b) plots of conductivity vs. time; (c) electrosorption
capacity vs. time; (d) CDI Kim-Yoon plots for G, a-MnO,/G-1, a-
MnO,/G-2, and a-MnO,/G-3 electrodes; (e) desalination—regenera-
tion profile of the a-MnO,/G-2 in a 100 mg per L NaCl at 1.2 V with
a flow rate of 10 mL min~*. (Reproduced with permission from ref. 76
Copyright 2020 Elsevier.)
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Fig. 9 (a) Schematic diagram of the formation of Mnz04/RGO; (b) FE-
SEM image and EDS of Mnz04/RGO; schematic diagram of CDI (c) set-
up and (d) mechanism using Mnz04/RGO. (Reproduced with permis-
sion from ref. 77 Copyright 2020 Elsevier.)

interconnection structure. The CDI capacity reached 14.4 mg g *
in NaCl aqueous solution of 500 mg L™" at 1.2 V. Wadi et al.®®
prepared a 3D nanocomposite by embedding MWCNT-MnO,
between interconnected graphene layers with salt adsorption
capacity of 65.1 mg g~ observed under 1.2 V and 600 ppm NaCl
solution. The excellent electrosorption performance was attrib-
uted to the architecture and pseudo-capacitive behavior (Fig. 7).

2.2 Graphene/metal oxide (MO) composites

Most of the synthetic routes for 3D graphene-based electrodes
involves templated synthesis, which is complicated, time
consuming and cost-effective. In addition, the desalination
performance should be further improved to meet the require-
ments of practical applications. To solve the shortcomings
caused by 3D graphene, one of the methods is to develop
graphene/MO composites.®®7> It is reported that the combina-
tion of graphene and MO possess high specific capacitance,
high density of active surface sites, exceptional chemical
stability, wettability and charge efficiency, and reduce the
aggregation of graphene sheets and increase the interplanar
spacing.””*”® Jaoude et al.”® fabricated shrimp-like a-MnO,/
graphene («-MnO,/G) nanocomposite due to the auxiliary
pseudo-capacitance behavior of MnO,. The authors studied the
influence of MnO, morphology on the electrochemical
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Fig. 10 (a) The schematic diagram of the synthetic route of SnO,/
PPAS-rGO; (b) the terminal SAC and regeneration percentage of SnO,/
PPAS-rGO electrode. (Reproduced with permission from ref. 78
Copyright 2021 Elsevier.)
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tions (the inset figure for CDI performance at 200 and 300 uS per cm
NaCl) of GHMAC electrode. (Reproduced with permission from ref. 7
Copyright 2019 Elsevier.)

performance of the electrode and the capacitive deionization
performance. The established hybrid battery could provide up
to 375 F g~ ' capacitance at 10 mV s~ " and showed reversible salt
insertion/reverse insertion capacity up to 29.5 mg g " at 1.2 V
(Fig. 8). Various oxidation states of manganese such as Mn;0j, is
also a potential candidate for CDI electrode. Later, this group”
introduced a layered network architecture of pseudo-capacitive
Mn;0, nanowires fixed on reduced graphene oxide (Mnz;O,/
RGO) hybrid. The electrosorption capacity (SAC) of the electrode
was 34.5 mg g~ ' at 1.2 V with a salt adsorption rate (ASAR) of
1.15 mg (g min) " in 1000 mg per L NaCl solution (Fig. 9).

SnO, can accelerate the charge transport and provide sites
for activated adsorption, moreover, the stability and electro-
sorption efficiency might decrease during practical water
current, Xie et al.”® developed SnO, and aminated polystyrene
co-functionalized GO composites (SnO,/PPAS-rGO). The
composites presented electrosorption capacity of 8.07 mg g~ ' at
1.8 V with a flow rate of 20 mL min~" in 30.5 mg per L NaCl
solution (Fig. 10).

The oxidation state of Ce can provide direct, rapid and
convenient mutational transformation between Ce(m) and
Ce(wv), thereby promote fast electron transport and cerium ion
diffusion.”®® Therefore, Yousef et al.®* used CeO, intercalated
between graphene to improve the electrosorption capacity and
the electrode showed 7.2 mg g~ electrosorption capacity with
65% removal efficiency. Yasin et al.” took the advantage of 3D
graphene, activated carbon and mixed MO (including TiO, and
ZrO,) (GHMAC) via an electrospinning technique. The
composite showed 9.34 mg g~ electrosorption capacity at the
initial solution conductivity of 100 uS cm ™" (Fig. 11).

2.3 Graphene/carbon-based composites

In the other hand, incorporating metal oxides, metal hydroxides
or conducting polymers may not be suitable for practical
applications because of the high cost, complex synthetic
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technology and poor electrochemical stability. Another appli-
cable way to improve the electrosorption capacity of electrodes
is to combine different carbon-based materials with various
structural characteristics and physicochemical properties
which may obtain joint effect on the performance.** The
composites of carbon-based materials and graphene have been
shown to be a new method to improve the electrosorption
capacity of graphene because the inserted carbon-based mate-
rials act as a conductive network and inhibit graphene sheet
aggregation.'>®

Chong et al.®* fabricated GAC composite by dispersion of
activated carbon in graphene and the electrosorption efficiency
of the electrode increased from 1.6% to 3.0% in the regenera-
tion cycles under +1.2 — 0 — +1.2 V while the efficiency of the
activated carbon electrode decreased from 2.7% to 1.6%. Zhang
et al.*® prepared graphene/carbon aerogels composite (GCCAS)
and the best electrosorption capacity was 26.9 mg g~ ' and
189 mg g ' in NaCl solutions with concentrations of
500 mg L™ " and 250 mg L™, respectively.

Mohanapriya et al.®® reported the synthesis of graphene/
carbon nanoparticles composite (CN-GS). The electrosorption

®  Anion NRGS
Cation

Fig. 15 Schematic diagram of the fabrication of NRGS electrodes.
(Reproduced with permission from ref. 97 Copyright 2017 American
Chemical Society.)
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HMCS/HGH electrode of NaCl solutions with different initial
concentrations. (Reproduced with permission from ref. 98 Copyright
2019 Elsevier.)

capacity of CN-GS was 30.7 mg g ' in 500 mg per L NaCl
solution with excellent cycle stability above 500 cycles (Fig. 12).
Cao et al.¥” modified 3D graphene hydrogel with single-walled
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Fig. 17 (a) Comparison of salt retention curves of electrodes NG:
TiON, =1:1to 3:1, rGO, and AC; Ragone plots of NG-TiOxN, at: (b)
potential of 0.8 V, 1.0 V and 1.2 V; (c) water salinity of 500 mg L™,
200 mg L% and 100 mg L% (d) flow rates of 30 mL min~%, 20
mL min~tand 10 mL min~?; (e) current vs. time plot; (f) cycling stability
for over 12 cycles. (Reproduced with permission from ref. 107 Open
access from 2019 Royal Society of Chemistry.)
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Fig. 18 Schematic illustration of (a) the process of CDI; (b) preparing
samples; (c) pore size distribution of PGA; (d) adsorption capacity
variation of PGA electrodes in NaCl solution at different initial
concentration. (Reproduced with permission from ref. 111 Copyright
2020 Elsevier.)

CNT and multi-walled CNT. The results showed that SWCNTs/
rGO has a higher electrosorption capacity (48.73 mg g )
higher than MWCNTSs/rGO due to its higher specific surface
area (308.37 m” g~ '). Yasin et al®® fabricated a graphene
hydrogel and zinc oxide nanoparticles incorporating activated
carbon composite (AGHZ) with a specific capacitance of
746.5 F g ' at 10 mV s ', salt removal efficiency of 83.65% and
electrosorption capacity of 9.95 mg g~ * (Fig. 13).

2.4 Heteratoms-doped graphene

So far, different methods have been developed to prevent re
stacking of graphene nanosheets during electrode fabrication
to improve the electrosorption abilities in CDI applications.*
Consequently, one way is to synthesize graphene using various
guest materials such as mesoporous carbon, carbon nanotubes
or activated carbon to insert into the interlayer of graphene to
prevent agglomeration.®®®* In this way, the CDI capacity of
the modified graphene electrode can be increased to
0.83-3.23 mg g . These materials show higher specific surface

-1
)
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NFrGO 3D - NFrGO
Fig. 19 (a) Illustration of fabrication of 3-dimensional N, F-codoped

reduced graphene oxide (NFrGO); (b) SEM image of NFrGO fabricated
at 16 h; (c) copper electrosorption capacity of NFrGO electrode
materials after 120 min of incubation in CDI system. (Reproduced with
permission from ref. 112 Copyright 2021 Elsevier.)
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RGH electrodes for uranium electrosorption. (Reproduced with
permission from ref. 114 Copyright 2021 Elsevier.)

area and unique “plane-to-line” or “plane-to-plane” networks,
which are beneficial for improving the overall conductivity and
ion transmission.”?

However, the pure carbon materials have poor wettability
due to the hydrophobicity of the guest carbon material, and
result into the hindrance of internal ion diffusion. Therefore, it
is essential to improve the wettability and hydrophilicity of the
carbon electrodes. It is reported that doping methods have been
widely used to improve the conductivity and permeability of
carbon materials. In particular, the most attractive dopant is
nitrogen due to its smaller atomic radius and higher electro-
negativity (3.5) compared to carbon (3.0).** Nitrogen-doping can
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Coating b meter
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o
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Fig. 21 (a) The preparation route for PVA/GO and the system for CDI;

(b) possible U(vi) electrosorption mechanism for PVA/GO-4. (Repro-
duced with permission from ref. 116 Copyright 2021 Elsevier.)
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produce n-type conductivity which can induce a lot of defects,
so it can improve conductivity and wettability without changing
their morphology merits.***¢

For example, Zhang's group® designed a sandwich-like
nitrogen-doped graphene composite as a CDI electrode
through a self-assembly strategy. This structure provided high
specific surface area and excellent conductivity with wettability.
The electrode showed a salt adsorption capacity of up to
18.4 mg ¢ ' in a 500 mg per L NaCl aqueous solution with
a high charging efficiency of 0.67 at 1.2 V and ideal recycling
performance (Fig. 15). Wang's group®” used melamine sponge to
prepare a new type of nitrogen-doped reduced graphene sponge
composite (NRGS). The composite (A-NRGS) was prepared by
coating the surface of the NRGS electrode with quaternized
modified (C-qPVA) cross-linked polyvinyl alcohol. The electro-
chemical capacity of A-NRGS composite was 184 F g ' and the
membrane capacitance deionization (MCDI) performance was
11.3 mg g~ ' (Fig. 14).

Hu et al®® reported the construction of a layered porous
composite of N-doped composite namely N-HMCS/HGH. The
electrode has a specific capacitance of about 226.5 F g " in
0.5 M NaCl solution and the electrosorption capacities were 17.8
and 32 mg g ', respectively with initial concentrations of 500
and 2500 mg L. After 35 regeneration cycles, the electrode
showed cycling stability (Fig. 16). Li et al. found that after N
doping, the electrosorption capacity of HMCS in 500 mg per L
NaCl solution increased from 13.5 to 16.66 mg g~ *.*° Liu et al.
synthesized N-doped carbon nanorods from nanocrystalline
cellulose, with an electrosorption capacity of 17.62 mg g~ *,100-103

Recently, researchers found that titanium oxynitride (TiO,-
N,, where x and y stand for the unspecific atom ratios of O and N
to Ti) can be used as electrodes in batteries and supercapacitors
due to the increased electrochemical ability.'**'* In result,
TiO,N, can be used as additives to enhance the electrical
performance of graphene.'® Chen's group'® first reported the
fabrication of nitrogen-doped graphene and TiO,N, nano-
composite (NG-TiO,N,). The salt adsorption capacity was
26.1 mg g ' in 500 mg L' salt water, and retained its initial
desalination efficiency over 90% after 12 regeneration cycles.

Table 1 Electrosorption properties of graphene-based electrodes
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The authors claimed that the layered graphene promoted the
ions diffusion and formed electric double layer, while the
presence of TiON, enhanced the electrochemical performance
of electrodes by increasing surface area and vacancies created
by nitriding (Fig. 17). Khalil et al.'*® developed N-doped and
TiO, modified graphene oxides. The results showed that the
specific capacitance was 157 F g~ " at 5mV s ' and 1.0 M NaCl,
while pure graphene oxide was 19.5 F g~ ". The electrosorption
capacity and the salt removal efficiency were 9.2 mg g~ and
98%, respectively.

Other doping atoms such as sulfur, phosphorous can also
produce external defects to enhance the electrochemical
performance of graphene electrodes.'*® Han et al'™
designed N and P-doped 3D graphene (NGA and PGA) with high
conductivity and capacitance for CDI, which had specific
surface area of 567.14 m”> g ' and capacitance of 177.19 F g "
due to the 3D hierarchical porous structure and highly cross-
linked networks of graphene sheets. The structure enhanced its
desalination capacity up to 20.93 mg g ' and maximum
capacity of 30.92 mg g~ " (Fig. 18). Mamaril et al.**> fabricated
a N and F doped 3D rGO (3D-NFrGO) through hydrothermal
rout with a 95% percent removal and specific electrosorption
capacity of 52.3 mg g~ for Cu** due to doping heteratoms, high
surface area and pore structure. The results demonstrated that
chemisorption and ion diffusion govern the Cu®** removal
(Fig. 19).

2.5 Graphene/polymer-based composites

In addition to water desalination, CDI technology can be used to
recover radionuclide ions from aqueous solutions, such as
U(v1)."** However, a problem limiting the electrosorption
performance of U(vi) is the poor hydrophilicity of the electrodes
due to the use of hydrophobic polymer binders. In order to
fabricate the integrated conductive networks, polymer binders,
i.e. polyvinylidene difluoride (PVDF), are widely utilized during
the preparation of electrodes which may hinder the ions pene-
trate diffuse into the internal structure, thus leading to the
decreasing of U(vi) removal. To solve this issue, Liao et al.'**

NacCl Specific
Voltage concentration Flow rate Specific surface capacitance Conductivity Electrosorption
S.no. Electrode material V] (mg L) (mL min~") area (m*g ") (Fg™) (uS em™) capacity (mg g~") Ref.
1 3D-NFrGO 1.2 500 182.7 245.6 — 52.4 112
2 3D graphene/MWCNT- 1.2 600 10 312.2 19.02 — 65.1 68
MnO, composites

3 a-MnO,/G 1.2 500 10 — 375 145.3 29.5 76
4 Mn;0,4/RGO 1.2 1000 5 160 437 150 34.5 77
5 SnO2/PPAS-rGO 1.8 500 20 141 58.0 57.24 8.07 78
6 GHMAC 1.2 1000 — 453 100 9.34 7

7 GCCAS 1.5 500 25 546.2 — — 26.9 85
8 NRGS 1.6 1000 10 241 184 300 11.3 97
9 N-HMCS/HGH 1.4 500 — 337.7 226.5 — 32 98
10 NG-TiOxN,, 1.2 500 10 64.22 84.8 — 26.1 107
11 GR/NMC 1.4 500 — 918 57.2 — 18.4 92

© 2023 The Author(s). Published by the Royal Society of Chemistry
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designed polysaccharides xanthan gum (XG)- and chitosan (CS)
-bound porous graphene electrodes (RGH) which gave rise to
97.9% removal ratio within 4 h at 1.2 V for U(vi). Due to the
introducing of polysaccharide adhesive, the groups with oppo-
site charges on the surface of the positive and negative elec-
trodes weakened the co-ionic repulsion effect, and gave them
with excellent surface hydrophilicity and conductivity, which
was conducive to the electrosorption of U(vi). At the same time,
the negatively charged carboxylate group can attract U(vi)
cations and form a stronger complex. The accumulated elec-
trosorption capacity of RGH-X/RGH-C reached 1413.0 mg g ' in
six cycles, which was 75% higher than the PVDF-bound RGH
electrodes (Fig. 20).

Similarly, poly(vinyl alcohol) (PVA), a hydrophilic material
with superior biocompatible and non-toxic properties, contains
abundant -OH groups and therefore can be used to enhance the
hydrophilicity of the electrodes.'*® Thus, Tang et al.** fabricated
PVA/GO composites for U(vi) electrosorption, which could
utilize the hydrophilicity of PVA, enhance the dispersion ability
of GO and maintain the excellent conductivity of GO (Fig. 21).
The results showed that the removal efficiency of PVA/GO-4
(PVA: GO = 1:2) was 95.27% and the electrosorption capacity
reached 29.2 mg g ! at 0.9 V for U(vi).

The electrosorption properties of recent progress done on
graphene-based materials mentioned above are summarized
detailed in Table 1.

3. Conclusions and prospects

CDI is an ion removal technology that drives various ions by
applying electricity. The ions are taken into the charged porous
electrode and are stored in the porous structure of the electrode.
Compared to traditional ion removing methods, developing
electrodes with mechanical flexibility, energy efficiency and
cost-effectiveness are key factors in recent advances in CDI
technology.® There are still several limitations of developing
graphene-based CDI electrode in practical applications.

For example, as to graphene/transition metal oxide
composite, future works have been focused on complex oxides
with large number of electrons in outer d orbitals such as FePO,
(ref. 117) or Na,TigO,, (ref. 118) to utilize external electronics to
enhance the characteristics of composites such as conductivity.
However, we should take the contamination caused by the
metal oxides into consideration. In addition, water electrolysis
and other parasitic redox reaction (such as reducing the dis-
solved oxygen in water, oxidation of carbon surface) may occur
when graphene/metal oxide composites are used because the
metal oxides may change the electrodes’ zero charge potential to
be close to the potential for parasitic redox reactions.®

Besides, the practical environment using the CDI devices
should be taken into consideration.” The electrodes also show
great adsorption capacity for natural organic substances. In the
presence of natural organics, the electrode scales, the surface
area of the electrode decreases, and the desalting performance
of CDI is significantly reduced, and decreases with the increase
of the concentration of natural organics."* This is mainly
because the deposition of natural organic matter changes the
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adsorption position, resistance and capacitance characteristics
of the electrodes.”” After applying voltage/current, natural
organics are adsorbed by electrode along with target ions
simultaneously, resulting in the loss of adsorption capacity.

Another key problem is the electrosorption capacity of
graphene-based electrodes is still low. Therefore, future
research should focus on how to optimize certain parameters to
improve the electrosorption performance, but for decades, the
space for increasing the electrosorption capacity is still very
limited. As a general technology, CDI can also be used for
electrosorption of heavy metal ions or nuclide ions."****” How to
selectively remove specific ion using CDI technology is also an
challenge in the future. Specific adsorption is important for
recycling and enrichment of different ions. Literature have
shown that electrosorption capacity of traditional graphene-
based electrodes can be effectively improved through modifi-
cations which can achieve the selectivity to some extent.

Cycling stability also is an important parameter for practical
CDI applications.*®® With the increase of the number of cycles,
the stability and thermodynamic efficiency of graphene-based
electrodes will also decrease. In the process of electrode prep-
aration, due to the strong -7 bond and van der Waals force
make graphene easy to easy to stack, resulting in the reduction
of the spacing between nano-sheets, impeding the penetration
of electrolyte, and thus reducing the desalination rate."” In
another hand, chemical modification of graphene-based elec-
trodes can induce physical and chemical adsorption, so the
development potential of electrosorption capacity is enormous.
However, oxygen-containing functional groups are acknowl-
edged for enhancing capacitance.’*® The surface area of some
electrodes may reduce after modification. Thus, the inconsis-
tency should be balanced in the future research.

In short, CDI is a promising technology though many chal-
lenges still exist and the search for improved flexible graphene-
based electrodes is continuing. How to solve these problems
through the research about graphene-based electrode materials
and accelerate the development process of CDI technology in
different fields is a key issue that need to be studied in the
future.
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