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Abstract:

Recent developments on the capacitive deionization (CDI) technique for water desalination are reviewed with a focus

on carbon as the electrode material. The capacity and rate of salt adsorption and charge efficiency of various types of CDI cells, i.e.

flow-by, membrane, flow-through-electrode, and flowing electrode cells are compared. Various carbon electrode materials for capa-

citor-type and battery-type cells are discussed. The flowing electrode cell with the short-circuit operation mode seems to be the most

promising one for practical applications.
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1 Introduction

Water pollution and freshwater supply are two of
the most serious environmental problems faced by hu-
man around the globe in the 21* century. Here, water
desalination was reviewed and discussed by focusing
on the carbon materials for capacitive deionization
(CDI). The water desalination by this CDI process as
well as solar steam-generation!'! are considered to be
the most important technologies to address the in-
creasingly necessity for global water scarcity.

CDI has attracted much attention over the past
decade for the facile removal of ions from water as a
method for removing dissolved salts from brackish
water by their adsorption onto electrode surfaces
mainly to form electric double-layers (EDLs), and
now is one of the potential methods for desalination of
drinking water. Basic concept of CDI is electrochem-
ical adsorption of ions in water, the same as superca-
pacitors with aqueous electrolytes'™; the cations of a
salt, such as Na“, are adsorbed onto the surface of the
negative electrode and the anions, such as Cl, onto
the positive electrode principally by forming EDLs.
Therefore, porous carbons have been actively studied
as the electrode materials and reviewed” ™, due to the
advantage such as the environmental friendliness, cost

effectiveness, low energy consumption and conveni-
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ent electrode regeneration. Its advantages in comparis-
on with other desalination techniques, such as distilla-
tion, are followings: (1) CDI cells can be assembled in
multiple pairs to construct a stack, which can be con-
nected in parallel or in series to enhance the ion remo-
val performances for practical applications. (2) Water
desalination can perform quickly and the carbon elec-
trodes can be regenerated easily by inversing the ap-
plied voltage. (3) The energy used for desalination can
be partially recovered and utilized to charge another
cell for desalination or storage medium such as super-
capacitors for later use. Enormous progress has been
made in the CDI research field and now it encom-
passes various cell architectures assembled with either
capacitive electrodes or battery electrodes.

In this review, the electrochemical cells for wa-
ter desalination are divided into 2 groups, either based
on principally EDL formation on the surface of car-
bon electrodes (i.e., capacitor-type cells) or princip-
ally Faradaic reaction with the carbon electrode (i.e.,
battery-type cells), although a partial contribution of
Faradaic reaction in the former cells and that of EDL
formation in the latter cells are observed in many
cases. The water desalination performances of these
cells are compared and discussed on the bases on salt
adsorption capacity and rate and charge efficiency.

Various CDI cells have been proposed, such as
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simple flow-by (FB) cell, flow-through-electrode By inserting a cation-exchange membrane

(FTE) cell, membrane (M) cell and flowing-electrode
(FE) cell, with some modifications, such as, cell us-
ing different carbon materials at the electrodes (asym-
metric cell), chemical modification of the surfaces of
the carbon electrodes (inverted cell), etc. In Fig. 1, 4
representative cell constructions, i.e., simple FB-, M-
(selecting cation-exchange membrane), FTE- and FE-
CDI cells are schematically shown.

Fig. 1a shows a simple cell (FB-cell), which has
been most frequently employed for the studies on CDI
processes. A brackish water is forced to flow through
the gap between 2 electrodes, where cations are elec-
trochemically adsorbed onto the negative electrode
and anions onto the positive electrode. The desalin-
ated water is obtained at the outlet of the cell as an ef-
fluent. The capacity calculated from the change in the
salt concentration of the effluent is a sum of 3 deioniz-
ation mechanisms: (1) the adsorption due to the form-
ation of EDLs on the surfaces of the carbon elec-
trodes under electric field, (2) capturing of salt ions
due to reversible Faradaic reaction with the surface
functional groups of the carbon electrodes, (3) physic-
al adsorption of salt ions onto the carbon surface
without electric field. The first two occur under elec-
tric field, often being measured as a sum and so called
electrosorption, which depend strongly on the applied
voltage. The third, however, occurs without electric
field and is mainly governed by the salt ions and the

pore structure of carbon electrodes.
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(CEM) in front of the negative electrode, as illus-
trated in Fig. 1b, salt removal efficiency is markedly
improved (membrane CDI, M-CDI cell), because the
cations can be selectively passed through the mem-
brane and are subsequently adsorbed by the negative
electrode without any interference of anions. Anion-
exchange membrane (AEM) in the front of the posit-
ive electrode can also improve the electrosorption of
anions. Using porous carbon electrodes, the brackish
water was desalinated by passing through a pair of
electrodes (flow-through-electrodes CDI, FTE-CDI
cell, Fig. 1c), even a stack of electrode pairs, to ob-
tain high efficiency of desalination because of a high
opportunity of the contact between salt ions and elec-
trode carbon surfaces. Flowing-electrode CDI cell
(FE-CDI) is developed (Fig. 1d), where the fixed car-
bon electrodes is replaced by the flowing carbon
particles by suspending the carbon particles in an
aqueous solution, which flows through the channels
carved on the current collectors. This system has some
advantages, a continuous desalination process by
coupling with the same cell for the desorption of ad-
sorbates in the electrode carbon particles and a high
removal efficiency from salted water with high con-
centration, because the flow-electrode can have infin-
ite ion adsorption capacity.

In this review, the basic cell configurations of de-
ionization devices are explained in the Section 1. In

the Section 2, various carbon materials are introduced
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by using NaCl as an applicable salt because most of
investigations are using it and by focusing on capacit-
ive contribution for the desalination, followed by the
explanation on the application results on other cations
and then discussed on the contribution of Faradaic re-
action for salt ions adsorption, suggesting 2 adsorp-
tion mechanisms for salt ions for CDI process, the
contributions of capacitive and of Faradaic adsorp-
tions. Subsequently a comparison between different
CDI cells is presented by discussing on the bases of
ion-adsorption mechanisms with particular emphasis
on the contribution of Faradaic reaction, and then in-
troduced some modification of CDI cells, particularly
on M-CDI cell and on operation modes of FE-CDI
cell. In addition, a brief introduction of new proposals
on CDI cells, although carbon materials for electrode
of the cells have not been investigated in detail. In the
Section 3, the battery-type CDI cells are shortly ex-
plained, because not many carbon materials had been
applied. In the Section 4, co-generation of electric
power in CDI process was shortly explained although
only limited number of the papers have been pub-
lished.

For the evaluation of performances of deioniza-
tion, salt adsorption capacity (SAC), salt adsorption
rate (SAR) and charge efficiency (CE) are mainly
used in this review, even though there have been used
many other parameters, such as energy consumption,

removal efficiency, etc.

2 Carbon materials for capacitor-type
cells

2.1 Performance for NaCl
Commercial granular activated carbons (AC) was
applied as electrode material for a symmetric FB-CDI

cell'”. When granular AC was packed into a CDI cell

as the electrodes without pressure, ion removal was
very small because of high electric resistance of the
AC electrodes. By compression of the AC onto the
current collectors of a cylindrical cell, the amount of
ion removal was significantly improved due to a
drastic decrease in the electrical resistance. The SAC
increased from 0.2 to 5.2 mg/g by compressing to
677 kPa at the applied voltage of 1.2 V, the AC thick-
ness of 10 mm and the initial NaCl concentration of
10 mmol/L. During adsorption and desorption cycles
(desalination and regeneration cycles) under pressure,
the SAC was found to be stable between 9.6 and
10.3 mg/g.

N-doped hierarchically porous carbons were pre-
pared from the powder mixture of potassium citrate
(P) of 3 g, urea (U) of 3 g and ammonium citrate (A)
of 0.6 g by grinding and following carbonization at
800 °C for 1 h in N, (coded as PC,,)!""". For compar-
ison, the carbons were prepared from P without mix-
ing U and A, followed by KOH activation with mass
ratio of 5 : 1 (coded as PC,), and that from P mixed
with U by KOH-activation with mass ratio of 1 : 1
(PCypp). The pore structure parameters of the resultant
carbons are summarized in Table 1, and their SEM
images in Fig. 2. These SEM images and pore struc-
ture parameters demonstrate that the resultant carbons
are highly hierarchical. The precursors U and A were
supposed to work as activation agents, being assisted
by the formation of decomposition gases. CDI per-
formances of these hierarchically porous carbons were
investigated using a symmetric FB CDI-cell with
NaCl solution. In Fig. 3a-c, the changes in SAC were
shown as the functions of charging time, applied
voltage and initial NaCl concentration for the result-

ant four carbons. The carbon PC,;, delivered the

Table 1 Pore structure parameters of the porous carbons prepared from the mixtures of potassium citrate (P), urea (U) and

ammonium citrate (A). Reprinted with permission from Ref. [11]. Copyright (2023) by Elsevier

Code Precursors Sper/(m’/g) Vil cm*/g) Viero/ (em’/g) Vipeso/ (cm’/2) Viaiero Vot (%) mesol Viotar (%)
PC, P 1159 0.66 0.48 0.18 73 27

PC,, P+A (5/1) 1668 0.90 0.52 0.38 58 42

PC,, P+U (1/1) 2785 1.65 0.81 0.84 49 51

PCpia P+U+A (5/5/1) 3200 2.49 1.05 1.44 42 58
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Fig.2 SEM images of the carbons prepared from the powder mixture of potassium citrate (P), urea (U) and ammonium citrate (A) by carbonization at
800 °C. (a, e) PC,, (b, f) PC,,, (¢, g) PCyy, and (d, h) PC,,. Reprinted with permission from Ref.[11]. Copyright (2023) by Elsevier
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Fig. 3 CDI performance of the hierarchically porous carbons prepared from potassium citrate, urea and ammonium citrate by carbonization at 800 °C: the

changes of SAC with (a) time, (b) applied voltage and (c) initial NaCl concentration. Reprinted with permission from Ref.[11]. Copyright (2023) by Elsevier

highest performances: SAC of 25 mg/g, SAR of
8.29 mg/g-min at 1.2 V and 500 mg/L NaCl concen-
tration. It also exhibited a stable long-term cyclability
with 88.7% SAC retention after 50 adsorption-desorp-
tion cycles.

Cubic pieces with a size of 50 mx50 mx5 m cut
from a natural basswood block, which were carbon-
ized at 1 000 °C for 6 h in Ar, followed by activation
in CO, at 750 °C for 10 h'"?. Carbonized wood pieces
with honeycomb-like texture were polished by sand-
papers to obtain a thin sheet (membrane of 20 mmx
35 mm with a thickness of 1.2 mm. Sandwiching a
spacer membrane between two wood-derived mem-
branes, a symmetric FB-CDI cell with 1.0 mol/L NaCl
solution was assembled. CDI performances measured
on the electrode of carbonized wood-membrane were
compared with those of a commercial AC. As shown
in Fig. 4a, the membrane makes an effluent conductiv-
ity decrease rapidly down to 40 pS/cm from 200 pS/cm
for the pristine solution, whereas the AC gives the ef-
fluent conductivity of 140 puS/cm, indicating a higher
SAC of the carbonized membrane electrode. To de-

crease the conductivity down to 60 pS/cm, it needs
only 32 min while the AC spends 180 min. For de-
sorption (recovery of the conductivity up to 200 uS/cm),
in addition, the membrane completes after 30 min,
while the AC needs 68 min. The results demonstrate
that the membrane electrode not only displays a high
SAC but also a fast SAR together with a high desorp-
tion rate. The membrane exhibited a high areal SAC
of 0.3 mg/cm’ (a high volumetric SAC of 2.4 mg/cm’,
and a gravimetric SAC of 5.7 mg/g). Also, the good
mechanical strength and water tolerance of the mem-
brane electrodes improve the cycling stability, as
shown the changes in conductivity and SAC in com-
parison with a commercial AC in Fig. 4b-c, respect-
ively.

Cocoon wastewater (CW) obtained from a silk
reeling factory, which contains silkworm cocoon
waste (protein-content of 45 000-47 000 mg/L), was
removed the suspended solid impurities by filtration,
mixed with ZnCl, in its concentration of 0.5, 1.0, 1.5
and 2.0 mol/L, and then heated at 300 °C for 2 h to re-
move the moisture and tar, and finally heated at
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Fig. 4 CDI performance of the basswood-derived carbon thin section in comparison with an AC: (a) conductivity change during the first desalination/regener-

ation cycle, (b) conductivity and (c) SAC change with cycle. Reprinted with permission from Ref. [12]. Copyright (2018) by American Chemical Society

900 °C for 1 h in N, to obtain a black solid (coded as
CWC-0.5-2.0)"". The resultant black solid was
ground into powder, which was subsequently im-
mersed into a 0.5 mol/L HCI solution to remove the
zinc species. For comparison, pure cocoon waste (not
wastewater) was also converted to carbon with the
same condition (CWC-0.0). The final products were
hierarchically porous, as shown pore structure para-
meters in Table 2. The CDI performances of these car-
bons were studied using a symmetric FB CDI cell
with NaCl solution. The performances are shown in
Fig. 5a-c. The carbon CWC-1.5 exhibits the highest
SAC of 30.3 mg/g at the initial NaCl concentration of
500 mg/L and 1.2 V, whereas it does not have the

highest Sgpr (Table 2), which may attribute to the
highest mesopore-content, V,../V
70%). It exhibited high reusability and stability as
only 3% reduction in SAC even after the 50" cycle.

A hierarchically porouls carbon foam consisting

(more than

of entangled hollow filaments were prepared from
cultivated mushroom mycelium (MDC)"*. Mycelium
was washed with de-ionized water and dried at 60 °C
overnight and then carbonized at 500 °C for 2 h, fol-
lowed by mixing with KOH in carbonized mycelia/
KOH mass ratio of 1 : 2 and carbonized and activ-
ated at 800 °C for 3 h. For comparison, sporophores
was also carbonized and KOH-activated (SDC). In
Fig. 6a, SEM images of the pristine mycelium is

Table 2 Pore structure parameters of the carbons derived from cocoon wastewater. Reprinted with permission from
Ref. [13]. Copyright (2023) by Elsevier

Code ZnCl, concentration/(mol/L) Syer/(m*/g) Vil (cm’/g) Victo! Vioa( %) Vneso! Viowt (%) ‘wacro! Viowt(%0)
CWC-0.5 0.5 1295 0.69 73.1 26.7 0.2
CWC-1.0 1.0 1311 0.74 69.5 30.3 0.2
CWC-1.5 1.5 1282 1.11 23.1 75.5 1.4
CWC-2.0 2.0 911 1.21 16.1 69.1 14.8
CWC-0.0 0.0 1409 1.14 31.0 62.7 6.3
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Fig. 5 CDI performance of the carbons derived from cocoon wastewater (CW) using different ZnCl, concentrations (0.0-2.0 mol/L) in CW aqueous solutions
in comparison with a commercial activated carbon (AC): (a) SAC changes with time for the carbons prepared by using different ZnCl, concentrations in com-
parison with AC, (b) effects of the NaCl initial concentration and (c) applied voltage on SAC for the carbons CWC-1.5 and CWC-0.0.

Reprinted with permission from Ref. [13]. Copyright (2023) by Elsevier
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shown with the illustration of mycelium and sporo-
phores of mushroom. In Fig. 6b, SEM image of car-
bonized mycelium is shown, revealing entangled tex-
ture of hollow filaments. N, adsorption-desorption
isotherms are shown for the carbons MDC and SDC
in Fig. 6c, with pore-size distribution (inset), reveal-
ing that the mycelium results in the carbon with more
developed hierarchical pore structure. The CDI per-
formances of these carbons (MDC and SDC) are
shown in Fig. 7a and b, as the time changes of SAC
and the plots of SAR against SAC (CDI Ragone
plots), respectively.

1600

1200

N, adsorbed/(cm®/g)

The biochar obtained mainly from Douglas-fir
wood chips at 900-1 000 °C, which was activated with
KOH at 900 °C for 2 h in Ar (activated biochar AcB),
functionalized by stirring AcB with sodium nitrite and
p-phenylene diamine in water (amine group function-
alization, AmB). A mixture of AcB and AmB was
coated with Nafion at biochar/Nafion mass ratio of
9 : 1 (NfB)™". By coupling these three kinds of car-
bons for electrode materials, symmetric and asymmet-
ric FB-CDI cells were assembled and their desalina-
tion performances were compared. SAC and CE are
listed in Table 3. The asymmetric cell of NfB at the
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Fig. 6 Carbon derived from mushroom mycelium using ZnCl, template carbonization/KOH-activation at 800 °C (MDC): (a) SEM image of the pristine my-

celium with illustration, (b) that of the carbon after activation, and (c¢) N, adsorption-desorption isotherms at 77 K with the pore-size distribution for MDC and
SDC (inset). Reprinted with permission from Ref. [14]. Copyright (2022) by Elsevier
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Fig. 7 CDI performances of the carbons derived from mushroom mycelium (MDC) and sporophores (SDC) in a symmetric FB CDI cell in comparison with a

commercial activated carbon (AC): (a) changes in SAC with time at the applied voltage of 1.4 V and the initial NaCl concentration of 500 mg/L,
and (b) CDI Ragone plots. Reprinted with permission from Ref. [14]. Copyright (2022) by Elsevier
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positive electrode and AmB at the negative electrode
(AmB//NfB cell) delivers the largest SAC and CE,
much larger than the symmetric cell AcB//AcB, re-
vealing that the surface modification by amination of
the negative electrode and Nafion coating of the posit-
ive electrode are effective for the improvement of de-
salination performances.

A three-dimensionally ordered honeycomb-like
N-doped porous carbon (3D-PC) using ZIF-8 was
synthesized using polystyrene microspheres as a sacri-
ficial template at 800 °C for 3 h''%l. ZIF-8 was uni-
formly anchored on both sides of graphite oxide (GtO)
nanosheets to produce 2D ZIF-8/GtO nanoarchitec-
tures, which could be converted by high temperature
treatment to the composite of N-doped ZIF-8-derived
carbon with rGtO flake (N-doped carbon/rGtO com-
posite), followed by P-doping with phytic acid of N-
doped carbon to obtain N/P-co-doped carbon/rGtO
composite (NPC/rGtO composite)!'”. The composite
NPC/rGtO delivered a high SAC of 39.34 mg/g in
1 000 mg/L NacCl solution at 1.2 V. In 250 mg/L solu-
tion at 1.2 V, the SAC of NPC/rGtO reached
27.36 mg/g, much higher than 20.53 mg/g for NC/rG-
tO and 15.93 mg/g for N-doped carbon (ZIF-8-de-
rived carbon without GO). MnV,O¢-loaded rGtO
(MVO/rGO) was synthesized by hydrothermal treat-
ment of the mixture of Mn(CH,COO),, NH,VO, and
GO with sodium dodecyl sulfate (surfactant) at
180 °C for 18 h and used for the construction of a
symmetric FB-CDI cell'®. It delivered the SAC of
49.3 mg/g at the applied voltage of 1.4 V in the
1 000 mg/L NaCl solution and excellent long-term
cycle stability up to 50 cycles. N-doped porous car-
bon with bowl-like particle morphology was prepared

from ZIF-8 using carboxylate-terminated polystyrene

microspheres as template by carbonization at 850 °C
for 3 h in N,""”. The resultant carbon consisted of the
bowls having the size of 150-250 nm with the wall
thickness of 20-45 nm. The carbon delivered the SAC
of 28.06 mg/g and SAR of 1.56 mg/g-min at 1.2 V in
0.5 g/L NaCl solution with about 90% SAC retention
after 20 desalination/regeneration cycles.

Grafting SiO, nanoparticles on activated carbon
cloth (ACC) surface was effective to enhance CDI
performances””. A commercial ACC was immersed
in a mixture of tetracthyl orthosilicate (TEOS) and
ammonia in equal volume ratio for 2 h, using differ-
ent concentrations of TEOS solutions, 0-90 mmol/L,
followed by washing with ethanol and drying in a de-
siccator to obtain SiO,-nanoparticle-grafted ACCs.
CDI performances were determined using a symmet-
ric FB-CDI cell with NaCl solutions of different con-
centrations. In Fig. 8a-c, an effect of the concentra-
tion of the TEOS solution on capacitance measured in
a three-electrode cell with 0.5 mol/L NaCl aqueous
electrolyte, and desalination efficiency and SAR
measured in a symmetric FB-cell with 2x10™* NaCl
solution, respectively. The SiO,-nanoparticle-grafted
ACC obtained using 45 mmol/L TEOS solution ex-
hibited the highest CDI performances with desalina-
tion efficiency of 70% and SAR of 0.075 mg/cm’ min.
The pristine ACC had Sy, of 1043 m?/g including
S

micro

of 742 m’/g, while even after SiO,-grafting S,
of

742 m*/g. The enhancement in desalination perform-

kept a value of 1040 m’g, including S,
ances of the ACC was suggested to prevent the sub-
stantial oxidation of the electrode carbon surfaces.
N-doped porous carbons with hydrangea-like
particles were prepared from NH,-MIL-53(Al), (i.e.,
AlO,(OH), as clusters with 2-aminoterephthalic acid

Table3 SAC and CE of the FB-CDI cells using the carbons derived from the biochar, AcB, AmB, NfB as the electrode ma-
terials. Reprinted with permission from Ref. [15]. Copyright (2021) by Elsevier

Cell configuration

Positive Negative S4CKmg/e) S4C/mmol/g) CEI%

Symmetric AcB AcB 6.01 0.103 21.42
NfB AcB 7.33 0.125 22.59

Asymmetric AcB AmB 5.31 0.090 17.01
NfB AmB 9.25 0.156 27.81
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Fig. 8 SiO,-nanoparticle-grafted ACCs: TEOS-concentration dependence of (a) capacitance of a three-electrode cell with 0.5 mol/L NaCl aqueous

electrolyte, (b) desalination efficiency and (c) SAR measured in a symmetric FB-cell with 2.0x10™* NaCl solution. Reprinted with permission from
Ref. [20]. Copyright (2022) by Elsevier

as organic ligands) by carbonization at 800, 900 and
1 000 °C for 5 h in N,, followed by washing with HF
and distilled water™. The carbon obtained at 900 °C
delivered the highest pore structure parameters (Sggr
of 1369 m*/g with 7,
and V..

with N-content of 0.56 at% mostly at pyrrolic config-

ol 0F 0.86 cm3/g including V...

of 0.22 and 0.39 cm’/g, respectively) and

uration. Italso delivered the highest CDI perform-
ances: SAC of 21.17 mg/g, CE of 0.83% in 500 mg/L
NaCl solution at an applied voltage of 1.2 V with
SAC retention of 86% after 15 desalination/regenera-
tion cycles. Co/N-co-doped porous carbons were pre-
pared from a mixture of D-glucose with Co(NO,), in
Co(NO;),/glucose mass ratio of 20, 30 and 50 by car-
bonization at 600 °C for 2 h in N, using a molten salt
LiCI/KCI (45/55 by weight) as a template™. The car-
bon obtained using the mass ratio Co(NO,),/glucose
of 20 delivered a high SAC of 58.82 mg/g at 1.4 V in
a NaCl solution with 824 mg/L concentration and a
high cycling stability with no obvious decrease in
SAC during 100 desalination/regeneration cycles.
Inclusion of rGtO nanoflakes into the matrix of
carbon nanofibers was experimentally demonstrated
to be effective for an improvement of CDI perform-
ances™™**. Carbon nanofiber (CNF) webs prepared
from a DMF solution of PAN with GtO nanoflakes by
electrospinning, followed by stabilization at 280 °C
for 2 h in air and then carbonization/activation at
800 °C for 0.5 h in a 30% (volume) steam flow. The
resultant rGtO-containing CNF web delivered SAC of
13.2 mg/g for 450 mg/L NaCl solutions, much im-
proved from 9.4 mg/g for CNF web without rGtO™*),
Composite of rGtO with N-doped soybean-derived

carbons prepared from a soy milk of 100 mL mixed
with 200 mg GtO flakes and 0.3 g lactose by pre-car-
bonization at 250 °C in air and then carbonization/ac-
tivation at 850 °C for 2 h after mixing KOH™. The
resultant composite delivered the SAC of 38.4 mg/g
with 1 000 mg/L NaCl solution, larger than N-doped
soybean-derived carbon without rGtO (28.6 mg/g) in a
symmetric FB-cell, whereas the latter had larger Sgg;
of 2 994 m*/g than the former (1 286 m?/g).

Covering of ACF by single-layered GnO nano-
flakes with N-doped porous carbon was very effect-
ive to enhance the CDI performances”. The commer-
cial ACF and single-layered GnO were selected, and
N-doped porous carbon was prepared from the mix-
ture of sucrose, melamine and CaCO; (template) in
2 : 2 : 1 ratio by carbonization at 800 °C for 2 h in
N,. The composites of ACF with single-layered GnO
and N-doped porous carbon were prepared by coating
via NMF solution dispersing single-layered GnO, por-
ous carbon, acetylene black and PVDF in the ratio of
16 : 8 : 1 : 1 followed by drying at 80 °C. The com-
posites of N-doped carbon/ACF and single-layered
GnO/N-doped carbon/ACF are shown by SEM im-
ages with the pristine ACF in Fig. 9, revealing that N-
doped porous carbon and single-layered GnO are cov-
ering the surfaces of individual carbon fibers. SAC
measured using a symmetric FB CDI cell are shown in
Fig. 10a by comparing among the resultant compos-
ites, i.e., N-doped porous carbon/ACF, single-layered
GnO/ACF and single-layered GnO/N-doped carbon/
ACF and the pristine ACF. The composite single-
layered GnO/N-doped carbon/ACF delivers the
highest SAC (19.7 mg/g), revealing that simultaneous
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Fig. 9 SEM images of the composites of the ACF with N-doped porous carbon (NPC) and single-layered GnO nanoflakes: (a) the pristine ACF, (b) the com-
posite NPC/ACF and (c) single-layered-GnO/NPC/ACF composites. Reprinted with permission from Ref.[26]. Copyright (2022) by Elsevier
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Fig. 10  CDI performance of the composites of the activated carbon fibers (ACF) with N-doped porous carbon (NPC) and single-layered GnO nanoflakes:
(a) SAC as a function of initial NaCl concentration on 4 composites, (b) change of SAC with time and (c) CDI Ragone plot for the composite single-layered-
GnO/NPC/ACF. Reprinted with permission from Ref.[26]. Copyright (2022) by Elsevier

coating of single-layered GnO and N-doped porous
carbon results in the significant enhancement of SAC,
whereas its Syz; became much smaller (1 155 m%/g)
than the pristine ACF (2 079 m®/g). On the composite
single-layered GnO/N-doped carbon/ACF, the effect
of applied voltage during CDI process is shown in
Fig. 10b and CDI Ragone plot in Fig. 10c.

The negatively charged carbon nanofibers (neg-
ative-CNFs) were prepared by electrospinning of a
mixture of polyacrylonitrile (PAN) with poly-methyl-
methacrylate (PMMA) in 4 by mass ratio and the pos-
itively charged nanofibers (positive-CNFs) were pre-
pared by heat-treatment at 800 °C for 1 h after im-
pregnating the negative-CNFs into 2 mol/L ZnCl,
solution, followed by washing with 0.5 mol/L HCl
and water’™. The potential of zero charge (Ep,.) was
determined to be 0.32 and —0.68 V for the N-CNFs
and P-CNFs, respectively, the CNFs obtained from
PAN without PMMA (CNFs) exhibited £, of 0.01 V
(almost neutral). Asymmetric FB-CDI cells were as-
sembled by using the P-CNF at the negative electrode
and the N-CNF at the positive electrode (N-CNF//P-
CNF cell), together with the reversed cell (P-CNF//N-
CNF cell), and a symmetric FB-cell (N-CNF//N-
CNF), of which the CDI performances were com-

pared. As shown NaCl concentration kinetics in
Fig. 11a, the asymmetric P-CNF//N-CNF cell exhib-
its an extremely faster and larger NaCl concentration
changes, suggesting a high SAC and SAR. In Fig. 11b,
SAC and CE are compared on 3 CDI cells, SAC and
CE of the P-CNF//N-CNF cell reach 30.4 mg/g and
1.0 mg/g-min, respectively, much higher than other
two cells using the same carbon electrodes.

Addition of cobalt and titanium carbides nano-
particles into the matrix of CNFs was shown to be ef-
fective to enhance the CDI performances™. The com-
posite Co-TiC@CNF was synthesized by electrospin-
ning of an acetic acid/ethanol (1/1) solution of PVP,
titanium (IV) isopropoxide and cobalt acetate, follow-
ing carbonization at 950 °C for 6 h in Ar flow. The
resultant CNFs had smooth surface, containing both
carbides as crystalline nanoparticles, of which weight
percentages of C, Ti and Co were determined by EDX
analyses to be 56.12%, 37.68% and 6.20%, respect-
ively. The CDI performances of the composite (Co-
TiC@CNF), the pristine CNFs and TiC were meas-
ured in a symmetric FB-cells with 50 mg/L NaCl
solution at different potentials as 0.8, 1.0 and 1.2 V
(Fig. 12). Rapid decrease in conductivity of the efflu-
ent by the composite in Fig. 12a suggests high SAC
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and SAR of the composite than the pristine CNFs and
TiC. SAC depends strongly on the potential applied,
as shown in Fig. 12b, revealing that the composite
gives the highest SAC at all potential ranges ex-
amined. The composite exhibits a stable desalination-
regeneration cycles with rapid concentration changes
(Fig. 12¢). Coating of the layered double hydroxides
(LDHs) of Ni and Mn on the surface of CNFs also
showed an improvement in the CDI performances™*”.
CNFs were prepared from PAN-based electrospun
nanofibers by stabilization at 280 °C for 2 h, followed
by carbonization at 800 °C for 2 h in N,. CNFs were
immersed into a mixed solution of NiCl, (4.5
mmol/L), MnCl, (1.5 mmol/L), and NH,F (18
mmol/L) under stirring, followed by drop-wise addi-
tion of NaOH (12 mmol/L) and NaCl (0.5 mol/L) and
aged at room temperature for 12 h with O, bubbling to

obtain LDH-coated CNF composite. The composite

L (a)
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delivered SAC of 72.04 mg/g and a high SAR of
0.5 mg/g-s with the SAC retention of about 90% after
35 desalination-regeneration cycles.
2.2 Performance for different salts

N-doped carbon microspheres with vertically
aligned carbon nanosheets were prepared from poly-
imide (PMDA/EDA) by refluxing its precursors solu-
tion, followed by carbonization at 800 °C in N, and
activation at 800 °C for 2 h using KOH/carbon mass
ratio of 4% (Fig. 13a). CDI performances of the sym-
metric FB-cell with this carbon was studied in a flow
of NaCl and LiCl solutions with 500 mg/L concentra-
tions. As shown in Fig. 13b and c¢. SAC, CE and en-
ergy consumption of the carbon depended strongly on
the potential applied: SAC of 14.46 mg/g and CE of
69% with the highest energy consumption of about
160 Wh/m® for NaCl, while much smaller SAC of
6.76 mg/g for LiCl. Cycling stability of the cell was

(b)

30

N
]
CE/l%

10 +

400 & . 0
0 80 160 N-CNF//N-CNF  N-CNF//P-CNF  P-CNF//N-CNF
Time/min Cell configuration
Fig. 11 Desalination performance of CDI cells using PAN-based carbon nanofibers (CNFs), symmetric FB-cell, N-CNF//P-CNF and asymmetric FB-cell, P-
CNF//N-CNF as the electrode materials: (a) kinetics of NaCl concentration changes and (b) comparison of SAC and CE for three cells.
Reprinted with permission from Ref.[27]. Copyright (2021) by Elsevier
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Fig. 12 CDI performance in a flow of NaCl solution with 15 mL/min rate for the composite Co-TiC@CNF, the pristine CNFs and TiC: (a) changes in con-
ductivity of NaCl effluents, (b) dependences of SAC on the applied potential and (c) desalination-regeneration cycling of the composite at 1.2 V. Reprinted with

permission from Ref.[28]. Copyright (2022) by Elsevier
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Fig. 13 CDI performance of N-doped carbon microspheres with vertically aligned carbon nanosheets prepared from a polyimide by carbonization at 800 °C
and activated with KOH for NaCl and LiCl aqueous solutions: (a) SEM image, (b) changes in SAC and CE with potential applied,
(c) changes in energy consumption with potential applied, and (d) conductivity change with cycling up to 56 cycles.

Reprinted with permission from Ref.[29]. Copyright (2021) by Elsevier

confirmed up to 56 cycles (Fig. 13d).

A composite of PAN-based nanofibers electro-
spun from PAN containing graphene quantum dots
(dots/PAN of 3/4 by weight) with ZIF-8 was synthes-
ized by an in-situ growth method””. The composite
was stabilized at 280 °C and carbonized at 800 °C for
2 h in Ar (CNF,,;), which had Sy, of 416 m*/g with
Vi of 0215 cm’/g including V..., of 0.140 cm’/g
and total N-content of 13 at.% mainly in pyridinic and
pyrrolic configurations. In Fig. 14a, the SAC of the
composite for NaCl increases with increasing its ini-
tial concentration, from 8.59 mg/g for 100 mg/L to
19.69 mg/g for 800 mg/L. SAR also increased with in-
creasing NaCl concentration. The composite has relat-
ively high SACs, 27.19, 25.35 and 20.46 mg/g for
other salts, CaCl,, MgCl, and KCI, respectively
(Fig. 14b). It also exhibited an excellent cyclability, a
high retention of SAC as 97% after 30 desalination/re-
generation cycles (Fig. 14c¢)

An electrode of reduced graphite oxide sheets on
Ni foam (rGtO/Ni composite), which was a binder-
free and self-standing, was tested as the electrodes of

FB-CDI cell®. The composite was prepared by im-

mersing a Ni foam into a GtO suspension synthesized
by Hummers’ method. To obtain the optimized load-
ing of GtO flakes, the immersing process was re-
peated several times. The composite obtained was
freeze-dried for 24 h and then heat-treated at 800 °C.
The SAC of the composite obtained after two-times
immersion was measured to be 22.3 mg/g in 5.0x107*
NaCl solution at the applied voltage of 0.9 V with
SAC retention of 65% after 200 consecutive cycles (9
days). A free-standing N-doped rGtO foam was pre-
pared using polystyrene (PS) spheres (about 500 nm
diameter) as template by electrostatic self-assembly of
sequential coating of positively-charged GtO flakes
and negatively-charged GtO onto negatively-charged
PS surface (Fig. 15a). The resultant GtO/PS com-
posites contained about 8% (mass fraction) GtO and
were compressed under about 1.0 MPa/cm® pressure
to obtain membrane. It was annealed at 600 °C for 4 h
in NH; and further annealed at 800 °C for 1 h to dope
N. For comparison, free-standing rGtO foam without
N-doping was prepared. The N-doped GtO foam de-
livered SAC of 21.8 mg/g at 1.8 V in 100 mg/L NaCl
solution with the SAC retention of about 95% after 10

30
— (c) w
(@) 800 Mol g |!|I|' | |I|| f

~ 20+ Ep— L — 5 980
Gy _~ 500 mg/L 9 207 g
[)) o e [o)) =
5 ﬂgm = 2 wo
= - P = = i
2 10} /4 g 10t 3
(%] I 4 % 3

.: 100 mg/L ol § o AR R L R EARIAL

0 1 1 1 1 1 1 1
0 40 80 0 40 80 0 2000 4000
Time/min Time/min Time/min

Fig. 14 CDI performance of the composite CNF,,.: (a) SAC for NaCl solutions with different concentrations (100-800 mg/L, (b) SACs for 5 mmol/L KClI,

CaCl, and MgCl, solutions, and (c) cycle performance for 500 mg/L NaCl solution at 1.2 V&%
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desalination/regeneration cycles. It also has certain
applicability towards other salts. At 1.2 V and
500 mg/L concentration of the salt solution, its SAC is
about 15.2, 14.2, 13.1 and 12.5 mg/g for KCl, NaCl,
CaCl, and MgCl,, which is probably depending on the
cation hydration radius (Fig. 15a). The Ragone plot
(SAR vs SAC for carbon electrode) shown in Fig. 15b
demonstrates that the SAC and SAR are the higher as
the smaller the hydration radius of cation is.
Symmetric FB-CDI cells were constructed from
the porous carbons derived from a metal-organic
framework (MOF), ZIF-8, of which CDI perform-
ances were investigated in 250 mg/L saline solution
under a flow rate of 25 mL/min at 1.2 V¥, Nano-
particles composed of the core of ZIF-8 with p-
aminophenol and formaldehyde (AF) shell (ZIF-
8@AF nanocomposites) were prepared. ZIF-8@AF
nanocomposite was carbonized at 900 °C for 3 h in N,
to obtain N-doped eave-like porous carbon (coded by
N-EPC) and then rinsed by 1 mol/L HCI, water and
ethanol several times. N-EPC was mixed with phytic
acid (inositol hexaphosphate, AP) in ethanol/H,O
mixed solution and then carbonized at 900 °C for 3 h

16} (@)
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o
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£
S 8f
P

4t

0

KCI NaCl CaCl, MgCl,
Salts

in N, to get N/P-co-doped carbon (NP-EPC). In com-
parison, ZIF-8 was carbonized under the same condi-
tions without adding AF (ZIF-8-C). Pore structure
parameters and elemental compositions of the car-
bons derived from ZIF-8 are listed in Table 4. Three
carbons possess almost the same Sz, of about
1000 m%/g, but V.,
ZIF-8 with AF and (AF+AP) (in other words, by N-
doping and N/P-co-doping, respectively), suggesting
Viesor The NP-EPC has Sgpr of

1 166 m*/g and is mesopore-rich, the percentage of

decreases by carbonization of

the increase in

mesopore being supposed to be about 82%. The car-
bonization of ZIF-8 with AF is supposed to be not ef-
fective for N-doping for the resultant carbon
(Table 4). CDI performance is shown in Fig. 16a by
plotting SAR against SAC for these carbons, in which
NP-EPC delivers the highest SAC and fastest SAR,
suggesting the highest CE. Specifically, it was de-
termined as 50.7% for NP-EPC, 45.3% for N-EPC,
and 37.7% for ZIF-8-C. The CDI performances of
NP-EPC carbon electrode for other cations, K and
Ca®", are compared to those for NaCl in Fig. 16b. The

SAC of NP-EPC for KCI is 22.24 mg/g (0.30
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Fig. 15 CDI performances of the free-standing N-doped rGtO foam prepared using polystyrene spheres template for different salts: (a) SAC and (b) Ragone
plot. Reprinted with permission from Ref.[32]. Copyright (2022) by Elsevier

Table 4 Pore structure parameters and elemental compositions of the carbons derived from ZIF-8 itself, and ZIF-8 with AF
and (AF+AP) (N-EPC and NP-EPC)"**

Pore structure parameters

Elemental composition/at%

Carbon

Saer/(m’/g) Vgl (c0’/g) Viero/ (em’/g) V iened Vit C 0 N P N/P ratio
ZIF-8-C 1044 0.49 0.45 0.92 78.1 6.8 15.1
N-EPC 1066 0.60 0.28 0.47 84.5 5.9 8.6
NP-EPC 1166 0.72 0.13 0.18 78.6 16.8 2.9 17 1.71
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Fig. 16 Performances of symmetric FB-CDI cells using electrodes of the carbons derived from ZIF-8, ZIF-8-C, N-EPC and NP-EPC: (a) CDI Ragone plots in
NaCl solution, (b) adsorption capacities and rates of NP-EPC for different salts, and (c) cycle performance of NP-EPC in 500 mg/L NaCl solution at 1.2 V*?

mmol/g), larger than those of NaCl (19.38 mg/g, 0.33
mmol/g) and for CaCl, (20.59 mg/g, 0.18 mmol/g).
The NP-EPC can accomplish the capacity retention of
around 74% after 150 charging-discharging cycles
(Fig. 16c¢).

Composites of rGtO flakes with -MnO, could
adsorb Li" selectively by using it at the positive elec-
trode and AC at the negative electrode of an asymmet-
ric FB-CDI cell™. The composites were prepared by
mixing rGtO (0.1, 0.2 or 0.5 g) with 1.732 g
Mn(NO,),-4H,0 in isopropanol and then adding 0.6 g
Li,0, under stirring for 12 h at room temperature to
obtain 4-MnO,/rGtO foams as the precipitates, which
were washed, dried at 60 °C and then annealed at
200 °C in air for 3 h. The composite A-MnO,/rGtO
prepared using 0.2 g rGtO showed the highest SAC
for LiCl. The performances of this composite for dif-
ferent salts, LiCl, NaCl, KCl, MgCl, and CaCl, are
shown in Fig. 17. SAR and SAC for LiCl are much
higher than SACs for other salts, SAC in a single salt
solution for Li" reaching 601 pmol/g, which is 3.2,
6.8, 5.3 and 3.7 times of SACs for Na', K*, Mg*" and

Ca™, respectively (inset of Fig. 17a), revealing a high
selectivity for Li" of the composite. In Fig. 17b, SAC
for Li" (Li'-SAC) and the ratio of adsorption efficien-
cies for Li" and Mg (corresponding to separation
factor) are shown as a function of the concentration
ratio Cy,»/Cpi- (Li" concentration is kept at 5 mmol/L).
At the concentration (Cyg+/Cyi- ratio of 1, the compos-
ite delivers a similar Li'-SAC (411.7 umol/g) to that
of single-salt solution and the separation factor is near
to 6.8. Even in the mixed solution with a concentra-
tion ratio as high as 30, the composite still keeps the
Li"-SAC of 215.5 umol/g with the separation factor of
20.3. The advantage of this composite is also demon-
strated by the results on SAC of the composite from a
synthetic Salt Lake brine (23.48 mmol/L Li', 120.83
mmol/L Mg*, 256.4 mmol/L Na', 47.83 mmol/L K"
and 0.57 mmol/L Ca*). In Fig. 17c, Li'-SAC being
kept at 206 pmol/g, much higher than that of Mg** (25
umol/g). The composite exhibited a stable cyclability
with SAC retention of about 75% after 30 cycles,
much improved from 43% retention for A-MnO,

(without rGtO).
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Fig. 17 CDI performances of 1-MnO,/rGtO composite prepared using 0.2 g rGtO for different salts: (a) cations adsorbed with time from 10 mmol/L single-salt
solutions with SAC for different cations (inset), and (b) dependences of SAC for Li" and of the ratio of adsorption ratio (adsorption efficiency) SAR for Li" to
that for Mg®" against concentration ratio of Mg>" to Li" in a mixed solution and (c) SACs measured in a synthetic salt lake brine. Reprinted with permission from

Ref. [22]. Copyright (2022) by Elsevier



+ 418 - oo ok oM B (h3E30) %38 %
2.3  Contributions of Faradaic reactions to cell 596 m*/g with V,, of 0.153-0.457 cm’/g including

performances

Capacitive storage of ions (non-Faradaic process)
is the principal reaction in the different types of CDI
cells, which are evaluated by measuring SAC and
SAR of the ions in the brackish water. However, Fara-
daic reactions (i.e., redox reactions on the surfaces of
the carbon electrodes) were pointed out possibly to
lead to the formation of chemical byproducts, such as
H,0,, pH fluctuations of the produced deionized wa-
ter™ " and the deterioration of the long-term stabil-
ity and performance of the CDI cells. The Faradaic re-
actions could be attributed to the reduction reactions
at the cathode and the oxidation reaction at the
anode™* 7. Effect of the Faradaic reactions in a sym-
metric FB-CDI cell constructed from an AC powder
with a polytetrafluoroethylene binder was investig-
ated in a batch-mode". Significant concentration of
H,0, was detected at the cathode during the desalina-
tion process (charging process) due to the reducing re-
action of O, in electric consumption at the cathode
(Fig. 18). The occurrence of H,0, may well contrib-
ute to the fluctuation in pH of deionized water. While
the occurrence of Faradaic reactions at the electrodes
may contribute to deteriorate the stability and per-
formance of carbon electrodes, and the presence of
H,0O, might be also able to contribute the disinfection
or the degradation of trace contaminants in the water.

N-doped carbon derived from ethylendiamine-
tetraacetic acid (EDTA, C,,H,,N,Na,Oy) by carboniz-
ation at 700, 750 and 800 °C for 2 h in Ar flow, wash-
ing by 0.5 mol/L HCI and deionized water™”. The res-
ultant carbons were mesoporous (Sgpr of 257-

18

V.o Of 0.076-0.185 cm’/g) and have N-content of
9.1 at%-6.9 at% mainly at the pyridinic configuration.
The CDI performances of the resultant carbons were
studied by assembling a symmetric FB-cell with
5 mmol/L SAC NaCl solution in comparison with a
commercial AC. The inlet solution was purged either
with N, (de-aerated condition) to avoid the Faradaic
effect of the dissolved oxygen on the electrode deteri-
oration or with O, (aerated condition) to mimic the
real practical desalination process. The dependences
of SAC on applied voltage are shown in a flow of
NaCl N,-purged and O,-purged solutions in Fig. 19a
and b, In a de-aerated condition
(Fig. 19a), SAC of the N-doped carbons becomes

higher with increasing carbonization temperature and

respectively.

increases with increasing voltage applied, while that
of the AC decreases above the voltage of 1.4 V. In an
aerated condition (Fig. 19b), the increase in SAC for
AC is more marked. On SAR the same tendencies in
its changes with carbonization temperature and ap-
plied voltage were observed in de-aerated and aerated
conditions. These decreases in SAC and SAR at high

voltages were supposed to be due to the deterioration

Anode Cathode
1
2H,0 : 2H"+0,+26"
4H+0,+4e” |
. H.0,
c C+2H,0 | 2H*+H,0,+2e" on
]
4H*+CO,+4e" I 2H,0
1

Fig. 18 Faradaic reactions at the carbon electrodes during water desalina-
tion. Reprinted with permission from Ref.[38]. Copyright (2016) by Amer-

ican Chemical Society
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Fig. 19 CDI performance of N-doped carbons derived from EDTA by carbonization at 700, 750 and 800 °C in comparison with a commercial AC: depend-

ences of SAC on the voltage applied in a flow of 5 mmol/L NaCl solution (a) in a de-aerated condition and (b) in an aerated condition, and cycle performance in

an aerated condition. Reprinted with permission from Ref.[39]. Copyright (2021) by Elsevier
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of carbon electrode by Faradaic reaction on the elec-
trode surface. It is observed more markedly in the
charge-discharge cycling, as shown the SAC reten-
tions in an aerated condition in Fig. 19¢, the deteriora-
tion of AC electrode occurs even at the beginning of
the desalination/regeneration cycling. In contrast, the
EDTA-derived carbons exhibited almost perfect cyc-
ling performances up to 150 cycles, the carbons ob-
tained at 700 and 750 °C deliver higher SAC reten-
tions (135% and 115%, respectively) than that of the
carbon obtained at 800 °C (110% retention), respect-
ively, whereas SACs of the 1¥ cycle for the former
two are smaller than that of the latter (Fig. 19b). In de-
aerated condition, similar cycle performances were
observed on both carbons (the EDTA-derived car-
bons and the AC). An excessively high N-content up
to 9 at% of the resultant carbons may result in the in-
hibition of carbon oxidation, associated with the im-
provement of the wettability and conductivity of the
electrode carbons.

A biochar prepared from waste coconut shells at
550 °C for 2 h was activated with KOH in KOH/char
mass ratio of 2 at 675 °C for 4 h (activated biochar
AB), and then loaded MnO, nanoparticles by follow-
ing 3 processes'*”: (1) mixing AB with Mn(Ac), in
HNO; solution at 60 °C (direct process), (2) mixing
AB with Mn(NO;), in HNO, solution (indirect pro-
cess) and (3) pre-treating biochar by HNO, at 120 °C
and then mixed with Mn(Ac), in HNO; solution (acid-
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assisted grafting oxidation (AGO) process). The activ-
ated biochar AB itself possessed Sy, of 486 m’/g in-
cluding S, .., of 98.5 m’/g, while the carbon obtained
through indirect process has Sy, of 304 m%/g includ-
ing S_.., of 54.7 m*/g (higher than those of other 2
carbons obtained through direct and AGO processes).
In Fig. 20a, electrosorption-desorption kinetics in
100 mg/L NaCl solution applying the potential of 1.2
and 0 V are compared on the pristine AB, MnO,/AB
composites prepared by the direct, indirect and AGO
processes, revealing that MnO,-incorporation is effec-
tive to enhance NaCl removal, particularly the MnO,/
AB composite obtained by the indirect process. In
Fig. 20b, CV curve of the composite obtained through
the indirect process is shown by dividing the capacit-
ive contribution of 70.6%, ~ 30% Faradaic contribu-
tion. Total CDI performances of the MnO,/AB com-
posites were composed of relatively high capacitive
contribution of ~ 70%.

Porous carbons derived from Zn-based zeolitic-
imidazolate frameworks (ZIFs) with different ligands
(ligand: mIm, elm, 4ablm and Im) by carbonization at
1 000 °C for 1 h were applied to the electrodes of M-
CDI cell with commercial anion-and cation-exchange
41 White ZIF powders were heated at
1 000 °C for 1 h in Ar flow and then naturally cooled

down to 900 °C. On the cooling process, Ar gas was

membrane

changed to NH, with a flow rate of 50 mL/min in the
temperature range of 900 to 500 °C to obtain black

0.0 0.2 0.4 0.6 0.8 1.0
Potential/\VV

Fig. 20 CDI performance of the MnO,/carbon composites: (a) adsorption-desorption kinetics in 100 mg/L NaCl solution by applying the potential of 1.2 and 0

V and (b) CV curve on the MnO,/AB composite obtained through indirect process. Reprinted with permission from Ref.[40]. Copyright (2020) by Elsevier
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powder of ZIF-derived carbons. Sgp; of the resultant
carbons was measured as 763, 380, 643 and 310 m*/g
for ZIFs with the ligands of mIm, elm, 4ablm and Im,
respectively. The carbon derived using 4abIm-ligands
delivered the highest SAC for NaCl of 14.19 mg/g,
greater than 13.33 mg/g of that derived using mIm-
ligand and 6-9 mg/g of those derived using elm- and
Im-ligands.
2.4 Comparison between CDI cells
2.4.1 M-CDIcell

The Faradaic reactions occurring in batch-mode
CDI cells, FB- and M-CDI cells, were compared by
measuring the variations of H,0O, concentration, dis-
solved oxygen (DO) concentration, pH, conductivity
of the deionized water under different charging
voltages'*”. The CDI cells constructed using a com-
mercial ACC (10 cmx10 cm with 300 pm thickness)
having Sy, of 1 101 m’/g at 2 electrodes (symmetric
FB-cell) and using ion-exchange membranes with
only AEM (AEM-CDI-cell), with only CEM (CEM-
CDI-cell) and both AEM and CEM (M-CDI-cell). In
Fig. 21a-d, the time changes in H,0, concentration of
the deionized water by applying different voltages
(0.9, 1.2 and 1.5 V) for 4 CDI cells. In the FB- and
AEM-cells, H,0, concentration increases rapidly and
then decreases during desalination (charging) process,
which corresponds to the Faradaic reactions at the
cathode, as illustrated in Fig. 18. In the regeneration
(discharging) process, it decreases gradually with in-
creasing time under 0 V. In the AEM-cell, higher
maximum H,O, concentration is attained at a shorter
time during the desalination process than in the FB-
cell, along with a higher H,O, concentration at the end
of desalination. In the M- and CEM-cells, on the con-
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Fig. 21

trary, the formation of H,0O, is strongly depressed. The
time profiles in DO concentration in the deionized wa-
ter in these CDI cells showed good correspondence to
those of the time profiles of H,O, concentration
(Fig. 21) in respective cell. They are very similar in
the FB- and AEM-cells, quickly decreasing with time
in the charging process and slightly increases in the
discharge process, and almost no change in both char-
ging and discharging processes. The experimental res-
ult can be summarized that a marked increase and fol-
lowing gradual decrease in H,0O, concentration in FB-
and AEM-cells, which corresponds to the Faradaic re-
actions at the electrodes to form and to consume H,0,
shown in Fig. 18. In contrast, a negligibly small gen-
eration of H,0, in M- and CEM-cells are observed.
Polyglycerol powder prepared from a crude gly-
cerol (a residual viscous liquid produced as a
byproduct of the biodiesel process) was carbonized at
600 °C for 1 h in N, flow, activated at 850 °C for
1.5 h in N, flow after mixing with KOH powder in
KOH/char mass ratio of 4 and then washed by 0.5
mol/L HCI and deionized water at 60 °C (Polyglycer-
ol-derived activated carbon, PGAC)*. The PGAC
exhibited Sy, of 1 684 m*/g with ¥, of 0.95 cm’/g
including V., and V,, ., of 0.45 and 0.50 cm’/g, re-
spectively. The CDI performances of the PGAC was
compared by construction of the symmetric and asym-
metric FB-cells and two kinds of M-CDI cells, i.e., us-
ing both AEM and CEM, and only CEM. An asym-
metric FB-cell was constructed by using PGAC and
HNO;-treated PGAC at the positive and negative elec-
trodes, respectively. The performances in 4 cells ap-
plying different voltages are compared by showing
SAC, CE and energy consumption in Table 5. The M-
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Changes in H,O, concentration in the effluent during charging at different voltages (0.9, 1.2 and 1.5 V) and discharging (0 V') in different type CDI

cells: (a) symmetric FB-CDI cell, (b) AEM-CDI cell, (c) CEM-CDI cell, and (d) M-CDI-cell. Reprinted with permission from
Ref.[42]. Copyright (2017) by Elsevier
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Table S Desalination performance (SAC, CE and energy consumption) of the CDI cells with different configuration
using the polygrycerol-derived activated carbon (PGAC) as the electrode material. Reprinted with permission from
Ref. [43]. Copyright (2022) by Elsevier

Electrode configuration Ion-exchange membrane Cell voltage applied/V SAC/(mg/g) CE/% Energy consumption/(J/mg)

1.1 10.8 65.4 2.8
Symmetric 1.2 14.2 62.9 3.1

FB-cell
1.4 13.7 51.2 4.6
Asymmetric * 1.2 11.5 88.4 22
1.2 17.6 97.9 2.0
AEM and CEM 1.4 23.4 102.9 2.3
M-CDI 1.6 27.1 102.2 2.6
1.2 16.8 98.9 2.0

CEM

1.4 10.8 81.6 2.8

Note: *PGAC at the positive electrode and HNO,-treated PGAC at the negative electrodes.

cell using both AEM and CEM delivered the highest
performances, SAC of 27.1 mg/g, CE of about 100%
at the cell voltage of 1.6 V. It also exhibited a stable
desalination/regeneration cycle over the 50" cycle.
CDI performances of the conventional M-cell us-
ing both AEM and CEM placed on the front of car-
bon electrodes were compared to those of the cell with
the electrodes composed of the membrane-coated car-
bon particles (individually-coated electrode cell, ICE-
cel)*!. A slurry of a commercial AC with a styrene-
butadiene rubber binder was uniformly casted onto a
graphite paper to a thickness of 350 pum and then
coated by either AEM or CEM via respective NMP
solution (10%, mass fraction), the resultant electrodes
being used to construct CDI cell. The conventional M-
CDI cell was assembled by placing commercial AEM
and CEM in the front of the AC positive and negative
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electrodes, respectively. The ICE-cell delivered the
SAC of 24.4 mg/g with CE of 89.4%, whereas the M-
cell exhibited the SAC of 17.4 mg/g with CE of
88.3% at the voltage of 1.1 V. The results were ex-
plained by the suppression of Faradaic reaction on the
carbon surface.

M-CDI cell was composed from single-wall car-
bon nanotubes (SWCNTs) formed using PTFE binder
into the size of 70 mmx140 mmx0.3 mm and com-
pared with the symmetric FB-CDI cell composed
from the same SWCNT electrodes'®”. Fig. 22a shows
the change in conductivity of the effluent solution
after passing through the gap between two electrodes.
The conductivity of the effluent after passing the cell
at 1.2 V decreases rapidly from the initial conductiv-
ity of about 100 to about 0 pS/cm by M-CDI cell, but
it decreases gradually down to about 40 puS/cm by FB-
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Fig. 22 Performance of M-CDI cell using SWCNT electrodes in FB-CDI using the same CNT electrodes: (a) conductivity change with time and (b) change in

SAC with time. Conductivity of the initial solution is around 100 pS/cm and the voltage applied is 1.2 V.

Reprinted with permission from Ref.[45]. Copyright (2011) by Elsevier
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CDI cell, suggesting a marked difference in SAC
between 2 cells. The salt removal efficiency of M-
CDI cell reached 97% but that of FB-CDI cell was
about 60%, revealing that the presence of the ion-ex-
change membrane in the M-CDI cell is very benefi-
cial for electrosorption of a salt ion by broking the
counter-ions and so the salt removal efficiency by M-
CDI cell is less affected by the presence of counter-
ions. As shown the adsorption kinetics of these 2 cells
at an applied voltage of 1.2 V in Fig. 22b, the SAR is
much faster in the M-CDI cell than in the FB-CDI
cell, which could be simulated by pseudo-first-order
adsorption formula. As shown in Fig. 22a, the elec-
trodes of M-CDI cell are almost completely regener-
ated by shutdown the electrode voltage through the
desorption of ions, whereas those of FB-CDI cell can-
not be completely regenerated due to the physical ad-
sorption of counter-ions. In M-CDI cell, the desorp-
tion occurs in two steps: desorption is slowdown prob-
ably due to counter-ion effect at the surface of ion-ex-
change membrane and then accelerated again to com-
plete desorption because no counter ions are at car-
bon electrode. The ion removal (desalination) and ion
release (electrode regeneration) profiles for M-CDI
cell were discussed by taking the stagnant diffusion
layers in the front of the membranes'®.,

M-CDI cell was constructed from a commercial
ACC (thickness of 0.6 mm, Sy, of 1 117 m%/g) and
CEM and AEM with the thickness of 0.15 mm with
1x107* NaCl aqueous solution, and compared with the
FB-CDI cell constructed from the same materials™*”.
Salt removal capability of the M-CDI cell is higher
than that of FB-CDI cell and the regeneration time is

shorter in M-CDI than in FB-CDI (Fig. 23a). Changes
in energy consumption (Wh/L) and salt removal per-
centage (%) with flow rate of salt solution and ap-
plied DC voltage are shown on the M-CDI cell in
Fig. 23b and c, respectively. The salt removal percent-
age decreases as the flow rate increases but increases
as the DC voltage increases. A marked decrease in the
salt removal with the flow rate change from 40 to
60 mL/min. The electrical energy consumption also
decreases with the increase in flow rate and increases
with the increase in DC voltage. The M-CDI cell de-
livered the highest salt removal percentage of 62%,
while the FB-CDI cell delivered only 24%.
Rode-shaped graphite electrode for CDI cell was
coated by a porous carbon layer, of which a pair
worked as the negative and positive electrodes in CDI
cell®™. In practice, the 7 pairs of these rod-shaped
electrode positioned about 0.5 mm apart (FB-CDI
cell) were dipped into a flow of NaCl aqueous solu-
tion. For comparison, another 7 pairs, of which the
positive electrode was covered by ion-exchange mem-
brane (M-CDI cell) were also prepared. In Fig. 24a
and b, the kinetics for the removal of NaCl with the
contact time up to 1 000 s and cycle performances up
to the 5" cycle are compared for FB- and M-CDI
cells, respectively. The M-CDI cell delivered a higher
removal efficiency and a stable cyclability at a moder-
ate potential of 1.2 and 1.6 V. The rod-shaped and
even wire electrodes can be placed close together
without requiring a spacer by filling the whole gap
between the electrodes, and as the consequence can
achieve saving space for the cell and reducing pres-

sure drops of flowing water.
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Fig. 23  Desalination performance of M-CDI using commercial ACC electrode with CEM and AEM: (a) desalination and regeneration profiles in comparison

to FB-CDI, and (b) change in energy consumption and salt removal percentage with flow rate of salt solution and (c) those with DC voltage applied. Reprinted

with permission from Ref.[47]. Copyright (2006) by Elsevier



531 Michio Inagaki et al: Carbon materials for water desalination by capacitive deionization < 423 -
(@) FB-CDI M-CDI (b) FB-CDI M-CDI
120 - 16V 120 + -
s 16V, & ,
a 4
16V " ................... A
_ o o F Bl i . 16V -
5 4 L8 4 s7 12v R RN S N e o
[<} B B 4 [s} B B
£ ’ o o ‘o £ 12V a
2 A L7 1oy 4, 2
= 2% . P =
% £ . &% . o
'/ o p P - ' R
I
4, 1o -t 401 12V -
& a
r"' M
I I
B° '
0 L L d L L 0 L L L L
0 4 8 0 4 8 0 2 4 6 0 2 4 6
Time/(10? s) Cycle number

Fig. 24  CDI cells using rod-electrodes with or without ion-exchange membrane (FB-CDI and M-CDI): (a) adsorption kinetics and (b) cycle performance. Ex-

perimental points shown in the figures are average values of the values obtained by 12 cells. Reprinted with permission from Ref. [48].
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24.2 ETC-CDI cell

A symmetric two-electrode FTE-CDI cell was
constructed using a carbon aerogel monolith having
an interconnected pore network'™. The aerogel was
fabricated through the sol-gel polymerization of resor-
cinol with formaldehyde using acetic acid as a cata-
lyst and following carbonization/activation at 950 °C
for 2 h in a flow of CO,, which exhibited a bimodal
pore size distribution, 70% of the pore volume being
attributed to macropores (about 0.7 and 2 um diamet-
ers)P. The FTE-cell exhibited a very rapid desalina-
tion; the NaCl concentration dropped from 100 to
30 mmol/L within about 20 s by applying 1.5 V with
sorption rate of nearly 1 mg/g-min*". PAN fiber webs
prepared by electrospinning were treated with PVP in
a different PVP/PAN weight ratios at 100 °C under
hydrothermal conditions, were stabilized in air at
280 °C for 1 h and then carbonized at 800 °C for
0.5 h, followed by activation in CO, at 800 °C for
0.5 h®'!. The activated carbon nanofiber webs thus ob-
tained using PVP/PAN weight ratio of 1 delivered the
highest Sy, of 1232 m*/g with ¥, of 0.786 cm’/g

including V., of 0.441 cm’/g and the lowest bulk
density of 0.71 g/cm’. It also exhibited the high CDI
performances, SAC of 6.51 mg/g and CE of 32.5%,
while the web prepared the same procedures without
addition of PVP delivered a little larger SAC of 7.61
mg/g but smaller CE of 23.7%.
243 FB-FTE-CDI cell

Two CDI cells, symmetric FB- and FTE-cells
were constructed from a commercial carbon nano-
foam (NF) and an ACC, and compared their CDI per-
formances in NaCl solution™. Ti metal (thickness of
0.127 mm) was used as the current collector, and the
carbon electrodes were separated by a hydrophilic PT-
FE porous membrane having pores of 5 um size
(thickness of 85 um). The FB-CDI cell consists of a
rectangular compartment with the size of 29.5 mmx
58.9 mmx2 mm, while the FTE-CDI cell consists of a
circular flow chamber with 47 mm in diameter. In
Table 6, the physical characteristics of the carbons
used as the electrodes in the cells are summarized for
NF and ACC, together with another commercial ACC
(K-ACC). In Fig. 25a and b, the SAR is plotted

Table 6 Commercial carbon nanofoam (NF), activated carbon cloth (ACC) and another ACC (K-ACC) used for construc-
tion of symmetric FB- CDI-cell and FTE-CDI-cells. Reprinted with permission from Ref. [52]. Copyright (2018) by Elsevier

Carbon  Thickness/um  Sper/ (m%/g)  Vpiero/ (cm’/) Capacitance/(F/g)  Resistance/(Q/sq) ~O-content/at% SEM features
NF 210 705 0.27 100 0.4 2.1 10-100 cracks, <10 nm pores
ACC 500 2980 0.44 110 3.9 6.6 13 um-diameter fibers, <300 nm pores
K-ACC 800 1913 0.31 80 33 4.8 14 pm-diameter fibers, <300 nm pores
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Fig. 25 Comparison in the CDI performances between FB-CDI cell and FTE-CDI cell using carbon electrodes of (a) a carbon nanofoam and

(b) an ACC. Reprinted with permission from Ref. [52]. Copyright (2018) by Elsevier

against the SAC measured on the FB- and FTE-cells
for the electrode materials, NF and ACC, respectively.
The maximum salt removal is achieved at 3.72 mg/g
for NF and 7.13 mg/g for ACC at the contact time of
20 min by the FB-cell, while it is 1.87 mg/g for NF at
20 min and 3.90 mg/g at 10 min for ACC by FTE-cell
(Fig 25a and b, respectively), the SAC of ACC being
about two times larger than that of NF in both cells.
On the SAR, ACC delivers also much higher maxim-
um rate than NF and is higher in the FTE-cell than in
the FB-cell, 0.32 mg/g'min at 4 min and 0.21
mg/g-min at 7 min, although the highest SAR of 0.18
mg/g-min at 2 min for NF in both cells. The salt re-
moval performances in both FB- and FTE-cells of an-
other ACC (K-ACC) are almost comparable with the
ACC, although Sgpr is much larger than ACC, as
shown in Table 6. The SAC of the ACC decreased

with desalination-regeneration cycles, decreasing by
57% in the FB-cell and by 77% in the FTE-cell after
120 cycles. The SAC decrease was faster in the FTE-
cell than the FB-cell. This depression in SAC was
supposed to be due to the oxidation of carbon elec-
trode during salt removal processes. O-content of the
NF increased from 2.1 at% to 9.2 at% and 11 at%
after the use for 48 h in the FB-cell, and that of the
ACC increased from 6.6 at% to 13 at% and 19 at% in
the FTE-cell.

Desalination performances of the FTE-CDI cell
were studied by changing the flow modes of the sa-
line water, i.e., a flow from anode to cathode (for-
ward flow mode) and a reverse flow from cathode to
anode (reverse flow mode) in comparison with the
FB-CDI cell™. CDI cells were constructed using a

commercial ACC having S,z; of 1101 m*/gas elec-
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Fig. 26 Change in conductivity, pH and H,O, concentration of the effluent passed through the cells, FTE-CDI cell with a forward flow, that with a reverse

flow and symmetric FB-CDI cell at an applied voltage of 1.2 V with time during charging (desalination process) and discharge (regeneration process): (a) con-

ductivity, (b) pH and (c¢) H,O, concentration. Reprinted with permission from Ref.[53]. Copyright (2019) by Elsevier
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trode material. In Fig. 26a-c, the changes in conduct-
ivity, pH value and H,O, concentration of the effluent
by applying 1.2 V are shown for 3 CDI cells in char-
ging (desalination process) and discharging processes
(regeneration prosses). The conductivity of the efflu-
ent decreases sharply and then reaches a relatively
steady conductivity within 15 min. As shown in
Fig. 26a, FTE-cell with forward flow mode achieved
the lowest conductivity, which corresponds to SAC of
11.1 mg/g, being higher than those of FB- and FTE-
cell with reverse flow mode, 8.2 and 10.2 mg/g, re-
spectively. The pH value of the effluent in the FTE-
cells fluctuates more severely than in the case of the
FB-cell (Fig. 26b). pH value increases to a peak value
of 9.3 during the charging and then tends to decrease
back to about 8.0 in the discharging process in the
FTE-cell with forward flow mode. When operated in
reverse flow mode, the pH value decreased rapidly to
about 4 and then recovered gradually, looks like to be
reversed the change in the forward mode. In the FB-
cell, the pH of the effluent changed only slightly.
H,0, concentration of the effluent increases rapidly at
the beginning of the charging process but then gradu-
ally decreases in FTE-cell with forward flow mode
and FB-cell, H,0, concentration reaching 45 and
37.5 mmol/L, respectively. In the FTE-cell with re-
verse flow mode, H,O, concentration exhibits a relat-
ively slower increase and achieves a peak value of
17.6 mmol/L at the end of the charging process. The
changes in pH and H,O, concentration in the effluent
was discussed by relating to Faradaic reactions at the

surfaces of the carbons at the negative and positive

electrodes.
2.5 Modification of CDI cells
2.5.1 M-CDI cell

Prussian blue (PB, Fe,[Fe(CN)],) and its ana-
logues (PBAs) have an open framework structure that
can adsorb and store almost all alkali metals and even
multivalent metals, such as Na, Mg, Ca, Zn and Al
PBAs are represented as A M, [My(CN),],-nH,0,
where M, and M; are usually Mn, Fe, Co, Ni, Cu or
Zn, and A is usually Li, Na or K. The composites of
ACC with PBAs were proposed to enhance CDI per-
formances of FTE-cell®* ™). The deposition of a PBA
using Co on ACC showed a stable CDI performance,
reaching a SAC of 14.47 mg/g at 1.0 V, accompanied
by a low energy consumption of 389 Wh/m’**.,

A three-electrode cell (3-CDI cell) was construc-
ted by combining the concepts of FB- and FTE-cells,
as shown as an inset of Fig. 27b"". The carbon for the
cell electrodes was composed from commercially
available ACCs (6 cmx6 cm size with 2 mm thick-
ness) either as-received (ACC) or its 1 mol/L. HCI-
treated (H-ACC) and both felts (ACC and H-ACC)
delivered similar capacitances in 1 mol/L NaCl
aqueous electrolyte. The salt adsorption kinetics in the
asymmetric FB-cell (ACC/H-ACC) and 3-CDI cell
(ACC/H-ACC/ACC) are shown in Fig. 27a and b, re-
spectively, together with the schematic illustrations of
each cell (insets). A higher SAC and faster SAR are
realized in 3-CDI cell in comparison to the FB-cell
with a asymmetric electrode configuration. An inser-
tion of flow-through electrode (FTE) in a convention-

al symmetric FB-cell, i.e., 3-CDI cell, was shown to
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Fig. 27 Salt adsorption kinetics at different voltages (1.2-1.6 V) constructed from commercial activated carbon fiber felt (ACF) and HCl-treated ACF
(HACF); (a) asymmetric FB-cell and (b) 3-CDI (inserted a flow-through electrode). Reprinted with permission from Ref. [56]. Copyright (2021) by Elsevier
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be effective to achieve a higher CE, lower energy con-
sumption, shorter desorption time and good cyclic sta-
bility. The insertion of more FTEs (4-CDI and 5-CDI
cells) resulted in poorer long cycle stability.

FTE-cell using ACC electrode worked not only
for the desalination of a brackish ground water collec-
ted from a well in Oman, which had pH value of 8.0
with TDS (total dissolved solids) of 2 500 mg/L, but
also for the disinfection of the water””. The as-re-
ceived water had the CFU (bacterial colony forming
unit) of about 3.0x10*, while the water after desalina-
tion process had about 70% smaller CFU.

2.5.2 FE-CDIcell

Flowing electrode CDI (FE-CDI) is receiving in-
creasing attention due to its pseudo-infinite capacitive
desalination, which is achieved by continuous regen-
eration of electrode carbon particles in the external
reservoir. FE-CDI can also desalinate significantly
higher salinity feeds than other CDI systems. A flow-
ing electrode of a FE-CDI cell composed of a 0.1
mol/L  NaCl

(mass fraction) AC particles with 8.8 um size exhib-

aqueous solution containing 5%

ited excellent removal efficiency more than 95% and a
high SAR of 0.41 mg/min-cm from a brackish stream
of an aqueous NaCl solution with a high concentra-
tion as 32.1 g/L, such as seawater™® >/,

The FE-CDI cell consists of the flowing elec-
trode of the mixture of a 100-mesh AC (DARCO),
chemically activated charcoal, and carbon black
powders in a mass ratio of 8 :1: 1 suspended in
2 000 mg/L NaCl with an initial pH of around 7'".
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Current collector
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Acrylic flow Spacer Acrylic flow
channel channel

(b)

Short-circuited closed-cycle
(SCC) configuration

For investigation on the water softening, the brackish
stream containing 2 000 mg/L NaCl and 150 mg/L
CaCl, was used. The brackish water was passed
through the space between AEM and CEM at differ-
ent flow rates resulting in hydraulic retention times
(HRT) (contact time) of 2.94, 1.47 and 0.98 min, re-
spectively. The water desalination and softening were
carried out in short-circuited closed-cycle (SCC) oper-
ation, as illustrated in Fig. 28a, and in the isolated
closed-cycle (ICC) operation, as illustrated in
Fig. 28b. In the former operation, the flowing-elec-
trodes are mixed in a shared reservoir after leaving the
CDI cell, resulting in charge neutralization of the car-
bon particles, in other words, the electrode regenera-
tion can be achieved by continuously mixing with op-
positely charged carbon electrode in the reservoir. In
the latter operation, however, the positively and negat-
ively charged flowing-electrode is individually re-
cycled in their respective pipelines. As shown in
Fig. 29a, SCC operation required much lower energy
consumption than ICC, particularly low effluent con-
ductivity (i.e., low salinity) be able to achieve much
lower energy consumption than ICC. In SCC opera-
tion conditions, average salt removal rate (ASRR) and
energy-normalized removed salt (ENRS) do not de-
pend on HRT, in other words, on the flow rate of the
brackish water (Fig. 29b). In Fig. 29c, the voltage
changes with elapsed time during SCC and ICC oper-
ations. After 4 800 s kept at the constant-current
(charging step), the current was reversed for 2 400 s

(discharge step). In SCC operation, the cell voltage re-
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o
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Isolated closed-cycle
(SCC) configuration

Fig. 28 Schematic representations of (a) the structure of the CDI cell and (b) short-circuited closed-cycle (SCC) and isolated closed-cycle (ICC) configuration

of the system. Reprinted with permission from Ref. [60]. Copyright (2018) by American Chemical Society
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Fig. 29 FE-CDI cell for water desalination and softening by a mixture of commercial AC and carbon black as the flowing electrode: (a) energy comparison of

SCC and ICC operations, (b) relation between average salt removal rate (ASRR) and energy-normalized removed salt (ENRS) in SCC operation at different HRT

(different flow rate of brackish water), (¢) voltage changes with elapsed time in ICC and SCC operations. Reprinted with permission from Ref. [60].
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mained stable at a little below 1.0 V with a slight de-
crease (£, in Fig. 29¢), which is most likely related to
the increasing ion concentration in the flowing-elec-
trodes. In contrast, the voltage in ICC operation in-
creases gradually up to 1.92 V, resulting in an energy
consumption of 0.39 kWh/m’ in an excess of the en-
ergy consumption for SCC operation. While the an-
ode and cathode are potentially isolated allowing for
energy recovery during electrode regeneration, only
about 0.012 kWh/m’ (Fig. 29c). Divalent cation Ca*"
was selectively removed in comparison to mono-
valent Na" of which the selectivity became dominant
when the FE-CDI cell was operated at a low current
density and a low HRT. An extremely high water re-
covery rate of about 95% could be achieved when de-
salting a 1 000 mg/L NaCl brackish influent to a pot-

@ ) 1% desalination 2.44%-6.98%
700} 4% 2™ desalination :
[J 3 desalination
<
€
2
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5
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©
Q
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o300t
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able level of 150 mg/L by FE-CDI cell with SCC op-
eration using a mixture of commercial carbon black
and two ACs with Sy, of 920 and 1 050 m?/g'®!).
Effect of NaCl concentration in the flowing-elec-
trode solution was studied on a FE-CDI cell with SCC
operation mode'®”. Commercial AC spheres after puri-
fication were mixed with NaCl aqueous electrolyte
solutions with different concentrations. The desalina-
tion of NaCl solution (brackish solution) with 35 g/L
concentration was passed through the space in the FE-
CDI cell at a flow rate of 3 mL/min, and the flow rate
of the flowing-electrodes operated with SCC opera-
tion mode (Fig. 28b) was maintained constant at 25
mL/min. In Fig. 30, the relations of desalination effi-
ciency to the current applied to the cell and NaCl con-

centration in the flowing electrode solutions after cyc-
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Fig. 30 Desalination performances of the FE-CDI cell with SCC operation: (a) the relation between desalination efficiency and electrical current with varying

NaCl concentrations (0-6.98%) and (b) the relation between desalination efficiency and NaCl concentration in the flowing-electrode after 1¥/2"/3" desalination

processes. Reprinted with permission from Ref. [62]. Copyright (2016) by American Chemical Society
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ling (1* to 3™). As shown in Fig. 30a, the desalination
efficiency is linearly related to the current applied,
with the cycling of the flowing-electrode solution and
with increasing in the initial NaCl concentration. The
increase in desalination efficiency seems to be satur-
ated at initial NaCl concentration above 2.44% (mass
fraction). In Fig. 30b, therefore, desalination effi-
ciency is plotted against the NaCl concentration of the
flowing-electrode solution, demonstrating a marked
increase in efficiency up to 2% (mass fraction) and a
tendency to be saturated. The experimental results
demonstrate that high desalination efficiency of more
than 17% can be obtained by increasing NaCl concen-
tration to more than 2.44% (mass fraction), while a
high current as 700 mA is required. The perform-
ances of FE-CDI cell with SCC operation mode were
studied on different types of the AEMs and CEMs'®!.
The energy consumed during the desalination process
in a FE-CDI cell using a mixture of AC with CNT as
the flowing-electrode was recovered by a two-cham-
ber device, where the adsorbed electrodes were dis-
charged with constant current®. The addition of CNT
in the flowing-electrode made the energy recovery ra-
tio higher, about 7.5% without CNT and about 12%
recovery with CNT-addition. Increased salt concentra-
tion of the electrolyte solution could decrease the en-
ergy consumption during desalination process and im-
prove the energy recovery. The energy recovery ratio
was promoted to 9.4% when the salt concentration of
the electrolyte increased to 9.60 g/L. In FE-CDI cells,
the concentration of the flowing-electrode carbons is
limited to about 20% (mass fraction), resulting in a
poor electronic conductivity (reported to be 0.1-
1 mS/cm) mainly due to the transportation of electric
charge through a discontinuous network of carbon
particles. It is reasonably supposed that electronic
conductivity of the flowing electrodes is governed by
their concentration (weight percentage, CWP, %). In
the reservoir, two suspensions of carbon electrodes
came back from the positive and negative electrodes
of the cell are continuously stirred using a mixer at
300 r/min in order to prevent carbon particle sedi-
mentation and ensure a fairly uniform carbon concen-
tration to maintain flowability (fluidized bed CDI-

cell)®!. In this fluidized bed CDI-cell, phenolic-resin-
derived microporous AC spheres with the diameter of
125-250 um were employed and carbon concentration
in flowing-electrode slurry could be increased up to
35% with maintaining a sufficient flowability.

A FE-CDI cell consisted of a stack of the mem-
brane-current collector (MCC), as illustrated in
Fig. 31, was proposed (named as a gradient FE-CDI
system) for enlarging the scale of desalination with
improved performance and simplifying the device!*”.
Under the optimal operating conditions for the system
with four MCC units (content of electrode carbon of
10%, brackish water with 3 000 mg/L NaCl, cell
voltage of 1.2 V, and productivity of 56.7 L/m*-h), the
ASRR of 1.07 pmol/cm” min and ENRS of 7.8 pmol/J
were verified at long-term operation (over 56 h).

Coupling of a liquid membrane chamber (LMC)
with a conventional FE-CDI cell with a flowing-elec-
trode slurry containing 5% carbon (a mixture of AC
with carbon black in 5 : 1 by weight) was shown to be
effective for the selective recovery of P and N (i.e.,
urea) from fresh human urine!””’. The LMC consisted
of two AEMs placed in parallel and sandwiched
between the spacer chamber and the anode chamber.
In charging process, negatively charged P ions (i.e.,
HPO,” and H,PO, ) were captured by acidic extrac-
tion solutions (e.g., HCl, HNO, and H,SO,) of the
LMC, leading to the conversion of P ions to H,PO,,
on the way to the anode of FE-CDI cell in SCC opera-
tion mode. Under the optimal operating conditions,
satisfactory performance of P and N removal and de-
salination efficiency (91.1%) were obtained after

37.5 h of continuous operation.

Blackish water
@ Cl-ion
+ @ Na*ion
® Fresh carbon
®Cl/C
® Na'/C

AEM

r Deionized water
Mémbrane-current collector
Flowing-electrodes

A

Fig. 31 Schematic representation of a gradient FE-CDI system in the
gradient single cycle (GSC). Reprinted with permission from Ref. [66].

Copyright (2021) by American Chemical Society
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2.6 New CDI cells
2.6.1 Inverted-CDI cell

An inverted capacitive deionization (inverted-
CDI) cell configuration was proposed, in which desal-
ination is mainly achieved by a spontaneously formed
EDL at a modified surface of a carbon electrode
without an external power supply, while an applied
voltage from an external power source is used to de-
sorb ions (Fig. 32a and b), respectively®®.

One-side of the electrode carbon (carbon cloth)
was coated by a mixed slurry of bromomethylated
poly-(2, 6-dimethyl-1, 4-phenylene oxide) (BPPO)
with NMP through splaying to get BPPO-coated car-
bon cloth and followed by either sulfonation or amina-
tion, which were submitted to investigate CDI per-
formances'®’. The sulfonation of the BPPO-coated
carbon cloth was performed by immersing into 99%
sulfuric acid for 20 min at room temperature and then
transferred to 80%, 50% and 30% sulfuric acid solu-
tion for 1 min. The amination of the BPPO-coated car-
bon cloth was achieved by immersing into 25% tri-
methylamine (TMA) for 20 min. The CDI cells were
constructed by coupling the pristine carbon cloth at
two electrodes (symmetric FB-CDI cell), sulfonated
and aminated BPPO-coated carbon cloths at the negat-
ive and positive electrode, respectively (inverted-CDI
cell), and covering the pristine carbon cloth elec-
trodes by commercial CEM and AEM (M-CDI cell).
For these 3 CDI cells, CDI performances based on the

(a) Modified carbon anode
with —-COOH, SiO,

00060 00 06060 606060

Carbon cathode

L] L] L L L] LI | L] t'
Carbon cathode

data measured after 30 min operation are summarized
in Table 7. The inverted-CDI cell exhibits a marked
decrease in conductivity of the effluent, although the
same initial conductivity is employed. The inverted-
CDI cell delivers a little higher salt removal effi-
ciency of 83% than the FB-CDI cell (79%), much
higher efficiency than M-CDI cell, while it consumes
much smaller power during 30 min operation, power
consumption for the inverted-cell being smaller by
one order of magnitude and that for M-CDI-cell smal-
ler by two-orders from FB-CDI cell. These results
demonstrate that the surface modifications, sulfona-
tion and amination, of the BPPO-coated carbon cloths
are very effective. The inverted-CD-cell exhibited a
stable cycle performance with the regeneration of the
electrodes by reducing the potential to zero.
2.6.2  Rocking-chair-CDI cell

New idea for CDI system of water desalination
(named rocking-chair-CDI) was proposed””. The cell
consists of a Nafion-coated AC electrode in channel A
and in channel B, and these 2 channels are separated
by an anion-exchange membrane (AEM) (Fig. 33).
During the constant-current operation in the cell, the
solution in channel A is concentrated by the released
cations from the carbon electrode (positive) in chan-
nel A and by the anions transported through AEM
from the solution in channel B whereas the solution in
channel B is diluted due to electrochemical adsorp-

tion of cations by carbon electrode balancing with an-

& Cation, (=) : Anion, ==: Thin layer having negative charge, == : Thin layer having positive charge

Fig. 32 Schematics of the inverted-CDI cell: (a) desalination process and (b) desorption (regeneration)*!

Table 7 Comparison in salt removal efficiency, current, and power consumption for three CDI cells. Reprinted with
permission from Ref.[69]. Copyright (2011) by Elsevier

Solution conductivity/(uS/cm)

Cells Applied potential/V

Salt removal efficiency/% Current after 30 min/mA Power consumption/(mW/h)

Initial After 30 min
FB-CDI cell 1.8 190.8 39.9 79.1 235.7 212.3
M-CDI cell 1.8 185.1 168.0 9.2 2.6 2.3
Inverted-CDI cell 1.8 188.9 31.5 83.4 25.6 23.1
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Fig. 33 Schematic illustration of the rocking-chair-CDI cell. Reprinted with permission from Ref.[70]. Copyright (2018) by American Chemical Society

ion diffusion to the solution in channel A through
AEM. By reversing current, the solution in channel A
is diluted and the solution in channel B is concen-
trated by the reverse movement of cations and anions.
The carbon electrode was prepared by mixing and
rolling a mixture of a commercial AC with acetylene
black (conducting agent) and poly(tetrafluoroethyl-
ene) (binder) to a sheet with the thickness of 300 um
on graphite sheet (current collector), and then the sur-
face of AC layer was coated by Nafion via drop-cast-
ing"””. The rocking-chair-cell delivered high SAC of
44.6 mg/g and high ACR of about 0.05 mg/g-s, which
was much higher than those of M-CDI cell. It also ex-
hibited a marked cycle stability, at a constant-current
operation with a current density of +12.5 A/m’ in
10 mmol/L NaCl solution the SAC and CE increasing
gradually with cycling up to the 35" cycle.

3 Carbon materials for battery-type de-
1onization cells

3.1 Cation-intercalated DI cell (Hybrid cell)
Water desalination with electrochemical process
(Faradaic reaction) has been shown to be possible by
battery-functionality of the electrodes, capturing
metallic ions, mostly Na', in the crystalline lattice site
of the electrode materials. The process of the ion-cap-
turing is often called “intercalation”, even though it is

different from the process for capturing Li" (i.e., inter-

calation of Li" into interlayer space of graphite) at the
negative electrode of lithium-ion rechargeable batter-
ies, while being similar to re-capturing to vacant lat-
tice site, formed after charging of the battery, in Li-
CoO, crystal at the positive electrode. Therefore, the
electrode materials for battery-type cells for water de-
salination have been constructed using inorganic crys-
tals, such as Na, Mn,O,,, Na,Mn,O;, A-MnO,,
NaCuFe(CN),, etc. at the electrodes.

A cell was assembled by a commercial AC with
an AEM at the positive electrode with a synthesized
sodium manganese oxide (Na,Mn,0,,, NMO) at the
negative electrode!’’!. The NMO electrode was pre-
treated at 0.8 V for 60 min to extract Na' (to form
Na,_Mn,0O,,) before the desalination performance
test. The CDI cell, Na" are captured by the Faradaic
reaction at the Na-extracted NMO electrode (negative
electrode), and Cl™ are adsorbed on the surface of the
AC positive electrode by principally electric double-
layer (EDL) formation during the desalination pro-
cess. Principal desalination mechanism in this deion-
ization cell (DI-cell) is the Faradaic reaction at the
negative electrode and the EDL formation at the posit-
ive electrode, may classified into a hybrid cell. This
hybrid cell exhibited a salt removal capacity of 31.2
mg/g, almost double from a symmetric FB-CDI cell
composed from AC (13.5 mg/g). It gave a rapid ion

removal rate (0.072 mg/g-s) and an excellent stability.
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3.2 Redox-flow deionization cell (DI cells)
A symmetric cell composed from Na,,,MnO,-
based electrodes that were separated by an AEM was

proposed for Na-ion desalination'’

. From the gap
separated by AEM, the desalinated effluent on one
side and the concentrated effluent on another side
were obtained separately, in one side Na“ was desalin-
ated by accommodation (intercalation) into the lattice
sites in Na,,,MnO, and Cl (redox reaction) was ex-
pelled to another side of the gap through AEM to keep
charge balance in the electrolyte, resulting in the de-
salinated effluent, while the concentrated effluent was
obtained in another side.

Redox-mediated deionization (redox-flow deion-
ization cell, redox-flow DI cell) was proposed for wa-
ter desalination'””!. The desalination cell is composed
of individual two channels, one for feeding of brack-
ish water and another for circulation of supporting
electrolytes between positive and negative electrodes,
similar to the cell shown in Fig. 34. Each channel is
completely separated from the feeding water by CEM
and AEM. For the electrodes, ACCs, either as-re-
ceived or after N-doping, were employed and were
placed next to the side channels'”. N-doping was car-
ried out by heat-treating a mixture of ACC with urea
at 150 °C for 2 h and successively at 300 °C for more
2 h (N-ACC), its N-content being 3 at%. The circulat-
ing a feed stream of 10 mmol/L NaCl solution (500
mL) at feed channel and redox stream of a 100

mmol/L NaCl solution containing a 100 mmol/L
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Na,Fe(CN)¢/Na,Fe(CN), solution (100 mL).

Redox-DI does not require a discharging cycle to
regenerate the electrodes. Moreover, the desalination
performance of the redox-DI cell was largely depend-
ent on the electrodes. This can be confirmed by the
noticeable decrease in the conductivity profile and
high operational current flow (left inset of panel A)
for N-ACC compared to ACC. In particular, the con-
ductivity of effluent was gradually decreased (i.e., un-
steady-state condition) as the operational time was in-
creased (Fig. 35a). With the accumulated salt in the
side channel, the ionic strength at the side channels
was increased, resulting in a better environment for
redox reaction on N-ACC in terms of capacitive and

electrocatalytic properties (Fig. 35b).
4  Co-generation of electric power in
CDI process

A CDI cell was demonstrated to apply for the ex-

traction of energy from the water solutions with dif-
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% - D

ES LS - Redox
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Fig. 34 Schematic illustration of a redox-flow DI cell. Reprinted with per-
mission from Ref.[73]. Copyright (2022) by Elsevier
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Fig. 35 Performance of the redox-flow DI cell using electrodes of a commercial (pristine) ACC and N-doped ACC: (a) conductivity profiles of the effluents

when the pristine and N-doped ACCs were used, and (b) the desalination performance the cells using the pristine and N-doped ACCs. Reprinted with permis-
sion from Ref. [74]. Copyright (2021) by Elsevier
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731, tract energy from the difference in concentration of

ferent salinity, such as river water and sea water
The cell consisted of a commercial AC having Sy of two solutions and to store it as chemical energy inside
650 m*/g with 7,

0.38 g/cm’ and resistivity of 0.9 Q/cm. In Fig. 36a and a “mixing entropy battery” or “battery-functionated

. of 0.95 cm?/g, apparent density of the crystal structure of electrode materials and named

otal

b, the process in 4 phases A to D in one cycle and cor- CDI cell”. In this battery, the electrolyte is NaCl
responding potential vs. charge curves are schematic- solution and two different electrodes are selected, an
ally shown in Fig. 36a and b, respectively, with which anionic electrode Ag/AgCl interacts selectively with
energy extraction of about 5 pJ was achieved by a CI ions in the electrolyte and the cationic electrode of
cycle. The cell is filled with salt water with high con- a defective Na, Mn,O,, nanorod interacts with Na"

centration (high salinity solution) and is charged to a ions selectively. A typical 4-step cycle of this battery
voltage @, Of about 300 mV (phase A), and then it is schematically shown in Fig. 37a to show how en-

is flushed with a fresh water (low salinity water) un- ergy extraction can be accomplished. The electrodes
der open circuit (voltage increases up to ¢, of about are initially kept in a low NaCl concentration solution
333 mV) (phase B). A following discharging of the (i.e., river water) in their discharged states, the Na"
cell makes the voltage @y, decrease down to about and Cl ions are gradually removed from the respect-
300 mV (phase C) and then the circuit is open in a ive electrodes to keep equilibrium between the elec-
flow of salted water associating with the decrease in trolyte and the respective electrode (Step 1, charging).
voltage down to ¢, of about 274 mV (phase D). In By exchanging the electrolyte to seawater (a high con-
this cycle from phase A to D, the cell can extract an centration solution) (Step 2), Na" and Cl ions are
energy of about 5 pJ from the salinity difference per gradually electrosorbed into the respective electrodes
one cycle. (Step 3). Finally, NaCl concentration of seawater de-
A novel electrochemical cell was proposed to ex- creases to a low level (similar to that of the river wa-
(a)High salinity Phase A Phase B 340 o
~4Charge — s
- , 320¢ o
Low salinity 2 \g e Phase C j
AC electrodes ] é 't
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Fig. 36 Cycle for extracting energy from salinity difference: (a) scheme of the four phases of the cycle and (b) the potential vs. charge relation during cycling.

An extracted energy in this case is 5 pJ. Reprinted with permission from Ref. [75]. Copyright (2009) by Elsevier

(@) Step 1 0.6 0.4

b) Step2 Step4 c d
T () E R * > © Step 3 ag (d)
¥ e 2 gg4|StePl L Step3 S 03} ol ' S 30 pm p
.80 r)
< -t LR N g /’\ 8 % S 20+
g Mawe o) B 5 Cathodel\, | S g =
) » S 02} = 022 <
“ae °¢ o 8 n O 10 F
Tee . st | AnOde Step 1 0
* oo Bischargd o™ Cmm— ]
3 0.0 . . . 0.1 L— . 0 .
Step 3 0 1000 2000 3000 0 200 400 0 50 100
Time/s Charge/(mC/cm?) Cycle number

Fig. 37 A “mixing entropy battery” using NaCl water with different concentrations (river water and seawater): (a) schematic illustration of the working prin-
ciple of the battery, (b) change in cell potential in a cycle, (c) change the cell potential with cell charge, the defined area being equal to the extracted energy, and
(d) cycle stability for energy extraction. Reprinted with permission from Ref. [76]. Copyright (2011) by Elsevier
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ter), i.e., going back to the beginning. The changes in
the cell potential at each step are shown in Fig. 37b.
Since the open circuit potential for the cell increases
with the concentration of NaCl, the cell potential in-
creases with time due to the NaCl concentration in-
crease by transfering ions from the electrodes to the
electrolyte to keep an equilibrium between the electro-
lyte and the respective electrodes (Step 1). By exchan-
ging the electrolyte to the sea water (Step 2), the cell
potential increases slightly, but it decreases due to the
reversed transfer of ions from the electrolyte to the re-
spective electrodes (Step 3, discharging) to keep an
equilibrium between the electrolyte and the elec-
trodes. By rewriting Fig. 37b and c¢ as the relation
between the cell potential and charge, the extracted
energy is calculated to be about 29 mJ/cm® per cycle.
The extraction of energy from the NaCl concentration
difference could be stably achieved up to 100 cycles
(Fig. 37d). The cell composed from a couple of AgCl
and Li,_FePO, with LiCl electrolyte was studied and
a higher extracted energy of about 38 mJ/cm’ was ob-
tained®. The same systems called “desalination bat-
tery” and LiCl electrolytes
reported”” . A system using A-MnO, positive elec-

using NaCl are

trode and AgCl negative electrode was proposed for
Li recovery™. Copper hexacyanoferrate (CuHCF,
C,Cu,FeN,) was also employed for the -electro-
des[80—81].

A stack consisting of 8 parallel M-CDI cells of
the graphite current collectors (thickness of 250 um),
the commercial AC electrodes (270 pm thick) with
CEM and AEM (~160 pm thick) with a polymer
spacer (400 pm) was investigated®™. By alternating
the flows of saline and fresh water through the cell al-
lowed automatic electric power-generation owing to

water salinity differences.

5 Concluding remarks

A novel concept to evaluate CDI performance
was proposed, called the CDI Ragone plot, i.e., a plot
of SAR (in the unit of mg/g-min) against SAC (mg/g),
as shown in Fig. 38 although it has not been em-
ployed often™!. For the energy storage electrochemic-
al devices (i.e., supercapacitor and batteries) Ragone
plot, i.e., the plot of power density (in the unit of
W/kg) against energy density (Wh/kg) has been com-
monly used. This plot can facilitate the optimization

of the parameters for CDI processes. From the com-
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Fig. 38 CDI ragone plots for CDI performance™®: (a) A conceptual diagram of a CDI Ragone plot. Effect of various parameters on the CDI Ragone plot. Each

plot shows the effect of the (b) salt concentration, (c) flow rate, (d) electrode thickness, and (e) type of carbon material
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parative study on various parameters using the CDI
Ragone plot, such as salt concentration, flow rate, car-
bon materials and thickness of the electrodes, the op-
timal conditions can be suggested for the best desalin-
ation performance in terms of the SAC and SAR, as
shown examples in Fig. 38b-e. In the CDI Ragone
plot, an upper, right-side shift is favorable because it
indicates a higher SAC and SAR (Fig. 38a).

For practical applications for water desalination,
the flowing electrodes (FE)-CDI cell seems to be the
most promising, mainly because desalination can per-
form continuously, although the selection of the cell
type depends strongly on the local situations, such as
the drinking water scarcity, electric power supply, etc.
Particularly the introduction of the short-circuited
closed-cycle (SCC) operation mode in FE-cell system,
instead of the isolated closed-cycle (ICC) operation
(Fig. 28b), makes the operation cost lower. For FE-
cell, the determination of the parameters of SAC, SAR
and CE is difficult and so difficult to compare the CDI
performances with other type cells. In addition, the
fundamental and sufficient experimental experiences
on the FE cells are not yet accumulated. For the FE
cells, following specific parameters for their opera-
tion have to be optimized, in addition to the paramet-
ers applied commonly on other types of CDI cells,
such as the flowing conditions of the brackish solu-
tion, the concentrations of salts and flowing rate, ap-
plied voltage between the electrodes.

(1) Carbon materials for the flowing electrodes,
including their pore structure and particle size. Regret-
tably only a limited number of carbon materials had
been studied for FE cells, such as the commercially
available activated carbons, carbon blacks and so on,
although there are so many kinds of carbon materials
with different particle sizes and morphologies.

(2) Flowing electrolyte solution suspended flow-
ing carbon electrode, what solvent, concentration of
electrode carbon, flowing rate, etc.

Since these parameters are strongly related with
each other, certain number of experimental points are
demanded. The discussion on the bases of Ragone

plots for each of these parameters (Fig. 38) may lead

to sufficient determination of the most optimal opera-

tion conditions of FE cells.
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