¢! Desalination and Water Treatment
¢ www.deswater.com

doi: 10.1080/19443994.2012.714581

1944-3994/1944-3986 © 2013 Desalination Publications. All rights reserved

51 (2013) 503-510
January

Taylor &Francis
Taylor &Francis Group

Ion-selective composite carbon electrode coated with TiO,
nanoparticles for the application of electrosorption process

Jae-Hun Lee, Jae-Hwan Choi*

Department of Chemical Engineering, Kongju National University, 275, Budae-dong, Seobuk-gu, Cheonan,

Chungnam 331-717, Korea

Tel. +82 41 521 9362; Fax: +82 41 554 2640; email: jhchoi@kongju.ac.kr

Received 22 May 2012; Accepted 18 July 2012

ABSTRACT

Composite carbon electrodes with ion selectivity were fabricated using mixtures of
sulfonated polystyrene and Titanium dioxide (TiO,) nanoparticles that were coated onto car-
bon electrodes. After composite carbon electrodes with various TiO, contents were coated in
the coating solution in the range of 020 wt%, the scanning electron microscopy, cyclic vol-
tammetry (CV), and electrical impedance spectroscopy (EIS) were performed. In addition,
the desalination performance was evaluated through the use of a capacitive deionization
(CDI) unit cell. The CV and EIS analyses of the composite carbon electrodes showed that the
electrical resistances of the coating layers decreased significantly as the TiO, content
increased. In contrast, the ion selectivity decreased as the TiO, content increased because of
the pores formed among the particles. In this study, the optimal content of TiO, in the com-
posite carbon electrodes in terms of electrical resistance and ion selectivity was found to be
approximately 10 wt%. In addition, the desalination experiments confirmed that the desalina-
tion efficiency of the composite carbon electrodes was improved by approximately 30% over
that of unmodified carbon electrodes. The composite carbon electrodes fabricated in this
study can be used effectively in the CDI process.

Keywords: Composite carbon electrode; TiO, nanoparticle; Capacitive deionization; Ion selec-
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1. Introduction

The desalination technologies used to separate
ionic species include the evaporation, ion-exchange,
reverse osmosis, and electrodialysis methods. The effi-
cacy of these processes has already been technically
proven and they are currently being used in various
commercial processes. However, current desalination
technologies have several disadvantages, including
high operational and maintenance costs and the
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release of secondary pollutants during the operation
[1-4]. Hence, a strong demand exists for new desali-
nation technologies that address these issues.
Recently, studies of capacitive deionization (CDI)
technology as an approach to desalinization that over-
comes the problems of conventional desalination tech-
nologies have gained attention as interest in energy
costs and environmental protection has grown [4-8].
CDI technology removes ions through adsorption by
electrostatic force at the electric double layer formed
on the electrode surface. One characteristic of CDI
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technology is its ability to drastically reduce energy
consumption because it operates at a low electric
potential and can reutilize the charges acquired dur-
ing adsorption [2,4]. CDI also has the advantage of
easy operation because adsorption and desorption are
possible with the adjustment of the electrode poten-
tial. As a result, CDI is known as an environmentally
friendly desalination process because it does not
release secondary pollutants [9-12].

CDI technology uses carbon electrodes with high
specific surface area and a high electric conductivity
because it involves adsorption at the electrode surface.
However, this technology has the drawback that the
charge efficiency is greatly reduced because of the
porous structure of carbon electrode [13,14].

Andelman reported that the desalination efficiency
of the CDI process can be enhanced by the coupling
of a “charge barrier” to carbon electrodes [15]. Lee
et al. [16] reported a 50% increase in the desalination
efficiency compared to the current CDI process when
the membrane capacitive deionization (MCDI) tech-
nology, which involves the combination of carbon
electrodes and an ion-exchange membrane, was
applied.

The MCDI process can improve desalination effi-
ciency; however, the cost of the device is prohibitively
high because it requires the use of an expensive ion-
exchange membrane. In addition, contact resistance
can occur at the interface of the ion-exchange mem-
brane and the carbon electrodes. To resolve these
issues, ion-selective composite carbon electrodes (ISC-
CEs) were fabricated with an ion-exchange polymer
coated onto the surface of the carbon electrodes [14].
In ISCCEs, the ion-exchange membrane and the car-
bon electrodes are combined into one structure and
are considered to deliver economical desalination
performance.

The CDI process operates at a low electric poten-
tial (approximately 1.2V) at which electrode reactions
do not occur at the electrode surface [11,17-19]. There-
fore, reducing the electrical resistance of the electrodes
is important to improve the electrosorption capacity
and the electrosorption rate. In ISCCEs coated with an
ion-exchange polymer, in particular, most of the elec-
trode resistance is caused by the coating layer [14]. As
a result, the reduction of the electrical resistance of
the coating layer while maintaining the ion selectivity
of the electrodes is important for improving the per-
formance of the ISCCEs.

In this study, ISCCEs were fabricated by coating a
mixture of metal-oxide nanoparticles and ion-exchange
polymers onto a carbon electrode surface. The metal
oxides can be effective at maintaining the ion selectivity
of the electrodes because their surfaces are charged. In

addition, the electrical resistance of the coating layer is
thought to be reduced by the formation of miscella-
neous pores among the nanoparticles when the nano-
particles are added to the coating layer. The ISCCEs
were fabricated by mixing Titanium dioxide (TiO,)
nanoparticles and sulfonated polystyrene (SPS) and
coating the carbon electrodes with the mixture. The
ISCCEs were fabricated with various amounts of TiO,,
and the changes in the properties of the electrodes were
analyzed as a function of the metal-oxide content. The
surface structure, capacitance, ion selectivity, and the
change in the electrical resistance of the fabricated elec-
trodes were measured using scanning electron micros-
copy (SEM), cyclic voltammetry (CV), and electrical
impedance spectroscopy (EIS). The desalination perfor-
mance was confirmed by the fabrication of a CDI unit
cell using the fabricated ISCCE.

2. Experimental
2.1. Preparation of SPS

SPS, a cation-exchange polymer, was prepared for
the fabrication of composite carbon electrodes that can
exhibit cation selectivity. Polystyrene (PS, Aldrich,
M.W. 350,000) was dissolved in 1,2-dichloroethane
(DCE, Samchun) in a four-necked flask and then,
sulfuric acid was added to induce sulfonation. The
sulfonation reaction was conducted for 90 min during
which the reaction temperature was maintained at
60°C. After the reaction was completed, the reaction
mixture was gradually added to methanol to recover
the solidified SPS. The SPS was washed with distilled
water several times to remove the remaining sulfuric
acid and was then thoroughly dried for 12h at 50°C
in a vacuum oven. The ion-exchange capacity of the
prepared SPS was measured to be 1.62meq/g.

2.2. Fabrication of ISCCEs
2.2.1. Fabrication of carbon electrodes

An electrode slurry was prepared by mixing acti-
vated carbon powder (P-60, Daedong AC) and polyvi-
nylidene fluoride (PVdF, Aldrich, M.W.=530,000) as a
polymer binder in an organic solvent, N,N-dimethyl-
acetamide (DMAc, Aldrich). The electrode slurry was
made uniform by blending the mixtures vigorously in
a stirrer for 12h. Carbon electrodes were fabricated by
drying at 50°C in a convection oven for 6h after the
electrode slurry was cast onto graphite foil (F02511,
Dongbang Carbon) using a doctor blade. The polymer
binder (PVdF) content in the fabricated carbon
electrode was 10 wt%.
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2.2.2. lon-exchange polymer coating

The coating solution was prepared by mixing TiO,
and SPS. The coating solution was prepared with vari-
ous contents of TiO, (nano powder, Aldrich) to exam-
ine the change in the properties of the ISCCEs as a
function of the metal-oxide content. The coating solu-
tion was made uniform by stirring the solution vigor-
ously for 24h after the SPS and TiO, were mixed, so
that the content ratio of TiO, was 0, 5, 10, 15, or 20
wt%. The ISCCEs were prepared by coating the solu-
tion onto the fabricated carbon electrode.

2.3. Analysis of the physical and electrochemical properties
of ISCCE

The physical structure of the fabricated composite
carbon electrodes was examined by SEM (MIRA
LMH, TESCAN) analysis. On the basis of the cross-
sectional analysis of the carbon electrodes, the thick-
ness of the coating layer of the carbon electrode and
the coupling between the polymer and carbon elec-
trode were confirmed. In addition, the change in the
miscellaneous pores on the surface of the coating layer
as a function of the TiO, content was examined.

The electrochemical properties of the fabricated
electrodes were analyzed with EIS and CV using a
three-electrode system. The fabricated ISCCE (diame-
ter 1.5cm) was fixed as the working electrode; a Ag/
AgCl electrode was used as the reference electrode;
and a platinum electrode was used as the counter
electrode. CV and EIS analyses were performed using
a potentiostat (PGSTAT30) from AutoLab. A 05M
KCI solution was used as the electrolyte.

CV was measured in a potential range of -0.5 to
+0.5V at a potential scan rate of 5.0mV/s. In addition,
EIS was measured using a frequency response ana-
lyzer coupled to the potentiostat. The impedance was
measured at each frequency in the range from 100 Hz
to 20mHz. The AC amplitude used in the EIS mea-
surement was 25mV and the potential was 0.0V.

2.4. The CDI experiment

The CDI unit cell was made using the fabricated
electrodes, and the desalination performance was
evaluated. Desalination experiments were performed
with fabricated electrodes cut into 10 x 10cm® sec-
tions. The desalination efficiency of the cell composed
of uncoated carbon electrodes was compared to that
of the cell composed of an ISCCE (TiO, content 10
wt%) as the cathode and a carbon electrode as the
anode; all desalination experiments were performed
under the same conditions.

Desalination was performed by charging the CDI
unit cell at a potential of 1.2V for 3 min using a poten-
tiostat (WPG100, WonA Tech) and the adsorbed ions
were subsequently desorbed by immediately changing
the cell potential to 0.0V. The desalination experiment
was performed by uniformly supplying a 200mg/L
NaCl solution at a rate of 20 mL/min. To measure the
change in the conductivity of the effluent in real time,
a conductivity meter was connected to the data collec-
tor (Vernier Labquest, Vernier). The composition of
the CDI unit cell and the experimental procedure are
described in detail elsewhere [14,19,20].

3. Results and discussion
3.1. SEM analysis of the ISCCEs

The structure of the miscellaneous pores of the
coating layer was examined via SEM micrographs of
the fabricated composite carbon electrode. The SEM
images of the cross-section and the surface of the com-
posite carbon electrodes with TiO, ratios of 0, 10, and
20wt% are shown in Fig. 1. As shown in the figure,
the thickness of the coating layer appears to be
approximately 10pum and the coating is uniformly
deposited onto the surface of the carbon electrode. In
particular, the coating solution appears to have cou-
pled well with the carbon electrode as it solidified
after penetrating into the pores on the surface of the
carbon electrode. In the case of an MCDI, where the
carbon electrode and the ion-exchange membrane are
used separately, stacking of the carbon electrodes can
be difficult. In addition, contact resistance between the
carbon electrode and the ion-exchange membrane can
occur, which can, in turn, lead to reduced adsorption
performance of the electrode. However, the SEM
images confirmed that the structure of the composite
carbon electrode fabricated in this study can overcome
these problems.

When TiO, was added to the coating solution, an
important difference was observed in the surface
structure of the composite carbon electrode. The coat-
ing surface did not appear smooth but rather was par-
tially nonuniform for a composite carbon electrode
(Fig. 1(a)) that is coated only with SPS without TiO.,.
This lack of uniformity is due to the bubbles produced
during the drying process of the coating solution. As
bubbles inside the carbon electrode escape during
drying after the application of the SPS coating solu-
tion, the bubbles form on the electrode surface due to
the high viscosity of the SPS. As the drying pro-
gresses, these bubbles either burst or are hardened,
which makes the surface nonuniform, as shown in the
figure. In contrast, when TiO, nanoparticles were
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Fig. 1. SEM images of composite carbon electrodes coated with a mixture of TiO, nanoparticles and SPS. (a) TiO,: 0 wt%
(top), (b) TiO,: 0wt% (cross-section), (c) TiO,: 10wt%, and (d) TiO,: 20 wt%.

added to the coating solution, no bubbles formed in
the fabricated carbon electrode because the bubbles
escaped through miscellaneous metal-oxide particles.
As a result, a uniform coating layer was formed.

The size of the pores on the surface of the compos-
ite carbon electrode was observed to increase as the
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Fig. 2. Cyclic voltammograms for the carbon electrode and
the composite carbon electrodes at a potential scan rate of
5.0mV/s.

amount of metal oxide was increased. When the TiO,
content was 10wt% (Fig. 1(c)), SPS and TiO, formed a
coating layer that was mixed uniformly without the
formation of bubbles on the surface of the electrode.
In contrast, when the metal-oxide content was 20 wt%
(Fig. 1(d)), the size of the pores on the coating layer
increased. The composite carbon electrode in this
study was fabricated to show cation selectivity by
coating SPS with a cation-exchange group. However,
when the size of the pores increases as metal oxide is
added, the ion selectivity of the electrode may
decrease. Therefore, it is important to determine the
optimal content of metal oxide that reduces the electri-
cal resistance while maintaining the ion selectivity.

3.2. The capacitance and ion selectivity of the composite
carbon electrodes

CV was used to analyze the capacitance and ion
selectivity of the composite carbon electrodes. The
current at each electric potential was measured by
varying the potential in the range of -0.5 to +0.5V
(vs. Ag/AgCl) at a scan rate of 5mV/s. Fig. 2 shows
the cyclic voltammograms for an uncoated carbon
electrode, a carbon electrode coated with only SPS
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(TiO,=0%), and a composite carbon electrode with a
TiO, content of 10wt% (TiO,=10%). For an ideal
capacitor, the CV profile assumes a rectangular shape;
however, as shown in Fig. 2, the CV profile of the car-
bon electrode fabricated in this study exhibited a
slightly inclined rectangular shape. The nonideal
shape of the voltammogram is thought to be either
due to resistance of the carbon electrode or to an oxi-
dation or reduction reaction at the electrode surface
[21-23].

The specific capacitance of the carbon electrode
can be calculated by dividing the current by the
potential scan rate [24]:

L—I Al
Ca=2_S=_— (1)
2(5%)  2(5)

where I, is the oxidation current (A/g), I. is the
reduction current (A/g), Cq is the capacitance (F/g),
and dE/dt is the potential scan rate (V/s). The capaci-
tance according to the electrode potential was calcu-
lated by substituting the CV results for all of the
carbon electrodes into Eq. (1); the results are shown in
Fig. 3.

As shown in Fig. 3, a large difference in the capac-
itance was observed depending on the coating of the
carbon electrode. The capacitance of the carbon elec-
trode increased after the surface of the carbon elec-
trode was coated. In the case of the uncoated carbon
electrode, the capacitance was 86F/g at -0.3V but
was 93F/g when coated, which represents an 8%
increase in the capacitance. In the case of the uncoated
carbon electrode, the capacitance was the lowest in
the range of —0.1 to 0.0V and exhibited a symmetrical
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Fig. 3. The specific capacitances of various carbon
electrodes in the potential range of 0.3 to +0.3V vs.
Ag/AgCl

shape. The potential with the lowest capacitance is
known as the potential of zero charge (PZC) of the
corresponding electrode, i.e. the cations are adsorbed
at potentials lower than the PZC and the anions are
adsorbed at potentials higher than the PZC.

In contrast, in the case of the coated composite car-
bon electrode, the capacitance did not exhibit symme-
try as a function of negative potential or positive
potential. This electrode exhibited a tendency similar
to that of the uncoated carbon electrode at negative
potentials (below 0V) because, when a negative
potential is applied, cations can easily pass through
the coating layer and be adsorbed onto the carbon
electrode. However, in the positive potential range,
the capacitance exhibited a constant value with no
increase as a function of the electrode potential. This
behavior can be explained by the inability of anions to
pass through the coating layer when a positive poten-
tial is applied.

The ion selectivity of the electrodes can be inter-
preted from the change in the capacitance of the com-
posite carbon electrode as a function of the electrode
potential [24]. As was previously described, if the car-
bon electrode does not exhibit ion selectivity, then
capacitance tends to increase according to electrode
potential based on the PZC. However, if the carbon
electrode exhibits cation selectivity, it will interfere
with the anions being adsorbed in the positive poten-
tial range by the influence of cation-exchange groups
in the coating layer. As such, the ion selectivity of the
carbon electrodes can be analyzed from the change in
capacitance as a function of the electrode potential.

As shown in Fig. 3, in the case of electrode coated
with SPS on carbon electrode surface, excellent cation
selectivity was observed. However, the ion selectivity
decreased as the content of TiO; in the coating layer
was increased. When the content of TiO, was 5wt%,
the change in the ion selectivity was similar to that of
the electrode coated only with SPS. When the content
of TiO, was greater than 10wt%, the ion selectivity
slightly decreased and when it was 20wt%, the ion
selectivity decreased significantly. The reason for the
decreased ion selectivity with increased TiO, content
is thought to be the pores formed on the coating
layer.

3.3. The electrical resistance of the ISCCEs according to
metal-oxide content

CDI technology operates at low electric potentials,
at which no oxidation or reduction reaction occurs at
the electrode. Therefore, the electrical resistance of the
electrode is an important factor in determining the
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adsorption capacity and the adsorption speed of an
electrode. The efficiency of the CDI process can be
improved while maintaining the ion selectivity
through the use of a composite carbon electrode with
a low electrical resistance.

EIS analyses were performed to measure the elec-
trical resistance of the fabricated composite carbon
electrodes. Fig. 4 shows impedance graphs for carbon
electrodes in the frequency range of 100 Hz-20 mHz.
In the frequency range of 1Hz-100Hz, the real part
(Z) and the imaginary part (Z”') increased by approx-
imately 45° however, at frequencies of less than 1Hz,
the imaginary part drastically increased. The fact that
the imaginary part of the change in impedance chan-
ged with the frequency indicates that the phase angle
of the AC wave increased as the charges were stored
in the electrode [23].

The electrical resistance of the coating layer of the
composite carbon electrodes can be calculated from
the impedance data. The impedance at a frequency of
100Hz can be considered as resistance because the
phase angle is close to 0. Therefore, the Z” value of
the impedance measured at 100 Hz indicates the fol-
lowing equivalent series resistance (ESR) [25]:

ESR = Reje + Rsol (2)

where R is the resistance of the carbon electrode
and R is the electrical resistance of the electrolyte
between the carbon electrode and the reference elec-
trode. In this study, the same electrolyte was used
in the impedance measurements; therefore, the dif-
ference in impedance is considered to be due to the
resistance of the electrode. The electrical resistance
of the coating layer can be calculated from the dif-
ference between the ESR of the coated composite
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Fig. 4. A Nyquist plot for various carbon electrodes coated
with TiO, and SPS mixtures with different ratios.

carbon electrode and that of the uncoated carbon
electrode. The calculated electrical resistances of the
coating layer for each composite carbon electrode
are shown in Fig. 5.

The resistance of the coating layer was 1.6Qcm®
when the carbon electrode was coated only with SPS.
However, when TiO, was added, the electrical resis-
tance significantly decreased to a minimum of
0.56 Qcm? in the electrode containing 20 wt% TiO,. As
previously mentioned, the decrease in electrical resis-
tance can be explained by the pores formed in the
coating layer. In the case of the previously discussed
analysis of ion selectivity, a TiO, content of 10 wt%
was thought to show enough ion selectivity for the
MCDI process. Therefore, the results suggested that
the electrical resistance could be reduced by approxi-
mately 40% while maintaining the ion selectivity if the
composite carbon electrode with a TiO, content of
10wt% was used compared to when only SPS was
used. Therefore, these results also suggest that the
optimal content of TiO, for minimizing electrical resis-
tance while maintaining the ion selectivity for the
coating layer is 10 wt%.

3.4. CDI performance using the ISCCEs

Desalination experiments were performed to eval-
uate the desalination performance of the fabricated
ISCCEs. A CDI unit cell was fabricated with an elec-
trode that contained 10wt% TiO,. The desalination
performance of the ISCCE was compared to that of
the uncoated carbon electrode by performing the desa-
lination experiments under the same conditions. Fig. 6
shows the NaCl concentration for the effluent when a
cell potential of 1.2V was applied.
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Fig. 5. The electrical resistances of the coating layer of the
composite carbon electrodes according to the TiO, content.
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Fig. 6. The changes in effluent concentration during the
adsorption and desorption period for the CDI unit cell
constructed with uncoated carbon electrodes.

The desalination experiment with the uncoated
carbon electrode showed that the concentration gradu-
ally decreased to 30.1mg/L after approximately 70s.
The concentration of the effluent began to increase to
67.3mg/L at 180s. In contrast, when the ISCCE was
used, the concentration decreased to 8mg/L at
approximately 45s and to 15.1mg/L at 180s. The cal-
culated average removal efficiency of NaCl during
3min of adsorption time was 70.8% when the carbon
electrode was used, but the efficiency improved to
91.8% when the ISCCE was used. In addition, desorp-
tion progressed rapidly when the charging potential
was changed to 0.0V after adsorption. The CDI desali-
nation experiment using the ISCCE with a TiO, con-
tent of 10wt% showed that the ISCCE can improve
the desalination efficiency by 30% while effectively
maintaining the ion selectivity.

4. Conclusion

An ISCCE was fabricated and applied to the CDI
process in this study. The TiO, nanoparticles were
mixed with the ion-exchange polymer and the mixture
was coated onto the surface of the carbon electrode to
reduce the electrical resistance of the coating layer
while maintaining the ion selectivity of the electrode.
The electrode was fabricated with various TiO, con-
tent ratios and the performance was analyzed using
SEM and electrochemical methods.

The SEM images showed that the coating solution
permeated into the surface of the carbon electrode,
coupled with the carbon electrode, and formed a sta-
ble coating layer. Miscellaneous pores were formed
among the metal oxide particles as the TiO, content
was increased. As a result, the resistance of the

composite carbon electrode was significantly reduced
as the TiO, content was increased; however, the ion
selectivity simultaneously decreased. The fabrication
of the composite carbon electrode with the addition of
TiO, showed that the optimal TiO, content to reduce
the electrical resistance while maintaining the ion
selectivity was approximately 10 wt%. In addition, the
CDI desalination experiment using the ISCCE showed
that the desalination efficiency was improved by
approximately 30% compared to that of the uncoated
carbon electrode. The ISCCE fabricated in this study is
expected to apply to improve the existing CDI tech-
nology, which is considered to be the next generation
of desalination technology.
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